
CHAPTER 8 

Branching Morphogenesis 
in Mammalian Kidneys 
Jamie A. Davies 

Introduction 

B ranching morphogenesis is an important mechanism for the development of the perma­
nent kidneys of reptiles, mammals and birds. Branching of renal epithelia is similar to 
that seen in the other organs described in this book but organogenesis of kidneys has 

unique features that, at the expense of some complication, offer an opportunity to address deep 
questions of both developmental and evolutionary biology. Understanding the development of 
branched epithelia in the kidney is also important medically because abnormalities of these 
epithelia are responsible for a number of serious diseases which, at an incidence of more than 
1:800, are amongst the most common human congenital abnormalities.^'^ 

The branched epithelium of the kidney, the collecting duct system, exists mainly to channel 
urine to a common drainage duct, the ureter. This contrasts with the other organs described in 
this book, such as the mammary, salivary and prostate glands, in which cells derived from the 
branching epithelium are responsible for producing the secretions of the organ, as well as for 
channelling them to the outside world. In the mammary gland, for example, cells derived 
directly from the branching milk ducts produce mammary alveoli that secrete milk into the 
ducts (see Chapter 7). In kidneys, the main ^secretion (urine) is made by nephrons, which are 
epithelial structures derived not directly from the collecting ducts but rather by a 
mesenchymal-epithelial transition in the tissue that surrounds them. These nephrons then 
connect to nearby ducts and drain in to them. The functions of 'secretion and drainage are 
therefore almost separate in the kidney ('almost' because the collecting ducts do play a role in 
modifying the contents of urine, particularly acid-base balance). 

The use of a branched drainage structure arose rather late in the evolutionary history of 
vertebrate excretory systems; the permanent kidneys of agnatha, fish and amphibians are un-
branched (or show only rudimentary branching of the fusion type—see Chapter 1) and 
highly-branched kidneys arose only with animals whose entire life cycle can be spent out of 
water. This late acquisition of branching is not unique to the excretory system—the airways of 
lungs, for example, are highly-branched in mammals and birds but hardly branch at all in most 
reptiles. What is unusual is that reptiles, mammals and birds still make the primitive forms of 
kidney (pronephroi and mesonephroi) during their embryonic lives and construct their branched 
kidneys (metanephroi) as completely new organs. 

The first morphological sign of mammalian kidney development is the emergence of an 
epithelial tube called the ureteric bud. This forms as an outgrowth from an existing epithelial 
tube, the nephric duct, that runs down the cranio-caudal axis of the body and drains the 
temporary kidneys of the embryo (pro- and mesonephroi) (Fig. 1). The ureteric bud grows 
towards and invades an adjacent area of intermediate mesoderm, the metanephrogenic mesen­
chyme. Once in that mesenchyme, the bud begins to branch and continues to grow to create a 
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Figure 1. The general arrangement of the developing excretory system of an El 0.5 mouse embryo. 

tree-like arrangement of tubules (Fig. 2). As it grows, the epithelial tree induces nearby groups 
of mesenchymal cells to differentiate into nephrons which will later connect to it. The nephrons 
command a blood supply (to form the glomerular capillaries and the counter-current multipli­
cation system) and also a nerve supply. Since the shape of the collecting duct controls the 
positions at which nephrons form, and the nephrons control the blood and nerve supplies, it is 
fair to say that the branching of the ureteric bud/ collecting duct determines the anatomy of 
the entire organ. The rest of this chapter will be dominated by discussion of the mechanisms 
and regulation of ureteric bud branching, in view of its importance, but I shall discuss the 
blood system at the end. 

Figure 2. The branching of ureteric bud in organ culture (stained with anti-caibindin-D-28K, a marker for 
ureteric bud in this system^ ̂ )̂. 
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Figure 3. The standard mediod for mouse kidney organ culture. 

Models for Studying Branching in the Kidney 
Embryonic kidneys are unusually accessible for study, pardy because diey will grow well in 

organ culture and pardy because mammalian embryos can rely completely on their mother's 
circulation for excretion so that renal abnormalities do not cause an early termination of foetal 
development. 

One obvious ^model' for study of renal development is growth in vivo, of either completely 
normal animals or of mutants. This method has the advantage that development is seen in a 
realistic situation, but it has the disadvantages of poor access and of separating direct effects of 
a mutation on kidney development from indirect effects caused by abnormal development of 
other embryonic systems. It is, however, the only method suitable for the analysis of later 
events, because no culture system has yet managed to support kidney development up to ma­
ture stages. 

Organ culture of isolated kidney rudiments has been a powerful model for studying mam­
malian organogenesis since the 1950s, when it was found that rudiments, isolated by microdis­
section at embryonic day 10.5 and cultured on a supporting filter at a gas-medium interface, 
would grow organotypically and would reproduce the first few days of renal development 
(Fig. 3). Analysis of kidneys growing in culture can help to separate systemic effects of a muta­
tion from local effects autonomous to the kidney. Cultured kidneys are also accessible to 
antibodies, pharmacological reagents and exogenous growth factors, a fact that has been central 
to a large number of studies on the functions of particular molecules in renal development. 
Recendy, we have developed a technique, based on small interfering RNAs (siRNAs), for in­
hibiting specific genes in cultured kidneys at a time of the experimenters choosing;"^ this should 
gready facilitate the molecular analysis of renal development. Isolated kidneys can be dissected 
into their component tissues (eg ureteric bud and mesenchyme), and these tissues can then be 
recombined and will develop normally—this allows experimenters to study the development 
of a ureteric bud from a mutant animal in the context of a wild-type mesenchyme and vice-versa. 
Such tissue recombination experiments have been valuable in determining precisely which 
tissues are affected by a mutation. 

Recendy, a culture system has been developed in which isolated ureteric buds will grow and 
branch apparently normally in a 3-dimensional gel (in the presence of appropriate growth and 
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survival factors).^ This allows experimenters to study the regulation of ureteric bud morpho­
genesis in the absence of feedback loops operating in the mesenchyme, which used to be thought 
to be essential for branching to occur normally. Finally, there is a culture system in which 
cell lines generated from ureteric bud or from mature collecting ducts are suspended in a 3-di-
mensional collagen matrix, in which they multiply and form cysts with the same polarity (api­
cal domain facing the lumen) as a normal ureteric bud. When these cysts are treated with 
appropriate growth factors (such as HGF), they produce processes which then branch in a 
manner alleged, by those who use this system, to be similar to that of a real ureteric bud.^^ A 
great advantage of the cell-line model is that the cells can be transfected before use so that 
advanced genetic manipulations can be performed on them, something that is difficult for 
intact kidneys. 

There is, as in other systems, some tension between proponents of simple culture models 
and those who insist that only experiments carried out in vivo are truly informative. Progress is 
usually fastest, however, when a combination of all techniques can be used so that simple 
models can generate hypotheses quickly and these can then be tested in, for example, transgenic 
animals. Regulation of ureteric bud branching by the GDNF signalling system (described later) 
is an excellent example of a story that draws on cell lines, isolated ureteric buds, cultured 
kidneys and transgenic animals and is much stronger for the combination.^^' 

There is also an occasional tendency for commentators to reject claims that a molecule 
expressed in kidneys and shown to have an effect in organ culture is a regulator of renal devel­
opment, if knockout of that molecule in vivo has no detectable phenotype. This rejection is 
based on a misunderstanding of the likely properties of a regulatory network. The few biologi­
cal networks to have been studied mathematically have been found to possess the same general 
'scale-free' architecture as man-made networks such as the Internet.^^ They would therefore be 
expected to show the similar responses to damage. Deleting random elements of such a net­
work leads to its 'graceful failure;' a gradual reduction in efficiency with increasing numbers of 
deleted elements rather than a cataclysmic collapse.^ Even knocking out up to 5% of the 
components randomly makes litde difference to such a network as a whole (this is why the 
Internet is tolerant of the random failures of hardware that happen all the time). Only by 
targeting the few very critical elements can single deletions bring about serious damage. The 
lack of an obvious effect when any one particular renal gene is knocked out does not therefore 
mean that that gene has no role in the regulation of kidney development, but only that the 
gene is question is not one of those few critical network elements. It is to be hoped that an 
increasing understanding of biological networks will lay this confusion to rest, particularly as 
genetic experiments identify more and more partially-penetrant phenotypes which may well 
just be the expression of the declining efficiency seen in 'graceful failure'. 

The Ureteric Bud Tip As an ^Organizer' of the Kidney 
In many developing systems, one specific component seems to play such an important role 

in regulating the behaviour of all of the others that it is considered to be an 'organizer'. That is 
not to say that the other components do nothing or that the organizer is completely autono­
mous, but rather that most of the important regulatory pathways, even those originating else­
where, pass via and are integrated by that organizer. The first organizers to be described were 
those of gross body structure, such as the dorsal lip of the frog blastopore, ̂ ^ but subsequent 
studies have identified organizers of more local development, such as the enamel knots that 
control the development of teeth.'̂ '̂'̂ ^ 

The tips of the branching ureteric bud/ collecting duct system control renal development to 
such an extent that they too seem to be organizers. Their many activities will be described in 
more detail below, but in brief summary; they are the main site of cell division in the ureteric 
bud, they are responsible for branching of the bud, they receive and integrate 
mesenchyme-derived signals that control bud morphogenesis, they originate signals that con­
trol mesenchyme development, proliferation and apoptosis, they induce differentiation of 
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nephrons and they probably originate signals that ensure the correct spacing of collecting duct 
branches. In short, if the concept of an organizer has any validity in the kidney, then the bud 
tip has by far the strongest credentials for the role. It is of course possible that the whole 
language of'organizing centres' is inappropriate and that further analysis of renal development 
will reveal it to be under the control of a much more distributed network, but studies of various 
types of real-world networks suggests that the presence of key integrating nodes is common. In 
networks as diverse as bacterial metabolism, interacting Drosophila proteins, littoral food webs, 
the World Wide Web hyperlinks and flight paths between airports, there are a few nodes through 
which very high traffic (/information/ energy) flows;^'^'^^ in networks controlling develop­
ment, these would be called organizers. 

In this chapter, I shall begin by describing the cell- and molecular-biological features of the 
ureteric bud tips, concentrating on those most closely connected to morphogenesis (reviews 
about other aspects of renal development may be found elsewhere ' ' ). I will then go on to 
explain how some of these features of the bud, combined with those of surrounding cells, 
might produce feedback systems that regulate branching morphogenesis. 

Cell Biology of the Branch Tips 
The tips of the ureteric bud/ collecting duct system are slightly bulb-shaped, when not 

actually branching. They are composed of a rather disorganised epithelium, which seems to 
have more than one layer (at least in rats) and which is not surrounded by the obvious, 
continuous basement membrane that can be seen around the stalks when examined by elec­
tron microscopy. The tip cells also show rather few intercellular junctions compared with 
those of stalks and (at least in rabbits) do not express some of the cadherins that are expressed 
in the stalks.'̂ ^ This rather disorganised arrangement of the terminal epithelium may be an 
adaptation to allow rapid cell rearrangement during branching morphogenesis. Alternatively, 
or perhaps additionally, it may facilitate recruitment of extra cells from the surrounding 
mesenchyme. ̂ ^ 

The process of branching alters the morphology of the tips cyclically, as emergence of new 
branches alternates with elongation. In mouse kidneys developing in organ culture, branching 
seems to take place mainly by simple bifurcation of the tips of the growing collecting duct tree. 
In microdissected human kidneys, though, the pattern seems to be more complicated, consist­
ing of the emergence of a new tip just behind the old one followed by the bifurcation of this 
new tip only, resulting in a three-pointed structure consisting of the original tip and two new 
ones^ '̂̂ '̂  (Fig. 4). The new tips elongate and, later, a new tip emerges just proximally to each 
and immediately bifurcates, the process repeating about 15 times in humans.^^ It is not clear 
whether the apparent difference between mouse culture data and human microdissection data 
results from a difference between species, a difference between behaviour in vivo and in vitro, 
or a difference between the early generations of branching seen in culture and the later genera­
tions that would have been represented in the human samples. 

The morphogenetic mechanisms by which branching takes place are probably the least 
understood aspects of the ureteric bud tip. The kidney does not appear to use the clefting 
mechanism seen, for example, in the salivary gland (see Chapters 9, 12) in which bands of 
collagen divide an expanding ampulla into lobes that then extend, allowing the cycle to re­
peat. Apart from the fact that there is no morphological evidence for clefting in the kidney, 
tissue inhibitors of metalloproteinases (TIMPs), which protect collagen from dejgradation, in­
hibit branching in the kidney^^'^ but do exacdy the opposite in salivary glands. This contrast 
suggests a fundamentally different mechanism may be at work. Rather than being generated by 
cleavage of an existing ampulla, new branch points seem to grow outwards from an existing 
ureteric bud tip, usually at a direction perpendicular to that of the original and 180 degrees 
away, at least initially (this may be seen from the excellent time-lapse sequences of the Costantini 
lab^^). There are various possible mechanisms that might drive this emergence, but none have 
been investigated in any detail. 
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Figure 4.The two types of branching in the kidney: bifurcation, as seen in organ culture, and terminal bifid 
branching observed in later collecting duct development in humans. It is not yet clear whether the difference 
reflects developmental stage, species, or whether development is in vivo or in vitro. 

One mechanism for branching that may be used in the kidney is epithelial folding driven by 
local contraction of apical actin, which would make cells wedge-shaped and therefore cause 
that part of the epithelium to curve outwards (Fig. 5). There are numerous bands of apical 
actin at the tip^^ and inhibitors of actin polymerisation and of myosin-mediated actin contrac­
tion inhibit branching in cultured mouse kidneys; these data support the mechanism, but the 
many roles of myosin makes such an experiment difficult to interpret. The relative lack of 
intercellular junctions in this area also makes the actin-contraction model less attractive, since 
the forces would have to be transmitted cell-to-cell by these junctions. This mechanism is used 
in other examples of epithelial development, though, such as invagination of the neural tube '̂ ^ 
or folding of the colon so it should not be dismissed without further work. 

Another possible way in which new tips are created, perhaps made more likely by the rather 
disorganized nature of the tip epithelium, is locomotion of epithelial cells. Fibroblast-like 
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Figure 5. Bending of an epithelium by actin-myosin driven apical contraction. 
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locomotion of epithelia, using lamellipodia and filopodia, has been observed in wound healing 
in vertebrates, in dorsal closure in DrosophiLr and also in a variety of culture models. There 
has been no direct observation of lamellipodia and filopodia structures in ureteric bud cells, but 
when small amounts of cytochalasin are applied to kidneys growing in culture to compromise the 
integrity of the actin-adhaerens junction system, migratory cells do stream out specifically 
from the ureteric bud tips. This suggests that these cells may be primed for migration, al­
though it certainly does not prove the point. In most cells, the balance between actin being 
organised for contractile stress fibres or for lamellipodia and filopodia is controlled by compe­
tition between the small GTPases, Rac, Rho and cdc42. It would be very interesting to exam­
ine the activation states of these pathways during ureteric bud morphogenesis. 

New tips might also perhaps be produced simply by localised cell proliferation and direc­
tional cytokinesis. Culture of mouse kidney rudiments in medium containing the thymidine 
analogue, bromodeoxyuridine (BrdU), reveals that there is much more cell proliferation in the 
tips than in the stalks as long as morphogenesis is taking place normally, but not when branch­
ing is inhibited by a variety of treatments. ̂ '̂ It is not clear whether cell proliferation is a direct 
mechanism of morphogenesis or just a necessary accompaniment, although it is striking that a 
local increase in proliferation is seen in the nephric duct before any obvious morphological sign 
of ureteric bud emergence, suggesting that elevated proliferation is not simply a consequence 
of morphogenesis. Proliferation in the tips is controlled, either direcdy or indirecdy, by the 
MAP-kinase signalling pathway. 

Molecular Markers of *Tip' Character 
Until recendy, it has not been obvious whether the special behaviour of tip cells reflects an 

unique state of gene expression in these cells or just different behaviours of otherwise identical 
cells being driven simply by the different shapes and stresses in the tissue. In recent years, 
however, evidence has been obtained for differential gene expression between tip and stalk, 
suggesting that tip cells are in a specific state of differentiation. The most striking marker for 
the tip cells is expression ofwntll gene, which encodes a signalling protein: wntll is expressed 
only by the cells at the very tip and vanishes as soon as they leave for the stalk. The as-yet 
uncharacterised glycoprotein that bears a ligand for the Dolichos biflorus agglutinin lectin has a 
reciprocal expression pattern, staining the stalks of the ureteric bud but not extending into the 
tip (Sweeney, Michael, Davies unpublished). Other genes, such as ret and roSy have been re­
ported to be expressed in 'tips', but the regions described as *tips' in these reports extend much 
further into the stalk than the region described as a *tip' in this Chapter, and staining for the 
proteins confirms a less-restricted pattern.^^ 

During normal growth, it is natural to assume that new stalk cells differentiate from tip cells 
that are 'left behind' by the advancing tip. In support of this view are the facts that most bud 
proliferation takes place in the tip, and that the ureteric bud begins as nothing but a 'tip' so it is 
difficult to see from where else stalk cells could come. The 'natural' direction of differentiation, 
from tip to stalk, may be reversible, though, and this might have important implications for the 
shape of the collecting duct tree. In a recent series of experiments, we have used microdissection 
to separate the tip and stalk regions of a once-branched ureteric bud (discarding the intermediate 
portion whose status may be ambiguous) and have cultured each in the presence of embryonic 
kidney mesenchyme. Isolated tips, which begin Wntl 1-positive and DBA-negative, slowly gen­
erate a branched structure which includes DBA-positive stalks; this is not surprising given the 
'normal' direction of differentiation. Isolated stalks, which begin DBA-positive and 
Wntl 1-negative, seem to generate new tip regions which are Wntl 1-positive (Sweeney, Michael 
and Davies, unpublished). This surprising result suggests that stalk cells can reverse their differen­
tiation to become tip cells again, and may explain why cell-lines derived from mature collecting 
ducts are able to form branching structures when cultured in collagen gels.̂ '̂̂ "̂  Furthermore, the 
apparent ability of stalk to generate new tips when an existing tip has been removed suggests that 
the presence of a nearby tip normally inhibits stalk-to-tip differentiation; this may be an impor­
tant mechanism for spacing the branches of the tree, and will be discussed in more detail below. 
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Figure 6. Regulatory inputs to the ureteric bud. Inputs that encourage branching morphogenesis are shown 
by 4^ and inputs that inhibit branching by -L. 

Regulatory Inputs to the Bud Tips 
Cells of the ureteric bud tip bear a large number of receptors for signalling molecules that 

are made by surrounding tissues (Fig. 6). One of the most important is the receptor system for 
glial cell-line derived neurotrophic factor (GDNF), which is made by the *uninduced' mesen­
chymal cells into which the bud tips invade. The receptor complex for GDNF is composed of 
the Ret receptor tyrosine kinase, a GFRal co-receptor and 2-O-sulphated heparan sulphate 
glycosaminoglycan, which also seems to serve as a co-receptor. ' Transgenic mice that are 
defective in any of these components, or cultured organs that have been subjected to treat­
ments that remove or inhibit any of these components, cause failure of ureteric bud branch­
ing.^^ Conversely, provision of exogenous GDNF in culture increases the amount of branch­
ing, up to a point, and local sources of GDNF can cause the production of ectopic ureteric 
buds from the Wolffian duct.^^'^^ GDNF therefore seems to serve an analogous role to that 
played by FGF7/10 signalling through FGFRIIIb in the branching epithelia of lungs, salivary 
glands, mammary glands, prostate and pancreas in that it seems to be the principal driver of 
branching. GDNF cannot be the only signal capable of inducing the emergence of the ureteric 
bud itself, though, because sovat gdnf-/- mice do manage to produce a ureteric bud although it 
does not then go on to branch. '̂ 

The Ret receptor tyrosine kinase also acts as a receptor for neurturin, produced by the bud 
itself, and persephin, both of which are members of the GDNF family and both of which 
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stimulate ureteric bud branching in organ culture. The ureteric bud also bears the Met receptor 
tyrosine kinase which is stimulated by hepatocyte growth factor (HGF) from the surrounding 
mesenchyme, the EGF receptor which is stimulated by TGFa from the bud itself, and FGF 
receptors which respond to mesenchyme-derived FGF: all of these stimulate bud growth and 
branching.̂ 5,66,67,6g' different FGFs evoke different responses from ureteric buds in simple 
culture systems; FGFsl and 10 induce long branches with ampuUary tips, and FGFs 2 and 7 
induce a more general and less organised proliferation. Each of these receptor systems can 
signal intracellularly via the MAP-kinase and PI-3-kinase pathways, and there is evidence that 
implicates each of these pathways in the stimulation of ureteric bud branching.^^''^^ 

As well as having receptor tyrosine kinases, the bud expresses receptor serine/threonine 
kinases for BMPs, TGFp and activin. These receptors, which generally signal via Smad 
proteins, all tend to inhibit branching (although BMP7 is a little complicated, encouraging 
branching when applied at low concentrations but inhibiting it when applied at higher con­
centration, at least in complete cultured organs). The ability of TGpp and BMPs to inhibit 
branching is a feature not just of kidneys, but also of lungs, pancreas and salivary, mammary 
and prostate glands.^ 

The ureteric bud bears also receptors for matrix components, particularly integrins. At least 
some of these, for example integrins containing the a8 chain, are necessary for normal mor­
phogenesis. Integrin a8 can associate with a variety of ligands (e.g., fibronectin, virtonectin, 
tensacin), but a kidney-specific matrix component called nephronectin seems to be a particu­
larly important a8 ligand for development of the ureteric bud.^ Connections within the ma­
trix itself are important too, and inhibiting interactions between matrix components such as 
laminin and nidogen inhibits branching.^ It is not clear whether the matrix provides an in­
structive or merely a permissive role in regulating bud morphogenesis. 

Many of the receptors described above are not expressed exclusively in the tips, but also 
extend some way along the stalks. Some, such as Ret, extend back a relatively short distance 
while others, such as the serine/threonine kinases, are expressed along much of the length of 
the system. 

Morphoregulatory Outputs from the Ureteric Bud Tips 
As well as bearing receptors for signalling molecules coming from elsewhere, the ureteric 

bud is the origin of a number of important signals (Fig. 7). Some of these, such as neurturin, 
appear to act on the bud itself'̂  but most act on the cells that surround it. At least three 
bud-derived signals, TGFa, FGF2 and TIMP2, act as survival factors and mitogens for cells of 
the mesenchymal blastema into which the ureteric bud grows. Without these factors, the 
mesenchyme dies by apoptosis^^ but with them it proliferates enough to maintain growth of 
the organ rudiment as well as to contribute cells to various pathways of differentiation. It is inter­
esting that some function of TIMP2 other than its well-known ability to inhibit metalloproteinase 
activity seems to be required in this context, because pharmacological inhibitors of the same 
metalloproteinases cannot subsititute for TIMP2.^^ The bud tips (and only the tips) produce 
Wntl 1, a signalling protein that stimulates production of GDNF by the surrounding mesen-
chyme.87-90 

The ureteric bud also makes an inductive signal, which may include the above growth 
factors and which probably includes as-yet unidentified components as well, that cause groups 
of mesenchyme cells to condense together and differentiate into nephrons. This inductive pro­
cess is still not understood well—it is not even certain whether the mesenchyme is a homogenous 
population, the cells of which have the choice between remaining blastemal, differentiating into 
nephrons or into stroma, or whether the nephron and stroma lineages are distinct from the 
start. Once they have been induced to form nephrons, cells draw together into a tight cell 
condensate which then epithelializes to form a cyst. The cyst, the sequence of developmental 
events followed by these cells is reasonably well understood. They aggregate undergoes a stereo­
typed series of morphogenetic movements to produce a comma-shaped body, and S-shaped 
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Figure 7. Regulatory outputs from the ureteric bud. The main outputs of the bud prevent mesenchymal 
apoptosis and drive the differentiation of mesenchyme to nephrons. 

body and then the mature nephron. The changes in gene expression that take place during this 
process have been reviewed extensively elsewhere ' ' so, because they are not really to do 
with branching, they will not be described in detail here. One aspect of them that is relevant to 
the branching of the ureteric bud is that cells at different stages of nephron and stroma differ­
entiation produce different sets of growth factors, and these signal back to the ureteric bud (see 
the section on feedback, below). 

Some 'outputs' of the ureteric bud may play a direct role in morphogenesis (rather than an 
indirect one by signalling to other tissues). One example is MTl-MMP, which is a membrane-
bound metalloproteinase that cleaves and activates other metalloproteinases, that can in turn 
digest components of the extracellular matrix.^^ Ths digestion process may modulate signalling, 
by releasing matrix-bound growth factors, but it may also be important in simply clearing a 
path along which the ureteric bud can advance. In organ culture, metalloproteinases such as 
MMP9 are essential for ureteric bud branching.^ This is also true for isolated ureteric buds in 
culture and for cell-line models. The activation of metalloproteases is itself controlled by 
factors coming from the mesenchyme (/mesenchyme substitute), suggesting another level of 
feedback. 

Feedback Loops That Control Bud Branching 
The simple descriptions of signalling to and from the ureteric bud tip presented above 

highlight two key facts; tip branching normally takes place only in the presence of the correct 
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mesenchyme-derived signals, and signals coming from the tip cause the mesenchyme to alter 
its expression of signalling proteins. These facts combine to create a feedback system that could 
potentially control the shape and extent of ureteric bud branching in the complete organ. 

The main positive regulators of ureteric bud development, GDNF, HGF etc, are made by 
the mesenchymal blastema before it is invaded by the bud, and therefore before it is induced to 
differentiate into nephrons. Once the bud has begun to branch, the only parts of the kidney 
that are in this branch-promoting state would be those at its periphery, beyond the current 
reach of the bud. Branch-promoting factors would therefore be expected to form a gradient, 
increasing centrifugally and potentially guiding the ureteric bud tips outwards (although the 
presence of such a gradient has not yet been proven by direct measurement of protein concen­
trations). As soon as they begin to condense and to differentiate into nephrons, mesenchymal 
cells lose their expression of GDNF and HGF.^ '̂̂ ^ The processes of induction and mesenchymal 
differentiation take time (in culture, obvious condensation of mesenchyme takes place about 
18 hours after contact with the inducing tissue^^), so the mesenchymal cells that have just been 
reached by and induced by contact with the bud will still produce GDNF for a short while. By 
the time their expression of GDNF has been lost, the bud will have moved on a little way to 
invade fresh mesenchyme. The result of this is that, while the virgin mesenchyme that lies just 
ahead of the bud tip will be a rich source of GDNF, and that immediately around it will still 
have some, the mesenchyme that lies behind it will produce none. 

The main negative regulators of ureteric bud branching, BMP2, BMP4 and TGFP, are 
expressed only by (ex-)mesenchymal cells that are reaching more advanced states of differentiation. 
BMP2 is made by cells as they condense and become epithelial, while TGFP is expressed by 
the bud itself and by mesenchymal cells that have differentiated into mature stroma instead of 
nephrons, and BMP4 by both stroma and developing nephrons. ̂ ^̂ '̂ "̂̂  This pattern of expression 
probably reinforces the message given by the decline of GDNF expression in differentiating cells: 
the ureteric bud is provided with encouragement to grow and branch from ahead, but receives 
strong "keep out" signals from the zones that it has already induced into nephrogenesis (Fig. 8). 
This would be important, because invasion of groups of cells that are already forming nephrons 
by new bud branches would probably result in a tangled mess rather than orderly morphology. 

Invasion and new branching are therefore confined mainly to the zone of virgin mesen­
chyme at the cortex of the developing organ and will take place proximally to that only if there 
happens to be a region of mesenchyme that has escaped earlier invasion by the bud and that 
therefore still expresses GDNF and does not yet express branch inhibitors. Even in the proxi­
mal zone, the subde gradients of concentrations of branch activators and inhibitors may be 
used to direct branching so that a series of essentially two-dimensional branching events builds 
a tree that fills up three-dimensional space (the two-dimensional nature of organ culture makes 
this three-dimensional space-filling process difficult to observe by time-lapse photography). 

It is perhaps surprising, in view of the potential feedback loops described above, that ure­
teric bud branching will still occur in the absence of normal mesenchymal differentiation. This 
can be seen to some extent in kidneys in which mesenchymal differentiation has been inhibited 
by specific treatments, ̂ ^̂  but is shown most dramatically by the ability of isolated ureteric buds 
to develop in three-dimensional matrices when provided with appropriate growth factors (the 
combination of matrix and growth factors acting as a mesenchyme-substitute. Although the 
branching seen in such circumstances is not exacdy of the form seen in real organs, the bud is 
clearly capable of organising itself into tips and stalks, and of spacing out branch points appro­
priately. This suggests that the bud has an intrinsic mechanism for suppressing the formation 
of tips (branches) that are too close together, and for avoiding collisions. The most obvious way 
in which this might occur would be for tips to suppress tip formation in nearby cells, and for 
both tips and stalks to secrete a repellant that prevents new branches from colliding with them. 
There is not yet any direct evidence for such inhibitory or repulsive mechanisms. The most 
promising hint is the presence in the ureteric bud of murine homologues of the Droshopila 
gene sprouty}^^ In DrosophUa^ sprouty suppresses the formation of tips in the branching 
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Figure 8. Hypothetical feedback loop that restricts branching activity to the tips. 

tracheal system. ̂ ^ If mSproutys work in a similar manner in mice, this may be the basis of 
lateral inhibition by tip cells, and release from this inhibition may be the mechanism that 
allows regeneration of tips from stalks, described earlier. 

As well as being driven by genetic mechanisms, the branching behaviour of the ureteric 
bud, whether in isolation or in the mesenchyme, may be controlled by the mechanical/ fluid 
dynamic forces of viscous fingering. These are discussed at length in Chapter 12 so will not be 
described here. 

Branching of the Renal Blood System 
The blood system of the mature kidney follows a branched arrangement. Arterial blood 

flows towards the kidney via the renal arterv, which branches directly from the abdominal aorta 
and receives 20% of the cardiac output. ̂ ^ In humans, the renal artery divides into segmental 
arteries just before these arteries enter the kidney; in mice there is only one segment. Once in 
the kidney, the segmental arteries divide again to form interlobar arteries, which give rise to 
arcuate arteries that serve the nephrons themselves. Arterioles take blood from the arcuate 
arteries to a tight complex of specialized capillaries in the glomerulus, and a second arteriole 
conducts blood from the glomerulus to a second capillary network that surrounds other parts 
of the nephron; finally it drains, via venules and a vein network that follows the general ar­
rangement of the arterial one, to the vena cava. 

In general, two different processes can give rise to embryonic blood systems; angiogenesis 
produces blood vessels by branching from pre-existing vessels, in a manner morphologically 
similar to the branching of epithelia, and vasculogenesis produces them from mesenchyme-like 
precursor cells already present in the tissues. In kidneys, there is evidence for both processes. 
Grafting embryonic kidney rudiments to sites already rich in a blood supply, such as the chorio­
allantoic membrane of a bird egg, results in the formation of a blood system derived from the 
host tissue by angiogenesis. ̂ ^̂  Culture of isolated kidney rudiments in low oxygen, or in the 
presence of exogenous VEGF, causes the formation of primitive blood systems by 
vasculogenesis. 

Developing nephrons, especially the glomeruli, are strong sources of VEGF and attract 
endothelial precursors, this attraction being susceptible to being blocked by antibodies against 
VEGF.̂ ^2 The final arrangement of fine blood vessels within the glomerulus is complex, and 
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probably arises by intussusceptive division of vessels as described in more detail in Chapter 6. 
The fine capillaries of kidneys probably arise by vasculogenesis, while the largest vessels are 
more likely to arise by angiogenesis from the great vessels of the rest of the body. Unfortunately, 
very litde is known about how these processes cooperate in renal development, or how the 
blood system aligns with that of the epithelia, although migration of vessels along the ureteric 
bud and its major branches is one obvious possibility. 

Conclusions and Perspectives 
Understanding the branching of the ureteric bud is, then, key to understanding the mor­

phogenesis of the kidney as a whole. The last two decades have identified many signals are 
produced by or that converge on to the tips of the ureteric buds. While more of these signals no 
doubt remain to be discovered, it is perhaps more important to focus now on the largely 
uncharacterised mechanisms that couple these signals to morphological change. Some poten­
tial mechanisms have been implied by recent data, including roles for cell division, modulation 
of cell adhesion and cell locomotion: it would be useful to test these carefully, and to assess the 
extent to which known modulators of these processes, such as small GTPases, play a role in 
kidney development. Another very promising area of research is that of the feedback systems 
that seem to restrict *tip' character to limited areas of the epithelium, and may be responsible 
for ensuring that the entire kidney is supplied with collecting ducts without any zones being 
over-supplied: it will be interesting to learn whether the same systems operate in all branching 
epithelia. 

Understanding the ureteric bud is important for medical reasons as well: dysmorphologies 
of the bud produce clinically-devastating cystic diseases, and it is possible that the invasive 
behaviour of renal carcinomas results in part from inappropriate reactivation of the invasive 
mechanisms used in development. A deeper knowledge of these processes might allow them to 
be modulated medically, and offer the possibility or treatment, or at least amelioration, of 
debilitating and life-threatening medical conditions. 

Acknowledgements 
I would like to thank my colleague, Dr Jane Armstrong, for her helpfiil comments and 

suggestions, and The Leverhulme Trust, The Anatomical Society and BBSRC for funding work 
presented here as 'unpublished data'. 

References 
1. Davies JA. Do different branching epithelia use a conserved developmental mechanism? Bioessays. 

2002; 24:937-948. 
2. Woolf AS, Winyard JDP, Hermanns M M et al. Maidevelopment of the human kidney and lower 

urinary tractran overview. In: Vize PD, Woolf AS, Bard JBL, eds. The Kidhey—From Normal 
Development to Congenital Disease. Academic Press, 2003:377-393. 

3. Mulroy S, Boucher C, Winyard P et al. Cystic renal diseases. In: Vize PD, Woolf AS, Bard JBL, 
eds. The Kidhey: From Normal Development to Congenital Disease. Academic Press, 2003:433-450. 

4. George JC, Shah RV. Evolution of air sacs in sauropsida. J Anim Morphol Physiol 1965; 12:255-263. 
5. Grobstein C. Inductive epitheliomesenchymal interaction in cultured organ rudiments of the mouse. 

Science 1953; 118:52-55. 
6. Kreidberg JA, Sariola H, Loring JM et al. WT-1 is required for early kidney development. Cell 

1993; 74:679-691. 
7. Davies JA, Ladomery M, Hohenstein P et al. Development of an siRNA-based method for repress­

ing specific genes in renal organ culture and its use to show that the W t l tumour suppressor is 
required for nephron differentiation. H u m Mol Genet 2004; 13:235-246. 

8. Qiao J, Sakurai H , Nigam SK. Branching morphogenesis independent of mesenchymal-epithelial 
contact in the developing kidney. Proc Nad Acad Sci USA 1999; 96:7330-7335. 

9. Davies, JA, Fisher CE. Genes and proteins in renal development. Exp Nephrol. 2002; 10:102-13. 
10. Davies JA. D o different branching epithelia use a conserved developmental mechanism? Bioessays 

2002; 24:937-948. 



156 Branching Morphogenesis 

l l . M o n t e s a n o R, Schaller G, Orci L. Induction of epithelial tubular morphogenesis in vitro by 
fibroblast-derived soluble factors. Cell 1991; 66:697-711. 

12. Davies JA, Yates EA, TurnbuU JE. Structural determinants of heparan sulphate modulation of 
G D N F signalling. Growth Factors 2003; 21:109-119. 

13. Moore M W , Klein RD, Farinas I et al. Renal and neuronal abnormalities in mice lacking G D N F . 
Nature 1996; 382:76-79. 

14. Pichel J, Shen L, Sheng H Z et al. Defects in enteric innervation and kidney development in mice 
lacking G D N F . Nature 1996; 382:73-76. 

15. Sainio K, Suvanto P, Davies J. et al. Glial-cell-line-derived neurotrophic factor is required for bud 
initiation from ureteric epithelium. Development 1997; 124:4077-4087. 

16. Majumdar A. Vainio S. Kispert A. et al. W n t l l and Ret/Gdnf pathways cooperate in regulating 
ureteric branching during metanephric kidney development. Development 2003; 130:3175-3185. 

17. Jeong H, Tombor B, Albert R et al. The large-scale organization of metabolic networks. Nature. 
2004; 407:651-654. 

18. Albert R. Jeong H. Barabasi AL. Error and attack tolerance of complex networks. Nature 2000; 
406h378-382. 

19. Spemann H, Mangold H. Induction of emrbyonic primordia by implantation of organizers from a 
different species. In: Foundations of Experimental Embryology. New York: Hafner, 1924:144-184. 

20. Jernvall J, Kettunen P, Karavanova I et al.Evidence for the role of the enamel knot as a control 
center in mammalian tooth cusp formation:non-dividing cells express growth stimulating Fgf-4 
gene. Int J Dev Biol 1994; 38:463-469. 

2 1 . Theslefif I, Keranen S, Jernvall J. Enamel knots as signaling centers linking tooth morphogenesis 
and odontoblast differentiation. Adv Dent Res 2001; 15:14-18. 

22. Giot L, Bader JS, Brouwer C et al. A protein interaction map of Drosophila melanogaster. Science. 
2003; 302:1727-1736. 

23 . Wang XF, Chen G. Complex Networks: small-world, scale-free and beyond. IEEE Ciruites & 
Systems Magazine 2003; 1:6-20. 

24. Jeong H, Tombor B, Albert R. The large-scale organization of metabolic networks. Nature. 2000; 
407:651-654. 

25. Albert R, Hawoong J, Barabasi A-L. Diameter of the World Wide Web. Nature. 401:130. 
26. Sariola, H. Nephron induction revisited:from caps to condensates. Curr Opin Nephrol Hypertens 

2002; 11:17-21. 
27. Vize PD, Woolf AS, Bard JBL. The Kidney: From Normal Development to Congenital Disease. 

Academic Press, 2003. 
28. Qiao J, Cohen D, Herzlinger D. The metanephric blastema differentiates into collecting system 

and nephron epithelia in vitro. Development 1995; 121:3207-3214. 
29. Thomson BB, Biemcsderfer D, Aronson PS. Developmental regulation of Ksp-cadhcrin expression 

in rabbit kidneys. J Am Soc Nephrol 1995; 6:711. 
30. Qiao J, Cohen D, Herzlinger D. The metanephric blastema differentiates into collecting system 

and nephron epithelia in vitro. Development 1995; 121:3207-3214. 
31 . al Awqati Q, Goldberg MR. Architectural patterns in branching morphogenesis in the kidney. 

Kidney Int 1998; 54:1832-1842. 
32. al Awqati Q, Goldberg MR. Architectural patterns in branching morphogenesis in the kidney. 

Kidney Int 1998; 54:1832-1842. 
33. al Awqati Q, Goldberg MR. Architectural patterns in branching morphogenesis in the kidney. 

Kidney Int 1998; 54:1832-1842. 
34. Nakanishi Y, Ishii T . Epithelial shape change in mouse embryonic submandibular gland:modula-

tion by extracellular matrix components. Bioessays 1989; 11:163-167. 
35. Pohl M, Sakurai H, Bush KT et al. Matrix metalloproteinases and their inhibitors regulate in vitro 

ureteric bud branching morphogenesis. Am J Physiol Renal Physiol 2000; 279:F891-F900. 
36. Barasch J, Yang J, Qiao J et al. Tissue inhibitor of metalloproteinase-2 stimulates mesenchymal 

growth and regulates epithelial branching during morphogenesis of the rat metanephros. J Clin 
Invest 1999; 103:1299-1307. 

37. Hayakawa T, Kishi J, Nakanishi Y. Salivary gland morphogenesis:possible involvement of collage-
nase. Matrix Suppl 1992; 1:344-351. 

38. Srinims S, Goldberg MR, Watanabe T et al. Expression of green fluorescent protein in the uneteric 
bud of transgenic mice: A new bid for the analysis of unuteric bud morphogenesis. Dev Genet 
1999; 24:241-251. 

39. Fisher CE, Michael L, Barnett M W et al. Erk MAP kinase regulates branching morphogenesis in 
the developing mouse kidney. Development 2001; 128:4329-38. 



Branching Morphogenesis in Mammalian Kidneys 157 

40. Lee HY, Kosciuk M C , Nagele RG et al. Studies on the mechanisms of neurulation in the 
chick:possible involvement of myosin in elevation of neural folds. J Exp Zool 1983; 225:449-457. 

4 1 . Jacobson AG. Normal neurulation in amphibians. Ciba Found Symp 1994; 181:6-21. 
42. Colony PC, Conforti JC. Morphogenesis in the fetal rat proximal colon:efFects of cytochalasin D. 

Anat. Rec 1993; 235:241-252. 
43. Jacinto A, Martinez-Arias A, Martin P.Mechanisms of epithelial fusion and repair. Nat.Cell Biol. 

2001; 3:E117-E123. 
44. Wood W, Jacinto A, Grose R et al. Wound healing recapitulates morphogenesis in Drosophila 

embryos. Nat Cell Biol 2002; 4:907-912. 
45. Davies J. Intracellular and extracellular regulation of ureteric bud morphogenesis. J Anat. 2001; 

198:257-264. 
AG. Michhael L, Davies JA. Pattern and regulation of cell proliferation during morphogenesis oi the 

mouse ureteric bud. J Anatomy 2004; 204:241-255.. 
47. al Awqati Q , Goldberg MR. Architectural patterns in branching morphogenesis in the kidney. 

Kidney Int 54:1998; 1832-1842. 
48. Kispert A, Vainio S, Shen L et al. Proteoglycans are required for maintenance of Wnt-11 expres­

sion in the ureter tips. Development 1966; 122:3627-3637. 
49. Gavin BJ, McMahon JA, McMahon AP. Expression of multiple novel Wnt-1/int-1-related genes 

during fetal and adult mouse development. Genes Dev 1990; 4:2319-2332. 
50. Lako M, Strachan T, BuUen P et al. Isolation, characterisation and embryonic expression of W N T l l , 

a gene which maps to l l q l 3 . 5 and has possible roles in the development of skeleton, kidney and 
lung. Gene 1998; 219:101-110. 

51 . Montesano R, Schaller G, Orci L. Induction of epithelial tubular morphogenesis in vitro by 
fibroblast-derived soluble factors. Cell 1991; 66:697-711. 

52. Sakurai H. Nigam SK. Transforming growth factor-beta selectively inhibits branching morphogen­
esis but not tubulogenesis. Am J Physiol 1997; 272:F139-F146. 

53. Davies JA, Yates EA, TurnbuU JE. Structural determinants of heparan sulphate modulation of 
G D N F signalling. Grov^^h Factors 2003; 21:109-119. 

54. Saarma M. Sariola H . Other neurotrophic factors:glial cell line-derived neurotrophic factor (GDNF). 
Microsc Res Tech 1999; 45:292-302. 

55. Pichel JG, Shen L, Sheng H Z et al. Defects in enteric innervation and kidney development in 
mice lacking G D N F . Nature 1996; 382:73-76. 

56. Moore M W , Klein RD, Farinas I et al. Renal and neuronal abnormalities in mice lacking G D N F . 
Nature 1996; 382:76-79. 

57. Schuchardt A, D'Agati V, Larsson-Blomberg L et al. Defects in the kidney and enteric nervous 
system of mice lacking the tyrosine kinase receptor Ret. Nature 1994; 367:380-383. 

58. Schuchardt A, D'Agati V, Pachnis V et al. Renal agenesis and hypodysplasia in ret-k- mutant mice 
result from defects in ureteric bud development. Development. 1996; 122:1919-1929. 

59. Enomoto H , Araki T , Jackman A et al.GFR alpha 1-deficient mice have deficits in the enteric 
nervous system and kidneys. Neuron 1998; 21:317-324. 

60. Bullock SL, Fletcher JM, Beddington RS et al. Renal agenesis in mice homozygous for a gene trap 
mutation in the gene encoding heparan sulfate 2-sulfotransferase. Genes Dev 1998; 12:1894-1906. 

61 . Sainio K, Suvanto P, Davies J et al. Glial-cell-line-derived neurotrophic factor is required for bud 
initiation from ureteric epithelium. Development 1997; 124:4077-4087. 

62. Vega Q C , Worby CA, Lechner MS et al.Glial cell line-derived neurotrophic factor activates the 
receptor tyrosine kinase RET and promotes kidney morphogenesis. Proc Natl Acad Sci USA 1996; 
93:10657-10661. 

63. Pichel JG, Shen L, Sheng H Z et al.Defects in enteric innervation and kidney development in mice 
lacking G D N F . Nature 1996; 382:73-76. 

64. Moore M W , Klein RD, Farinas I et al. Renal and neuronal abnormalities in mice lacking G D N F . 
Nature 1996; 382:76-79. 

65. Woolf AS, Kolatsi-Joannou M, Hardman P et al.Roles of hepatocyte growth factor/scatter factor 
and the met receptor in the early development of the metanephros. J Cell Biol 1995; 128:171-184. 

66. Hrabe de Angelis M H , Flaswinkel H , Fuchs H et al.Genome-wide, large-scale production of mu­
tant mice by E N U mutagenesis. Nat Genet 2000; 25:444-7. 

67. Bernardini N , Mattii L, Bianchi F et al. TGF-alpha mRNA expression in renal organogenesis:a 
study in rat and human embryos. Exp Nephrol 2001; 9:90-98. 

68. Coles HS, Burne JF, Raff M C . Large-scale normal cell death in the developing rat kidney and its 
reduction by epidermal growth factor. Development 1993; 118:777-784. 

69. Qiao J, Bush KT, Steer DL et al. Multiple fibroblast growth factors support growth of the ureteric 
bud but have different effects on branching morphogenesis. Mech Dev 2001; 109:123-135. 



158 Branching Morphogenesis 

70. Tang MJ, Cai Y, Tsai SJ. et al. Ureteric bud outgrowth in response to RET activation is mediated 
by phosphatidylinositol 3-kinase. Dev Biol 2002; 243:128-136. 

7 1 . Ritvos O, Tuuri T, Eramaa M et al. Activin disrupts epithelial branching morphogenesis in devel­
oping glandular organs of the mouse. Mech Dev. 1995; 50:229-245. 

72. Martinez G, Loveland KL, Clark AT et al. Expression of bone morphogenetic protein receptors in 
the developing mouse metanephros. Exp Nephrol 2001; 9:372-379. 

73 . Lehnert SA, Akhurst RJ. Embryonic expression pattern of TGF beta type-1 RNA suggests both 
paracrine and autocrine mechanisms of action. Development 1988; 104:263-273. 

7A. Davies JA. Do different branching epithelia use a conserved developmental mechanism? Bioessays 
2002; 24:937-948. 

75. Muller U, Wang D, Den da S et al. Integrin alpha8betal is critically important for epithelial-
mesenchymal interactions during kidney morphogenesis. Cell 1997; 88:603-613. 

7G. Brandenberger R, Schmidt A, Linton J, et al. Identification and characterization of a novel extra­
cellular matrix protein nephronectin that is associated with integrin alpha8betal in the embryonic 
kidney. J Cell Biol 2001; 154:447-458. 

77. Ekblom P, Ekblom M, Fecker L et al. Role of mesenchymal nidogen for epithelial morphogenesis 
in vitro. Development 1994; 120:2003-2014. 

78. Davies JA, Millar CB et al. Neurturin:an autocrine regulator of renal collecting duct development. 
Dev Genet 1999; 24:284-292. 

79. Bernardini N , Mattii L, Bianchi F et al. TGF-alpha mRNA expression in renal organogenesis:a 
study in rat and human embryos. Exp Nephrol 2001; 9:90-98. 

80. Coles HS, Burne JF, Raff MC. Large-scale normal cell death in the developing rat kidney and its 
reduction by epidermal growth factor. Development 1993; 118:777-784. 

81 . Dono R, Zeller R. Cell-type-specific nuclear translocation of fibroblast growth factor-2 isoforms 
during chicken kidney and limb morphogenesis. Dev Biol 1994; 163:316-330. 

82. Perantoni AO, Dove LF, Karavanova I. Basic fibroblast growth factor can mediate the early induc­
tive events in renal development. Proc Natl Acad Sci USA 1995; 92:4696-4700. 

83. Barasch J, Yang J, Ware CB et al. Mesenchymal to epithelial conversion in rat metanephros is 
induced by LIF. Cell 1999; 99:377-386. 

84. Barasch J, Yang J, Qiao J et al. Tissue inhibitor of metalloproteinase-2 stimulates mesenchymal 
growrth and regulates epithelial branching during morphogenesis of the rat metanephros. J Clin 
Invest 1999; 103:1299-1307. 

85. Coles HS, Burne JF, Raff M C . Large-scale normal cell death in the developing rat kidney and its 
reduction by epidermal growth factor. Development 1993; 118:777-784. 

86. Barasch J, Yang J, Qiao J et al. Tissue inhibitor of metalloproteinase-2 stimulates mesenchymal 
growth and regulates epithelial branching during morphogenesis of the rat metanephros. J Clin.Invest. 
1999; 103:1299-1307. 

87. Gavin BJ, McMahon JA, McMahon AP. Expression of multiple novel Wnt-l/int-1-related genes 
during fetal and adult mouse development. Genes Dev 1990; 4:2319-2332. 

88. Majumdar A, Vainio S, Kispert A et al. W n t l l and Ret/Gdnf pathways cooperate in regulating 
ureteric branching during metanephric kidney development. Development 2003; 130:3175-3185. 

89. Lako M, Strachan T, Bullen P et al.Isolation, characterisation and embryonic expression of W N T l l , 
a gene which maps to l l q l 3 . 5 and has possible roles in the development of skeleton, kidney and 
lung. Gene 1998; 219:101-110. 

90. Kispert A, Vainio S, Shen L et al.Proteoglycans are required for maintenance of Wnt-11 expression 
in the ureter tips. Development 1996; 122:3627-3637. 

9 1 . Dekel B. Profiling gene expression in kidney development. Nephron Exp Nephrol 2003; 95:el-e6 
92. Sariola H. Nephron induction revisited:from caps to condensates. Curr Opin Nephrol Hypertens 

2002; 11:17-21. 
93. O ta K, Stetler-Stevenson W G , Yang Q et al. Cloning of murine membrane-type-1-matrix 

metalloproteinase (MT- l -MMP) and its metanephric developmental regulation with respect to 
MMP-2 and its inhibitor. Kidney Int 1998; 54:131-142. 

94. Lelongt B, Trugnan G, Murphy G et al. Matrix metalloproteinases MMP2 and MMP9 are pro­
duced in early stages of kidney morphogenesis but only MMP9 is required for renal organogenesis 
in vitro. J Cell Biol. 1997; 136:1363-1373. 

95. Pohl M, Sakurai H, Bush KT et al. Matrix metalloproteinases and their inhibitors regulate in vitro 
ureteric bud branching morphogenesis. Am J Physiol Renal Physiol 2000; 279:F891-F900. 

96. Pohl M, Sakurai H, Bush KT et al. Matrix metalloproteinases and their inhibitors regulate in vitro 
ureteric bud branching morphogenesis. Am J Physiol Renal Physiol 2000; 279:F891-F900. 

97. Sainio K, Suvanto P, Davies J et al. Glial-cell-line-derived neurotrophic factor is required for bud 
initiation from ureteric epitheUum. Development 1997; 124:4077-4087. 



Branching Morphogenesis in Mammalian Kidneys 159 

98. Woolf AS, Kolatsi-Joannou M, Hardman P et al. Roles of hepatoq^e growth factor/scatter factor 
and the met receptor in the early development of the metanephros. J Cell Biol 1995; 128:171-184 

99. Davies JA, Garrod DR. Induction of early stages of kidney tubule differentiation by lithium ions. 
Dev Biol 1995; 167:50-60. 

100. Lyons KM, Hogan BL, Robertson EJ. Colocalization of BMP 7 and BMP 2 RNAs suggests that 
these factors cooperatively mediate tissue interactions during murine development. Mech Dev 1995; 
50:71-83. 

101. Raatikainen-Ahokas A, Hytonen M, Tenhunen A et al.BMP-4 aifects the differentiation of meta-
nephric mesenchyme and reveals an early anterior-posterior axis of the embryonic kidney. Dev 
Dyn 2000; 217:146-158. 

102. Clark AT, Young RJ, Bertram JF. In vitro studies on the roles of transforming growth factor-beta 
1 in rat metanephric development. Kidney Int 2001; 59:1641-1653. 

103. Davies JA, Ladomery M, Hohenstein P et al. Development of an siRNA-based method for repress­
ing specific genes in renal organ culture and its use to show that the W t l tumour suppressor is 
required for nephron differentiation. H u m Mol Genet 2004; 13:235-246. 

104. Qiao J, Sakurai H, Nigam SK. Branching morphogenesis independent of mesenchymal-epithelial 
contact in the developing kidney. Proc Natl Acad Sci USA 1999; 96:7330-7335. 

105. Zhang S, Lin Y, Itaranta P et al. Expression of Sprouty genes 1, 2 and 4 during mouse organogen­
esis. Mech Dev 2001; 109:367-370. 

106. Hacohen N , Kramer S, Sutherland D et al. sprouty encodes a novel antagonist of FGF signaling 
that patterns apical branching of the Drosophila airways. Cell 1998; 92:253-263. 

107. Woolf AS, Yuan H T . Development of kidney blood vessels. In: Vize PD, Woolf AS, Bard JBL, 
eds. The Kidney: From Normal Development to Congenital Disease. Academic Press, 2003. 

108. Donovan MJ, Natoli TA, Sainio K et al. Initial differentiation of the metanephric mesenchyme is 
independent of W T l and the ureteric bud. Dev Genet 1999; 24:252-262. 

109. Tufro-McReddie A, Norwood VF, Aylor KW et al. Oxygen regulates vascular endothelial growth 
factor-mediated vasculogenesis and tubulogenesis. Dev Biol 1997; 183:139-149. 

110. Tufro A, Norwood VF, Carey RM et al. Vascular endothelial growth factor induces nephrogenesis 
and vasculogenesis. J Am Soc Nephrol 1999; 10:2125-2134. 

111. Kolatsi-Joannou M, Li XZ, Suda T et al. Expression and potential role of angiopoietins and Tie-2 
in early development of the mouse metanephros. Dev Dyn 2001; 222:120-126. 

112. Tufro A. VEGF spatially directs angiogenesis during metanephric development in vitro. Dev Biol. 
2000; 227:558-566. 

113. Davies J. Control of calbindin-D28K expression in developing mouse kidney. Dev Dyn 1994; 
199:45-51. 




