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Abstract

Many molecules and cells that are an integral part of the immune response in the
mature organism are present in the fetus, but their roles in organogenesis are
incompletely understood. This Thesis investigated tumour necrosis factor-o.

(TNF-a) in normal and abnormal nephrogenesis.

TNF-a and its receptors were detected throughout murine nephrogenesis. In
metanephric culture, exogenous TNF-o inhibited nephrogenesis, with decreased
organ size, cell number, ureteric bud branching and nephron formation. This
was accompanied by an increase in apoptosis on day 1 of culture, but with no
effects on proliferation. Expression patterns of the transcription factors pax-2
and wt-1 in TNF-a treated cultures suggested that the factor acted on their
down-stream targets. Macrophages capable of active phagocytosis were also
demonstrated within metanephroi and their numbers increased in culture, with an
excess increase in TNF-a treated cultures compared to controls. These cells
may mask increases in apoptosis in culture and might contribute directly to
abnormal metanephric development. A role for endogenous TNF-a was not
established in these experiments, as neutralising its actions had no effects on

metanephric cultures.

The phenotype of TNF-o treated metanephroi resembled that of human renal
dysplasia, a common cause of renal failure in childhood. Temporally and
spatially restricted expression of TNF-a and its receptors was demonstrated in
normal human fetal metanephroi. This was disrupted in dysplastic tissues, with
persistent endothelial and aberrant epithelial expression of TNF receptor 2. The
normal distribution of macrophages and T cells in the developing kidney was
also documented, and was shown to be abnormal in renal dysplasia. In addition,
fetal and postnatal dysplastic kidneys expressed both neural cell and intercellular

adhesion molecules in patterns that were only seen in early fetal life in normal



nephrogenesis. This work suggests, therefore, that TNF-a and inflammatory

cells may contribute to the pathogenesis of renal dysplasia.
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Chapter One

Introduction

Many molecules and cells that are an integral part of the immune response in the
mature organism can be detected in the normally developing fetus, but their roles
in organogenesis are incompletely understood. Using the kidney as a paradigm
of a developing organ, this Thesis aims to investigate the actions of some of
these cells and molecules, in particular the cytokine tumour necrosis factor-a
(TNF-a), in the developing fetus. This introductory chapter outlines our current
understanding of normal and abnormal nephrogenesis, and the functions of TNF-
oo and macrophages in the mature organism. Subsequent chapters document the
presence of TNF-a in the murine metanephros, its inhibitory effects on
nephrogenesis and the mechanisms thereof and its effects on macrophages in
metanephric culture. Finally, the concepts derived from this animal work are
investigated in a human disease with abnormal renal development, renal

dysplasia.

1.1 Hypotheses

This thesis aimed to test the following hypotheses:

1. The inflammatory cytokine TNF-a is present in the normally developing
murine metanephros.

2. Altered levels of TNF-a affect murine renal development in vitro

3. Effects of TNF-a in the fetus are mediated by the same effector mechanisms
as in the mature immune system.

4. TNF-a and inflammatory cells are present in the normally developing human
metanephros.

5. TNF-a expression and inflammatory cell infiltration is abnormal in human

renal dysplasia.
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1.2 Gene and protein nomenclature

The nomenclature used to describe human and animal gene and protein

abbreviations in this thesis is as follows:

Gene Protein
Human UPPER CASE | UPPER CASE
Animal lower case lower case
Both animal and human UPPER CASE | UPPER CASE

mentioned together or

ambiguity in interpretation

1.3 Methods for studying nephrogenesis

Nephrogenesis may be studied using both descriptive techniques and functional
models and both methods are used in this Thesis. These two methodologies are
complimentary and may be applicable to different situations. For example, it is
difficult to undertake functional studies on human tissues because of limited
availability of material and ethical considerations. However, a human

descriptive study may be backed up using functional data from animal models.

1.3.1 Descriptive studies

Descriptive studies describe the anatomy of an organ or the distribution of
molecules within it. Elegant anatomical studies have defined the temporal and
spatial relations of structures during renal development (Potter, 1972). Studies
defining the spatial expression of mRNA by in sifu hybridisation and protein by
immunohistochemistry can be undertaken at one specific time point, or may
track expression patterns through multiple time points and developmental stages.
Such studies may implicate genes in development, although functional studies

are required to confirm these roles.
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1.3.2 Functional studies

Functional studies aim to elucidate the function of a particular gene or gene
product by monitoring the effects of altering its normal expression patterns in

VIVo Or in Vvitro.

1.3.2.1 In vitro functional studies

1.3.2.1.1 Organ culture

Nearly 50 years ago Grobstein established that the rodent metanephros and other
fetal organs follow a normal developmental pattern when isolated from the fetus
and cultured in vitro (Grobstein, 1953). Cultured metanephroi can easily be
manipulated by the addition of exogenous substances, such as growth factors,
neutralising antibodies and antisense oligonucleotides, to the culture medium
(Rogers et al. 1992; Rogers et al. 1993; Rothenpieler and Dressler, 1993). Cell
fate mapping, after retroviraly mediated gene tagging, has also been undertaken

using this system (Herzlinger ef al. 1992; Qiao et al. 1995).

1.3.2.1.2 Cell lines

Cell lines can be generated from minimal amounts of most tissues, including the
developing kidney. Homogeneous populations of cells can be isolated and their
lineage defined on the basis of their morphology, membrane constituents,
intracellular proteins, synthesis and release of specific proteins such as growth
factors, and extracellular matrix proteins (Burrow and Wilson, 1993; Karp ef al.
1994; Woolf et al. 1995b). These lines can be manipulated ir vitro and their
morphological, functional and biochemical responses monitored. Both mouse
and human cells will only divide for a few generations and then become
senescent. This can be overcome by generating conditionally immortal cell
lines, i.e. introducing a gene that is culture condition sensitive that when
switched on will drive the cells to continue to proliferate. An example of this is
the large T antigen, used to immortalise the metanephric mesenchymal cell lines
analysed in the first part of this study (Jat et al. 1991; Woolf et al. 1995b).
Cells may change their phenotype depending on culture conditions (Fejes-Toth
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and Naray-Fejes-Toth, 1992). Thus the characteristics of cell lines must be

verified under specific culture conditions, including the immortal or mortal state.

1.3.2.2 In vivo functional studies
A variety of animal models exist which are used to study the in vivo effects of

molecules.

1.3.2.2.1 Teratogens

A teratogen can be defined as a substance that causes a developmental
abnormality in the fetus. Such substances are implicated in up to 5% of birth
defects in humans. In animals, these substances can be used to generate
experimental phenocopies of renal and other abnormalities for which there is no
genetic model. An example of a proven renal teratogen in animals is alcohol,
which causes hydronephrosis (Gage and Sulik, 1991). Although humans are
unlikely to be exposed to the high doses used in these animal models, in lower
doses teratogens may contribute to the pathogenesis of multifactorial diseases

(Brown, 1997).

1.3.2.2.2 Surgical intervention

The urinary tract has been obstructed in animals at different stages of gestation,
at different anatomical levels and using a variety of techniques with variable
effects on renal development. Although rat, rabbit, chick and opossums have all
been used as models of obstructive uropathy (Peters, 1997), one of the best
characterised models is the sheep. The abnormalities generated in this system
are related to the developmental stage of the kidney at the time of obstruction.
Hence, obstruction of the fetal sheep ureter at 55 days gestation results in renal
dysplasia, whereas obstruction at 75 days gestation results in hydronephrosis
alone (Attar et al. 1998; Beck, 1971).

1.3.2.2.3 Transgenic technology

The expression of specific genes can be altered by genetic engineering of
animals, usually mice. The gene of interest may either be deleted, by replacing

the gene with a non-functional fragment of DNA (homologous recombination),
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or over-expressed by introducing the coding sequence of the gene linked to a

strong promoter. Transgenes can be introduced into host cells by:

1. Microinjection of recombinant DNA into the pronuclei of fertilised eggs

2. Retroviral infection of preimplantation embryos (Jaenisch, 1980)

3. Injection of genetically engineered embryonal stem (ES) cells into the
blastocyst. ES cells are isolated from the inner cell mass of explanted
embryos and then grown and genetically manipulated in tissue culture
(Lovell-Badge, 1987).

The transgene will be randomly incorporated in to a variety of cell lineages,

including germ line cells. If this occurs, further breeding will generate animals

which express the transgene in a heterozygous or homozygous manner (Palmiter
and Brinster, 1985). Transgenic mice with homozygous null mutations are
commonly termed “knock-out” mice and a number have been generated with
abnormal renal development, often in conjunction with other malformations.

These are summarised in Table 1.1.

Several caveats should be considered when using transgenic technology. Firstly,
many of the mice generated are embryonic lethal, thus only the early gene
effects will be detected, and other experimental modes may be required to assess
the late gene effects. This may include the introduction of an antibiotic
resistance gene so that the gene of interest can be switched on and off at specific
time points by administering antibiotics to the mother (Schultze ef al. 1996). In
addition, many genes found to be of importance in vitro, in particular in organ
culture, have a completely normal transgenic phenotype. Several explanations
have been proffered for this phenomenon. Firstly, organs in culture may be
biologically stressed and therefore more susceptible to manipulation. Secondly,
multiple other genes and tissues may interact in the whole organism, in
particular genes with analogous effects may be able to compensate in the whole
organism but not in culture. Thirdly, maternal factors may cross the placenta and
rescue the phenotype in vivo (Letterio et al. 1994). It should also be borne in

mind that many transgenic animals are generated by research groups with a

30



specific interest in one organ system. Thus, their published reports may only
mention the kidney briefly, if at all, and there may be subtle renal developmental
anomalies that are not apparent upon gross inspection. Finally, the
manifestations of the induced mutation may vary considerably depending on the
genetic background of the mouse (Threadgill et al. 1995), an important

consideration in the context of human diseases.

1.4 Basic mechanisms in development

Several key mechanisms are common to the development of many organs,
including the kidney. The correct co-ordination and balance of these individual
events, such as proliferation, death, differentiation and morphogenesis, is a pre-
requisite for normal organogenesis. The concept that congenital renal
malformations result from a disruption of this balance is a central tenet of this

Thesis (Bard and Woolf, 1992).

1.4.1 Cell proliferation

Considerable cell proliferation occurs during the development of the kidney
(Attar et al. 1998; Winyard et al. 1996a). In order to proliferate, a eukaryotic
somatic cell must double its mass and DNA content and apportion the
components between two daughter cells, and this division is termed mitosis.
Cells are released from mitosis into G, or “gap”, 1 phase of the cell cycle, during
which mRNAs and proteins are synthesised but no DNA formation occurs. The
initiation of DNA replication marks the end of G1 and the beginning of S
“synthesis” phase. By the end of S phase the total content of DNA increases
from the diploid value 2# to the fully replicated value 4n. Incorporation of
labelled nucleotides into S-phase is used to quantify proliferation in vivo and in
vitro. The cell then “rests” in G2 until mitosis starts, the latter being termed the
M phase. The final phase of the cell cycle, GO, describes the state of most
mature cells that are not proliferating but are undertaking their normal functions
in the organism. This period may be indefinite and the cell re-enters the cell

cycle at G1 from GO.
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1.4.2 Cell death

The fact that cell death occurs in the developing mammalian kidney was
recognised by Kampmeier in 1926 when he reported that nephrons in the
“vestigial” and “provisional” zones in the human metanephros are destined to
die before birth. More recently, the mechanisms by which this cell death occurs
and the critical importance of a balance between cell death and proliferation in

health and disease has been recognised.

1.4.2.1 Necrosis

This form of cell death usually occurs in response to a toxin or other insult and is
an inactive process. The cells swell, the membrane becomes permeable and the
cytosolic contents of the cell are spilled into the surrounding area, promoting and
inflammatory response and further tissue damage (Wyllie et al. 1980). This
form of cell death is not the normal mechanism of cell death in the developing

embryo.

1.4.2.2 Apoptosis

The term apoptosis, derived from the Greek for “leaves falling from a tree” was
coined by Kerr, Wyllie and Curry (1972) and is used interchangeably with
“programmed cell death” and the latter emphasises the controlled nature of this
active process, which can also be thought of as the cells’ altruistic mode of
suicide. The literature on apoptosis increases on a daily basis and only the key

points are highlighted in the following paragraphs.

A sequence of morphological events has been documented in apoptosis:

1. Decrease in cell size

2. Change in cell shape (“rounding up™)

3. Budding off of “apoptotic bodies” consisting of plasma membrane-bound
vesicles containing fragments of condensed chromatin and intact cellular
organelles

4. Phagocytosis and clearance of apoptotic cells and debris by surrounding cells

and macrophages.
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It is of note that these changes do not involve an increase in the permeability of
the plasma membrane, nor any spilling of cell contents and hence an

inflammatory response is not invoked.

The morphological changes seen in apoptosis are accompanied by a series of
biochemical changes. These include cleavage of DNA into nucleosome-sized
fragments of 180 — 200 base pairs and translocation of phosphatidyl serine in the
plasma membrane (Vermes et al. 1995). The morphological and biochemical
changes during apoptosis are the basis of the detection methods for apoptosis
described later in this Thesis. The rapidity of the process makes it difficult to

assess the true extent of apoptosis over time from analysis at one time point.

1.4.2.2.1 Induction of apoptosis

Apoptosis was originally considered to be an active process, since inhibitors of
RNA and protein synthesis appeared to block apoptosis (Vaux and Weissman,
1993). However, more recently doubt has been shed on this theory as it has been
demonstrated that cells from which the nucleus has been removed (cytoplasts),
cannot generate mRNA but can be induced to undergo the morphological events
of apoptosis (Jacobsen et al. 1996). Thus, apoptotic effector proteins are likely
to be constitutively expressed in cells and all cells are programmed to commit
suicide unless they continually receive an additional survival signal, perhaps
from surrounding cells (Raff et al. 1993). This theory is supported by the in
vitro observation that the death of 50% of the neurones produced during
development is controlled by competition for survival factors secreted by the

target cells they innervate (Raff ef al. 1993).

1.4.2.2.2 Genes mediating apoptosis

The genes controlling apoptosis were first identified in the nematode
Caenorhabditis elegans. This worm generates a total of 1089 cells during its
development, of which 131 die by apoptosis. The genes that control this process
are highly conserved across evolution and can broadly be divided into those that

promote apoptosis, such as BCL-X and BAD, and those that protect against
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apoptosis, such as BCL-2. These two classes of proteins co-exist in the cell, and
the balance between their two levels is the crucial factor in whether a cell lives
or dies, a concept known as the rheostat theory (Kroemer, 1997). Another
important family of proteins promoting apoptosis is the caspases, cysteine
proteases which proteolytically cleave a restricted set of target proteins (Liu et
al. 1997a). Targets of caspases include BCL-2, which when cleaved loses its
anti-apoptotic effect and promotes a positive feedback loop increasing apoptosis

(Cheng et al. 1997).

1.4.2.2.3 Triggers of apoptosis

These may be divided into two groups:

1. Factors that promote cell survival and whose removal induces the default
cellular pathway of apoptosis

2. Factors that actively induce apoptosis.

The former were the first to be identified and have been defined in many

systems. The majority of these factors are growth factors (Rawson ez al. 1991),

which may prevent apoptosis by binding of their receptors to anti-apoptotic

proteins such as BAG-1 (Bardelli ez al. 1996). Others include the basement

membrane and cell matrix interactions (Frisch and Francis, 1994; Pullan et al.

1996). Active triggers of apoptosis are less well characterised but include the

Fas/ Fas ligand system and the TNF-a axis. The latter is described later in this

Thesis.

1.4.2.2.4 Apoptosis in renal development

Metanephric mesenchyme isolated from an inducing signal in vitro or in vivo
dies by apoptosis (Kreidberg ef al. 1993), but can be rescued by culture with
fibroblast growth factor-2 (FGF-2) (Perantoni et al. 1995). Careful studies of
the occurrence of apoptosis at specific time points in normal nephrogenesis
estimate that 50 % of cells generated in the developing kidney die by apoptosis
(Coles et al. 1993). Apoptosis has also been described in metanephric organ

culture, with a predominance of apoptotic cells in mesenchyme adjacent to
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condensed mesenchyme (Koseki ef al. 1992). The influence of TNF-o on

apoptosis in metanephric culture is discussed later in this Thesis.

1.4.3 Differentiation

This is the process by which cells acquire a specialised phenotype. An example
of this is the differentiation of metanephric mesenchymal cells into either
epithelial cells or into stromal cells. Further specialisation, or “terminal
differentiation”, may then occur. For example, cells within the S-shaped body
will form glomerular parietal and visceral epithelia as well as cells of the

proximal tubule and loop of Henle.

1.4.4 Induction

An inductive event is one that alters the final differentiated fate of a cell. Two

types of induction exist:

1. Permissive induction: the induced tissue already contains the programme
which will allow its differentiation but requires another signal to start it. The
induction of mesenchymal cells around the ureteric bud ampulla to form
epithelia is permissive, as condensed mesenchyme in the kidney will only
form renal structures, regardless of the nature of the inducer (Saxen, 1977)

2. Instructive induction: the induced cell has many possible differentiation
pathways and the nature of the inductive signal determines which pathway is

followed.

1.4.5 Morphogenesis

Morphogenesis is defined as the acquisition of shape. In contrast to the
processes described above which are applicable to individual cells, the term
morphogenesis is usually applicable to groups of cells. Thus, it describes the
formation of a nephron tubule from a clump of mesenchymal cells, or the serial

branching of the ureteric bud to form the collecting duct system.
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1.4.6 Migration

This term describes the movement of cells through the organism or within a
specific organ, such as the migration of neural crest to diverse sites including the

heart, skin, visceral skeleton, eye and meninges (Sieber-Blum and Zhang, 1997).

1.5 Anatomy of normal nephrogenesis

The kidneys in the mammal are paired, abdominal organs whose functions in
post-natal organisms are essential for life and include 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 is usually referred to as nephrogenesis. Three pairs of kidneys
develop during mammalian development: the pronephros, mesonephros and
metanephros. These structures arise sequentially from intermediate mesoderm
on the dorsal body wall (Larsen, 1993). The metanephros differentiates to
become the functioning kidney in post-natal life. The pro- and mesonephroi
appear to be evolutionary residua as they degenerate during embryogenesis, but
are the functioning excretory organ in hagfish (pronephros), amphibia
(pronephros or mesonephros) and lampreys (mesonephros) (Gilbert, 1994). The

timing of these events is summarised in Table 1.2 and Figure 1.1.

1.5.1 The pronephros

Components of an excretory system are first detected at the 10 somite stage,
equivalent to day 22 after fertilisation in humans and embryonic day 9 (E9) in
mice. The pronephric duct develops from the intermediate mesoderm lying
lateral to the notochord (Gilbert, 1994) and its anterior portion induces the
adjacent intermediate mesoderm to undergo mesenchymal to epithelial
conversion resulting in the formation simple tubules, which fuse with the duct
(Kaufman, 1992). Pronephric tubules appear to be non-functional in both mice
and humans and involute completely by day 24 or 25 after fertilisation in
humans and E10 in mice (Larsen, 1993). The caudal extension of the pronephric

duct is the Wolffian or mesonephric duct. Work on lower vertebrates and
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invertebrates suggest that cues for duct migration originate from the overlying
epidermis (Drawbridge ef al. 1995) and may include the polysialic component
of the embryonic form of neural cell adhesion molecule (NCAM) (Bellairs ef al.
1995). The duct elongates by active migration and recruitment of cells from the

intermediate mesoderm (Cornish and Etkin, 1993).

1.5.2 The mesonephros

The long, thin mesonephros develops from approximately day 24 post-
fertilisation in humans and E10 in mice and provides transient renal function
(Moore and Persaud, 1993). The mesonephric duct begins as a solid rod of cells
which extends caudally and canalises in a caudocranial direction after fusion
with the cloaca, the precursor of the bladder. Mesonephric tubules develop from
the intermediate mesoderm medial to the duct by the same process of
mesenchymal to epithelial conversion which occurred in the pronephros, and
which will recur in the metanephros. In the human, the structure of the
mesonephric tubules resembles a metanephric nephron without the loop of
Henle, but their structure is less well defined in the mouse (Sainio et al. 1997).
In humans a total of approximately 40 mesonephric tubules are formed. Cranial
tubules regress at the same time as caudal tubules mature so that the maximum
number of pairs of tubules at any one time is 30 (Larsen, 1993). Involution of
the body of the mesonephros is complete by 16 weeks in humans and E14 in
mice, although in males part of the mesonephric duct remains as the vas deferens
(Gilbert, 1994). This involution occurs by apoptosis in the chick (Wride et al.
1994) and mouse (Smith and Mackay, 1991).

1.5.3 The metanephi'os

1.5.3.1 Cell lineages

The metanephros is the direct precursor of the adult functioning kidney in
mammals and its basic structure is derived from two main cell types: epithelial
cells of the ureteric bud and mesenchymal cells of the metanephric mesenchyme.

These derive from the Wolffian duct and intermediate mesoderm respectively
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(Figure 1.2). The ureteric bud undergoes serial branching to form the ureter,
renal pelvis, calyces and collecting ducts whilst the mesenchyme undergoes an
epithelial conversion to form the nephrons from glomerulus to distal tubule.
Recent cell fate mapping experiments have questioned this established dogma,
however, and have suggested that cells from the ureteric bud may contribute to
some parts of the nephron, and similarly that mesenchymal cells may contribute
to collecting ducts (Qiao et al. 1995). This work implies a degree of plasticity
in the kidney, but requires confirmation by other groups as the results are
critically dependent on the initial isolation of a pure population of mesenchymal
or ureteric bud cells. The metanephric mesenchyme also gives rises to the
stromal cell lineage (Figure 1.2). The subsequent paragraphs describe the

formation of structures from each of these cell lineages (Figure 1.3).

1.5.3.2 Timing of metanephrogenesis

Formation of the metanephros commences on late day 10 in the mouse and day
28 after fertilisation in the human when the ureteric bud sprouts from the distal
part of the Wolffian duct (Larsen, 1993). The tip of the ureteric bud (the
ampulla) then penetrates the metanephric blastema, and this condenses around
the growing ampulla. The first glomeruli can be detected at week 9 of gestation
in the human and embryonic day 14 in mice. Nephrogenesis is complete in
humans by week 34 to 36 of gestation. Further growth of the kidney occurs by
lengthening of the proximal tubules, loops of Henle and collecting ducts. In
contrast in mice, nephrogenesis continues until the end of the second week of

post-natal life.

1.5.3.3 Differentiation of the ureteric bud and its derivatives

1.5.3.3.1 Branching of the ureteric bud

As the ureteric bud grows into the metanephric blastema the ampullary tip
begins to divide. This process of growth and branching occurs repeatedly during
nephrogenesis, mainly in the outer or nephrogenic cortex, and leads to a tree-

like, or arborised, collecting duct system connected to nephrons which have
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formed in parallel from mesenchyme. Initially, a single nephron is associated
with a single ureteric bud branch, which will form its collecting duct. As
nephrogenesis proceeds, arcades of nephrons are formed resulting in up to 7
nephrons being attached to a single collecting duct. As part of this process,

new nephrons become attached to the proximal part of the ampulla, whilst older
nephrons shift their attachment to the connecting piece of the new nephron
(Potter, 1972) (Figure 1.3). There is great interspecies variation in the number of
nephrons in the kidney, and this reflects the number of ureteric bud branches
required to firstly induce metanephric differentiation and then to form the
collecting ducts which drain them. It has been estimated that it requires 9 to 10
generations of branching in mice to obtain the 10 to 20 000 nephrons present in
the average adult mouse kidney, whilst a further 10 generations of branching are
likely to have occurred to account for the one million nephrons in the human
kidney (Ekbolm, 1994).

1.5.3.3.2 Formation of the renal pelvis and calyces

In the mature kidney, the collecting ducts drain a variable number of calyces
which together comprise the renal pelvis, and the latter drains into the ureter.
The pelvis and calyces are formed by the coalescence of the early branches of
the ureteric bud at its point of entry into the metanephric mesenchyme.
Nephrons attached to these early ureteric bud branches either transfer to a later

branch or to degenerate (Potter, 1972).

1.5.3.3.3 Further differentiation of the collecting ducts

Mature collecting ducts contain three functionally distinct cell types (Fejes-Toth

and Naray-Fejes-Toth, 1992):

1. Principle cells: these have few organelles and reabsorb Na* via apical
amiloride sensitive Na* - K* ATPase and secrete K* via apical Ba®" -
sensitive K* channels. They also contain water channels which are
responsive to anti-diuretic hormone (ADH).

2. a-intercalated cells: these cells contain many mitochondria, and have an

apical H ATPase and secrete protons.
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3. PB-intercalated cells: these cells also contain many mitochondria and
reabsorb protons and secrete bicarbonate.
In mice, collecting duct cells appear to retain a degree of plasticity as [3-

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

(Fejes-Toth and Naray-Fejes-Toth, 1992).

1.5.3.4 Differentiation of the mesenchyme and its derivatives

The mesenchyme is initially loosely arranged around the invading ureteric bud.
The first step in nephron formation is the condensation of mesenchyme around
the ampulla of the ureteric bud. These condensed mesenchymal cells undergo a
mesenchymal to epithelial conversion to become the renal vesicle. The latter
elongates to form a comma shape, which then folds back on itself to form an S-
shaped body. This epithelial tubule continues to elongate and differentiate
giving rise to the proximal convoluted tubule, the descending and ascending
limbs of the loop of Henle and the distal convoluted tubule. The latter fuses with
the collecting duct of ureteric bud origin to form a continuous functioning unit.

Further details of nephron differentiation are given below (Figure 1.3).

1.5.3.4.1 Glomerulus

The proximal end of the S-shaped body invaginates into a cup shape and forms
Bowman'’s capsule, which encases a tuft of capillaries, to form the glomerulus.
The glomerulus produces an ultrafiltrate because of the hydrostatic pressure
generated in its capillaries by afferent and efferent arterioles. This ultrafiltrate is
modified and reabsorbed by down-stream segments of the nephron. Four main
cell types are found in the mature glomerulus:

1. Visceral epithelia (podocytes): these cells have foot processes which are in
intimate contact with the glomerular basement membrane and are essential
for protein size restriction during the ultrafiltration of urine.

2. Parietal epithelia of Bowman’s capsule

3. Mesangial cells: these are embedded in extracellular matrix and have
multiple roles including physical support for glomerular capillary loops and

modulation of both matrix production and degradation. These cells express
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smooth muscle proteins and have contractile properties (Alpers et al. 1992;
Kreisberg et al. 1985). Two theories of mesangial cell ontogeny have been
proposed: they are thought to either arise either from de-differentiation of
endothelial cells, or are differentiated mesenchymal cells which have
migrated into the glomerulus (Sorokin and Ekblom 1991).

4. Endothelial cells: these line the capillary loops, more detail is given below

about their origins.

1.5.3.4.2 Proximal tubule
The proximal tubule derives from the mid-portion of the S-shaped body and is a

direct continuum of the parietal epithelium of Bowman’s capsule. The main role
of proximal tubular cells is to reabsorb minerals, ions, water and organic solutes
such as glucose and amino acids. Approximately two thirds of the ultrafiltrate
from the glomerulus is reabsorbed here. This is reflected in the structure of the
epithelial cells of the proximal tubule, which have a well-developed brush border
to increase their surface area for reabsorption, and numerous mitochondria and

lysosomes that reflect their high metabolic rate.

1.5.3.4.3 Loop of Henle

The loop of Henle comprises the distal straight portion of the proximal tubule
(pars recta), the thin descending limb, and the thick ascending limb. The thick
and thin limbs form a loop descending deep into the medulla and are essential
for generating the osmolar gradient which permits the reabsorption of water by

the collecting ducts. Maturation of the loops occurs post-natally.

1.5.3.4.4 Distal tubule

This comprises the thick ascending limb of the loop of Henle and the distal
convoluted tubule. The former actively transports ions, particularly chloride.
The convoluted tubule includes a highly specialised portion, the macula densa,
which lies adjacent to the glomerulus, monitors sodium delivered to the distal
tubule and modifies the secretion of renin from the juxtaglomerular apparatus

accordingly.
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