
The biology of kidney malformations

by

Paul Julian Douglas Winyard

A thesis submitted to the University of London in 

fulfillment of the requirement for the degree of 

Doctor of Philosophy

May, 1998

Developmental Biology and Nephrourology Units, 

Institute of Child Health, 30 Guilford Street, 

London, WC1N 1EH.



ProQuest Number: U 106229

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 U106229

Published by ProQuest LLC(2015). 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 family at home 

and my extended family at work.



Abstract
Kidney malformations, such as dysplastic kidneys, are the commonest 

cause of chronic renal failure in infants and young children. It has 

been suggested, based on anatomical descriptions, that failure of 

ureteric bud branching and mesenchymal induction leads to dysplasia, 

yet little is known about the underlying molecular mechanisms. In this 

thesis, therefore, I have examined several aspects of the cell biology of 

human dysplastic kidneys, and compared them with normal developing 

and mature kidneys.

In normal developing kidneys, proliferation was prominent in the 

nephrogenic cortex whilst apoptosis was predominantly detected in 

early nephron precursors and in the medulla. The transcription factor 

PAX-2 was expressed in actively proliferating cells in both ureteric bud 

ampullae and condensing mesenchyme. In contrast, the transcription 

factor WT-1 and survival factor BCL-2 were solely detected in the 

condensing mesenchyme and developing nephrons, whilst the cell 

adhesion molecule galectin-3 was restricted to the ureteric bud lineage. 

In the mature kidney PAX-2 and BCL-2 were downregulated, whilst 

WT-1 expression persisted in podocytes and galectin-3 was detected 

in a-intercalated cells of collecting ducts.

In dysplastic kidneys, proliferation was prominent in dysplastic tubules 

and cysts, and PAX-2, BCL-2 and galectin-3 were persistently 

expressed in these epithelia. Therefore, continuous proliferation 

signals in combination with ectopic survival factors may explain cyst 

formation in these ‘immature’ dysplastic epithelia. In contrast, 

apoptosis was prominent in cells in the surrounding loosely arranged 

‘mesenchymal’ tissue. These cells expressed WT-1, but did not



express PAX-2 and BCL-2 and these factors may therefore be 

essential for precursor survival and proliferation during nephron 

formation.

In addition, in preliminary experiments, cells were cultured from 

dysplastic kidneys and transduced with a simian virus 40 (SV40) large 

T antigen construct. In future, culture and characterisation of these 

potentially immortal cells may provide a novel method to investigate 

the functional biology of kidney malformations.
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Chapter 1. Introduction

Aim of this thesis
The aim of this thesis is to investigate the biology of human renal 

malformations with particular emphasis on renal dysplasia, the 

commonest cause of chronic renal failure in infants. In order to 

achieve this aim, the current understanding of the anatomy and 

molecular biology of nephrogenesis is described in this introductory 

chapter whilst experimental details and results are described later.

Hypotheses
Much of the data on normal and abnormal nephrogenesis has been 

derived from animal experiments. In many cases, it is uncertain 

whether the same principles apply to, or molecules are involved in, 

human renal development. The following hypotheses are therefore 

tested in this thesis:

1 ) Many of the genes expressed in animal nephrogenesis will also be 

expressed in, and hence be of potential importance in, human renal 

development.

2) Dysplasia is associated with aberrant expression of genes which 

are expressed in normal development.

3) Aberrant gene expression is likely to result in deregulation of basic 

processes such as proliferation and apoptosis, which are tightly 

controlled during normal development.
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Overview
A wide variety of molecules and processes are examined in this thesis 

in order to test these hypotheses. Firstly, the extent of proliferation and 

apoptosis is defined in normal human nephrogenesis and in human 

dysplastic kidneys. Secondly, the expression patterns of potentially 

important molecules such as the transcription factors PAX-2 and WT-1, 

the survival factor BCL-2 and the cell adhesion molecule galectin-3 are 

described. This is the first time that proliferation, apoptosis and the 

expression patterns of these genes have been described in dysplastic 

kidneys, and for some molecules it is also the first detailed description 

of protein distribution in the normal human kidney. Finally, cell lines 

are generated from dysplastic kidneys, which potentially provides a 

novel method for investigation of functional abnormalities in human 

dysplasia.
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General aspects
Mammalian kidneys perform a number of functions which are essential 

for normal post-natal life including excretion of nitrogenous waste 

products, homeostasis of water and electrolytes and production of 

hormones. The complex development of the kidney reflects these 

diverse functions and this process is conventionally called 

“nephrogenesis”, although this term more correctly refers to 

differentiation of the nephron tubules alone.

The anatomy of normal human nephrogenesis has been described in 

detail by a number of authors (Kampmeier, 1926; Torrey, 1954; Potter, 

1972) and similar descriptive accounts have documented the 

pathological changes found in developmental abnormalities such as 

renal dysplasia (Risdon, 1971; Potter, 1972; Woolf and Winyard,

1998). In addition, malformation syndromes such as the branchio-oto- 

renal, renal-coloboma and Kallmann's syndromes have implicated 

genetic mutations in a limited number of human renal malformations. 

There is still, however, very little known about the cell biology of most 

human malformations.

In the mouse, by contrast, there is a much greater understanding of the 

molecular basis of nephrogenesis because large quantities of 

embryonic and fetal material are available, and it is possible to use 

experimental strategies such as kidney organ culture and transgenic 

technology to define the roles, and importance, of specific genes (Bard 

and Woolf, 1992; Lechner and Dressier, 1997).
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Anatomy of normal nephrogenesis
There are three pairs of ‘kidneys’ in the mammalian embryo: the 

pronephros, mesonephros and metanephros. These arise sequentially 

from intermediate mesoderm on the dorsal body wall (Larsen, 1993). 

This is shown in Figure 1. The pronephros and mesonephros 

degenerate during mammalian fetal life whilst the metanephros 

develops into the adult kidney. In contrast, the pronephros is the 

functioning kidney in the adult hagfish and some amphibians whereas 

the mesonephros is the excretory organ in adult lampreys, some fishes 

and amphibians.

The pronephros

It is possible to detect the first evidence of the pronephros at the ten 

somite stage on day 22 after fertilisation in humans, which is 

morphologically equivalent to embryonic day 9 in mice. At this stage, it 

comprises a small group of nephrotomes with segmental 

condensations, grooves and vesicles between the second and sixth 

somites. The nephrotomes are nonfunctional and most likely represent 

vestiges of the pronephric kidney of lower vertebrates. The pronephric 

duct develops from the intermediate mesoderm lateral to the notochord 

(Gilbert, 1991) from around the level of the ninth somite. The duct 

elongates caudally and reaches the cloacal wall on day 26. It is 

renamed as the mesonephric, or Wolffian duct, as mesonephric 

tubules develop. The nephrotomes and pronephric part of the duct 

involute and cannot be identified by day 24 or 25 after fertilisation 

(Gilbert, 1991).
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A ) 24 days B) 26 days C) 33 days
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%
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b u d ^
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Figure 1. Early development of the human urinary system. A) The mesonephric ducts appear adjacent to 

pronephric tubules and grow caudally. B) Pronephric tubules regress and mesonephric glomeruli and tubules are 

formed. C) The ureteric bud branches from the caudal mesonephric duct and enters the metanephric 

mesenchyme. Adapted from Larsen, 1993.



The mesonephros

In humans, the long sausage-shaped mesonephros develops from 

around 24 days of gestation and consists of the mesonephric duct and 

adjacent mesonephric tubules. The mesonephric duct begins as a 

solid rod of cells which canalises in a caudocranial direction after 

fusion with the cloaca. Mesonephric tubules develop from intermediate 

mesoderm medial to the duct by ‘mesenchymal to epithelial’ 

transformation, a process which is subsequently reiterated during 

nephron formation in metanephric development. In humans, a total of 

around 40 mesonephric tubules are produced (several per somite), but 

the cranial tubules regress at the same time as caudal ones are 

forming so that there are never more than 30 pairs at any time (Larsen, 

1993).

Each human mesonephric tubule consists of a medial cup-shaped sac 

encasing a knot of capillaries, respectively analagous to the Bowman’s 

capsule and glomerulus of the mature kidney, and a lateral portion in 

continuity with the mesonephric duct. Other segments of the tubule 

resemble mature proximal and distal tubules histologically but there is 

no loop of Henle. The nephrons are reported to produce small 

quantities of urine between weeks 6 and 10 (Moore, 1988) which drain 

via the mesonephric duct. In contrast, the mouse mesonephros does 

not contain well-differentiated glomeruli (Sainio et al., 1997).

The body of the mesonephros involutes completely by mid gestation in 

humans, although part of the duct is retained as the vas deferens 

(Moore, 1988). This involution has been shown to occur by apoptosis, 

or programmed cell death in the chick (Wride et a/., 1994) and the 

mouse (Camp and Martin, 1996). Apoptosis in the human 

metanephros is described in detail later in this thesis.
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The metanephros

The adult human kidney develops from the metanephros which 

consists of two cell types at its inception: the epithelial cells of the 

ureteric bud, and the mesenchyme cells of the metanephric 

mesenchyme. A series of reciprocal interactions between these 

tissues cause the ureteric bud to branch sequentially to form the ureter, 

renal pelvis, calyces and collecting tubules whilst the mesenchyme 

undergoes an epithelial conversion to form the nephrons from 

glomerulus to distal tubule. This process is depicted graphically in 

Figures 2 and 3. In addition, a third cell type, the interstitial cells are 

also thought to be derived from the mesenchyme.

Recent evidence suggests, however, that renal cell lineages may be 

more plastic than described above. Qiao and colleagues (1995) 

genetically tagged ureteric bud and mesenchyme cells with a LacZ 

expressing retrovirus and showed that mesenchyme cells contribute to 

a minor extent to the collecting system, and ureteric bud cells 

contribute to the nephrons. There are, however, some methodological 

questions over such experiments since they depend on the initial 

isolation of an absolutely pure cell population.
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Figure 2. Early branching of the ureteric bud and nephron formation.

A) In the fifth  week the ureteric bud grows into metanephric mesenchyme from 

the mesonephric duct. B) In week 6 the bud has branched once and mesenchyme 

condenses around the ampullae. C) Comma and S-shaped nephron precursors 

have formed by the 8th week. D) The first glomeruli have formed by the 9th 

week, and further branching o f the ureteric bud and mesenchymal condensation 

continues in the nephrogenic cortex. Adapted from W oolf et a f, 1995.
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Figure 3. Cell lineages in nephrogenesis. Mutual induction between the ureteric bud (shaded) and the mesenchyme 

(white) in the metanephros causes serial branching of the bud to form the ureter and collecting ducts and differentiation 

of the mesenchyme into polarised epithelial and interstitial / stromal cells. Adapted from Woolf (1997).



Timing of nephrogenic events

In humans, metanephric kidney development begins at day 28 after 

fertilisation when the ureteric bud sprouts from the distal part of the 

mesonephric duct (Larsen, 1993). By day 32 the tip (ampulla) of the 

bud penetrates a portion of sacral intermediate mesenchyme called the 

metanephric blastema, and this condenses around the growing 

ampulla. The first glomeruli form by 8 - 9 weeks and nephrogenesis 

continues in the cortex of the fetal kidney until 34 to 36 weeks (Potter, 

1972). Nephrons elongate and continue to differentiate postnatally but 

no new nephrons are formed. In mice, the ureteric bud enters the 

metanephric mesenchyme by embryonic day 11.5, the first glomeruli 

form by embryonic day 14 and nephrogenesis continues for 14 days 

after birth. The timing of nephrogenesis in humans / mice is shown in 

Table 1.

Structure Human Mouse

Pronephros appears 22 days 9 days

regresses 25 days 10 days

Mesonephros appears 24 days 10 days

regresses 16 weeks 14 days

Metanephros 32 days 11.5 days

Renal pelvis 33 days 12.5 days

Collecting tubules / nephrons 44 days 13 days

Glomeruli 9 weeks 14 days

Nephrogenesis ceases 34 -  36 weeks 14 days after birth

Length of gestation 40 weeks 20 days

Table 1. Timing of nephrogenic events.

This table summarises the time of first appearance of renal structures 

during human and murine nephrogenesis, unless otherwise stated.
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Differentiation of the ureteric bud and its derivatives 

Branching of the ureteric bud

As the ureteric bud grows into the metanephric blastema it becomes 

invested with condensed mesenchyme and the ampullary tip begins to 

divide. This process of growth and branching occurs repeatedly during 

nephrogenesis, particularly in the outer or nephrogenic cortex where 

new nephric units are formed until 34 - 36 weeks of human gestation 

(Potter, 1972). It leads to an arborialised (tree-like) collecting duct 

system connected to nephrons which develop concurrently from 

mesenchymal condensates adjacent to the ampullary tips (see below).

There is great inter-species variation in the number of nephrons which 

reflects the number of branches of the ureteric bud required to both 

induce these nephrons and form the collecting ducts to drain urine from 

them. It has been estimated that it requires 9 to 10 branching 

generations in mice to obtain 10 to 20,000 nephrons and a further 10 

generations to give rise to one million nephrons in each human kidney 

(Ekblom, 1994).

Branching of the human collecting duct system has been described in 

detail by Potter (1972) and is subdivided into 4 stages:

1 ) In the first stage, there is dichotomous branching with each 

ampullary tip associated with a developing nephron. The first branch is 

symmetrical but subsequent dichotomous branches are asymmetrical 

because the space available between adjacent branches get smaller 

(Fig. 4).
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Figure 4. Branching of the ureteric bud. Schematic 

representation of the branching of the ureteric bud showing repeated 

formation of two branches from each ampulla. Note that the branching 

soon becomes asymmetric as the space around each branch becomes 

occupied. Modified from Potter, 1972.

2) In the second period of development, arcades of nephrons are 

formed which connect to the same ampulla. Newer nephrons become 

attached to the ampulla more proximally whilst the older nephrons shift 

their attachment to the connecting piece of the younger nephron. One 

arcade may have up to seven attached nephric units in humans. This 

process also occurs in other mammals but there are fewer nephrons 

per arcade.

3) In the third period, the tips of the collecting ducts extend past the 

attachment point of the arcade and stop branching. Instead new 

terminal nephrons are induced sequentially by the growing tip of the 

bud and become attached individually to the collecting duct, mainly in 

the nephrogenic cortex.

4) Finally, the terminal inducing ampullae disappear and new nephron 

formation ceases at around 34 - 36 weeks. Further growth of the 

kidney occurs by iengthening of the proximal tubules, loops of Henle 

and collecting ducts.
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Formation of the renal pelvis and calyces

The mature collecting ducts drain into minor calyces which in turn 

connect to the major calyces of the renal pelvis before the ureter.

These intervening structures are formed by the coalescence of many of 

the early branches of the ureteric bud. This concept of remodeling has 

been recognised for many years as can be seen from Figure 5 which is 

adapted from an article by Kampmeier in 1926. He described 

Vestigial’ and ‘provisional’ zones in the human medulla in which 

nephrons initially developed but subsequently degenerated.

The exact number of generations of branches which are remodeled is 

unknown although Potter estimated that the first 3 -5  generations form 

the pelvis and the next 3 -5  give rise to the minor calyces and papillae 

(Fig. 6). Nephrons which were initially attached to these early 

branches were described by Potter to either transfer to a later branch 

or degenerate during development.
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Figure 5. Diagram illustrating the ‘fate of the different generations of 

uriniferous tubules’ (Kampmeier, 1926). Successive generations o f 

nephrons are labeled 1 to 9. Kampmeier reported that the first generation o f 

human tubules were vestiges from the beginning, whilst the second and third 

generations were perfectly formed but transitory. He also suggested that the 

fourth to ninth generations were permanent, and gave rise to the definitive 

nephrons. Hence the zones containing these different generations were termed 

vestigeal, provisional and growth zones. Modified from Kampmeier, 1926.
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Figure 6. Coalescence of ureteric bud branches. Potter reported 

that coalescence of the first 4 -5  polar and 2 -3  interpolar branches of 

the ureteric bud branches led to the formation of the renal pelvis and 

collecting system. The next 3 -5  generations of branches formed the 

minor calyces. Nephrons which were originally attached to these 

branches were reported to either regress, or move their attachment to 

later generations. Modified from Potter, 1972.
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Further differentiation of the collecting ducts

Mature collecting ducts contain three functionally distinct cell types 

(Fejes-Toth and Naray-Fejes-Toth, 1991). Principal cells have few 

organelles whereas the a and ^-intercalated cells contain a high 

density of mitochondria. Principal cells reabsorb Na  ̂via apical 

amiloride-sensitive Na"̂  channels driven by the basolateral Na’̂ -K'" 

ATPase, and they secrete K"" via apical Ba'"'"-sensitive channels. 

They also contain water channels which are responsive to antidiuretic 

hormone (ADH). The a-intercalated cells have an apical H^ATPase 

and secrete protons whilst the p cells reabsorb protons and secrete 

HCO3". A modified version of the red cell CI -HCO3' exchanger, known 

as band 3, is expressed on the basal surface of a-intercalated cells 

(Wainwright et al., 1989). Antibodies against band 3 are used to 

identify a-intercalated cells later in this thesis.

In mice, collecting duct cells demonstrate phenotypic plasticity since p- 

intercalated cells can give rise to both a-intercalated and principal cells 

in vitro, although principal cells do not give rise to intercalated 

phenotypes (Fejes-Toth and Naray-Fejes-Toth, 1992). It is therefore 

possible that the intercalated cells may be progenitor cells in the 

ureteric bud branches, although this has not yet been demonstrated 

either in vivo, or in human cells.
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Differentiation of the mesenchyme and its derivatives
Each nephron develops from mesenchyme adjacent to an ampullary tip 

of the ureteric bud. The mesenchyme is initially loosely arranged but 

the cells destined to become nephrons condense around the bud tips 

and undergo mesenchyme to epithelial transformation to form an 

epithelial renal vesicle. This elongates to form a comma shape which 

folds back on itself to become an S-shaped body. This epithelial tubule 

continues to elongate and differentiate to give rise to the proximal 

convoluted tubule, the descending and ascending limbs of the loop of 

Henle and the distal convoluted tubule. The distal end fuses with the 

collecting ducts to form a continuous functional unit. Further 

differentiation of the nephron is outlined below.

Glomerulus

The proximal end of the S-shaped tubule invaginates into a cup shape 

and forms Bowman's capsule, which encases a tuft of capillaries to 

form the glomerulus. The mature glomerulus consists of four main cell 

types:

1 ) Visceral epithelia (podocytes) have foot processes which are in 

intimate contact with the glomerular basement membrane. These cells 

are essential for protein size restriction in the ultrafiltrate of urine.

2) Parietal epithelia of Bowman’s capsule.

3) Mesangial cells embedded in extracellular matrix. These cells 

have multiple roles including physical support for glomerular capillary 

loops and modulation of both matrix production and degradation.

4) Endothelial cells lining the capillaries. These were thought to arise 

from direct ingrowth of vessels from the dorsal aorta in a process 

called angiogenesis. Recent data, however, suggests that some of the 

cells may develop in situ by vasculogenesis (Woolf and Loughna,

1998).
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Proximal tubule

The proximal tubule continues directly after the glomerulus and derives 

from the middle part of the S-shaped body. It consists of a proximal 

convoluted portion, the pars convoluta, which is a continuation of the 

parietal epithelium of Bowman’s capsule, and a straight portion, the 

pars recta. The epithelial cells have a characteristic appearance with a 

well-developed brush border to increase the surface area for 

reabsorption and numerous mitochondria and lysosomes which reflect 

their high metabolic rate. The main role of the proximal convoluted 

tubule is to reabsorb minerals, ions (Na ,̂ HCOa', Cl', K ,̂ Ca^ ,̂ PO^ '̂) 

water and organic solutes such as glucose and amino acids. 

Approximately two thirds of the ultrafiltrate is reabsorbed in the 

proximal tubule.

Loop of Henle

The loop of Henle is composed of the straight portion of the proximal 

tubule (pars recta), the thin limb segments, and the straight portion of 

the distal tubule (thick ascending limb). The loops extend deep into the 

medulla and are essential for generating an osmolar gradient which 

permits the reabsorption of water by the collecting ducts. Elongation 

and maturation of the loops occurs postnataly.

Distal segments

The distal tubules consist of the thick ascending limb of the loop of 

Henle which is involved in active ion transport (particularly Cl ) and the 

distal convoluted tubule. This includes the specialised macula densa 

portion which senses the amount of sodium delivered to the distal 

tubule and modulates renin secretion via the juxtaglomerular 

apparatus.
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Connecting tubule

The distal tubule is attached to the collecting duct by the connecting 

tubule which has been thought to be derived from the renal 

mesenchyme. This hypothesis has, however been challenged by 

Howie and colleagues (1993) who suggested that the connecting 

tubule is derived from the ureteric bud. This was based on blood group 

antigen, Tamm-Horsfall protein and cytokeratin staining which are 

similar in the connecting piece and collecting ducts. The retroviral 

tagging experiments described above (Qiao et al., 1995), however, 

showed that cells from the mouse ureteric bud may contribute to 

proximal structures which were previously thought to be derived from 

the mesenchyme and conversely the mesenchyme may contribute to 

more distal structures. It is therefore possible that the connecting 

tubule may be derived from both lineages.
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Chapter 2. Molecular biology of 
nephrogenesis
The molecular control of nephrogenesis is complex and most of the 

available data comes from animal studies whereas this thesis 

concentrates on human nephrogenesis. It is, however, pertinent to 

review the wider literature on the biology of nephrogenesis because 

‘functional’ animal studies provide a valuable insight into the potential 

roles of specific genes which may be relevant to human studies. Much 

of the descriptive information is available on the internet via the kidney 

development database on the world wide web which was set up by Dr 

Jonathon Bard and Dr Jamie Davies and can be accessed at 

http://mbisg2.sbc.man.ac.uk/kidbase/kidhome.html.

The following sections describe the methods available to study 

nephrogenesis, the basic mechanisms and molecules involved in 

nephrogenesis, with particular emphasis on apoptosis and proliferation, 

and the specific molecules which are examined in this thesis.

The nomenclature used to describe human and animal genes in this 

thesis is as follows: human gene abbreviations will be described in 

capital letters (i.e. PAX-2), animal gene abbreviations will be described 

in small letters (i.e. pax-2) and capitals will be used if both human and 

animal genes are mentioned together. In addition, capitals will be used 

if there is any ambiguity in interpretation, for example if a human, or 

non-specified, protein is used in a mouse organ culture experiment.

Methods for studying nephrogenesis

There are two complementary ways in which nephrogenesis has been 

investigated: descriptive studies define the temporal and spatial 

expression of mRNA and protein whilst functional studies establish the 

role of specific genes using in vivo and in vitro methodologies.
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Descriptive studies

Most of the information on human renai development has been derived 

from descriptive studies since it is difficult to obtain sufficient material 

for repeated functional studies and there are ethicai limits on human 

experiments. In their simplest form, descriptive studies document the 

gross anatomy and developmental stage of the normal kidney and 

renai malformations. They also describe patterns of gene expression 

by defining the distribution of mRNA by in situ hybridisation and protein 

by immunohistochemistry. This may be at a specific timepoint, or at a 

series of different times / stages. These experiments may identify 

candidate genes which potentially play an essential role in 

nephrogenesis, by virtue of their temporal and spatial expression 

patterns, although animal functional studies are often required to 

confirm this role.

Functional Studies - in vitro 

Organ culture

The metanephros can be grown for several days in organ culture 

following dissection of the mouse fetus. During this time it wiii develop 

in a morphologically normal manner with serial branching of the 

ureteric bud and new nephron formation, although the rate of 

development is slower than normal and the glomeruli are avascular. 

Grobstein used this technique nearly 50 years ago to demonstrate that 

the mesenchyme and ureteric bud fail to develop when cultured 

separately, although some nephrons do form when mesenchyme is co

cultured with spinal cord (Grobstein, 1955). This was an important 

experiment since it proved that interactions between the bud and 

mesenchyme are essential for normal development and that other 

tissues have the potential to induce normal development. Several 

growth factors have now been identified which are involved in the
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mutual induction between bud and mesenchyme (Woolf and Cale, 

1997).

It is possible to manipulate cultured metanephroi by adding exogenous 

substances to the culture medium. Examples are growth factors, 

blocking antibodies to growth factors or cell adhesion molecules, and 

antisense oligonucleotides which block expression of specific genes 

(Rogers et al., 1992 and 1993; Rothenpieler and Dressier, 1993). 

Individual cells have also been labeled using retroviral mediated gene 

transfer to follow their subsequent fate using in vitro lineage analysis 

(Herzlinger et a!., 1992; Qiao et al., 1995).

One limitation of the organ culture technique is that the cultured 

metanephros appears to be much more sensitive to perturbed 

development than the normal kidney. Therefore, some genes appear 

to be essential in organ culture but transgenic knockouts are normal. 

Several explanations have been proposed for this phenomenon. For 

example, it may be because organ culture is a stressful situation which 

pushes the metanephros beyond normal limits, or there may be 

circulating or maternal factors which compensate for the deficient 

factor and rescue the phenotype in vivo (Letterio et al., 1994). In 

addition, homologous molecules may be upregulated over a longer 

period and hence may be able to compensate in vivo.

Cell lines

Cell lines can be generated from the developing kidney. These can be 

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 cells 

(Burrow and Wilson, 1993; Karp et al., 1994; Woolf et al., 1995). In 

this way it is possible to isolate homogeneous populations of cells 

which have a defined lineage, and these are the ideal populations to
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assess the response of specific cell types to exogenous factors (as 

above). Biochemical pathways can also be investigated such as ligand 

binding, receptor kinetics and intercellular signaling pathways.

There are also limitations to the isolation of cell lines. Firstly, both 

mouse and human cells will only divide for a few generations and then 

become senescent. This can be circumvented by generating 

conditionally immortal lines (Jat et al., 1991) but it is essential that this 

process does not alter the phenotype of the cells. Secondly, it must be 

appreciated that cells may also change their phenotype depending on 

the culture conditions, as Fejes-Toth and Naray-Fejes-Toth described 

with collecting duct cells (1992). And thirdly, cell culture tends to 

favour rapidly dividing cells which may not be representative of the 

endogenous kidney cell population.

Functional studies - in vivo

Nephrogenesis can be perturbed in vivo in animals using a number of 

approaches including treatment with teratogens, and physical and 

genetic manipulation.

Teratogens

Animals can be exposed to high levels of teratogens in an effort to 

generate an abnormal phenotype (Brown, 1997). Examples of proven 

renal teratogens in animals are alcohol which causes hydronephrosis 

(Gage and Sulik, 1991) and retinoic acid which causes renal agenesis 

in mice when it is given at one day before the metanephros is formed 

(Tse et ai., 1997). Humans are unlikely to be exposed to such high 

levels, but even low doses may be important in the pathogenesis of 

multifactorial disease.
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Physical obstruction

Obstruction of the nephric duct, ureter and bladder has been 

performed in animals, with variable results. Surgical interruption of the 

mesonephric duct in the chick prevents the conversion of intermediate 

mesoderm into mesonephric tubules and subsequent formation of the 

metanephros (Berman and Maizels, 1982). Complete obstruction of 

the fetal sheep ureter in midgestation generates hydronephrosis and 

renal dysplasia whereas subcortical cysts are produced by obstruction 

later in pregnancy (Beck, 1971; Attar et al., 1998). The marsupial 

opossum is accessible for ureteric obstruction as it enters the pouch 

and some aspects of dysplasia are generated by obstruction at that 

point (Steinhardt et a/., 1988).

Transgenic technology

The expression of metanephric molecules can be altered by genetic 

engineering of animals, usually mice. Techniques available include: i) 

microinjection of recombinant DNA into the pronuclei of fertilized eggs, 

ii) retroviral infection of preimplantation embryos, ill) reconstitution of 

early embryos with genetically engineered embryonal stem (ES) cells. 

Using these techniques, genes can be overexpressed by introducing 

the coding sequence of a gene linked to a strong promoter.

Genes can also be ablated in embryonic stem cells by homologous 

recombination in which the gene of interest is replaced by a 

homologous but non-functional fragment of DNA. The cells are then 

injected into the blastocyst where they are randomly incorporated into 

a variety of lineages. If the engineered cells contribute to the germ 

line, then animals with heterozygous and homozygous mutations can 

be generated by further breeding (Merlino et a/., 1991). Many such 

transgenic ‘knock out' mice have abnormal renal development, often in 

conjunction with other malformations, as summarised in Table 2.
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Gene Phenotype Author

bf-2 Renal hypoplasia, large 
mesenchymal condensates

Hatini eta/., 1996 T

emx-2 Absent kidneys, ureters, gonads and 
genital tracts

Miyamoto etal., 1997 T

hoxa-11 / 
hoxd-11**

Renal dysplasia or hypoplasia, and 
absence of radius and ulna

Davis et al., 1995 T

lim-1 Renal agenesis, absent gonads and 
head structures

Shawlot and 
Behringer, 1995

T

pax-2 Renal agenesis and eye defects. 
Heterozygotes have renal hypoplasia

Torres etal., 1995; 
Keller etal., 1994

T

shh Kidney defect of unspecified type Chiang etal., 1996 T
wt-1 Renal agenesis and abnormalities in 

respiratory system, heart and gonads
Kreidberg etal., 1993 T

bmp-7 Renal dysplasia, eye and skeletal 
defects

Dudley etal., 1995; 
Luo etal., 1995

G

ret Renal agenesis or dysplasia, and 
defects in the enteric nervous system

Schuchardt et al., 
1994

G

egfr Cystic dilation of the collecting ducts. 
Defects in hair follicles, skin, tongue, 
gastrointestinal tract and brain

Threadgill etal. 1995 G

gdnf
(ret ligand)

Renal agenesis Sanchez etal., 1996; 
Pichel etal., 1996; 
Moore etal., 1996

G

pdgf-p Absent mesangial cells and heart 
defects

Leveen et al., 1994 G

pdgf-rp Absent mesangial cells and heart 
defects

Soriano, 1994 G

rar-a and p 
**

Renal agenesis, or hypoplasia. 
Respiratory tract, gasrtrointestinal, 
heart, thymus, diaphragm and genito
urinary abnormalities

Mendelsohn et al., 
1994

G

bcl-2 Cystic kidneys and hypoplasia Veis etal., 1993 S
p57-kip2 Dysplasia and Beckwith-Wiedemann 

like syndrome
Zhang etal., 1997 S

alpha-8
integrin

Failure of ureteric bud growth and 
nephron epithelialisation

Muller etal., 1997 M

wnt-4 Renal dysplasia (?) Stark etal., 1994 M
Id (formin) Renal agenesis and limb defects Chan etal., 1995; 

Maas etal., 1994
G

Table 2. Transgenic null-mutant mice with kidney malformations.
This table summarises the abnormalities in null-mutant mice with kidney 
malformations. The classes of molecules involved include: T ’ - transcription 
factor, ‘G’ - growth factor or growth factor receptor, ‘S’ - survival factor, ‘M’ - 
matrix or adhesion factor, ‘O’ - other. Some of the phenotypes, indicated by 

were generated by ablation of two different but homologous genes.
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Basic mechanisms of development
Organogenesis involves a balance between key events at a cellular 

level including proliferation, death, differentiation and morphogenesis.

It has been postulated that kidney malformations, cystic diseases and 

tumours are likely to result from disruption of this balance (Bard and 

Woolf, 1992) and many of these processes are examined later in this 

thesis.

Cell proliferation

The adult mammalian kidney develops from less than a thousand cells 

at its inception to many millions in the mature organ and it is self 

evident that this process requires extensive cell proliferation. The most 

actively proliferating areas of the metanephros, in the mouse, are the 

tips of the ureteric bud branches and the adjacent mesenchymal cells 

in the nephrogenic cortex (Hanai et a/., 1993). This is also 

demonstrated in the developing human kidney in the chapter on cell 

proliferation later in this thesis.

Stem cells are also thought to reside in the undifferentiated renal 

mesenchyme and it is postulated that these divide to generate a copy 

of themselves and another cell which differentiates into either nephron 

epithelia or interstitial cells (Burrow and Wilson, 1993). These cells are 

potentially important in the context of renal malformations since, if they 

are still present, it may be possible to stimulate elements of normal 

nephron formation if the appropriate inductive signals can be defined. 

True stem cells are not considered to be present in the mature adult 

kidney, although some cells can dedifferentiate after insults such as 

acute tubular necrosis to regenerate some parts of the nephron 

(Kawaida etal., 1994).
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Proliferating cell nuclear antigen

Proliferation in tissue sections can be assessed using a number of 

markers which are expressed in proliferating cells. Staining with 

Proliferating cell nuclear antigen (PCNA) was used in this thesis.

PCNA, or ‘cyclin’, is a nuclear protein which was originally identified by 

immunofluorescence in proliferating cells (Reviewed by Baserga et al., 

1991). It is the auxiliary co-factor of DNA polymerase delta I and it is 

essential for DNA replication in the 8 phase of the cell cycle, along with 

roles in DNA repair (Jonsson and Hubscher, 1997).

The human PCNA gene is located on chromosome 20p12 and two 

pseudogenes have also been identified on Xpter-q13 and 6pter-p12. 

The gene codes for a protein of 261 amino acids which has been 

highly conserved during evolution since there is 70% and 98% 

homology with drosophila and rat pcna respectively.

PCNA has a number of functions in DNA proliferation. The toroidal 

shaped protein is thought to encircle DNA and its main function 

appears to be to tether the polymerase catalytic unit to the DNA 

template for rapid and processive DNA synthesis. It may also interact 

with proteins involved in cell-cycle progression which are not a part of 

the DNA polymerase apparatus. Some of these interactions may have 

a direct effect on DNA synthesis while the roles of several other 

interactions are not fully understood (Kelman, 1997).

The expression of pcna during different phases of the cell cycle has 

been analysed by flow cytometry in the mouse (Kurki at al., 1986).

Pcna is not expressed in significant amounts in GO - G1, but it is 

dramatically upregulated in cells in late G1 and S-phase. Levels fall in 

G2 - M cells although they are still elevated relative to GO - G1 cells.
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The intranuclear distribution of PCNA has also been described in 

cultured human cell lines (Celis and Celis, 1985). Early in S phase, 

PCNA is found throughout the nucleoplasm with the exception of the 

nucleoli, but it then redistributes initially into a punctate pattern with foci 

of staining throughout the nucleus and later into the nucleoli when DNA 

synthesis is at or near its maximum. Intensity of PCNA staining then 

falls and reverts to the punctate pattern as S-phase finishes.

A number of studies have compared the use of PCNA staining with 

other measures of proliferation including the incorporation of 

bromodeoxyuridine and staining with Ki-67, another nuclear marker of 

proliferation. In general, there is good correlation between the different 

techniques although PCNA staining may slightly overestimate the 

amount of proliferation since the protein has been reported to persist in 

the cell for a variable time after S-phase (Howie et al., 1995; Larsson et 

a!., 1996). PCNA staining has also been used to generate an estimate 

of proliferative activity in normal and cystic renal epithelia (Nadasdy et 

a!., 1994 and 1995).

Cell death

Kampmeier (1926) reported Vestigial’ and ‘provisional’ zones in the 

human metanephros in which the first three generations of nephrons 

are destined to die before birth (Fig. 5). Potter (1972) also suggested 

that early nephrons may die unless they moved their attachments to 

later branches of the ureteric bud (Fig. 6). It is only recently, however, 

that the extent and mechanism of cell death has been investigated. 

Indeed, Coles and colleagues (1993) estimated that as many as 50% 

of the cells which are born in the developing rat kidney will die by a 

process known as apoptosis, or programmed cell death.
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Apoptosis

The term apoptosis, which means ‘leaves failing from a tree' in greek, 

was derived by Kerr, Wyllie and Curry (1972) to describe death in a 

variety of normal and pathological contexts which was accompanied by 

specific cellular morphological changes. Apoptosis is often used 

interchangeably with ‘programmed ceil death’ and these terms have 

been used to mean both the pre-programming of ceils to die at a 

certain stage of development and the actual apoptotic program in 

which there is a defined sequence of histological and biochemical 

events. These concepts are described in more detail below.

Morphology of apoptosis

Morphological changes occur in the following sequence during 

apoptosis: I) decrease in ceil size, ii) change in cell shape (rounding 

up), ill) condensation and fragmentation of the nuclear chromatin, iv) 

budding off of apoptotic bodies’ consisting of plasma membrane- 

bound vesicles containing fragments of condensed chromatin and 

intact cellular organelles and v) phagocytosis and clearance of 

apoptotic cells and debris by neighbouring ceils and macrophages. 

Apoptotic cell death does not lead to an inflammatory response and is 

relatively rapid. Both of these factors make it difficult to detect the true 

extent of apoptosis over time from analysis at one time point.

The alternative cell death pathway is necrosis, but this process is 

morphologically distinct (Wyiiie et al., 1980). In necrosis, ceils swell, 

the plasma membrane breaks down and cytosolic contents leak into 

the surrounding tissue where they generate an inflammatory reaction.
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Biochemical changes during apoptosis

The central biochemical event in apoptosis, in eukaryotic cells, is the 

cleavage of nuclear DNA into nucleosome sized fragments of 180 - 

200 base pairs. This phenomenon is induced by a cascade of 

molecular events involving a number of membrane receptors and 

cytoplasmic proteins (Schwartz and Osborne, 1993) which are 

described below.

The apoptotic ceii death program

For many years apoptotic cell death was thought to be a biochemically 

active process which involved transcription of specific genes and 

production of new proteins, since inhibitors of RNA and protein 

synthesis appeared to block apoptosis (Vaux and Weissman, 1993). 

This argument is flawed, however, since cells in which the nucleus has 

been removed (cytoplasts) cannot generate new mRNA yet they can 

still be induced to go through the cytoplasmic changes of apoptosis 

(Jacobsen et al., 1996). In addition, cytoplasts derived from cells 

expressing high levels of the B-cell leukaemia / lymphoma gene (bcl- 

2), which will be described later, are resistant to apoptosis (Jacobsen 

et ai., 1996).

These data suggest that apoptotic effector proteins are constitutively 

expressed in cells and has led Raff and colleagues to propose that all 

cells are programmed to commit suicide unless they continuously 

receive survival signals from neighbouring cells (Raff et a!., 1993; 

Jacobsen et a!., 1997). The classical example which supports this 

theory occurs during normal neuronal development: up to 50% of the 

neurons which are produced will die and it appears that this apoptotic 

death occurs because the neurons compete for neurotrophic survival 

factors secreted by the target cells they innervate (Raff et a!., 1993).
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Apoptosis is a dynamic process consisting of several steps including 

cellular signals which induce apoptosis, cellular machinery which carries 

out the apoptotic death program and clearance of apoptotic cells. These 

processes are described below and have been extensively reviewed in a 

special edition of the journal Ce// (Vol 8, February 7, 1997).

A number of signals / signalling pathways have been identified which 

activate apoptosis. One of the best characterised is the Fas-based 

pathway (reviewed by Cohen, 1997). Fas is a member of the tumour 

necrosis factor (INF) receptor family and activation of Fas by its ligand, 

Fas-L, leads to apoptosis. This has been implicated in development of 

the immune system, in cytotoxic T-cell mediated killing and in malignant 

transformation (Cohen, 1997). TNF can also induce apoptosis via the 

TNF receptor, TNFR-1, and members of the transforming growth factor- 

P (TGF-P) family have also been implicated in cell death signalling. 

Treatment with glucocorticoids, inhibitors of nucleotide metabolism or 

DNA damaging drugs also induces apoptosis in some cells. Some 

growth factors can not only control proliferation and differentiation but can 

also enhance apoptosis (Oberhammer et al., 1993) or act as survival 

factors (Collins eta!., 1994).

The basic intracellular effector mechanisms which lead to apoptosis are 

highly conserved across evolution and studies in the nematode 

Caenorhabditis elegans have defined many of the genes required for cell 

death. This worm generates 1089 cells during development and 131 of 

these cells die by apoptosis. Three genes were identified as being of 

crucial importance: on the one hand, ced-3, and ced-4 are absolutely 

required for cell death and on the other hand, ced-9 prevents cell death. 

Mammalian homologues have now been identified (Vaux, 1993) with 

similar functions.
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Ced-3 encodes a cysteine protease which is similar to the human enzyme 

interleukin-1 p converting enzyme (ICE) and a number of other related 

proteases have recently been identified (Alnemri etal., 1996). Members 

of this family of proteases are now known as caspases and these are 

thought to be central effectors within the apoptotic pathway; caspase-8, 

for example, is activated during Fas mediated apoptosis.

Ced-9 has similar anti-apoptotic effects to BCL-2 and programmed cell 

death can be prevented in Caenorhabditis elegans by expressing human 

BCL-2 (Vaux, 1993). The function of the BCL-2 gene is discussed 

elsewhere in this chapter, but it is of note that the BCL-2 protein is 

located in the mitochondrial membrane and opening of mitochondrial 

permeability-transition pores, or megachannels, has been implicated in 

apoptosis (Zamzami etal., 1996).

Apoptotic cells are rapidly cleared (Wyllie, 1980) and two mechanisms 

have been postulated for this process: phagocytosis by neighbouring 

cells or by macrophages. An inflammatory response is rarely seen in 

areas of apoptosis during development and this, coupled with the 

histological finding of apoptotic bodies within normal cells, led to the 

hypothesis that apoptotic cells are solely cleared by neighbouring ceils 

during normal development. This hypothesis has, however, been 

challenged, at least in the kidney, by workers in our laboratory who have 

demonstrated that macrophages are present in areas of apoptosis from 

the earliest stages of metanephric development (Personal communication 

-  Dr Catherine Cale). It is therefore likely that both neighbouring cells 

and macrophages are involved in clearing apoptotic cells during normal 

development. Similarly, Savill and colleagues (1992) have demonstrated 

that glomerular mesangial cells and macrophages ingest apoptotic cells 

during glomerulonephritis.
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Apoptosis in renai deveiopment

Apoptosis was first described systematically in the developing rat kidney 

by Coles etal. (1993), although earlier authors have commented on ceil 

death during remodeling of the early branches of the ureteric bud 

(Kampmeier, 1926; Potter, 1972). In the rat kidney, programmed cell 

death was notable in the nephrogenic region and medullary papillae. Up 

to 3% of the cells showed changes consistent with apoptosis in these 

areas at any one time point. The authors extrapolated these figures, 

based on the predicted time course over which apoptotic ceils could be 

detected, to speculate that cell death may be as frequent in the kidney as 

in neuronal development i.e. 50% of cells born in the kidney may die by 

apoptosis. Interestingly, treatment of one day old rats with epidermal 

growth factor (EGF) reduced renal cell death in the kidneys, which are 

still developing at that stage. This finding is consistent with the possibility 

that the cells normally die during development because they lack 

sufficient survival factors.

Apoptosis has aiso been demonstrated in metanephric organ culture 

(Koseki at a!., 1992). In these experiments, apoptosis was prominent in 

mesenchyme adjacent to the ‘induced’ mesenchyme which was 

undergoing mesenchyme to epithelial conversion. These changes could 

be prevented by treatment with actinomycin-D or cycloheximide or by co

incubation of the mesenchyme with a heterologous inducer such as 

embryonic spinal cord. Once again, EGF reduced the extent of apoptosis 

but the mesenchyme did not differentiate in response to this growth 

factor. This suggests that the conversion of mesenchyme to epithelium is 

at least a two step process involving rescue of the mesenchyme from 

apoptosis and induction of differentiation. More recently, Perantoni etal. 

(1995) showed that fibroblast growth factor 2 (FGF-2) can also rescue the 

mesenchyme from apoptosis. Conversely, tumour necrosis factor a
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(TNF-a) treatment increases the amount of apoptosis in mouse organ 

culture (Cale etal., 1998)

Differentiation

The process by which cells acquire a specialised phenotype is known as 

differentiation. A classic example occurs in the renal mesenchyme where 

some cells undergo epithelial differentiation to form nephrons while others 

differentiate into stromal cells, or interstitial fibroblasts. Terminal 

differentiation occurs at a later stage. For example, cells within a 

nephron precursor will form the glomerular parietal and visceral epithelia 

as well as the cells which comprise the proximal tubule and loop of Henle. 

The term ‘lineage’ describes the series of phenotypes as a precursor 

differentiates into a mature cell.

Morphogenesis

The processes outlined above occur in individual cells whereas 

'morphogenesis' describes the developmental process by which groups of 

cells acquire complex three-dimensional shapes. Examples include the 

formation of nephron tubules from renal mesenchymal cells, serial 

branching of the ureteric bud to form the collecting duct system and 

capillary formation by angiogenesis and vasculogenesis.
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Molecules expressed during nephrogenesis
Several classes of molecules are expressed during nephrogenesis, 

including transcription factors, growth factors, survival factors and the 

adhesion molecules. These categories are not mutually exclusive 

since certain molecules fall into two categories, an example being 

EGF, or its embryonic form - transforming growth factor a (TGF-a), 

which appears to act as both a survival factor for renal mesenchyme 

(see above) and a growth and differentiation factor.

Molecules from several major groups are examined in this thesis 

including transcription factors (PAX-2 and WT-1), survival factors 

(BCL-2) and cell / matrix adhesion molecules (galectin-3). These are 

described in detail in the appropriate section below, whilst other 

important molecules in these classes are briefly mentioned in order to 

provide a balanced overview. Molecules which do not fall into specific 

categories are discussed at the end of this section.

Transcription factors

Transcription factors regulate the expression of other genes, acting as 

‘master regulators' to set up basic embryonic pattern formation. They 

contain DNA binding domains which recognise specific sequences and 

hence modulate the transcription of mRNA from the target gene. The 

specific genetic targets of many of the transcription factors are, 

however, currently unknown. The transcription factors examined in this 

thesis are PAX-2 and WT-1, whilst other important factors are bf-2 

(Hatini etal., 1996), hoxa-11 and hoxd-11 (Davis etal., 1995), lim-1 

(Shawlot and Behringer, 1995), n-myc (Stanton etal., 1992) and sox-9 

(Bell etal., 1997)
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PAX genes -  general aspects

PAX genes are transcription factors containing a paired-box DNA 

binding domain which are found in a number of organisms including 

drosophila, zebrafish, frog, turtle, chick, mouse and human (Gruss et 

a!., 1992). In organisms such as drosophila, pax homologues control 

embryonic patterning (Gruss etal., 1992) and cell specification (Haider 

et al., 1995), while a zebrafish pax gene has been implicated in retinal 

development (Hyatt et al., 1996). In the mouse, pax genes regulate 

development of the brain, eye, lymphoid system, musculature, neural 

crest, thymus and vertebrae (Max et al., 1995; Keller et al., 1994; 

Matsuo etal., 1993; Goulding etal., 1991; Wallin etal., 1996). In 

addition, transgenic overexpression of pax genes causes cell 

transformation in cell cuture and the mouse, and may contribute to 

tumour formation (Maulbecker and Gruss, 1993).

Nine PAX genes have been described in humans and some of these 

genes encode a homeobox domain and an octapeptide region in 

addition to the conserved paired box domain (Table 3; Stapleton et al.,

1993).
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Gene Chr Structure Expression pattern Loss of function Gain of function

PAX-1 20p vertebral column, thymus Mouse: undulated

PAX-2 10q neural tube, kidney, optic 
cup, auditory vesicle

Human: renal-coloboma
syndrome
Mouse: Krd

Human: possible role in 
Wilms’ tumour 
Mouse: abnormal kidneys

PAX-3 2q neural crest, neural 
epithelium

Human: Waardenberg’s 
syndrome
Mouse: splotch________

Human: possible role in 
rhabdomyosarcoma

PAX-4 possible pseudogene

PAX-5 9p neural tube, B cells, 
kidney___________

Mouse: B-cell & brain 
abnormalities

Human: possible role in 
astrocytoma__________

PAX-6 11p neural tube, optic cup Human: aniridia 
Mouse: small eye

Mouse: abnormal ciliary 
body and lens_________

PAX-7 1p neural tube, muscle

PAX-8 2q neural tube, kidney Human: possible role in 
Wilms’ tumour

PAX-9 14q vertebral column, nervous 
system, sclerotome______

Table 3. Overview of PAX genes. This table shows the basic structure of the protein, and chromosome location (Chr), of human 

PAX genes including the □  Paired box domain, □  Octapeptide domain and ■  Homeobox domain. The expression pattern, and 

results of loss of function or gain of function in mice and humans are also shown. '?’ indicates that the phenotype is unknown.



The majority of the PAX genes are expressed in the developing 

nervous system, with the exception of PAX-1 which is only expressed 

in mesoderm derivatives. Mutations of PAX-2, 3 and 6 have been 

implicated in human syndromes. PAX-2 is described in detail below. 

PAX-3 mutations cause Waardenberg’s syndrome type 1 and 2 

(Tassabehji etal., 1993; Read etal., 1995) which is an autosomal 

dominant condition consisting of pigmentary disturbance and facial 

abnormalities (broad nasal bridge and lateral displacement of the inner 

corners of the eye) with occasional deafness and mental retardation. 

These abnormalities correlate well with sites of expression of pax-3 

expressing neural crest cells in the mouse. The naturally-occurring 

Splotch mutant mouse is caused by pax-3 mutations and homozygous 

splotch mutants have additional abnormalities of the neural tube and 

limb muscles, which correspond with pax-3 expression in the 

dermomyotome and limb buds. Rearrangements of PAX-3 have also 

been reported in human soft tissue tumors (Barr et al., 1993).

PAX-6 mutations cause aniridia in humans (Hanson et al., 1993), 

characterised by partial or complete absence of the iris, whereas 

homozygous mutations in the mouse homolog, small eye, lack both 

nasal structures and eyes (Hill et al., 1991). This suggests that gene 

dosage may be important for pax genes, at least in eye and face 

development, since the phenotype of mouse mutants is more severe 

when both alleles are mutated. This has been partially confirmed in 

drosophila where targeted overexpression of the eyeless (ey) gene, 

which is homologous to human PAX-6, caused ectopic eyes to develop 

(Haider et al., 1995). Moreover, further evidence that gene dosage is 

important is that transgenic expression of human PAX-6 rescues eye 

development in the small eye mouse mutant but further eye 

abnormalities are seen if it is overexpressed (SchedI et al., 1996).
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PAX-2, 5 and 8 are structurally similar genes with a truncated 

homeodomain and a conserved octapeptide region. Only PAX-2 and 

PAX-8 are expressed in the kidney. Pax-5 (BSAP) is transiently 

expressed in the mesencephalon and spinal cord in mouse embryos 

but expression then shifts to the fetal liver where it correlates with the 

onset of B lymphopoiesis (Adams et al., 1992). Expression persists in 

mature B lymphocytes and is also seen in the testis of the adult mouse. 

This expression pattern implicates pax-5 in B-cell differentiation and 

spermatogenesis as well as in neural development. Pax-8 is 

expressed in the developing mesonephric tubules and then in the 

condensing mesenchyme of the murine metanephros (Plachov at a!., 

1990). It is not expressed in either the mesonephric duct or the 

ureteric bud and it is downregulated in maturing nephron epithelia 

(Poleev at a!., 1992). Other sites of pax-8 expression during 

development include the spinal cord and thyroid gland (Plachov at a/., 

1990). A complete list of the regulatory targets for PAX-8 is unknown, 

although the protein has been shown to both bind and activate the 

promoter for the neural cell adhesion molecule (NCAM; Holst at a/.,

1994). Expression of NCAM is downregulated, however, as nephrons 

develop from the condensed mesenchyme (Klein at a/., 1988a) and it is 

therefore unlikely that PAX-8 is the only controlling factor for this 

adhesion molecule.

PAX-2

In early development of the mouse kidney, pax-2 mRNA is expressed 

in the mesonephric duct, the tips of the ureteric bud and the 

condensing mesenchyme (Dressier at a!., 1990). This pattern is 

repeated in the outer cortex throughout nephrogenesis. Expression of 

the protein persists in nephron precursors such as the comma and S- 

shaped bodies but then decreases as these epithelia mature (Dressier 

at a/., 1992). In contrast, there is little expression in ureteric bud 

derivatives aside from low levels in the collecting ducts.
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Detailed distribution of the PAX-2 protein had not been reported in 

either normal or dysplastic human nephrogenesis prior to the work 

described in this thesis.

Two murine pax-2 transcripts, generated by alternative RNA splicing, 

can be detected in the developing mouse kidney. The different RNA 

isoforms are around 4.2 kb and 4.7 kb in size, encoding proteins of 392 

and 415 amino acids respectively (Dressier et a/., 1990). It is unknown 

whether the two isoforms have different functions, although the smaller 

protein is more abundant during development (Dressier at a/., 1990).

In humans, the two RNA isoforms are around 4.2 and 4.5kb (Ecoles et 

al., 1992).

A series of experiments in mice and mutation analysis in humans have 

highlighted the importance of PAX-2 in renal development.

Mice with homozygous null mutations for pax-2 have aberrant 

mesonephroi, which do not contain tubules, and the metanephroi fail to 

form because the ureteric buds are absent (Torres et a!., 1995). In 

organ culture, addition of antisense pax-2 DNA-oligonucleotides leads 

to repression of pax-2 protein (Rothenpieler and Dressier, 1993) which 

causes inhibition of mesenchymal condensation and blocks the 

transition of mesenchyme to epithelium. Interestingly, the mesonephric 

tubules are also formed by mesenchyme to epithelium conversion 

which implicates pax-2 as an essential molecule in this process (Torres 

etal., 1995).

Heterozygous mutations of pax-2 alone causes hypoplastic kidneys 

with reduced branching of the ureteric bud, reduced numbers of 

nephrons and cortical thinning (Torres etal., 1995). The heterozygous 

phenotype is much more variable in Krd mice which were generated 

fortuitously when a 7cM fragment of chromosome 19 (which includes 

the pax-2 locus) was deleted by the random insertion of an unrelated
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transgene (Keller et al., 1994). The Krd heterozygotes had around a 

25% incidence of gross renal abnormalities including renal agenesis, 

cysts and dilated ureters. At a microscopic level, cortical thinning, 

reduced numbers of nephrons and medullary cysts were observed.

Eye defects were also seen in these heterozygotes with retinal 

thinning, caused by malformations of the cellular layers, and abnormal 

electroretinograms. The severity of the lesions varied in different 

strains of mice which suggests that other modifying genes, determined 

by the genetic background, may affect the mutant phenotype.

Transgenic overexpression of pax-2 in mice also causes kidney 

abnormalities as Dressier and colleagues described (1993). In this 

experiment, a human CMV promoter was fused to complementary 

DNA encoding the more abundant 392 amino acid pax-2 isoform and 

injected into zygotes. Fetal transgenic mice had ectopic pax-2 

expression, particularly in the visceral glomerular epithelium which is 

destined to become the podocytes and the glomerular capillary loop 

endothelium was poorly fenestrated with reduced numbers of podocyte 

foot processes. The glomeruli appeared atrophic, but the glomerular 

basement membrane was normal. Other features were multifocal 

microcystic tubule dilatation, proteinuria and renal failure. This 

phenotype was thought to be similar to the Finnish-type human 

congenital nephrotic syndrome but the PAX-2 locus has subsequently 

been excluded (Kestila etal., 1994).

PAX-2 mutations have recently been described in humans in the ‘renal- 

coloboma’ syndrome consisting of optic nerve colobomas, renal 

anomalies and vesicoureteral reflux (Sanyanusin et al., 1995). The 

original report described a New Zealand family in which the father had 

bilateral optic nerve colobomas and mild renal dysfunction (proteinuria 

and plasma creatinine of around 1.7 mg / dl), whilst 3 of 5 sons had 

colobomas and more severe renal dysfunction. Other members of the
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family were clinically normal and analysis of the affected patients 

revealed a mutation in PAX-2. This was a single nucleotide deletion in 

exon five, within the conserved octapeptide sequence and the mutation 

arose de novo in the father. The phenotype of these patients was initially 

thought to be analogous to heterozygous Krd mice but a new mouse 

frameshift mutation (Pax-2(1Neu)) has subsequently been described 

(Favor etal., 1996) which is identical to this human mutation. 

Heterozygous mutant mice also have defects in the kidney, optic nerve, 

and retinal layer of the eye. Homozygous mutant embryos have severe 

developmental abnormalities of the optic nerve, kidney, ventral regions of 

the inner ear and brain (cerebellum and the posterior mesencephalon).

Further human patients have now been reported with PAX-2 mutations 

with additional abnormalities such as microcephaly, mental retardation 

and high-frequency hearing loss. Several patients had mutations in exon 

2 (Schimmenti etal., 1997) but there was remarkable variability in the 

their clinical presentation, even in a mother and son with an identical 

mutation. Homozygous PAX-2 mutations have not been described in 

humans although kindreds have been reported with kidney and Mullerian 

agenesis which superficially resemble the (female) mouse null-mutants 

(Torres etal., 1995; Battin etal., 1993).

The experiments described above suggest that both the number of copies 

of this transcription factor and the timing of its expression are essential for 

normal renal development. The defects in homozygous mutants are 

easily understood since these animals completely lack the pax-2 protein. 

In the heterozygous mutants it is likely that haploinsufficiency, a partial 

lack of functional protein, leads to the aberrant phenotype. Ectopic, 

persistent expression of pax-2 in the mouse appears to prevent epithelial 

maturation, particularly in the glomeruli, and causes cyst development.
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Levels of PAX-2 may also be regulated by other genes. In a recent 

article (Liu et al., 1997) it was shown that expression of pax-2 can be 

modulated in cultured rabbit proximal tubule cells by a number of 

molecules: egf increased pax-2 levels and both retinoic acid and tgf-pi 

decreased levels. Interestingly, tgf-pi did not affect the rate of 

transcription of pax-2 but it decreased the stability of the mRNA.

Persistent expression of PAX genes is seen in some human tumors, 

including Wilms’ tumour of the kidney: PAX-2 (Eccles et a!., 1992; 

Dressier et a!., 1992) and PAX-8 (Poleev et a/., 1992). This suggests 

that the normal mechanism for down-regulation or switching off these 

genes is defective. The Wilms’ tumour 1 (WT-1) gene is mutated in a 

minority of Wilms’ tumours and loss of heterozygosity has been also 

reported. There is now increasing evidence, summarised below, that 

WT-1 and PAX-2 / 8 expression is closely related during both 

development and oncogenesis.

During development of the kidney the temporal relationship between 

pax-2 and wt-1 expression has been described by Ryan and 

colleagues (1995). The sequence of expression is: i) wt-1 at low levels 

in the uninduced mesenchyme, ii) high levels of pax-2 at the tips of the 

ureteric bud and in the condensing mesenchyme, iii) high levels of wt-1 

and pax-2 in the mesenchyme and iv) persistent expression of wt-1 in 

the developing nephron as pax-2 levels decline. In addition Ryan 

showed, by DNase I footprinting analysis, that there are three high 

affinity wt-1 binding sites in the 5' untranslated sequence of the pax-2 

mRNA. Moreover, in transient co-transfection experiments, wt-1 

represses transcription of a CAT reporter gene fused to a fragment of 

the pax-2 gene including these potential regulatory sequences.
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These experiments suggest that pax-2 is a target gene for wt-1, at 

least in the mouse, and upregulation of wt-1 may lead to repression of 

pax-2 during nephrogenesis.

PAX genes may also be involved in the regulation of WT-1. In a recent 

report (McConnel et al., 1997) the human PAX-2 protein was found to 

bind to two sites in the WT-1 promoter sequence. Co-transfection 

experiments with PAX-2 showed up to a 35 fold increased expression 

of a reporter gene fused to the PAX-2 bindings sites on the WT-1 gene. 

Similarly, PAX-8 may positively regulate WT-1 expression since 

several isoforms of mouse pax-8 have been shown to bind to a wt-1 

promoter and stimulate promoter activity (Dehbi and Pelletier, 1996). 

This data suggests that both PAX-2 and PAX-8 may activate WT-1 

expression during development. Overexpression of these three 

transcription factors has been described in both endogenous Wilms’ 

tumours (Dressier et a!., 1992; Eccles et a/., 1992) and in 

heterotransplant Wilms' tumours in nude mice (Tagge et a/., 1994).

The data outlined above suggests that increased levels of the PAX 

genes may activate WT-1 expression and the mutated WT-1 protein 

may not be able to down regulate the PAX genes, thus forming a 

positive feedback loop. It is, however, unclear which is the primary 

event in tumour formation.

Other examples implicating over expression of these PAX genes in 

tumours are: I) high levels of PAX-2 expression in actively proliferating 

renal clear cell carcinoma lines and the decline in rates of proliferation 

when these cells are treated with specific PAX-2 antisense 

oligonucleotides (Gnarra and Dressier, 1995), ii) transformation of 

NIH3T3 fibroblasts when PAX genes are overexpressed in them and 

the tumours which result from injection of these cells into nude mice 

(Maulbecker and Gruss, 1993) and iii) downregulation of human p53, a 

tumour suppressor gene, by PAX-2, 5 and 8 with the theoretical
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consideration that overexpression of these genes might block p53 

tumour suppression (Stuart et al., 1995).

The oncogenic potential of the PAX genes is dependent on the DNA- 

binding function of the paired domain (Maulbecker and Gruss, 1993). 

Theoretically, mutations of the paired domain would change DNA 

binding capabilities which may be important in the regulation of 

oncogenesis. To date, however, mutations of PAX-2 and PAX-8 have 

not been described in human tumours.

WT-1

Wilms’ tumour of the kidney is one of the commonest solid tumours in 

childhood with an estimated incidence of 1 in 10,000 (Pritchard-Jones 

and Hawkins, 1997). Most tumours are sporadic but a family 

predisposition is occasionally seen (2 - 5% of cases). Children may 

also have associated urogenital abnormalities, especially in the Denys- 

Drash and WAGR syndromes, described below.

The possibility that Wilms’ tumours may be caused by mutations of a 

tumour suppressor gene was first suspected when a group of patients 

were found to have a constitutional deletion of chromsomal bands on 

l ip .  The first Wilms’ tumour gene, WT-1, was then cloned on 11 pi 3 

(Gessler et a!., 1990), but this is only mutated in a minority of tumours 

and it is likely that there are at least two other Wilms’ tumour genes, 

one at 11p15 (WT-2), another at 17q12 and possibly others which are 

unmapped (Pritchard-Jones and Hawkins, 1997). This discussion 

deals exclusively with WT-1 and the results presented later represent 

the first description of WT-1 protein distribution in human dysplastic 

kidneys.
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The WT-1 gene encodes a transcription factor protein containing four 

zinc-finger motifs which are important for DNA binding. Several studies 

have documented expression of both WT-1 mRNA and protein during 

general mammalian development (Pritchard-Jones etal., 1990;

Armstrong etal., 1993) and specifically in the urogenital system and 

Wilms' tumours (Pelletier etal., 1991; Grubb etal., 1994). Major, non- 

renal, expression sites of WT-1 include the brain, spleen, genital ridge, 

fetal gonad and mésothélium. During early human nephrogenesis, WT-1 

mRNA is expressed in the mesonephric glomeruli and at low levels in 

condensing metanephric mesenchyme (Pritchard-Jones etal., 1990). As 

the comma and S-shaped bodies develop, the levels of WT-1 increase 

and become restricted to the visceral glomerular epithelia. Expression is 

restricted to podocytes in the adult kidney. Using confocal laser scanning 

microscopy, it is also possible to demonstrate that the WT-1 protein is 

restricted to the nucleus during development (Mundlos etal., 1993). 

Increased expression of WT-1 has also been reported in Wilms’ tumours 

(Pritchard-Jones etal., 1990).

The expression pattern described above correlates well with the 

abnormalities detected in humans with two conditions associated with 

mutations of WT-1: the Denys-Drash and Wilms’ tumour, aniridia, 

genitourinary (WAGR) syndromes. The Denys-Drash syndrome consists 

of genitourinary abnormalities, including ambiguous genitalia in 46 XY 

males, nephrotic syndrome with mesangial sclerosis leading to renal 

failure and a predisposition to Wilms’ tumour (Little and Wells, 1997). 

Point mutations of WT-1 have been described in Denys-Drash syndrome, 

and interestingly these seem to predominantly affect the DNA binding 

zinc finger domains: Pelletier and colleagues (1991) described 10 cases, 

9 of which had mutations in exon 9 (zinc finger III) and 1 in exon 8 (zinc 

finger II).
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The WAGR syndrome consists of Wilms' tumour, aniridia, genitourinary 

abnormalities including gonadoblastoma and mental retardation. Much 

larger deletions have been reported in this syndrome including the 

PAX-6 locus which explains the aniridia (Jordan et a/., 1996).

In both of these syndromes, loss of only one WT-1 allele leads to these 

abnormalities, yet the patients still have one normal WT-1 allele. 

Several hypotheses have been proposed to explain this apparent 

dominant effect (Junien and Henry, 1994). Firstly, the aberrant protein 

may compromise binding of wild-type WT-1 to its normal target, 

resulting in a dominant-negative effect. Secondly, the mutations may 

confer the ability to recognise new, incorrect, binding sequences which 

may exacerbate the lack of binding to normal targets by either 

activating or repressing new genes. And thirdly, it has been reported 

that there is loss of heterozygosity in some tumours which may lead to 

transcription of only the mutant allele. A similar effect could be 

produced by imprinting, although this has not been demonstrated 

conclusively for WT-1.

In transgenic mice, by contrast, heterozygotes which have only one 

normal copy of wt-1 are said to be completely normal with no 

predilection to Wilms’ tumours (Kreidberg etal., 1993). Homozygous 

mutants die before birth at around embryonic day 14 or 15, probably 

because of defects in mésothélial derived components in the heart and 

lungs, and kidneys are absent. Closer examination of kidney 

development shows that mesonephric tubules are formed normally, 

although in smaller numbers, but the ureteric bud fails to branch from 

the Wolffian duct and the intermediate mesoderm which would 

normally give rise to the nephrons dies by apoptosis (Kreidberg et a/.,

1993). There was also no pax-2 expression in the mesenchyme, and 

explants of mutant blastema did not form nephrons following 

heterologous culture with spinal cord. This data suggests that WT-1 is
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absolutely required for survival and early differentiation of the 

metanephric blastema.

The human WT-1 gene consists of 10 exons and the protein contains 4 

zinc finger domains towards the carboxy-terminus. Four different 

isoforms of the protein are produced by alternative splicing of the mRNA 

at two sites; exon 5 containing 17 amino acids may be included or 

excluded, and the three amino acids lysine, threonine and serine (KTS) 

may also be included or excluded. The four isoforms can therefore be 

referred to as -/-, -/+, +/- and +/+. The commonest form encodes the 

largest protein which includes both extra domains (i.e. +/+) and the ratio 

of the mRNA for the isoforms is said to be consistent throughout 

development and within different tissues (Charlieu etal., 1995). This 

does not automatically mean that the levels of protein are the same, 

however (Haber etal., 1991).

There are several lines of evidence which support the role of WT-1 as a 

transcription factor, mostly as a transcriptional repressor. Firstly, WT-1 

binds to guanine-rich sequences with moderately high affinity (Rauscher 

etal., 1990). Secondly, binding to such guanine-rich sequences linked 

to reporter genes leads to decreased expression of the reporter (Madden 

etal., 1991). Finally, the repression domain can be transferred from WT- 

1 to other proteins such as the early growth response 1 (EGR-1) gene 

and this converts them from transcriptional activators to repressors. 

Several endogenous targets have been proposed for regulation by WT-1 

including the insulin-like growth factor 2 gene (IGF-2) and PAX-2, as 

above. In addition, WT-1 is a powerful repressor of its own gene, and it 

binds to multiple sites in its own promoter (Rupprecht etal., 1994).

The precise role of the four splice isoforms is unknown but it has been 

reported that the +KTS form binds to a more limited range of DNA
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sequences than the -KTS form. There is circumstantial evidence that 

this is important because the -KTS and +KTS forms are preserved in 

all vertebrate whereas the 17 amino acid insert of exon 5 is only found 

in mammals (Kent et al., 1995). There is also direct evidence that the 

ratio of +KTS to -KTS forms is important because Frasier syndrome, 

characterised by focal glomerular sclerosis, delayed kidney failure and 

complete gonadal dysgenesis has recently been shown to be caused 

by specific intronic point mutations of WT-1 which reduce the 

proportion of the +KTS isoform (Barbaux et a/., 1997; Klamt et a/., 

1998).

Sub cellular localisation experiments may explain the importance of the 

two -KTS and +KTS isoforms. Charlieu aand colleagues (1995) used a 

number of techniques, including immunoprécipitation, confocal 

microscopy and cell culture, to demonstrate that the +KTS form 

associates with small nuclear ribonucleoproteins (snRNP) in 

spliceosomes whereas the -KTS form is found in conjunction with the 

transcriptional apparatus. They postulated that WT-1 may therefore 

also be involved in RNA splicing as well as transcriptional repression.

HOX genes

Vertebrate hox genes encode homeodomain transcription factors 

which specify positional information along the anterior posterior axis. 

Individual null mutations of these genes do not have kidney 

abnormalities but double knockouts generated by interbreeding of 

hoxa-11 and hoxd-11 mutants often have renal agenesis or hypoplasia 

(Davis et a!., 1995). Hoxa-11 mRNA is normally expressed in 

metanephric mesenchyme (Hsieh-Le et a/., 1995).
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MYC genes

C-myc RNA is expressed in uninduced mesenchyme and in very early 

epithelial structures in the mouse. Its expression is downregulated as the 

kidney matures and its expression pattern appears to correlate with areas 

of cellular proliferation during nephrogenesis (Schmid etal., 1989). N- 

myc is upregulated during the mesenchymal-epithelial conversion, where 

it appears to be a marker of induction, and expression is confined to the 

condensates, comma and S-shaped bodies (Mugrauer and Ekblom,

1991). Homozygous null-mutant mice for n-myc have mesonephroi which 

are hypoplastic, with increased apoptotic cells and the embryos die at 

around embryonic day 11.5 (Stanton at a!., 1992). L-myc is restricted to 

the ureter of the mature kidney and it is not expressed by proliferating or 

embryonic cells (Mugrauer and Ekblom, 1991).

BF-2

BF-2 is one of the few genes which have been implicated in formation of 

interstitial cells from the mesenchyme lineage. It is a member of the 

winged helix family of transcription factors which are related to the 

drosophila fork head gene (Lai etal., 1993). In mice, bf-2 is expressed in 

the cells immediately surrounding condensed mesenchyme cells, which 

express pax-2. Mice with null mutations have rudimentary, fused kidneys 

and die soon after birth (Hatini etal., 1996). Interestingly, the 

mesenchyme condenses in the null mutant mice but does not develop 

any further and neither comma nor S-shaped bodies are formed. The 

ureteric bud also fails to branch normally and ret is widely distributed in 

the bud epithelium, rather than confined to the bud tips. It seems likely, 

therefore, that bf-2 modulates expression of a factor, or factors, from the 

‘uninduced’ cells which is essential for ureteric bud growth and maturation 

of pretubular aggregates. This factor has not yet been identified.
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Survival / proliferation factors

Survival and proliferation are key cellular events and a number of 

genes have been identified in renal development which are linked to 

these processes. Distribution of the B-cell lymphoma/leukaemia 

protein (BCL-2) in the normal, and dysplastic, developing human 

kidney is described for the first time in this thesis.

BCL-2

The BCL-2 gene was originally discovered in human follicular B-cell 

lymphomas with a translocation between chromosomes 14 and 18. It 

is now known to be part of a large family of genes which are involved in 

the control of apoptotic cell death (Knudson and Korsmeyer, 1997).

The function of many of these genes has been preserved throughout 

evolution (see Apoptosis section of this thesis). BCL-2 and some 

members of the gene family such as BCL-Xl, McI-1 and A-1 repress 

apoptosis whereas others including BAX, BCL-Xg, BAD and BAK 

promote apoptosis. The balance between these processes is 

modulated by homo- and heterodimerisation between the different 

related genes and several articles within the last year have discussed 

this issue in detail (Kroemer, 1997; Knudson and Korsmeyer, 1997).

The BCL-2 protein consists of a carboxy-terminal transmembrane 

domain and four domains, eponymously called BCL-2 homology or BH 

domains, which are found in various amounts in other family members. 

BCL-2 protein is located in a number of sub-cellular sites including the 

outer mitochondrial membrane, nuclear membrane and endoplasmic 

reticulum. There is some evidence from targeting experiments in 

Madin Darby canine kidney (MDCK) cells, a line which is derived from 

dog collecting ducts, that mitochondria are the main site at which the 

anti-apoptosis effects of bcl-2 are mediated (Zhu et a!., 1996). It is not 

the only site of action, however, since bcl-2 deletion mutants which
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either lack the membrane insertion domain (Hockenbery et al., 1993), 

or specifically target it to the endoplasmic reticulum (Zhu at a!., 1996), 

conserve part of their anti-apoptotic function.

Bcl-2 is expressed in a wide variety of murine tissues during 

development but then becomes restricted to limited sites in the adult 

mouse. In early development, bcl-2 protein is expressed in tissues 

derived from all three germ layers (Novack and Korsmeyer, 1994), but 

it is then downregulated and restricted to specific areas such as the 

developing nervous system (Merry etal., 1994), immunological tissues 

(Merino et al., 1994) and diverse epithelia (Novack and Korsmeyer, 

1994). Expression patterns of BCL-2 protein are similar in human fetal 

tissues (LeBrun etal., 1993).

In the developing mouse central nervous system bcl-2 protein is 

detected in ventricular neuroepithelial cells and postmitotic cells of the 

cortical plate, cerebellum, hippocampus and spinal cord (Merry etal., 

1994). Postnatally, bcl-2 levels decline in central nervous system as 

the mice grow older, although it can still be detected in the granule 

cells of the cerebellum and dentate gyrus of the hippocampus. In 

contrast, in the peripheral nervous system, neurons and supporting 

cells of sympathetic and sensory ganglia retain substantial bcl-2 

protein throughout life. There is a tremendous degree of ‘plasticity’ in 

the development of the nervous system since many more neurons are 

born than are required in the adult. Excess neurons, which do not 

establish the correct connections, are eliminated by apoptosis and it is 

likely that bcl-2 plays an important role in regulating neuronal survival 

cells, as discussed earlier (Raff et al., 1993; Jacobsen et al., 1997).

During maturation of lymphocyte lineages, in the mouse, bcl-2 protein 

is highly expressed in CD43+ B cell precursors (pro-B cells) and 

mature B cells but downregulated in pre-B and immature B cells
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(Merino et al., 1994). These cells are also eliminated by apoptosis, 

and experimental susceptibility to apoptosis following dexamethasone 

treatment correlates with the levels of Bcl-2 protein.

Bcl-2 is expressed in a number of epithelia in the mouse including the 

developing lung and intestinal epithelium (Merritt etal., 1995). 

Expression of bcl-2 is confined to rapidly proliferating areas in the 

crypts and lower villi rather the tips of the villi, where cells have been 

reported to die by apoptosis (Gavrelli et al., 1992).

In the murine kidney, bcl-2 protein is upregulated in the mesenchyme 

as it condenses around the ureteric bud tips (Novack and Korsmeyer,

1994). Expression persists in this lineage in the glomeruli and tubules 

during development of the nephrons but it is then downregulated and 

undetectable in the mature kidney. A similar pattern is seen in the 

developing human kidney (LeBrun et al., 1993). Other sites of murine 

bcl-2 expression include the developing limb where Bcl-2 is expressed 

in the digital zones, but not in the interdigital zones of cell death, and in 

hair follicles.

Bcl-2 is so widely expressed during mouse development that one might 

have predicted that transgenic mice which lack bcl-2 would die In utero. 

This is not, however, the case since homozygous null mutants survive 

until birth and only later develop growth retardation with a reduced 

lifespan ranging from 2 to 10 weeks (Veis et al., 1993). Very few 

abnormalities were described in the null mutants, but significant 

defects were detected in haematopoiesis, hair and kidney 

development. Haematopoiesis is initially normal but the thymus and 

spleen later undergo massive apoptosis and involute. Thymocytes 

from mutant mice are also more susceptible to apoptosis induced by 

irradiation or dexamethasone. The first coat of hair is normal but the 

second coat appears later than normal and the hair is hypopigmented.
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The original report stated that kidneys in bcl-2 null mutant mice 

displayed pronounced histological abnormalities including cystic 

dilation of proximal and distal tubular segments associated with 

hyperproliferation of both the epithelia and interstitium (Veis et a/., 

1993). Cysts were found in animals as young as 10 days and there 

was no relationship between age and the size of cysts. These 

abnormalities lead to a progressive rise in creatinine and renal failure is 

thought to contribute to their early death. Further reports analysed 

nephrogenesis in greater detail in the knockout mice and showed that 

there are much more fundamental abnormalities in metanephric 

development (Sorensen et a/., 1995 and 1996). At embryonic day 12, 

kidneys from homozygous null mutant mice are the same size as 

heterozygous, wild type kidneys. At birth, however, they are much 

smaller and hypoplastic with fewer nephrons and smaller nephrogenic 

zones (Sorenson etal., 1995).

These abnormalities are accentuated in cultured metanephroi. 

Fulminant' apoptosis occurs in the homozygous mutant kidneys and 

this is the likely mechanism for these differences in renal development. 

Postnatally, cysts develop in all segments of the tubules including the 

proximal tubule, distal tubule / medullary thick ascending limb of 

Henle's loop, and collecting duct (Sorenson et a!., 1996).

Cystogenesis is accompanied by increased proliferation in the cortex 

and medulla, as assessed by incorporation of 5-bromo-2'-deoxyuridine, 

and apoptosis of cells within cysts and in the renal interstitium. It 

therefore appears that the primary deregulation of cell survival in the 

bcl-2 null mutant mice leads to a secondary upregulation of 

proliferation in the kidney.
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P53

Mutations of p53 lead to tumours in humans and it is therefore thought to 

act as a tumour suppressor gene. The p53 mRNA is normally expressed 

in comma and S-shaped bodies in the mouse (Schmid et al., 1991) but 

homozygous deletion of P53 has no affect on murine renal development 

(Donehower etal., 1995). In contrast, overexpression of p53 leads to 

smaller kidneys with fewer nephrons which is thought to be caused by 

incomplete mesenchymal differentiation (Godley etal., 1996).

P57-KIP2

Cyclin-dependent kinases are essential for regulation of the cell cycle 

and proliferation. Cyclin kinase inhibitors such as p57-KIP2 block 

proliferation by binding to the kinases in G1 / S phase. The p57-kip2 

gene is expressed in podocytes in glomeruli and stromal cells between 

the renal tubules during renal development and null mutants have fewer 

renal tubules and small inner medullary pyramids (Zhang etal., 1997). 

Poorly formed medullary pyramids are also seen in human Beckwith- 

Wiedemann syndrome which is caused by loss of the imprinted, 

expressed maternal allele on chromosome 11 pi 5.5. This site is close to 

the p57-KIP2 gene and heterozygous mutations have been reported in 

some Beckwith-Wiedemann patients. The mechanism for aberrant 

development in the null mutant mice has not been reported but it seems 

logical that cell proliferation will be more prominent in null mutants and 

this may perturb apoptotic remodeling of the medulla.
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Growth factors I growth factor receptors

Growth factors and their cell surface receptors play an Important role In 

nephrogenesls. There are three modes of action: paracrine factors are 

secreted by one cell and act on neighbouring cells, autocrine factors 

act on the producing cell and juxtacrlne factors become Inserted Into 

the plasma membrane of the cell which produced It and Interact with 

receptors on adjoining cells. The growth factors bind to specific cell 

surface receptors, mainly receptor tyrosine kinases. Binding of the 

ligand cause the receptors to dimerlse and they are then 

autophosphorylated and transduce growth signals Into the cell. These 

signals may stimulate many different processes Including cell division, 

cell survival, apoptosis, differentiation or morphogenesis. Several 

Important growth factors / growth factor receptors are discussed below.

HOF I MET

Hepatocyte Growth factor (HGF), was Initially Identified as the main 

mitogenic component for hepatocytes In serum from rats and humans 

with hepatic failure (Nakamura et al., 1984; Gohda at a/., 1988).

Scatter factor (SF) was concurrently Identified as a factor released by 

human embryo fibroblasts which caused scattering of Madin Darby 

canine kidney (MDCK) cells In monolayer culture (Stoker at a/., 1985).

It was subsequently shown that these two factors were Identical 

(GherardI at a/., 1989) and the abbreviation HGF will be used In this 

thesis. HGF Is the ligand for C-MET, a receptor tyrosine kinase 

(Bottaro at a!., 1991).
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Activation of the HGF / MET system has a number of biological actions 

including mitogenesis (Nakamura etal., 1984), motogenesis or 

scattering of cells (Stoker etal., 1985) and morphogenesis (Montesano 

et al., 1991). This latter property is especially interesting in the context 

of renal development since exogenous HGF causes branching 

morphogenesis of MDCK cells in culture, and no other factors have 

been reported to have this effect.

During murine nephrogenesls, hgf mRNA is expressed in the renal 

mesenchyme, particularly in the cortex as the kidney matures 

(Sonnenberg et al., 1993). Met is mainly localised to the developing 

epithelial tubular structures, although expression has also been 

detected in mesenchymal cells (Woolf et al., 1995). Hgf is required for 

growth and branching in metanephric organ culture since blocking 

experiments perturb nephrogenesls (Santos et al., 1994; Woolf et al.,

1995). Overexpression of hgf leads to renal failure in transgenic mice, 

although details of renal histopathology were not reported (Takayama 

et al., 1996). Mice with homozygous hgf or met null mutations die at 

embryonic day 13 to 14 with placental, liver and muscle pathologies 

but early nephrogenesls is surprisingly normal (Schmidt et al., 1995).

HGF and MET mRNA has been detected in a number of developing 

organs in humans (Wang etal., 1994). Our group has also 

demonstrated HGF and MET mRNA and protein in early human 

nephrogenesls (Kolatsi-Joannou etal., 1997). In that study, MET was 

shown, by immunohistochemistry, to be strongly expressed in ureteric 

bud branches and at a lower level in early nephron precursors. 

Interestingly, co-expression of MET and HGF protein was also 

detected in the epithelia and cysts of dysplastic kidneys (see later) 

which may implicate this system in the pathogenesis of these renal 

malformations (Kolatsi-Joannou etal., 1997).

77



GDNF/RET

Glial cell line-derived neurotrophic factor (GDNF) has recently been 

discovered to be the ligand for the receptor tyrosine kinase RET (Vega et 

a/., 1996). This combination of growth factor and receptor are essential 

for nephrogenesls since homozygous null mutations of either factor in 

mice leads to renal agenesis or severe dysplasia (Schuchardt etal., 

1994; Moore etal., 1996; Pichel etal., 1996; Sanchez etal., 1996). 

Heterozygous gdnf mutants also display defective ureteric bud branching 

suggesting that the levels of gdnf are critical for this process. In normal 

murine development ret mRNA is expressed in the mesonephric duct and 

branching tips of the ureteric bud in the metanephros and gdnf is 

expressed in the adjacent mesenchyme (Towers etal., 1998). Organ 

culture experiments demonstrated that isolated mesenchyme from ret null 

mutants was able to induce normal branching of wild type ureteric bud, 

whereas mutant bud did not respond to wild type mesenchyme. 

Exogenously added gdnf causes a significant increase in ureteric bud 

branching and extra buds may also form (Towers et al., 1998).

Binding of GDNF to the RET receptor requires an additional adapter 

molecule, GDNF receptor a (GDNFR-a). This molecule is also found in 

the epithelium of the ureteric bud coincident with ret and adjacent to sites 

of gdnf expression (Towers et al., 1998). Interestingly, the ret null mutant 

mice also have aberrant development of the enteric nervous system 

which is similar to Hirschsprung's disease in humans but abnormal renal 

development has only rarely been reported in this condition (Santos etal.,

1988).
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EGF / EGF receptor

Epidermal growth factor (EGF) and its embryonic homologue 

transforming growth factor-a (TGF-a) both bind to the epidermal growth 

factor receptor (EGF-R). Rogers and colleagues (1992) showed that 

El 3 rat metanephroi produced tgf-a and nephrogenesls could be 

perturbed by using blocking antibodies against tgf-a. EGF is a potent 

inhibitor of cell death within the developing kidney in vivo (Coles etal.,

1993). It also rescues isolated renal mesencyme from apoptosis in vitro 

(Koseki etal., 1992). Interestingly, mice with null mutations of egf-r have 

different renal phenotypes which are dependant on the specific genetic 

background of the animal (Threadgill etal., 1995), since only one strain 

develops collecting duct cysts.

Cell adhesion molecules

Adhesion molecules mediate two forms of attachment, namely cell-cell 

and cell-matrix adhesion. Examples of cell-cell adhesion proteins are the 

calcium independent neural cell adhesion molecule (NOAM) (Bellairs et 

ai., 1995; Klein etal., 1988a) and calcium dependent E-cadherin (also 

known as uvomorulin; Vestweber and Kemler, 1985). Molecules 

involved in cell-matrix adhesion include the collagens, fibronectin 

(Bellairs etal., 1995), galectin-3 (Bao and Hughes, 1995), KAL (Duke et 

al., 1995; Soussi-Yanicostas etal. 1996), laminins (Klein etal., 1988b), 

nidogen (Ekblom etal., 1994), tenascin (Aufderheide etal., 1987) and 

integrin cell surface receptors (Kreidberg etal., 1996; Muller etal., 1997). 

Adhesion molecules may also have additonal roles since some 

molecules, particularly proteoglycans such as syndecan (Vainio etal., 

1989) and heparan sulphate, are able to sequester growth factors (such 

as FGFs) and modulate binding between growth factors and their cell- 

surface receptors. A general review is given below, followed by a 

detailed description of galectin-3, which is examined in this thesis.
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General aspects

Uninduced metanephrogenic mesenchyme expresses collagen I, III and 

fibronectin in the mouse (Ekblom, 1981; Ekblom etal., 1981). The cell 

surface NCAM is expressed by the uninduced mesenchyme and, after 

induction, NCAM expression decreases as the nephron matures (Klein at 

a!., 1988a; Lackie etal., 1990). The proteoglycan syndecan acts as a 

receptor for interstitial matrix molecules and it is a marker for early 

induction of the mesenchyme-epithelial transition (Vainio etal., 1989). 

Following induction, as the mesenchymal cells begin their transition to 

polarised epithelia they lose the interstitial collagens and fibronectin and 

begin to express uvomorulin, collagen type IV and laminin A chain 

(Vestweberand Kemler, 1985; Ekblom, 1981; Ekblom etal., 1981). 

Laminin is a large multidomain cruciform basement membrane 

glycoprotein, which consists of A, B1 and B2 polypeptide chains. 

Uninduced metanephric mesenchyme expresses the B1 and B2 chains 

whilst laminin A is expressed at the onset of epithelial polarisation.

In mouse metanephric organ culture, antibodies to fragments E3 and E8 

of the laminin A chain perturb tubule formation by preventing the 

conversion of mesenchymal cells to polarized epithelial cells (Klein etal., 

1988b). The E3 fragment of laminin binds the dystroglycan complex and 

antibodies which interfere with this binding inhibit the conversion of 

mesenchyme to epithelia (Durbeej etal., 1995). The basement 

membrane glycoprotein known as either nidogen or entactin is produced 

by mesenchymal cells and binds to domain III on the laminin B2 chain. 

This laminin B2 / nidogen binding is critical for the production of epithelial 

basement membranes of epithelial structures formed during early 

nephrogenesls (Ekblom etal., 1994).

Integrins are expressed on the cell surface as hetero-dimers, composed 

of alpha and beta-chains. Different combinations of alpha and beta-
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chains confer ligand specificity on the integrins. An example is alpha 8 

beta 1 integrin which binds to fibronectin, vimentin and tenascin (Muller 

etal., 1997). Integrins are widely expressed in the developing kidney 

and they are essential for normal tubulogenesis: targeted null mutation of 

the alpha 3 or alpha 8 subunit, which perturb expression of alpha 3 beta 

1 and alpha 8 betal integrins respectively, disrupts growth and 

branching of the ureteric bud (Kreidberg etal., 1996; Muller etal., 1997). 

Antibodies to the alpha 6 subunit, which is a cell-surface receptor for the 

E8 fragment of laminin, also perturb tubule formation in metanephric 

organ culture (Sorokin etal., 1990). Aberrant expression of integrins 

have also recently been implicated in cystic kidney diseases: Daikha- 

Dahmane (1997) and colleagues described markedly increased 

expression of the alpha 1 subunit in polycystic kidney disease (PKD) 

along with irregular expression of alpha 2, alpha 3 and alpha 6 in PKD 

and cystic controls.

Mesenchymal cells which do not become epithelial continue to express 

interstitial collagens and fibronectin in the mouse but also express the 

mesenchymal matrix molecule tenascin (Aufderheide etal., 1987). 

Uninduced mesenchyme does not express tenascin until adjacent cells 

are induced. Proteoglycans, such as heparin and chondroitin sulphate 

are important in the formation of basement membranes (Lelongt et al., 

1988; Davies etal., 1995). Proteoglycans can bind and store certain 

growth factors thus modulating their activity. Heparan sulphate can bind 

fibroblast growth factors, in doing so it prevents their degradation and 

facilitates the interaction of the growth factor with its cell surface receptor 

(Kiefer etal., 1990). The cell surface proteoglycan syndecan binds basic 

FGF (Elenius etal., 1992), and TGF-|3 can bind to beta-glycan whereas 

the extracellular matrix molecule decorin binds and neutralises the 

activity of this growth factor (Ruoslahti and Yamaguchi, 1991).
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Galectin-3

Lectins are naturally occurring proteins which bind specific configurations 

of carbohdrate residues of glycoproteins (Sharon and Lis, 1989). 

Galectlns comprise a family of Ca2+-lndependent water soluble p- 

galactoslde binding lectins (Barondes etal., 1993) and galectln-3 

(formerly known as Mac-2) Is a 30 - 42 kD molecule found In a variety of 

mammalian species (Hughes etal., 1994). The study of galectln-3 In 

normal and dysplastic human nephrogenesls comprises a major part of 

this thesis.

The human galectln-3 protein consists of an amlno-termlnal half 

containing a repetitive domain sequence rich In prollne, glycine and 

tyrosine (Herrmann etal., 1993) which Is sensitive to collagenases and 

elastases, In contrast to the carboxy-termlnal half containing the 

carbohydrate recognition domain. The latter binds molecules with poly-N- 

acetyllactosamlne side chains and ABH blood group determinants (Sato 

etal., 1992).

Galectln-3 protein has been Identified, In many species, within cells In 

nuclear and cytoplasmic distributions (Hughes et al., 1994). It Is also a 

secreted molecule which can either adhere to the cell surface (Sato et 

al., 1994) or appear In conditioned medium of galectln-3 expressing cell 

lines (Sato et al., 1993). The latter observations are Interesting In view of 

the apparent absence of a secretory signal In the galectln-3 protein 

suggesting the use of a novel secretory pathway which is Independent of 

the endoplasmic reticulum and Golgl apparatus (Sato etal., 1993).

Galectln-3 Is expressed by preimplantation mouse embryos (Weltlauf et 

al., 1992), and by notocord, skeleton and skin later In development 

(Fowlls etal., 1995). The galectln-3 protein has also been reported to
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be expressed during the late nephrogenic period in hamsters (Foddy et 

al., 1990) but the detailed renal expression patterns were not defined.

In the adult mammal, galectin-3 expression has been described in a 

variety of epithelia in vivo inciuding the colon and it can be detected on 

the surface of thioglycoliate-eiicited inflammatory macrophages (Hughes,

1994). The distribution of galectin-3 in many different types of cells 

together with varied subcellular localisation of the protein suggests many 

different roles for this molecuie. In the nucleus galectin-3 associates with 

ribonucleoproteins and here it may play a role in pre-mRNA splicing 

(Dagher etal., 1995; Wang etal., 1995). Interestingly, loss of nuclear 

galectin-3 staining has been reported in colonic neoplasia (Lotz etal., 

1993) and this correlates with neopiastic progression. Other reports 

linking this molecuie to ceil proliferation include the upregulation of 

galectin-3 in stimulated 313 fibroblast cells prior to S-phase (Moutsatsos 

etal., 1987; Agrwal etal., 1989), and in lymphocytes transformed with 

human T-cell Leukaemia Virus I (Hsu etal., 1996). Similarly, in vivo, 

levels of galectin-3 are increased in a variety of tumors (Schoepnner et 

al., 1995; Xu etal., 1995) and correlate with the metastatic potential of 

certain tumour ceil lines (Raz etal., 1990). Furthermore, galectin-3 may 

also have a role in preventing programmed cell death since 

overexpression of galectin-3 in T-cells makes them resistant to apoptosis 

(Yang etal., 1996): of note, galectin-3 has some homology with BCL-2, a 

survival factor associated with nuclear and mitochondrial membranes 

(Yang etal., 1996). Finally, secreted galectin-3 may mediate cell-matrix 

interactions since it is able to bind embryonic glycoforms of laminin and 

fibronectin which have polylactosamine side chains (Sato etal., 1992), 

and gaiectin-3 has been shown to modulate laminin / integrin interactions 

hence mediating celi attachment and spreading in vitro (Sato etal.,

1992).
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In cell culture, galectin-3 protein is synthesised by MDCK cells, epithelial 

cells with characteristics of kidney collecting ducts (Bao and Hughes,

1995). MDCK cells form three dimensional cysts when cultured in 

collagen type I gels and cyst size can be modulated by perturbing 

galectin-3 expression: blocking antibodies increase cyst growth and 

exogenous galectin-3 slows cyst growth (Bao and Hughes, 1995). This 

could be viewed as an in vitro model of cystogenesis and it is intriguing 

that galectin-3 can modulate cyst growth in this situation.

In view of these findings which implicate galectin-3 in a number of 

processes which may be important in both normal and cystic renal 

development, the precise distribution of galectin-3 is determined in this 

thesis.

KAL

The KAL gene is mutated in X-linked Kallmann's syndrome and affected 

patients have aberrations of renal and olfactory bulb development. Up to 

40% of patients have renal agenesis (Kirk et ai., 1994). The predicted 

protein has homologies with NCAM and fibronectin. When the gene was 

transfected into mammalian cells in culture, an N-glycosylated protein 

was synthesised and a secreted form localised on the cell surface 

(Soussi-Yanicostas etal. 1996), possibly binding to heparan-sulphate 

proteoglycans. Our group has shown, using a combination of in situ 

hybridisation and RT-PGR, that KAL mRNA is expressed in the 

nephrogenic cortex of the early human kidney (Duke etal., 1995) and it 

may be that interactions between KAL and other matrix molecules are 

essential for normal metanephric development.
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other molecules

Many functionally important metanephric molecuies do not faii into the 

categories described above. These include: cyclo-oxygenase2 (cox-2) 

an enzyme involved in synthesis of prostagiandins (Morham etal., 1995); 

formins, moiecuies of uncertain function without which the embryonic 

kidneys fail to form (Maas etal., 1994); mpv-17, a peroxisomal protein 

implicated in the integrity of the giomerular filtration barrier; retinoic-acid 

receptors (RAR), which are important in morphogenesis (Mendelsohn et 

al., 1994); and the wnt genes including wnt-1, 4 and 11 (Herzlinger et al., 

1994; Stark etal., 1994).

Carbohydrate expression and lectin binding

Expression of different cell surface carbohydrate residues occurs in 

different parts of the nephron. Lectins are proteins, or glycoproteins, 

which bind to carbohydrate residues, and lectin binding patterns can 

therefore be used to identify specific nephron segments. Severai lectins 

have been well characterised in mature kidneys inciuding: 

Tetragonolobus lotus purpurea -  proximai tubuies, Arachls hypogaea - 

coliecting ducts, Dolichos biflorus -  ureteric bud and its derivatives and 

Ulexeuropaeus-en6o\he\\a (Holthofer, 1981 and 1984; Verani etal.,

1989). Some authors have aiso reported that Ulex europaeus labels 

collecting ducts as weil as endotheiia (Howie and Johnson, 1992).

Lectin staining has, however, not been as well characterised in the 

developing kidney and, confusingly, the mature distal segment marker 

Arachls hypogaea has been described in developing proximal tubules at 

10 and 13 weeks of gestation (Hanioka etal., 1990). Simiiarly, there 

have only been limited reports of lectins in dysplastic kidneys (Matsell et 

al., 1996), and lectin binding is therefore examined in deveioping normal 

and dysplastic kidneys later in this thesis.
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Chapter 3. 

Abnormal human nephrogenesls
Renal malformations are the commonest cause of chronic renal failure 

in children (Warady et a/., 1997). They consist of a wide spectrum of 

developmental abnormalities, yet little is known about their 

pathogenesis.

The range of renal malformations includes agenesis, hypoplasia and 

dysplasia (Bialestock, 1964; Bernstein, 1971; Risdon, 1971; Potter, 

1972; Woolf and Winyard, 1998). In the most extreme case, renal 

agenesis, the kidney is absent and the adjoining ureter is also often 

missing. In renal dysplasia the kidney contains abnormally developed 

structures (see below) and may be very small, or aplastic, or it may 

contain cysts in the multicystic dysplastic kidney. In renal hypoplasia 

the kidneys are small and contain fewer nephrons than normal. Some 

hypoplastic kidneys contain grossly enlarged nephrons in the condition 

of oligomeganephronia. All of these conditions may be associated with 

malformations of the urinary tract such as malformed ureters, 

duplications, obstruction and vesicoureteric reflux.

Incidence of human renal malformations
In humans, the combined incidence of all forms of renal or urinary tract 

malformation is reported to be as high as 10% (Woolf, 1995). The 

incidence of severe kidney malformations is much lower although there 

is a great variability in quoted incidence between different publications. 

Bilateral renal agenesis has a reported incidence of 1 to 3 in 10,000 

births compared to 1 in 10,000 for bilateral renal dysplasia. Both of 

these conditions may present as neonates, if there is no functioning 

renal tissue, with the Potter sequence of oligohydramnios, face and 

limb deformities and lung hypoplasia. The reported incidence of

86



unilateral agenesis varies from 1 to 30 per 10,000 births and unilateral 

multicystic dysplastic kidneys occur at 1 in 10,000.

There are a number of reasons for the variability in reported incidence 

of these malformations. Firstly, unilateral disease may be clinically 

silent if the contralateral kidney is able to compensate functionally and 

the incidence may be underestimated. This ascertainment error may 

be eliminated in future studies since malformations are increasingly 

being detected on routine antenatal ultrasound scan which should 

eventually generate more reliable incidence figures. Historical data on 

unilateral disease, however, is still based on postmortem findings or on 

selected populations which had renal imaging for other reasons. 

Secondly, if there is severe bilateral disease then the fetuses may be 

terminated or die soon after birth and these cases will not be included 

in surveys of older children or adults. And finally, dysplasia is a 

histological diagnosis (see below) which can only be inferred from 

radiological studies since tissue samples are rarely obtained from 

abnormal kidneys during life.

A further confounding issue is that the phenotype may change over 

time in at least two circumstances: i) dysplastic kidneys may involute 

and disappear completely giving rise to an aplastic phenotype (Dungan 

etal., 1990; Rickwood etal., 1992; Mesrobian etal., 1993; Al-Khaldi et 

al., 1994) which biases the ratio of aplasia to dysplasia in studies of 

adult patients (see below), and ii) there is an increased incidence of 

pyelonephritis in dysplastic kidneys (Bialestock, 1964) which may 

cause scarring and lead to glomerulosclerosis which masks the initial 

pathology.
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Pathology of dysplasia
In its strictest sense, renal dysplasia is a histological diagnosis 

characterised by the presence of primitive ducts which are lined by 

relatively tall, often ciliated, columnar epithelium and surrounded by 

fibromuscular collars with additional nests of metaplastic tissue, 

classically cartilage (Bernstein, 1971). Commonly, however, the term 

dysplasia is used to refer to kidneys, or areas of renal tissue, in which 

there are elements resembling fetal structures or containing poorly 

differentiated epithelium i.e. metaplastic cells surrounding poorly 

branched ureteric bud derivatives (Risdon, 1971). A number of authors 

have described specific histological abnormalities in dysplastic kidneys 

and often attempted to provide a mechanistic explanation for these 

abnormalities. Several of these reports are summarised below.

Bialestock (1964) divided renal malformations into three groups 

depending on associated vesicoureteric reflux or obstruction. The 

groups were: type 1 -  kidneys subjected to reflux in which obstruction 

was excluded, type 2 -  kidneys subjected to the effects of both reflux 

and obstruction, and type 3 - kidneys subjected to obstruction without 

reflux. All of the type 2 kidneys were severely abnormal with 

hypoplastic and dysplastic areas whereas the degree of abnormality 

was reduced in types 1 and 3. She concluded that “the metanephric 

malformations occur ab initio, but hydrodynamic effects of reflux and 

obstruction might disturb further the differentiation of the sensitive 

developing parenchymal structures".
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Osathanondh and Potter performed a series of microdissection studies 

on normal and cystic dysplastic kidneys which were reported in the 

Archives of Pathology (1964) and summarised in Potter’s book Normal 

and abnormal development of the kidney (1972). In dysplastic kidneys, 

they described decreased branching of the ampullary portion of the 

collecting ducts derived from the ureteric bud which led to failure of 

nephron formation and the development of cysts (Fig. 7). They 

suggested that an extrinsic agent was responsible for this failure of 

development, but it is not clear how this led to the pathological 

changes.

Figure 7. Development of a multicystic dysplastic kidney.

Potter described diminished branching of the ureteric bud with terminal 

cystic dilatation of the enlarged branches, and an increased quantity of 

surrounding connective tissue. Modified from Potter, 1972.
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Risdon (1971) reviewed 76 cases of renal dysplasia and the associated 

urinary tract abnormalities. He suggested that “renal dysplasia is the 

abnormal, disorganised development of renal parenchyma due to 

anomalous differentiation of metanephric tissue” and described three 

types of dysplasia: group 1 was gross cystic dysplasia involving the whole 

kidney with absence of the renal pelvis or ureter, group 2 was segmental 

dysplasia in conjunction with anatomical or functional abnormalities in the 

ureter and group 3 was segmental dysplasia, often in conjunction with 

obstruction of the lower urinary tract. Pyelonephritis was a common 

finding in groups 2 and 3. He also reported that the contralateral kidney 

was hydronephrotic in three cases.

Bernstein has published extensively on the subject of renal dysplasia and 

hypoplasia. He described renal dysplasia as “the abnormal development 

of nephronic and ductal structures resulting in total or partial renal 

malformation (1971)”. He theorised that this resulted from 

“faulty metanephric differentiation resulting from extrinsic influences”.

One of the major influences was said to be “back-pressure on the 

developing kidney” which produced both cortical and medullary dysplasia. 

This may be especially relevant in multicystic dysplastic kidneys which 

are often connected to a completely obstructed or atretic ureter.

Several studies have also demonstrated that up to 50% of kidneys 

contralateral to dysplastic kidneys are either structurally abnormal or 

affected by vesicoureteric reflux (Greene etal., 1971; Atiyeh etal., 1993). 

An example of this is renal aplasia on one side and dysplasia on the 

other, which has been reported in some individuals. In addition, families 

have been described where different members have aplasia, dysplasia or 

other urinary tract abnormalities such as vesico-ureteric reflux, 

duplications and horseshoe kidneys (McPherson etal., 1987).
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Moreover, since the kidney phenotype may change (see Natural 

history of dysplastic kidneys below) it may be appropriate to consider a 

spectrum of renal malformations including aplasia and dysplasia and 

this has been termed renal "adysplasia".

Cysts in dysplastic kidneys

Cysts, of variable size, are often seen in dysplastic kidneys but very 

little has been written about the molecular pathogenesis of these cysts. 

It is self evident that there must be epithelial cell proliferation to 

generate cysts but this has not been quantified in dysplastic kidneys 

and much of the experimental work has been hampered by the lack of 

a good animal model of renal dysplasia.

Two recent articles have, however, described aberrant growth factor / 

receptor expression in dysplastic kidneys. Our group showed that 

dysplastic epithelia express MET and its ligand, HGF, is located in both 

the epithelia and surrounding cells (Kolatsi-Joannou etal., 1997). 

Similarly, Matsell and colleagues (1997) described aberrant expression 

of IGF2 and IGF2-binding protein in cyst epithelia. Aberrant 

expression of growth factors may therefore be important in dysplastic 

cyst formation.

Cysts in polycystic kidney disease

A number of aberrations of celi biology have been implicated in cyst 

formation in both human and animal polycystic kidney diseases.

These include increased cell proliferation (Grantham, 1992; Nadasdy 

et al., 1995), altered polarity (Avner et al., 1992, Woo et al., 1994) with 

increased fluid secretion into cysts (Grantham, 1992), abnormal matrix 

deposition (Wilson etal., 1992) and increased apoptosis in autosomal 

dominant polycystic kidney diseases (ADPKD; Woo, 1995).
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The gene which is mutated in the majority of ADPKD patients, PKD-1, 

has been cloned and its gene product, polycystin 1, is believed to be 

involved in cell-matrix interactions (European polycystic kidney disease 

consortium, 1994). The gene for autosomal recessive polycystic 

kidney disease (ARPKD) has not been cloned, although the locus has 

been defined on 6p21 (Zerres etal., 1994).

Some of the aberrations in cell biology correlate with aberrant protein 

expression within polycystic epithelia. For example, C-MYC is 

reportedly upregulated in ADPKD (Lanoix etal., 1996) and cpk/cpk 

mice (Harding etal., 1992), and overexpression of c-myc in mice 

causes renal cysts (Trudel etal., 1991). In cell culture, overexpression 

of c-myc causes either proliferation or apoptosis depending on the 

concentrations of growth factors (Harrington et al., 1994) and both of 

these have been reported in polycystic kidneys. In addition, mice with 

null mutations of bcl-2 have fulminant metanephric apoptosis and 

develop cystic kidneys (Veis et al., 1993; Sorenson et al., 1995). 

Imbalance of growth factors such as EGF (Gattone etal., 1990) and 

HGF (Horie etal., 1994) have also been reported in polycystic disease.

At present it is uncertain whether similar mechanisms may lead to cyst 

formation in dysplastic kidneys. The extent of apoptosis and galectin-3 

expression had not been defined in ARPKD prior to this thesis, and I 

have therefore examined these aspects of polycystic cell biology and 

compared them to dysplastic and normal samples.

92



Natural history of dysplastic kidneys
There is a small risk that dysplastic kidneys may become malignant or 

cause hypertension and, for this reason, it has been advocated that 

dysplastic kidneys should be surgically removed (Webb etal., 1997). 

There is increasing evidence from serial ultrasound scans, however, 

that dysplastic kidneys become smaller with time and may involute 

completely (Dungan et a!., 1990; Mesrobian et a!., 1993; Al-Khaldi et 

al., 1994). Many centres, therefore, manage dysplastic kidneys 

expectantly with regular renal ultrasound and blood pressure 

measurements. Surgery is reserved for the rare cases of multicystic 

dysplastic kidneys which become so large that they cause mechanical 

obstruction or patients with refractory urinary tract infections and 

pyelonephritis.
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Figure 8. Involution of a multicystic dysplastic kidney.

A) Ultrasound scan from 1991 showing 3 large cysts (cy) in a 

multicystic dysplastic kidney. Note that the kidney also contains 

echogenic dysplastic tissue between the cysts. B) Scan from two 

years later showing a much smaller kidney (upper and lower limits 

marked by + signs) with decrease in size of both the cysts and 

dysplastic tissue.
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Causes of dysplasia
The majority of cases of human renal malformations appear to be 

sporadic without a detectable cause for the disruption of the normal 

program of nephrogenesls. In a limited number of patients, however, 

the aetiology has been defined and falls into one of three categories: 

teratogens, physical obstruction of the urinary tract and genetic 

causes.

Teratogens

A number of teratogenic factors have been identified which perturb 

human kidney development. High blood glucose levels during 

pregnancy are associated with a number of defects including renal 

malformations, and drugs such as angiotensin converting enzyme and 

thalidomide cause aberrant kidney development (Novak and Robinson, 

1994; Barr and Cohen, 1991).

Low levels of exposure to teratogens may also be important but these 

are difficult to detect unless they are specifically sought from the 

history. For example a recent study showed that Vitamin A can be 

teratogenic at a daily dosage of higher than 10,000 lU; this included a 

relatively weak association with urogenital defects (Rothman et a/., 

1995).

Physical obstruction

There is a strong association between human renal malformations and 

obstruction to the urinary tract in a significant minority of girls and 

approximately half of boys (Bernstein at al., 1997). This is particularly 

striking in multicystic dysplastic kidneys with atretic ureters and boys 

with posterior urethral valves in which there is bladder outlet 

obstruction, often in conjunction with tortuous dilated ureters. 

Obstruction at other sites such as the pelviureteric and vesicoureteric 

junction may also associated with aberrant renal development.
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Kidneys associated with obstruction in early gestation are usually 

dysplastic whereas obstruction in the last third of gestation is 

associated with hydronephrosis and subcortical cysts.

It is possible to surgically decompress the obstruction of the lower 

urinary tract by inserting a vesico-amniotic shunt. Small-scale studies 

of this procedure have not, however, shown a consistent improvement 

in renal function (Elder et al., 1987; Freedman et a/., 1996) and large 

scale controlled trials have not yet been reported. Two theoretical 

reasons may explain this lack of improvement with shunting. Firstly, 

the obstruction is often not detected until late in pregnancy and the 

fetus may then be monitored for several weeks (amniotic fluid volume, 

urine quality) before the shunting procedure. Irreparable renal damage 

may have already occurred by this time during development. And 

secondly, it may be that the same pathological event which caused the 

obstruction has also perturbed renal development and the kidneys are 

abnormal from the start.

Animal experiments give conflicting support for the role of obstruction 

in the genesis of dysplasia. Obstruction of the ureters in the chick at 

the earliest stages, before nephrons are formed, causes 

hydronephrosis but not dysplasia (Berman and Maizels, 1982). In the 

opossum, surgical obstruction of the developing animal in the 

marsupial pouch gives some features of dysplasia (Steinhardt et al., 

1988) and treatment with IGF-1 is reported to reduce the degree of 

dysplasia (Steinhardt et al., 1995). In the fetal sheep dysplasia is 

generated by early obstruction, whereas sub cortical cysts and 

hydronephrosis occurs in later gestation (Beck, 1971).
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Our group has also recently examined the effects of ureteric 

obstruction in the fetal sheep (Attar et al., 1998) and the results of 

these experiments will be reviewed in the Discussion later in this 

thesis.

Obstruction and apoptosis

There have been a number of reports which suggest that there is 

increased apoptosis in kidneys connected to an obstructed ureter in 

the neonatal rat (Kennedy et a!., 1994; Chevalier et al., 1996; Truong 

et al., 1996). There is also decreased expression of clusterin, a protein 

which potentially protects against apoptosis, in neonatal compared to 

adult rats (Chevalier et al., 1996). Increased clusterin expression has 

however been reported in a number of human cystic diseases, 

including dysplasia (Dvergsten etal., 1994). This data suggests that 

the developing and mature kidney respond differently to obstruction 

and it has been postulated that excess apoptosis prevents normal 

growth and development in the former. Interestingly, EGF reduces the 

extent of apoptosis in rat ureteric obstruction (Kennedy et al., 1997). 

The relevance of these findings to human ureteric obstruction is not 

clear.

Genetic causes

Most patients with kidney malformations do not have a family history of 

renal disease although this does not rule out de novo mutations. There 

is strong evidence from animal studies, however, that mutations in 

genes which are expressed during nephrogenesis cause renal 

malformations. The family studies and the association between renal 

malformations and genetic syndromes described below do however 

implicate genetic mutations in the pathogenesis of some human renal 

malformations (Woolf and Winyard, 1998).
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Family studies

There have been a number of reports describing families with several 

affected siblings or affected relatives in two or more generations, 

suggesting a transmissible genetic defect. Twelve such families were 

described by Cain and colleagues (1974), including one case of 2 

siblings in which the first had bilateral renal agenesis while the second 

had agenesis with contralateral dysplasia. In a large study with index 

cases of bilateral agenesis / severe dysplasia it was shown that 9% of 

relatives had asymptomatic renal malformations, most often unilateral 

agenesis (Roodhooft et a/., 1984). Many of the reported cases of 

agenesis and severe dysplasia are suggestive of autosomal dominant 

inheritance as McPherson and colleagues (1987) described in 7 

families. Autosomal recessive and X-linked inheritance of renal 

malformations have also been described but the genes which are 

involved have not been defined.

Vesicoureteric reflux is often detected in patients with renal 

malformations and segregation analysis of primary vesicoureteric reflux 

patients by Chapman and colleagues (1985) suggested that a single 

major locus was the most important causal factor in this condition.

More recent studies from the same group in New Zealand identified a 

sub group of reflux patients with optic nerve colobomas and PAX-2 

mutations (Sanyanusin etal., 1995).
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Syndromes with renal malformations

Many chromosomal abnormalities, including complete trisomies, 4p- 

syndrome, partial trisomy 22 and dup (10p)/del (10q) cause syndromal 

malformations with renal defects of varying severity. In the majority of 

renal malformations associated with syndromes, however, there are no 

macroscopic cytogenetic aberrations although a proportion are 

inherited in recognised Mendelian patterns. Attempts have been made 

to define the mutations causing these syndromes using both linkage 

and candidate gene strategies. This technique has defined the 

disease locus or the specific genetic in several syndromes and a list of 

these syndromes is listed in table 4. Several of these syndromes are 

discussed briefly below, but a more comprehensive listing can be 

found in McKusick's Mendelian Inheritance in Man (1992) and other 

references (Woolf and Winyard, 1998).
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Table 4. Human renal malformation syndromes with 

a genetic basis

Non-syndromic

Renal aplasia and dysplasia (adysplasia)

Primary vesicoureteric reflux

Associated with syndromes

Apert syndrome (FGFR-2 mutation)

Bardet BiedI syndrome

Branchio-oto-renal syndrome (EYA-1 mutation)

Campomelic dysplasia (SOX-9 mutation)

Di George syndrome 

Fanconi anaemia (FAA mutation)

Kallmann’s Syndrome (KAL mutation)

Meckel syndrome

Renal-coloboma syndrome (PAX-2 mutation)

Simpson-Golabi-Behmel syndrome (GPC-3 mutation) 

Smith-Lemli-Opitz syndrome (defect in cholesterol biosynthesis) 

Zellweger syndrome (peroxisomal protein mutation)

This table shows non-syndromic and syndromic causes of human renal 

malformations in which a genetic basis has been reported in some 

cases. The genetic defects, where known, are shown in brackets.
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Apert syndrome (FGFR-2)

Apart syndrome consists primarily of craniosynostosis (premature 

closure of cranial sutures) with syndactyly (fused digits) of the hands 

and feet. This is associated with variable renal abnormalities in 10- 

20% of patients including cysts, hydonephrosis and duplication of the 

renal pelvis. It is transmitted as an autosomal dominant malformation 

disorder and mis-sense mutations in the extracellular domain of 

fibroblast growth factor receptor 2 (FGFR-2) have recently been 

identified in individuals with this syndrome (Wilkie et al., 1996). 

Mutations of the paternal allele on chromosome 10 may also arise de 

novo. The FGFR-2 gene encodes two alternative splice variants: BEK 

which is expressed by the renal mesenchyme and binds to FGF-2 and 

KGFR, an epithelial-associated receptor expressed by the ureteric bud 

which binds to FGF-7, or keratinocyte growth factor (Woolf and Cale, 

1997).

FGF-2 is likely to be involved in paracrine signaling between the 

ureteric bud and renal mesenchyme because it is expressed by the 

ureteric bud and exogenous FGF-2 can induce the first steps of 

nephron formation in cultures of isolated murine renal mesenchyme 

(Perantoni et a/., 1995). The role of FGF-7 is not so clear but 

preliminary experiments have shown that addition of FGF-7 to 

metanephric organ culture disrupts development of ureteric bud 

branches and the renal pelvis (Qiao et a/., 1996) and transgenic 

overexpression leads to renal cyst formation (Nguyen et a/., 1996).

The mutations in Apert syndrome may affect signal transduction by 

both KGFR and BEK isoforms so it is not surprising that renal and 

ureteric malformations are present in Apert syndrome. The fact that 

not all these patients have renal defects, however, suggests that other 

genes or environmental factors can modify the kidney phenotype.

100



Bardet-BiedI syndrome

Bardet-BiedI syndrome is characterised by retinal degeneration, 

polydactyly, obesity, mental retardation, hypogenitalism, cystic renal 

dysplasia and short stature. It is an autosomal recessive disorder with 

at least four identified gene loci: BBS-1 on 11q13, BBS-2 on 16q21, 

BBS-3 on 3p12 and BBS-4 on 15q22 (Beales et a/., 1997)

Up to 50% of patients have cystic dysplastic kidneys (Elbedour et a/.,

1994) and these occasionally present antenatally or soon after birth 

with renal failure (Gershoni-Baruch et al., 1992). They may be 

incorrectly diagnosed as the Meckel syndrome (see later) although 

Bardet-BiedI patients have a characteristic electroretinogram and rarely 

have structural brain abnormalities.

Branchio-oto-renal syndrome (EYA-1)

The Branchio-oto-renal syndrome is an autosomal dominant disorder 

of high penetrance and variable expression (Heimler and Lieber,

1986). Significant renal disorders occur in two thirds of affected 

individuals, often varying within the same family from renal aplasia and 

dysplasia to abnormalities of the renai pelvis and ureters. Branchiai 

defects consist of preauricular pits, cervical fistulas or cysts, and ear 

defects include structural defects of the outer, middle or inner ear, and 

sensorineural, conductive or mixed deafness.

This gene has recently been cloned on chromosome 8q13.3 (Abdelhak 

et al., 1997) and although the exact function of the gene is not known it 

appears to be homologous to the Drosophila eyes absent gene. Two 

similar human genes (EYA-2 and EYA-3) have also been cloned and 

the authors suggested that this is a novel new gene family. In mice, 

the gene is expressed in the mesenchyme adjacent to the branching 

ureteric bud tip, as well as in the developing ear (Abdelhak et al.,

1997).
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Campomelic dysplasia (SOX-9)

Campomelic dysplasia is a devastating syndrome which consists of 

short-limbed dwarfism, cleft palate, absent olfactory bulbs, dilated 

cerebral ventricles, patent ductus arteriosus, ventricular septal defect, 

renal and genital anomalies (Houston et a i, 1983). Affected patients 

ususally die soon after birth. The renal defects include hypoplasia, 

cysts (rare), hydronephrosis and hydroureter.

Mutations of the SOX-9 gene (17q) leading to haploinsufficiency have 

recently been described in Campomelic dysplasia. SOX-9 encodes a 

putative transcription factor which is structurally related to the testis 

determining factor gene called SRY. The gene is expressed in many 

tissues during mouse and chick development including the skeletal 

system, testis and metanephric collecting ducts (Kent et a i, 1996).

The protein has been shown to bind to specific sequences in the first 

intron of one form of collagen, C0L-2A1, in humans and expression of 

this collagen in fetal cartilage is directly regulated by sox-9 in vivo in 

the mouse (Bell et al., 1997). This may explain the skeletal 

abnormalities seen in campomelic dysplasia but collagen types 1 and 4 

predominate in the developing kidneys and interactions with these 

genes have not been reported.

Di George syndrome

The Di George syndrome is part of the spectrum of phenotypes 

associated with deletions around chromosome 22q11.2 (Glover, 1995). 

Microdeletions within this region cause cardiac defects, abnormal 

facies, thymic hypoplasia, cleft palate and hypocalcaemia and the 

acronym CATCH 22 has been given to this group of disorders. Over 

half of the patients with these mutations have a broad spectrum of 

kidney abnormalities and these may be detected on antenatal 

ultrasound scan (Goodship etal., 1997).
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Fanconi anaemia (FAA)

Fanconi anaemia is associated with progressive bone marrow failure, a 

predisposition to acute myeloid leukaemia and variable renal 

malformations including agenesis, collecting system duplication, 

ectopia and horseshoe kidney. The syndrome is transmitted by 

autosomal recessive inheritance but it is genetically heterogeneous 

with at least 5 complementation groups, called A-E. The gene for the 

commonest form, FAA has recently been cloned (Foe et al., 1996; The 

Fanconi anaemia / Breast cancer consortium, 1996) on chromosome 

16q24. The predicted gene product contains a putative nuclear 

localisation signal and it is expressed in the kidney.

Kallmann’s syndrome (KAL)

X-linked Kallmann syndrome consists of olfactory bulb agenesis with 

anosmia and infertility due to a failure of migration of olfactory and 

gonadotropin-releasing hormone synthesising neurons from the 

olfactory placode into the brain. This has been discussed earlier in the 

thesis in the section Cell adhesion molecules.

Meckel syndrome

Meckel syndrome is a combination of abnormal sloping forehead, 

posterior encephalocele, polydactyly and cystic dysplasia of the 

kidneys (Fraser and Lutwyn, 1981). Hepatic malformations such as 

arrested development of the intrahepatic biliary system at the stage of 

biliary cylinders with varying degrees of reactive bile duct proliferation, 

bile duct dilatation, portal fibrosis, and portal fibrous vascular 

obliteration have also been described. The condition is usually fatal in 

the perinatal period. The syndrome is inherited in an autosomal 

recessive manner and maps to 17q21-q24 although the gene has not 

been identified (Paavola etal., 1995).
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Renal-coloboma syndrome (PAX-2)

The recently described Renal-coloboma syndrome consists of renal 

hypoplasia, proteinuria, vesico-ureteric reflux and optic nerve 

colobomas (Sanyanusin et a/., 1995). It is caused by mutations of the 

transcription factor PAX-2 described earlier, and the distribution of the 

PAX-2 protein in dysplastic and normal kidneys is determined in this 

thesis.

Simpson-Golabi-Behmel syndrome (GPC-3)

The Simpson-Golabi-Behmel syndrome is an X-linked disorder 

characterised by overgrowth leading to very tall affected males, 

visceral and skeletal abnormalities. Renal malformations include 

nephromegaly, renal cysts, hydonephrosis, double renal pelvis, 

dysplasia and Wilms' tumour (Hughes-Benzie et a/., 1992). Mutations 

of the GPC-3 gene (Xq26) have recently been reported in this 

syndrome (Pilia et al., 1996). The gene product is a putative 

extracellular proteoglycan, called glypican-3, which is expressed in the 

fetal kidney and other mesoderm derived tissues.

Smith-Lemli-Opitz syndrome

The Smith-Lemli-Opitz syndrome comprises mental retardation, 

hypotonia, micrognathia, cleft palate, polydactyly and genital 

malformations, including ambiguous genitalia in males. Renal 

malformations such as hydronephrosis, duplication and cystic 

dysplasia are also common, occurring in 57% of a large series of 

patients (Joseph et a/., 1987). The syndrome is caused by a defect in 

cholesterol biosynthesis with deficiency of 7-dehydrocholesterol 

reductase and the gene has been mapped to 7q32.1.
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Interestingly, cholesterol attaches to the N-terminal domain of 

hedgehog proteins during autoprocessing and the C-terminal domain 

acts as an intramolecular cholesterol transferase (Porter et al., 1996). 

The Hedgehog gene was first discovered in drosophila where it plays a 

crucial role in embryonic patterning, but homologues have been found 

in a number of species including man. Sonic hedgehog is expressed in 

the human fetal kidney (Marigo et al., 1995) and it may be that the 

perturbed cholesterol biosynthesis in Smith-Lemli-Opitz syndrome 

leads to defective modification of this, or other similar, genes.

Zellweger syndrome

Zellweger syndrome is a multisystem disorder characterised by 

prenatal growth failure, characteristic facies, limb abnormalities with 

stippled chondral calcification on X-ray, congenital heart defects, 

genital malformations and cystic kidneys. The syndrome can be 

diagnosed by elevated long chain fatty acids in plasma, fibroblasts and 

amniocytes and affected infants often die soon after birth. It is caused 

by mutations in several different genes involved in peroxisome 

biogenesis (Braverman etal., 1995) including peroxin-2 (PEX-2, 

chromosome 8), peroxin-5 (PEX-5, chromosome 12), peroxin-6 (PEX- 

6, chromosome 6) and there is probably a further Zellweger syndrome 

locus on 7q11. Inheritance is autosomal recessive and the mechanism 

of renal cyst formation is unknown.
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Human renal malformations - conclusion
There are several conclusions which can be drawn from the range of 

human renal malformations described above. Firstly, in spite of the 

variety of mutations in different nephrogenesis genes there is only a 

limited spectrum of malformations. This suggests that there are only a 

limited number of ways in which the developing metanephros can 

respond. Secondly, the same genetic defect can give rise to different 

phenotypes e.g. a patient with dysplasia and contralateral aplasia, or 

families with adysplasia. This suggests that other genes may overlap 

in functional terms and be able to compensate to some extent or other 

local events such as obstruction may be superimposed in generating 

the final phenotype. This adds an extra level of complexity to the 

search for genetic causes of human renal malformations. Finally, there 

are now a large number of genes which have been shown to be 

essential for mouse nephrogenesis and it seems likely that mutations 

of some of the human homologues of these, such as RET and WT-1, 

may eventually be found to be involved.
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Chapter 4. Experimental strategy

The aim of this thesis was to investigate the biology of human renal 

malformations with particular emphasis on renal dysplasia. Two 

central themes helped to define my experimental strategy. Firstly, the 

anatomical descriptions of dysplastic kidneys, outlined above, suggests 

that dysplasia represents a failure of normal development. It was 

therefore logical to compare dysplastic kidneys with normal developing 

and mature kidneys. Secondly, much of the data on normal and 

abnormal nephrogenesis has been derived from animal experiments.

In many cases, however, it is uncertain whether the same principles 

apply to, or molecules are involved in, human renal development. I 

therefore used the data from animal experiments as a guide to select 

the processes and molecules which I examined in this thesis.

The first part of the study involved the collection of appropriate human 

samples. This initially involved a written request asking for permission 

to use human material to the relevant hospital Ethics Committees. 

Then, specific consent was obtained, where applicable, from the 

parents of affected children. After these steps, it was possible to 

obtain specimens of fresh fetal material and archived antenatal and 

postnatal normal, dysplastic and polycystic kidneys. Fresh postnatal 

samples of dysplastic and normal tissue adjacent to Wilms' tumours 

were also collected directly from the operating theatre.
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The next part of the thesis involved the experimental analysis of 

normal, dysplastic and, in some experiments, polycystic kidneys.

I planned to investigate:

1 ) The origin of the different cell types in dysplastic kidneys by 

comparing intermediate filament expression and lectin binding patterns 

in dysplastic kidneys with normal developing and mature kidneys.

2) Basic biological processes such as proliferation and apoptosis. 

These processes are tightly controlled during normal development but 

the growth of cysts in some dysplastic kidneys and the involution of 

others suggested that proliferation and apoptosis may be deregulated 

in renal dysplasia.

3) Expression of PAX-2, WT-1, BCL-2 and galectin-3. These genes 

had been implicated in normal and abnormal development in animals 

but not previously investigated in human dysplastic kidneys.

In the final part of the study I planned to determine whether it is 

feasible to culture cells from dysplastic kidneys and, if possible, 

transduce them with a potentialy immortalising construct. This may 

provide a novel method for the investigation of functional abnormalities 

in human dysplasia in the future.
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Chapters. Materials

General reagents
The majority of the reagents used in this thesis were supplied by BDH 

Ltd (Poole, Dorset, UK). Sigma Chemicals Company (Poole, Dorset, 

UK) also supplied Trizma base, bovine serum albumin (BSA), ethidium 

bromide, coomassie blue, p-mercaptoethanol, sodium dodecyl lauryl 

sulphate, bromphenol blue, sodium orthovanadate, 

phenylmethylsulphonyl fluoride, aprotinin, ampicillin, methicillin, 

paraformaldehyde, phenol, TEMED, Ponceau 8, glutaraldehyde and 

proteinase K.

Other companies supplied the following: Histoclear (National 

Diagnostics, Atlanta, Georgia, USA), Phosphate buffered saline (PBS; 

Gibco BRL, Paisley, UK), Citifluor™ (Chemical Labs, University of 

Kent, Canterbury, Kent, UK), ABC kit (Dako, High Wycombe, Bucks, 

UK), Apoptag^^ kit (Oncor, Gaithersburg, Maryland, USA), Enhanced 

chemiluminescence reagents (ECL; Amersham International, Little 

Chalfont, Bucks., UK), RNase A and proteinase K (Boehringer- 

Mannheim, Mannheim, Germany).

Tissue culture equipment
Cell culture media and supplements were supplied by Gibco BRL 

(Paisley, UK). Tissue culture plastics were supplied by Philip Harris 

(London, UK) and Nunc (Naperville, Illinois, USA) Millicell filters were 

obtained from Millipore Corporation (Bedford, Massachusetts, USA).
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Human tissues 

Ethical approval

Human tissues were collected from a variety of sources during this 

thesis. Ethical approval for the collection and use of this material was 

obtained In each case from the appropriate Ethical committee.

The embryonic and fetal tissues were obtained from terminations at the 

Elizabeth Garrett Anderson Hospital, University College London (UGL), 

London. Separate consent to use embryonic and fetal material for 

medical research was obtained from the mothers, by the hospital staff, 

prior to termination. Collection and further use of these samples was 

approved by the Joint UCL / University College Hospital (UCH) 

Committee on the Ethics of Human Research and supervised by 

Professor Peter Thorogood at the Institute of Child Health. Regular 

collections have now been established and the material Is stored In the 

Medical Research Council (MRC) funded human embryo bank at 

Institute of Child Health (ICH).

Later antenatal samples were obtained from Dr Virginia Sams, Senior 

Lecturer and Honorary Consultant Pathologist In the Pathology 

Department at University College London Medical School (UCLMS). 

Use of this material was also approved by the Joint UCL / UCH 

Committee on the Ethics of Human Research.

Postnatal samples were obtained from Professor Anthony RIsdon In 

the Pathology Department at The Hospital for Sick Children, Great 

Ormond Street, London. Approval for the use of these specimens was 

obtained directly from Mr Mike Elliot, chairman of the Hospital for Sick 

Children / Institute of Child Health Ethics Committee. He felt that 

formal ethical approval was not required for this material since excess,

110



or redundant, tissues were used which had no effect on the patient and 

wouid otherwise have been discarded.

Classification of samples

All of the kidney samples used in this thesis were reviewed by a trained 

pathologist, usually Dr Virginia Sams or Professor Anthony Risdon. 

Gross morphology and routine histopathology were examined before 

the specimens were classified as normal, dysplastic or polycystic.

Dysplastic samples all had classical histological criteria of this disorder 

including dysplastic tubules, ‘undifferentiated mesenchymal' tissue and 

metaplastic cartilage. Many of them also had cysts of a variable size. 

Polycystic samples, used in the apoptosis and galectin-3 expression 

studies, were also classified according to the site of origin of the cysts, 

liver histology and family history. Further details of these samples are 

given in the tables below.

Early preterm samples (before 12 weeks of gestation)

Normal human fetuses were collected from first trimester chemically 

induced (RU486) terminations of pregnancy. The fetus was collected 

immediately after delivery, transported on ice in Leibovitz 15 (L-15) 

medium and then staged according to standard criteria described by 

Larsen (1993). Ten samples were obtained between 5 and 11 weeks 

of gestation.

The samples were either fixed intact in ice cold 4% paraformaldehyde 

in phosphate buffered saline (PBS -  pH 7.0) overnight at 4°C and 

processed for histology as below, or the organs were dissected, 

separated and used for protein isolation. All samples were processed 

within two hours of collection.
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Later preterm samples (after 12 weeks of gestation)

The normal samples in the later preterm group comprised both 

spontaneous miscarriages and phenotypically normal kidneys from 

abortions performed for severe abnormalities in other organ systems 

which would have compromised the survival of the fetus or infant. The 

other abnormalities were also examined and classified by a trained 

pathologist. Dysplastic and polycystic kidneys were collected under 

similar conditions. In these three groups the parents were given time 

to mourn the loss of the child. Then the fetus was stored at 4°C until 

autopsy when organs were fixed in 10% formalin. Ail specimens were 

processed using routine laboratory procedures within 24 hours. Details 

of the specimens are given in Table 5.
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Table 5. Later preterm samples (after 12 weeks of
gestation)

Gestational

age
(weeks)

Sex Renal

histology

Termination / 

spontaneous 

abortions

Other abnormalities

17 M Dysplasia T None

19 M Dysplasia T Hydrocephalus

19 M Dysplasia T Urethral obstruction

19 F Dysplasia T None

20 M Dysplasia T Hypoplastic lungs

22 M Dysplasia T Urethral obstruction, 

atrial septal defect

22 M Dysplasia T None

24 F Dysplasia T Hypoplastic lungs

32 F Dysplasia 8 Hypoplastic lungs

34 M Dysplasia 8 Hypoplastic lungs

17 M Normal T Neural tube defect

19 F Normal T Trisomy 21

20 M Normal 8 Thalassemia trait

20 F Normal 8 None

22 M Normal T Anorectal

abnormality

25 M Normal 8 Hyaline membrane 

disease

25 F Normal 8 Hyaline membrane 

disease
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Gestational

age

(weeks)

Sex Renal

histology

Termination / 

spontaneous 

abortions

Other abnormalities

27 M Normal S Septicaemia

28 F Normal S Growth retardation

32 F Normal S Maternal pre

eclampsia

32 M Normal S Pneumothorax, liver 

tear

20 M ARPKD T None

34 F ARPKD 8 None

35 F ARPKD S Liver fibrosis

35 M ARPKD S Liver fibrosis

Table 5. Later preterm samples (after 12 weeks of gestation).
This table shows the patient details of kidneys obtained after 12 weeks 

of gestation including their sex, gestational age, associated 

abnormalities in other organ systems and the indications for 

termination of pregnancy. There is no significant difference in age and 

sex distribution between the normal and dysplastic samples. 

Karyotypes were normal, as assessed by the regional cytogenetics 

centre, in all cases assessed apart from the single case of Trisomy 21. 

Two of the dysplastic samples were associated with urethral 

obstruction. All dysplastic organs contained cysts. The ARPKD 

samples had classical features of this disease with multiple small cysts 

arising from distal segments and liver fibrosis in two of the patients.
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Samples from infancy and childhood

The postnatal dysplastic and normal samples were harvested 

surgically by Mr Patrick Duffy, Mr Phillip Ransley and Mr Pierre 

Mouriquand (Consultant Urologists) and their surgical teams at The 

Hospital for Sick Children, Great Ormond Street. This approach 

controls for any potential changes in tissue morphology which may be 

induced by either general anaesthesia or surgery. Normal samples 

consisted of the kidney tissue adjacent to, but unaffected by, Wilms' 

tumours. None of the children had received chemotherapy prior to 

nephrectomy and none of them had mutations in the WT-1 gene 

(personal communication - Dr. Richard Grundy, Department of 

Haematology and Oncology, Hospital for Sick Children, Great Ormond 

Street, London). A further, histologically normal, control group 

comprised kidneys from infants and children who died from Sudden 

Infant Death Syndrome (SIDS) without any pathological cause being 

found. These samples were obtained at post mortem.

Surgical specimens were placed on ice, examined by a pathologist and 

fixed in 10% formalin for histology. Fragments of two dysplastic 

samples were snap frozen in liquid nitrogen for DNA extraction and 

fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate and 5 mM NaCI 

(pH 7.4) for electron microscopy (see DNA laddering, and Electron 

microscopy sections later in this thesis). Details of these samples are 

shown in Table 6.
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Table 6. Samples from infancy and childhood

Age

(months)

Sex Renal histology Additional pathology Obstruction

4 F Dysplasia Obstructed ureterocoele Yes

4 M Dysplasia Vesicoureteric junction 

obstruction

Yes

5 F Dysplasia None No

6 M Dysplasia Nonobstructed

megaureter

No

8 F Dysplasia Duplex with dysplastic 

obstructed upper pole

Yes

8 M Dysplasia Contralateral

hydronephrosis

No

9 F Dysplasia Contralateral 

vesicoureteric reflux

No

9 F Dysplasia None No

14 F Dysplasia None No

15 M Dysplasia Ipsilateral reflux No

19 M Dysplasia None No

24 M Dysplasia None No

3 F Normal SIDS No

3 F Normal SIDS No

3 F Normal SIDS No

4 F Normal SIDS No

4 F Normal SIDS No
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Age

(months)

Sex Renal histology Additional pathology Obstruction

5 F Normal SIDS No

5 M Normal SIDS No

6 M Normal SIDS No

7 M Normal SIDS No

14 F Normal SIDS No

5 F Normal Wilms' tumor No

8 M Normal Wilms' tumor No

28 M Normal Wilms’ tumor No

30 M Normal Wilms' tumor No

38 M Normal Wilms’ tumor No

72 F Normal Wilms' tumor No

10 F ARPKD Creatinine 98 pmol /1 No

11 M ADPKD No

48 M ARPKD Creatinine 322 pmol /1 No

72 M ARPKD No

Table 6. Samples from infancy and childhood. This table shows 

the patient details of kidneys obtained from infants and children 

including their age, sex and associated pathology. Three of the 

polycystic kidney samples were archival material from open surgical 

biopsies and one, with an elevated creatinine of 322 pmol / 1, was from 

a recipient nephrectomy at the time of renal transplant. One sample 

contained cysts from all segments of the nephron and was diagnosed 

as ADPKD. The parents of this child, who were in their early twenties, 

had normal renal ultrasound scans.
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Microscopy
Light and fluorescent microscopy was performed on a Zeiss 

Axiophot microscope (Carl Zeiss, Oberkochen, Germany) using 

lenses of 4x, 10x, 20x, 40x and 63x (oil immersion) magnification. 

Specimens were photographed on Fuji Super G 100 colour negative 

or Kodak Ektachrome 64 colour positive film.

Dark field microscopy was examined on an Olympus BH-2 

microscope (Olympus, Tokyo, Japan) using lenses of 4x, 10x, 20x, 

and 40x magnification. Ilford FP-4 film was used for black and white 

images.

Confocal fluorescent microscopy used a Leica Aristoplan 

microscope and computer confocal laser scanning system 

(Aristoplan-Leica, Heidleberg, Germany) with oil immersion lenses of 

4x, lOx, 25x, 40x, 63x and lOOx and sofware interpolation of 

intermediate magnifications. Images were saved as tagged image 

format (TIF) files and imported, for labeling, into Adobe Photoshop 

(Version 3; Adobe Systems Europe, Edinburgh, UK) or Microsoft 

PowerPoint (Version 4; Microsoft Corporation, Seattle, USA)

Ultrathin sections for electron microscopy were prepared by Mr Brian 

Young in the Electron microscopy department. Institute of 

Neurology, Queen’s Square, London. They were then examined on 

a Joel 100 CX transmission electron microscope.

Gel electrophoresis and blotting
Agarose (Gibco BRL, Paisley, UK). Protogel (National Diagnostics, 

Atlanta, Georgia, USA). X-ray film: Kodak X-OMAT AR. 3MM 

chromatography paper (Whatmann Ltd., Maidstone, Kent, UK). 

Hybond-C Extra (Amersham International, Little Chalfont, Bucks., UK).
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Molecular size markers

Rainbow markers (Amersham International, Little Chalfont, Bucks., UK). 

123 and 1 Kb ladder (Gibco BRL, Paisley, UK).

Electrophoresis and Western blotting equipment

Horizontal gel electrophoresis tanks (Life technologies supplied by 

Gibco BRL, Paisley, UK); Mini-Protein apparatus. Trans-blot SD semi

dry transfer cell (BIO-RAD supplied by Gibco BRL, Paisley, UK).

Antibodies

The primary antibodies used during this thesis were raised against the 

following molecules:

Alpha-smooth muscle actin (A-2547; Sigma, Poole, Dorset, UK): mouse 

monoclonal (lgG2a) antibody raised against a synthetic decapeptide at 

the amino terminal of human a-smooth muscle actin.

Band 3: mouse monoclonal antibodies were supplied by Professor 

David Anstee at the International Blood Group Research Laboratory, 

Bristol. The band 3 protein is found in red cells and a truncated protein 

is located on the basal surface of the hydrogen secreting a-intercalated 

cells in the distal nephron (Wagner etal., 1987; Tanner, 1996). I used 2 

antibodies (BRIG 154 and BRIO 155) which were raised against the 

membrane domain of the human erythrocyte anion transport protein. 

These have been shown to react with presumptive a-intercalated cells in 

the kidney (Wainwright etal., 1989).

BCL-2 (M887; Dako, High Wycombe, Bucks, UK): mouse monoclonal 

(IgGI) antibody raised against a synthetic peptide comprising amino 

acids 41-54 of human BCL-2. This reacts specifically with the 25kD 

protein on immunoblotting (Pezzella etal., 1990).
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Galectin-3: rabbit polyclonal antibody (plus pre-immune serum) was 

supplied by Dr Colin Hughes, National Institute for Medical Research,

Hill, London. The antibody was raised against the amino terminus of 

hamster galectin-3 protein, detects a single band on immuno-blot (Foddy 

etal., 1990) and cross-reacts with canine galectin-3 (Bao and Hughes, 

1995). It had not been validated on human tissue prior to this work.

Ki-67 (M0722; Dako, High Wycombe, Bucks, UK): mouse monoclonal 

(IgGI) raised human Ki-67 which reacts with cells at several stages of the 

cell cycle including late G1, S, M and G2 phases, but not in the GO stage.

Large T antigen: mouse monoclonal antibody was supplied by Dr Parmjit 

Jat, Ludwig Institute, UGL. It has been shown to detect the 53 kD large T 

antigen on Western blotting (Harlow etal., 1981) and 

immunohistochemistry (Woolf etal., 1995).

‘Pan cytokeratin' (0-1801; Sigma, Poole, Dorset, UK): mouse monoclonal 

(IgGI) antibody raised against a cytokeratin preparation from human 

epidermis. The antibody recognises members of the type II neutral-to- 

basic subfamily on immunoblotting, including the 58kD cytokeratin 5, 56 

kD cytokeratin 6 and the 52 kD cytokeratin 8 (Moll and Franke, 1982).

PAX-2: rabbit polyclonal antibody was supplied by Dr Greg Dressier, 

Howard Hughes Institute, Ann Arbor, Michigan. This antibody was raised 

against amino acids 188 - 385 in the carboxyterminal domain of PAX-2 

(Dressier etal., 1992): this sequence does not include the highly 

conserved amino-terminal paired domain (Dressier etal., 1990). Using 

cells transfected with PAX-2, 5 and 8 there is only significant reactivity to 

the former protein and, using deletion mutants of PAX-2, this antibody 

recognises major epitopes between amino acids 270 - 338 (Phelps and 

Dressier, 1996). On western blot of mouse metanephros the antibody 

recognises a single major doublet of 46 - 48 kD (Dressier etal., 1990).
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PCNA (Ab-1 ; Oncogene Science, Cambridge, Massachussetts, USA): 

mouse monoclonal antibody (lgG2) to the human DNA-polymerase 

delta associated protein which is expressed at high levels during S 

phase (Bravo et a/., 1987). This gene is highly conserved across 

different species (Suzuka et a/., 1989) and our group have recently 

shown that this antibody detects a single band in the developing sheep 

kidney (Attar et a/., 1998).

Vimentin (1 112 457; Boehringer Mannheim, Mannheim, Germany): 

mouse monoclonal (lgG2a) antibody which recognises the 58 kD 

human protein as well as numerous other species. This protein is 

found in fibroblasts, endothelial cells, lymphoid cells and melanocytes.

Von Willebrand factor (F-3520; Sigma, Poole, Dorset, UK): rabbit IgG 

fraction of antibody raised against purified human von Willebrand 

factor. Reacts specifically with the cytoplasm of human endothelial 

cells, platelets and megakaryocytes (Sigma data sheet).

WT-1 (C-19; Santa Cruz, Santa Cruz, California, USA): rabbit 

polyclonal IgG fraction raised against an 18 amino acid peptide 

mapping to the carboxyterminus of human WT-1 which is conserved in 

all 4 isoforms of the protein. This antibody has been found by both the 

manufacturer and other groups to specifically recognise the WT-1 

transcription / splicing factor protein on western blot (Larsson et al.,

1995).

Secondary biotinylated antibodies which combined anti mouse I anti 

rabbit IgG was derived from the ABC kit (DAKO, High Wycombe, 

Bucks, UK). Fluorescent FITC and TRITC conjugated antibodies 

against rabbit and mouse IgG, and rhodamine conjugated anti- 

digoxigenin were from Boehringer Mannheim (Mannheim, Germany).
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Lectins

FITC and TRITC conjugated lectins were obtained from Sigma (Poole, 

Dorset, UK). Lectins are proteins or glycoproteins, often derived from 

natural sources such as plants, which bind to specific carbohydrate 

residues. The specificities of lectins used in this thesis were: Arachis 

hypogaea (peanut) -  |3-gal(1-3)galNAc, Dolichos b/7/oms- a-galNAc, 

Tetragonolobus purpureas (asparagus pea) -  a-L-fuc and Ulex 

europaeus -  (glcNAc)^. In the kidney, lectins can be used to identify 

different parts of the mature nephron (Holthofer, 1981 and 1984; Verani 

etal., 1989). Examples are: Tetragonolobus lotus purpurea-proximal 

tubules, Arachis hypogaea - collecting ducts, Dolichos biflorus -  ureteric 

bud and its derivatives and Ulex europaeus -  endothelia.
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Chapter 6. Methods

Immunohistochemistry

Immunohistochemistry is a well established technique which allows 

detection of protein epitopes in a tissue section using an antibody which 

is specific for the protein of interest (Coons, 1955).

For conventional immunohistochemistry using tissue sections, the tissues 

are first fixed to preserve morphology, then dehydrated and embedded in 

a wax block. Thin sections of the block (3 - 6 |im) are cut on a microtome 

and transferred to a microscope slide. Next, the sections are rehydrated, 

pre-treated to increase penetration of the antibodies (optional), blocked to 

avoid non specific binding and the antibody is applied. The antibody is 

then detected using secondary antibodies or other amplifying secondary 

detection techniques (see ABC below). The distribution of the protein can 

be determined using fluorescent or light microscopy.

Immunocytochemistry on cultured cells is broadly similar, although these 

do not need to be embedded in wax.

Fixation, wax embedding and sectioning

Samples of kidney tissue were fixed for between 1 hour and 24 hours, 

depending on size, in freshly made 4% paraformaldehyde (2 grams 

paraformaldehyde, 50 m l l x  PBS dissolved at 65°C). The fixed samples 

were then washed twice with saline (0.83% NaCI in water) and 

dehydrated through 30%, 50%, 70%, 85%, 95% and 100% (twice) 

ethanol. Solutions were changed at 30 minute intervals and were kept at 

4°C until the 85% stage.

Next the samples were immersed in Histoclear, twice, for 30 minutes 

each followed by a 1:1 Histoclear : wax mix at 60°C for 1 hour. The
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wax was then changed 3 times, each for 30 minutes at 60°C. Samples 

were then transferred to and orientated in a mould, and the wax was 

allowed to set. Sections of between 3 - 6 pm in thickness were cut and 

floated in a water bath at 45°C until any creases disappeared. The 

sections were then picked up on glass slides pretreated with poly-L- 

lysine. Slides were dried at 37°C overnight and stored at 4°C.

Rehydration and pretreatment

Sections were dewaxed and rehydrated. The slides were placed 

in a rack and sequentially passed through Histoclear twice for 10 

minutes each and a graded alcohol series of 100% twice, 95%,

85%, 70%, 50% and 30% for 5 minutes each.

The next step was to treat the sections to improve antibody 

penetration. This was achieved by microwaving the sections 

which causes antigen unmasking (Shi etal., 1991), apart from a 

few preliminary WT-1 and BCL-2 experiments in which I used 

proteinase K. Slides were washed thoroughly in running tap 

water and then transferred into citric acid buffer (2.1 g Citric acid 

in 1 litre milliRo water, adjusted to pH 6.0). They were then 

microwaved at full power in a 700 W oven in a covered plastic 

container for several minutes. The microwaving time was 

optimised for the number and type of specimens, ranging between 

6 minutes for small friable embryonic / cystic tissues and 20 

minutes for larger numbers of samples. Slides were left to stand 

and cool for 20 minutes (occasionally speeded up by surrounding 

container with running water) before washing again in running tap 

water, followed by two short dips in milliRo water and PBS, twice, 

for 5 minutes. In the experiments using pretreatment with 

proteinase K the slides were washed twice in PBS for 5 minutes
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each and then immersed in 0.2 g/1 proteinase K in 50 mM Tris 

HCI pH 8.0, 5 mM EDTA pH 8.0, for 15 minutes. Slides were 

finally washed twice in PBS for 5 minutes.

Blocking steps

The next two steps were designed to eliminate non-specific signal by 

blocking endogenous peroxidase and non-specific binding. Slides 

were dipped in 3% hydrogen peroxide in PBS for 15 minutes (1 in 10 

dilution of 30% solution) and then washed twice in milllRo water and 

once in PBS for 5 minutes. This step was omitted for fluorescent 

microscopy. Next they were immersed in 10% fetal calf serum in PBS 

for 30 minutes. At the same time, a humid slide chamber was 

prepared from a slide box with PBS-soaked tissues.

Primary antibody

In the next step, the primary antibody was applied. Excess 

blocking solution was carefully wiped off around the tissue and 50 

to 100 111 of antibody, diluted in PBS : 1% BSA, was pipetted onto 

the sections. The optimal concentration of the antibody was 

determined on serial sections. A 1 in 50 dilution was used for all 

antibodies, apart from 1 in 200 for PAX-2. Each section was 

covered with a plastic coverslip to ensure even distribution of the 

antibody and the slides were placed in the humid chamber at 37°C 

for one hour, or at 4°C overnight. After incubation, the coverslips 

were removed and slides were washed three times in PBS.

Double staining with two primary antibodies, such as galectin-3 

and band 3 (Fig. 45), was used in some experiments. In these 

experiments, it was essential that there was no cross reactivity 

between the primary antibodies and secondary detection systems. 

Hence, primary antibodies raised in different species were used,
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and then detected using different flurophores. Antibodies were 

both appiied at the same time and other procedures were 

unchanged.

Detection and mounting

Two detection systems were used; fluorescent secondary 

antibodies, or a commercial avidin-biotin conjugate (ABC) kit 

followed by diaminobenzidine (DAB) staining.

For fluorescent staining a secondary antibody was applied which 

had been pre-conjugated to a flurophore such as fluorescein 

isothiocyanate (FITC) or tetramethylrhodamine isothiocyanate 

(TRiTC). The second antibody was selected specifically to detect 

the primary. Thus, for example, the anti PAX-2 antibody was a 

rabbit polyclonal and this was detected using an anti rabbit 

immunoglobulin antibody, whereas the anti BCL-2 antibody was a 

mouse monoclonal so this was detected with anti mouse IgG.

Secondary fluorescent antibodies were applied to the tissue 

sections at 1 in 50 dilution, covered with a coverslip and incubated 

in the dark in the humid chamber for one hour at room 

temperature. Fluorescent double labeling with antibodies and 

lectins was also performed by adding fluorescently conjugated 

lectins at 1 in 50 dilution in PBS at the same time as the 

secondary antibody. The slides were then washed 3 times in PBS 

and mounted with glass coverslips in Citifluor™. The edges of 

these coverslips were sealed with nail varnish to prevent drying 

and the slides were stored in the dark at 4°C until visualised.

The alternative detection method used an ABC kit. This system utilises 

an avidin-biotin-peroxidase system to amplify the signal. Avidin is a 

large glycoprotein found in egg white which has four high affinity
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binding sites for biotin. A secondary biotinylated antibody (reagent C) is 

appiied, followed by an avidin-peroxidase conjugate (reagents A and B) 

which binds to the biotin attached to the secondary antibody. Peroxidase 

activity is then detected by colorimetric changes in DAB.

Reagent C was appiied at 1 in a 100 dilution in PBS to the sections 

and covered with plastic cover slips. At the same time a mixture 

containing reagents A and B, at 1 in 100 dilution in PBS, was 

prepared. After 20 minutes at room temperature in the humid 

chamber, the slides were washed three times in PBS and reagent A 

/ B applied using the same technique for 20 minutes. The slides 

were then washed three times in PBS and immersed in 0.5 g / 1 DAB 

with 0.03% hydrogen peroxide. A brown precipitate is produced by 

the peroxidase in the A / B mixture and this reaction can be 

monitored by eye or microscopicaily. Therefore, the slides were 

allowed to develop for between 1 and 10 minutes depending on 

colour development and washed in running tap water. Slides were 

counterstained (see beiow), dehydrated through an ascending 

aicohol series to histoclear, and air-dried. They were then mounted 

with permount and glass coverslips.

Lectins

Fluorescently conjugated lectins were applied to sections at 1 in 50 

dilution in PBS in a humid chamber at room temperature for 1 to 4 

hours, or overnight at 4°C. They were then washed 3 times in PBS 

and mounted in Citifiuor™. This technique was often used in 

combination with fluorescent antibody staining.

Negative controis

A number of controls were performed for the antibody staining.

These consisted of:
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1) Omission of the primary antibody and substitution with PBS. This 

aiiowed assessment of the background ievels of peroxidase activity 

or autofluorescence.

2) Preincubation of the primary antibody with the appropriate 

antigen, where available, at ten fold excess (g for g)

3) Use of preimmune serum, where available, in place of the 

primary antibody.

General histological staining

staining was performed to define the anatomy / histology of 

samples and conterstaining to help identify ceils which expressed 

the epitope of interest. All staining was performed after dewaxing 

and rehydration of the samples as described above and regents 

were filtered prior to each use.

Haematoxylin and eosin

Haematoxylin and eosin (H&E) is a commonly used histological 

stain. Haematoxylin stains the nuclei dark purpie and eosin stains 

the cytoplasm pink.

Rehydrated sections were dipped in 0.1% Harris' hematoxylin for 2 

minutes and rinsed in running tap water for 5 minutes to ‘biue’ the 

sections. The siides were then dipped in 1% aqueous eosin for 1 

minute, foiiowed by running tap water for 5 minutes. They were 

then dehydrated and mounted as above, with an additional step of 

70% alcohol: 1% hydrochloric acid to refine the eosin staining.

Methyl green

Methyl green stains nuciei in a blue / green colour which is an 

appropriate counter stain for DAB. The solution comprises 0.5% 

methyl green in 0.1 M sodium acetate pH 4.0.
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Sections were Immersed in methyl green solution for 10 minutes.

Then they were washed three times In mlllIRo by dipping 10 times 

in the 1st and 2nd wash, then left for 30 seconds in the last wash.

This wash procedure was repeated in three changes of butanol, 

followed by histoclear for 10 minutes. Specimens were then air 

dried and mounted as above.

Western blotting
The technique of Western blotting uses specific antibodies to identify 

proteins within tissue extracts (Sambrook et al., 1989). Proteins are 

extracted from tissues, denatured and separated on sodium lauryl 

sulphate (SDS) - polyacrylamide gels. The proteins are then 

transferred to a nitrocellulose filter, the primary antibody is applied and 

adheres to the protein of interest. The protein is then shown as a band 

on the gel when the primary antibody is detected using an enzyme, or 

radioisotope, conjugated secondary antibody. The size of the detected 

protein can also be determined by comparison with molecular weight 

markers.

Protein extraction

The first stage in protein extraction is to collect the tissue and 

homogenise it in lysis buffer which breaks up the cells and allows 

solubilisation of the proteins. The initial procedures are performed on 

ice and the buffer contains proteinase inhibitors which prevent protein 

breakdown. After extraction the sample is spun to pellet solid debris 

and the supernatant contains the protein suspension.

Samples were collected and placed in lysis buffer (150 mM NaCI, 50 

mM Tris pH8, 1% NP40, 0.5% DOC, 0.1% SDS) to which proteinase 

inhibitors had just been added (30 ml / 1 Aprotonin, 1 mM sodium 

orthovanadate, 0.1 g / 1 phenoxymethyl sulphoxide (PMSF)). Tissues
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were homogenised by repeated syringing through needles of 

decreasing calibre and left to stand on ice for 15-30 minutes to allow 

the proteins to dissociate. The homogenate was next spun at 10,000 

xg for 10 minutes at 4°C and the supernatant containing the protein 

was removed. This was either used immediately or stored at -20°C.

Polyacrylamide gels

The next step was to set up the apparatus and construct the SDS- 

polyacrylamide gels. Mini-Protean gel apparatus was used with two 

glass plates separated by 1 mm spacers. The resolving gel was mixed 

first and poured between the plate. Different concentrations were 

made depending on the size of the protein: 8% gels were used to 

resolve proteins in the range of 50- 100 kD, and 12.5% for 14 - 66 kD. 

The gel contained milliRo water, a variable percetage of Protogel 

(37.5:1 acrylamide to bisacrylamide stabilized solution), 1.5 M Tris pH 

8.8, 10% SDS, 10% fresh ammonium persulfate and 1% N,N,N’,N’ 

tetramethylethylenediamine (TEMED). TEMED catalyses free radical 

formation from ammonium persulfate which accelerates the 

polymerisation of acrylamide and bisacrylamide. After the resolving 

gel was poured it was covered with water saturated butan-1-ol which 

flattens the top surface of the gel and prevents oxygen diffusion into it 

which would inhibit polymerisation.

The gels were left at room temperature for 30 to 60 minutes to set. 

Then the overlaid water was poured off, and the upper surface of the 

gel was washed with milliRo and blotted dry with Whatman 3MM filter 

paper.

Next a stacking gel was poured on top of the resolving gel. This aligns 

the proteins in a very thin layer on the surface of the resolving gel 

which increases protein resolution. A 5% gel was used: each 2 ml mix 

comprised 1.4 ml deionised water, 0.33 ml Protogel, 0.25 ml 1.0 M Tris
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pH 6.8, 0.02 ml 10% SDS, 0.02 ml 10% ammonium persulfate, and 2 îl 

TEMED. This was poured on top of the resolving gel until it reached the 

top of the smaller glass plate and a 10 well comb was inserted carefully 

to avoid bubbles. This was left to set for 30 minutes at room 

temperature and then immersed in tris-glycine buffer (diluted 5x stock:

25 mM Tris, 250 mM glycine pH 8.3, 0.1% SDS) in the running tanks. 

The Laemmli discontinuous buffer system was used (Laemmli etal., 

1970) with part of the buffer between the gels and the rest in the running 

tank.

Loading and running samples

The protein homogenates were thawed and mixed with an equal volume 

of loading buffer (1 ml glycerol, 0.5 ml p-mercaptoethanol, 3 ml 10% 

SDS, 1.25 ml 1M Tris pH 6.7 and 0.001 g bromophenol blue). This was 

then heated to 95°C for 5 minutes and quenched on ice. This step 

reduces the proteins. Twenty \i\ of each suspension was carefully 

loaded into each well to prevent cross contamination. Protein marker 

solutions were also loaded in one or more lanes.

Gels were run at 40 volts until the bromophenol blue reached the 

interface with the resolving gel. Voltage was then increased to 70 volts 

until the bromophenol blue ran off the bottom of the gel.

Biotting

The glass plates were removed from the gel tank and the resolving gel 

was placed in transfer buffer (48 mM Tris, 39 mM glycine, 0.037% SDS, 

20% methanol) for 10 minutes. One piece of nitrocellulose membrane 

and six pieces of Whatman 3MM filter paper were cut to the exact size of 

the gel and floated on transfer buffer at the same time.

Next the proteins were transferred from the gels to the nitrocellulose 

membrane with a semi-dry electroblotter. A sandwich of gels and filter
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paper were placed on the anode in the following order: three pieces of 

filter paper, nitrocellulose membrane, resolving gel and three more 

pieces of filter paper. Air bubbles were rolled out with a 1 ml pipette. 

The lid which contained the cathode was then fitted and the proteins 

were blotted at 5 volts for 30 minutes.

Protein transfer was initially assessed by colour transfer of the marker 

proteins and further blotting was performed if these had not transferred 

completely. Further assessment used red Ponceau S solution which 

binds to proteins. The filter was marked by cutting off one corner to 

allow orientation of the proteins. It was then placed in a solution of 

Ponceau S for 5 minutes followed by several washes in milliRo water. 

As the stain washed out the proteins were visualised as pink bands.

Blocking, primary and secondary antibodies

The remaining steps are similar to immunohistochemistry since they 

involve blocking of non-specific binding, application of primary antibody 

and a conjugated secondary antibody / enzymatic detection system.

Membranes were incubated in blocking solution (5% non-fat milk in 

PBS with 0.1% Tween) overnight. All subsequent procedures, until the 

final washes, were done in this blocking solution since this reduced 

non specific background. The primary antibody was then applied at 1 

in 500 dilution at 4°C for one hour with gentle agitation. The 

membranes were washed thoroughly three times for 10 minutes with 

excess block.

Next, the primary antibodies were detected using horseradish 

peroxidase-conjugated secondary antibodies. Membranes were 

incubated with appropriate secondary antibodies diluted 1:2000 for 30 

minutes at room temperature. They were then washed three times in a 

large volume of PBS.
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Detection

The secondary antibody is conjugated with horse radish peroxidase 

which can be detected using colorimetric (DAB) or chemi-luminescent 

methods. The latter is more sensitive and was used in this thesis.

Excess PBS was drained off the membranes and enhanced 

chemiluminescence (ECL) reagent was applied for exactly 1 minute. 

This was, in turn, drained off and the membrane was wrapped in cling 

film. This was transferred to an X-Ray cassette and exposed to X-ray 

film under safelight conditions. Exposure times were varied depending 

on intensity of the signal. The size of the proteins which were detected 

was then assessed by reference to the size markers.

Controls

Positive controls were tissues which were known to express the 

protein, such as MOCK cells for galectin-3. Negative controls were 

preincubation of the primary antibody with a ten fold excess of the 

protein (g for g) and either omission of the primary antibody or 

substitution with preimmune serum. In several experiments the same 

filter was first used with preimmune serum to determine background 

staining and later probed with the primary antibody.
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Techniques used to detect apoptosis

A number of techniques can be used to detect both the histological and 

biochemical changes in apoptosis. The ‘goid standard' for morphological 

detection is electron microscopy since chromatin condensation can be 

clearly demonstrated. These changes can also be detected by light 

microscopy since the nuclei become small and irregular and these 

pyknotic nuclei stain intensely with both haematoxylin and propidium 

iodide. The latter can be clearly distinguished from necrotic cells using 

fluorescent microscopy (Coles etal., 1993).

The small fragments generated by endonucleolytic cleavage of DNA 

during apoptosis can be detected in two ways. Firstly, DNA from 

apoptotic cells can be visualised as an arithmetic 'ladder' consisting of 

multiples of these fragments on electrophoresis (i.e. 180, 360, 540, 720 

bp; Wyilie etal., 1980). DNA laddering does not occur in necrosis 

although single-strand DNA breaks have been reported (Bortner et a!., 

1995). This technique has the advantage that it integrates the amount of 

apoptosis in the whole sample. Secondly, by contrast. In situ end- 

labeling can determine the exact tissue distribution of apoptosis. In this 

technique, labeled nucleotides are tagged onto the free 3’ ends 

generated by apoptotic DNA digestion and these are identified using a 

secondary antibody for conventional or fluorescent microscopy (Gavrelli 

etal., 1992).

In rare cases, programmed cell death during development is not 

accompanied by these morphological or molecular events (Schwartz et 

al., 1993) and DNA laddering is not always detected in cells dying by 

morphological criteria of apoptosis, since the DNA is sometimes cleaved 

into larger fragments (50 - 300 kb) (Bortner etal., 1995).
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Many of the techniques described in this section could be incorporated 

into other sections, but the detection of apoptosis is such an integral 

part of this thesis that they are described together rather than 

separately.

Propidium iodide staining

Propidium iodide is a fluorescent dye which intercalates with nucleic 

acids. Apoptotic cells can be identified in tissue sections by their 

small, fragmented (pyknotic) nuclei which stain brightly when they 

are visualised under fluorescence microscopy.

This technique was adapted from Coles and colleagues (1993) with 

minor modifications. Paraffin embedded sections were dewaxed 

and rehydrated to PBS as described above. Slides were then 

washed twice, for 5 minutes, in PBS and incubated in 0.004 g / 1 

propidium iodide with 0.1 g / 1 RNase A in PBS at 37°Cfor 30 

minutes. Slides were washed 3 times in PBS, mounted in Citifluor™ 

and examined using fluorescence microscopy. Nucleated red cells 

and mitotic cells also appear bright after propidium iodide labeling 

but these can generally be distinguished by their size and 

morphology.

In situ end-labeling

During apoptosis the nuclear DNA is digested by endonucleases 

leaving free 3' ends. These ends can be tagged with labeled 

nucleotides using the enzyme terminal deoxytransferase (TdT) and 

visualised on tissue sections using secondary detection systems.

This technique was first described by Gavrelli and colleagues (1992) 

and this was modified by using an Apoptag^*  ̂kit with methyl green 

counterstaining. The principles of the end-labeling technique are 

shown in figure 9.
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Figure 9. Principles of in situ end-labeling. 1) During apoptosis DNA is digested by endonucleases into 

nucleosome sized fragments which contain free 3 prime ends. 2) Labeled nucleotides are added to the free 

prime ends by the enzyme terminal deoxytransferase. In this illustration, digoxigenin d-UTP is shown, 

although radio-labeled or fluorescent tagged nucleotides may also be used. 3) Antibodies conjugated with 

peroxidase, or other reagents dependant on the secondary detection system, are added which specifically bind to 

the labeled nucleotides. 4) Secondary detection reagents, such as DAB, are added and stain the apoptotic cells.



Paraffin sections were rehydrated, pretreated to block endogenous 

peroxidase and immersed in proteinase K as described in 

Immunohistochemistry above. They were then washed four times in 

distilled water for 2 minutes and twice in PBS for 5 minutes. At the 

same time, an ice bath was prepared for the TdT solution, and both 

a humid slide chamber and a Coplin jar of stop I wash solution were 

prewarmed to 37°C. Excess liquid was removed from the slides by 

careful blotting around the sections and 100 pi of equilibration buffer 

was dropped onto the tissue for 15 seconds, followed by 100 pi of 

TdT working solution from the Apoptag^"  ̂kit. This contained TdT, 

digoxigenin conjugated DTP and reaction buffer. A plastic coverslip 

was then placed over the sections to ensure an even distribution of 

TdT solution and the slides were placed in the humid chamber at 

37°C for one hour. The reaction was terminated by immersion in 

stop/wash buffer at 37°C for 30 minutes. Specimens were then 

washed in 3 changes of PBS for 5 minutes each, followed by 100 pi 

of anti digoxigenin antibody (diluted 1 in 50) conjugated to either 

rhodamine for fluorescent microscopy, or horse radish peroxidase 

which was detected using DAB on light microscopy (See 

Immunohistochemistry section).

Electron microscopy

Apoptotic cells have a characteristic appearance on electron 

microscopy with nuclear condensation around the periphery of the 

nucleus, cell shrinkage and budding off of both the nuclear and cell 

membranes.

Samples of dysplastic kidneys were fixed in 2% glutaraldehyde in 

0.05 M cacodylate buffer, then in 1% Osmium tetroxide and finally 

embedded in epoxy resin. Ultrathin sections contrasted with uranyl 

acetate and lead citrate were examined with a Joel 100 CX 

transmission electron microscope. These experiments were
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performed in conjunction with Mr Brian Young in the Electron 

Microscopy department at the Institute of Neurology, Queen’s 

Square, London.

DNA electrophoresis

Endonucleases are activated during apoptosis which digest the DNA to 

produce nucleotide fragments which are multiples of 180 - 200 base 

pairs (i.e. 180, 360, 540, 720 bp). These can be visualised as a ladder 

(Wyllie, 1980) by agarose gel electrophoresis. This technique is used 

to separate DNA of different sizes which is then visualised under 

ultraviolet illumination (Sambrook et a/., 1989).

Fresh surgical specimens of dysplastic kidneys were thawed to 

room temperature (after storage at -70°C), homogenised in a lysis 

buffer (10 mM Tris HCI (pH 8.0), 10 mM EDTA, 0.1% SDS, 0.1 g /

I proteinase K) and incubated in the buffer overnight at 52°C.

DNA was then extracted using the phenol / chloroform technique 

which relies on the fact that DNA will separate into the aqueous 

phase. Equal volumes of phenol (equilibrated pH 8.0) and 

chloroform were added to the specimen and it was centrifuged at 

5,000 xg. The aqueous layer was separated and the process 

repeated. DNA was then precipitated with an equal volume of ice 

cold 100% alcohol, washed in 70% ethanol and resuspended in 

TE buffer (0.1 M Tris-HCI, pH 8.0,10 mM EDTA).
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Next, an agarose gel was prepared for DNA electrophoresis. For this 

experiment, a 1.5% agarose gel was used, although variable 

concentrations can be used in order to separate different sizes of DNA. 

The agarose was was dissolved in TAE buffer (lOx TAB: 0.4 M Tris- 

acetate, 0.01 M EDTA, pH 8.0) by microwaving, and 50 pi / 1 of 

ethidium bromide solution (stock 20 g / 1) was added as it cooled. It 

was then poured into a gel frame and a comb was inserted to form the 

sample wells. Once set, it was transferred to Horizontal midi-gel 

apparatus and just covered with TAE buffer. Two pg of DNA was 

mixed with loading buffer (orange-G I glycerol or bromphenol blue / 

glycerol) and loaded into the wells. The gels were run at up to 100 

volts and required approximately 45 minutes running time, according to 

the size of the DNA. Markers of specific size, such as the 123 and 1 

kb ladder, were also run concurrently.

The next step was to visualise the DNA, and this step utiilises the fact 

that Ethidium bromide intercalates with nucleic acids and fluoresces 

under UV illumination. Therefore the gels were transferred to a light 

box, viewed under UV light and photographed.

Some samples were treated with 1 g / 1 of RNase A for 30 minutes 

before electrophoresis to ensure that there was no RNA 

contamination.

Quantification of apoptosis

Preliminary experiments with both propidium iodide and in situ end- 

labeled specimens showed that the number of apoptotic cells varied 

in different areas of the same section, although there was good 

correlation between the two techniques. Therefore, for each 

specimen, photographs were taken (at 20x magnification) of 10 

random propidium iodide stained fields in order to integrate the 

quantity of apoptosis within the section. The number of pyknotic
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nuclei was then counted by 3 'blinded' observers and these results 

were compared using a technique described by Bland and Altman 

(1986). They described a method by which different assessments of 

the same data can be compared by plotting the mean of the 

measurements (X-axis) against the difference between them (Y-axis). 

If the methods, or measurements, are in agreement then it should be 

possible to draw a horizontal straight line through the results. No 

observer bias was detected between the results using this technique. 

This data was then used to derive a pyknotic index for each specimen 

by taking the mean number of pyknotic nuciei per 10 fields.

This approach, however, failed to account for the fact that there are 

fewer cells per microscope field in the cystic areas. Therefore, the 

total number of cells was counted in a representative sample from 

each specimen and the quantity of apoptosis was then expressed as a 

percentage of the total number of nuclei. This is effectively the point 

prevalence of apoptosis in the samples at the time of collection.

Statistical analysis

The pyknotic indices and the percentage of apoptotic cells in each 

experimental group were not normally distributed. Therefore, the data 

was compared using the non-parametric Wilcoxon Rank Sum test. A 

probability value of < 0.05 was considered to be statistically 

significant.
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Functional studies
It is very difficult to perform functional studies on human tissues, 

especially human fetal tissues since samples are scarce and there are 

ethical limitations on the research. One alternative is to isolate and 

culture cells from human dysplastic kidneys. These can then be 

characterised and their response to exogenous factors, which are 

known to be important in normal development, can be assessed. 

Unfortunately, however, normal human cells stop proliferating and their 

phenotype may change after a finite number of passages (Hayflick, 

1965). This problem can be circumvented by conditional- 

immortalisation of the cells (O’Hare etal., 1991; Bryan and Reddel, 

1994).

In the final part of this thesis, therefore, cells derived from dysplastic 

kidneys were cultured and transduced with a temperature sensitive 

SV40 large T construct, as the first step to potential immortalisation of 

these cells. Preliminary characterisation of these cells has 

demonstrated both epithelial and mesenchymal phenotypes and these 

cells form the basis for a more extensive study in the future.

Culture of dysplastic cells

Pieces of 3 surgically removed dysplastic kidneys were obtained for 

cell culture. All of the specimens were from boys and lower urinary 

tract obstruction had been ruled out by a micturating cystogram. None 

of the specimens had detectable function on radioisotope imaging.

The first sample was from the upper pole of a duplex kidney removed 

at 20 months of age. Histology showed abnormal tubules with 

peritubular collarettes, and in addition there was a dense inflammatory 

infiltrate suggestive of chronic inflammation. The second sample was 

from a 6 month old child with an antenatal diagnosis of hydronephrosis 

and a postnatal (ultrasound) diagnosis of a multicystic dysplastic
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kidney. Histology showed one large and numerous smaller cysts lined 

with a flattened epithelium surrounded by fibrous tissue containing 

scanty primitive tubules. The third sample was from a 7 month old 

child with an antenatal diagnosis of hydronephrosis which was 

confirmed postnatally. Histology showed multiple small cysts, primitive 

ducts, bars of cartilage and immature glomeruli.

After surgical removal the kidneys were transported on ice to the 

histopathology lab for inspection by the pathologist. A representative 

piece was then placed in culture medium (Dulbecco’s Modified Eagle’s 

Medium F-12 supplemented with 5% fetal calf serum, 1,000 U / 1 

penicillin G, 0.001 g / 1 streptomycin and 0.025 g / 1 amphotericin) and 

immediately transferred to the laboratory. All subsequent procedures 

were performed in a tissue cuiture hood using aseptic techniques. The 

specimens were diced into numerous small pieces using two sterile 

blades. These were seeded onto a tissue culture dish containing just 

enough medium (as above) to cover the base of the dish. The cells 

were initially incubated in a standard incubator at 37°C in a humidified 

5% CO2 / air atmosphere.

Culture plates were assessed daily to ensure that the cells were viable 

and the medium was not infected. Photographs were taken of these 

primary cultures to show cell numbers and gross phenotype. Cells 

were harvested and passaged when they were almost confluent by 

enzymatic dissociation (trypsin 1000 U / ml, 0.02% EDTA in Dulbecco’s 

Modified Eagle’s Medium) for 5 minutes at room temperature followed 

by centrifugation and resuspension in fresh medium. The first sample 

was characterised using vimentin and cytokeratin staining whilst two 

others were subsequently used for transduction experiments (see 

below). Aliquots of the primary cultures of cells used for transduction 

were stored in 10% DMSO / fetal calf serum in liquid nitrogen.
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Transduction of dysplastic cells

Transduction of the dysplastic cells was performed by Dr Mike O'Hare 

at the Breast cancer Laboratory, Ludwig Institute for Cancer Research, 

UGL, London (O’Hare et al., 1991). This Is a level 3 containment 

laboratory which has been set up specifically for these procedures, and 

similar facilities were not available at the Institute of Child Health.

Principles of transduction and potential Immortalisation

The first phase of the potential Immortalisation of dysplastic cells 

Involved transduction of the cells with the tsA58-U19 gene construct 

using an amphotropic replication defective retrovirus (see below). The 

tsA58-U19 construct contains two mutations. The first, U19, ablates 

sequence-specific DNA binding and prevents autonomous viral 

replication (Jat at a!., 1986). The second mutation, tsA58, renders the 

T antigen thermolablle at 39°C (Jat and Sharp, 1989). Hence, cells 

cultured at the-non permissive temperature of 39°C should have the 

same characteristics as the cells prior to transduction. In contrast, 

cells cultured at the permissive temperature of 33°C continue 

proliferating beyond the point at which normal cells undergo 

senescence. The cells can therefore be passaged multiple times at 

33°C, to generate a large stock of cells, and then switched to a 39°C 

for specific experiments. For this reason, the cells are sometimes 

described as ‘conditionally’ Immortal although this Is not strictly 

accurate for human cells, as described below.

The effects of the SV40 large T antigen are different In humans and 

mice. The SV40 T antigen Is sufficient for Immortalisation In mice, but 

It only prolongs the number of potential divisions of human cells, a 

phase termed ‘lifespan extension’. Some human cells may become 

Immortalised, however, but they must first pass through a ‘blast crisis’
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stage in which most of the cells become senescent and die (O’Neill et 

al., 1995).

The mechanism by which the SV40 T antigen prolongs lifespan in 

human cells is unknown but it may be mediated by complex formation 

between the large T antigen and the retinoblastoma and p53 proteins 

(Bryan and Reddel, 1994). These proteins normally act as growth / 

tumour suppressor molecules but complex formation prevents this 

function and allows the cells to proliferate. The mechanism underlying 

immortalisation is also unknown, although hybridisation analyses 

indicate that this is a gene inactivation event.

In order to transduce the cells with the tsA58-U19 construct, the 

construct must first be inserted into a shuttle vector and this must then 

be packaged in order to get into the cells. The vector used here was 

the pZipNeoSV(X)1 shuttle vector which also contains the neomycin 

resistance gene, allowing positive selection of infected cells (Cepko et 

a!., 1984). The amphotropic virus-producing line was generated by 

infecting PA317 packaging cells (Miller and Buttimore, 1986) with 

supernatant from an ecotropic packaging cell line (Stamps et a!., 

1994).

Retroviral infection

Primary cultures of dysplastic cells, grown at 37°C, were transferred 

after one passage to the Ludwig Institute. They were then grown to 

around 50% confluency, washed with growth medium and then 

incubated with 5 ml of the viral supernatant diluted 1:2 (v/v) with 

medium for 2 - 4 hours. This process was repeated on three 

consecutive days at the semipermissive temperature of 36.5°C.
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Selection for Neomycin resistance was performed around one week 

after infection. Cells were cultured in medium containing 0.5 g / 1 

geneticin 418 (G418) and the surviving antibiotic resistant cells were 

passaged six more times before transfer back to our laboratory. Cells 

were grown in culture for several passages at the permissive 

temperature of 33°C without any gross change in phenotype and 

expressed the large T antigen (see Results section).

Western blot of cultured cells

Western blotting was performed on the cultured cells using the same 

principles as described earlier, although extraction of the protein is 

different.

Culture medium was removed from the petri dish and the cells were 

then washed for 5 minutes in PBS. The PBS was then removed, being 

careful to remove excess by tipping the dish and using blotting paper. 

One ml of ice-cold lysis buffer containing proteinase inhibitors (see 

earlier) was then applied to the cells and left on ice for 5 minutes. The 

cells were then scraped off the dish and disrupted by repeated 

aspiration through progressively smaller needles (i.e. 21 gauge, then 

23, then 25). Samples were kept on ice during this procedure. Debris 

was pelleted by centrifugation at 3000 rpm at 4°C for 15 minutes and 

the supernatant was used for Western blotting.
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MDCK cells

Madin Darby Canine Kidney ceiis are epitheliai cells which have many 

of the characteristics of collecting ducts. These cells are commercially 

available and they were grown at 37°C in Dulbecco’s Modified Eagle’s 

medium, as described above. Ceiis were grown until near confluence 

and then harvested for protein.

Immunostaining of cells

Ceiis were grown in 4 well chamber slides for immunostaining. Media 

and cuiture conditions were as above. After a few days in culture, 

before the cells became confluent, the medium was removed and the 

chambers were washed twice with PBS. Ceiis were then fixed for 5 

minutes by a number of techniques depending on the optimal 

conditions required for the primary antibody. These included 2% 

paraformaldehyde in PBS at room temperature, ice-cold methanol and 

ice cold acid / aicohol. Non specific binding was then blocked by 

incubation with 10% fetal calf serum in PBS. Cells were incubated at 

4°C with primary antibodies which were detected with appropriate 

FITC-conjugated secondary antibodies as described in 

Immunohistochemistry earlier in this chapter.
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Chapter 7. Results

Histology, intermediate filament and other staining, 

and lectin binding of normal and dysplastic kidneys

Histology

The ontogeny of normal and abnormal human kidney development is 

described in the Introduction section of this thesis and representative 

sections of the mesonephros, metanephros and dysplastic kidney 

specimens examined in this thesis are included below to illustrate normal 

and pathological nephrogenesis.

Normal kidneys 

Mesonephros

(n = 6)

The mesonephros was detected posterior to the gonadal ridge in 

embryos from 38 days of gestation, the earliest stage examined (Fig.

10). It remained posterior to the gonad as it formed a distinct, elongated, 

sausage shaped organ in later development (shown in transverse 

section in Fig. 11). The mesonephros comprised the mesonephric duct 

and mesonephric tubules located medial to the duct (Fig. 10 and 11). 

Each tubule consisted of a large, vascularised mesonephric glomerulus, 

comprising a cup-shaped sac encasing a knot of capillaries and 

'proximal' and 'distal' tubules, connected to the mesonephric duct (Fig.

11). The paramesonephric, or Mullerian, duct was located lateral to the 

mesonephric duct (Fig. 11).

Metanephros

(n = 17)

The metanephros was detected posterior to the mesonephros and 

gonads in early development (Figs. 12 and ISA). Initially, it comprised
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of a central ureteric bud stalk, loose mesenchyme and a small number of 

bud branches surrounded by condensed mesenchyme at the periphery 

of the organ (Fig. 13B and C). Later in development, ureteric bud 

branches and condensed mesenchyme were confined to the outer cortex 

(Fig. 14) whilst developing nephrons and coilecting ducts were detected 

in deeper parts of the cortex, with more mature structures towards the 

centre of the organ. Eariy nephron precursors such as comma and S- 

shaped bodies were detected at eight weeks of gestation (Fig. 14C and 

D) along with the first layer of glomeruli (Fig. 14A). Successive layers of 

glomeruli were formed and further elongation and specialisation of the 

remaining sections of the nephron lead to the formation of proximal 

tubules and loops of Henie as the kidney developed (Fig. 14B). New 

nephron formation, as assessed by the presence of ureteric bud 

branches and condensed mesenchyme, appeared to continue in the 

outer cortex until 36 weeks of gestation (data not shown).

Dysplastic kidneys

(Preterm n = 10; Postnatal n = 12)

Characteristic histological features of renal dysplasia, such as primitive 

dysplastic tubules surrounded by whorls of close packed elongated cells, 

were detected in all of the samples examined in this thesis (Figs. 15A 

and B, and 16A and 0). Cysts were also detected (Fig. 15C and D) in 

the majority of the samples, although some kidneys contained multiple 

small cysts whilst others had a few very large cysts. There was no 

correlation detected between either the size, or the number, of cysts and 

the presence of urinary tract obstruction.

Nests of dysplastic tubules (Fig. 16B), areas containing relatively normal 

looking glomeruli (Fig. 16C) and metaplastic islands of cartilage (Fig. 

16D) were occasionally seen in the dysplastic kidneys examined.
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Intermediate filament and other staining, and iectin binding

Cells from different segments of the normal nephron can be 

distinguished by their specific intermediate filament proteins and surface 

glycoproteins. These markers were therefore used to determine whether 

it was possible to define the cell lineages in dysplastic kidneys by 

comparing them with normal kidneys from mid gestation and normal 

mature kidneys.

Normal kidneys

(Preterm n = 4; Postnatal n = 5)

Cytokeratin expression was detected in the collecting ducts, loops of 

HenIe and Bowman’s capsule of the glomerulus in mid gestation kidneys 

(Fig. 17A and B). In contrast, vimentin expression was limited to 

glomerular podocytes (Fig. 17C) in the developing and mature kidney. 

Alpha-smooth muscle actin was detected in vessel walls (Figs. 17D) and 

von Willebrand factor was expressed in vascular endothelia (not shown) 

in the normal kidney.

Mature proximal and distal tubules were distinguished, in the normal 

kidney, by lectin staining with Tetragonolobus purpureas (asparagus 

pea) agglutinin which labeled proximal tubules (Fig. 17E) and Arachis 

hypogaea (peanut) which identified distal segments (Fig. 17F). Staining 

was also performed with other lectins but often gave inadequate results. 

For example, Dolichos biflorus (horse gram) is reported to bind to the 

ureteric bud and its derivatives but I did not find consistent staining 

patterns with this lectin on the wax embedded sections used in this 

thesis. Similarly, Ulex europaeus (gorse) did not distinguish vascular 

endothelia as clearly as staining for the von Willebrand factor.
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Dysplastic kidneys

(Preterm n = 5; Postnatal n = 6)

Both dysplastic tubules and dysplastic cyst epithelia expressed 

cytokeratin (Figs. 18A and 19A respectively). Dysplastic tubules were 

also positive for vimentin (Fig. 188), although the cyst epithelia were 

vimentin negative (Fig. 198). The cells surrounding both dysplastic 

tubules and cysts were positive for vimentin and a-smooth muscle actin 

(Figs. 18C and 19C). This latter observation is consistent with the 

histological description of fibromuscular collarettes surrounding 

dysplastic tubules. Neither undilated tubules nor cyst epithelia 

expressed a-smooth muscle actin.

Vascular endothelia in dysplastic kidneys were positive for von 

Willebrand factor (Fig. 180) and Ulex europaeus bound to them (Fig. 

190) but the dysplastic epithelia and surrounding cells were negative. 

The majority of both tubules and cysts were positive for Arachis 

hypogaea agglutinin (Fig. 18F and 19F). Some tubules were positive for 

Tetragonolobus purpureas (Fig. 18E), but no cysts were positive for this 

agglutinin (Fig. 19E). None of the tubules or cysts were positive for both 

markers.

Summary of results of histology, Intermediate filament 

and other staining, and iectin binding

Normal renal development involves intimate contact between ureteric 

bud and mesenchymal lineages. This causes the ureteric bud to branch 

serially and give rise to the collecting ducts and urothelium of the renal 

pelvis and ureter, while the renal mesenchyme undergoes epithelial 

conversion to form nephrons from glomerulus to loops of Henle.
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Normal kidneys (mid gestation and postnatal)

Bowman’s capsule ++ +/- +/- - - -

Podocytes - ++ - - - -

Proximal tubule +/- - - ++ - -

Loop of Henle ++ - - - - -

Immature collecting ducts ++ - - - ++ -

Mature collecting ducts ++ - - - ++ -

Blood vessels - - ++ - - ++

Dysplastic kidneys (mid gestation and positnatal)

Dysplastic tubules ++ ++ - + ++ -

Cyst epithelium ++ - - - + -

‘Fibromuscular collarettes’ ++ ++ ++ - - -

Loose cells - + - - - -

Blood vessels - - - - - ++

Intermediate filament and other staining, and lectin binding.

This table summarises the staining for cytokeratin, vimentin, a-smooth 

muscle actin (a-sma) and lectin binding of Tetragonolobus lotus 

purpurea (Lotus), Arachis hypogaea (Arachis) and Ulex europaeus 

(Ulex) in mid gestation and postnatal samples of normal and dysplastic 

kidneys. Indicates no staining, '+/- indicates that less than 10% of 

cells were positive and to ‘++’ indicates increasing levels and / or 

intensity of staining.



Using haematoxylin and eosin staining, dysplastic kidneys contained 

tissues which superficially resembled those in the developing kidney: 

dysplastic tubules were similar to ureteric bud branches, adjacent close 

packed cells resembled condensed mesenchyme and more distant 

loosely arranged cells appeared analogous to uncondensed 

mesenchyme.

In the normal kidney, differentiated epithelia expressed cytokeratin 

whilst vimentin expression was restricted to glomerular podocytes. 

Alpha-smooth muscle actin was only found in vessel walls. 

Tetragonolobus purpureas and Arachis hypogaea bound to mature 

proximal and distal tubules respectively.

In dysplastic kidneys, undilated tubule epithelia were positive for both 

cytokeratin and vimentin, whereas cyst epithelia were positive for 

cytokeratin alone. Vimentin was also detected in the close packed 

cells around cysts and tubules, along with a-smooth muscle actin. 

Occasional tubule epithelia, but no cysts, bound Tetragonolobus 

purpureas but the majority of tubules and cysts were positive for 

Arachis hypogaea. Hence, there were significant differences in 

intermediate filament protein expression and lectin binding when 

dysplastic epithelia were compared to the ureteric bud, or the 

surrounding cells were compared to normal mesenchyme. These 

results are reviewed in the Discussion.
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Figure 10. Mesonephros, low power view. Transverse section 

through the abdomen o f a human embryo at 38 days o f gestation 

stained w ith haematoxylin and eosin. Mesonephric tubules and 

relatively large glomeruli are seen in the mesonephros. A t this stage 

the gonadal ridge is anterior to the mesonephros and the mesonephric 

duct is located laterally. Bar corresponds to 1 mm.
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Figure 11. Mesonephros, high power view. Composite transverse 

sections through the abdomen o f a human embryo at 42 days o f gestation 

stained with haematoxylin and eosin. A ) Mesonephros (ms) adjacent to the 

developing gonad (go) and liver (1). The mesonephric duct (arrow) and 

paramesonephric duct (arrowhead) are also seen. B) Higher power view 

shows mesonephric glomeruli (g) and tubules w ith proximal (p) and distal 

like (d) morphology. Bar corresponds to 500 pm in A ) and 200pm in B).

153



Liver

Pancreas

1
Gonad

Mesonephros

Metanephros

y

Figure 12. Metanephros, low power view. Transverse section through 

the abdomen o f a human embryo at 42 days o f gestation stained with 

haematoxylin and eosin. The metanephros is seen postero-medial to the 

mesonephros and gonad. Note the centrally located ureteric bud and 

peripheral branches surrounded by condensing mesenchyme. Bar 

corresponds to 500 pm.
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Figure 13. Metanephros, high power views. Haematoxylin and eosin stained sections from a human embiyo at 

42 days o f gestation. A ) The metanephros (mt) lies posterior to the mesonephros (ms) and gonad (go). B) Higher 

power view o f the metanephros showing the central ureteric bud (arrow) and peripheral branches (arrowheads). C) 

Mesenchyme condenses (c) around the branching tips (b) o f the ureteric bud. Loose mesenchyme (1) is also seen. 

Bar corresponds to 400 pm in A), 200 pm in B) and 80 pm in C).



m

m

f

fS ^ V W !^  b

S
, Î :

>
1 * #

Figure 14. Fetal kidney. Haematoxylin and eosin stained sections o f 

normal human fetal kidneys: A), C) and D) are from an 8 week, and 

B) is from a 20 week gestation fetus. A ) and B) show the nephrogenic 

cortex w ith one layer and several layers o f glomeruli respectively. C) 

and D) show higher power views o f ureteric bud branches (b) 

surrounded by mesenchymal condensates (c). Early nephron 

precursors including comma (com) and S-shaped bodies (s) and an 

immature glomerulus (g) are also seen. Bar corresponds to 500 pm in 

A) and B), 200 pm in C) and 80 pm in D).
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Figure 15. Dysplastic kidneys, low power view. Haematoxylin and 

eosin stained sections o f dysplastic kidneys. A ) is from a 15 month and 

B) is from a 22 month old child, whilst C) and D) are from a preterm 

infant o f 34 weeks gestation. A ) and B) show dysplastic tubules (d) 

surrounded by closely packed cells in the fibromuscular collarettes (c) 

and more distant loosely packed cells (1). C) and D) show cysts (cy) 

w ith occasional formed glomeruli (g) adjacent to them. Bar 

corresponds to 500 pm in all.
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Figure 16. Dysplastic kidneys, high power view. Haematoxylin and eosin stained sections of postnatal dysplastid 

kidneys. A) Dysplastic tubules (d) surrounded by closely packed fibromuscular collarettes (c) and more distant loosely 

packed cells (I). Note the characteristic irregular outline of the largest tubule. B) A nest (n) of dysplastic tubules 

surrounded by loosely packed cells. C) Higher power of a dysplastic tubule. D) Metaplastic cartilage. Bar corresponds 

to 100 pm in A) and 50 pm in the other sections.



<J1
CO

Figure 17. Intermediate filament and lectin staining of normal kidneys. Confocal laser scanning photomicrographs o f 

sections o f normal kidneys from mid gestation fetuses with fluorescently labeled antibodies against: A ) and B) pan-cytokeratin,

C) vimentin, D) a-smooth muscle actin. Lectins were: E) Tetragonolobus purpureas and F) Arachis hypogaea. A ) and B) 

Cytokeratin positive cells are seen in Bowman's capsule o f the glomeruli (g), collecting ducts and loops o f Henle. C) Vimentin is 

restricted to glomerular podocytes. D) Alpha-smooth muscle actin is found in smooth muscle cells in vessel walls. E) 

Tetragonolobus purpureas labels proximal tubules. F) showsapical binding o ï Arachis hypogaea. Bar corresponds to 50 pm in all.
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Figure 18. Intermediate filament and lectin staining of dysplastic tubules. Confocal laser scanning photomicrographs o f sections o f 

postnatal dysplastic kidneys w ith fluorescently labeled antibodies and lectins: A ) pan-cytokeratin, B) vimentin and C) a-smooth muscle actin, 

D) Ulex europaeus, E) Tetragonolobus purpureas and F) Arachis hypogaea. Dysplastic tubules (d), collarettes (c) and loose mesenchyme 

like cells (1) are seen in each section. A) - C) show cytokeratin and vimentin positive tubule epithelia, whilst surrounding collarettes are 

positive for vimentin and a-smooth muscle actin. D) Tubules are negative but vessels (arrows) are positive for Ulex europaeus. E) and F) 

Occasional tubules are positive for Tetragonolobus purpureas but the majority bind Arachis hypogaea. Bar corresponds to 50 pm in all.
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Figure 19. Intermediate filament and lectin staining of dysplastic cysts. Confocal laser scanning photomicrographs o f postnatal 

dysplastic kidneys with Huorescently labeled antibodies against: A) pan-cytokeratin, B) vimentin, C) a-smooth muscle actin and D) von 

Willebrand factor. Lectins were: E) Tetragonolobus purpureas and F) Arachis hypogaea. Cyst (cy) epithelia - arrowheads. A ) - C) 

Cyst epithelia are positive for cytokeratin but negative for vimentin whereas adjacent cells are positive for vimentin and a-smooth 

muscle actin. D) Capillaries are weakly positive for von Willebrand factor (arrows) but cyst epithelia are negative. E) and F) No cysts 

are detected which are positive for Tetragonolobus purpureas but the majority bind Arachis hypogaea. Bar corresponds to 50 pm in all.



Chapters. Results

Apoptosis and proliferation in normal and abnormal 

kidneys

Location of apoptosis 

Normal kidneys

In the normal prenatal kidney, apoptotic cells were frequently detected 

in nephron precursors in the nephrogenic cortex, particularly in comma 

and S-shaped bodies (Figs. 20A and 21B). Mitotic figures were also 

seen in these structures (Fig. 20A) but these were readily identified by 

their characteristic morphology. Apoptotic cells were rarely seen in the 

undifferentiated mesenchyme or in more mature nephrons / tubule 

segments towards the centre of the kidney (Fig. 20B), although 

apoptosis was common in the interstitial cells in the medulla (not 

shown). By comparison, apoptosis was rarely detected in mature 

normal samples and was confined almost exclusively to the epithelial 

cells of proximal tubules (Fig. 21D). Apoptosis was not detected in 

either glomeruli or interstitial cells in the mature kidney (Figs. 20C and 

D, and 21D).

Dysplastic kidneys

In contrast to the normal samples, the pattern of apoptotic cell death 

was similar in both prenatal and postnatal dysplastic specimens. The 

levels of apoptosis, however, varied greatly between the different cell 

types. It was unusual to find apoptotic cells in the epithelia of 

dysplastic tubules or dysplastic cysts (Fig. 22A and D). Apoptosis was 

more common, but still rare, in the fibromuscular collarettes 

surrounding dysplastic tubules and cysts where occasional single 

apoptotic cells were seen (arrows in Fig. 22A and D). In contrast.
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apoptosis was frequently detected in areas of undifferentiated tissue, 

which resemble renal mesenchyme, between the epithelial structures 

(Figs. 22B, C and E, and 23B and D). In these sites, groups containing 

several apoptotic cells were often observed. Apoptosis was never 

detected in metaplastic cartilage.

Polycystic kidneys

The polycystic kidney samples examined, most of which were ARPKD, 

contained large cysts and tubules of both normal and slightly dilated 

calibre (Fig. 24). The histologically defined autosomal dominant 

specimen also contained cystic glomeruli (not shown). The tissue 

distribution of apoptosis within the kidney was similar in both pre and 

postnatal samples. Apoptosis was detected between cysts (Fig. 24B 

and E), in the interstitium (Fig. 24A) and in the epithelium of undilated 

tubules (not shown). Apoptotic nuclei were also seen within the 

epithelial lining of cysts (Figs. 24C and E), directly adjacent to areas of 

epithelial hypercellularity (Fig. 24C), and also in the ADPKD glomeruli 

with cystic dilatation of Bowmans’ capsule (not shown). Interestingly, 

apoptotic cells were also noted around some undilated tubules in areas 

without cysts (Fig. 24A).

Electron microscopy

The ‘gold standard’ for diagnosing apoptosis is considered to be the 

demonstration of specific morphological changes such as cell 

shrinking, condensation of nuclear chromatin and formation of 

apoptotic bodies on electron microscopy. Two postnatal dysplastic 

kidney samples were examined and apoptosis was found in both of 

them. Condensed pyknotic nuclei were observed in, or adjacent to, 

cyst walls (Fig. 25A) and in the poorly differentiated mesenchyme (Fig. 

25B). Cell shrinkage was also seen (Fig. 25A) and there was no
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evidence of necrosis. Normal surrounding cells with normal nuclei 

were observed in both sites.

DMA laddering

DMA was extracted from 3 dysplastic samples and separated by 

agarose gel electrophoresis (Fig. 26). Laddering of the DMA was seen 

in two of the samples with up to five different bands detected (Fig. 26A 

and B). Only high molecular weight DMA, was detected in the other 

sample (Fig. 26C). As a control, to eliminate RNA contamination, the 

samples were treated with RNase prior to electrophoresis and an 

identical result was obtained (Fig. 26D to F).

Quantification of apoptosis

Apoptosis was detected in all of the samples examined using the 

propidium iodide technique and the level of apoptosis was quantified 

by counting the number of apoptotic cells per microscope field. The 

pyknotic index and percentage of pyknotic nuclei were derived for each 

specimen as described in the Methods chapter of this thesis. These 

results are shown in table 7 and graphically in Fig. 27.

Normal kidneys

The lowest number of apoptotic cells, as assessed by the pyknotic 

index, was seen in normal postnatal kidneys (n = 6), where the median 

(range) pyknotic index was 8.2 (2.7 -15.0). Significantly more 

apoptosis was seen in the normal prenatal group (n = 6)(p < 0.05) 

which had a pyknotic index of 36.8 (15.3 - 70.8). These results were 

similar when the percentage of pyknotic cells were compared in the 

two groups: normal mature kidneys 0.05 (0.01 - 0.09), normal prenatal 

kidneys 0.16 (0.06 - 0.32) (p < 0.05).
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Dysplastic kidneys

The pyknotic index of the prenatal specimens of dysplastic kidneys (n 

= 6) was 103.1 (52.8 - 205.0), significantly greater than the normal 

prenatal kidneys (p < 0.01 ). In the sections of postnatal dysplastic 

kidneys from infants and children (n = 4) a pyknotic index of 27.4 (24.0 

- 38.8) was calculated. This was significantly lower than the prenatal 

dysplastic group (p < 0.01), but significantly higher than the normal 

postnatal kidney group (p < 0.01). The pyknotic percentage in 

dysplastic kidneys were prenatal 0.78 (0.40 -1.56) and postnatal 0.24 

(0.21 - 0.34). These results showed even greater differences between 

the normal and dysplastic kidneys since there were fewer cells in the 

cystic areas.

Polycystic kidneys

The pyknotic index of the samples of polycystic kidneys examined from 

the nephrogenic period (n = 4) was 55.5 (42.6 - 75.7). This was 

greater but not significantly different from the high levels of apoptosis 

seen in normal development. The value was still not significant when 

the pyknotic percentage was calculated (0.41 (0.31 - 0.55)) which 

probably reflects the low number of polycystic samples (Table 7). The 

postnatal polycystic patient group (n = 4) had a pyknotic index of 66.5 

(46.5 -143.1) and percentage of 0.55 (0.38 -1.18), significantly higher 

than the normal postnatal group (p < 0.02).

The pyknotic index was higher in the two polycystic samples with 

elevated creatinine but did not appear to correlate with the plasma 

creatinine in the other specimens. Within these small groups there 

was no correlation between the gestational or chronological age of the 

specimens and pyknotic index.
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Prenatal kidneys Postnatal kidneys

Age

(weeks)

P.

Index

P. % Age

(mths)

P.

Index

P. % Cr.

Normal kidneys
17 46.9 0.21 5 2.7 0.01 60
19 15.3 0.07 8 15.0 0.09 65
20 43.0 0.20 28 6.0 0.04 35
20 26.6 0.12 30 3.5 0.02 48
21 12.9 0.06 38 10.4 0.06 34
22 70.8 0.32 72 12.8 0.08 38

Dysplastic kidneys
17 61.8 0.47 8 30.9 0.27 50
19 97.1 0.74 15 24.0 0.21 33
20 109.2 0.83 16 38.8 0.34 32
22 110.0 0.83 60 23.6 0.21 38
24 205.0 1.56
34 52.8 0.40

Polycystic kidneys
20 42.6 0.31 10 78.1 0.65 98
34 51.8 0.38 11* 55.0 0.45 14
35 75.7 0.55 48 143.1 1.18 322
35 59.3 0.44 72 46.5 0.38 50

Table 7. Quantification of apoptosis. This table shows the 

gestational age In weeks or postnatal age In months (mths), pyknotic 

Index (P. Index) and percentage of pyknotic cells (P. %) for all samples 

In which the extent of apoptosis was assessed, plus the creatinine 

(Cr.), In p-M / 1 In postnatal samples. * Indicates the postnatal sample 

which appeared histologically to be ADPKD, although both parents had 

normal renal ultrasound scans In their early twenties.
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Location of proliferation

Proliferation was assessed by immunohistochemical staining for the 

proliferating cell nuclear antigen (PCNA) which is strongly expressed in 

the nucleus in S phase (Kurki et al., 1986). Unfortunately, I was unable 

to generate a quantitative proliferative index comparable with the 

pyknotic index since a spectrum of staining was obtained in the normal 

and dysplastic kidneys; ranging from densely staining nuclei to more 

diffuse, less intense staining throughout the cell. This finding was 

consistent with reports of lower levels of nuclear PCNA protein and 

subcellular distribution in the cytoplasm at other stages of the cell 

cycle. It was still possible, however to use PCNA staining to follow, 

and semiquantitate, the general patterns of proliferation.

Proliferation was further assessed by staining for Ki-67, a different 

marker of proliferation. I found that this antibody also generated a 

spectrum of staining intensity and localisation but it was also 

inconsistent, both between specimens and different sections of the 

same specimen. These results have not therefore been included in 

this thesis.

Normal kidneys

In the samples of normal prenatal kidneys, nuclei with PCNA 

immunoreactivity were scarce within the undifferentiated mesenchyme 

but the protein was highly expressed during the mesenchymal to 

epithelial transition and also in the ampullary tips of the branches of the 

ureteric bud (Fig. 28A and B). It was then rapidly downregulated in the 

deeper more mature areas. In postnatal normal kidneys PCNA 

positive cells were scarce (< 1 % of total nuclei) although they were 

detected in all nephron segments (Fig. 28C and D).
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Dysplastic kidneys

Similar results were seen for PCNA staining in both pre- and postnatal 

samples. The commonest site for PCNA expression was dysplastic 

epithelia although the extent of staining was highly variable. In some 

samples, virtually all of the epithelial nuclei in dysplastic tubules were 

positive for PCNA, whereas in others only 20 -  30% were positive (Fig. 

28E). A similar range was seen in cystic epithelia (Fig. 28F). Rare 

nuclei were also positive for PCNA in the undifferentiated tissue around 

dysplastic tubules (Fig. 28E).

Summary of apoptosis and proliferation
Apoptosis was detected by propidium iodide staining or in situ end 

labeling in at least one histological section of all of the samples 

examined. It was rare in normal mature kidneys, but relatively 

common in normal prenatal kidneys, especially in early nephron 

precursors and the medulla. Apoptosis was more frequent in 

dysplastic kidneys than normal kidneys of a comparable age.

Similarly, a high degree of renal cell death was seen in polycystic 

kidneys. The commonest site of apoptosis in dysplastic kidneys was in 

the loose poorly differentiated tissue, whilst it was rare in dysplastic 

epithelia. By contrast, apoptosis was found in cyst epithelia, between 

the cysts and even in the tissues around undilated tubules in polycystic 

kidneys.

Proliferation was detected at high levels in the actively branching tips 

of the ureteric bud, mesenchymal condensates and early nephron 

precursors. It was downregulated in the mature kidney, in dysplastic 

kidneys, a high level of proliferation was detected in the epithelia of 

both small undilated tubules and cysts. Proliferation, in contrast, was 

rare in cells around dysplastic epithelia. These results are summarised 

in Table 8.
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Apoptosis Proliferation

Normal kidneys
Undifferentiated

mesenchyme

rare + rare 4-

Mesenchymal condensates 

and vesicles

- 4- 4-

S-shaped bodies + 4- 4-

Glomerular podocytes - rare 4-

Tips of ureteric bud 

(ampullae)

- 4- 4-

Immature collecting ducts ++ 4-

Mature collecting ducts - rare 4-

Dysplastic kidneys (pre and postnatal)
Dysplastic tubules rare + 4- 4-

Cyst epithelium rare + 4-4-

‘Fibromuscular collarettes' + rare 4-

Loose cells ++ rare 4-

Polycystic kidneys (pre and postnatal)
Cyst epithelium 4- 4- na

Cells adjacent to cysts 4- na

Undilated tubules 4- na

Cells around tubules 4- na

Table 8. Apoptosis and proliferation. This table describes the extent 

of apoptosis and proliferation in various sites in normal, dysplastic and 

polycystic kidneys. Indicates not detected, ‘rare +’ indicates that less 

than 10% of cells were affected and '+' to ‘++’ indicates increasing levels 

of apoptotic or proliferating cells. Proliferation was not assessed in 

polycystic samples (na).
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Figure 20. Location of apoptosis in propidium iodide stained 

sections of normal developing and mature kidneys. A) and B) are

from a fetus of 20 weeks gestation and C) and D) are from a 2 year old 

child. A) Nephrogenic zone with ureteric bud (u), comma shapes (c) 

and condensed mesenchyme (m). Apoptotic nuclei are seen in 

comma shaped bodies (arrowheads) and a mitotic cell is also shown 

(open arrow). B) Medulla shows apoptosis in developing tubules 

(arrowheads). C) and D) Mature glomerulus (g) and proximal tubule (t) 

with no apoptotic cells visualised, although the nuclei in the glomerulus 

appear generally brighter. Bar corresponds to 30 |iim in all.
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Figure 21. In  situ end-labeling of apoptotic cells in normal 

developing and mature kidneys. Sections A) and B) are from a mid 

gestation fetus, and C) and D) are from a 2 year old child. A) and C) are 

control sections in which the terminal deoxytransferase enzyme was 

omitted. Note that labeled nuclei, which appear brown, are absent. B) 

and D) are adjoining sections which have been subjected to the complete 

end-labeling procedure using digoxigenin UTP as described in the 

Methods. A ll sections counterstained with methyl green after exposure 

to anti - digoxigenin peroxidase conjugate, detected by diamino- 

benzidine. A) and B) Nephrogenic zone containing comma shapes (c) 

and nephron precursors. Several apoptotic nuclei (arrows) are seen in 

the developing nephrons. C) and D) Mature cortex containing glomeruli 

(g) and tubules. Several apoptotic nuclei are seen in the tubular 

epithelial cells in this section, although this is unusual in mature kidneys. 

Bar corresponds to 30 pm in A) and B), and 50 pm in C) and D).
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Figure 22. Apoptosis in dysplastic kidneys (1). Confocal laser scanning photomicrographs o f postnatal dysplastic 

kidneys. A ) to C) are stained with propidium iodide and D) to E) are in situ end-labeled sections using an anti digoxigenin 

antibody conjugated to FITC. Apoptotic cells are arrowed. A ) and D) show a single apoptotic cell in the fibromuscular 

collarette around a dysplastic tubule (d). B), C) and E) show numerous apoptotic nuclei in the undifferentiated cells 

between cysts and around a vessel (v). Bar corresponds to 50 pm in D) and 30 pm in all other sections.
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Figure 23. Apoptosis in dysplastic kidneys (2). Light photomicrographs 

o f sections from postnatal dysplastic kidneys. A), C) and E) are control 

sections in which the terminal deoxytransferase enzyme was omitted, 

whilst B), D) and F) are similar sections which have been subjeeted to the 

complete end-labeling procedure. Positive nuclei appear brown. A ll 

sections are counterstained with methyl green. A ) and B) show loose 

undifferentiated cells (1) which contain a large number o f apoptotic nuclei. 

C) and D) show dysplastic tubules (d) with prominent apoptosis (arrows) in 

the surrounding cells. E) and F) show nests o f dysplastic tubules (n) with 

rare apoptotic cells (aiTows) in the tubule epithelia. Bar corresponds to 100 

pm in A ) and B), and 50 pm in the other sections.
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Figure 24. Apoptosis in poiycystic kidney disease. A) to C) are propidium iodide labeled sections. D) and E) are control 
and in situ end-labeled sections, respectively, counterstained with methyl green. B) and C) are postnatal samples and C) is 
from an infant with ADPKD. The remaining sections are from a 34 week gestation fetus with ARPKD. A) and B) show 
apoptotic nuclei in the interstitial tissues around an undilated tubule (t) and a cyst (cy) respectively. Numerous apoptotic 
nuclei are shown in A) and are indicated by arrowheads in other panels. C) Apoptotic nuclei in the cyst epithelium close to a 
multilayered region suggestive of hyperproliferation (arrows). D) and E) Apoptotic nuclei are seen in the cyst epithelium and 
surrounding interstitial cells; the control section is negative. Bar corresponds to 30 pm in A) to C), and 50 pm in D) and E).
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Figure 25. Electron microscopy of dysplastic kidneys. Both 

sections are from postnatal dysplastic kidneys. A) cyst (cy) 

showing an apoptotic cell (a) with a condensed pyknotic nucleus 

(arrowheads) surrounded by normal epithelial cells (e) which are 

separated by tight junctions (arrows). The apoptotic cell appears to 

be shrinking. Note also the fibroblast cell (f) and collagen fibres (c) 

below the epithelial layer. B) poorly differentiated mesenchyme 

showing both normal cells and one cell undergoing apoptosis with 

nuclear condensation. Bars are 1 pm.
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Figure 26. DNA laddering in dysplastic kidneys. DNA was

extracted from fragments of three postnatal dysplastic kidneys and 

electrophoresed through a 1.5 % agarose gel as described in the 

Methods. Lanes A) and B) show DNA which has been digested by 

endonucleases during apoptosis to form a ladder consisting of 

several bands containing multiples of 180 base pairs (i.e. 180, 360, 

540, 720 as indicated). DNA from the dysplastic kidney in lane C) 

does not have a detectable ladder by this technique. Lanes D) to 

F) are the same samples as A) to C) treated with RNAse A to rule 

out contaminating RNA.
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Figure 27. Quantification of apoptosis. Apoptosis was quantified in tissue sections using propidium iodide as described in the 

Methods section. A) shows the pyknotic index for individual patients which corresponds to the mean number o f apoptotic cells per 10 

microscope fields, whilst B) shows the percentage of pyknotic cells. The prenatal groups comprise normal, dysplastic and polycystic 

kidneys harvested before 36 weeks of gestation and the postnatal groups comprise normal, dysplastic and polycystic removed in infancy 

or childhood. The bar (-) indicates median of each group. Significant differences are: a -  normal prenatal versus normal postnatal 

(p < 0.05), (3 -  dysplastic prenatal versus normal prenatal (p < 0.01), y -  postnatal polycystic versus normal postnatal (p < 0.02),

5 -  dysplastic postnatal versus normal postnatal (p < 0.01) and 8 -  dysplastic prenatal versus dysplastic postnatal (p < 0.01).
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Figure 28. Proliferation in normal and dysplastic kidneys.
Light photomicrographs of PCNA immunohistochemistry counterstained 
with methyl green. A) and B) show active proliferation at the tips of the 
ureteric bud (u) and in early nephron precursors such as the renal vesicles 
(v) and S-shaped bodies (s) in the nephrogenic cortex of a mid gestation 
fetus. In contrast, very little proliferation is detected in either the 
uncondensed mesenchyme or deeper in the cortex. C) shows the cortex 
and D) the medulla of a mature postnatal kidney from a child aged six 
months. Proliferating cells (arrows) are not seen in glomeruli (g) and are 
rare in tubules and collecting ducts. E) shows dysplastic tubules (d) and 
F) a large cyst (cy) from a postnatal dysplastic kidney. Proliferation is 
common in these dysplastic epithelia (arrows in F), but rare in surrounding 
cells. Bar corresponds to 6 pm in (B) and 15 pm in the other sections.
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Chapters. Results

PAX-2, WT-1, BCL-2 and galectin-3 distribution in 

normai and abnormai kidneys

PAX-2

Immunohistochemistry for the PAX-2 protein was performed using a 

rabbit polyclonal antibody which recognises major epitopes between 

amino acids 270 - 338 of the PAX-2 protein (Phelps and Dressier, 1996) 

as described in the Materials section of this thesis. The antibody 

specificity was tested by performing a Western blot on normal and 

dysplastic human tissues (Fig. 29) and one major isoform was detected 

of around 46 - 48 kD. This is consistent with the expected size of the 

human protein.

Normal kidneys

(Preterm n = 12; Postnatal n = 16)

PAX-2 was expressed in the developing human excretory system from 

the earliest stages examined. In the mesonephros, positive nuclear 

staining was detected in the mesonephric duct, distal tubules draining 

into it and the paramesonephric duct (Fig. 30A to D). Some proximal 

tubules also appeared positive but the site and intensity of staining were 

similar in negative control sections in which the primary antibody was 

omitted (not shown). This suggests that there was either inadequate 

quenching of endogenous peroxidase, or endogenous biotin within these 

tubules. The mesonephric glomeruli were negative.
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In the early metanephros, nuclear PAX-2 protein was detected in the 

ureteric bud, which arises from the mesonephric duct, in the centre of the 

organ (Fig. 30E), and also in the peripheral bud tips (Fig. 30F). The 

majority of uninduced mesenchymal cells did not express PAX-2 (Fig. 

30E) but the protein was markedly upregulated in the closely packed 

mesenchymal condensates adjacent to the bud tips. These cells are 

about to undergo mesenchyme to epithelial transition and pax-2 has 

previously been shown to be essential for this process during murine 

nephrogenesis (Rothenpieler and Dressier, 1993). A similar nuclear 

staining pattern was seen in later metanephric development in 

condensed mesenchyme and ureteric bud tip cells in the nephrogenic 

cortex throughout nephrogenesis (Figs. 31B and D and 32A).

Occasional faint cytoplasmic staining was also detected in some sections 

(Figs. 32D, and 33A and B). This may be due to endogenous biotin 

within the tissues although the control sections were completely 

negative.

As the mesenchymal lineage differentiated, PAX-2 protein continued to 

be expressed in virtually all of the cells in the vesicles and comma- 

shaped bodies (Fig. 32A). At the next stage of nephron maturation, the 

S-shaped bodies, PAX-2 was detected in all elements apart from 

precursors of glomerular visceral epithelia (Fig. 32B). In the capillary 

loop stage of glomerulogenesis faint PAX-2 immunoreactivity was 

present in parietal epithelia and in adjoining proximal tubules (Fig. 32C 

and D). PAX-2 protein was not detected in mature glomeruli (Fig. 33A).

In the ureteric bud lineage, intense PAX-2 immunoreactivity was seen in 

branching ampullae, each of which was flanked by mesenchymal 

condensates (Figs. 31B and D, and 32A). Nuclei in fetal cortical and 

medullary collecting ducts showed weaker but consistent 

immunostaining (Fig. 32C, E and F).
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Mature collecting duct cells generally did not have significant staining 

above control sections in which the anti-PAX-2 antibody had been 

omitted, although occasional (< 10%) nuclei had faint immunoreactivity 

(Fig. 33B).

Dysplastic kidneys

(Preterm n = 10; Postnatal n = 12)

The PAX-2 protein was strongly expressed in the epithelia of each 

dysplastic kidney examined (Fig. 33C and D). All nuclei of epithelia 

lining the dysplastic tubules stained intensely with the antiserum to PAX- 

2 and the flattened epithelial cells lining cysts were also positive (Fig. 

33C and D). In contrast the poorly differentiated cells surrounding the 

tubules did not express PAX-2 (Fig. 33C and D). Strikingly, the same 

pattern of PAX-2 expression was seen in both prenatal and postnatal 

dysplastic kidneys which suggests that PAX-2 expression is not 

downregulated with time in these organs, in contrast to normal 

development. Metaplastic cartilage was negative for PAX-2.
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Figure 29. Western blot of PAX-2. A ll lanes were probed w ith the 

polyclonal anti-PAX-2 antibody used for immunohistochemistry (Figs. 

30 to 33). Negative controls, in which the antibody was omitted, are 

completely clear. Sizes correspond to bands in rainbow marker lanes. 

A  band o f around 46 - 48 kD, corresponding to the expected size o f the 

PAX-2 protein, is seen in all o f the lanes. Lanes 1 ) and 2) contain 

extracts from postnatal dysplastic kidneys. Lanes 3) and 4) are from a 

W ilms’ tumour: lane 3) is from a grossly normal part o f the tissue and 

lane 4) from a fragment o f tumour. Note that there is a much weaker 

PAX-2 signal in the normal sample and that there also appears to be a 

larger band in the tumour sample. Lanes 5) and 6) are positive control 

samples containing protein extracted from fetal kidneys from a mid 

gestation sheep fetus and an embryonic day 13 mouse respectively.
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Figure 30. PAX-2 in early kidney development. Light photomicrographs of PAX- 
2 immunohistochemistry on sections of a 42 day gestation embryo counterstained 
with methyl green. A) and B) show the mesonephros and metanephros anterior to 
the vertebral body (v) and the neural tube (nt), which is PAX-2 positive. C) and D) 
show the mesonephros (ms) and metanephros (mt) with nuclear PAX-2 staining in 
cells in the mesonephric (m) and paramesonephric (p) ducts, but not in the gonad 
(g). E) and F) show the metanephros (mt); the ureteric bud (u) has branched 
several times. Strongly positive nuclear PAX-2 staining is detected in the ureteric 
bud and condensed mesenchyme (c). Uninduced mesenchyme is negative. Bar is 
500 pm in A) and B), 200 pm in C), 80 pm in E) and 20 pm in D) and F).
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Figure 31. PAX-2 in the nephrogenic cortex.
Light photomicrographs of PAX-2 immunohistochemistry of a normal 

10 week gestation human kidney counterstained with methyl green.

A) and C) are the control sections in which the primary antibody was 

omitted, and these are completely negative. B) shows PAX-2 

immunoreactivity in the nephrogenic zone with decreasing levels 

towards the maturing centre of the kidney. D) is a higher power view 

which shows that the PAX-2 protein is strongly expressed in the nuclei 

of the tips of the ureteric bud (u) and mesenchymal condensates (c), 

but it is not detected in uninduced mesenchyme (m). Bar corresponds 

to 80 [in\ in A) and B), and 20 jam in C) and D).

184



S

Figure 32. PAX-2 In the developing kidney. Light photomicrographs of 
PAX-2 immunohistochemistry of a normal 10 week gestation kidney 
counterstained with methyl green. Control sections are completely negative.
A) Intense PAX-2 expression in a ureteric bud branch tip (u) and a vesicle 
(v) contrasts with negative staining of the undifferentiated mesenchyme.
B) The developing proximal tubule (pt) and parietal glomerular epithelia are 
positive for PAX-2 but the protein is downregulated in maturing podocytes 
(p). 0) On the left a maturing cortical collecting duct (cd) has less intense 
staining: on the right, a fetal glomerulus shows only faint PAX-2 staining in 
Bowman's capsule (arrows). D) A fetal glomerulus has faint PAX-2 staining 
in the epithelial cells of Bowman's capsule and the proximal tubule (arrows). 
E) and F) Medullary collecting ducts are positive for PAX-2. Bar 
corresponds to 30 pm in E) and 10 pm in all other sections.
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Figure 33. PAX-2 in normal adult kidneys and dysplastic kidneys. Light photomicrographs of PAX-2 
immunohistochemistry counterstained with methyl green. A) and B) are sections from a normal kidney from a 6 
month old child. PAX-2 is downregulated but rare nuclei are faintly positive (arrows) in tubules and collecting ducts. 
C) shows a dysplastic tubule (d) and D) a large cyst (cy) from a postnatal dysplastic kidney. The majority of the 
nuclei in the tubule express PAX-2 and the most intense immunostaining of any tissue examined is seen in the cyst 
epithelium. Surrounding undifferentiated cells are negative. Bar corresponds to 15 pm in all sections.



WT-1

Immunohistochemistry for WT-1 was performed using a commercially 

available antibody (Santa Cruz, 019) as described in the Materials 

section of this thesis. The specificity of this antibody was confirmed by 

Western blotting using normal and dysplastic tissues (Fig. 34). Two 

bands of approximately 46 -  48 kD were seen in most of the samples 

which was consistent with the predicted size and isoforms of this protein. 

Interestingly, a larger band was found in one of the samples from a 

dysplastic sample (Fig. 34 lane 3) which raises the possibility of 

abnormal glycosylation, differential splicing or a mutation.

Normal kidneys

(Preterm n = 12; Postnatal n = 16)

Faint WT-1 immunoreactivity was detected in the nuclei of mesenchymal 

condensates and vesicles in normal fetal kidneys (Figs. 35A and 38A). 

Very occasionally, positive cells were also detected in the loose 

mesenchyme, although the majority of mesenchymal cells were 

negative. The intensity of WT-1 staining increased in the proximal limbs 

of S-shaped bodies (Fig. 35A) with the highest levels in immature 

glomerular podocytes (Fig. 35A and B). This pattern persisted and 

glomerular podocytes were the only site of WT-1 expression in the 

mature kidney (data not shown). Nuclear WT-1 protein was not detected 

in the ureteric bud or its derivatives although weak immunoreactivity was 

sometimes observed in the cytoplasm of cells in the ureteric bud (Fig.

38A). The intensity of this staining was similar to control sections (not 

shown) and it may therefore reflect a failure to quench background levels 

of endogenous peroxidase or endogeous biotin within the tissues.
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Dysplastic kidneys

(Preterm n = 10; Postnatal n = 12)

In dysplastic kidneys, WT-1 protein was detected in 10 - 80% of the cells 

in the fibromuscular collarettes and undifferentiated cells around 

malformed tubules (Figs. 35C and D, and 38C). The protein appeared to 

be localised in the nucleus and the intensity of staining was similar to 

that observed in the early stages of nephron formation but less than in 

glomerular podocytes (Fig. 35A and B). WT-1 immunoreactivity, above 

control levels, was not found in dysplastic epithelia.

BCL-2

Immunohistochemistry for BCL-2 was performed using a commercially 

available antibody (Dako, M887) as described in the Materials section of 

this thesis. The specificity of the antibody was determined by Western 

blotting (Fig. 36). A single band of around 30 kD was detected in all of 

the samples examined, which was not seen when the primary antibody 

was omitted.

Normal kidneys

(Preterm n = 12; Postnatal n = 16)

The BCL-2 protein, in common with PAX-2, was not expressed in 

uninduced renal mesenchyme but became upregulated as the 

mesenchyme condensed around ureteric bud tips (Fig. 37A to C). In 

contrast with PAX-2, however, it was rapidly down regulated in the 

comma and S-shaped bodies where it could only be detected in the 

epithelia of developing glomeruli. It was also detected in the descending 

loops of Henie (Fig. 37A). BCL-2 immunoreactivity was not seen in the 

ureteric bud or any of its derivatives at any stage of development (Fig. 

37A to C). In the mature kidney, very little BCL-2 protein was detected 

although some cells in Bowman’s capsule did have weak 

immunoreactivity (Fig. 37D). Positive immunostaining was never seen in 

the control sections.
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Dysplastic kidneys

(Preterm n = 10; Postnatal n = 12)

BCL-2 protein was consistently detected in the epithelia of dysplastic 

kidneys. The majority of the cells in the dysplastic tubules (Figs. 37E 

and F, and 38D) and dysplastic cysts (Fig. 37F) were positive for BCL-2 

immunoreactivity. This positivity was confined to the cytoplasm and cell 

membranes (Fig. 38D), although it was difficult to define the exact 

subcellular localisation on conventional light microscopy. BCL-2 

expression was not downregulated postnatally in dysplastic tubules. 

Both the collarettes immediately surrounding the dysplastic tubules / 

cysts and the more distant poorly differentiated cells were negative for 

BCL-2 protein (Figs. 37E and F, and 38D). Metaplastic cartilage was 

negative for BCL-2. These results represent an ectopic expression 

pattern for BCL-2 since dysplastic tubules are reported to be derived 

from the ureteric bud (Potter, 1972), a lineage which does not normally 

express BCL-2.
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Figure 34. Western blot of W T-1. A ll lanes were probed with the 

rabbit polyclonal anti-WT-1 antibody used for immunohistochemistry 

(Figs. 35 and 38). Negative controls, in which the antibody was omitted, 

are completely clear. Sizes correspond to bands in rainbow marker lanes. 

Two bands o f around 46 and 48 kD, are seen in the majority o f the 

specimens which correspond to the expected size o f the two most 

prevalent WT-1 isoforms. Lanes 1) to 3) contain extracts from postnatal 

dysplastic kidneys. An abnormal, larger band is seen in lane 3) which 

raises the possibility o f either increased glycosylation, differential 

splicing or a mutation. Lanes 4) and 5) are from a W ilm s’ tumour: lane 

4) is from a grossly normal part o f the tissue and lane 5) from the tumour.
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ormal and dysplastic kidneys. Light photoFigure 35. WT-1 in normal and dysplastic kidneys. Light photomicrographs of

WT-1 immunohistochemistry counterstained with methyl green. A) and B) are
sections of a normal fetal kidney whilst C) and D) are postnatal dysplastic kidneys.
A) and B) illustrate the gradient of WT-1 immunoreactivity: cells in the condensates
(cm) and vesicles are weakly positive for WT-1, expression increases in the
proximal limb of the S-shaped body (arrowheads in A) and glomerular (g)
podocytes have intense WT-1 staining (arrowheads in B). C) and D) Undilated
dysplastic tubules (t) and mildly dilated dysplastic tubules and cysts (d) do not stain
significantly with the WT-1 antibody, but WT-1 protein is detected in surrounding
cells in the fibromuscular collarettes (c) and loosely arranged cells (I). Bar
corresponds to 20 pm in A), 10 pm in B) and 50 pm in C) and D).
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Figure 36. Western blot of BCL-2. A ll lanes were probed with the 

mouse monoclonal anti-BCL-2 antibody used for immunohistochemistry 

(Figs 37 and 38). Negative controls, in which the antibody was omitted, 

are completely clear. Sizes correspond to bands in rainbow marker 

lanes. A single band o f 28 kD, corresponding to the expected size o f the 

BCL-2 protein, is seen in all o f the lanes. Lanes 1), 2) and 3) contain 

extracts from postnatal dysplastic kidneys. Lane 4) is from a fragment 

o f grossly normal tissue adjacent to a W ilm s’ tumour and lane 5) is from 

the tumour. Levels o f BCL-2 protein appear to be much higher in the 

dysplastic samples.
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Figure 37. BCL-2 in normal and dysplastic kidneys. Light photomicrographs 
of BCL-2 immunohistochemistry counterstained with methyl green. A) to D) are 
from a normal 10 week gestation human kidney, whilst E) and F) are postnatal 
dysplastic kidney s. Control sections are completely negative. A) and B) show 
BCL-2 in the condensed mesenchyme (cm), but not in the loose mesenchyme 
(Im) or the ureteric bud (u). Note that the developing loops of HenIe (arrows) are 
also positive. C) is a higher power view of the outer cortex showing that BCL-2 
is downregulated in the S-shaped body of the developing nephron. D) shows 
faint BCL-2 staining in Bowman's capsule of the developing glomeruli. E) and F) 
show that dysplastic epithelia stain intensely for BCL-2, both in areas containing 
numerous small tubules (t) and in mildly dilated tubules / cysts (d). The 
fibromuscular collarettes (c) and loosely arranged cells (I) are negative. Bar 
corresponds to 50 pm in A), E) and F), 20 pm in B) and D), and 10 pm in C).
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Figure 38. Comparison between WT-1 and BCL-2 in normal and 

dysplastic kidneys. Light photomicrographs of immunohistochemistry 

for WT-1 in A) and 0) compared to BCL-2 in B) and D). All sections are 

counterstained with methyl green. A) and B) are sections of normal 

human fetal kidney and 0) and D) are postnatal dysplastic kidneys. A) 

and B) demonstrate that both proteins are expressed in the condensing 

mesenchyme (m) around the ureteric bud (u). Note, however, that 

WT-1 staining is nuclear whereas BCL-2 appears cytoplasmic.

C) shows that WT-1 is found in cells (arrowheads) in the mesenchyme

like areas (m) around dysplastic epithelia (d), but the epithelial cells are 

negative (arrows). D) In contrast BCL-2 is detected in virtually all of the 

epithelial cells, but none of the cells in mesenchyme-like areas. Bar 

corresponds to 20 pm in D and 10 pm in all other sections.
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Galectin-3

Immunohistochemistry for galectin-3 was performed using the rabbit 

poiyclonal antibody described in the Materials section of this thesis. The 

specificity of the antibody was confirmed by Western blotting. Human 

galectin-3 protein has a predicted size of 33 kD and a single band of this 

size was detected in a 10 week gestation normal human fetal kidney 

(Fig. 39 lane 1), cartilage from the same fetus (Fig. 39 lane 2) and in 

three postnatal dysplastic kidneys (Fig. 39 lanes 3 to 5). Canine 

galectin-3 is larger than the human protein and a 42 kD band was seen 

in protein extracted from MDOK cells. No signal was detected when the 

primary antibody was omitted or the samples were pre-incubated with 

excess galectin-3.

Normal kidneys

(Preterm n = 12; Postnatal n = 16)

Galectin-3 was expressed in both the mesonephros and the 

metanephros from day 42 of gestation, the earliest stage examined. In 

the mesonephros the protein was detected in the mesonephric duct and 

in distal mesonephric tubules (Figs. 40B, and 41B and 0). In these cells, 

immunostaining appeared to be predominantly in the apical domain 

(Figs. 40B and 410), probably in the plasma membrane. The 

paramesonephric duct was devoid of staining (Fig. 410), which contrasts 

with the positive nuclear staining for PAX-2 in both of these ducts (Fig. 

30D). Patchy cytoplasmic staining for galectin-3 was seen in the 

proximal mesonephric tubules using a peroxidase conjugated detection 

system (ABO and DAB) (Fig. 410) but this result was not corroborated 

using immunofluorescence (Fig. 40A), which suggests that it may reflect 

unquenched background peroxidase activity or endogenous biotin in 

these tubules. Mesonephric glomeruli were negative using both 

techniques.
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In the seven week metanephros galectin-3 immunoreactivity was 

detected in the stalk of the ureteric bud, again appearing to be confined 

to the apical plasma membrane (arrowheads in Fig. 41F). At this stage 

the bud had branched 3-4 times and mesenchymal condensates were 

detected around the branch tips (Fig. 41E). A very low level of galectin-3 

immunoreactivity was seen in these condensates (Fig. 41D and F).

At later stages of nephrogenesis, and in the mature kidney, galectin-3 

protein was restricted exclusively to the ureteric bud lineage. Three 

distribution patterns were seen during development, often co-existing in 

the same section (Fig. 43) which may reflect different stages of maturity. 

Firstly, in the nephrogenic cortex, there was a predominantly apical 

distribution in the branching tips of the ureteric bud (Fig. 42B and C) 

which reiterated the apical galectin-3 pattern detected in the 

mesonephric duct and ureteric bud in earlier embryos. Secondly, in the 

sub-cortical region, galectin-3 was expressed in more mature collecting 

duct structures (Fig. 43A to C): some cells in segments fused with 

primitive nephrons had a predominantly apical distribution (open arrows 

in Fig. 43A), whilst in others, galectin-3 immunoreactivity was noted 

inside the epithelial cells (arrows in Fig. 43A and C). Thirdly, the most 

intense signal for galectin-3 was found in medullary and papillary 

collecting ducts where staining appeared to be cytoplasmic as well as in 

the apical, lateral and basal plasma membranes (Fig. 44D to F). No 

significant background staining was seen in samples in which the 

primary antibody had been either omitted (Fig. 42A) or preabsorbed with 

excess galectin-3 (Fig. 44A to C).

In adult kidneys, galectin-3 expression was principally detected in the 

cytoplasm of a subset of cells in the cortex and medulla, with lower levels 

in the nucleus as assessed by serial confocal laser scans at 0.50 |im
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intervals (arrowed cells in Figs. 45A and D, and 46B and D). These cells 

were restricted to the collecting ducts since the tubules co-stained with 

Arachis hypogaea agglutinin, a marker of the distal nephron (Fig. 45A to 

C) (Holthofer etal., 1981). Interestingly, cells which were positive for 

galectin-3 (Fig. 45A) were negative for this lectin (Fig. 45B). Arachis 

hypogaea labels ^-intercalated cells in rabbit collecting ducts (Fejes-Toth 

and Naray-Fejes-Toth, 1991) but it has not been characterised in detail 

in the human. In contrast, band 3, a transmembrane protein, has been 

well characterised in humans and a truncated protein is expressed on 

the basal surface of the hydrogen secreting a-intercalated cells (Wagner 

eta!., 1987). Further double labeling of sections co-localised galectin-3 

and band 3 to the same cells which are therefore likely to be a- 

intercalated cells. The galectin-3 protein was also expressed in the renal 

pelvis and ureter, which are ureteric bud derivatives (not shown).

Dysplastic kidneys

(Preterm n = 10; Postnatal n = 12)

High levels of galectin-3 protein were detected in the epithelia of 

dysplastic kidneys: positive immunostaining was detected in a large 

proportion of dysplastic tubules and over 95% of dysplastic cysts (Fig.

47) in both preterm and postnatal specimens. Similar patterns were 

seen in obstructed and non obstructed systems. In the positive tubules 

and cysts, every epithelial cell expresses galectin-3 and the protein was 

located on the apical surface (Fig. 47B, C and E). Galectin-3 

immunoreactivity was also detected in the nuclei of chondrocytes in 

areas of metaplastic cartilage (Fig. 47D). In one postnatal sample, part 

of the organ contained areas of tubules which looked relatively normal 

(Fig. 47F): an immature apical pattern was seen in some undilated 

tubules in these areas.
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Polycystic kidneys

(Preterm n = 4; Postnatal n = 4)

Cystic epithelia were also universally positive for galectin-3 in both the 

preterm and postnatal polycystic samples examined (Fig. 48). In 

contrast to the dysplastic samples, however, the galectin-3 protein was 

located in the cytoplasm of the epithelial cells in the majority of the cysts 

(Fig. 480 and D). A small subpopulation, representing less than 10% of 

cysts, also had a predominantly apical location (Fig. 48E and F). It was 

not possible to demonstrate convincing nuclear staining in any of these 

samples using serial scanning confocal laser microscopy.
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Figure 39. Western blot of galectin-3. A ll lanes were probed w ith the 

rabbit polyclonal galectin-3 antibody used in immunohistochemistry 

(Figs. 40 to 48). Lane 1) contains protein from a 10 week gestation fetal 

metanephros. Lane 2) is from the lower limb o f the same fetus. Lanes 

3) to 5) are postnatal dysplastic kidneys and lane 6) is M DCK cells. The 

predicted size o f human galectin-3 is 33 kD and a band o f this size is 

detected in all o f the human tissues, whilst a larger band corresponding to 

the larger canine protein, is seen in the M DCK cells. Preincubation o f 

the antibody with galectin-3 protein specifically blocked these bands and 

no signal was detected when the primary antibody was omitted.
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Figure 40. Galectin-3 in the mesonephros. Confocal laser scanning photomicrographs o f galcctin-3 immunohistochemistry 

on sections o f the mesonephros o f a 42 day gestation embryo. A ) is the control in which the galectin-3 antibody was omitted 

and this section shows a mesonephric glomerulus (g) and tubules, the mesonephric duct (arrow) and the paramesonephric duct 

(arrowhead). Note the autofluorescence in the mesonephric tubules. B) shows apical galectin-3 staining in the mesonephric 

duct and some o f the mesonephric tubules. The paramesonephric duct is negative. Bar corresponds to 40 pm in both sections.
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Figure 41. Galectin-3 in early kidney development. Light photomicrographs of 
galectin-3 immunohistochemistry on a 42 day gestation embryo, counterstained 
with methyl green. A) and E) are control sections without the primary antibody.
A) and B) show the mesonephros (ms), metanephros (mt) and gonad (g). C) 
Galectin-3 is detected in a predominantly apical distribution in the mesonephric 
duct (converging arrowheads) and distal tubules of the mesonephros (line of 
arrowheads) which drain into it. The paramesonephric duct (p) is negative.
Patchy galectin-3 immunoreactivity is also noted in the proximal type tubules.
D) shows the whole of the metanephros whilst E) and F) show higher power views 
of the ureteric bud branch tips (open arrows), ureteric bud stalk (closed arrow) and 
condensates (c). Galectin-3 is again detected in a predominantly apical 
distribution, at this early stage of metanephric development, in the central ureteric 
bud (arrowheads). Condensing mesenchyme also appears weakly positive. Bar 
corresponds to 200 pm in A) and B), 30 pm in 0), E) and F), and 80 pm in D).
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Figure 42. Galectin-3 in the nephrogenic cortex during development. Confocal laser scanning photomicrographs o f 

galectin-3 immunohistochemistry on kidney sections from a 20 week gestation fetus. A) is the control section in which the 

galectin-3 antibody was omitted. The outer edge o f the cortex is seen in the bottom left o f the picture (*). Note intense 

autofluorescence o f nucleated red cells and weak autofluorescence o f the epithelia, including ureteric bud branches (u).

B) and C) show a predominantly apical galectin-3 distribution (arrowheads) in the tips o f ureteric bud branches.

Bar corresponds to 30 pm in A) and B), and 10 pm in C).
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Figure 43. Galectin-3 in the cortex and medulla during development. Light photomicrographs of galectin-3 immunohistochemistry 
in a mid gestation kidney, counterstained with methyl green. A) to D) Progressively deeper areas, from the outer cortex to the medulla. 
A) Apical galectin-3 staining is detected (open arrows) in the ureteric bud where it fuses with the nephron (n) with coexistent cytoplasmic 
/ nuclear protein distribution (black arrows) in specific cells deeper in the cortex. Some nearby proximal tubules show background 
peroxidase staining. B) and C) show further cells with diffuse galectin-3 staining, often in close proximity to the glomeruli (g). D) shows 
strongly positive collecting ducts in the medulla (see also Fig 44). Bar corresponds to 40 pm in A), 100 pm in B) and D), and 20 pm in C).



Figure 44. Galectin-3 in the medulla during development. Confocal 

laser scanning photomicrographs o f galectin-3 immunohistochemistry on 

kidney sections from a 20 week gestation fetus. A) to C) are control 

sections in which the galectin-3 antibody was preincubated with excess 

galectin-3 protein. Weak background autofluorescence is seen in many o f 

the tubules with intense autofluorescence in nucleated red cells. In D) to 

F) intense galectin-3 immunoreactivity is detected in the large collecting 

ducts. The protein is located in the cytoplasm as well as in apical, lateral 

and basal plasma membranes. Bar corresponds to 15 pm in C) and F), and 

80 pm in all other sections.
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Figure 45. Galectin-3 in the mature cortex. Confocal laser scanning 

photomicrographs o f double labeled kidney sections from mature cortex.

A ) to C) are the same section stained for galectin-3 (A), Arachis hypogaea 

(B) and a combined image (C) w ith galectin-3 in green and Arachis hypogaea 

in red. The positive labeling with Arachis hypogaea identifies the main 

tubule seen in this section as a collecting duct. A  sub-population o f cells in 

this collecting duct are positive for galectin-3 (arrowed in all) and do not bind 

Arachis hypogaea. D) to F) are the same section through a postnatal cortical 

collecting duct co-stained w ith galectin-3 (D), band 3 (E) or both o f these 

images combined (F) w ith galectin-3 in green and band 3 in red.

D) Cytoplasmic / nuclear galectin-3 is seen in two o f the cells (arrowed) in a 

transverse section o f a collecting duct. E) The same cells are positive for 

band 3 on the basolateral surface which identifies them as a-intercalated 

cells. Bar corresponds to 40 pm in A) to C), and 15 pm in D) to F).
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Figure 46. Galectin-3 in the mature medulla. Confocal laser scanning 

photomicrographs o f galectin-3 immunohistochemistry on sections o f 

mature renal medulla. The primary antibody was omitted in A) which is the 

control section for B) and the primary antibody was pre-absorbed with 

excess galectin-3 protein in C), the control section for D). Both o f these 

controls are completely negative. B) and D) show collecting ducts (c) 

containing a subset o f eells which are galectin-3 positive (arrowed). The 

protein is mainly seen in the cytoplasm with additional weak nuclear 

staining. Bar corresponds to 80 pm in A) and B); and 15pm in C) and D).
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Figure 47. Galectin-3 in dysplastic kidneys. Confocal laser scanning 

photomicrographs o f galectin-3 immunohistochemistry on sections o f postnatal 

dysplastic kidneys. A ) is a control section with galectin-3 antibody omitted. B), C) 

and E) show dysplastic tubules (d) and cysts (cy) w ith apical galectin-3 protein 

(arrowheads). D) metaplastic cartilage (ca) contains cells which are positive for 

galectin-3 (arrowed). F) shows an area o f more differentiated tubules: note that one 

tubule has a mature cytoplasmic and nuclear galectin-3 pattern restricted to a subset 

o f cells (arrowed), whereas the adjacent undilated tubule has an apical phenotype 

(arrowhead). Bars correspond to 20 pm in D) and 40 pm in all other sections.

207



Figure 48. Galectin-3 in autosomal recessive polycystic kidneys.

Confocal laser scanning photomicrographs o f galectin-3 immuno

histochemistry on autosomal recessive polycystic kidney sections from 

a mid gestation fetus in A) to D) and a child in E) and F). A) and B) 

are control sections corresponding to C) and D) respectively. 

Significant immunostaining is not seen in these controls. C) and D) 

demonstrate strong cytoplasmic galectin-3 staining w ithin cyst (cy) 

epithelia (arrows). E) and F) show that postnatal epithelia also express 

galectin-3 with a rai'e, predominantly apical galectin-3 phenotype 

(arrowheads) in some cells. Nuclear staining is not detected in cystic 

epithelia. Bars correspond to 80 pm.
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Summary of PAX-2, WT-1, BCL-2 and galectin-3 

distribution

In normal kidneys PAX-2 and BCL-2 were expressed in early nephron 

precursors and PAX-2 was also detected in ampullae of the ureteric bud. 

Both of these molecules were downregulated as the kidney matured. 

WT-1 protein was detected at low levels in mesenchymal condensates 

and expression levels increased to their peak in glomerular podocytes, 

which were the only site of expression in adult kidneys. Galectin-3 

expression was almost exclusively confined to the ureteric bud and its 

derivatives but its subcellular distribution changed as this lineage 

matured. The expression pattern was apical in ampullae of the ureteric 

bud and cytoplasmic in a-intercalated cells in adult collecting ducts, with 

an intermediate phase of cytoplasmic / membranous distribution in 

maturing subcortical and medullary collecting ducts.

In dysplastic kidneys, PAX-2, BCL-2 and galectin-3 were all strongly 

expressed in dysplastic tubules and cyst epithelia. The galectin-3 protein 

was detected in the apical plasma membrane which is similar to its 

distribution pattern in the ureteric bud. This protein was also strongly 

expressed in a cytoplasmic / membranous location in polycystic epithelia. 

WT-1 protein was not detected in dysplastic epithelia, but was found in 

adjacent fibromuscular collarettes and more distant loosely packed cells. 

These results are summarised in Table 9 below.
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Normal kidneys

Undifferentiated mesenchyme - - - -

Mesenchymal condensates and ++ ++ + rare +

vesicles

S-shaped bodies ++ + + -

Glomerular podocytes - - ++ -

Tips of ureteric bud (ampullae) ++ - - +

Immature collecting ducts + - - ++

Mature collecting ducts rare + - - +

Dysplastic kidneys (pre and postnatal)

Dysplastic tubules ++ ++ - ++

Cyst epithelium ++ ++ - ++

‘Fibromuscular collarettes' - - + -

Loose cells - - + -

Polycystic kidneys (pre and postnatal)

Cyst epithelium na na na ++

Cells adjacent to cysts na na na -

Undilated tubules na na na +

Cells around tubules na na na -

Table 9. PAX-2, WT-1, BCL-2 and galectin-3 distribution.

This table describes the patterns of protein distribution in normal, 

dysplastic and polycystic kidneys. Indicates no staining, ‘rare +’ 

indicates that less than 10% of cells showed positive immunostaining 

and ‘+’ to '++’ indicates increasing levels and / or intensity of staining. 

PAX-2, BCL-2 and WT-1 distribution were not assessed in polycystic 

samples (na).
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Chapter 10. Results

Culture of cells from dysplastic kidneys

Culture of animal cells is a well established technique (Freshney, 1987) 

but there have not been any previous reports describing culture of cells 

from dysplastic kidneys.

Primary culture

The first experiment aimed to grow cells from one dysplastic kidney in 

order to determine whether it was technically possible to establish them 

in primary culture. A sample of the dysplastic kidney was divided into 

small blocks, seeded onto 4 well chamber slides and cultured, as 

described in the Methods section of this thesis. Initially, the cells grew 

slowly and were confined to the areas close to tissue fragments. Next, 

the cells appeared to grow away from the tissue in streams and spread 

throughout the well. This stage lasted for a few days, and in the third 

stage the number of cells increased quickly in all areas of the slide. The 

cells were not allowed to become confluent, and in this initial experiment 

the cells were fixed in 4% RFA and stained for cytokeratin and vimentin 

(Fig. 49).

The dysplastic cells in this primary culture had an irregular multipolar 

outline similar to fibroblastic cells (Fig. 49C to F). Occasional long 

processes were also seen (Fig. 49F). Cells with an epithelial phenotype 

were not detected. The cells were universally positive for both vimentin 

and cytokeratin (Fig. 490 to F). Interestingly, WT-1 was also detected in 

the majority of the cells and it appeared to be confined to specific sites in 

the nucleus, which may be spliceosomes (Larsson etal., 1995).
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Extended culture and transduction

Tissue samples from two further dysplastic kidneys were cultured and 

used for transduction experiments. They were prepared as described 

above and initially grown in 9 cm petri dishes. The same phases of 

growth were seen in these larger plates, although cells from the first 

sample (designated PW1) grew more slowly than cells from the second 

sample (designated PW2).

The samples were passaged once, just before they reached 

confluence, and different phenotypes were observed. The PW1 cells 

had a ‘fibroblastic’ or ‘mesenchymal’ appearance (Fig. 50C to F), 

similar to the cells in the primary culture described above, whereas the 

PW2 cells were more cuboidal and formed a cobblestone appearance 

as they approached confluence. These latter cells, therefore, had 

more of an epithelial appearance (Fig. 51C to F) and interestingly they 

formed elongated branching tubule like structures as the cultures 

approached confluence (Fig. 51D).

After one passage, the cells were transferred to the level 3 biosafety 

laboratory at the Ludwig Institute, UCLMS, where transduction of the 

cells with the retroviral construct was carried out by Dr Mike O’Hare. 

The cells were then transferred back after positive selection using G- 

418 (0.5 g / 1) and testing of the supernatant to ensure that they did not 

contain replication competent retroviruses. They were then cultured 

and passaged once at the permissive temperature of 33°C without any 

signs of either senescence or ‘ blast crisis’. The phenotypes of the cell 

types were unchanged with ‘fibroblastic’ PW1 cells and ‘epithelioid’ 

PW2 cells (Figs. 50F and 51F).
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Expression of the SV40 large T antigen was assessed by Western 

blotting of protein extracted from the cultured cells (Fig. 51). Both cell 

lines produced this protein at the permissive culture temperature of 

33°C (Fig. 52 lane 1 and 2) and non permissive temperature of 39°C 

(Fig. 52 lane 3 and 4). The large I  protein is said to undergo a 

conformational change at 39°C which prevents its effects, but the 

antibody used in this experiment does not distinguish between the 

different forms (personal communication -  Dr Parmjit Jat, UCLMS). 

Interestingly, both cell types also produced the galectin-3 protein (Fig. 

51). Levels of galectin-3 protein appeared higher in the ‘epithelioid’ 

PW2 cells (Fig. 52 lanes 2 and 4) which is consistent with my finding 

that galectin-3 was expressed predominantly by epithelial cells in the 

kidney.

Summary of cell culture experiments
These preliminary experiments demonstrated that it is feasible to 

culture cells from dysplastic kidneys and that they continued to grow 

after one passage. Cells with a fibroblastic (2) and epithelial 

phenotype (1) were generated in these experiments. These 

phenotypes were maintained after transduction of the cells with a 

retrovirus which may lead to conditional immortalisation of the cells via 

a temperature sensitive SV40 large T antigen system. This protein 

was definitely expressed, along with galectin-3, by the cells after 

transduction but it is too early to say whether it will be possible to 

establish long term cultures of these cells. Culture and assessment of 

these cells is, however, an important part of the planned experiments 

in Further work which is described later in this thesis.
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Figure 49. Primary culture of ceils from a dysplastic kidney. Light 

photomicrograph o f dysplastic upper pole (A ) and confocal laser scanning 

photomicrographs o f cells cultured from it (B to I). A ) Shows the histology o f 

the kidney with a dysplastic tubule (d) and loose mesenchyme (1). Note the 

inflammatory infiltrate. B) Control section, without the primary antibody, 

shows little background autofluorescence. C) and D) are stained for pan- 

cytokeratin and E) and F) for vimentin. C) and E) are counterstained with 

propidium iodide in red. The cells have elongated processes and a 

mesenchymal appearance. G) to I) are the same cells stained for WT-1 (G), 

w ith propidium iodide (H) and a combined image (I). The nuclei have punctate 

WT-1 staining, which may be in the spliceosomes. Bar corresponds to 500 pm 

in A), 40 pm in B), C) and E), 20 pm in D) and F), and 6 pm in G) to I).
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Figure 50. Primary culture and transduction of cells from a 
dysplastic kidney (PW1). Light photomicrograph of dysplastic kidney 
and dysplastic cells which were designated as sample PW1. A) and B) 
Haematoxylin and eosin stained section of a dysplastic kidney with 
multiple cysts removed at 6 months of age. Note the dysplastic tubules 
(d) and abundant surrounding loose mesenchyme (I) and fibrous tissue. 
All of the remaining sections show cells which were cultured from a 
fragment of this kidney: C) to E) are primary cultures and F) is after 
transduction with the retroviral construct. The cells have a 
mesenchymal appearance with elongated processes, which appears 
unchanged after transduction. Bar corresponds to 500 pm in A) and B), 
100 pm in C), 50 pm in D) and 30 pm in E) and F).
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Figure 51. Primary cuiture and transduction of cells from a 
dysplastic kidney (PW2). Light photomicrograph of dysplastic kidney 
and dysplastic cells which were designated as sample PW2. A) and B) 
Haematoxylin and eosin stained section of a dysplastic kidney removed 
at 7 months of age. Note the dysplastic tubules, loose mesenchyme 
and cartilage. All of the remaining sections show cells which were 
cultured from a fragment of this kidney. C) to E) are primary cultures 
and F) is after transduction with the retroviral construct. The cells have 
an epithelial phenotype and form a cobblestone pattern when 
approaching confluence. Note the tubule like structures, shown in D), 
which formed in some areas of the culture. Bar corresponds to 500 pm 
in A) and B), 100 pm in C) and 50 pm in D) to F).
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Figure 52. Western blot for large T  antigen and galectin-3 in 

dysplastic cells. Composite Western blot o f protein extracted from 

dysplastic cells (after transduction) probed with antibodies raised 

against the large T-antigen (upper panel) and galectin-3 (lower panel). 

Lanes 1) and 3) are from sample PWl shown in Fig. 50 and lanes 2) 

and 4) are from sample PW2 shown in Fig. 51. Lanes 1) and 2) 

contain protein from cells cultured at the permissive temperature o f 

33^C and lanes 3) and 4) contain protein from cells cultured at the non 

permissive temperature o f 39^C. Negative controls, in which the 

antibody was omitted, were completely clear. Sizes correspond to 

bands in rainbow marker lanes. The large T antigen is present in all 

o f the lanes which confirms that the cells have been transduced. The 

antibody used here cannot, however, distinguish between active and 

inactive forms o f this protein. Galectin-3 is also present in all o f the 

samples, although there appears to be more protein in the epithelial 

sample (PW2) shown in lanes 2) and 4).
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Chapter 11. Discussion
Renal dysplasia is the commonest single cause of chronic renal failure 

in children under five years of age (Warady et al., 1997). The anatomy 

of dysplastic kidneys has been extensively reported (Bialestock, 1964; 

Bernstein, 1971; Risdon, 1971; Potter, 1972) and it has been 

hypothesised that renal dysplasia represents failure of normal 

development. This hypothesis is largely based on the histological 

resemblance between fetal and dysplastic structures, such as the 

ureteric bud and dysplastic tubules, and the microdissection studies of 

Osathanondh and Potter (Potter, 1972) which revealed that dysplastic 

epithelia were malformed branches of the ureteric bud. There is, 

however, little molecular evidence to support this view since very few 

studies have examined the cell biology of these malformations. The 

experiments described in this thesis were therefore designed to test 

this hypothesis by comparing the molecular biology of human 

dysplastic with normal developing and mature kidneys. Most of the 

data reported in this thesis has been published in a series of articles 

(Winyard et a!., 1996a and b, and 1997) which are bound into the back 

of this thesis.

The spectrum of dysplastic kidneys
In the pathology textbooks, multicystic dysplastic kidneys are said to be 

completely non functional, have large cysts and be connected to an 

atretic, or completely obstructed, ureter. Cystic dysplastic kidneys, on 

the other hand, may have some function and are reported to have 

smaller cysts usually connect to a patent urinary tract. These 

correlations were not observed, however, in either the prenatal or 

postnatal dysplastic kidneys which were examined during this thesis: 

some function was found on radioisotope imaging in nearly all of the 

postnatal samples, cysts were found in most specimens ranging from a 

few small cysts to numerous massive cysts and there was not a
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consistent relationship between ureteric or lower urinary tract 

obstruction and either cyst size or number. Moreover, as discussed 

above, the patterns of proliferation, apoptosis and gene expression 

were similar in all of the cystic kidneys, irrespective of cyst size. It is 

therefore likely that multicystic dysplastic and cystic dysplastic kidneys 

are not distinct entities, but form part of a spectrum of dysplasia.

Intermediate filament staining and iectin binding in 

dysplastic kidneys
The majority of cells in the normal adult kidney are derived from two 

cell lineages during nephrogenesis: the ureteric bud gives rise to the 

collecting ducts and uroepithelium whilst the metanephric mesenchyme 

gives rise to the nephrons and stromal tissue. Specific intermediate 

filament proteins and lectin binding characteristics have been 

described in the normal development of these two lineages (Holthofer 

et al., 1984; Oosterwijk et al., 1990) and these were examined in 

dysplastic kidneys during this thesis.

Epithelial cells in dysplastic tubules were positive for both cytokeratin 

and vimentin intermediate filament proteins whereas cyst epithelia 

were positive for cytokeratin alone. The latter observation is consistent 

with epithelial differentiation in the normal developing kidney since 

Holthofer and colleagues (1984) and Oosterwijk and colleagues (1990) 

described cytokeratin expression in epithelia of the ureteric bud 

lineage, and developing nephrons from the renal vesicle. The 

additional vimentin expression in dysplastic tubules is harder to explain 

since vimentin was mainly detected in cytokeratin negative uninduced 

metanephric mesenchyme and developing podocytes in these studies. 

Qiao and colleagues (1995) demonstrated that cells derived from the 

vimentin positive metanephric blastema may contribute to the 

collecting system but the percentage of mesenchymally derived cells
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was small. Transient expression of both vimentin and cytokeratin has, 

however, been reported in the collecting ducts and double positivity has 

also been described in renal tumours (Droz etal., 1990). In addition, 

tubules regenerating after acute tubular necrosis have been reported to 

express vimentin (Witzgal etal., 1994).

Most dysplastic tubules were positive for Arachis hypogaea agglutinin 

staining but a minority either bound Tetragonolobus purpureas, or were 

negative for both markers. The majority of dysplastic cysts were also 

positive for Arachis hypogaea binding, and Tetragonolobus purpureas 

staining was not seen. None of the tubules or cysts were positive for both 

agglutinins. These results are broadly similar to a limited study of lectin 

staining in three fetal multicystic dysplastic kidneys by Matsell and 

colleagues (1996). It may therefore appear that most dysplastic tubules 

and cysts have a ureteric bud origin while a few have a proximal tubule 

origin. It must be borne in mind, however, that these agglutinins bind to 

specific glycoproteins which have been well characterised in the adult 

kidney but not the developing kidney. For example, Arachis hypogaea 

binds to p-gal(1-3) GalNac which has been described in mature distal 

tubules and collecting ducts (Holthofer etal., 1981), but this glycoprotein 

has also been reported in proximal tubules at 10 and 13 weeks of 

gestation (Hanioka et al., 1990). It is therefore difficult to draw any 

conclusions about cell lineage from the lectin binding data since the 

aberrant differentiation postulated to underlie dysplastic development 

may perturb the expression of ‘mature’ segment markers.

The cells surrounding dysplastic tubules and cysts expressed vimentin 

and a-smooth muscle actin, but were negative for cytokeratin in both 

antenatal and post natal dysplastic kidneys. Similar findings were 

reported recently in antenatal specimens of multicystic dysplastic kidneys 

(Matsell etal., 1996) and in antenatal samples associated with
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obstructive uropathy (Daikha-Dahmane et al., 1997). Alpha-smooth 

muscle actin was also detected in vessel walls, along with endothelial 

staining for von Willebrand factor and binding of Ulex europaeus 

agglutinin. Interestingly, the main renal arteries and veins connected 

to dysplastic kidneys were often abnormally small and tortuous but no 

difference was found between the labeling pattern of small vessels in 

normal and dysplastic kidneys (data not shown).

The evidence supporting the origin of dysplastic cells from either 

ureteric bud or mesenchymal lineages is therefore unclear since 

atypical intermediate filament protein and lectin biding patterns are 

seen in both tubules and cysts and the surrounding cells. One 

possible explanation for these findings would be de-differentiation of 

dysplastic cells leading to expression of misleading lineage markers. 

Alternatively, both lineages may both contribute to the development of 

dysplastic structures in a similar fashion to the mesenchymal 

contribution to developing collecting ducts and ureteric bud contribution 

to nephrons described by Qiao and colleagues using ‘tagged’ cells in 

murine organ culture (1995).

Further characterisation of dysplastic kidneys is therefore required 

before more definitive statements can be made about cell lineages.

For example, specific cytokeratins such as cytokeratin 8 and 18 or 

cytokeratin 19 have been described in normal epithelial development 

(Oosterwijk et a!., 1990), whilst other intermediate filaments such as 

desmin could be used as mesenchymal markers. Further studies are 

also required to determine glycoprotein expression in normal early 

nephrogenesis in order to interpret the agglutinin binding results in 

dysplastic kidneys.
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Apoptosis
Apoptosis had been described in a number of developmental and 

pathological contexts but it had not been assessed in the developing 

human kidney, or in dysplastic kidneys, until this study (Winyard et al., 

1996a).

Normal kidneys

In normal human fetal kidneys apoptosis was detected in two main 

areas, the nephrogenic cortex and the medulla. It was rare in the 

intermediate zone consisting of relatively mature nephrons. This 

distribution pattern is similar to that described by Coles and colleagues 

(1993) in perfusion-fixed kidneys from the rat where the commonest 

sites for apoptosis were the nephrogenic region and medullary 

papillae. It has been postulated that apoptotic cell death during 

development provides a mechanism by which the number, position or 

proportion of different cell types can be balanced (Jacobson at a/., 

1997). For example, neurons which fail to develop synaptic 

connections die by apoptosis in the developing nervous system (Raff at 

a!., 1993). It is therefore possible that apoptosis in the comma and S- 

shaped bodies controls the number of cells which will constitute the 

nephron and facilitates its morphogenesis. Similarly, apoptosis may 

allow regression of the first generations of nephrons and remodeling of 

the collecting system in the medulla, a process which was reported by 

both Kampmeier and Potter (See Figs. 5 and 6) many years before 

apoptosis was defined by Kerr and colleagues (1972).

Isolated metanephric mesenchyme can be rescued from apoptosis in 

organ culture by both EGF (Koseki at a/., 1992) and FGF-2 (Perantoni 

at a/., 1995), whilst HGF increases survival of renal mesenchymal cells 

in serum-free organ culture (Woolf at a/., 1995). The significance of 

these observations is unclear, however, since I detected minimal
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apoptosis in uninduced mesenchyme but a high level of apoptosis in 

early nephron precursors In normal human kidneys. Interestingly, 

Coles found that the level of apoptosis could be reduced in the 

neonatal rat kidney by administration of EGF and it may be that a 

localised lack of growth factors causes the apoptosis seen in normal 

development. Aberrations of various growth factors including EGF, 

HGF and IGFs have also been implicated in dysplastic and polycystic 

kidneys, as described below.

A low level of apoptosis was found in the tubular epithelia of normal 

sections of postnatal kidney tissue adjacent to Wilms’ tumours. 

Apoptosis was never observed in glomeruli or interstitial cells in these 

sections. It could be argued, quite correctly, that these are not ‘normal’ 

samples but it is very difficult to obtain completely normal postnatal 

kidneys and several steps were taken to ensure that confounding 

issues which may have affected the levels of apoptosis were 

minimised. Firstly, all of the samples came from newly diagnosed 

patients in which the majority of WT-1 mutations had been excluded. 

Secondly, in other studies I performed which are not reported in this 

thesis, the effects of anaesthetic drugs and surgery were simulated in 

mice (Winyard et a/., 1996a) and no differences were seen between 

kidneys which were removed either immediately after cervical 

dislocation, or after anaesthesia with clamping of the renal artery for 10 

minutes. And, thirdly, the effects of a delay in fixing the specimens 

were assessed by comparing kidneys from mice which were processed 

immediately after death or following storage for 24 hours at 4°C; a 

statistically significant difference in the level of apoptosis was not 

detected (Winyard etal., 1996a). Moreover, review of the literature 

shows that apoptosis does not occur during acute renal ischaemia, 

although it can be generated by reperfusion (Schumer et a!., 1992; 

Fuerstenberg et a/., 1993) which was not a factor in any of these
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human samples. It is therefore likely that the low levels of apoptosis 

which were detected in the ‘normal’ postnatal kidneys examined in this 

study are not artefactual.

Apoptosis has also been described in pathological conditions, such as 

giomerulonephritis, in the adult kidney (Savill et a/., 1992). In this 

context, apoptosis is postulated to be beneficial since there is swift 

phagocytic clearance of intact cells which may protect the tissues from 

further damage. In other conditions, such as polycystic kidney 

disease, however, apoptosis has been implicated in the destruction of 

normal tissues and progression of renal failure (Woo, 1995). The site 

and extent of apoptosis are, however, different in these pathological 

conditions and the normal kidneys reported above.

Dysplastic kidneys

I found that apoptotic cell death was increased in both pre- and 

postnatal dysplastic kidneys when compared to normal kidneys of 

similar age. The highest levels of apoptosis were detected in loosely- 

arranged cells distant from cysts and tubules. Apoptosis was rare in 

fibromuscular collarettes and even rarer in tubule or cyst epithelia. 

These results have been corroborated by a recent study which 

examined apoptosis in the dysplastic upper poles of duplex kidneys 

removed during childhood (Granata at a/., 1997): apoptosis was 

reported at low levels of 1 - 2 cells per 25 high power fields in the 

tubules and at a higher level of 5 - 8 cells per 25 high power fields in 

the mesenchyme. In the absence of compensatory high levels of 

proliferation (see below), the high levels of apoptosis detected in poorly 

differentiated areas between dysplastic tubules and cysts is likely to 

lead to a reduction in the number of cells in these areas. This may be 

one of the molecular mechanisms underlying the well documented 

spontaneous involution of dysplastic kidneys (Dungan at al., 1990; 

Mesrobian at al., 1993; Al-Khaldi at a/., 1994) and Fig. 8 of this thesis.
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DNA laddering was only found in two of the three dysplastic kidneys 

examined, a somewhat surprising result since apoptosis was detected 

histologically in all of these samples. One possible explanation for this 

finding is that it has been reported that DNA is sometimes broken down 

into large fragments during apoptosis which cannot be visualised by 

the laddering technique (Bortner et al., 1995). Alternatively, the 

fragment used for DNA extraction may have contained levels of 

apoptosis which were too low to detect by this technique since 

apoptosis was sometimes patchy within the samples. In future 

experiments, the sensitivity of detection could be increased by end- 

labeling the DNA fragments with a radio-labeled nucleotide and 

detecting the bands by autoradiography (RosI, 1992).

Several of the dysplastic kidneys examined in this thesis drained into 

an obstructed urinary system and experimental obstruction during 

development has been implicated in causing renal dysplasia by some, 

but not all, investigators (Beck, 1971; Berman and Maizels, 1982; 

Steinhardt at a/., 1988). The occurrence of cell death was not, 

however, reported in these studies and I did not find any difference in 

the levels, or sites, of apoptosis between obstructed and non 

obstructed systems in the prenatal samples. Experimental ureteral 

obstruction has been reported to cause increased apoptosis in the 

perinatal and postnatal period (Kennedy eta!., 1994; Truong eta!., 

1996; Chevalier at a/., 1996 ), however, but once again there was no 

correlation between obstruction and apoptosis in my human samples.

In order to investigate the potential link between obstruction and 

dysplasia, our group has recently performed unilateral ureteric 

obstruction in the mid gestation fetal sheep (Attar at a/., 1998). We 

found that there was gross disruption of nephrogenesis with cyst 

formation, particularly glomerular cysts, but metaplastic cartilage was 

not detected. Increased levels of apoptosis were found between the

225



cysts with upregulation of pax-2 and increased proliferation in cyst 

epithelia. Interestingly, these abnormalities were generated after only 

10 days of obstruction whereas obstruction was much more prolonged 

in the human samples examined. This may provide the explanation for 

the lack of benefit observed with many urinary diversion procedures in 

utero (Freedman et a/., 1996) since the normal pattern of 

nephrogenesis would already have been disrupted by the time of the 

procedure. It is also possible to speculate that there may have been 

transient, undetected obstruction in some of the cases which caused 

irreversible perturbation of development but then recovered.

Polycystic kidneys

High levels of apoptosis were also found in samples of polycystic 

kidney disease, both during and after completion of nephrogenesis. 

Seven of the eight samples examined were ARPKD although 

increased apoptosis has also been reported in patients predominantly 

with ADPKD (Woo, 1995). Apoptosis was not simply a non specific 

epiphenomenon of aberrant renal biology, however, since the sites of 

apoptosis were quite distinct in polycystic and dysplastic kidneys.

Apoptotic nuclei were commonly noted in cystic epithelia, a rare site for 

apoptosis in dysplastic kidneys. Apoptosis may have an important role 

in cystogenesis in this context since mice with null mutations of bcl-2 

have fulminant metanephric apoptosis and develop cystic kidneys 

(Veis eta!., 1993; Sorenson etal., 1995).

Increased apoptosis has also been described in conjunction with 

aberrant cell-matrix adhesion in vitro (Frisch and Ruoslahti, 1997) and 

abnormal matrix production has been described in polycystic kidneys in 

vivo (Wilson et a!., 1992). Moreover, polycystin 1, the product of the 

PKD1 gene is believed to be involved in cell-matrix interactions, 

although this may not be directly relevant to most of our samples since
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the gene responsible for ARPKD has not been cloned and its exact 

function is therefore unknown (Zerres etal., 1994).

Epithelial hyperproliferation has been described in polycystic kidneys 

(Grantham, 1992; Nadasdy eta!., 1995) and, although it was not 

formally examined in polycystic samples during this thesis, it is of note 

that apoptotic cells were often observed directly adjacent to heaped up 

layers of proliferating epithelial cells. The underlying cause of 

increased proliferation is unknown although, intriguingly, expression of 

factors such as the proto-oncogene c-myc can cause both proliferation 

and apoptosis in cell culture depending on the concentrations of growth 

factors (Harrington at a!., 1994). In addition, transgenic mice which 

overexpress c-myc develop renal cysts (Trudel at a!., 1991) and 

enhanced expression of c-myc occurs in cpk/cpk mice (Cowley at al., 

1987; Harding at al., 1992). Taken together with the reported 

imbalance of egf in the cpk/cpk mice (Gattone at al., 1990; Horikoshi at 

al., 1991; Richards at al., 1998) and HGF in human polycystic kidney 

diseases (Horie at al., 1994), expression of factors such as C-MYC 

may provide a mechanism for both increased proliferation and 

apoptosis in cyst epithelia.

Pyknotic nuclei were also detected in the interstitial tissue around 

undilated tubules of ARPKD, an area where apoptosis was rarely found 

in normal postnatal kidneys, and in undilated tubules between large 

distal cysts. Destruction of these relatively normal tissues by apoptosis 

may therefore contribute to the destruction of functional renal tissue, 

whilst the cell proliferation described above and reported fluid secretion 

into cysts (Grantham, 1992) may lead to growth in size of the whole 

polycystic kidney.
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Proliferation 

Normal kidneys

The mature adult kidney develops from the metanephros which 

consists of less than a thousand cells at its inception in the fifth week of 

gestation (personal observation). It is not surprising, therefore, that 

there is extensive proliferation in the developing kidney but, 

interestingly, in this study proliferation was confined almost exclusively 

to the outer nephrogenic cortex. This rim of tissue is the site for new 

nephron formation throughout nephrogenesis. PCNA positive cells 

were detected in the branching tips of the ureteric bud, condensing 

mesenchyme and early nephron precursors such as the vesicles, 

comma and S-shaped bodies. PCNA expression was rapidly 

down regulated as the nephrons matured. This expression pattern 

correlated exactly with the distribution of PAX-2 protein and this 

relationship will be discussed later. A low level of proliferation was also 

detected in mature kidneys and this may be balanced by the low level 

of apoptosis.

These results are consistent with reports of PCNA staining in mice 

kidneys (Hanai et a/.,1993) and proliferative activity in normal mature 

human kidneys (Laurent etal., 1988; Nadasdy eta!., 1995).

Dysplastic kidneys

PCNA positive cells were found at high levels in both the tubules and 

cysts in dysplastic kidneys, again correlating with PAX-2 expression 

(see below). This high point prevalence suggests that epithelial cell 

proliferation may be an important part of the biology of dysplastic cyst 

formation, as it is in polycystic cystogenesis (Grantham, 1992;

Nadasdy et a!., 1995). It is interesting, however, that apoptosis was 

much rarer in dysplastic than polycystic cyst epithelia since the same 

size cyst, in terms of cell numbers, could therefore be theoretically
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generated with less proliferation in a dysplastic kidney. Further work is 

required to define whether dysplastic epithelia have an intrinsically 

higher proliferative activity than normal epithelia, or whether the higher 

levels of proliferation are caused by extrinsic factors such as the 

excess or imbalance of growth factors. These questions could be 

addressed by culturing isolated epithelial cells from dysplastic kidneys 

or by dissecting out and culturing intact cyst epithelia.

PAX-2, WT-1, BCL-2 and galectin-3 distribution in 

normai and dyspiastic kidneys

PAX-2

In the metanephros, PAX-2 was detected in the tips of the ureteric bud 

and early nephron precursors, cell populations which are undergoing 

critical morphogenetic events such as mesenchymal / epithelial 

transition and branching morphogenesis. It was then down regulated 

in more mature structures. These expression domains are consistent 

with those reported for mouse pax-2 mRNA (Dressier et al., 1990) and 

protein (Dressier at a/., 1992) and human mRNA (Ecoles et al., 1992).

It was rare to identify nuclei which were positive for PAX-2 in the 

normal kidney in the postnatal period. In contrast, virtually all of the 

tubules and cysts expressed PAX-2 in dysplastic kidneys, both before 

and after birth. The intensity of staining for PAX-2 in these tubules and 

cysts was the highest detected in any of the samples. This finding, in 

conjunction with the report that primary overexpression of PAX-2 

causes cysts in mice kidneys (Dressier et al., 1993), strongly implicates 

PAX-2 in cyst formation in dysplastic kidneys.
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WT-1

The WT-1 protein was first detected in renal condensates and vesicles in 

this study, where staining was faint (Winyard etal., 1996b). This result 

contrasts with another human study where low levels of WT-1 protein 

were detected in the renal mesenchyme but not in vesicles (Mundlos et 

a!., 1993) and a murine study where little protein expression was found in 

condensing renal mesenchyme (Ryan etal., 1995). Different antibodies 

were used in each of these studies: I used an antibody raised against the 

carboxyterminus of WT-1, whereas Mundlos and colleagues used an 

antibody raised against the first alternative spice site of WT-1 and Ryan 

and colleagues used an antibody raised against amino acids 1 -179 of 

mouse wt-1. These differences in expression pattern could possibly be 

attributed to recognition of different isoforms of WT-1 by the different 

antibodies. An alternative explanation is that the staining technique 

which I used is more sensitive since I used heat pre-treatment of the 

sections which reportedly allows ‘antigen unmasking' (Shi etal., 1991). 

This explanation seems more likely because homozygous wt-1 null 

mutant mice have absent kidneys due to lack of induction and 

subsequent apoptosis of renal mesenchyme (Kreidberg etal., 1993) 

which appears to suggest that the low levels of WT-1 protein, which I 

detected in humans at the condensate or vesicle stages, are biologically 

important.

In accord with previous studies (Mundlos etal., 1993; Ryan etal., 1995), I 

observed that the level of WT-1 increased as the S-shaped bodies 

developed, and became restricted to the podocytes in maturing and adult 

glomeruli. This contrasts with dysplastic kidneys, where the WT-1 protein 

was detected in a large proportion of the cells around dysplastic tubules 

and cysts. It was never convincingly demonstrated in dysplastic epithelia.
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BCL-2

The BCL-2 protein was detected in condensing renal mesenchyme and 

early nephron precursors in this study (Winyard et al., 1996b). It was 

then down regulated in the maturing nephrons, aside from faint 

immunoreactivity in the loops of Henle. This result concurs with the 

general descriptions of BCL-2 in human (LeBrun etal., 1993) and 

murine development (Novack and Korsmeyer, 1994). It is also 

consistent with a role for this gene in preventing apoptosis in early 

nephron precursors since bcl-2 null mutant mice are born with 

hypoplastic kidneys and metanephric growth in organ culture is 

restricted due to apoptosis (Sorenson et al., 1995).

BCL-2 expression was not detected in normal mature kidneys. In 

dysplastic kidneys, however, BCL-2 was expressed in the majority of 

tubular epithelial cells and nearly 100% of cells in cystic epithelia. This 

report is consistent with BCL-2 expression described in abstract form 

by a Japanese group (Nagata et al., 1998). This is further evidence 

that dysplastic epithelia express markers / proteins which are not 

normally expressed by the ureteric bud lineage (see Cell lineages in 

dysplastic kidneys above).

Galectin-3

I detected galectin-3 protein in both the mesonephros and 

metanephros in the human (Winyard et al., 1997). Its expression 

domain was confined almost exclusively to the epithelia of the 

mesonephric duct, the ureteric bud and its derivatives. These findings 

are in general accord with, but much more detailed than, a recent 

report of galectin-1 and galectin-3 in the developing human kidney 

published during preparation of this thesis (Van den Brule et al., 1997) 

and a study in rodents which described galectin-3 expression in 

tubules in the late nephrogenic period (Foddy et al., 1990). Our group 

has also shown, in preliminary work, that galectin-3 mRNA is
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detectable from embryonic day 11 and levels of galectin-3 protein peak 

at embryonic day 15 -16 in the developing mouse kidney (Woolf et al.,

1996).

In the mesonephros and branching tips of the ureteric bud, galectin-3 

was detected in the apical plasma membrane. Later in development 

the protein was detected in the cytoplasm and also lateral and basal 

plasma membranes of medullary and papillary collecting duct cells. 

Finally, in mature collecting ducts, galectin-3 was detected in the 

cytoplasm of a-intercalated cells. Theoretically, this distribution pattern 

may not reflect the cells which produce galectin-3 since the protein 

may be secreted (Sato at a!., 1993). If the protein was synthesised 

elsewhere, however, one would have to postulate that it was secreted, 

transported and then relocated to the specific domains described 

above. There is no evidence in favour of this hypothesis and it 

therefore appears more likely that the positive cells produce galectin- 

3. Definitive proof would, however, require In situ hybridisation studies.

In dysplastic kidneys, galectin-3 was markedly upregulated in cyst 

epithelia with virtually every cell expressing galectin-3 in the apical 

plasma membrane. A similar degree of upregulation was seen in 

ARPKD epithelia, although the distribution pattern was not polarised.
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Roles of PAX-2, WT-1, BCL-2 and galectin-3 in human 

renal development
I have described both the temporal and spatial distribution of apoptosis 

and proliferation, and the expression domains of PAX-2, WT-1, BCL-2 

and galectin-3 in normal and dysplastic human renal development in 

the experiments reported in this thesis, which are summarised in 

Figure 53. This data, in conjunction with functional studies in animals, 

is shown in Table 10 and discussed below and in an attempt to better 

understand the aberrations of biology involved in the pathogenesis of 

dysplastic renal malformations.
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Normal fetal kidney Dysplastic kidney

ProliferationApoptosis

#

PAX-2 WT-1

BCL-2 Galectin-3

Figure 53. Apoptosis, proliferation and protein expression in normal fetal 

and dysplastic kidneys. Schematic representation showing cell turnover and 

protein expression in human normal fetal and dysplastic kidneys. Apoptosis 

was assessed by propidium iodide staining and end-labeling, proliferation by 

PCNA staining and protein distribution by immunohistochemistry.
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Gene Product Location

Intermediate filaments
Vimentin protein dysplastic tubules, collars and 

undifferentiated cells around tubules
Cytokeratin protein dysplastic tubules and cyst epithelia
Alpha-smooth muscle 
actin

protein collars around dysplastic tubules

Transcription factors
WT-1 protein collars and undifferentiated cells around 

dysplastic tubules
PAX-2 protein dysplastic tubules and cyst epithelia
Survival factors
BCL-2 protein dysplastic tubules and cyst epithelia
Growth factors / growth factor receptors
HGF protein dysplastic tubules, surrounding cells and 

cyst fluid (Kolatsi-Joannou et al., 1997)
MET (HGF receptor) protein dysplastic tubules and cyst epithelia 

(Kolatsi-Joannou etal., 1997)
IGF-2 mRNA collars and cells around dysplastic 

tubules (Matsell etal., 1997)
protein cyst epithelia (Matsell et al., 1997)

IGF binding protein-2 mRNA,
protein

cyst epithelia (Matsell etal., 1997)

Cell adhesion molecules
a l integrin subunit protein cyst epithelia (Daikha-Dahmane et al., 

1997)
a2 and a6 integrin 
subunits

protein dysplastic tubules and cyst epithelia 
(Daikha-Dahmane etal., 1997)

Galectin-3 protein apical location in dysplastic tubule and 
cyst epithelia

Miscellaneous
PCNA protein nuclei of 10 -  50% of dysplastic tubule 

and cyst epithelial cells

Table 10. Gene expression in human dysplastic renal 

malformations. A summary of the current literature on gene 

expression in human dysplastic kidneys. References are given for 

results which were not obtained in this thesis.
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Ureteric bud lineage 

Am pullae

Active proliferation, but very little apoptosis, was detected in ampullae 

of the human ureteric bud. PAX-2 was strongly expressed in this site 

and upregulation of PAX-2 was always seen in areas of proliferation in 

both normal and abnormal human kidneys. A similar expression 

pattern occurs in the mouse, where pax-2 appears to be essential for 

further development of this lineage (Torres et al., 1995). The constant 

association between PAX-2 expression and proliferation is consistent 

with a role for pax-2 in cyst formation when it is overexpressed 

(Dressier at a!., 1993) and also with the potential role of PAX genes in 

oncogenesis (Maulbecker and Gruss, 1993).

Galectin-3 was also expressed in ureteric bud ampullae, where the 

protein was detected predominantly in the apical domain of the 

epithelium. It is difficult to envisage an active role for galectin-3 in cell- 

matrix interactions, or mRNA splicing in this location. Similarly, a role 

in cell survival seems unlikely but must be considered because these 

cells do not express BCL-2, yet apoptosis was virtually never detected 

in this site. It is possible, on the one hand, that the cells express other 

anti-death molecules (e.g. BCL-Xl) or have lower levels of apoptosis- 

inducing molecules (e.g. BAX) (Oltvai at a/., 1993) although this has 

yet to be reported. On the other hand, galectin-3 may be implicated in 

cell survival at this site since transgenic overexpression in T-cells 

makes them resistant to apoptosis (Yang at a/., 1996) and the galectin- 

3 protein contains an NWGR amino acid sequence which is highly 

conserved in the BH-1 domain of the BCL-2 family (Akahani at a/.,

1997). Increased expression of galectin-3 protein has also been 

reported in proliferating cells (Moutsatsos at a!., 1987; Agrwal at a!., 

1989) although the subcellular location of galectin-3 was unfortunately 

not reported in these experiments.
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There are undoubtedly other molecules involved in controlling the 

proliferation of cells in ureteric bud ampullae. These include renal 

mesenchymal-derived paracrine factors such as GDNF and HGF which 

signal through specific receptor tyrosine kinases such as RET (Towers 

et al., 1998) and MET (Woolf et a!., 1995) located on the basal surface 

of these cells. Therefore, although the present study reinforces the 

importance of PAX-2 in normal human development, it is difficult to be 

certain about the true role of galectin-3, especially since its expression 

later in development in the collecting duct lineage does not correspond 

to areas of proliferation.

Collecting ducts

Collecting ducts are derivatives of ureteric bud ampullae and their 

development was characterised by a low level of both proliferation and 

apoptosis. WT-1 and BCL-2 were not expressed in these structures. 

PAX-2 was rapidly down regulated in maturing collecting ducts which 

suggests that molecules other than WT-1 switch off PAX-2 in this 

lineage (Ryan etal., 1995). Galectin-3 was, however, detected in both 

developing and mature collecting ducts. At mid gestation galectin-3 

was expressed in the cytoplasm and also the lateral and basal plasma 

membranes of medullary and papillary collecting duct cells. In the 

latter location the protein would be well placed to interact with laminin- 

1, a molecule which coats embryonic kidney epithelia and which has 

been implicated in epithelial morphogenesis by organ culture 

experiments (Klein et al., 1988b). Indirect evidence for such an 

interaction comes from culture of MDCK cells in collagen type 1 gels 

where galectin-3 co-localises with laminin on the basal surface of 

developing cysts (Bao and Hughes, 1995). In this setting, addition of 

recombinant galectin-3 to the medium slows cyst expansion, whilst 

blocking antibodies enhance cyst growth (Bao and Hughes, 1995).

237



It is therefore possible that interaction between galectin-3 and matrix 

might regulate collecting duct growth in vivo. Moreover, preliminary 

data using mouse organ culture from our laboratory suggests that 

addition of recombinant galectin-3 perturbs epithelial morphogenesis 

(Woolf etal., 1996).

In the postnatal, mature kidney galectin-3 was detected in a subset of 

tubular cells in the cortex and medulla where staining was 

predominantly cytoplasmic, although it was difficult to rule out a 

membranous distribution. Staining with Arachis hypogaea identified 

the tubules as collecting ducts (Holthofer et al., 1981) and with band 3 

identified the positive cells as a-intercalated cells (Tanner, 1996). A 

membranous location could be important in maintaining collecting duct 

integrity, whereas it would again be difficult to ascribe a function to 

cytoplasmic galectin-3. In either case, however, it is uncertain why it is 

only the acid secreting a-intercalated cells which expressed galectin-3. 

There is some evidence from in vitro experiments using mice collecting 

duct cells that p-intercalated cells can give rise to both a-intercalated 

and principal cells (Fejes-Toth and Naray-Fejes-Toth, 1992) and it 

would be interesting to examine galectin-3 expression during this 

process. In future it will also be interesting to examine the phenotypes 

and function of collecting duct cells in mice which are null mutants for 

galectin-3, although preliminary reports suggest that gross renal 

development is normal in these animals (personal communication -  

Professor Poirier, Institut Cochin de Genetique Moléculaire, Paris, 

France).
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Mesenchyme lineage 

Uninduced mesenchyme

The uninduced mesenchyme was characterised by a low prevalence of 

proliferation and apoptosis, and none of the genes examined in this 

study were expressed in cells in this area. Interestingly, in the mouse, 

c-myc is expressed in the uninduced mesenchyme (Mugrauer and 

Ekblom, 1991) but it does not appear to be associated with either 

proliferation or apoptosis in this site. The lack of proliferation is 

consistent with the reported expression of the p57-kip2 gene in 

stromal' cells, along with glomerular podocytes, during nephrogenesis 

(Zhang et al., 1997). This gene is a cyclin kinase inhibitors which 

blocks proliferation by binding to the kinases in G1 / S phase. The bf-2 

gene is also expressed in uninduced mesenchyme and this 

transcription factor is essential for normai development since mice with 

null mutations have rudimentary, fused kidneys and die soon after birth 

(Hatini et a/., 1996). Bf-2 is thought to modulate expression of a factor 

or factors from the ‘uninduced’ cells which is essential for further 

development of the ureteric bud and maturation of pretubular 

aggregates. This factor(s) has not yet been identified.

Condensed mesenchyme

The condensed mesenchyme had a high prevalence of proliferation 

and a very low prevalence of apoptosis. These findings are consistent 

with the fact that the highest levels of PAX-2 and BCL-2 protein 

detected in normal renal development were found in these cells. Pax-2 

is known to be essential for mesenchymal condensation in murine 

organ culture since antisense pax-2 DNA oligonucleotides block this 

process (Rothenpieler and Dressier, 1993) and metanephroi fail top 

develop in pax-2 homozygous null mutant mice. BCL-2 expression, on 

the other hand, cannot be absolutely required since some nephrons.
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albeit in reduced numbers, are formed in bcl-2 knockout mice (Veis et 

al., 1993; Sorenson at a!., 1995). it may be that other members of the 

BCL-2 family can partially compensate for its loss in this site, although 

this has not been reported in detail.

Low levels of WT-1 were also found in condensed mesenchyme. WT- 

1 expression at this site must be essential for normal development 

since the mesenchyme fails to condense around the ureteric bud and 

dies by apoptosis in wt-1 homozygous null mutant mice (Kreidberg at 

a!., 1993). Interestingly, wt-1 isoforms have been shown to bind to 

multipie sites in the murine syndecan-1 promoter and function as 

transcriptionai activators of syndecan-1 expression in transient 

transfection assays (Cook at a!., 1996). This potential relationship is 

mirrored by the expression pattern of this proteoglycan which is 

detected at low levels in uninduced mesenchyme and then strongly 

upregulated in condensing mesenchyme in the mouse (Vainio at a!., 

1989), although I did not look at its distribution in this study.

Nephron formation

An increased prevalence of apoptosis and lower levels of proliferation 

characterised comma and S-shaped bodies. These findings correlated 

with, and may be explained by, downregulation of BCL-2 and PAX-2.

At the same stage, WT-1 was upregulated in developing glomerular 

podocytes. This inverse relationship between WT-1 and PAX-2 in 

humans is consistent with the suggestion by Ryan and colleagues 

(1995) that increased wt-1 expression leads to downregulation of pax-2 

in mice.

Low leveis of both apoptosis and proliferation were seen in later 

nephron development where PAX-2 was not detected, BCL-2 

expression was confined to occasional loops of Henle and WT-1 was 

restricted to giomerular podocytes.
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Dysplastic kidneys

Dysplastic kidneys are characterised by the presence of primitive ducts 

surrounded by fibromuscular collars, often with nests of metaplastic 

cartilage. Several authors have hypothesised that the primitive ducts are 

malformed branches of the ureteric bud whilst the surrounding tissues 

represent uninduced metanephric mesenchyme. This hypothesis is 

based almost exclusively on the histological resemblance between these 

tissues and little is known about the molecular biology of renal dysplasia. 

In this thesis, I have therefore examined several aspects of the cell 

biology of dysplastic kidneys and compared them with normal developing 

and mature kidneys.

Specific patterns of proliferation and apoptosis were detected in 

dysplastic kidneys, which broadly correlated with the differential 

expression of the important nephrogenic molecules PAX-2, WT-1, BCL-2 

and galectin-3. The distribution of proliferation and apoptosis also 

provides a potential molecular explanation for both cyst formation and 

involution of dysplastic kidneys. These findings are discussed below and 

shown diagrammatically in Table 10.

Dysplastic epithelia

High levels of proliferation and low levels of apoptosis were detected in 

the epithelia of dysplastic tubules and cysts at all ages examined. A 

similar pattern was observed in the normal ureteric bud, but both 

proliferation and apoptosis were rare in the mature kidney.

Dysplastic tubules and cysts from both preterm and postnatal kidneys 

expressed high levels of PAX-2. Lower levels of PAX-2 protein were 

detected in the tips of the normal ureteric bud and it was then 

downregulated in the mature kidney. The sites and intensity of PAX-2
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staining always appeared to correlate directly with the extent of 

proliferation in this study. Overexpression of PAX-2 has also been shown 

to cause renal cysts in mice (Dressier etal., 1993). The persistent high 

levels of PAX-2 expression in dysplastic epithelia are therefore likely to 

be an important factor in cyst formation.

Galectin-3 immunoreactivity was detected in virtually all of the cells in 

dysplastic epithelia. The protein was located in the apical plasma 

membrane, which was similar to the normal ureteric bud. In dysplastic 

kidneys, however, this pattern was seen in both prenatal and postnatal 

specimens, whereas galectin-3 was restricted to collecting duct a- 

intercalated cells in normal mature kidneys. This distribution pattern, 

along with the increased proliferation described above, would be 

consistent with immature development of the dysplastic epithelia. It is, 

however, interesting to speculate on the potential role of apical galectin-3 

in both dysplastic and normal developing kidneys. It may, for example, 

have no function in this location. Alternatively, it may be the lack of basal 

or basolateral distribution which is important, since galectin-3 would be 

unable to interact with matrix molecules. In this case, there is a parallel 

with polycystic kidney disease since abnormal cell-matrix interactions 

have been described in both ARPKD and ADPKD. Galectin-3 was also 

upregulated in the polycystic samples examined in this thesis and a 

recent report described aberrant expression of alpha-integrin subunits in 

dysplastic and polycystic kidneys (Daikha-Dahmane etal., 1997). In 

addition to these potential roles for galectin-3, this protein may also have 

a primary role in proliferation and / or in preventing apoptosis.

BCL-2 was also expressed in the majority of dysplastic tubules and nearly 

100% of cells in cystic epithelia, at all ages examined. This is an 

important finding because dysplastic epithelia represent an ectopic site of 

distribution, since BCL-2 was not expressed in the ureteric bud lineage
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during normal nephrogenesis. Hence, aberrant gene expression in these 

epithelia cannot be solely attributed to immaturity. Expression was also 

prolonged, since this protein was not detected in normal mature kidneys. 

This report is consistent with reported BCL-2 expression in cystic kidneys 

described in abstract form by a Japanese group (Nagata etal., 1998). 

Persistent BCI-2 expression is likely to protect the cells in the dysplastic 

epithelia from apoptosis, which may be crucial for cyst formation.

Fibromuscular collarettes and loose ‘dysplastic mesenchyme’

Rare proliferation and occasional apoptosis were detected in the 

fibromuscular collarettes immediately adjacent to tubules / cysts. This 

was similar to the high levels of proliferation detected at the early 

condensate stage and lower levels of apoptosis in the later comma and 

S-shaped body stage of normal kidneys. The loosely arranged 

‘mesenchymal’ cells in dysplastic kidneys had low levels of proliferation 

with high levels of apoptosis, whereas normal uninduced mesenchyme 

had low levels of both proliferation and apoptosis.

Cells in both the fibromuscular collarettes and loose ‘mesenchyme’ 

expressed WT-1 protein, but they did not express PAX-2, BCL-2 or 

galectin-3. In normal kidneys by contrast, WT-1 was expressed in 

condensed mesenchyme but not uninduced mesenchyme. Expression of 

WT-1 could therefore be considered to be a marker of induction in normal 

kidneys. A further signal must be required, however, for the WT-1 

expressing cells to undergo mesenchyme to epithelial transformation and 

develop into nephrons. PAX-2 and BCL-2 may be important in this 

context since these molecules were coexpressed in normal induced 

mesenchyme but absent in ‘dysplastic mesenchyme’. Animal 

experiments support the importance of these factors since pax-2 is 

essential for the mesenchyme to epithelial transformation in organ culture
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(Rothenpieler and Dressier, 1993) and decreased nephron numbers are 

observed in bcl-2 knockout mice (Sorenson etal., 1995).

In view of the correlation between PAX-2 levels and proliferation, the 

absence of PAX-2 protein in fibromuscular collarettes and more loosely 

arranged ‘dysplastic mesenchyme' may explain their low levels of 

proliferation, when compared to condensed mesenchyme in normal 

kidneys. Similarly, lack of BCL-2 in these areas may explain the 

increased apoptosis, although other factors must be important since this 

molecule was not detected in either the collarettes or the loose 

mesenchyme, yet cell death was much commoner in the latter site. One 

explanation for this finding could be that the collarette cells, which 

express a-smooth muscle actin, have undergone myofibroblastic 

differentiation and that this may reduce the extent of apoptosis compared 

to the relatively undifferentiated ‘mesenchymai’ cells. Other members of 

the BCL-2 family which predispose to apoptosis may also be expressed 

in these sites, although the distribution of these molecules has not yet 

been reported in dysplastic kidneys.

Molecular biology and natural history of dysplastic kidneys

The aberrations of molecular biology which I have described in dysplastic 

kidneys provide a potential explanation for several aspects of their natural 

history.

For example, expression of PAX-2, galectin-3 and BCL-2 in ‘immature’ 

dysplastic epithelia may result in high levels of proliferation and low levels 

of apoptosis. Persistent expression of this combination of proliferative 

and survival signals would then be expected to promote cyst 

development. It may also predispose to the genesis of tumours, although 

there is no convincing evidence that these are significantly more common 

in dysplastic kidneys.
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Similarly, WT-1 expression in fibromuscular collarettes and loose 

‘mesenchyme’ implies that the cells have received an induction signal, 

but the lack of PAX-2 and BCL-2 may cause them to undergo apoptosis 

rather than mesenchyme to epithelial transformation. This is likely to be 

the molecular mechanism for the involution of dysplastic kidneys.

It is more difficult, however, to explain the failure of branching of the 

ureteric bud and ineffective nephron formation, which is the fundamental 

defect in dysplastic kidneys. Similar genes were expressed in dysplastic 

and normai tissues but there were a number of differences which are 

difficult to explain on the basis of this study. Why, for example, were 

PAX-2 and galectin-3 upregulated, and BCL-2 ectopically expressed in 

dysplastic epithelia or why were PAX-2 and BCL-2 not expressed in 

dysplastic ‘mesenchyme’ ?

There are several possible explanations for these findings. For exampie, 

perturbed expression of other molecuies has been reported in dyspiasia, 

inciuding MET and its ligand HGF (Kolatsi-Joannou etal., 1997) and IGF- 

2 and IGF-2 binding protein (Matsell etal., 1997). Perturbed expression 

of additional, as yet unidentified factors, may also be involved. Moreover, 

obstruction of the ureteric tract mimics some of the features of dysplasia 

(Attar etal., 1998) and exposure to teratogens may be contributory.

The pathogenesis of dysplasia is therefore likely to be multifactorial with a 

variable contribution from genetic factors, physical obstruction, teratogens 

and stochastic events. It would be very difficult to determine the exact 

importance of each of these factors in vivo in humans and this provides 

the rationale for my preliminary work on the culture of cells from 

dysplastic kidneys which is discussed below. Further cell culture and 

functional experiments will be an integral part of my future work, which 

aims to develop therapies to correct dysplastic nephrogenesis.
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Cell lines

In this study I showed that it is feasible to grow cells from dysplastic 

kidneys in primary culture, the first report describing culture of these cells. 

The morphology of the cultured cells was similar to their tissue of origin: 

two of the cultures from kidneys which consisted mostly of poorly 

differentiated cells had a predominantly mesenchymal / fibroblastic 

morphology and one sample derived from a kidney containing numerous 

dysplastic epithelial structures had a predominantly epithelial phenotype. 

This morphology was maintained after one passage and aliquots of these 

cells have been stored for repeat culture at a later date. Two of the 

samples were transduced with a potentially immortalising SV40 large T 

antigen and were subsequently shown to produce this protein. The 

morphology of the cells appeared unchanged after one further passage, 

but it is too early to say whether these cells will continue to divide and / or 

go through the so called ‘blast crisis' to generate truly immortalised cell 

lines (Bryan and Reddel, 1994).

Our group has previously cultured conditionally immortal cells derived 

from the kidney of a mouse transgenic for temperature-sensitive SV40 T 

antigen (Woolf etal., 1995; Kolatsi-Joannou etal., 1995). In these 

experiments it was possible to establish clonal cell lines with defined 

epithelial or mesenchymal characteristics. At this stage, it is impossible 

to say whether clonal cell lines with different characteristics can be 

generated from human dysplastic cells, but further growth and 

characterisation of these cells is an important part of my planned Further 

wor/c described in the next chapter of this thesis.
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Summary of thesis

In this thesis I have made a number of novei observations on apoptosis 

and proiiferation in normal and dysplastic developing human kidneys, and 

correlated these findings with a detailed description of the distribution of 

proteins including PAX-2, WT-1, BCL-2 and galectin-3.

In normal developing kidneys, proiiferation was prominent in the 

nephrogenic cortex whilst apoptosis was mainly detected in early nephron 

precursors and in the medulla. PAX-2 was expressed in actively 

proliferating cells in both ureteric bud ampullae and condensing 

mesenchyme whereas WT-1 and BCL-2 were solely detected in the 

condensing mesenchyme and developing nephrons. Galectin-3 was 

restricted to the ureteric bud lineage, with an apical distribution in the 

branching tips of the ureteric bud and a non polarised cytoplasmic / 

membranous distribution in the developing collecting ducts.

In the normal mature kidney low levels of proliferation and apoptosis were 

detected and both PAX-2 and BCL-2 were downregulated. WT-1 

expression, however, persisted in podocytes and galectin-3 became 

restricted to the a-intercalated cells, in the collecting ducts.

In contrast, in dysplastic kidneys, the location of apoptosis and 

proiiferation and the distribution of PAX-2, WT-1, BCL-2 and galectin-3 

did not change between prenatal and postnatal specimens.

Proliferation was prominent in dysplastic tubules and cysts, which are

thought to be derived from the ureteric bud. PAX-2 and galectin-3 were

expressed at high levels in these epithelia, the latter in an ‘immature’

apical distribution. BCL-2 was also detected in dysplastic epithelia and

this represents an ectopic site of distribution, since BCL-2 protein is

confined to mesenchymal derivatives during normal nephrogenesis.
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Therefore, cyst formation in dyspiastic kidneys may be potentially 

explained by the combination of continuous proliferation signals and 

ectopic survival factors in these epithelia. It is, however, difficult to 

envisage how these aberrant signals could cause failure of ureteric bud 

branching.

Apoptosis was prominent in the looseiy arranged ceiis surrounding 

dysplastic epithelia. These ceiis are considered to be ‘mesenchymal’ in 

origin and they expressed WT-1, which is a marker of induced 

mesenchyme during normal development. They did not, however, 

express other markers of induced mesenchyme such as PAX-2 or BCL-2. 

This suggests that these factors are essential for precursor survival and 

proliferation during nephron formation.

Dysregulation of cell survival and proliferation in dysplastic kidneys may 

also provide a molecular explanation for both the spontaneous involution 

and malignant change which have been reported in dysplastic kidneys. It 

is, however, uncertain whether intrinsic abnormalities such as mutations 

in the genes examined in this thesis or other genes, or extrinsic factors 

such as teratogens or urinary tract obstruction cause the aberrant gene 

expression which I observed in dyspiastic kidneys. Therefore, in 

preliminary experiments, I have cuitured ceils from dysplastic kidneys, 

transduced them with a potentially immortalising gene construct and pian 

to use these cells in the future for a detailed analysis of the moiecuiar 

biology of human renal malformations.
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Chapter 12. Further Work
The ultimate goal of this work is to define the molecular abnormalities 

which cause human renal dysplasia and develop therapies to correct 

them. This strategy demands a much greater knowledge of both normal 

and dysplastic human kidney development. In this way, it may be 

possible to identify a common final pathway by which heterogeneous 

underlying disorders cause dysplastic development, and hence therapies 

could be targeted to this pathway. A number of different, but 

complementary avenues of further work should be considered, as 

detailed below.

Human gene expression studies

A number of genes have been implicated in, and found to be essential 

for, murine kidney development. Aberrant expression of these genes 

may also occur in dysplastic kidneys, yet few have been studied in this 

context. One further study, should therefore be to define the expression 

pattern of these genes in human dysplastic kidneys, once again 

comparing them to normal human renal development. Important genes 

which have been identified to date include wnt-4 (Stark etal., 1994), 

RARs (Mendelsohn etal., 1994), ros (Kanwar eta!., 1995), ret 

(Schuchardt etal., 1994), epidermal growth factor receptor (Threadgill et 

al., 1995) and myc (Mugrauer and Ekblom, 1991). In addition, other 

molecules in the BCL-2 family such as BAX, BCL-X^, BCL-X  ̂(Knudson 

and Korsmeyer, 1997) should be investigated.

Functional experiments in animai nephrogenesis

Metanephric organ culture provides an ideal milieu in which to test 

whether perturbation of specific molecules causes aberrant development. 

In the context of this thesis, further experiments are required to define the 

precise role of galectin-3 such as assessing the effects of both specific
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blocking antibodies and exogenous galectin-3 on nephrogenesis. In the 

wider context, similar organ culture experiments should be performed in 

order to assess whether it is possible to rescue normal nephrogenesis in 

abnormal kidneys by manipuiating other important nephrogenic 

molecules. For example, one could culture cystic kidneys from cpk/cpkox 

bcl-2 knockout mice and assess the effects of blocking apoptosis, or 

kidneys from the galectin-3 knockout mice which reportedly have normal 

gross renal development (personal communication -  Professor Poirier, 

Institut Cochin de Genetique Moléculaire, Paris, France).

Some elements of dysplasia can be mimicked in the sheep by obstruction 

of the ureters at mid gestation, and our group have already examined 

apoptosis, proliferation and pax-2 expression in this model (Attar etal., 

1998). Further experiments are needed, however, to define the 

expression of other genes in this system and to determine whether it is 

possible to modify the effects of obstruction in a similar fashion to the 

organ culture experiments described above.

Culture of cells from human dysplastic kidneys

Cells from dysplastic kidneys were cuitured and transduced with a 

retroviral construct which expresses the large T antigen as the final part 

of this thesis. Many more cell passages are required in order to 

determine whether these cells can be immortalised and to establish 

clonal cell lines with specific phenotypes. Moreover, this process must be 

repeated with several more dysplastic kidneys in order to ensure that 

representative cell lines are derived. The next step would then be to 

determine the response of these cell lines to exogenous factors in order 

to determine whether the cells have the potential for normal epithelial or 

mesenchymal development, and to identify the most important factors in 

this process. In this way, molecules which stimulate normal growth in

vitro may turn out to be strong candidates for future therapies in vivo.
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Deregulation of cell survival in cystic and dysplastic renal development.
Various aberrations of cell biology have been reported in polycystic 
kidney diseases and in cystic renal dysplasias. A  common theme in 
these disorders is failure of maturation of renal cells which superficially 
resemble embryonic tissue. Apoptosis is a feature of normal murine 
nephrogenesis, where it has been implicated in morphogenesis, and 
fulminant apoptosis occurs in the small, cystic kidneys which develop in 
mice with null mutations of bcl-2. Therefore, we examined the location 
and extent of apoptosis in pre- and postnatal samples of human 
polycystic and dysplastic kidney diseases using propidium iodide stain
ing, in situ end-labeling and electron microscopy. In dysplastic kidneys 
cell death was prominent in undifferentiated cells around dysplastic 
tubules and was occasionally found in cystic epithelia. The incidence of 
apoptosis was significantly greater than in normal controls of compa
rable age both pre- and postnatally. In the polycystic kidneys there was 
widespread apoptosis in the interstitium around undilated tubules 
distant from cysts, in undilated tubules between cysts and in cystic 
epithelia. The level of apoptosis compared to controls was significantly 
increased postnatally. A  similar increase of cell death was also noted in 
the early and late stages of renal disease in the polycystic cpkjcpk 
mouse model. We speculate that deregulation of cell survival in these 
kidneys may reflect incomplete tissue maturation, and may contribute 
to the progressive destruction of functional kidney tissue in polycystic 
kidneys and the spontaneous involution reported in cystic dysplastic 
kidneys.

Organogenesis involves an increase in cell numbers, cell 
differentiation and morphogenesis. In normal development the 
increase in cell number is determined by the balance between 
proliferation and death, which in this context has been called 
‘programmed cell death.’ This term is often used interchang- 
ably with ‘apoptosis,’ first used by Kerr, Wyllie and Currie [1] 
to describe death in a variety of normal and pathological 
contexts when accompanied by nuclear condensation and frag
mentation with cell shrinkage. These changes are striking on 
electron microscopy but can also be detected by light micros
copy as pyknotic nuclei [2]. A  common biochemical correlate of 
apoptosis is DNA digestion by endonucleases into nueleosome 
sized fragments which can be visualized as a ‘ladder’ on
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electrophoresis [3] and detected in situ by end-labeling [4]. 
Exceptionally, some programmed cell death during develop
ment is not accompanied by these morphological events [5] and 
laddering is not always detected in cells dying by morphological 
criteria of apoptosis, since the DNA is sometimes cleaved into 
larger fragments (50 to 300 kbp) [6]. In the worm Caenorhab- 
ditis elegans apoptosis is developmentally regulated by the 
expression of specific genes, and some of their mammalian 
homologues have been defined [7]. ‘Growth factors’ not only 
control proliferation and differentiation but can also enhance 
apoptosis [8] or act as survival factors [9]. In contrast to 
apoptosis, cells dying by necrosis swell with destruction of 
organelles and loss of integrity of cell membranes [10]. DNA 
laddering does not occur in necrosis, although some models 
show single-strand DNA breaks [6].

In nephrogenesis cell proliferation, differentiation and morpho
genesis occur during the branching of the ureteric bud and in 
nephron formation [11-13]. Apoptosis has been demonstrated 
during normal murine renal development in the nephrogenic zone 
and also in the papilla; cell death can be reduced by epidermal 
growth factor (EGF) [2]. Koseki, Herzlinger and Al-Awqati 
showed that uninduced renal mesenchyme died by apoptosis when 
isolated from the ureteric bud, and that this process was amelio
rated by EGF [14]. Similarly, hepatocyte growth factor (HGF) has 
been implicated in survival of renal mesenchymal cells in serum- 
free organ culture [15].

The pathogenesis of some human kidney diseases can be 
understood in the context of aberrant development. In poly
cystic kidney diseases (PKD) there is evidence of enhanced 
epithelial proliferation [16] and altered polarity [17-18], lead
ing some authors to suggest that the epithelial cells are 
“ locked”  in an immature, dedifferentiated state [19]. Similarly, 
in dysplastic kidneys there is a failure of differentiation of renal 
mesenchyme into nephrons and decreased branching of the 
ureteric bud [11, 20, 21]. We therefore considered it pertinent 
to examine the location and quantity of apoptosis in normal 
human nephrogenesis and in kidney diseases which can be 
viewed as aberrations of normal nephrogenesis. In this study we 
demonstrate that the distribution and incidence of renal pro
grammed cell death is increased in children with polycystic and 
dysplastic kidneys.
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Methods

Experimental strategy

The aim of the study was to define the tissue location and 
quantify the extent of apoptosis during normal kidney develop
ment and in fetal and childhood polycystic and dysplastic kidneys. 
The methodologies we used included both histological and mo
lecular techniques together with quantitative statistical analysis.

Classification of specimens

This research was approved by the hospitals’ research ethics 
committees. During human development the metanephros can 
first be identified in the sixth week after fertilization, and sequen
tial layers of nephrons are formed until 36 weeks after fertilization 
[11]. We therefore divided our specimens into experimental 
prenatal groups before 40 weeks gestation and postnatal groups 
after 40 weeks as follows:

(i) Normal prenatal kidneys {N  = 6).
(ii) Polycystic prenatal kidneys (N  =  4).
(iii) Dysplastic prenatal kidneys {N  =  6).
(iv) Normal postnatal kidneys {N  =  6).
(v) Polycystic postnatal kidneys (N  =  4).
(vi) Dysplastic postnatal kidneys (N  =  4).
Details of these patients and specimens are listed in Tables 1 

and 2, including their sex, the gestational or chronological age, 
associated abnormalities in other organ systems, indications for 
termination of pregnancy or for removal of a kidney, plus the side 
affected by renal disease and the plasma creatinine in the child
hood samples. There was no significant difference in age and sex 
distribution within the prenatal and postnatal groups. Kidney 
pathology was classified by gross morphology, routine histopathol
ogy and, in the cases of polycystic kidneys, by liver histology and 
family history. A ll of the polycystic kidneys were classified as 
autosomal-recessive polycystic kidney disease (ARPKD) apart 
from one postnatal sample, which had histology consistent with 
dominant disease (ADPKD), although ultrasound scans of the 
parents (aged 21 and 23) were normal. Two children with ARPKD 
had elevated plasma creatinines. The dysplastic samples all had 
classical histological criteria of this disorder, namely dysplastic 
tubules, undifferentiated ‘mesenchymal’ tissue and metaplastic 
cartilage.

Collection of specimens

For the normal prenatal kidney group we studied both sponta
neous miscarriages and phenotypically normal kidneys from abor
tions performed for severe abnormalities in other organ systems 
that would have compromised the survival of the fetus or infant. 
These samples were compared with the polycystic and dysplastic 
kidneys which were collected under similar conditions. In these 
three groups the parents were given time to mourn the loss of the 
child. Then the fetus was stored at 4°C until autopsy when organs 
were fixed in 10% formalin. A ll specimens were processed within 
24 hours.

The postnatal polycystic and dysplastic samples were harvested 
surgically. Therefore, as a comparable normal surgical group we 
used kidney tissue adjacent to, but unaffected by, Wilms’ tumors. 
These kidneys were chosen to control for any potential changes in 
tissue morphology which may have been induced by general 
anaesthesia or surgery. Since both W Tl mutations and chemo
therapy may cause apoptosis [6, 22], we excluded children who

Table 1. Prenatal kidneys

Gestational
age

weeks Sex
Renal and associated 

pathology

Normal prenatal 
kidneys
17 M Abortion for neural tube defect
19 M Spontaneous miscarriage
20 F Abortion for trisomy 21 with 

atrial septal defect
20 F Spontaneous miscarriage
21 M Abortion for cephalocoele
22 F Abortion for major skeletal 

malformations
Polycystic prenatal 

kidneys
20 M Abortion for ARPKD
34 F Spontaneous premature labor, 

ARPKD
35 F Spontaneous premature labor, 

liver fibrosis, ARPKD
35 M Spontaneous premature labor, 

liver fibrosis, ARPKD
Dysplastic prenatal 

kidneys
17 M Abortion for multicystic dysplastic 

kidney with contralateral renal 
agenesis

19 F Abortion for multicystic dysplastic 
kidney with contralateral renal 
agenesis

20 M Abortion for bilateral renal cystic 
dysplasia

22 M Abortion for bilateral renal cystic 
dysplasia, bladder dilated 
without anatomical urethral 
obstruction, atrial septal defect

24 F Abortion for bilateral renal cystic 
dysplasia

34 M Spontaneous premature labor, 
kidneys dysplastic, bladder 
dilated with partial urethral 
obstruction

Children born at 34 to 35 weeks died within hours because of respiratory 
failure due to hypoplastic lungs. Chromosomes were normal in all fetuses 
assessed except for the case of trisomy 21. Parents were normal by history 
in all cases.

had received chemotherapy, and none of our patients had muta
tions in the W Tl gene (personal communication. Dr. Richard 
Grundy, Dept, of Haematology and Oncology, Hospital for Sick 
Children, Great Ormond Street, London, UK). Surgical speci
mens were placed on ice, examined by a pathologist and imme
diately fixed in 10% formalin for histology. A  limited number of 
dysplastic samples {N  =  3) were snap frozen in liquid nitrogen for 
DNA extraction and fixed in glutaraldehyde for electron micros
copy.

Detection of apoptosis by propidium iodide staining

A ll chemicals were supplied by Sigma (Poole, Dorset, England, 
UK) unless otherwise stated. Propidium iodide is a fluorescent 
dye which intercalates with nucleic acids. Apoptotic cells can be 
identified in tissue sections by their small, fragmented (pyknotic) 
nuclei which stain brightly when they are visualised under fluo
rescence miscoscopy. We used the technique of Coles, Bume and
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Table 2. Postnatal kidneys

Age Plasma creatinine
months Side Sex yjnollliter Renal pathology

Normal postnatal
kidneys
5 R F 60 Wilms’ tumor before 

chemotherapy
8 R M 65 Wilms’ tumor before 

chemotherapy
28 L M 35 Wilms’ tumor before 

chemotherapy
J 30 R M 48 Wilms’ tumor before

chemotherapy
38 R M 34 Wilms’ tumor before

chemotherapy 
Wilms’ tumor before 

chemotherapy
72 L F 38

Polycystic postnatal
kidneys
10 R F 98= Diagnostic open 

surgical biopsy, 
ARPKD

11 L M 14 Diagnostic open 
surgical biopsy, 
histological 
appearance of 
ADPKD

48 R M 322= Nephrectomy at 
time of renal 
transplant, 
ARPKD

72 R M 50 Surgical biopsy 
because of 
recurrent 
infections, 
ARPKD

Dysplastic postnatal
kidneys

8 R F 50 Cystic dysplastic 
upper pole with 
obstruction at 
pelvi-ureteric 
junction

15 R M 33 Non-functioning 
multicystic 
dysplastic kidney

16 R M 32 Non-functioning 
multicystic 
dysplastic kidney

60 L F 38 Dilaterai duplex
ureters with non
functioning 
dysplastic upper 
pole

Creatinine is the immediate preoperative level.
® Two children in the polycystic group had abnormal creatinines, but 

this did not appear to correlate with the pyknotic index in these specimens 
(data not shown). No kidney disease was reported in any of the parents 
including the histologically defined ADPKD.

Raff [2] with minor modifications. Five micrometer paraffin 
sections were dewaxed through Histo-Clear (National Diagnos
tics, Atlanta, GA, USA) twice for 10 minutes, followed by 
rehydration through 100% alcohol (Hayman Ltd., Witham, Essex, 
England, UK) twice for five minutes and then stepwise through 
95%, 90%, 75%, 50% and 30% alcohol for three minutes each. 
After washing in phosphate buffered saline (PBS, pH 7.4) for five 
minutes, they were incubated in propidium iodide (4 mg/liter)

with RNase A  (100 mg/liter; Unipath, Basingstoke, Hampshire, 
England, UK) in PBS at 37°C for 30 minutes. After one further 
wash in PBS they were mounted in Citifluor^^ (Chemical Labs, 
University of Kent, Canterbury, Kent, England, UK). Specimens 
were examined under fluorescence (wavelength 568 nm) on a 
Zeiss Axiophot microscope (Carl Zeiss, Oberkochen, Germany) 
and on a Leica confocal laser scanning microscope (CLSM 
Aristoplan-Leica, Heidleberg, Germany). The precise tissue loca
tion of apoptosis was determined in ARPKD samples by counter- 
staining with FITC conjugated Tetragonolobus lotus or Avachis 
hypogaea lectins. These bind to proximal tubules and distal 
segments (distal tubule and collecting ducts), respectively [23,24]. 
After the propidium iodide staining the lectins were apphed to the 
sections at 1:50 dilution in PBS at room temperature for four 
hours, mounted in Citifluor^’̂  and examined under fluorescence 
(wavelength 488 nm). Apoptotic nuclei detected by the propidium 
iodide method were quantified by generating a pyknotic index and 
by calculating the percentage of pyknotic nuclei as described 
below.

Detection o f apoptosis by in situ end-labeling

During apoptosis the nuclear DNA is digested by endonucle
ases leaving free 3' ends. These ends can be tagged using terminal 
deoxytransferase to add labeled nucleotides which can be visual
ized on a tissue section using secondary detection systems. We 
modified the technique of Gavrelli, Sherman and Ben-Sassoon [4] 
by using an Apoptag™ kit (Oncor, Gaithersburg, MD, USA). 
Paraffin sections were dewaxed and rehydrated, treated with 
proteinase K  (20 mg/liter) for 15 minutes and washed in PBS. 
Slides were then covered with equilibration buffer for 30 seconds, 
followed by terminal deoxytransferase and digoxigenin conjugated 
UTP from the Apoptag™ kit as recommended by the manufac
turer. The reaction was terminated using the Apoptag™ stop 
buffer. Labeled nuclei were detected either (i) by light microscopy 
after incubation with a peroxidase conjugated anti-digoxigenin 
antibody and diamino benzidine (these sections were quenched 
with 3% hydrogen peroxide for 15 minites at room temperature as 
an initial step) or (ii) by fluorescent microscopy (wavelength 568 
nm) after applying an anti-digoxigenin antibody conjugated with 
rhodamine (Boehringer Mannheim, Lewes, East Sussex, UK).

Quantitation of apoptosis in human kidneys

Preliminary experiments with both propidium iodide and in situ 
end-labeled specimens showed that the number of apoptotic cells 
could vary between different areas of the same section, although 
there was good correlation between the two techniques. There
fore, in order to integrate the quantity of apoptosis in each 
specimen we photographed 10 random fields stained with pro
pidium iodide from throughout each sample at 20 X magnification 
on a Zeiss Axiophot microscope. The number of pyknotic nuclei 
was then counted by three observers in a blinded fashion, and we 
derived the Pyknotic Index for each specimen by taking the mean 
number of pyknotic nuclei per 10 fields. Results from each 
observer were also compared to ensure that there was no observer 
bias [25]. In this study we have also expressed the quantity of 
apoptosis as a percentage of the total number of nuclei. Since the 
pyknotic indices and the percentage of apoptotic cells in each 
experimental group were not normally distributed we transformed 
the data by converting to logjo values, thus allowing analysis by
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Fig. 1. Location of apoptosis in propidium iodide stained sections of normal and polycystic kidneys. (A) Nephrogenic zone from normal developing kidney, 
20 weeks gestation. Note apoptotic nuclei in comma shaped bodies, which are primitive nephrons. (B) Glomerulus and (C) proximal tubule from normal 
postnatal kidney from patient aged 30 months. Note absence of apoptosis, although nuclei in the glomerulus appear generally brighter. A fibroblast is 
seen adjacent to the tubule epithelium in (C). It has a bright elongated nucleus but should not be confused with the smaller irregular pyknotic nuclei. 
(D) Undilated tubule from polycystic kidney harvested at 34 weeks of gestation surrounded by numerous apoptotic nuclei in interstitial tissue. (E) is 
from a child with ARPKD and shows a group of apoptotic nuclei in the interstitium between cysts. (F) is from an infant with dominant disease showing 2 
apoptotic nuclei in the epithelium of a cyst close to a multilayered region of epithelium suggestive of hyperproliferation. Key: comma shaped body (c), cyst 
(cy), glomerulus (g), undifferentiated renal mesenchyme (m), tubule (t) and ureteric bud (u). Arrowheads indicate apoptotic nuclei, open arrow in (A) indicates 
a mitotic figure, closed arrow in (C) indicates a fibroblast and closed arrows in (F) point to multilayered epithelium. Bar is 20 pm.

Student’s /-test. A probability value of P <  0.05 was considered to 
be statistically significant.

Detection of apoptosis by electron microscopy 

Apoptotic cells have a characteristic appearance on electron 
microscopy with nuclear condensation around the periphery of 
the nucleus, cell shrinkage and budding off of both the nuclear 
and cell membranes. Samples of three dysplastic kidneys were 
fixed initially in 2% glutaraldehyde in 0.05 m cacodylate buffer,

then in 1% Osmium tetroxide and finally embedded in epoxy 
resin. Ultrathin sections contrasted with uranyl acetate and lead 
citrate were examined with a Jeol 100 CX transmission electron 
microscope.

Detection of apoptosis by DNA electrophoresis 

During apoptosis endonuclease DNA digestion produces nu
cleotide fragments which are multiples of 180 to 200 bases [3] 
which can be visualized as a ladder on agarose gel electrophoresis.

Fig. 2. Location of apoptotic nuclei assessed by in situ end-labeling in nortnal and polycystic kidneys. (A), (C), (E) and (G) are control sections in which 
the terminal deoxytransferase enzyme was omitted. Note that labeled nuclei, which appear brown, are absent. (B), (D), (F) and (H) are adjoining 
sections which have been subjected to the complete end labeling proceedure. All sections counterstained with methyl green. (A) and (B). Normal mature 
kidney showing apoptotic nuclei in tubular epithelial cells. This section together with Figure 1C demonstrates the range of apoptosis in normal postnatal 
kidneys. (C to F) show sections from prenatal patients with ARPKD. There is a wide distribution of apoptotic nuclei in the cyst epithelium and 
interstitial cells in (D) and in the epithelial cells of relatively undilated tubules adjacent to a large cyst in (F). Note that in (F) the nuclei of the flattened 
epithelial cells lining the large cyst are not apoptotic, demonstrating the specificity of the technique. (G) and (H). Glomerulus from a child with ADPKD  
showing a cyst of Bowman’s space with apoptotic nuclei in both the cyst wall and the glomerulus. Key: cyst (cy), glomerulus (G), and tubule (t). 
Arrowheads indicate apoptotic nuclei which appear brown. Bar is 40 pm.
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Fig. 3. Location of apoptotic nuclei assessed by propidium iodide and lectin staining in polycystic kidneys. All sections stained with propidiun iodide (red) 
and FITC-conjugated lectin (green) are from ARPKD. (A and B) (higher power) Area of undilated distal tubules stained with Arachis hypogaea lectin 
with several adjacent pyknotic nuclei. (C and D) Tetragonolobus lotus lectin staining shows proximal tubules. (C) Undilated proximal tubule next to distal 
tubule with adjacent pyknotic cells and hyperproliferative epithelium. Two apoptotic cells also seen in the lumen of the distal tubule. (D ) Dilated 
proximal tubule on the left and dilated distal segment on the right. Three proximal tubules between cysts. One of these (right) contains a single apoptotic 
cell within its epithelium whereas the degenerating central tubule contains many apoptotic cells. Key: distal segment (d), hyperproliferative area (*), 
and proximal tubule (p). Arrowheads indicate apoptotic nuclei. Bar is 20 pm.

Fresh surgical specimens of three dysplastic kidneys were thawed 
to room temperature (after storage at ~70°C), homogenized in a 
lysis buffer (10 mM Tris HCl (pH 8.0), 10 mM EDTA, 0.1% SDS, 
100 ju,g/ml proteinase K) and incubated overnight at 52°C. DNA 
was then extracted using the phenol/chloroform technique [26]. 
Briefly, equal volumes of phenol (equilibrated pH 8.0) and 
chloroform were added to the specimen, which was then centri
fuged at 5,000 X g. The aqueous layer was separated and the 
process repeated. DNA was then precipitated with an equal 
volume of ice cold 100% alcohol, washed in 70% ethanol and 
resuspended in TE buffer (0.1 M Tris-HCl, pH 8.0,10 mM EDTA).

Two micrograms of DNA were subjected to electrophoresis 
through a 1.5% agarose gel containing ethidium bromide and 
visualised under UV illumination. This extraction technique 
should be specific for DNA, but any potential RNA contamina
tion was eliminated by incubating the samples with 1 mg/liter of 
RNAse A for 30 minutes before electrophoresis.

Detection of apoptosis in mice with polycystic kidneys

Human ARPKD is a relatively heterogeneous condition. There
fore, we examined apoptosis in cpklcpk mice which phenotypically 
ressemble human ARPKD, but in which the kidney histology is
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Fig. 4. Location of apoptotic nuclei in dysplastic kidneys. (A) Low power view of dysplastic kidney from a 16 months old child counterstained with 
toluidine blue to show dysplastic tubules immediately surrounded by hbromuscular collarettes and adjacent areas of undifferentiated cells of 
mesenchymal appearance. (B) Propidium iodide labeling showing pyknotic nuclei in the interstitium between cysts. (C to E) are in situ end labeled 
sections using an anti-digoxigenin antibody conjugated to rhodamine. (C) Large dysplastic tubule with surrounding collarette containing one apoptotic 
nucleus. (D) Numerous apoptotic nuclei in area of undifferentiated cells, similar to the area in (B). (E) Small dysplastic tubule with many adjacent 
apoptotic nuclei. Key: collarette (ct), dysplastic tubule (dt) and undifferentiated mesenchyme-like cells (m). Arrowheads indicate apoptotic cells. Bar 
is 40 /xm in A and B and 20 /u,m in all other sections.

more homogeneous and the progressive course of the disease is 
highly predictable [18, 27, 28]. Homozygous cpklcpk mice (Jack
son Laboratory, ME, USA) were sacrificed at birth when there 
was mild dilatation of the proximal tubules, and at day 14 when 
there were gross cystic changes in the collecting ducts. The extent 
of apoptosis was compared with phenotypically normal littermates 
{cpkj-i- and + /+ ) as discussed above.

Effects of storage oit apoptosis in fetal mice kidtieys

To assess the possible effects of storage on the quantity of renal 
apoptosis we performed the following experiment. Pregnant CDl 
mice (Charles River UK Ltd, Margate, England, UK) were 
sacrificed by cervical dislocation at the 16th day of gestation, a 
stage when the fetal kidney contained a spectrum of nephrogen- 
esis broadly equivalent to our human prenatal samples. Embryos 
were killed by cervical dislocation. In one group kidneys were 
immediately removed and fixed in 4% PEA, while in the other 
group the whole fetus was left at 4°C for 24 hours before removing 
and processing the kidneys. Subsequently, apoptosis was quanti
tated on histological sections.

Effects of anaesthesia and renal artery clattiping on apoptosis 
in mice

We assessed the potential effects of anaesthesia and renal artery 
clamping on apoptosis by performing these procedures on mice. 
Adult CDl mice (25 g) were anaesthatized with nitrous oxide/ 
halothane and underwent laparotomy. The renal vessels were 
identified using a dissecting microscope and the renal arteries 
were clamped for 15 minutes. Mice were then sacrificed. Control 
mice underwent cervical dislocation with immediate dissection 
and processing of the kidneys. Apoptosis was quantitated as 
above.

Results

Location of apoptosis in nortnal human kidneys

In prenatal kidneys apoptosis was detected in nephron precur
sors in the nephrogenic cortex, typically in comma shaped bodies 
(Fig. lA), and in interstitial cells in the medulla (not shown). 
Apoptosis was not found in either the undifferentiated mesen
chyme (Fig. lA ) or in more mature nephrons towards the center
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Fig. 5. Electron microscopy of dysplastic kidneys. 
(A) Cyst wall showing apoptotic cell with 
condensed pyknotic nucleus surrounded by 
normal epithelial cells. The apoptotic cell 
appears to be shrinking. (B) Poorly 
differentiated mesenchyme showing both 
normal cells and one cell undergoing apoptosis 
with nuclear condensation. Key: apoptotic cells 
(A), collagen (c), cyst (cy), epithelial cells (E), 
fibroblast (F). Arrows indicate the tight 
junctions between epithelial cells, arrowheads 
indicate pyknotic nuclei. Bar is 1 pm.

of the organ. In the postnatal samples rare apoptotic nuclei were 
detected in the epithelial cells of proximal tubules (Fig. 2B), but 
were never noted in glomeruli (Figs. IB and 2B), interstitial cells 
(Figs. 1C and 2B) or loops of Henle.

Location of apoptosis in polycystic hitman kidneys

The distribution of apoptosis within the kidney was similar in 
both pre- and postnatal samples. In ARPKD apoptosis was 
detected (i) in the interstitium around undilated proximal and 
distal tubules (Figs. ID, 3 A-C); (ii) within the epithelial lining of 
cysts, often adjacent to areas of epithelial hypercellularity (Figs. 
IE, IF, 2D, and 3C); (iii) and in the epithelium of undilated 
proximal tubules between large cysts (Fig. 3D). In the ADPKD 
sample apoptosis was additionally observed within glomeruli with 
cystic dilatation of Bowmans’ capsule (Fig. 2H).

Location of apoptosis in dysplastic hitman kidneys

A similar histological pattern of cell death was seen in prenatal 
and postnatal specimens. Apoptosis was prominent in areas of 
undifferentiated cells (Figs. 4B, 4D and 5B) but was also, on 
occasion, observed in close proximity to dysplastic tubules (Fig. 4 
C, E). In the multicystic dysplastic kidneys apoptosis was rarely 
detected in cystic epithelia, and areas of cartilage did not contain 
apoptotic cells (data not shown). These sites of apoptosis were 
confirmed on electron microscopy; Figure 5A shows an electron 
micrograph of an apoptotic cell adjacent to normal epithelial cells 
in the wall of a cyst. Figure 5B shows an apoptotic cell in an 
undifferentiated area which resembles uninduced mesenchyme. 
We found DNA laddering in two out of the three dysplastic 
samples (Fig. 6), although histology revealed apoptotic nuclei in
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Fig. 6. DNA laddering in dysplastic kidney's. DNA was extracted from 
dysplastic kidneys from infants and children, then electrophoresed 
through a 1.5% agarose gel as described in the Methods. Lane A and Lane 
B. Dysplastic kidney showing laddering. Lane C Dysplastic kidney with no 
detectable ladder. Lanes D, E and F. Samples from the same kidney as A, 
B and C treated with RNAse A rule out RNA contamination.

all samples. This might be explained by the finding that DNA is 
sometimes broken down into large fragments during apoptosis, 
which cannot be visualized by the laddering technique [6].

Quantificatioft of apoptosis in hitman kidneys

Apoptotic cells were rare in normal postnatal kidneys, but 
significantly more death was seen in normal prenatal organs (Fig. 
7; F <  0.01). This difference provided the rationale for analyzing 
the quantity of apoptosis in dysplastic and polycystic patient 
samples in separate prenatal and postnatal groups. Dysplastic 
kidneys had more apoptosis than normal kidneys of a comparable 
age (Fig. 7; prenatally P <  0.001; postnatally P <  0.002), and the 
absolute levels of apoptosis fell significantly between the prenatal 
and postnatal period (Fig. 1; P <  0.005). In prenatal polycystic 
kidneys, apoptosis was not significantly greater than the normal 
group. In the postnatal period, however, a high level of cell death 
was maintained, and this value was significantly higher than 
normal controls (Fig. 1\ P <  0.001). All postnatal polycystic 
kidneys contained high levels of apoptosis irrespective of the level 
of plasma creatinine (Table 2).

Apoptosis in animal experiments

Cpklcpk mice had significantly more apoptosis than their phe
notypically normal littermates both on the first day of life, when 
there was only mild dilation of the proximal tubules (Table 3; P <
0.01), and at postnatal day 14 when the kidneys were grossly 
distended by distal cysts (Table 3; P <  0.01). The location of 
apoptosis was similar to that seen in the human samples (data not 
shown). There was no significant difference in levels of apoptosis 
between mouse fetal kidneys which were either processed imme
diately or left in situ for 24 hours at 4°C before removal and 
fixation (Table 3). Similarly, no significant difference in the 
quantity of apoptosis was observed in mice kidneys which had 
been subjected to anaesthesia and renal artery clamping versus 
organs which were immediately removed and processed (Table 3).

In the adult kidney apoptosis has been implicated in animal 
models of glomerulonephritis [29] and in experimental reperfu
sion injury [30]. The results from the current study suggest that 
apoptosis also occurs in dysplastic renal malformations and 
childhood polycystic kidney diseases.

Apoptosis in normal kidneys

In normal human fetal kidneys apoptosis was detected in the 
nephrogenic cortex and the medulla. In view of the high level of 
apoptosis in comma-shaped bodies (Fig. lA ) we speculate that it 
may be involved in both nephron morphogenesis and controlling 
the number of cells within a nephron. Apoptosis also occurs 
between branches of the collecting ducts [2], an area where Potter 
described regression of the first generations of nephrons [11]. It 
could be argued that a delay in processing human specimens may 
have altered the degree of apoptosis, but we did not find any 
difference in the level of cell death in embryonic mice kidneys 
after prolonged storage at 4°C (Table 3). In addition, the distri
bution of apoptosis was similar to that described in a study in rats 
where developing kidneys were perfusion fixed immediately be
fore harvesting [2]. We found a low level of apoptosis in proximal 
tubules of normal postnatal specimens (Figs. 2 and 7), but 
apoptosis was never observed in glomeruli, Henle loops or 
interstitial cells (Figs. 1 and 2). Conflicting studies have suggested 
that hypoxia/ischemia causes apoptosis in renal epithelia in ex vivo 
experiments [31], but has no effect in cell culture [32]. In the 
current study, however, we found that anaesthesia and surgery did 
not increase renal apoptosis in an animal model (Table 3). Other 
workers have also shown that apoptosis in vivo is only enhanced in 
the reperfusion phase after renal artery clamping [30, 33]. We 
therefore suggest that there is balanced cell turnover in the 
mature human kidney with lost cells either dying by apoptosis or 
shed into the urine [34], and these are replaced by a low level of 
epithelial proliferation [35].

Deregulation of apoptosis in polycystic kidneys

We have made a number of original observations regarding 
apoptosis in polycystic kidneys obtained predominantly from 
patients with ARPKD. Firstly, in the postnatal period, pyknotic 
nuclei were observed in the interstitial tissue around undilated 
proximal and distal tubules (Figs. 1 to 3), but we never observed 
apoptosis in this location in normal postnatal kidneys. Secondly, 
apoptotis occurred in hyperproliferative epithelium of distal cysts 
(Figs. 1 and 3), and we also found undilated proximal tubules 
dying by apoptosis between cysts (Fig. 3). Lastly, the incidence of 
apoptosis was raised in postnatal polycystic kidneys (Table 3 and 
Fig. 7). Next we sought evidence of apoptosis in the cpklcpk 
mouse; here the kidney phenotypically resembles human 
ARPKD, but the histology is more homogeneous and the disease 
progression is highly predictable [18, 27]. We found that apoptosis 
was increased, compared to phenotypically normal littermates, in 
both an early and a late stage of renal disease (Table 3). The 
animal data support our findings in human ARPKD and are also 
in accord with a study reporting apoptosis in human ADPKD [36]. 
Thus, enhanced apoptosis is found in different types of polycystic 
kidney disease. It is unknown how apoptosis relates to the genetic 
defects in human polycystic kidney diseases [37-40]. Evidence for 
a primary genetic deregulation of renal survival is, however.
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Fig. 7. Quantitation of apoptosis. Apoptosis was quantified in tissue sections using the propidium iodide method described in the text and expressed 
as (A) Pyknotic Index corresponding to the mean number of apoptotic cells per 10 random microscope fields from throughout the tissue and (B) 
Percentage of pyknotic nuclei. Groups were: normal prenatal kidneys, polycystic prenatal kidneys, dysplastic prenatal kidneys, normal postnatal 
kidneys, polycystic postnatal kidneys, dysplastic postnatal kidneys. Mean and sem is shown. Significant differences were: a - normal prenatal versus 
normal postnatal (P <  0.01), - dysplastic prenatal versus normal prenatal (P <  0.001), y - postnatal polycystic versus normal postnatal (P <  0.001),
8 - dysplastic postnatal versus normal postnatal (P <  0.002) and e - dysplastic prenatal versus dysplastic postnatal (P <  0.002).

Table 3. Pyknotic index and percentage pyknotic nuclei in kidneys from 
animal experiments outlined in the text

Experimental
group Number

Pyknotic index/ 
mean (sd)

Percentage 
pyknotic nuclei/ 

mean (sd)

Normal newborn 4 0.61 (0.10) 0.02 (0.004)
Polycystic newborn 4 1.58 (0.14) 0.07 (0.007)
Normal 14 day 4 0.41 (0.29) 0.02 (0.008)
Polycystic 14 day 4 1.37 (0.26) 0.08 (0.008)

Control fetal mice 10 1.04(0.76) 0.09 (0.06)
Storage for 24 hours 5 1.12 (0.84) 0.10 (0.07)

Control adult mice 6 0.44 (0.25) 0.04 (0.02)
Operative group 8 1.08 (0.79) 0.09 (0.07)

(Group A) Significantly more apoptosis in both cpklcpk polycystic 
groups compared to age matched controls (P <  0.001). (Group B) No 
significant difference between fetal kidneys processed immediately or 
stored in situ for 24 hours. (Group C) No significant difference in renal 
apoptosis between control adult mice and operative group which under
went anaesthesia and renal artery clamping.

provided by mice with bcl-2 null mutations which develop cystic 
kidneys [41, 42]. Moreover, transgenic mice which overexpress 
c-myc develop renal cysts [43], and enhanced expression of this 
cellular protooncogene occurs in cpk/cpk mice [44, 45]. C-myc 
causes proliferation or apoptosis depending on the concentrations 
of ambient growth factors [46], and thus the imbalance of EGF

[47, 48] and HGF [49] reported in polycystic kidney diseases may 
affect cell survival. We speculate that proliferation and fluid 
secretion in polycystic kidney epithelia [16, 19, 50] outweigh the 
high levels of cell death reported in this study, hence causing 
increased size of the kidneys with concomitant destruction of 
functional renal tissue.

Deregulation of apoptosis in dysplastic kidneys

Most apoptosis in dysplastic kidneys occurred in cells located 
around dysplastic tubules. Cells in this area superficially resemble 
undifferentiated mesenchyme which, in the normal metanephros, 
will differentiate into nephrons [11-13]. We suggest that enhanced 
apoptosis in dysplastic organs may prevent the differentiation of 
these precursors. Moreover, we hypothesize that enhanced cell 
death may contribute to the well-recognized phenomenon of 
spontaneous involution of dysplastic kidneys [51-53], During 
normal nephrogenesis, bcl-2 is highly expressed in nephron pre
cursors [54, 55], and this protein may be required to prevent the 
death of cells during the mesenchymal to epithelial transition. 
Preliminary data from our own laboratory [54] suggest that bcl-2 
is highly expressed in dysplastic tubules where apoptosis is rare, 
but is only weakly expressed in undifferentiated cells where 
prominent apoptosis is found. In humans, renal dysplasias may 
occur in conjunction with renal obstruction (such as posterior 
urethral valves) and some, but not all, animal studies suggest that 
prenatal obstruction causes dysplasia [56-58]. Increased apopto
sis is seen in experimental urinary obstruction in the postnatal 
period [59, 60] and is associated with increased renal TGF-j8 [61],
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a molecule implicated in epithelial apoptosis [8]. However, only a 
minority of our patients had obstructed kidneys (Tables 1 and 2). 
Renal malformations occur in mice with null mutations for ret 
[62], wnt-4 [63] and RARs [64], but apoptosis has not been studied 
in these models, and none of them faithfully mimic human 
multicystic renal dysplasia.

Conclusions

In summary, we have found that apoptosis occurs during 
normal human kidney development in locations similar to those 
reported in animals, and continues at a very low level after birth. 
More importantly, apoptosis occurs at a high level in ARPKD and 
dysplastic kidneys, which are important causes of end-stage renal 
failure in infancy and childhood [21]. The fact that apoptosis can 
be reduced by various molecular means both in vitro and in vivo [2, 
14, 65] suggest novel therapeutic strategies for these diseases.
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Abstract. Galectin-3 is a j8-galactoside-binding protein with 
putative roles in development, oncogenesis, and inflammation. 
Its expression in human nephrogenesis has not been previously 
reported. This study examines galectin-3 expression in early 
human embryos by Western blot and immunohistochemistry. 
This 33-kD protein was detected in the apical domain o f distal 
tubules of the mesonephros and also in the mesonephric duct. 
In the metanephros, the adult kidney precursor, galectin-3 was 
detected in the apical domains of ureteric bud branches, and 
there was intense expression in fetal medullary and papillary 
collecting ducts in both the cytoplasm and plasma membranes. 
Low levels of galectin-3 were detected in the cytoplasm of a

subset o f cells in adult collecting ducts; these were «-interca
lated cells because they expressed basal band 3 protein. In 
human multicystic dysplastic kidneys, all diseased epithelia 
had an embryonic apical expression pattern o f galectin-3 and, 
in addition, all cystic epithelia in autosomal recessive polycys
tic kidneys expressed this molecule. It is concluded that galec
tin-3 is expressed by cells o f the mesonephric duct/ureteric bud 
lineage, and it is speculated that the different subcellular loca
tions may be implicated in both the regulation o f normal 
growth and differentiation o f this lineage, as well as in the 
pathogenesis o f cystic epithelia. (J Am Soc Nephrol 8; 1647- 
1657, 1997)

Lectins are naturally occurring proteins that bind specific con
figurations of carbohydrate residues o f glycoproteins (1). Ga- 
lectins comprise a family o f Ca^"*"-independent water-soluble 
/3-galactoside-binding lectins (2), and galectin-3 (formerly 
known as Mac-2) is a 30- to 42-kD molecule found in a variety 
o f mammalian species (3). The galectin-3 protein consists o f an 
amino-terminal half containing a repetitive domain sequence 
rich in proline, glycine, and tyrosine (4) that is sensitive to 
collagenases and elastases, in contrast to the carboxy-terminal 
half containing the carbohydrate recognition domain. The latter 
binds molecules with poly-A^-acetyllactosamine side chains and 
ABH blood group determinants (5). Galectin-3 protein has 
been identified within cells and with nuclear and cytoplasmic 
distributions (3), and it also is a secreted molecule that can 
adhere to the cell surface (6) or appear in conditioned medium 
o f galectin-3-expressing cell lines (7). The latter observations 
are interesting in view o f the apparent absence o f a secretory 
signal in the galectin-3 protein, suggesting the use o f a novel 
secretory pathway that is independent of the endoplasmic re
ticulum and Golgi apparatus (7).
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Galectin-3 is expressed by preimplantation embryos (8) and 
by notochord, skeleton, and skin later in development (9). In 
the adult mammal, galectin-3 expression has been described in 
a variety o f epithelia in vivo, including the colon, and it can be 
detected on the surface o f thioglycollate-elicited inflammatory 
macrophages (3). The distribution o f galectin-3 in many d if
ferent types of cells, together with varied subcellular localiza
tion of the protein, suggests many different roles for this 
molecule. In the nucleus, galectin-3 associates with ribonucleo- 
proteins, and here it  may play a role in pre-mRNA splicing 
(10,11). Interestingly, loss o f nuclear galectin-3 staining has 
been reported in colonic neoplasia (12), and this correlates with 
neoplastic progression. Other reports linking this molecule to 
cell proliferation include the upregulation o f galectin-3 in 
stimulated 3T3 cells before S phase (13,14), and in lympho
cytes transformed with human T cell leukemia virus I  (15). 
Similarly, in vivo, levels o f galectin-3 are increased in a variety 
o f tumors (16,17) and correlate with the metastatic potential o f 
certain tumor cell lines (18). Furthermore, galectin-3 may also 
have a role in preventing programmed cell death, because 
overexpression o f galectin-3 in T cells makes them resistant to 
apoptosis (19). O f note, galectin-3 has some homology with 
BCL-2, a survival factor associated with nuclear and mitochon
drial membranes (19). Finally, secreted galectin-3 may mediate 
cell-matrix interactions because it is able to bind embryonic 
glycoforms o f laminin and fibronectin, which have polylac- 
tosamine side chains (5), and galectin-3 has been shown to 
modulate laminin/integrin interactions, hence mediating cell 
attachment and spreading in vitro (5).

The galectin-3 protein has been reported to be expressed
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during the late nephrogenic period in rodents (20), but detailed 
renal expression patterns were not defined. In this study, we 
have documented the ontogeny o f galectin-3 protein distribu
tion in humans from early nephrogenesis through postnatal 
maturity. We found that galectin-3 was expressed by the meso
nephric duct and its ureteric bud/collecting duct derivatives. In 
view o f this pattern, we further examined the expression of this 
molecule in multicystic dysplastic kidneys and autosomal re
cessive polycystic kidneys, disorders that involve aberrant de
velopment of ureteric bud branches and collecting ducts (21- 
24).

Materials and Methods
All chemicals were supplied by Sigma (Poole, Dorset, United 

Kingdom) unless stated otherwise.

Kidney Samples
This project was approved by the Hospital Research Ethics Com

mittee. All samples were collected as described by Winyard et al. 
(21,22) and Kolatsi-Joannou et al. (23). Five normal embryonic kid
neys (mesonephroi and metanephroi) were obtained from chemically 
induced (RU486) terminations at 5 to 10 wk of gestation, and six 
normal fetal kidneys at 17 to 22 wk were obtained from surgical 
terminations. Five normal postnatal kidney samples at 5 to 72 mo 
were obtained from tissue adjacent to, but unaffected by, Wilms’ 
tumor, and five kidneys at 3 to 14 mo were obtained from children 
who died of Sudden Infant Death Syndrome in which no renal or other 
pathology was detected at autopsy. The Wilms’ tumor samples did not 
have mutations of the Wilms’ tumor 1 (WTl) gene (21).

Four prenatal multicystic dysplastic kidneys at 17 to 34 wk gesta
tion were collected from pregnancies terminated for fetal renal mal
formations and oligohydramnios detected by ultrasonography. Parents 
were given time to mourn their loss, and the fetus was then stored at 
4°C until autopsy. This mode of collection ensures good tissue pres
ervation of fetal renal tissue (21). Four postnatal dysplastic kidneys at 
8 to 60 mo were obtained at nephrectomy for nonfunctioning organs. 
All of these samples had classical histological features of renal dys
plasia, including dysplastic tubules and cysts, surrounded by undif
ferentiated mesenchymal and stromal tissues, together with the pres
ence of metaplastic cartilage (21-24).

Autosomal recessive polycystic kidneys were also collected. These 
comprised four prenatal samples at 20 to 35 wk gestation and four 
postnatal samples at 10 to 72 mo of age. Histologically these kidneys 
contained cysts derived from collecting ducts, and the diagnosis was 
secured by the presence of characteristic liver pathology, together 
with the absence of renal cysts in parents examined with renal ultra
sonography.

W estern Analysis
A 10-wk gestation fetal kidney and lower limb and three postnatal 

dysplastic kidneys were homogenized in lysis buffer (50 mM Tris, pH 
8.0,150 mM NaCl, 1% Nonidet P-40,0.5% sodium deoxycholate, and 
0.1% sodium dodecyl sulfate) containing protease inhibitors (1 /im 
sodium orthovanadate, 100 jutg/ml phenylmethylsulfonyl fluoride, and 
30 jLtl/ml aprotinin). Protein was also extracted from cultured Madin- 
Darby canine kidney (MDCK) cells, which are known to synthesize 
galectin-3 (3) by repetitive syringing in this lysis solution.

Samples were electrophoresed through a 5% stacking and 12% 
resolving Tris-glycine sodium dodecyl sulfate-poly aery lamide gel 
(Protogel, National Diagnostics, Atlanta, GA), and proteins were then

electrophoretically transferred to a membrane (Hybond-C extra, Am- 
ersham, Amersham, Buckinghamshire, United Kingdom) by semidry 
blotting. The filters were placed overnight in block (10% marvel,
0.05% Tween in phosphate-buffered saline) and then incubated for 1 h 
with anti-galectin-3 antibody (bleed 7) at a dilution of 1:500 in block 
solution. This is a rabbit polyclonal antibody raised against the amino 
terminus of hamster galectin-3 protein (20), and it was either omitted 
or preincubated with galectin-3 protein (20 jug/ml) for 1 h in control 
experiments. Next, the membranes were washed three times for 10 
min in block. They were then incubated for 2 h with a goat anti-rabbit 
peroxidase-conjugated secondary antibody (DAKO, High Wycombe, 
United Kingdom). This was washed three times in a large quantity of 
phosphate-buffered saline, and positive signal was detected with en
hanced chemilu minescence reagent (enhanced chemiluminescence, 
Amersham).

Histochem istry
Kidneys were fixed in 10% formahn, embedded in paraffin wax, 

and sectioned at 4 to 6 jLtm. For immunohistochemistry, sections were 
dewaxed through a graded alcohol series to water and were micro- 
waved for 8 to 12 min in citric acid buffer (2.1 g/L, pH 6.0), as 
described (21-23). Sections for immunoperoxidase staining were then 
treated with 3% hydrogen peroxide for 15 min to block endogenous 
peroxidase, but this step was omitted in samples that were analyzed by 
fluorescence detection systems.

After blocking in 10% goat serum for 1 h at room temperature, 
sections were incubated for 1 h at 37°C with rabbit anti-galectin-3 
antiserum (bleed 7: see Western Analysis) at 1:50 dilution. Negative 
controls consisted of preimmune rabbit serum, omission of the pri
mary antibody, or preincubation of the antibody with excess galec- 
tin-3 protein. In these samples, very weak background peroxidase 
activity or autofluorescence was noted in some tubules. Primary 
antibodies in tissue sections were detected using either FITC-immu- 
nofluorescence or peroxidase-based systems (counterstained with 
methyl green), as described previously (21-23).

Because galectin-3 protein has been located in nonrenal tissues in 
nuclei, cytoplasm, or plasma membrane (see introductory remarks), 
we attempted to determine the subcellular location of galectin-3 
immunoreactivity in kidney tissues, using confocal laser scanning 
microscopy (Leica, Heidelberg, Germany). Fluorescent secondary 
antibody was visualized by scanning through tissue sections at
0.50-jLim intervals. Using this methodology, nuclear localization could 
be unambiguously established. Similarly, in some cells, galectin-3 
protein appeared to be associated only with the plasma membrane. 
Finally, other cells had galectin-3 immunoreactivity in their cyto
plasm, and in these cases coincident membranous localization was 
sometimes indicated by intense staining.

In some tissues, we compared the distribution of galectin-3 on 
serial sections with PAX-2, using a polyclonal antibody to the car
boxy-terminal domain (22). This transcription factor is expressed in 
the mesonephric (Wolffian) and paramesonephric (Müllerian) ducts 
and the metanephros (22,25). In addition, postnatal samples were 
fluorescently co-stained with tetramethylrhodamine isothiocyanate- 
conjugated Arachis hypogaea agglutinin and anti-band 3 antibodies. 
Arachis hypogaea, or peanut agglutinin, is a marker of distal tubules 
in humans (26), although it binds specifically to j8-intercalated cells in 
collecting ducts in the rabbit (27). Band 3 is a transmembrane protein 
that is found in red cells, and a truncated protein is located on the basal 
surface of the hydrogen-secreting «-intercalated cells in the distal 
nephron (28,29). We used two monoclonal mouse anti-human band 3 
antibodies (BRIG 154 and BRIG 155) that have been well character
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ized in red cells and react with the transmembrane domain in the 
kidney (30).

Results
Western Blotting  

The specificity o f the anti-galectin-3 antiserum was con
firmed by Western blotting. Human galectin-3 protein has a 
predicted size of 33 kD, and a single band of this size was 
detected in a 10-wk gestation normal human fetal kidney 
(Figure 1, lane 1) and in three postnatal dysplastic kidneys 
(Figure 1, lanes 3 through 5). Galectin-3 has been described 
previously in developing cartilage (9). We also detected it in 
the lower limb of the 10-wk-old fetus (Figure 1, lane 2). Canine 
galectin-3 is larger than the human protein, and we found a 
42-kD band in protein extracted from MDCK cells. No signal 
was detected when the primary antibody was omitted or pre
incubated with excess galectin-3 (data available on request).

Ontogeny o f  G alec tin -3  in the U rin a ry  T rac t 
The human mesonephros develops in the fifth week after 

fertilization and regresses after the first trimester (24). This 
segmental organ contains vascularized glomeruli draining into 
nephrons, which comprise “ proximal”  and “ distal”  tubules 
connected to the mesonephric duct (Figure 2, A through F). In 
the sixth week of gestation, the ureteric bud branches from the 
caudal mesonephric duct and grows into intermediate meso
derm to form the metanephros (Figure 2, A through C and G 
through L). Mutually inductive events cause the ureteric bud to 
branch serially to form the collecting ducts and urothelium of 
the renal pelvis and ureter, and the renal mesenchyme under
goes epithelial conversion to form nephrons (glomeruli, prox
imal tubules, and loops of Henle). The first human metanephric

66 k D ^

46 kD^

30 kD^

Figure I. Western blot of galectin-3 in fetal tissues. All lanes were 
probed with rabbit polyclonal anti-galectin-3 antibody. Lane 1 shows 
a 10-wk gestation fetal metanephros. Lane 2 shows lower limb from 
the same fetus. Lanes 3 through 5 show three postnatal dysplastic 
kidneys. Lane 6 shows Madin-Darby canine kidney (MDCK) cells. A 
band of approximately 33 kD was detected in all of the human tissues, 
whereas a larger band was found in the MDCK cells. Preincubation of 
the antibody with galectin-3 specifically blocked these bands, and no 
signal was detected when the primary antibody was omitted (not 
shown).

glomeruli form at 9 wk, and the nephrogenic zone is main
tained in the outer cortex until 34 to 36 wk o f gestation (24).

Galectin-3 immunoreactivity was detected in the mesoneph
ric duct and also in distal mesonephric tubules from 5 wk of 
gestation. In these cells, immunostaining appeared to be pre
dominantly in the apical domain (Figure 2, B and E), probably 
in the plasma membrane. The paramesonephric duct was de
void of staining (Figure 2E). In contrast, PAX-2 was detected 
in both the mesonephric and paramesonephric ducts (Figure 2, 
C and F), where the staining was predominantly nuclear, as one 
would expect for this transcription factor. This difference in 
staining demonstrates the specificity o f the galectin-3 pattern. 
Patchy cytoplasmic staining for galectin-3 was noted in the 
proximal tubules in the mesonephros (Figure 2E), whereas 
glomerular epithelia were negative. Within the 7-wk meta
nephric kidney, galectin-3 immunoreactivity was noted in the 
stalk of the ureteric bud, where staining was again detected in 
the apical plasma membrane (Figure 2, H and K). At this stage, 
the bud has branched 3 to 4 times, and mesenchymal conden
sates have appeared around the branch tips (Figure 2, G and J). 
We found a very low level o f galectin-3 immunoreactivity in 
these condensates (Figure 2, H and K). PAX-2 was expressed 
at high levels in both the ureteric bud branches and condensing 
mesenchyme at this time point (Figure 2 ,1 and L), as we have 
reported previously (22).

At later stages o f normal nephrogenesis, three patterns of 
galectin-3 distribution were detected. These patterns coexisted 
in the same specimen, as shown in 20-wk gestation fetal kidney 
specimens depicted in Figures 3 and 4. First, in the nephro
genic cortex, a predominantly apical pattern of galectin-3 was 
seen in the branching tips o f the ureteric bud (Figure 3, B and
C). Second, in the subcortical region where tubules are matur
ing, galectin-3 continued to be expressed in the collecting duct 
lineage (Figure 3, D and E). Some cells in segments fused with 
primitive nephrons had a predominantly apical distribution 
(Figure 3, D and E, arrowheads), whereas in others, galectin-3 
immunoreactivity was noted inside the epithelial cells (Figure 
3, D and E, arrows). Third, the most intense signal for galec- 
tin-3 was found in medullary and papillary collecting ducts, 
where staining appeared to be cytoplasmic, and also in apical, 
lateral, and basal plasma membranes (Figure 4, D through F).

In adult kidneys, galectin-3 expression was detected in the 
cytoplasm, with lower levels in the nucleus as assessed by 
serial confocal laser scans at 0.50-jLtm intervals of a subset of 
cells in the cortex and medulla (Figure 3, F, G, and I; Figure 4, 
H and J). These cells were restricted to the collecting ducts 
because the tubules co-stained with Arachis hypogaea agglu
tinin, a marker of the distal nephron (26). Interestingly, cells 
that were positive for galectin-3 were negative for Arachis 

hypogaea. This agglutinin labels jS-intercalated cells in rabbit 
collecting ducts (27) but has not been as well characterized in 
the human. Basal co-staining o f galectin-3-positive cells was 
detected with both of the band 3 antibodies (Figure 3, G 
through I), and this suggests that these are «-intercalated cells. 
The renal pelvis and ureter, which are ureteric bud derivatives, 
also expressed galectin-3 protein (data not shown).



1650 Journal of the American Society of Nephrology

B

mt

m Pt
À

o H

/

K

/

;ÿ':.

Figure 2. Galectin-3 immunohistochemistry in 7-wk gestation meso- and metanephros. All sections counterstained with methyl green. A, D, 
G, and J show control sections with primary antibody omitted. B, E, H, and K were immunostained for galectin-3, and C, F, I, and L were 
immunostained for PAX-2. A, B, and C show low-power views of the mesonephros (ms), metanephros (mt), and gonad (g), and D, E, and F 
show higher power of mesonephros, mesonephric duct (m), and paramesonephric duct (p). Galectin-3 was detected in a predominantly apical 
distribution in the mesonephric duct (converging arrowheads in E) and distal-type tubules of the mesonephros (line of arrowheads in E) that 
drain into it, whereas the paramesonephric duct was negative. Patchy galectin-3 immunoreactivity was also noted in the proximal-type tubules 
(pt in E). In contrast, PAX-2 protein was found in a predominantly nuclear distribution in both the mesonephric and paramesonephric ducts 
(C and F). G through L show the metanephros with the ureteric bud branch tips indicated by open arrows, ureteric bud stalk indicated by closed 
arrows, and condensates (c). H and K show predominantly apical galectin-3 in central ureteric bud with weakly staining condensing 
mesenchyme around branching tips of the ureteric bud. I and L show PAX-2-positive cells in both the ureteric bud and condensing 
mesenchyme. Bars: 150 /xm in A through C; 30 fxm in D through F and J through L; and 80 p,m in G through I.

G alec tin -3  in Dysplastic K idney E p ith e lia  
Multicystic dysplastic kidneys result from a failure o f nor

mal differentiation and development o f both the ureteric bud 
and metanephric mesenchyme (24). Histologically they consist 
of dysplastic tubules (Figure 5A) that are thought to be mal

formations of ureteric bud branches. These tubules are con
nected to cysts and are surrounded immediately by fibromus- 
cular-like cells and more distantly by looser-packed 
undifferentiated cells (Figure 5A). In these organs, galectin-3 
immunostaining was found in 95% of the cysts examined
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Figure 3. Galectin-3 immunohistochemistry in renal cortex. A through F are from 20-wk gestation fetus. In A and B, the edge of cortex is 
indicated by an asterisk. A is the control, with the primary antibody omitted. Note intense autofluorescence of nucleated red cells and weak 
autofluorescence of the epithelia. B and C show a predominantly apical galectin-3 distribution (arrowheads) in the tips of ureteric bud branches 
(u). D and E are light-field photomicrographs that show apical galectin-3 staining (white arrowheads) in the ureteric bud where it fuses with 
the nephron (n) and coexistent cytoplasmic/nuclear protein distribution (black arrows) in specific cells deeper in the cortex. Some nearby 
proximal tubules show background peroxidase staining. F shows a longitudinal view through a postnatal cortical tubule identified as a collecting 
duct because it stains with Arachis hypogaea agglutinin in red. This is co-stained with galectin-3 (green), and the subpopulation of 
galectin-3-positive cells (arrows) did not bind Arachis hypogaea. G through I are the same section through a postnatal cortical collecting duct 
co-stained with galectin-3 (G), band 3 (H), or both of these images combined (galectin-3 signal in green and band 3 in red). In G and H, the 
outline of the tubule is shown by the yellow dotted line, and two cells had cytoplasmic/nuclear galectin-3. The same cells were positive for 
band 3 on the basolateral surface, which identified them as «-intercalated cells. Bars: 80 jam in A and B; 40 /xm in C and F; 60 /xm in D and 
E; and 15 /xm in G through 1.
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Figure 4. Galectin-3 iinmunohistocheniistry in renal medulla. As controls in A through C and 1, the primary antibody was preabsorbed with 
galectin-3 protein, and in G the primary antibody was omitted. Weak background autofluorescence was seen in many of the tubules with intense 
autofluorescence in nucleated red cells. A through F show the renal medulla from 20-wk gestation fetuses, and in D through F galectin-3 
immunoreactivity was detected in the large collecting ducts. The protein was located in the cytoplasm as well as in apical, lateral, and basal 
plasma membranes. G through J show postnatal medulla. In H, the collecting ducts (c) contain a subset of cells that are positive for galectin-3 
(arrowed) in the cytoplasm. This is shown at higher magnification in the two positive cells in J; weak nuclear staining is also present. Bars: 
80 jam in A, B, D, E, G, H; and 15 fxm in C, F, 1, and J.

(Figure 5, B and C) in both preterm and postnatal specimens, 
with similar patterns in obstructed and nonobstructed systems. 
In the positive cysts, every epithelial cell expressed galectin-3 
on the apical surface. In addition, dysplastic tubules showed a 
similar pattern (Figure 5, B and E). Galectin-3 immunoreac
tivity was also detected in the nuclei o f chondrocytes in areas 
of metaplastic cartilage (Figure 5D). In one postnatal sample, 
part of the organ contained areas o f tubules that looked rela

tively normal (Figure 5F); an immature apical pattern was seen 
in some undilated tubules in these areas.

G ciIecîin-3 in Polycystic K idney E p ith e lia  
In human autosomal recessive polycystic kidney disease, 

cysts derive from collecting ducts (Figure 6, A and B) (24). We 
therefore examined the expression of galectin-3 in these or
gans. Cystic epithelia were universally positive for galectin-3
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Figure 5. Galectin-3 in multicystic dysplastic kidneys. All sections show postnatal dysplastic kidneys, although prenatal samples showed the 
same staining pattern. Panel A shows a control section with galectin-3 antibody omitted. B, C, and E show dysplastic tubules (dt) and cysts 
(cy) with apical galectin-3 protein (anowheads). In D, metaplastic cartilage (ca) was positive for galectin-3 (arrows). F shows an area of more 
differentiated tubules: Note that one tubule had a mature cytoplasmic and nuclear galectin-3 pattern restricted to a subset of cells (arrows), 
whereas the adjacent undilated tubule has an apical phenotype (arrowhead). Bars: 40 /am in A through C, E, and F; and 20 /am in D.
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Figure 6. Galectin-3 in autosomal recessive polycystic kidneys. A and B are control sections of a 20-wk gestation fetus corresponding to C 
and D, respectively. C and D show a postnatal sample with cytoplasmic galectin-3 within cyst epithelium (arrows). E and F show examples 
of postnatal epithelia with a rare, predominantly apical galectin phenotype (arrowheads) in some cells. Nuclear staining was not detected in 
cystic epithelia. Bars, 80 [xm.
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both pre- and postnatally. In the majority o f the cysts, galec
tin-3 was cytoplasmic (Figure 6, C and D), but in a subpopu
lation representing less than 10% of cysts, a predominantly 
apical location was detected (Figure 6, E and F). Using con
focal laser scanning microscopy, we were unable to detect 
convincing nuclear staining in any o f these samples.

Discussion
Galectins in the Kidney

Our study represents the first report o f galectin-3 expression 
and distribution in the ontogeny of the human kidney. Both the 
mesonephric and metanephric kidneys develop by interaction 
between two types of tissue: the epithelia o f the mesonephric 
duct/ureteric bud and the intermediate mesoderm. We found 
that galectin-3 was almost exclusively located in the former 
tissues and their derivatives, including the collecting ducts. 
Immunoreactivity often appeared within cells {e.g., mature 
collecting ducts) or on the apical plasma membrane {e.g., tips 
o f ureteric bud branches), which suggests that these cells 
synthesize this molecule, although definitive proof would re
quire in situ hybridization studies. These findings expand and 
confirm a previous study in rodents, which described galec
tin-3 expression in tubules in the late nephrogenic period (20). 
Our data also confirm that galectin-3 is produced in vitro by 
MDCK cells (7), an epithelial line with characteristics o f 
collecting ducts. Other members o f the galectin family are also 
expressed in the kidney. For example. Burger and colleagues 
(31) reported that galectin-1 was expressed by cultured human 
adult tubular epithelial cells and, in a preliminary report, Wada 
and coworkers cloned a novel galectin cDNA from murine 
metanephroi at 13 to 17 d of gestation (32).

Galectin-3 in the Collecting Duct Lineage
The metanephric kidney is the direct precursor of the adult 

kidney, and we found low levels o f galectin-3 inununoreactiv- 
ity in the branch tips o f the ureteric bud. Galectin-3 protein 
appeared to be predominantly located in the apical domain of 
the epithelium. This population o f cells has a high proliferative 
index and expresses PAX-2 (22), a transcription factor that is 
essential for the development of this lineage (25). Growth of 
these cells is known to be positively regulated by renal mes
enchymal-derived paracrine factors {e.g., glial ceU line-derived 
neurotrophic factor and hepatocyte growth factor), which sig
nal through specific receptor tyrosine kinases {e.g., RET, MET, 
and also ROS) located on the basal surface o f these cells 
(33,34).

It is difficult to envisage an active role for galectin-3 {e.g., in 
mRNA splicing, in a BCL2-like role in survival, or in interac
tions with extracellular matrix) in this apical location in the 
immature ureteric bud. By midgestation, however, a new dis
tribution was observed in cytoplasm and also in lateral and 
basal plasma membranes of medullary and papillary collecting 
duct cells (compare Figure 4E with Figure 3C). In the latter 
location, galectin-3 would be well placed to interact with 
laminin-1, a molecule that coats embryonic kidney epithelia 
and has been implicated in epithelial morphogenesis by organ 
culture experiments (35,36). Indirect evidence for such an

interaction comes from culture of M DCK cells in collagen type 
1 gels, in which galectin-3 colocalizes with laminin on the 
basal surface o f developing cysts (37). In this setting, addition 
o f recombinant galectin-3 to the medium slows cyst expansion, 
whereas blocking antibodies enhance cyst growth (37). It is 
therefore possible that interaction between galectin-3 and ma
trix might regulate collecting duct growth in vivo. In mouse 
nephrogenesis, galectin-3 mRNA is detectable by reverse tran- 
scription-PCR from embryonic day 11 and, as assessed by 
Western blot, levels o f galectin-3 protein peak at embryonic 
days 15 to 16 (38), a stage equivalent to midgestation in 
humans. Moreover, our prehminary data, using mouse organ 
culture, suggest that addition of recombinant galectin-3 per
turbs epithelial morphogenesis (38).

Renal galectin-3 was detected postnatally in a subset of 
tubular cells in the cortex and medulla, where staining was 
predominantly cytoplasmic. Counterstaining with Arachis hy
pogaea identified these tubules as collecting ducts (26). Cells 
positive for galectin-3 were positive for band 3 in a basal 
distribution. These findings are consistent with galectin-3 be
ing confined to «-intercalated cells. In the future, it w ill be 
interesting to examine the phenotypes and function o f collect
ing duct cells in mice that are null mutants for galectin-3.

Galectin-3 in Aberrant Human Kidney Development
Dysplastic kidneys are a common cause o f human renal 

malformations (39). Multicystic dysplastic kidneys have no 
excretory function, whereas some functioning nephrons may 
be present in milder cases of dysplasia. Unilateral multicystic 
cases often present as an abdominal mass in infancy, and these 
organs may regress and even involute completely (40). Bilat
eral cases o f dysplasia make up a large portion of pediatric 
renal failure programs but, with advances in prenatal ultra
sonography, many affected fetuses are now terminated. We 
have shown previously that dysplastic cyst epithelia have a 
high rate o f proliferation and that this is correlated with the 
expression of PAX-2, a potentially oncogenic transcription 
factor, and BCL-2, a survival molecule (22). Conversely, tissue 
around dysplastic cysts fails to differentiate into functioning 
nephrons and has a high rate o f apoptosis associated with a lack 
o f BCL-2 and PAX-2 expression (21,22). There is also evi
dence that soluble signahng molecules, such as hepatocyte 
growth factor and insulin-like growth factor, are involved in 
the pathogenesis o f these malformations (23,41).

In this study, we found galectin-3 protein in virtually all 
cells lining dysplastic tubules and their adjoining cysts. This 
observation is not surprising because the classical microdissec
tion studies of Edith Potter (24) demonstrated that these struc
tures are malformations o f ureteric bud branches. The apical 
distribution o f galectin-3 is further evidence for the failure of 
differentiation o f these structures. It is interesting that this 
phenotype was maintained even in the postnatal samples. On 
the basis o f the above reasoning, we suggest that apical galec
tin-3 is unable to interact with the extracellular matrix, and this 
may contribute to cyst expansion. Galectin-3 protein was also 
found in metaplastic cartilage, which is consistent with reports 
o f galectin-3 in normal fetal eartilage (9). We are currently
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attempting to address the possible role of galectin-3 in dys
plastic kidneys by studying its action on the growth and mor
phogenesis o f conditionally immortal cell lines from human 
dysplastic kidneys.

Galectin-3 and Polycystic Kidney Disease
Autosomal recessive polycystic kidney disease occurs in 1 in 

10,000 live births and causes a spectrum of clinical problems, 
including renal failure in infancy through adulthood (42). A ll 
studied kindreds appear to be linked to a locus on chromosome 
6, but the specific mutation has yet to be reported (43). The 
cysts arise exclusively from collecting ducts, unlike autosomal 
dominant polycystic kidney disease, in which all parts o f the 
nephron can become cystic. The biology o f renal cyst forma
tion is currently under intensive investigation, with aberrations 
reported in epithelial cell survival, proliferation, polarity, phys
iology, and adhesion (44). However, relatively few studies 
have addressed aberrant biology of the recessive human dis
ease. We recently reported that both apoptosis and proliferation 
are deregulated in these organs (21). In the current study, we 
found that galectin-3 protein was detected in all cystic epithe
lia, consistent with their derivation from collecting ducts. The 
subcellular localization of galectin-3 was heterogeneous, with 
most cysts showing a predominantly cytoplasmic pattern, but a 
minority had an apical distribution. Nuclear localization was 
not detected in any o f the cystic epithelia, which is reminiscent 
of the loss o f nuclear localization reported in neoplasia o f the 
colon (12).

It is interesting to compare expression patterns o f galectin-3 
in renal ontogeny and cystogenesis with the polycystin protein, 
the product o f the P K D l locus that is mutated in most patients 
with autosomal dominant polycystic kidney disease (45). Poly
cystin is predicted to have a long extracellular amino terminal 
with a carboxy terminal inserted into cell membranes, and the 
molecule may mediate cell/matrix interactions (45). A  recent 
article described polycystin expression in ureteric bud branches 
and collecting ducts, the same sites we have found to express 
galectin-3 (46). In autosomal dominant polycystic kidney dis
ease, the majority o f cysts have been reported to overexpress 
polycystin (46) and, in the one sample o f this condition that we 
have been able to examine, we found that galectin-3 is also 
expressed in most diseased epithelia, apart from in glomerular 
cysts (P. J. D. Winyard and A. S. Woolf, unpublished data). In 
the future, it would be intriguing to study potential interactions 
between these two molecules in normal and abnormal nephro
genesis.
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Abstract

Human dysplastic kidneys are developmental aberrations 
which are responsible for many of the very young children 
with chronic renal failure. They contain poorly differenti
ated metanephric cells in addition to metaplastic elements. 
W e recently demonstrated that apoptosis was prominent in 
undifferentiated cells around dysplastic tubules (W inyard, 
P.J.D., J. Nauta, D.S. Lirenman, P. Hardman, V.R . Sams, 
R.A. Risdon, and A  S. Woolf. 1996. Kidney Int. 49:135-146), 
perhaps explaining the tendency of some of these organs to 
regress. In  contrast, apoptosis was rare in dysplastic epithe
lia which are thought to he ureteric bud malformations. On 
occasion, these tubules form cysts which distend the abdom
inal cavity (the multicystic dysplastic kidney) and dysplastic 
kidneys may rarely become malignant. W e now demonstrate 
that dysplastic tubules maintain a high rate of proliferation 
postnatally and that PAX2, a potentially oncogenic tran
scription factor, is expressed in these epithelia. In  contrast, 
both cell proliferation and PAX2 are downregulated during 
normal maturation of human collecting ducts. W e demon
strate that BCL2, a protein which prevents apoptosis in re
nal mesenchymal to epithelial conversion, is expressed ec- 
topically in dysplastic kidney epithelia. W e propose that 
dysplastic cyst formation may be understood in terms of ab
errant temporal and spatial expression of master genes 
which are tightly regulated in the normal program of hu
man nephrogenesis. (J, Clin. Invest. 1996.98:451-459.) Key 
words: BCL2 • dysplastic kidney • nephrogenesis • PAX2 • 
W T l

Introduction

Development is orchestrated by regulatory genes expressed in 
a temporal and spatial cascade (1). Many such genes encode 
transcription factors that must first bind to, and then regulate 
the expression of, growth factor, cell adhesion, and also other
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transcription factor genes (1-3). One transcription factor fam
ily contains the DNA-binding “ paired” domain and is encoded 
by P A X  genes (4), of which nine members have been identified 
in humans (5). Drosophila homologues control embryonic pat
terning (4) and cell specification (6), while a zebrafishFAX gene 
is imphcated in retinal development (7). Expression patterns and 
functional ablation experiments show that mouse P A X  genes 
regulate development of the brain, eye, lymphoid system, mus
culature, neural crest, thymus and vertebrae (8-12). Other 
studies reveal PAX overexpression causes cell transformation 
and tumor formation (13). In humans, familial and sporadic 
human mutations in PAX3  and PAX6  are associated with Waar- 
denburg syndromes (14, 15) and aniridia (16) respectively, 
while rearrangement of PAX3  causes soft tissue tumors (17).

Two P A X  genes are relevant to nephrogenesis, PAX2  and 
PAXS  (18,19). Mouse PAX2 is expressed in the mesonephric 
duct and its branch, the ureteric bud which gives rise to ure
teric, renal pelvic and collecting duct epithelia. Both PAX2 
and PAX8 are expressed in mesenchymal/epithelial conver
sion during nephron formation. These genes are downregu
lated as the kidney matures (18-20) but transgenic overexpres
sion of PAX2 causes epithelial hyperproliferation and cyst 
formation (21). Conversely, genetic ablation of a single PAX2  
allele causes renal hypoplasia (9, 22) while antisense oligonu
cleotides, which reduce PAX2 protein in organ culture, inhibit 
the mesenchymal to epithelial transition (23). Homozygous 
PAX2  null-mutant mice have no kidneys because the ureteric 
bud fails to branch from the mesonephric duct (22). Further
more, the absence of mesonephric tubules suggests that PAX2 
is required for mesenchymal/epithelial conversion in vivo, and 
Fallopian tubes are absent because PAX2 is expressed in Mul
lerian duct derivatives (24). PAX2  mutations have also been 
found in humans, arising de novo or inherited in an autosomal 
dominant manner (25,26). Heterozygous individuals with mu
tations of either the paired or octapeptide domains most likely 
have haploinsufficiency, a partial lack of functional protein. 
They suffer from optic nerve colobomas, vesicoureteric reflux, 
and “hypoplastic” kidneys, although histological analysis was 
not performed in the original report (25). Homozygous PAX2  
mutations have not been described in humans although known 
kindreds with kidney and Mullerian malformations superfi
cially resemble the (female) mouse null-mutants (22, 27). 
PAX2 and PAX8 are overexpressed in Wilms tumor (20, 28- 
30), a malignant neoplasm containing tissues resembhng the 
embryonic kidney, and also in renal cell carcinoma (31). Thus, 
in mice and humans, a deficiency of metanephric PAX2 pro
tein is associated with growth failure while overexpression of 
the same protein is associated with cyst or tumor formation.

Human dysplastic kidneys are developmental aberrations 
which are responsible for many of the very young children who 
require dialysis and renal transplantation (32-35). They con
tain poorly differentiated metanephric cells in addition to meta-
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plastic elements (32, 34, 35). We recently demonstrated that 
apoptosis was prominent in undifferentiated cells surrounding 
dysplastic tubules (36) perhaps explaining the tendency of 
some of these organs to involute (37). In contrast, apoptosis was 
less common in dysplastic epithelia (36) which are thought to 
be malformed branches of the ureteric bud (34). These tubules 
may form cysts large enough to distend the abdominal cavity 
(the multicystic dysplastic kidney) (34) and these kidneys may 
on occasion become malignant (38, 39). We now demonstrate 
that dysplastic tubules maintain a high rate of proliferation 
through the postnatal period, and that PAX2 protein, a poten
tially oncogenic transcription factor, is highly expressed in the 
nuclei of these epithelia. In contrast, both cell proliferation 
and PAX2 are downregulated during normal maturation.

contain massive dilatated terminal segments of dysplastic tubules. In 
this study we have also included normal postnatal samples from chil
dren who died from Sudden Infant Death syndrome (SIDS). No renal 
or other pathology was detected in these samples at post mortem. 
The prenatal samples are documented in Table lA  and postnatal sam
ples in Table 75; obstructed kidneys are indicated. Kidneys were 
fixed in 10% formalin and embedded in paraffin wax. Sections were 
cut at 4-6 p,m and were counterstained with methyl green.

Immunohistochemistry. For PAX2 immunohistochemistry we 
used a rabbit polyclonal antibody raised against amino acids 188-385 
in the carboxy-terminal domain of PAX2 (20): this sequence does not 
include the highly conserved paired domain which is located in the 
amino-terminal region of the full length PAX2 protein (18). Using 
cells transfected with PAX2, 5, and 8 there is only appreciable reac
tivity to the former protein and, using deletion mutants of PAX2, this

Methods

Sources o f normal and dysplastic organs. The modes of collection of 
specimens have been fully described (36). A ll abnormal kidneys met 
histological criteria for dysplasia based on the identification of imma
ture tubules together with the presence of metaplastic cartilage (32, 
34, 35). In addition, undifferentiated and fibromuscular-like cells are 
seen around dysplastic epithelia and multicystic dysplastic kidneys

Table lA . Prenatal Samples

Table IB. Postnatal Samples

Gestational
age Sex

Renal
histology

Termination/
spontaneous

abortion Other abnormalities

wk

17 M Dysplasia T None
19 M Dysplasia T Hydrocephalus
19 M Dysplasia T Urethral obstruction
19 F Dysplasia T None
20 M Dysplasia T Hypoplastic lungs
22 M Dysplasia T Urethral obstruction, 

atrial septal defect
22 M Dysplasia T None
24 F Dysplasia T Hypoplastic lungs
32 F Dysplasia S Hypoplastic lungs
34 M Dysplasia S Hypoplastic lungs

10 ? Normal T None
17 M Normal T Neural tube defect
19 F Normal T Trisomy 21
20 M Normal S Thalassemia trait
20 F Normal s None
22 M Normal T Anorectal abnormahty
25 M Normal S Hyaline membrane 

disease
25 F Normal s Hyaline membrane 

disease
27 M Normal s Septicaemia
28 F Normal s Growth retardation
32 F Normal s Maternal pre-eclampsia
32 M Normal s Pneumothorax, liver 

tear

Chromosomes were normal in all cases assessed apart from the single 
case of Trisomy 21. Two of the dysplastic samples were associated with 
urethral obstruction. All abnormal organs were multicystic dysplastic 
kidneys.

Age Sex
Renal

histology
Additional
pathology Obstruction

4 F Dysplasia Obstructed Yes

4 M Dysplasia
ureterocoele 

Vesicoureteric junction Yes

5 F Dysplasia
obstruction

None No
6 M Dysplasia Nonobstructed No

8 F Dysplasia
megaureter 

Duplex with dysplastic Yes

8 M Dysplasia
obstructed upper pole 

Contralateral No

9 F Dysplasia
hydronephrosis
Contralateral No

9 F Dysplasia
vesicoureteric reflux 

None No
14 F Dysplasia None No
15 M Dysplasia Ipsilateral reflux No
19 M Dysplasia None No
24 M Dysplasia None No

3 F Normal SIDS No
3 F Normal SIDS No
3 F Normal SIDS No
4 F Normal SIDS No
4 F Normal SIDS No
5 F Normal SIDS No
5 M Normal SIDS No
6 M Normal SIDS No
7 M Normal SIDS No

14 F Normal SIDS No

5 F Normal Wilms tumor No
8 M Normal Wilms tumor No

28 M Normal Wilms tumor No
30 M Normal Wilms tumor No
38 M Normal Wilms tumor No
72 F Normal Wilms tumor No

All abnormal kidneys were cystic dysplastic and three were attached to 
obstructed urinary systems. Sudden infant death syndrome (SIDS) pa
tients died without any pathological cause being found at post mortem 
examination. These kidneys were histologically normal. In the Wilms 
tumor samples we examined the normal surrounding renal tissue. None 
of these children had W T l mutations (36).
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Table II. Patterns o f Gene Expression in Normal and 
Multicystic Dysplastic Kidneys

PAX2 PCNA W Tl BCL2

Normal kidneys
Undifferentiated mesenchyme - rare + rare 4- -
Mesenchymal condensate

and vesicles 4--K 4-4- 4- 4-4-
S-shaped bodies +  4- 4-4- 4- 4-
Glomerular podocytes - rare 4- 4-4- -
Tips of ureteric bud (ampullae) -|--h 4-4- - -
Immature collecting ducts -h 4- - -
Mature collecting ducts rare + rare 4- — —

Dysplastic kidneys
Dysplastic tubules -h-h 4-4- - 4-4-

Cyst epithelia +  -I- 4-4- - 4-
Collarettes/undifferentiated cells rare 4- 4-

-  Indicates no staining, +  to + +  indicate increasing intensity of stain
ing present in the majority of cells in the designated population. ‘Rare 

indicates that <  10% of cells of these populations showed positive 
immunostaining.

antibody recognizes major epitopes between amino acids 270-338 
(40). In homogenates of mouse metanephros the antibody recognizes 
a single major doublet (46-48 kD) on western blot (20). Our own un
published observations show that this antibody recognizes similar 
bands on western blot of human fetal kidney (data available on re
quest). For W T l immunostaining we used a rabbit polyclonal IgG  
fraction raised against an epitope in the carboxy terminus of the hu
man W T l protein (C-19: Santa Cruz Biotechnology, Inc., CA). This 
antibody has been found by the manufacturer and also by other 
groups (41) to specifically recognize W T l transcription factor/splicing 
factor protein on western blot. Our own unpublished observations 
also demonstrate that a protein doublet (45-50 kD) is recognized by 
this antibody in western blot of reduced homogenates of human fetal, 
mature and dysplastic kidney (data available on request). Mouse 
monoclonal antibody to proliferating cell nuclear antigen (P C N A )\ a 
DNA-polymerase 8-associated protein expressed at high levels dur
ing S phase (42), was purchased from Oncogene Science, Inc., (Cam
bridge, M A ) (PCNA Ab-1). Monoclonal mouse antibody to human 
BCL2 was purchased from D A K O  (clone 124; D A K O  A/S, Glostrup, 
Denmark). A ll other chemicals were supplied by Sigma (Poole, Dor
set, UK) unless otherwise stated.

Immunohistochemistry was performed using conventional tech
niques as follows. Sections were dewaxed through Histo-Clear (Na
tional Diagnostics, Atlanta, G A) twice for 10 min, followed by rehy
dration through 100% alcohol (Hayman Ltd., Witham, Essex, U K ) 
twice for 5 min and then stepwise through 95, 90, 75, 50, and 30% al
cohol for 3 min each. After washing in phosphate buffered saline 
(PBS, pH 7.4) for 5 min and running tap water for ten minutes they 
were immersed in Citric acid buffer (2.1 g/1, pH 6.0) and boiled in a 
microwave for 8-15 min. They were then allowed to cool, rewashed in 
tap water and PBS, then incubated in 3% hydrogen peroxide for 15 
min to quench endogenous peroxidase activity. After two further 
washes in PBS, non specific antibody binding was blocked with 10% 
fetal calf serum/PBS and the primary antibody was then applied for 
one hour at 37°C. W T l, PCNA, and BCL2 antibodies were used at a

1. Abbreviation used in this paper: PCNA, proliferating cell nuclear 
antigen.

1 in 50 dilution and the PAX2 antibody at a concentration of 10 mg/ 
liter. Primary antibodies were detected using a streptavidin biotin 
peroxidase system (Dako, ABC Kit) followed by diamino benzidine 
(DAB). They were then counterstained with 0.5% methyl green for 
10 min, washed three times with water and butanol, once in histoclear 
for 10 min, and mounted in DPX (BDH, Poole, UK). Specimens were 
examined and photographed on a Zeiss Axiophot microscope (Carl 
Zeiss, 7082 Oberkochen, Germany).

Results

Consistent patterns of gene expression were noted in eaeh 
group. Results are summarized in Table II, are described be
low, and are illustrated in Figs. 1-4.

PAX2 in normal human nephrogenesis. The human meta
nephros can be identified at 5 wk gestation and consists of a 
ureteric bud and renal mesenchyme. The first glomeruli form 
at 9 wk and a nephrogenic zone is maintained to 34 wk (34). 
Renal mesenchymal cells do not express PAX2 protein (Fig. 1, 
A, C -E  and Fig. 2, A). As this lineage differentiates PAX2 was 
expressed during mesenchymal to epithelial transition, first in 
mesenchymal condensates and then in vesicles and comma- 
shaped bodies (Fig. 1, A, C and D , and Fig. 2, A ). As expected 
for a transcription factor, immunoreactivity was intense in nu
clei, although some cytoplasmic staining was also noted (Fig. 1, 
E  and H ). In the next stage of nephron maturation, the 
S-shaped bodies, PAX2 was detected in all elements apart 
from precursors of glomerular visceral epithelia (Fig. 1,E). In 
the capillary loop stage of glomerulogenesis faint PAX2 im
munoreactivity was present in parietal epithelia and in adjoin
ing proximal tubules (Fig. 1 G -H ). PAX2 protein was not de
tected in mature glomeruli (Fig. 1, 7). In the ureteric bud 
lineage, intense PAX2 immunoreactivity was detected in 
branching ampullae, each of which is flanked by mesenchymal 
condensates (Fig. 1, A, C and D  and Fig. 2, A). Nuclei in fetal 
cortical and medullary collecting ducts showed weaker but 
consistent immunostaining (Fig. l,Fand G). Mature collecting 
duct cells generally had no significant staining above control 
sections in which the anti-PAX2 antibody had been omitted, 
although occasional (< 10%) nuclei showed faint immunore
activity (Fig. 1, 1 and Fig. 2, C).

P A X 2 in human multicystic dysplastic kidneys. Multicys
tic dysplastic kidneys contain dysplastic tubules which are 
thought to be malformations of ureteric bud branches (34). 
Studies by Potter revealed that these tubules were connected 
to cysts (34). The tubules are immediately surrounded by fi- 
bromuscular-like cells and, further from the tuhule, there are 
looser-packed undifferentiated cells (Fig. 2, E  and F, Fig. 3, C 
and D  and Fig. 4, C and D ). A ll nuclei of epithelia lining the 
dysplastic tubules stained intensely with antiserum to PAX2 
and the flattened epithelial cells lining cysts were also positive 
(Fig. 2, E  and G). In contrast the poorly differentiated cells 
surrounding the tubules did not express PAX2 (Fig. 2, E  and 
G). Strikingly, the same pattern of PAX2 expression was de
tected in both prenatal and postnatal multicystic dysplastic 
kidneys. Thus, PAX2 expression is not downregulated with 
time in these organs.

PCNA in normal and abnormal human nephrogenesis. 
PCNA is associated with DN A replication machinery and is 
strongly expressed in S phase (42). When identified in cell nu
clei, it can be used as a surrogate marker of proliferation. In 
normal human nephrogenesis, nuclei with PCNA immunore-
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Figure 1. PAX2 immunostaining during normal human nephrogenesis. Ail sections are from a normal human 10-wk gestation kidney apart from 
(/) which is a 6-mo normal postnatal kidney. (A) Note PAX2 (brown color) in the nephrogenic zone with decreasing levels towards the maturing 
center. Bar, 12 |xm. {B) Same field as A but no first antibody. Bar, 12 |xm. (C) Intense PAX2 expression in a ureteric bud branch tip (u) and in 
mesenchymal condensates (me). Note that the undifferentiated mesenchyme (m) has no PAX2 staining. Bar, 3 p.m. (D) A little later in develop
ment, a vesicle (v) has formed. Bar, 3 |xm. (£ ) PAX2 expression in a primitive proximal tubule (pt) and in parietal glomerular epithelia (arrow
heads). Note PAX2 downregulation in maturing podocytes (p). Bar, 3 |xm. (F) PAX2 in a fetal medullary collecting duct. Bar, 3 |xm. (G) On the 
left a maturing cortical collecting duct has less intense staining: on the right, a fetal glomerulus shows only faint PAX2 staining in Bowman’s cap
sule (arrowheads). Bar, 3 p.m. (H) Capillary loops are noted in this fetal glomerulus with faint PAX2 staining in visceral epithelia and proximal 
tubule (arrowheads). Bar, 3 ixm. (I) In the postnatal kidney PAX2 is downregulated but rare nuclei are faintly positive (arrowheads). Bar, 6 p.m.

activity were scarce within the undifferentiated mesenchyme 
but the protein is highly expressed during the mesenchymal 
to epithelial transition and also in the ampullary tips of the 
branches of the ureteric bud (Fig, 2, B). In postnatal normal 
kidneys PCNA positive cells were still detected in all parts of 
the nephron (Fig, 2, D ) but they were extremely scarce (< 1 % 
of total nuclei). Within human kidney malformations, 20- 
100% of epithelial nuclei in dysplastic tubules were positive for 
PCNA (Fig. 2 F). Furthermore, staining was positive in a simi
lar proportion of cells in cystic epithelia (Fig. 2,H ). Multicystic 
kidneys harvested pre- and postnatally showed similar pat
terns. Thus, PAX2 expression is associated with proliferation 
in normal fetal kidneys and in dysplastic tubules and cysts. Ad
ditionally, some nuclei were positive for PCNA in undifferen
tiated tissue around dysplastic tubules (Fig. 2,F).

BCL2 in normal and abnormal human nephrogenesis. 
BCL2 protects developing cells from programmed cell death 
(43,44). In normal fetal kidneys immunoreactivity was first de
tected in mesenchymal condensates (Fig. 3, A and B), a stage

at which both PCNA and PAX2 expression were present (Fig. 
2, A and B). Thereafter, BCL2 was downregulated (Fig. 3, A 
and B) in the developing nephron apart from in descending 
loops of Henle (data not shown). We did not detect BCL2 im
munoreactivity in ureteric bud derivatives such as ampullae 
and collecting ducts (Fig, 3, A and B). In dysplastic kidneys, 
BCL2 protein was consistently expressed within the cytoplasm 
of dysplastic tubule epithelia but was absent from surrounding 
collarettes and other poorly differentiated cells (Fig. 3, C and
D). This is an ectopic pattern since dysplastic tubules are de
rived from the ureteric bud (34), but this lineage does not nor
mally express BCL2. Moreover, we found that BCL2 expres
sion was not downregulated postnatally in dysplastic tubules.

W Tl in normal and abnormal human nephrogenesis. 
W Tl is essential for early nephrogenesis (41,45,46). In normal 
fetal kidneys W Tl was faintly expressed in nuclei of conden
sates and vesicles (Fig. 4, A ). The intensity of staining in
creased in the proximal limbs of S-shaped bodies, with the 
highest levels in immature glomerular podocytes (Fig. 4, A), a

454 Winyard et al.



V

'  :

f* *

PAX2 in Cystic Dysplastic Epithelia 455



f 'f.

- i V

V X V .V

A '  u -

\  ■ V 7'

¥
C

B

«(

- ■ ‘ ‘ - A
■ -  V  Ç .  

u ^
,>i''

r.'-'

u

. .

' D

m

w

Figures. BCL2 immunostaining in dysplastic human kidneys. {A) 10-wk normal human fetal kidney. BCL2 is prominent in mesenchymal con
densates {arrowheads). Bar, 12 p,m. {B) High power of normal nephrogenic zone. Note intense BCL2 staining in mesenchymal condensates {ar
rowheads) but the ureteric bud branches {u) are negative. Bar, 4 pm. (C) Low power field of a dysplastic kidney. Numerous dysplastic tubules 
stain intensely for BCL2 protein while the surrounding collarettes and undifferentiated cells are negative. Bar, 12 pm. (D ) Higher power of (C). 
Bar, 6 pm.

pattern which persisted postnatally (data not shown). W Tl 
protein was not detected in derivatives of the ureteric bud. In 
dysplastic kidneys, WTl nuclear protein was absent in dysplas
tic epithelia but was detected in 10-80% of fibromuscular and 
undifferentiated cells around malformed tubules (Fig. 4, C). 
The intensity of staining in these cells was similar to that ob
served in the early stages of nephron formation but less than 
the nuclear staining in glomerular podocytes (Fig. 4,/I).

Metaplastic cartilage was negative for PAX2, BCL2, and 
WTl. Gene expression patterns were similar in dysplastic kid
neys with either patent or obstructed lower urinary tracts (see 
Table 1, A and B for patient details).

Discussion

PAX2 and normal human nephrogenesis. This is the first study 
to document the detailed expression of PAX2 protein in hu

man nephrogenesis. We found that PAX2 is regulated both in 
developmental space and time in cells undergoing critical mor
phogenetic events including both mesenchymal/epithelial tran
sition and branching morphogenesis. Similar nephrogenic ex
pression domains have been reported for mouse PAX2 
mRNA (18) and protein (20) and human mRNA (28). In com
mon with Hanai and co-workers (47), who used PCNA stain
ing in mice kidneys, we found a high proliferation index in the 
nephrogenic cortex of fetal kidneys but that proliferation was 
markedly downregulated postnatally. Our data show that, in 
both mesenchymal and ureteric bud derivatives, the most in
tense expression of PAX2 protein occurred in populations of 
epithelial precursors with the highest proliferation index. In 
the postnatal period it was rare to identify nuclei which were 
positive for either PAX2 or PCNA.

Normal relationship o fP A X l expression to W Tl. Mundlos 
and colleagues detected low levels of WTl protein in human renal

Figure 2. PAX2 and PCNA immunostaining in dysplastic kidneys. A, C, E, and G are stained for PAX2. 8, D, F, and FI are stained for PCNA. A 
and B show a normal nephrogenic zone. PAX2 and proliferation are localized to bud branch tips («) and flanking primitive nephrons; (v) is a 
vesicle stage and (5) is an S-shaped body. Bars, 2 |xm. C and D show medulla of a normal postnatal kidney with rare PAX2 positive collecting 
ducts {arrowheads in C). Cell proliferation is also rare: arrowheads in (D). Bars, 6 |xm. E-H  are from a postnatal dysplastic kidney. Note PAX2 
in dysplastic tubules {E) and cystic epithelia (G). Surrounding undifferentiated cells are negative. Many epithelial cell nuclei in these kidney mal
formations also stain for PCNA: {arrowheads in F and H). Bars, 6 pm.
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Figure 4. W Tl immunostaining in dysplastic human kidneys. (A) Normal human fetal kidney shows a gradient of W T l immunoreactivity from 
nephrogenic cortex {right) to maturing nephrons (left). Note that cells in condensates and vesicles {arrowheads) are weakly positive for W Tl im
munostaining. Expression increases in the mesenchymal to epithelial transition with high W Tl levels in the proximal limb of S-shaped bodies 
{open arrowheads) and the podocytes of fetal glomeruli (g). A ureteric bud branch tip {u) is negative. {B) Similar field to A  but first antibody 
omitted shows no staining. (C) In human kidney malformations dysplastic tubules {dt) show no significant staining with the W T l antibody. In 
contrast, nuclei of fibromuscular and undifferentiated cells located around the tubule are positive for W Tl. (D ) Similar field to C but first anti
body omitted shows minimal background staining in the cytoplasm of the dysplastic tubule. Bars, 10 pm.

mesenchyme but not in vesicles with an antibody raised against 
the first alternative spice site in W Tl (48). Another group found 
little protein expression in condensing renal mesenchyme of mice 
with an antibody raised against aa 1-179 of W Tl (2). We found 
faint but positive WTl staining in renal condensates and vesicles 
using an antibody raised against the carboxy terminus. In accord 
with previous studies (2,48), we observed that the level of WTl 
increased in S-shaped bodies and podocytes. Thus our study iden
tified WTl protein at a slightly earlier stage during the mesenchy
mal to epithelial transition as compared with previous reports. 
We suggest that this difference may be attributed to a more sen
sitive staining technique or to the fact that antibodies were raised 
to different regions of WTl and may thus have the capacity to 
recognize different isoforms. Furthermore, the fact that ho
mozygous W Tl null mutant mice have absent kidneys due to lack 
of induction and subsequent apoptosis of renal mesenchyme 
(46) would appear to suggest that low, but biologically impor
tant, levels of WTl protein are indeed expressed even before 
the condensate or vesicle stages. There is biochemical evidence 
that WTl can repress transcription of PAX2 (2), consistent 
with the general inverse relationship between PAX2 and WTl 
noted during glomerular podocyte maturation in our study. Of

note, the normal downregulation of PAX2 in maturing collect
ing ducts was not associated with WTl expression, suggesting 
that other molecules switch-off PAX2 in this lineage.

Normal relationship o fP A X I expression to BCL2. Our ob
servations of BCL2 expression in normal human nephrogene
sis accord with a recent study (49). Bell null mutant mice are 
born with hypoplastic kidneys and metanephric growth in or
gan culture is restricted due to apoptosis (44, 50). Thus BCL2 
is required to prevent death of proliferating nephron precur
sors. The fact that PAX2, BCL2, and PCNA proteins are 
highly expressed together in the mesenchymal condensate sug
gests that PAX2 and BCL2 are important molecules for cell 
proliferation and survival in this first morphogenetic step in 
nephron formation. Although we found that PAX2 expression 
correlated with proliferation in ureteric bud branches, BCL2 
was not expressed in these normal ampullae, and our previous 
observations suggest that these structures are not sites of 
marked apoptosis (36). It is possible that these cells express 
other anti-death molecules (e.g., BCLxl) or have lower levels 
of apoptosis-inducing molecules (e.g., BAX) (51).

Cell lineages and biology o f multicystic dysplastic kidneys. 
Classical studies by Edith Potter described the anatomy of dys-
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plastic kidneys (34). This and other work (52) suggests that 
dysplastic tubules are malformed branches of the ureteric bud 
while dysplastic cysts correspond to distended ampullae (34). 
The cells surrounding these epithelia are undifferentiated 
“mesenchymal” or “ stromal”  cells as well as metaplastic cells 
with characteristic fibromuscular morphology (the “ collarettes” 
inunediately surrounding dysplastic tubules) and cartilage (32, 
34-36). These cells probably originate as renal mesenehymal 
or intermediate mesoderm cells which either fail to develop or 
differentiate along inappropriate pathways. Another possibil
ity is that some of these cells derive from the ureteric bud since 
one recent study demonstrated a contribution of the bud to 
stroma in metanephric organ culture (53).

Very httle is known about the cell biology of human multicys
tic dysplastic kidneys. We recently demonstrated that the inci
dence of apoptosis was increased in cells surrounding dysplastic 
epitheha but that programmed cell death was rare in the abnor
mal epithelia themselves (36). We suggested that the tendency for 
some of these organs to regress (37) and the failure to form mature 
nephrons might be explained by increased programmed cell death.

Aberrant PAX2 and BCL2 expression correspond with 
death and proliferation in renal dysplasia. We can now associate 
defined patterns of gene expression with hyperprohferation in dys
plastic epithelia and with cell death in surrounding cells (36). 
Many of the cells around dysplastic tubules express W T l pro
tein with an intensity comparable to that found in the normal 
primitive nephron and thus appear to have been induced. If  this 
is so, why do they fail to differentiate and why is apoptosis com
mon? (36) We suggest that the answer hes firstly in the absence 
of PAX2 expression, causing failure to undergo mesenchymal/ 
transition, and secondly in a lack of BCL2, resulting in a failure 
of precursor survival. Using similar reasoning we speculate that 
cyst formation in dysplastic kidneys is caused by persistent expres
sion of PAX2, which would provide a continuous proliferation 
signal, and ectopic BCL2 expression which would prevent im
mature epithelia from dying. Moreover, the persistent postnatal 
expression of PAX2 could contribute to the genesis of the tu
mors which have been reported in dysplastic kidneys (38,39).

Conclusions. We propose that cyst formation in human 
dysplastic kidney malformations can be understood in terms of 
aberrant temporal and spatial expression of master genes 
whieh are tightly developmentally-regulated during the normal 
program of human nephrogenesis. In the future it will be inter
esting to document the expression in these dysplastic organs of 
other molecules known to be associated with development of 
ureteric bud derivatives. These include met (54, 55), ros (56), 
ret (57), epidermal growth factor receptor (58), low affinity 
nerve growth factor receptor (59) and L-myc (60). Further 
studies are now necessary to determine whether the aberrant 
patterns of gene expression we have documented have their 
origin in either mutations of genes expressed in nephrogenesis 
or in nongenetic factors such as teratogens: both types of patho
genetic mechanism have been implicated in human and animal 
kidney malformations (61). Finally, although urinary tract ob
struction has been implicated as causing renal dysplasia, we 
found no difference in gene expression between obstructed 
and nonobstructed organs.
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