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Preface

Research in developmental biology, as in many other fields of basic
biology, is carried out largely in model-systems. In these, relatively
simple events are singled out from the complex situation in vivo and
examined under controllable conditions. Such model-systems should be
simple enough to allow a meaningful analysis, but sufficiently complex to
warrant extrapolation of the results to the normal condition in vivo. The
vertebrate kidney is one such model-system for cell differentiation and
organogenesis. It is my hope that the observations and conclusions
quoted in this book could be of wider interest to developmental biol-
ogists, and that the use of the kidney system could unravel general
developmental principles applicable to other cells and organs.

My work on kidney development was initiated during a postdoctoral
stay in the laboratory of Clifford Grobstein at Stanford University. The
research was continued in Helsinki in close collaboration with my late
friend Tapani Vainio. Never, since then, have I worked with a more
stimulating scientist, and many of Tapani’s ideas guided our research
long after his accidental death in 1965.

The ‘Wetterkulla Medical Center’ (WMC), an informal biannual
working symposium, has met regularly during the last 25 years. These
occasions have been of great inspiration to me, and they have also
provided time for me to write this book. I thank my friends at the WMC:
Sulo Toivonen, Osmo Jarvi, Kari Penttinen, Erkki Saxén, Harri
Nevanlinna, Esko Nikkila, Kari Cantell and the late Bo Thorell.

I wish to express my deep gratitude to all my students, research fellows
and colleagues, whose results and ideas I have quoted in this monograph
and whose material I have used extensively for illustration. My special
thanks are due to Eero Lehtonen, who has in many ways contributed to
the text and the illustrations and who has read the manuscript critically.
From the very beginning of the kidney project I have been privileged to
work with a most skilful technical team, led and instructed by Anja
Tuomi, whom I thank most cordially. I have had the pleasure of
collaborating with Arto Nurmi, artist and medical illustrator, for two
decades, and I wish to thank him again for his fine artwork. Last but not
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least, I thank my secretary Annikki Kaitila, whose interest, experience

and skill in editing scientific text have been of major importance in
finishing this book.

L.S.
Wetterkulla, Erdjarvi

December 1985
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Ontogenesis of the vertebrate excretory system

Introduction

The functional unit of the vertebrate excretory system, the nephron, is
similar in its essential features in all vertebrate classes from cyclostomes
to mammals, and it has been found in the fossils of the oldest known
vertebrates, the ostracoderms (Torrey, 1965). The nephron consists of:
the vascular loop of the glomerulus, the capsule, the nephrocoel, the
nephric duct, the nephrostome, and the tubule (Fig. 1.1). These struc-
tures may vary in detail, but the differences between the classes are
created mainly by the spatial assembly of the nephrons within the
organism. Consequently, it has become customary to distinguish between
three spatially and temporally different excretory ‘organs’, the pro-
nephros, the mesonephros, and the metanephros, though many authors
consider this classification to be useful merely for descriptive purposes
within a continuum of tissue (Fraser, 1950; Fox, 1963; Torrey, 1965).
Hence, the term ‘holonephros’ has occasionally been proposed to cover

Fig. 1.1. Scheme of nephron (after Torrey, 1954). Ca, capsule; G, glomerulus;
Nc, nephrocoel; T, tubule; ND, nephric duct; Ns, nephrostome; PF, peritoneal
funnel.
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Fig. 1.2. An overall scheme of the development of the vertebrate kidney (after
Burns, 1955). P, pronephros; ND, nephric duct; NC, nephrogenic cord; G,
gonad; M, mesonephros; Met, metanephros; U, ureter; Cl, cloaca.

the entire temporal and spatial (also phylogenetic) sequence of tubular
arrangement within the excretory system (Fig. 1.2). Understanding of the
embryogenesis of the mammalian permanent kidney, the metanephros,
requires a short summary of the early developmental events of the
transitory and vestigial ‘pronephric’ and ‘mesonephric’ structures and of
the nephric duct. For details the reader is referred to reviews by Fraser
(1950), Burns (1955), Fox (1963) and Torrey (1965). The time-table of
kidney development in some vertebrates is given in Table 1.1.

The pronephros

The prospective pronephric area has been mapped out by vital staining
methods in amphibian embryos (Pasteels, 1942; Nieuwkoop, 1947). At
the early gastrula stage it can be localized to an area ventrolateral to the
blastopore (Fig. 1.3A). During gastrulation it invaginates and is found in
early neurulae in the lateral body wall, below prospective somites 4 and
5. During the midneurula stage, the prospective pronephric area is
determined and will form nephric tubules when transplanted to
heterotopic sites. Other parts of the embryo have already lost this
potency (Fales, 1935).
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Table 1.1. Time-course (in days) of kidney development in some
vertebrates

Pro- Meso- Ureteric Bud with Meta-  Gestational
nephros nephros bud cap nephros period
Man 22 24 28 32 35-37 267
Macaque — — 29-30 31-32 3839 167
Guinea pig 16 17 20 21 23 67
Rabbit 8.5 9.0 11.5 13 14 32
Rat 10 11.5 12.3 12.5 12.5 22
Mouse 8 9.5 11 — 1 19
Hamster — 8.5 9.3 9.5 10 16
Chick 1.5 2.3 4 5 6 21

After Hoar & Monie, 1981.

Fig. 1.3. Schemes of the prospective nephric tissue in amphibian gastrulae and the

localization of the nephric material in tail-bud-stage embryos. A. The prospective

pronephric area in an axolot! gastrula and its subsequent distribution as followed

by vital stain (after Pasteels, 1942). B. The mesonephric material (stippled) and

the lateral plate tissue (lined) in a salamander gastrula and at the tail-bud stage
(after Nieuwkoop, 1947).

The pronephric nephrotomes are located between the somitic mesen-
chyme and the lateral plate at a level caudal to the third somite. The level
and the number of the pronephric tubules vary in different species. The
tubules open through the nephrostome into the coelomic cavity, and their
free distal ends may fuse to form the most anterior portion of the
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pronephric duct (p. 6). At the time of regression of the first pronephric
tubules, isolated (external) glomeruli develop by budding from the
coelomic epithelium and become vascularized by vessels from the dorsal
aorta. In the chick embryo, these glomeruli develop on days 3 to 5 at the
level of the ninth to the fifteen somites (Davies, 1950). Scanning and
transmission electron-microscopic examination of these external
glomeruli revealed a histogenesis similar to that in the functional
mesonephros (Jacob et al., 1977). The authors therefore conclude that
the external glomeruli show the true structural maturation of a functional
unit.

The development of the pronephros into a functional organ is restric-
ted to the lower vertebrates and has not been shown conclusively in
amniotes. Apart from a few exceptions (some teleosts), the significance
of the pronephros as a functional excretory organ is limited to the
embryonic (larval) stages, and the structures regress during later
development. The functional significance of the pronephros was first
suggested by experiments where unilateral pronephrectomy resulted in
compensatory hypertrophy of the remaining pronephros (Howland,
1921; Hiller, 1931; Fox, 1956; Bosshard, 1971). It is difficult to estimate
the precise time of onset of the function. Rappaport (1955) followed the
specific gravity of Rana pipiens larvae after bilateral nephrectomy and
concluded that an excretory function was required after Shumway stage
18, soon after the larvae became motile.

In all amniotes, the development of the anterior end of the nephro-
genic mesenchyme remains rudimentary. Pronephric tubules have been
described in reptile embryos and in the chick, but as Torrey (1965)
critically emphasizes, ‘the transition between tubules judged to be
pronephric and the first mesonephric tubules is so gradual as to cast doubt
on the reality of the pronephric variety’. The author is even more
sceptical concerning mammals, and denies the existence of a proper
pronephros, with the exception of some marsupials. The pronephros
should consist, accordingly, of ‘vaguely defined condensations, vesicles
or grooves’ without any functional significance. In contrast to this
generalization, Toivonen (1945) has described well-formed pronephric
tubules in 10-day rabbit embryos at the level of the sixth to the twelfth
somites and partially overlapping the mesonephric ducts (Fig. 1.4).

The nephric duct

The nephric (pronephric) duct constitutes the central component of the
excretory system throughout development. It is the drainage channel of
the functional pronephros and mesonephros, it gives rise to the ureteric
bud of the metanephros and ultimately contributes to the male genital
system as the ductus deferens. Moreover, as described in Chapter 3,
the epithelium of the nephric duct and its derivatives determine the
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Fig. 1.4. Micrographs of rabbit embryos, demonstrating the early stages of the
nephric rudiment (Toivonen, 1945, and unpublished results; courtesy of Dr S.
Toivonen). P, pronephros; M, mesonephros; PD, pronephric (nephric) duct;
EG, external glomeruli. A. Transverse section of a 10-day rabbit embryo showing
the localization of the pronephric duct, the mesonephros and two external
glomeruli. B. A detail at the level of segment 20, showing the nephric duct and the
mesonephros opening into the abdominal cavity. C. Appearance of a pronephric
and a mesonephric nephron at the same level in a rabbit embryo. D. Longitudinal
section through a 10-day rabbit embryo showing the nephric duct and the
segmental mesonephric nephrons.
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differentiation and morphogenesis of the mesonephric and metanephric
mesenchymal blastemas by acting upon them as an ‘inductor’.

Two aspects of the formation and development of the nephric duct
have become objects of interest: the origin of the pronephric duct and the
mode of elongation (growth) of the duct from its anterior location into the
cloaca.

The original view of an ectodermal origin of the nephric duct (Field,
1891) has been found to be inconsistent with later observations that show
conclusively the mesodermal source of the pronephros and the nephric
duct. In amphibians, the primary anlage of the pronephric duct is found
caudal to the presumptive pronephric area, at the level of the fifth to the
seventh somites. Vital staining of the pronephric anlage at the level of the
third to the fourth somites results in concentration of the dye in the
subsequently developing pronephros only, whereas the duct component
remains unstained (O’Connor, 1938). Similarly, surgical deletion of the
pronephric anlage results in perfectly normal formation of the nephric
duct, as shown by Holtfreter (1944). Yet, the most anterior portion of the
duct might still derive from the pronephric tubules by fusion of the distal
ends. This occurs in lower vertebrates (Price, 1897; Brauer, 1902) and is
frequently suggested to take place in amniotes as well. It remains open
whether the avian pronephric duct development is initiated in this way,
and it has, in fact, been disputed by Torrey (1965). He explored the early
development of the nephric duct in mammals, including man, and
concluded that the nephric duct develops independently of the pro-
nephros (Torrey, 1954). If so, the rabbit seems to be an exception to the
rule. Toivonen (1945) has described the formation of the anterior anlage
of the nephric duct as seen in serial sections of rabbit embryos. Accord-
ingly, the pronephric tubules caudal to the sixth somite fuse at their distal
ends and constitute the first anlage of the nephric duct.

Once formed, the nephric duct is progressively laid down with a
velocity of 1 mm/20 h (in the axolotl, according to Poole & Steinberg,
1981) until it opens into the cloaca. The mode of this process has been
extensively studied in many vertebrate classes, and two alternative
hypotheses have been put forward. (1) The bud elongates in situ by the
addition of new mesodermal cell material, or (2) it is elongated by
terminal growth implemented by cell proliferation at the tip. The former
hypothesis presented by Field (1891), among others, has found adherents
and indirect experimental support (e.g. Goodrich, 1930; van Deth, 1946;
Shin-Iké, 1955), but it is not consistent with other experimental data.
Such experiments, performed both in amphibian and in avian embryos,
have included vital staining methods, deletion operations, and transplan-
tation experiments, followed by light- and electron-microscopic record-
ing of the results. Such investigations have marshalled plenty of evidence
for the second hypothesis of the elongation of the nephric duct, the idea
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of independent growth (Burns, 1938; Gruenwald, 1937, 1942; van
Geertruyden, 1942; Holtfreter, 1944; Spofford, 1945; Cambar, 19524, b;
Calame, 1959, 1962; Croisille et al., 1976). However, if the view of
‘independent growth’ of the nephric duct is accepted, two alternatives
still remain, namely growth by cell multiplication or elongation through
cell streaming. Of course, the two are not mutually exclusive.

The importance of an actual proliferation of the terminal epithelial
cells of the duct has been disputed by Overton (1959), after a careful
analysis of the duct’s mitotic rate as a function of stage of development
and site. No terminal accumulation of mitoses was found, and the mitotic
index, uniform throughout the length of the duct, did not differ signifi-
cantly from the overall high proliferation rate of the embryos. Hence, the
author attributed the elongation of the nephric duct primarily to a
migratory capacity of the cells. Her own observations ir vitro on isolated
epithelial fragments of the ducts demonstrated this migration capacity of
the duct cells thus confirming similar observations on nephric duct cells
transplanted to heterotopic sites (Maschkowzeff, 1936; Nieuwkoop,
1947; Bijtel, 1948, 1968).

Acceptance of the ‘migration hypothesis’ should lead to exploration of
the principles and forces guiding this ‘conducted migration’ (Weiss, 1947,
Trinkaus, 1984). The role of the surrounding tissues in this event had
been suggested by Holtfreter (1944), who emphasized the possible
significance of the mesoderm, and especially the vascular endothelium, in
guiding the migration. This view was shared by Ti-Chow-Tung & Su-
Hwei-Ku (1944), who, after rotation and transplantation experiments,
concluded that a predetermined pathway was created by the surrounding
cells.

Poole & Steinberg (1981) have conducted a thorough scanning
electron-microscopic study of the elongation of the pronephric duct in the
axolotl (Fig. 1.5). The duct primordium segregates from the dorsal
portion of the lateral plate mesoderm at the level of the second to the
seventh somites and subsequently extends along the ventrolateral border
of the somites. The elongation is mainly due to a rearrangement of cells
seen as a thinning of the duct and a reduction of the number of cells across
the duct’s diameter. Morphology of the duct cells suggests an active
migration of those at the tips of the duct. Subsequent, extensive trans-
plantation experiments by the authors (Poole & Steinberg, 1982) have
shed more light on the actual guiding forces of this migratory event.
Pronephric duct primordia were transplanted into various sites on the
flank mesoderm ventral to the primary duct of the host, and their fate was
followed by scanning electron microscopy. The transplants showed active
migration towards the primary duct (Fig. 1.6), with which they ultimately
fused. The distant effect of various tissues previously suggested to act
as attractants was eliminated by proper extirpation experiments, and
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Fig. 1.5. Scanning electron micrographs of the development of the nephric duct in
an axolotl embryo. Arrows indicate the tip of the migrating duct (Poole &
Steinberg, 1981; courtesy of Dr M. Steinberg).

direction by preformed paths became less plausible as a result of direct
observations on the behaviour of the transplanted cells. The authors
conclude that the guidance of the migrating duct cells is implemented by a
gradient of adhesion provided by the mesoderm, with which the epithelial
cells are in contact through thin philopodia. This dynamic gradient is
modulated during embryogenesis in relation to the craniocaudal wave of
differentiation, and it provides local directional clues for the migrating
cells.

The mesonephros

The second segmental excretory organ, the mesonephros, has been
thoroughly studied in amphibians and in birds (Burns, 1955; Croisille,
1976) and in some domestic mammals (Tiedemann, 1976, 1979, 1983;
Tiedemann & Wettstein, 1980). The prospective mesonephric tissue has
been mapped out in amphibian embryos at the late neurula stage (Fig.
1.3B). The tissue is already determined, but it is still flexible, because the
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Fig. 1.6. Scheme of a grafting experiment demonstrating the oriented migration
of a transplanted nephric duct (TND) and its fusion with primary duct (ND)
(Poole & Steinberg, 1982; courtesy of Dr M. Steinberg).

type and arrangement of the tubules can be affected by new surroundings
(Machemer, 1929). At the tail-bud stage determination becomes fixed
and mesonephric structures will develop in grafts at various sites of the
embryo (Humphrey, 1928). This apparently terminal determination
occurs only after the pronephric duct has reached the prospective
mesonephric mesenchyme, and the sequence suggests an integrated



10 Ontogenesis of the excretory system

morphogenesis of the two cell lineages. As will be reviewed in Chapter 3
(Table 3.1, p. 53), there is ample evidence favouring this view of an
inductive interaction between the nephric cord mesenchyme and the
caudally extending pronephric duct. Observations have been reported,
however, which strongly suggest that the nephric duct epithelium is a
terminal inductor acting upon a predetermined mesonephrogenic mesen-
chyme with a ‘kidney bias’ created during its early development (Saxén,
1970a). In higher vertebrates, the mesonephros is a transient organ that
develops caudally to the pronephros but might also partially overlap the
most caudal part of the pronephros (Toivonen, 1945).

There are great differences in size, distribution, and functional
maturity of the mesonephric nephrons between the different avian and
mammalian species. In the chick, the first (primary) nephrons are seen as
depressions in the mesonephric blastema on day 3. During the following
three days, new nephrons are sequentially induced and accumulated into
the organ in a craniocaudal sequence. Five distinct populations of these
tubules have been described that differ in their spatial distribution,
length, and stage of maturation (Friebova-Zemanovd & Contch-
arevskaya, 1982). Their total number has been estimated to be of the
order of 100 (Bremer, 1915; Stampfli, 1950; Friebova-Zemanova &
Concharevskaya, 1982). The regression of the chick mesonephros starts
around day 14 (Haffen, 1951), and profound changes in the cathepsin and
acid phosphatase activities have been measured between day 14 and 21
(Salzgeber & Weber, 1966).

In mammals, the number of mesonephric tubules and glomeruli vary
from approximately 30 (man) to more than 50 (sheep and pig) (Bremer,
1915; for a review, see Tiedemann, 1976). In man, the first mesonephric
tubules are found in 3.5- to 4-mm embryos about day 25, and they are
located at the cranial end of the unsegmented nephric blastema. New
renal vesicles are gradually added to the mesonephros, and their amount
reaches a maximum during the ninth week. The most cranial tubules,
however, start their regression before this stage, around the fifth week. In
female embryos, the regression leads to a total disappearance of the
organ during the third month of development, while, in the male
embryos, some caudal tubules and the mesonephric duct persist and
contribute to the male genitals (efferent ductules and vasa deferentia)
(for reviews, see Marin-Padilla, 1964; Du Bois, 1969; Tiedemann, 1976).
There is no direct proof of the functional maturity of the human
mesonephric nephrons, and an affirmative view is based on merely
structural findings (Silverman, 1969).

Morphogenesis of the mesonephric nephron starts with the formation
of mesenchymal condensates, which soon develop into renal vesicles and
S-shaped bodies — much like similar developmental events in the
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Fig. 1.7. Scheme of the mesonephric nephron (after Schiller & Tiedemann, 1981;
Tiedemann, 1976). CT, collecting tubule; WD, Wolffian duct; DT, distal tubule;
PT, proximal tubule; G, glomerulus.

metanephros that will be dealt with in more detail below. The nephric
body then becomes connected to the pronephric (Wolffian) duct, after
which the following segments can be distinguished (Fig. 1.7): the
mesonephric corpuscle (prospective glomerulus), the proximal tubule
with three portions, the distal tubule and the collecting tubule (duct).
These segments show distinct differences detectable at the ultrastructural
level or by histochemical and immunochemical methods (Croisille, 1969,
1970, 1976; Croisille et al., 1971, 1974; Martin et al., 1971; Tiedemann,
1976, 1983; Tiedemann & Wettstein, 1980; Schiller & Tiedemann, 1981;
Tiedemann & Zaar, 1983). The origin of these different segments of the
nephron has been the object of some controversy. Most authors consider
the entire nephron to be of mesenchymal origin, but some believe that the
collecting duct is derived from the Wolffian duct (for reviews, see
Hamilton 1952; Wolff, 1969). To solve the problem, Croisille and his
collaborators prepared chick/quail chimaeric kidneys and followed the
fate of their cells by using the quail ‘nuclear marker’ to distinguish
between chick and quail cells (Le Douarin & Barq, 1969). Chimaeras
were constructed by combining the anterior half of chick blastoderm with
the posterior half of a quail embryo at the same stage of development. At
this stage, the pronephric (Wolffian) duct was still restricted to the
anterior half, while the undifferentiated nephrogenic mesenchyme was
found in the posterior half. The chimaeric recombinants were cultivated
in vitro until the nephric duct had invaded the mesonephrogenic (quail)
mesenchyme. Then the chimaeric anlages were subgrafted intracoelomi-
cally and analysed histologically. The analysis showed that the cells of the
glomeruli, the proximal tubules, and of the distal tubules were exclusively
of quail origin, i.e. derived from the mesenchymal blastema. Only ‘very
few, extremely short’ collecting ducts were shown to be derivatives of the
chick Wolffian duct (Gumpel-Pinot et al., 1971; Croisille et al., 1974;
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Fig. 1.8. Illustration of the vascularization of the mesonephric nephron (Tiede-
mann & Egerer, 1984; courtesy of Dr K. Tiedemann). A. Micrograph of a cast of
microfil-injected mesonephric nephron (filled with microfil by rupture of
glomerular capillaries, C). B and C. A glomerulus and its vascularization
corresponding to A. The veins (V) and the arteries (A) can be followed from the
hilus. The collecting tubule is drained by superficial veins while inner veins
predominate in the dorsal part of the nephron. The peritubular capillaries
originate from the efferent vessels of the glomeruli and supply wedge-shaped
regions of the nephron. W, Wolffian duct; K, metanephros.

Croisille, 1976). These short branches of the Wolffian duct have
apparently been invoked by an inductive stimulus from the developing
nephrons (Croisille, 1976; Martin, 1976).

A detailed study of the vascularization of the mesonephric nephron has
recently been performed by Tiedemann & Egerer (1984), who used
vascular injections with microfil, followed by corrosion, and examination
of the casts by scanning electron microscopy. In 5- to 8-cm pig embryos,
the mesonephros is at the height of its development and becomes
vascularized by 11 pairs of arteries from the abdominal aorta, each
supporting up to 15 glomeruli. The detailed vascular pattern of a mature
nephron may be seen in Fig. 1.8, which represents the first complete
survey of the vascularization of a mammalian mesonephros.

The early condensation and S-shaped development and further
maturation of the mesonephric nephron closely resemble that of the
permanent kidney, the metanephros, but some definite, mainly
ultrastructural differences between the two have been observed in a
mature nephron. The juxtaglomerular apparatus is missing from the
mesonephric tissue, and the mesangial component is conspicuous and
rich in extracellular matrix. The fenestration of the capillaries is poor in
the mesonephros, but compared to the metanephros there is a compen-
sating abundance of capillaries. The glomerular basement membrane in
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Fig. 1.9. Scheme of the urinary tract of an 8-mm human embryo (ovulation age 38

days) (after Winick & McCrory, 1968). M, metanephros; ND, nephric duct;

MetM, metanephric mesenchyme; U, ureter; R, rectum; URS, urorectal septum;
UGS, urogenital sinus; CM, cloacal membrane; AD, allantoic duct.

the mesonephros is trequently split into an epithelial and an endothelial
component and is considered to be immature, resembling the glomerular
basement membrane of an embryonic metanephric glomerulus (for
reviews, see Berton, 1965; De Martino & Zamboni, 1966; Tiedemann &
Egerer, 1984).

The metanephros

Introduction

The permanent kidney of the amniotes, the metanephros, is created by
the two tissue components described above, namely the mesenchymal
nephric cord (blastema) and the epithelial, originally mesoderm-derived
Wolffian duct. From the most caudal portion of the Wolffian duct, now
opening into the cloaca, a bud emerges and grows dorsally towards the
caudal portion of the nephric cord (Fig. 1.9). The latter is seen as a dense
condensate of mesenchymal cells into which the epithelial bud eventually
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grows. According to the classic view, the branches of the invading ureter
should give rise to the entire epithelial component of the kidney,
including the secretory nephron (Remak, 1855; Golgi, 1889), which
would be analogous to the development of many glandular organs. It
soon became evident, however, that both the epithelial and the mesen-
chymal components contribute to the formation of the nephron, as first
suggested by Kupffer in 1865. Ultimately a third cell lineage becomes
involved when the endothelial vasculature is created (Chapter 5).

In human embryos, development starts in the fifth week, when the
ureteric bud emerges. In mouse this stage is reached on day 10. While the
ureteric bud invades the mesenchyme and branches there, epithelial
renal vesicles appear around its tips (the ampullae). Consequently, when
new vesicles are added while the older ones continue to develop, a
progressive, centripetal series of maturing nephrons may be detected in
histological sections. This appositional development continues over an
extended intrauterine period and proceeds in many species during the
early postnatal period (Jokelainen, 1963; Leeson, 1971). In human
embryos, the terminal nephrons appear in the thirty-second week
(Osathanondh & Potter, 1963c).

The obvious complexity of the organogenesis of the metanephric
kidney has been a challenge for embryologists for a century, and a
voluminous literature has emerged. For a reader interested in the history
of the field and in the background of today’s views and controversial
opinions, the reviews by Jokelainen (1963) and Kazimierczak (1971) are
recommended.

While reviewing here the present concepts of kidney development,
emphasis is laid on the organogenetic aspects of the process, and fewer
details are included of the histogenesis and cytodifferentiation of the
metanephric tissue components. I will focus on the development and
ramification of the collecting system and on the early development of the
secretory nephron. Little will be said of the guiding principles of these
events, because the discussion of developmental mechanisms will be
dealt with in Chapter 4.

The collecting system

Having invaded the mesenchymal blastema, the ureteric bud starts to
divide dichotomously. The first branching pattern has been described in
reconstruction models made from serial sections (Fig. 1.10). For an
analysis of further ramification, other methods must be employed. On the
basis of earlier microdissection efforts by Peter (1927), Oliver (1939) and
by Darmady & Stranack (1957), an improved technique was developed
by Osathanondh & Potter (1963a). The technique consists of acid
maceration of whole embryonic kidneys or sections from later stages,
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Fig. 1.10. Reconstruction models from serial sections of human embryonic kidney

after the first branchings of the ureteric bud. A. Human embryo (16 mm). Wax

reconstruction (after Huber, 1905). B. Human embryo (15 mm). Drawing from a
photograph of a plastic reconstruction of Ludwig (1962).

followed by fractionated microdissection of individual nephrons to be
examined microscopically (Fig. 1.11). In the following description of the
development of the ureteric bud derivatives, the presentation is largely
based on the classic reports by Osathanondh & Potter (1963b, ¢), who
used this technique to examine human embryonic kidneys.

As shown by Osathanondh & Potter, both proliferation and branching
of the ureteric bud are affected by local environmental factors, and the
entire developmental chain is far more complicated than was previously
thought. The dichotomous branching can be either symmetric or asym-
metric. The former mode of ramification is the formation of two branches
with similar sub-branching tendencies, whereas asymmetric dichotomy is
the formation of two branches differing in their subsequent development:
one might preferentially grow and elongate until a delayed branching
occurs, while the other may enter the branching process immediately.
Variations in the balance between elongation and ramification will
consequently determine the ultimate architecture of the collecting
system. This complicated series of events is the basis for the entire
‘building plan’ of the metanephric kidney, leading to the synchronous
development of the three cell lineages — the epithelium itself, the
mesoderm-derived nephrons, and the kidney vasculature (Chapters 3
and 5).

In the human kidney the first branching of the ureter in the mesen-
chymal blastema is dichotomous and symmetric and will create two
branches that grow in opposite directions at an angle of 180°. The second
branching is asymmetric and leads to the formation of one long and one
short arm (Fig. 1.10). The development proceeds by further dichotomous
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Fig. 1.11. Micrographs of human embryonic nephrons prepared by maceration
and microdissection (Paatela, 1963; courtesy of Dr M. Viitanen). A. Premature
child weighing 800 g. B. Premature child weighing 1200 g.
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Fig. 1.12. Semi-schematic drawings of the early development of the human renal
pelvis (after Osathanondh & Potter, 1963b).

branching with gradually diminishing angles. The first branches are soon
taken up by the widening renal pelvis. They also form the calyses and
papillae. The number of early branches swallowed by these formations
vary in different parts of the kidney (Fig. 1.12). Due to this process, the
branches that form the first-generation collecting ducts are 6 to 11
generations removed from the primary branches of the ureter.

To describe the ramification of the collecting system and its spatial
development, Osathanondh & Potter (1963c) divided the process into
four periods. The first is characterized by successive dichotomous branch-
ings of the collecting system taking place at the widened tips, the
ampullae (Fig. 1.13). Next to the ampullae, the first nephric vesicles, the
prospective secretory nephrons are formed and soon join the collecting
system. The early secretory nephron anlagen, attached to the collecting
epithelium at the point in its zone of active growth, are carried deeper
into the nephric mesenchyme by the growing collecting system.

The second period in the development of the collecting system is
characterized by the formation of arcades (Fig. 1.13). Apparently the
terminal branches of the collecting system (their ampullae) which have
already completed their branching program retain their capacity to
induce the formation of nephric vesicles. Thus, two nephrons may join
the same ampulla, after which the older one shifts its point of attachment
to the connection tubule of the younger. As the process goes on, new
nephrons are formed and similarly joined to the same collecting duct until
four to seven nephric anlagen contribute to one arcade (Fig. 1.14). A
similar arcade formation has more recently been described in the rat,
where the arcades consist of the three or four oldest juxtamedullary and
midcortical nephrons (Neiss, 1982).

According to Osathanondh & Potter (1963c), the third period starts
when the collecting duct grows past the attachment point of the arcade.
The ampulla has ceased to branch, but, while growing, will induce a set of
terminal nephrons, five to seven in the human kidney (Fig. 1.14) and two
in the rat (Neiss, 1982). As a consequence of the above development,
these subcapsular nephrons will join the collecting duct directly.

During the last period of development, the terminal ampullae
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Fig. 1.13. Schematic presentation of the early development of the human nephron

based on observations on nephrons isolated by microdissection (after

Osathanondh & Potter, 1963¢). A, B. Formation of the nephron anlage and the
immature nephron. C. Formation of nephron arcades.

disappear and new nephric vesicles cease to form. This occurs at different
stages in different species and may be delayed until the neonatal period.

The secretory nephron

The formation of the secretory component of the nephron, i.e. the
epithelial part of the renal corpuscle, the proximal and the distal tubules
and their derivatives, involves a unique conversion of loose mesenchyme
into epithelium, which subsequently differentiates into several
phenotypes. The early steps of this development were described in great
detail at the beginning of this century by Herring (1900) and by Huber
(1905). Their descriptions, based on light microscopy, and reconstruction
models became the foundation of all subsequent investigations into early
tubulogenesis. It soon became evident that the findings and views
presented in these two classic papers were adequate in their essential
aspects and that they were applicable to the developing metanephric
kidney of all amniote species. The abundant literature that ensued from
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Fig. 1.14. Scheme of the arrangement of human nephrons at the time of birth.

Four deeper constitute one arcade, while the four cortical nephrons are directly
connected to the collecting duct (after Osathanondh & Potter, 1963c¢).

these papers has been reviewed by Jokelainen (1963), Potter (1965),
Kazimierczak (1971), and Evan et al. (1984).

The first developmental changes in the metanephrogenic mesenchyme,
following the invasion of the ureteric bud, have received little attention;
most descriptions of tubulogenesis start from the formation of distinct,
paired nephric ‘vesicles’ or pretubular aggregates. However, some
definite changes precede the formation of these bodies, though they are
difficult if not impossible to detect in fixed samples and tissue sections.
The description below is therefore based almost exclusively on observa-
tions from time-lapse motion pictures obtained from mouse metanephric
kidney anlagen cultured in vitro as three-dimensional whole-organ
explants (Saxén et al., 1965a).

Figure 1.15 presents prints of one such film and a corresponding
camera lucida analysis of the early condensations and their relationships
to the branches of the ureter described above. By the stage of the first,
dichotomous and symmetric, branching of the ureteric bud, the mesen-
chyme has created a longitudinal condensate with somewhat indistinct
borders. The primary, solitary condensate surrounds the entire ureteric
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Fig. 1.15. Prints of a time-lapse motion picture on the early development of the

mouse metanephric rudiment (opposite). Mesenchymal condensation and its

subsequent splitting into secondary and tertiary condensates are seen in the prints

and their relations to the ureteric bud and its branches in the camera-lucida

drawings (above). (Saxén et al., 1965a; Saxén & Wartiovaara, 1966). Numbers
indicate time of cultivation in hours.

epithelium, as a 100- to 200-um thick mantle growing both by cell
multiplication and appositionally as new cells become trapped in its
periphery. Interestingly, this maximal thickness, originally estimated
from living kidney rudiments, corresponds well to the experimentally
measured transmission distance of the inductive stimulus (Fig. 3.20,
p- 83).

When the tips of the primary branches of the ureter grow apart at an
angle of 180°, the solid condensate splits into two identical parts sur-
rounding the growing tips. The second dichotomous ramification of the
bud is asymmetric (like that described for human nephric anlagen in Fig.
1.10). It leads to the formation of secondary branches with a different
mode of development and to the creation of an asymmetric configuration
of the collecting duct system. This is followed by further fractionation of
the mesenchymal condensate, as the splitting regularly occurs along the
midline of two ureteric branches. With this continuous splitting and
apparent ‘packing’ of cells within a condensate, the process ultimately
leads to the formation of the distinct renal ‘vesicles’ which now become
detectable in histological sections.

Some further observations made by the time-lapse cinematography
and by immunohistology may provide the basis for speculative views on
the mechanisms of this primary condensation process. The time-lapse
motion pictures made on thick, three-dimensional metanephric anlagen
do not allow precise analysis of the migration of single cells and their
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ultimate fate within the tissue, but show that cells trapped in a condensate
move more slowly than those in the uncondensed part of the anlage. Yet,
the cells have not fully lost their motility as a seemingly random move-
ment still takes place over several cell layers. This results in constant
displacement and exchange of position of the cells within an early
condensate (Saxén et al., 1965a). The exchange process has also been
documented experimentally in various types of chick/quail recombinants
by Armstrong & Armstrong (1973) and by Saxén & Karkinen-
Jaaskelainen (1975) (Fig. 3.25, p. 86).

Factors leading to the cessation of cell motility, the condensation of the
mesenchyme, and the subsequent fractionation of the primary conden-
sate to pretubular aggregates might be found in the extracellular matrix
directing cell behaviour in many tissues. In fact, in 1969 Linder made the
interesting observation that certain connective tissue and foetal antigens
were lost from the mesenchyme around the tips of the inducing ureteric
bud during the early condensation phase. He suggested that this loss of
the presumably extracellular material might be connected with the
gradual disappearance of the intercellular spaces within the condensate.
Later, Wartiovaara et al. (1976) showed that one such extracellular
matrix component showing the pattern described by Linder was fibronec-
tin, a glycoprotein associated with basement membranes in mature
tissues (Vaheri & Mosher, 1978; Ruoslahti et al., 1981). Another family
of interstitial proteins frequently associated with morphogenetic events
comprises certain types of collagens (Linsenmayer et al., 1973; von der
Mark & von der Mark, 1977; Thesleff et al., 1979; Leivo et al., 1980).

Changes in the distribution and expression of these proteins in the
metanephric mesenchyme have been examined in more detail by Ekblom
et al. (1981b) (Fig. 1.16). The uninduced metanephric mesenchyme
uniformly expresses certain interstitial proteins such as collagen type I,
collagen type III, and fibronectin. When, following an induction by the
ureter, the mesenchyme forms the first condensates, these proteins seem
to disappear, but are still found outside the condensed area. This loss (or
reduction) of the extracellular material can well be thought to bring cells
closer to each other, thus creating aggregates with restricted cell motility.
The factors leading to the actual aggregation with cells attached to each
other are not known, and several compounds have been suggested and
shown to be present in the aggregates. One of these is laminin, a
glycoprotein constituting a major component of the epithelial basement
membranes, including those in the embryonic kidney (for a review, see
Timpl & Martin, 1982). In an uninduced kidney mesenchyme, prior to
any morphogenesis, immunohistology visualizes laminin as a diffuse,
weak fluorescence throughout the blastema (Lehtonen et al.,
unpublished results). Laminin fluorescence is intensified soon after
induction, during early condensation of the mesenchyme around the tips
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Fig. 1.16. Demonstration of the change in composition of the kidney extracellular
matrix following induction and early mesenchymal condensation (Ekblom et al.,
1981b). A. Light micrograph of a living kidney from a 13-day mouse embryo.
Note the mesenchymal condensates around the second-generation branches of
the ureter. B. Micrograph of a section from a kidney corresponding to thatin A.
Immunoperoxidase staining with an antiserum against collagen type III shows the
disappearance of the protein from the condensates surrounding the ureter (u). C.
Immunofluorescence micrograph of a 13-day kidney demonstrating the distribu-
tion of collagen type III and its absence from the condensed areas. D. Section
adjacent to C stained with haematoxylin and eosin. In routine histology, no
condensation can yet be detected around the ureter (arrows).

of the ureter and may be now seen as distinct, large ‘droplets’, apparently
both intracellularly and extracellularly (Fig. 1.17).

Later, following early renal vesicle formation and epithelialization of
the mesenchymal cells, laminin becomes confined to the basement
membrane. In the transfilter model-system, we could also show a
temporal correlation between induction and enhanced laminin synthesis.
These spatial and temporal correlations led us to suggest that laminin
might contribute to the aggregation of the induced mesenchymal cells
(Ekblom et al., 1980a).

Other candidates might be found in the ‘cell adhesion molecules’
(CAMs) intensely studied in many tissues (for reviews, see Edelman,
1983, 1985; Thiery, 1984). One of these compounds, the N-CAM, has
been shown to be expressed by newly aggregated mesenchymal cells of
the mesonephric blastema (Fig. 1.18) and should be considered as
possibly acting as an adhesive molecule in this event (Thiery et al., 1982b,
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Fig. 1.17. Fluorescence micrographs of a developing mouse kidney treated with

antiserum against laminin. A. A low-power view demonstrating the dotted

appearance of laminin in the early condensations and its subsequent linear

expression by the epithelial basement membrane (courtesy of Dr H. Sariola). B.

A high-power micrograph illustrating the expression of laminin by the mesen-

chymal cells in the condensed area (C) and by the basement membrane of the
inducing ureter (U) (Ekblom et al., 1980a).

1984). An apparently closely related compound, the 120,000 M, glyco-
protein uvomorulin, has recently been detected in the metanephric
kidney rudiment of the mouse (Vestweber et al., 1985). It appears in the
epithelializing cells at an early stage of condensation and might con-
tribute to the aggregation of the mesenchymal cells. However, histo-
genesis could not be disrupted by the application of antibodies against
uvomorulin in the model-system in vitro.

The gradual splitting of the primary mesenchymal condensate and
aggregation of its cells ultimately result in the formation of the
pretubular, paired anlagen in close vicinity of the ampullae of the ureter.
Description of the further morphogenesis and histogenesis of the anlagen
may be found in all embryology textbooks, though frequently somewhat
inadequately visualized. They have been examined in great detail by light
and electron microscopy, and for details the reader is referred to reviews
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Fig. 1.18. Fluorescence micrographs of an embryonic chick mesonephros
demonstrating the distribution of cell adhesion molecules (CAMs) in the aggre-
gates and tubules (courtesy of Dr J.-P. Thiery). A, B. Sections through a
mesonephros of a 25-somite embryo stained for N-CAM and L-CAM, respect-
ively. The Wolffian duct-induced condensation (nb) expresses N-CAM but not L-
CAM. Conversely, the Wolffian duct (wd) epithelium stains for L-CAM but not
for N-CAM. C, D. Transverse sections through the mesonephros of a 35-somite
embryo stained as in A and B. At this stage the mesonephric tubules (t) show a
typical S-shape. While N-CAM is still expressed by the tubule cells, L-CAM
appears mostly in the cells in close proximity to the Wolffian duct. sp, splachnic
mesoderm.

by Jokelainen (1963), Potter (1965), Kazimierczak (1971), and Dgrup &
Maunsbach (1982).

Figure 1.19 illustrates the various steps of early tubulogenesis as seen in
semi-thin sections by light microscopy. The sections were prepared from
kidneys of 11- to 14-day mouse embryos. Figure 1.20 summarizes, in a
slightly schematized way, our present concepts of the formation and
shaping of the early secretory nephron. At the early ‘vesicle’ stage the
polarized, somewhat elongated cells show a uniform ultrastructure and
are vigorously proliferating, and the plane of division is radial to the
cavity (Jokelainen, 1963). According to most descriptions, a central
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Fig. 1.19. A series of micrographs of semi-thin sections made from 11- to 14-day

mouse kidneys. U, ureter; EC, early condensation; PC, pretubular condensation;

CB, comma-shaped body; S, S-shaped body; GC, glomerular crevice with some
endothelial cells; G, glomerulus.

lumen is found at this stage. But it was not found in our sections and it
might be an artifact of fixation.

After this ‘growth phase’ the mitotic activity decreases, the anlage
assumes a ‘comma’-shape, and the first diversification of its cells is seen
(Jokelainen, 1963; Dgrup & Maunsbach, 1982; Fig. 1.21). Cells farthest
from the collecting duct (at the proximal pole) become elongated, their
nuclei change position, and some cells become funnel shaped. This is the
site of subsequent slit formation, the first sign of development of the
glomerular crevice. While this process is going on, a second slit is
gradually formed at the opposite, distal pole, and the tubular anlage now
assumes the well-known $-shape and subsequently joins the collecting
system.
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Fig. 1.20. A to F. Semi-schematic illustration of the early development of the
nephron from condensation to the S-shaped body (after Saxén, 1984a).

At the S-shape stage, cell diversification becomes apparent. The cells
of the future Bowman’s capsule become flattened (Dgrup & Maunsbach,
1982), and the presumptive podocytes differ from the rest of the cells by
their lectin-binding capacity. As shown in human embryonic kidneys,
these cells bind three lectins (Maclura pomifera agglutinin, wheat-germ
agglutinin and peanut agglutinin) not bound to other cells within the §-
shaped body (Holthofer & Virtanen, 1986; Fig. 1.22). In the embryonic
mouse kidney, some regional specificity of the glomerular portion of the
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Fig. 1.21. Semi-schematic drawings from thin sections of rat kidney, illustrating
the histogenesis of the early renal vesicle (Jokelainen, 1963). CD, collecting duct;
BCa, Bowman'’s capsule; EC, epithelial cells with displaced nuclei.

Fig. 1.22. Fluorescence micrographs of an §-shaped body in a human embryonic

kidney. The sections have been treated with fluorescein-conjugated Maclura

pomifera lectin, which selectively binds to the presumptive podocytes (Holthofer
& Virtanen, 1985; courtesy of Dr H. Holthofer).
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Fig. 1.23. Fluorescence micrograph of an $-shaped body in a 13-day mouse

kidney. Treated with fluorochrome-conjugated lectin peanut agglutinin decorat-

ing the presumptive podocytes (P) and the basement membrane (Laitinen et al.,
1986; courtesy of Dr L. Laitinen).

nephron can be detected soon after the S-shaped state. The podocytes
show a transient binding of peanut agglutinin and soya bean agglutinin,
but during maturation these sites are apparently covered by sialic acid
moieties as shown by their binding of wheat-germ agglutinin (Laitinen et
al., 1986; Fig. 1.23).

Immunohistological exploration of the expression of intermediate
filaments of the cytoskeleton at the early stages of nephron development
have revealed that there is already some cell heterogeneity at the late S-
shaped stage. During the formation of the renal vesicle in the mouse, the
mesenchymal cells lose their vimentin-type fibres and soon start express-
ing cytokeratins in a fibrillar manner (Lehtonen et al., 1985). At the §-
shaped stage in the human kidney, a third cell type appears. Both the
presumptive cells of the Bowman’s capsule and the podocytes are devoid
of cytokeratin, which at this stage appears in the tubular portion of the
nephron (Holthofer et al., 1984; Fig. 1.24).

The formation of the S-shaped body is generally attributed to a
‘differential growth’ of the renal vesicle, and this view is reflected in most
of the illustrations in embryology textbooks. Our direct observations by
time-lapse cinematography do not sustain this concept, but strongly
suggest a formation of the slit by cell detachment in situ (Fig. 1.25).
Subsequently, of course, the different segments of the nephron are
elongated by mitotic activity.

Electron microscopy of the early renal vesicles both in whole kidneys
and in experimentally induced mesenchymes has shown that a basement
membrane accumulates around the aggregate soon after its formation
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Fig. 1.24. Fluorescence micrographs showing the distribution of cytokeratin (A)
and the brush-border (BB)-antigen (B) in human foetal nephrons at the $-shaped
stage. Visualized by double staining in immunohistology (Holthofer et al., 1984;
courtesy of Dr H. Holthofer). The glomerulus (G) is devoid of cytokeratin. The
proximal tubules express both cytokeratin and the BB-antigen.

and is completed at early S-shape phase, when it also extends into the slit
formation (Jokelainen, 1963; Wartiovaara, 1966b; Abrahamson, 1985).
This can be well illustrated by immunohistology with antibodies against
the main constituents of the basement membrane, collagen type IV,
laminin, and heparan sulphate proteoglycan. The co-distribution of these
three is complete, and we may therefore follow just one, laminin. In the
early condensates, laminin appears as randomly distributed granules
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Fig. 1.25. Time-lapse motion picture demonstrating the remodelling in situ of the
nephric vesicle into an $-shaped body (arrows) (Saxén et al., 1965a).

(Fig. 1.17), but by the comma-shape stage it is confined to the basement
membrane area around the anlage. New protein is laid down during
growth and reshaping of the body, and during the $-phase a continuous
layer of laminin is seen around the main portion of the anlage. At the
distal pole, however, the laminin is still granular in appearance, suggest-
ing an active synthesis in this developmentally younger portion of the -
shaped body (Ekblom, 1981a). As in many epithelial tissues, the close
temporal and spatial correlation of appearance of the basement mem-
brane and the epithelial shaping of cells suggests a causal relation.
Consequently, it has been suggested repeatedly that the basement
membrane may act as a scaffold for the epithelial cells, which become
attached to the basement membrane and polarize (see, for example,
Bernfield et al., 1972, 1984a, b; Ekblom, 1984; Hay, 1984).

The mechanism of the remodelling of the $-shaped body that involves
the formation of a double slit is an intriguing, unsolved problem. Such
events have frequently been attributed to local changes in cell-to-cell
adhesiveness or affinity (Holtfreter, 1939; Gustafsson & Wolpert, 1963;
Kiremidjian & Kopac, 1972; Hilfer & Hilfer, 1983; Mittenthal & Mazo,
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Fig. 1.26. Scheme of the formation of the S$-shaped body according to a
hypothesis of a postinductory, gradually increasing, intercellular adhesiveness
and an adhesive gradient (after Saxén, 1970b).

1983). We have presented a hypothesis on the development of the §-
shaped body, based on an assumption of a postinductory, gradually
increasing intercellular affinity of the pretubular mesenchymal cells
(Saxén & Wartiovaara, 1966; Saxén, 1970b): due to induction by the tip
of the ureter growing into the mesenchyme and to the spatial organization
of the two tissue components (Fig. 1.20), it can be assumed that the cells
of the lower (proximal) pole have received the trigger earlier than those
at the upper (distal) pole next to the collecting duct. If induction leads to a
gradually increasing intercellular affinity (for which indirect evidence is
presented below), the first induced cells at the proximal pole should be
more adhesive than those at the last induced distal pole, and, in fact, an
adhesive gradient along the proximo-distal axis might have developed.
The following sequence of events may be predicted (Fig. 1.26): due to
increased mutual adhesiveness, cells now attached to the basement
membrane tend to maximize their mutual contact surface, which is seen
as elongation of the cells. A second consequence would be that cell
colonies would tend to round up (nephric vesicle) and become separated
from less adhesive cells. As the most adhesive cells in the $-shaped body
are those at the proximal pole, one might expect this process to be
initiated there, and the histogenesis described is suggestive of such a
phenomenon. Cells become detached from cells of less affinity at the
midportion of the body, but remain in contact with their immediate
neighbours within the gradient, as differences in affinity are minimal
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there. Hence, a gradual ‘pinching off’ of the S-shaped cell population
occurs in situ.

Needless to say, the hypothesis is unproved and might well remain as
such. However, in addition to the direct observations on the histogenesis
and morphogenesis of the S-shaped body supporting such a view, some
indirect evidence for increased adhesiveness is available. Induction,
indeed, leads to increased intercellular adhesiveness of the mesenchymal
cells, as shown by our disaggregation experiments comparing the dissoci-
ability of induced and uninduced mesenchymal cells (Saxén & Wartio-
vaara, 1966). The same increased adhesivity might be deduced from
observations by time-lapse cinephotography, according to which the
random motility of the mesenchymal cells ceases during aggregation
(Saxén et al., 1965a).
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Experimental methods to study kidney development

Introduction

Most of our knowledge on the morphogenesis of the vertebrate kidney,
reviewed in the previous chapter, has been gained from lengthy, descrip-
tive studies on fixed material, with the exception of some experimental
studies mentioned on p. 20. When classic, descriptive embryology shifted
to developmental biology, focusing attention on the dynamics of develop-
ment and on the control mechanisms of embryogenesis, an experimental
approach became necessary. Analysis of development could now be
implemented by experimental interference with various developmental
events either in vivo or in various grafting systems. In vivo, the operations
included destruction of specific tissues and organ anlagen or their trans-
plantation into heterotopic sites isolated from neighbouring tissues. A
complete separation from organismal influences could be achieved either
by grafting the tissues into various hosts or by cultivating them in vitro
under strictly controlled conditions. Since understanding of many present
ideas of nephrogenesis — as well as appreciation of the lack of them —
requires some knowledge of the basic techniques, they will be reviewed
briefly in this chapter. The present grafting and culture techniques are
emphasized, especially those devised primarily for studies of kidney
development. More details of such experiments will be presented later,
when their results and conclusions are discussed.

Early experiments in vivo

At the beginning of this century, embryologists who were exploring the
embryogenesis of lower vertebrates developed many of the basic
microsurgical techniques that are still in use. Experiments with
amphibian embryos that were easily available and could be manipulated
included transplantation of tissues, destruction of certain anlagen, and
cell labelling. Through them we can understand the dynamics of early
embryogenesis and the control mechanisms involved (for reviews, see
Spemann, 1936; Saxén & Toivonen, 1962). These early experiments also
included some investigations on early nephrogenesis (p. 3).
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Fig. 2.1. Experimental scheme and results of microsurgery in vivo by Gruenwald
(1942). AC, adrenal cortex; G, gonad; WD, Wolffian duct; M, mesonephros;
Met, metanephros; U, ureter. A. Normal anatomy of the urogenital tract of a
chick embryo (left), and the effect of destruction of the growing end of the
Wolffian duct (right). B. Experimental introduction of non-nephrogenic tissue
between the Wolffian duct and the nephric mesenchyme. The growth of the duct
is distorted, and the metanephric tubules are formed only at sites where the
transplanted neural tissue makes contact with the nephric mesenchyme.

The first indication of an inductive tissue interaction guiding the
development of the nephron came from such experiments in vivo. In
1927, Boyden managed to produce, experimentally, an obstruction of the
chick mesonephric (Wolffian) duct with the consequence that the nephric
blastema did not differentiate (Table 3.1, p. 53). This approach was
followed by three fine experiments by Gruenwald (1937, 1942, 1943). In
the first, he confirmed Boyden’s results and conclusions by destroying the
growing end of the Wolffian duct and subsequently observing no differen-
tiation of the nephric mesenchyme. In the second series of experiments,
Gruenwald (1942) prevented contact between the Wolffian duct and the
nephric mesenchyme by transplanting non-nephrogenic embryonic tis-
sues between them. As a result, the Wolffian duct deviated from its
normal route of growth and did not make contact with its mesenchymal
counterpart (Fig. 2.1A). Consequently, no nephric tubules developed.
Nevertheless, Gruenwald made the interesting observation that when the
transplant carried neural tissues, tubules developed at the sites where the
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transplant made contact with the nephric mesenchyme (Fig. 2.1B). This
finding led Gruenwald (1943) to his third experiment in vivo: embryonic
nervous tissue was grafted so as to make contact with the mesonephric
and the metanephric mesenchymes, with the expected result of kidney
tubule formation at the contact sites. Ten years later these observations
led to the classic experiments in vitro on kidney tubule induction (Chap-
ter 3).

Grafting techniques
Chorioallantoic grafts

The chorioallantoic grafting technique was developed at the beginning of
the century to observe the development of isolated embryonic tissues and
organ rudiments. The first to use this technique for exploring nephro-
genesis was Atterbury in 1923. She dissected metanephric anlagen from
seven-day chick embryos and grafted the whole anlage or its fragments
onto the chorioallantoic membrane (CAM) of embryos of the same age.
Good survival and growth were obtained in these grafts during the seven-
day grafting period. Differentiation was reported to be ‘exactly similar’
to that occurring within the embryo, and the differentiated structures
included epithelial tubules and vascularized glomeruli. The author, quite
properly, concluded that the vascular component of the glomerulus was
derived from the allantoic capillaries.

To examine the developmental potentials of the various levels of early
chick embryos, Seevers (1932) grafted these tissues onto CAM, applying
a technique described by Willier (1924). Grafts from the caudal level of
embryos at the thirty-first somite stage and onwards developed complete
kidneys, whereas similar grafts from younger embryos never showed
kidney structures after the 9- to 10-day grafting. As the above critical
stage corresponds to the stage of nephrogenesis where the Wolffian duct
is brought into contact with the nephric mesenchyme, Seevers concluded
that ‘the differentiation of the metanephric blastema is dependent on
ureter formation’.

The most extensive series of grafting of chick kidneys onto CAM have
been performed by the French school led by Etiénne Wolff (for a review,
see Wolff et al., 1969). The classic grafting technique was somewhat
modified, with very good results (Calame, 1961): on day 3 of incubation,
1 to 2 ml of albumin is sucked from the small end of the egg, then a
window is cut over the embryo that is now separated from the shell
membranes. The window is sealed and re-opened after an additional 2- to
4-day incubation. The allantoic vesicle is easily accessible without
damage to the embryo. The graft is introduced into a slit, cut at the site of
an anastomosis of the CAM vessels and kept in place by the edges of the
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Fig. 2.2. Micrograph of an 11-day mouse metanephric rudiment grafted onto
quail chorioallantoic membrane for six days. Abundant vasculature and advanced
nephric structures may be seen (Ekblom et al., 1982).

slit. This technique, allowing good growth and differentiation of the
graft, was employed in an extensive experimental series where the
epithelial and mesenchymal components of the kidney were grafted
either separately or after combination to various heterotypic tissues.
Such series could be done by combining the grafting technique to a short-
term organotypic culture, i.e. the tissue combinants were first cultivated
in vitro for a short period and after fusion grafted onto CAM as described
above (Bishop-Calame, 1965a, b, 1966). Some of the results will be
described in the next chapter.

Mouse kidney anlagen and their components were grafted in this way
by Grobstein & Parker (1958), who used precultivation in vitro to
produce large tissue masses of separated metanephric mesenchymes.
Preminger et al. (1980, 1981) used 10- to 12-day mouse kidney anlagen
and grafted them on 8- to 10-day chick CAM after gentle abrasion of the
membranes between two branching arteries. To keep the graft in place,
they covered it with a polyethylene film fixed with a silicon rubber ring.
Good survival, angiogenesis and formation of rather advanced nephrons
including glomeruli were obtained in these conditions after five to 10
days. This result is in accord with our experience from grafts of undif-
ferentiated mouse kidney rudiments on quail CAM (Fig. 2.2). An
advantage of this host is the quail ‘nuclear marker’ that allows the
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identification of quail cells within the mouse graft (Chapter 5; Sariola et
al., 1983; Saxén, 1984b).

Allogeneic grafts

Efforts have been made to graft embryonic and neonatal kidneys or their
fragments into various sites of allogeneic hosts. Waterman (1940) grafted
rabbit mesonephric tissue onto the omentum and reported that
previously formed tubules survived well up to a total tissue age of 21 to 43
days. Rat mesonephric anlagen at different stages of development were
grafted intraocularly by Runner (1946), who obtained tubule formation
only occasionally, when the grafting was done prior to the initiation of
morphogenesis in vivo. After formation of the tubules in vivo, the grafts
continued to differentiate, and the tubules survived much longer than
usual under these conditions.

Grobstein & Parker (1958) grafted mouse metanephric kidneys and
their components onto such sites as the anterior chamber of the eye, the
brain, and the subcutaneous tissue of adult mice. Whole kidney rudi-
ments and isolated metanephric mesenchymes survived well in the eye
and the brain but poorly in the subcutaneous sites. Interestingly, the
isolated mesenchymes that failed to form epithelial tubules in vitro did so
in the heterotopic sites in vivo — in both the eye and the brain. For
chorioallantoic and intracoelomic grafts, two to eight mesenchymes were
fused by a short precultivation in vitro. On CAM these grafts did not
differentiate, whereas the intracoelomic explants showed abundant
tubules. Whole-kidney rudiments grafted similarly in the chick coelom
differentiated well and formed glomeruli.

Renal tissues from foetal and neonatal rats were similarly grafted onto
the host’s subcutaneous tissue by Barakat & Harrison (1971). The
relatively large grafts usually showed a central, ischemic necrosis, but the
peripheral parts became vascularized and survived, and the authors
reported tubule formation in such grafts.

Important results have been obtained by isotopic and isochronic
transplantation of fragments of quail neural tube into chick embryos. By
this technique, Le Douarin & Teillet (1974) demonstrated colonization of
early kidney blastemas by cells of neural crest origin.

Experiments in vitro

In addition to grafting techniques, various methods in vitro have proved
useful for exploring single events of nephrogenesis at the molecular,
cellular and supracellular levels. Cell and tissue culture methods com-
bined with modern analytical tools allow precise analysis of various
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isolated events in development, but they are also likely to create artificial
results that are frequently confused with true developmental processes.
The limitations, pitfalls, and drawbacks of these techniques will not be
discussed thoroughly here, as they are dealt with in handbooks and
manuals on tissue culture.

Cell culture

Kidney cells can be studied in vitro either in continuous, established lines
of normal and neoplastic cells or in primary cultures. Established cell
lines provide good model-systems for studying problems in general cell
and molecular biology. They may be less useful when events are explored
that are specific to the kidney and its development. Then primary cultures
of kidney epithelial cells from various parts of the nephron as well as
mesenchymal and endothelial cells of the kidney have proved more
rewarding.

Glomerular cells from human and animal kidneys have been widely
studied (for reviews see Striker et al., 1980; Kreisberg & Karnovsky,
1983; Norgaard, 1983). Glomeruli are isolated from fragments of the
kidney cortex by passing small tissue fragments through a stainless-steel
screen or through a Teflon net with pore sizes from 120 to 250 wm,
depending on the species. The glomeruli are purified by centrifugation
and further filtration, followed by seeding onto culture dishes or dissoci-
ated to obtain single cell suspensions for ultimate plating. In either case,
the resulting cell cultures consist of at least three different cell types. For
further purification, many cloning or selection processes have been
devised (Foidart et al., 1979; Kreisberg & Karnovsky, 1983). Various
pure cultures of glomerular epithelial cells, mesangial cells, and vascular
endothelial cells have been obtained.

Kreisberg & Karnovsky (1983) have summarized information gained
from studies on glomerular cell cultures. This includes data on synthetic
and metabolic activities of the glomerular epithelial cells, such as syn-
thesis of the molecules contributing to the glomerular basement mem-
brane and synthesis of prostaglandins. Furthermore, at least two types of
mesangial cells have been distinguished and characterized, and their
antigenic properties mapped out. As for organogenesis, such studies and
observations are of great value, but they should be complemented with
results from somewhat more complicated, preferentially three-dimen-
sional model-systems.

Kidney tubule cells have also been cultured, though their exact origin is
still difficult to determine. By trypsin digestion and repeated sievings of
kidney fragments, Cade-Treyer (1972) and Cade-Treyer & Tsuji (1975)
obtained suspensions of glomeruli and of tubules (Fig. 2.3), from which
they prepared primary cell cultures. The method of Oberley & Steinert



Experiments in vitro 41

, 500 um 2*

Fig. 2.3. Illustration of the separation and purification of glomeruli and of tubules

from calf kidney (Cade-Treyer, 1972; courtesy of Dr D. Cade-Treyer).

A. Trypsinized sample from an adult kidney, after the first sieving and removal of

free cells, contains both glomeruli and tubules. B. Pure glomeruli after a second

sieving. C. Trypsinized suspension of foetal calf kidney cortex. D. Preparation of
pure tubules.
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Fig. 2.4. Micrograph of renal cortical cells in culture (Oberley & Steinert, 1983;

courtesy of Dr T. Oberley). A. Small, rounded cells in colonies when cultured in

the presence of laminin. B. Flattened, dispersed cells subcultured with
fibronectin.

(1983) included collagen digestion of minced pieces from guinea pig renal
cortex, followed by sieving through a nylon screen and plating onto
culture dishes. The chemically defined culture medium consisted of an
ordinary salt solution supplemented with transferrin, insulin, selenium,
and tri-iodothyronine. The tubular epithelial cells were explored for their
adhesive and proliferative capacities in the presence of certain matrix
molecules (Fig. 2.4).

Collecting-duct epithelial cells have been examined in primary cultures
by a method developed by Minuth (1982, 1983; Minuth & Kriz, 1982).
Fragments of the renal cortex of neonatal rabbits contain a fibrous
capsule, S-shaped nephric bodies, and collecting-duct anlagen. In vitro,
such fragments round up to ‘globular bodies’ and become surrounded by
an epithelial sheet derived from the collecting-duct epithelium. While the
other components degenerate, the collecting-duct cells develop an out-
growth of epithelial cells in a monolayer (Fig. 2.5). These cell cultures
have been used for certain metabolic studies and for tests on the effects of
various metabolic inhibitors (Minuth, 1983; Minuth et al., 1984).

Successful cell cultures derived from bovine collecting-duct epithelium
have been prepared by Gospodarowicz et al. (1983), and more recently by
Perantoni et al. (1985), whose method produces good cell cultures from
rat collecting-duct epithelium. Starting from the ureteric bud of 13- to
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Fig. 2.5. Electron micrograph of polarized epithelial cells from the renal collect-
ing duct epithelium (Minuth, 1983; courtesy of Dr W. Minuth). IS, intercellular
spaces; FB, fibroblasts; arrowheads, tight junctions.

14-day rat embryos, these authors obtained cells expressing many ultra-
structural and histochemical features that demonstrated a high degree
of structural and functional maturity.

Differentiating mesenchymal cells from experimentally induced
nephric blastemas can be brought into culture by a relatively simple
procedure (Lehtonen et al., 1985; Saxén & Lehtonen, 1986). Following
the protocol described on p. 48, isolated metanephric mesenchymes are
induced by the transfilter method for 24 h. When the induction is
completed, the mesenchymes are cut into small fragments and trans-
ferred onto coverslips on the bottom of common culture dishes. No signs
of epithelial transformation of the mesenchymal cells are observed at this
stage, and the fibroblast-like cells are characterized by a vimentin-
containing cytoskeleton that is typical of undifferentiated connective-
tissue cells. The cells, however, follow the programme set during their
induction, and in prolonged cultures they show epithelial features includ-
ing synthesis of fibrillar cytokeratin. The cells also synthesize and deposit
matrix proteins such as fibronectin and laminin (Fig. 2.6). Similar
findings were obtained when cells from previously formed tubules were
examined in monolayer outgrowths (Thesleff ez al., 1983).
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Fig. 2.6. Microphotographs of metanephric mesenchymal cells cultivated as

monolayers for six days. A. Light micrograph of the culture stained with

haematoxylin and eosin. B. High power fluorescence micrograph of mesen-

chymal cells treated with antiserum against vimentin. C. Fluorescence

micrograph of the cells illustrated in B. after treatment with fluorochrome-
conjugated antiserum against fibronectin.
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Organ culture

While the above mentioned cell culture model-systems provide sensitive
tools for an analysis of molecular and cellular events of cytodifferenti-
ation, they have only limited value when aspects of three-dimensional cell
assemblies during organogenesis are evaluated and when processes such
as cell polarization and intercellular communication are to be explored.
The organ culture technology was developed for such studies. In 1922,
Rienhoff published his pioneering studies on chick nephric rudiments in
vitro. He cut small fragments from the mesonephric and metanephric
regions of 8- to 10-day chick embryos and cultured them in a hanging
drop containing ‘85 cc Locke’s solution plus 51 cc chicken bouillon plus
0.5 % dextrose’. Judging from his descriptions and illustrations of the
cultures, both survival and growth were good within the explant as well as
in the outgrowth of various cell types at its margins. Since then, many
authors have cultivated avian nephric tissues, including the mesonephric
anlage (e.g. Lash, 1963; Strudel & Pinot, 1965).

In 1950 Borghese published his excellent results on organ cultures of
mouse salivary gland, and much of his experience was soon applied by
Grobstein (19534, ¢, 1955a), who analysed the mouse metanephros in
vitro. Originally the dissected metanephric rudiments of 11-day mouse
embryos were cultivated in Carrel flasks, which were soon replaced with
flat culture dishes with a central well, the clot consisting of equal amounts
of owl plasma and culture medium. The original medium consisted of
Tyrode’s solution, horse serum, and 9-day chick embryo extract in the
proportions 2: 2:1. The medium was changed daily, and the dishes were
kept in an atmosphere of 5% (v/v) CO; in air. In these conditions
morphogenesis and good survival were obtained (Fig. 2.7).

We adopted these culture conditions and modified them slightly (Saxén
etal.,1962,1968; Fig. 2.9). The dissected rudiments are placed on a piece
of Millipore filter, which in turn is transferred to a Trowell-type screen of
stainless steel. The screen is placed in a simple culture dish into which the
culture medium is added up to the level of the screen. Due to surface
tension, the tissue becomes covered with a thin layer of medium. The
medium consists of Eagle’s basal medium in Earle’s balanced salt
solution, supplemented with 10% (v/v) foetal calf (or horse) serum. The
dishes are kept in an incubator with an atmosphere of 5% (v/v) CO, in air.
The 11-day kidney rudiments survive well in these conditions up to 12
days and show good morphogenesis and advanced tubular structures
(Fig. 2.8).

The different components of the culture medium are surveyed later.
The best non-defined, protein-containing medium proved to be one that
contained minimal essential medium (MEM) or Biggers medium (Big-
gers et al., 1961) plus 10% (v/v) horse serum and 10% (v/v) chick embryo
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Fig. 2.7. Micrograph of an 11-day mouse metanephric rudiment after eight days of
cultivation (Grobstein, 1955a). Upper arrows, S-shaped bodies; lower arrow,
collecting duct.

extract (Saxén, 1983). A chemically defined medium has been used that
consists of an enriched MEM (Richter et al., 1972) supplemented with
human transferrin (Ekblom et al., 1981c, 1983). Differentiation in this
medium was not quite as good as that in the serum-containing medium. A
more complex defined medium for mouse kidney tissue has been devised
by Avner et al. (1982). In addition to a commercial salt solution, the
medium consisted of insulin, hydrocortisone, prostaglandin E, and
transferrin.

Organ culture techniques have also been successfully applied to human
embryonic tissues, including kidney. Large numbers of such experiments
have been published, and various exogenous agents have been tested in
this system, possibly providing methods for testing toxicity and terato-
genicity (Crocker & Vernier, 1970; Lash & Saxén, 1972; Crocker, 1973;
for a review, see Saxén, 1983).

For various types of experiments, especially those dealing with cell and
tissue interactions, it is necessary to separate the components, the
different cell lineages, within a tissue or organ anlage. In the case of the
kidney, the separation is done between the mesenchymal blastema and
the invading, still unbranched ureteric bud. For this, Grobstein (1955a)
used a short-term treatment with 3% (v/v) trypsin followed by mechani-
cal treatment consisting of repeated pipettings and gentle teasing with a
cataract knife. Instead of the enzyme treatment, we use a Ca’**- and
Mg**-free saline containing 0.02% (v/v) EDTA (Versene), and the
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Fig. 2.8. Daily prints of a time-lapse motion picture of an 11-day metanephric
rudiment cultivated in vitro (Saxén & Wartiovaara, 1966).
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Fig. 2.9. Scheme of the transfilter technique described in the text.

mechanical separation is done with disposable no. 23 injection syringes
(Saxén & Saksela, 1971).

The transfilter technique

The transfilter technique created by Grobstein (1953b, 1956a, 1957) for
analysing kidney development has proved to be most effective, and it has
been used for a great variety of other tissues as well (for reviews, see
Saxén, 1972, 1980). Grobstein’s original set-up consisted of the test filter
supported by a plexiglass ring fixed to a pair of glass rods. The tissues,
separated as described, were glued onto both sides of the filter membrane
by a clot and cultivated as described above. Various types of Millipore
filters were used, as will be described in detail in Chapter 3. These filters
are made of cellulose ester and are available in different thicknesses and
pore sizes. Our simplification of this original technique is illustrated in
Fig. 2.9. The inductor tissue is fixed to the lower side of the test filter with
1% (v/v) agarose, and the filter piece without any supporting devices is
placed on a hole in the Trowell-type screen. The isolated mesenchyme is
introduced on top of the filter, and the medium is added to the level of the
filter. The Millipore filters with a spongy structure and irregular pores
were later replaced by commercially available Nuclepore filters (Wartio-
vaara et al., 1972, 1974). These filters are made of polycarbonate tape
exposed to charged particles in a nuclear reactor followed by chemical
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Fig. 2.10. Results of a transfilter induction of the metanephric mesenchyme by
embryonic spinal cord. A. Section of an explant cultivated for 72 h. B. Similar
explant viewed from top as a whole-mount preparation. C. Primitive tubules and
renal vesicles enzymically separated from a mesenchyme induced for 72 h (Saxén

& Wartiovaara, 1966).
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etching of the tracks. As a result of this process, the filters show a rather
uniform pore size and straight channels (Fig. 3.13, p. 76). Some results
illustrating the use of this technique are shown in Fig. 2.10, and further
applications are discussed in the following chapter.
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Morphogenetic tissue interactions in the kidney

Introduction

In Chapter 1, I described the development of the two major components
of the metanephric kidney, the branching epithelium of the ureter and the
mesenchyme converted into epithelial elements. The development of
these two cell lineages occurs in a strictly controlled, temporally and
spatially synchronous manner. Theoretically, such control could be
achieved in two ways; either both tissue components are under the same
organismal control system, ensuring the timing of development, or the
two cell lineages become aware of each other by exchanging signals that
co-ordinate their development. I believe that the two mechanisms are
interacting and are both involved in organogenesis, as will be discussed in
Chapter 4. Here I will focus on the local interaction of the epithelial and
mesenchymal components of the kidney.

General background

A morphogenetically significant interaction between two tissue com-
ponents was demonstrated by Spemann (1901, 1912), who transplanted
an optic vesicle onto a heterotopic site in an amphibian embryo, thus
stimulating the formation of an extra lens from the overlying epidermis.
This ‘induction’ could be prevented by interposing some impermeable
material between the optic vesicle and the epidermis. Subsequently the
concept of ‘embryonic induction’ was developed, and it became
established in the 1920s after the demonstration of the primary inductive
events during gastrulation (for reviews, see Spemann, 1936; Saxén &
Toivonen, 1962). We know now that the inductive system operates
throughout embryogenesis, ‘whenever two or more tissues of different
history and properties become intimately associated and alteration of the
developmental course of the interactants results’ (Grobstein, 1956b).
Such morphogenetic interactions have been demonstrated as early as
the four- to eight-cell stages of embryogenesis, and also in adult organ-
isms during regenerative processes (for reviews, see Grobstein, 1967,
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Fleishmajer & Billingham, 1968; Saxén & Kohonen, 1969; Kratochwil,
1972, 1983; Saxén et al., 1976a, 1980; Wessells, 1977).

When morphogenetic interactions are dealt with in this volume and
when their biological and molecular aspects are discussed, the presen-
tation is largely restricted to the kidney and to the inductive interactions
during nephrogenesis. It should be emphasized that the kidney is not
necessarily the best model-system to study inductive processes, and no
generalizations should be made on the basis of the data presented. There
are few if any recognized similarities between the different morpho-
genetic interactions during development, and apparently a great variety
of processes have been lumped together under the term ‘induction’. As I
have stated earlier, a search for a common determinative factor, or
‘organizer’, failed in the 1930s, and today we may fall into the same trap
in searching for mechanisms common to the various types of inductive
interactions (Saxén & Karkinen-Jaiskeldinen, 1975). We should also
keep in mind that, whenever we explore an inductive event in a simplified
model-system, we are dealing only with a single step in a complicated
chain of developmental processes leading ultimately to the formation of a
complex, functional tissue.

Early observations of induction in the kidney

I have already presented some of the classic observations indicating that
inductive tissue interactions are involved in early kidney development.
An interaction between the cells of the pronephric duct and those of the
surrounding tissues guide the formation and migration of the duct, as first
suggested by Holtfreter (1944) and recently demonstrated by Poole &
Steinberg (1982) (p. 7). Evidence on the interaction between the
Wolffian duct epithelium and the mesonephrogenic mesenchyme is
somewhat inconsistent, but it strongly suggests that such an interaction is
important for the completion of mesonephric development. It might be
necessary, however, to emphasize that all experimental results on this
interdependence do not fully agree. In amphibians especially, varying
observations have been reported (Table 3.1). According to Humphrey
(1928), grafts of urodele mesonephric blastema develop tubules in
complete absence of the Wolffian duct, but other workers have shown
that nephrogenesis comes to a standstill after elimination of the duct
(Miura, 1930). So, it has been suggested that tissues other than the
Wolffian duct may also act as inductors during early development of the
mesonephros (Torrey, 1965). In fact, there is evidence from both
amphibians and birds that endoderm may act as an inductor upon the
mesonephric mesenchyme (Etheridge, 1968; Croisille et al., 1976).

The interdependence of the two components of the metanephric
blastema can explain the development of some congenital defects of the



Table 3.1. Summary of experimental results on the role of the nephric duct in the formation of mesonephric tubules

Experiment Form used State of mesonephric tubules Reference
Grafts of mesonephros — no duct
present Amblystoma Well-differentiated tubules Humphrey, 1928
Excision of nephric duct Rana, Bufo No development of tubules Miura, 1930
Excision of nephric duct Bufo Irregular differentiation of tubules Shimasaki, 1930
Excision of pronephros and duct Amblystoma Irregular differentiation of tubules Burns, 1938
Excision of pronephros and duct Rana Local condensations of cells Waddington, 1938
Obstruction of duct primordium Rana, Local condensations of cells

Pleurodeles No condensations present O’Connor, 1939

Obstruction of growing duct

Excision or obstruction of duct
Removal of duct after formation
Partial removal or displacement of duct

Excision of nephric duct
Transplantation of mesonephric
mesenchyme devoid of nephric duct
Tip of duct destroyed by cautery

Tip of duct obstructed by incision
Tip of duct destroyed by cautery
Tip of duct blocked by graft
Coelomic grafts of caudal fragments
devoid of nephric duct

Triton, Amblystoma
Rana

Rana

Alytes

Triturus

Triturus
Chick

Chick
Chick
Chick

Chick

Local condensations of cells

Cellular blastema forms — disappears
Local condensations of cells

Tubules develop only in close proximity
to duct

No development of tubules

Frequent formation of tubules

Local condensations of cells which later
disappear

Local condensations of cells

No tubules caudal to lesion

Irregular differentiation of tubules

Tubule formation in 43%

Holtfreter, 1944

van Geertruyden, 1946

Cambar, 1948
Kotani, 1962

Etheridge, 1968
Boyden, 1927, 1932
Waddington, 1938
Gruenwald, 1937
Gruenwald, 1942

Croisille et al., 1976

After Burns, 1955, completed.
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urinary tract (Auer, 1947; Gluecksohn-Schoenheimer, 1949; Wharton,
1949). The ultimate experimental proof for this inductive interaction
between the ureteric epithelium and the metanephrogenic mesenchyme
came from Grobstein, who in 1953 reported the first results of separation
and recombination experiments, as described on p. 48. Isolated kidney
epithelium did not show its characteristic morphogenesis when combined
with submandibular capsular mesenchyme, but did so when re-combined
with its own metanephric mesenchyme. In the latter set of experiments,
‘coiled tubules’ were detected in the mesenchyme around the branching
ducts. These pilot studies were repeated and amplified, and, in a series of
classic papers, Grobstein outlined the basic features of kidney tubule
induction (Grobstein, 1953¢, 19554, b, 19564, b, 1957, 1961).

The mesenchyme

In the vertebrate embryo, the nephric mesenchyme forms a paired ridge
(Fig. 1.3, p. 3), the most caudal part of which will contribute to the
metanephric anlage. As already shown, this mesenchymal component
differentiates into the secretory part of the nephron. It also affects the
epithelial component morphogenetically, supporting the branching and
proliferation of the latter.

Effect on the epithelium

When cultivated in vitro, a separated epithelium soon flattens and
spreads without signs of branching or morphogenesis (Grobstein, 1955a).
When, on the other hand, the separated epithelium is cultivated in
association with a cluster of trypsin-separated metanephric mesen-
chymes, branching is initiated. In avian embryos a similar but incomplete
ramification of the Wolffian duct was reported when it was combined with
the mesonephric mesenchyme (Martin, 1976), but no heterologous
mesenchymes have been reported to support the epithelial
morphogenesis.

The effect of kidney mesenchyme on the morphogenesis of the epi-
thelium is an example of an epithelial-mesenchymal interaction demon-
strated in practically every glandular and many other tissues containing
the two components. In the kidney, the mesenchymal influence seems to
be rather specific, whereas this specificity varies in different organ
anlagen. In the salivary gland, the effect still shows relative specificity
(Grobstein, 1967; Lawson, 1972), but as Lawson (1974) later showed, a
heterologous membrane (lung) also supported branching of the salivary
epithelium if the mass of the pulmonary mesenchyme was sufficiently
large. Lawson suggests that the varying results are due to the mass of the
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mesenchyme used, culture conditions, and the fact that no mesenchyme-
specific factors are involved.

The pancreas is an extreme example of non-specificity of the mesen-
chymal contribution to epithelial morphogenesis. After the 30-somite
stage in the chick, the pancreatic epithelium still requires exogenous
support, which is normally provided by the homologous mesenchyme.
This can be replaced experimentally by almost any heterologous mesen-
chyme, by high concentrations of chick embryo extract or by a protein
preparation promoting cell proliferation (Rutter et al., 1964, 1967; Fell &
Grobstein, 1968; Pictet et al., 1975).

In order to explain the varying specificity of the mesenchymal inductive
action, Grobstein (1967) postulated that two active factors were
involved, the mesenchyme-common factor and the mesenchyme-specific
factor, and that the latter ‘may contain developmentally significant
information’. Grobstein’s hypothesis might still be considered, as both
types of influence have been shown to exist. The mesenchyme-specific
action is apparently found only in the homologous mesenchyme, but
additional factors (mesenchyme-common?) are required in vitro: when a
protein-free medium is used, branching is incomplete or totally blocked,
but addition of serum or transferrin leads to active branching (Thesleff &
Ekblom, 1984).

In the metanephric kidney, the mesenchymal action on the epithelium
has not yet been examined in detail, but perhaps an analogy may be found
in another model-system, the embryonic salivary gland, where a similar,
epithelial branching occurs. Here, the mesenchyme acts on the epithelial
basement membrane causing its degradation and remodelling at the
branching sites (Bernfield et al., 1984a, b). However, separation and
recombination experiments of various types suggest that the primary
‘branching programme’ is in the epithelium itself.

Competence and developmental options

Interactive events in the kidney model-system are only links in a long
chain of developmental processes, and so the prehistory of the mesen-
chyme and its possible previous commitments should be explored. Is the
mesenchyme still uncommitted, with many developmental options, or
have these options become restricted during early development?
Hematopoiesis and granulopoiesis have been detected in the
amphibian pronephric anlage. The former is due to external colonization
of the pronephros, but the granulopoiesis has been suggested to be an
intrinsic property of pronephric tissue (Carpenter & Turpen, 1979;
Turpen & Knudson, 1982). In the mouse metanephric mesenchyme, a
hematopoietic and endothelial bias has likewise been described (Emura
& Tanaka, 1972), but we have not been able to confirm these results
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(p- 131). A chondrogenic potency has been demonstrated in avian and
human mesonephric mesenchyme (Lash, 1963; Lash & Saxén, 1972) but
not in the metanephros. Thus, to the best of my knowledge, the
metanephric mesenchyme has developmental options definitely restric-
ted either to remaining a mesenchymal stroma or to being converted into
epithelial tubules. ,

If the view is accepted that the metanephrogenic mesenchyme, prior to
contact with the ureteric epithelium, has become ‘predetermined’ and
possesses a nephrogenic bias without other developmental options, it
should be asked when and how this early commitment has occurred. This
inevitably brings us back to the early stages of nephrogenesis and to the
development of the pronephros and the mesonephric blastema described
in Chapter 1. Two types of experiments have been performed with
pronephric and mesonephric anlage tissue to answer the above question:
early stages of the nephric blastema are either totally dissected and
cultivated in vitro or in vivo or they are exposed to various heterologous
tissues or grafting conditions.

The presumptive pronephric area has been mapped out in early
amphibian gastrulae by a vital stain method (Fig. 1.3, p. 3). This, of
course, does not necessarily imply that the anlage area has already been
determined at this early stage. If the blastoporal lip area containing the
prospective pronephric territory is dissected out, disaggregated and
subcultivated in reaggregated form, nephric tubules indeed develop
(Holtfreter, 1944), but they may have been determined by interactions
between various tissues during prolonged subcultivation of the reaggre-
gate that contains both neural and mesodermal structures. Similarly, if
the prospective, multipotent gastrula neuroectoderm is exposed to
various heterogeneous inductors in vitro, nephric tubules often form, as
shown in Fig. 3.1. However, only in rare instances does tubule formation
become the only consequence of the induction, and, as a rule, other
structures develop as well (Toivonen & Saxén, 1955; Saxén & Toivonen,
1961). Hence, it is feasible that the tubules are formed again as a
consequence of a secondary induction rather than having been converted
directly from the competent ectoderm.

The nephrogenic potency is not restricted to the still uncommitted
ectoderm (above). In fact, almost any part of the ectoderm, the endo-
derm, and the mesoderm of young amphibian gastrula will form nephric
tubules when transplanted to the prospective region, the ‘nephric field’ of
an embryo (Holtfreter, 1933).

In chick embryos, the pronephric mesenchyme might be determined as
early as the early neural plate stage, when the intermediate mesenchyme
can form pronephric tubules in the absence of the somitic and the lateral
plate mesoderm (Waddington, 1938). These dissection experiments
cannot, however, rule out fully the role of neural tissue in the induction of



The mesenchyme 57

Nt <. .. c e
!
PN Feds,

50 um

Fig. 3.1. Micrographs showing abundant kidney tubules in an explant made by

combining a piece of prospective gastrula neuroectoderm with a devitalized

heterologous inductor, a fragment of guinea pig bone-marrow (Toivonen &
Saxén, 1955, and unpublished results).

nephric tubules, as stated by Waddington himself. The prospective
mesonephric area can likewise be traced back to the gastrula stage of
amphibian embryos (Fig. 1.3, p. 3), but mesonephric tubules can be
obtained from other sources also, as shown by Spofford (1948). The stage
of the first determination of the mesonephric anlage is not fully explored,
nor do we know how this is implemented. To answer these questions,
Etheridge (1968) performed extensive experiments with newt embryos
from young gastrulae to neurula stages. The prospective mesonephric
mesenchyme was transplanted either alone or combined with other



58 Morphogenetic tissue interactions

embryonic tissues under the epidermis of a host embryo. The mesen-
chyme transplanted without any additional tissues developed, depending
on the age of the donor, mesonephric tubules in 17% to 55% of the
transplants. Initial combination with certain other tissues considerably
increased this percentage, the underlying endoderm proving particularly
potent in this respect. Etheridge properly concludes that tissues other
than the Wolffian duct epithelium can act as inducers upon the
mesonephric blastema. He emphasizes the role of the endoderm, which is
‘probably the most important inductor of the mesonephric kidney’, while
the process is only completed by the terminal inductor, the Wolffian duct.
While in complete agreement with the first part of Etheridge’s statement,
I cannot quite follow the second part of his argument.

The same dilemma is met in related experiments on avian embryos
involving transplantation of the mesonephric mesenchyme prior to its
contact with the Wolffian duct (Croisille ez al., 1976). The posterior part
of the chick embryo at stages 15 to 25 was dissected out so as to leave the
entire Wolffian duct in the anterior portion, while the major part of the
prospective mesonephrogenic mesenchyme remained in the posterior
fragment. In addition, the fragment consisted of ectoderm and both
somatopleural and somitic mesenchyme. After a short precultivation in
vitro, these fragments were grafted intracoelomically and examined for
nephric tubules. Unexpectedly, 43% of the grafts devoid of the Wolffian
duct developed mesonephric tubules. Since these tubules were regularly
found in close proximity to endodermal derivatives, Croisille et al. tested
the role of the latter by intentionally leaving the endoderm in the graft.
The incidence of nephric tubules increased further in these experiments,
and the authors concluded that the mesonephrogenic mesenchyme is
‘determined well before contact with the Wolffian duct’, and that the
endoderm might be involved as in amphibian embryos. In considering the
actual role of endoderm in normal nephrogenesis, the authors were more
cautious.

The early determinative steps of the metanephrogenic mesenchyme
are not known, but there are some analogies with the mesonephric
blastema. As will be discussed in more detail below, the metanephro-
genic mesenchyme, prior to its contact with the ureteric bud, is already
predetermined, restricted in its developmental options, and responsive to
various heterologous inductors. But it is not known when and how this
determination has occurred.

Homogeneity

Despite the restricted options of the mesenchyme, the epithelialized
mesenchymal cells have retained options for continued differentiation. In
vivo, they give rise to many special types of cells within the nephron and,
in prolonged cultures in vitro, at least three distinct epithelial phenotypes
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have been characterized (Ekblom et al., 1981a). These are the podocytes
of the glomeruli and the cells of the proximal and distal tubules. Before
induction of these various cell types can be explored, it should be known
whether their programmed precursors are present in the non-induced
metanephric mesenchyme, or whether the latter is a homogeneous
population of cells with identical developmental options.

These questions have not yet been answered conclusively, but they will
be discussed later. Many observations suggest that the mesenchyme is
uniform as far as the status of its cells is concerned: light and electron
microscopy and immunohistology with probes for several matrix and
cytoskeletal proteins have revealed only one cell type in the uninduced
mesenchyme (Wartiovaara, 1966a; Ekblom, 1981b; Lehtonen et al.,
1985). Furthermore, cell electrophoresis has failed to show cell popula-
tions with varying surface-charge densities (Saxén et al., 1965b), and
monolayer outgrowths of mesenchymal explants show only one cell type
when examined for the synthesis of some matrix proteins and cytoskeletal
components (Lehtonen et al., 1985, unpublished results). This observed
homogeneity of the mesenchymal cell population cannot, however,
exclude the possibility of subpopulations with varying developmental
programmes already set.

The inductor

After concluding that the metanephric mesenchyme consists of
‘predetermined’ cells with an epithelial bias, the triggering inductor
should be explored. We will examine whether the inductive capacity is
restricted to the normal inductor, the ureteric bud, or whether heterolo-
gous tissues can mimic the effect (as do many tissues and their subfrac-
tions, in primary induction). We may also ask whether the response of the
mesenchyme is of an ‘all-or-none’ type, i.e. quantitatively and
qualitatively independent of the type of the inductor tissue.

Specificity

The original observations reviewed above and the experimental results of
Grobstein (1953¢) showed conclusively that the normal inductor of the
kidney tubules is the ureter, whereas the studies of Gruenwald (1943,
1952) had suggested that neural tissue might have a similar effect.
Grobstein (1955a) confirmed this, and since then embryonic spinal cord
has been used as an active inductor. Its inductive effect has been
demonstrated also by combining the spinal cord with amphibian and
avian mesonephric mesenchyme (van Geertruyden, 1946; Croisille et al.,
1976). In addition, a vast number of other tissues and their fractions have
been tested, of which many have proved inductively active when com-
bined with the metanephric target mesenchyme.
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Table 3.2. The inductive action of certain tissues tested in combination with
the metanephric mesenchyme of 11-day mouse embryos

Tissue Active Inactive

Embryonic epithelia

Ureter +
Submandibular +
Puimonary -
Gastric -
Pancreatic -

Neural tissues
Embryonic spinal cord
Embryonic medulia
Embryonic brain
Embryonic spinal ganglia -
Embryonic spinal cord” +
Adult brain -
Neural teratoma +

Embryonic mesenchymes
Salivary
Jaw
Head
Tail -
Limb bud -
Developing bone +

Embryonic and adult liver -

Adult retina and iris -

Adult kidney tubules -

++ +

++ +

4 Chick origin, other tissues are murine.
Data from Grobstein, 1955a; Unsworth & Grobstein, 1970; Lombard & Grob-
stein, 1969; Auerbach, 1972; Saxén ef al., unpublished data.

Perusal of the list of tissues with an inductive action (Table 3.2) gives no
clues as to what features of the tissues might be associated with their
inductive capacity. Embryonic tissues are apparently more potent than
adult tissues (Lombard & Grobstein, 1969), and many show variation in
their inductive action depending on their stage of development (Grob-
stein, 1955a; Unsworth & Grobstein, 1970), but it is not possible to draw
any further conclusions. Many of the tissues that show inductive activity
are never associated with the nephric blastema during normal develop-
ment, and thus, their inductive activity is biologically meaningless.
Apparently the ‘tubulogenic bias’ of the nephric mesenchyme can be
triggered by factor(s) widely distributed in embryonic tissues and basi-
cally serving other purposes.

By definition, the response to a kidney inductor is the formation of
epithelial tubules that mimics normal development in vivo. Many events
at the cell and molecular levels are associated with this process (see
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Chapter 4), and whether the response is similar when artificial inductors
are used, or whether inductor-dependent variations of some type exist,
should be examined.

Gruenwald (1943) reported that when he combined the metanephric
mesenchyme with nervous tissue, the resulting tubules were of
mesonephric type. As a possible explanation, he suggests that a strong
induction might induce a rapid mesonephric type of development,
whereas a weaker effect would lead to the formation of metanephric
elements. This line of research has not been followed up, but there is a
possibility that the final outcome of an induction is determined by the
changing responsiveness of the target tissue and the kinetics of the
induction. Lombard & Grobstein (1969) and Unsworth & Grobstein
(1970) noticed that overt morphogenesis of the metanephric mesen-
chyme followed a different time-course after exposure to different
inductors. Some heterologous inductors (e.g. brain) brought the mesen-
chymal differentiation to a stage of condensation only, without further
tubule differentiation. The different time-course and response might be
artificial and reflect metabolic changes during the cultivation of the
inductor. The same tissue might also show changes in its inductive action
during development.

Effect on heterologous mesenchymes

The inductor has a trigger-type action on a predetermined nephric
mesenchyme with a tubule-forming bias. Considering this, one might not
expect a similar response in non-nephric mesenchymes. Holtfreter (1944)
and van Geertruyden (1946) demonstrated this negative response in
amphibians, and therefore the results by Bishop-Calame (1965a, b) were
unexpected. She associated chick ureter with various heterologous
mesenchymes and grafted the combined explants on CAM. After such
treatment the pulmonary mesenchyme formed ‘coiled tubules and
Malpighian glomerules’, while the ureter branched and became
multilayered. She reported a similar response in proventricular mesen-
chyme combined with the ureter.

The above results led inevitably to the conclusion that the inductors
‘not only act as pace-makers, but promote specific differentiation factors’
(Wolff, 1966). This is important for any further endeavours to charac-
terize the inductor, and I therefore re-evaluated the results in the mouse
metanepric model-system (Saxén, 1970a).

The undifferentiated mesenchymal component was dissected from
embryonic lung, salivary gland, and ventricle and combined transfilter
either to the ureteric bud from an 11-day metanephros or to a piece of
spinal cord from the same embryos. None of the 63 cultures showed
any tubular differentiation, and the mesenchyme developed into an



62 Morphogenetic tissue interactions

Fig. 3.2. Micrographs of heterologous mesenchymes combined with a kidney

tubule inductor and cultivated for four days. No response can be detected in the

mesenchyme (Saxén, 1970a). A. Isolated ureteric bud in combination with

salivary gland mesenchyme. B. Direct combination of pulmonary mesenchyme

(left) and spinal cord. C. Transfilter combination of salivary gland mesenchyme
and spinal cord.

undifferentiated sheet of cells on the filter (Fig. 3.2C). The results were
confirmed by combining mesenchymes from the same sources directly
with spinal cord or with a ureter enzymically cleaned from mesenchymal
cells. None of the 72 explants showed any tubules (Fig. 3.2A,B). When
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the experiment was repeated, using ureters mechanically separated but
not cleaned by the enzyme treatment, tubules were found in 16 of the 36
cultures. The conclusion, therefore, was that the last result was due to
contaminating mesenchymal cells on the ureter which were probably
nourished by the heterologous mesenchyme.

In order to imitate the ‘contamination’ situation, we used an earlier,
accidental finding in our transfilter experiments. If the mesenchyme is
scraped from the filter after a 24-h exposure to the inductor, a number of
cells in one or two layers usually remain attached to the filter, and
occasionally they form small tubules. When these remaining cells were
coated with a heterologous mesenchyme, tubule formation occurred
regularly, and the tubules were more abundant and larger than in the
uncoated cultures (Fig. 3.3). The possibility of a second-step induction by
the nephric cells was excluded in two types of experiments. First, a double
filter was used, and the contact between the two was broken, and the
heterologous mesenchyme was placed on the bottom filter. No tubules
were formed. The second experiment used chick cells, which are easily
distinguishable from mouse cells. Chick tissue was placed on top of the
mouse mesenchymal cells remaining on the filter. After two to three days
of subcultivation, tubule-forming mouse cells were detected deep in the
chick tissue (Fig. 3.4). The result gives further support to the transfilter
results. Taken together, these experiments strongly suggest that the
kidney tubule inductors (the ureter and the spinal cord) act exclusively on
the metanephric (and mesonephric) mesenchyme, but cannot cause
differentiation in heterologous mesenchymes.

Directive and permissive inductions

I have defined the two types of induction mentioned in the title (Saxén,
1977): ‘When an embryonic cell possesses more than one developmental
option, the choice between them is affected by extracellular factors,
which thus exert a true directive action on differentiation. A permissive
action, on the other hand, refers to a step of development, in which
the cell has become committed to a certain pathway, but still requires
an exogeneous stimulus to express its new phenotype’ (Fig. 3.5). An
example of the latter has already been given: pancreatic epithelial
differentiation after a certain stage requires an extracellular stimulus, but
this is highly unspecific and can no longer alter the course of differenti-
ation (p. 55). The elegant studies of Cunha (1975) might be cited as an
example of a directive influence.

Morphogenesis of the vaginal epithelium is guided by an epithelial-
mesenchymal interaction, but at an early stage of differentiation the
developmental options of the epithelium are not totally restricted. For
example, its combination with uterine stroma leads to a uterus-type
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Fig. 3.3. Micrographs of cells remaining on a filter when the mesenchyme is

removed after 24 h of transfilter culture. Subculture for three days (Saxén,

1970a). A. Thin sheet of undifferentiated mesenchyme cells remaining on the

filter. B. Single small tubules occasionally developed in uncovered cultures.

C. Abundant, well-differentiated tubules when the remnant cells were coated
with a heterologous mesenchyme.

differentiation of the epithelium, and similar flexibility and directive
actions have been demonstrated in the epithelium of the urinary bladder
(Cunha, 1985).

My distinction between a directive and a permissive induction has been
criticized by Kratochwil (1983). Though I may not agree with his views, I
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25 um

Fig. 3.4. Micrograph of an explant where the mouse mesenchymal cells on the

filter were coated with chick mesenchymal cells distinguishable from mouse cells

by their small, pale nuclei. Well-shaped mouse tubules develop (Saxén &
Karkinen-Jaaskeldinen, 1975).
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Fig. 3.5. Scheme of the hypothesis of ‘directive’ and ‘permissive’ inductions (after
Saxén, 1977, 1981).

fully agree with his closing comment: ‘In the absence of any molecular
understanding of the process of developmental decision, and of the basis
of developmental options or determination, our thinking about induction
must be based on purely phenomenological information and it essentially
relies on two testable properties of inductive systems: (1) the competence
of the responding tissue and (2) the requirement of inductor specificity.’

According to these suggestions, the following conclusions on the
kidney tubule induction may be summarized.
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(1) The nephrogenic mesenchyme has only two developmental options:
either to remain as stroma or to become transformed into tubule-
forming epithelium.

(2) The inductive action is unspecific, as many non-related tissues fully
mimic the action of the normal inductor.

(3) The inductor acts only upon the predetermined nephrogenic mesen-
chyme and exerts no detectable effects on other embryonic
mesenchymes.

On the basis of these findings, I consider kidney tubule induction a
permissive event. When later in this book certain aspects of organo-
genesis and vasculogenesis of the kidney are treated, different types of
morphogenetic interactions will be described.

Inductive signals
Type and distribution of the signals

In none of the model-systems for inductive tissue interactions are the
signal substances known nor has their action mechanism been clarified.
Kratochwil’s (1983) pessimistic view, quoted above, can be sustained.
Great difficulties in carrying out such studies hold true in the kidney
system as well, and I mention only some approaches to clarify the nature
of the ‘inductive signals’.

Mainly unpublished and always negative results have been obtained
when different cell-free fractions from potent heterologous tissues, most
frequently nervous tissues, have been tested. Auerbach & Grobstein
(1958) examined various fractions of the dorsal half of the embryonic
spinal cord. After enzymic disaggregation and vigorous shaking followed
by 8-min centrifugation of 375 g, the sediment could be divided into three
layers. The uppermost and the lowest layers were acellular, the former
containing granular material, the latter being an amorphous mass. The
central layer consisted of varying numbers of intact cells, nuclei, and cell
debris. The inductive activity of these crude fractions was tested by
cultivating isolated metanephric mesenchymes in hanging drops that each
contained one of the three preparations. The supernatant and the two
cell-free fractions of the sediment gave invariably negative results, while
tubules developed in cultures containing the middle-layer material.
Interestingly, the cellular fraction exerted an inductive action only as long
as it contained viable cells, but became inactive when these disappeared.

Various ‘conditioned’ media have been tested, but only one, still-
unconfirmed, positive observation has been reported. Auerbach (1977)
exposed isolated metanephric mesenchymes to the supernatant from
cultures of neural teratoma cells and obtained tubule formation.
Unfortunately, this important finding has not yet been published as an
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Fig. 3.6. Scanning electron micrographs of the upper surface of a Nuclepore filter
with an average pore diameter of 0.5 um cultivated for 24 h with a piece of spinal
cord attached to the lower surface (Saxén & Lehtonen, 1978). A. Abundant
cytoplasmic processes bulging through the pores. B. After an additional 24-h
subculture in the absence of spinal cord, material is still left on the filter.

original article, and some details are missing from the available congress
report.

We made another approach to test cell-free material by using the filter
technique (Saxén & Lehtonen, 1978): when a piece from the dorsal spinal
cord is cultivated for 24 h on (or under) a filter with a proper pore
diameter, cytoplasmic processes penetrate the filter and bulge on the
other side (Fig. 3.6A). After careful removal of the spinal cord tissue,
these processes and their membrane material are left behind and will stay
on the filter for at least another 24 h, a period long enough for induction to
be completed (Fig. 3.6B). No morphogenetic effects could be demon-
strated in such experiments when the ‘membrane preparation’ was
covered with competent metanephric mesenchyme.

An indirect way to explore the signal substances and their mode of
action would be to use specific metabolic inhibitors. We have published
extensive series of such experiments, but the conclusions as far as the
mechanisms are concerned remain meagre. Actinomycin D, which in low
concentrations inhibits transcriptional processes, completely blocked
tubule formation at a concentration of 0.05 ug/ml. Separate exposure of
either the mesenchyme or the spinal cord for 30 min prior to recombina-
tion had the same effect. Treatment of the recombinant explants after
24 h of cultivation no longer inhibited subsequent tubule formation
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Fig. 3.7. The dose-dependent inhibition of tubule formation by four metabolic

inhibitors when applied during the first 24 h of transfilter culture (after Nordling et

al., 1978). Open symbols, spinal cord removed; closed symbols, spinal cord not
removed.

(Jainchilletal., 1964). Wheninhibition of the incorporation of [*H]uridine
was measured at different stages of the experiment, a maximum inhibition
of 50% was recorded at 24 h when a peak of RNA synthesis also had been
observed (Vainio er al., 1965). Similarly, the typical post-inductory shift
in the lactate dehydrogenase pattern was prevented by actinomycin
treatment during the early contact, but not after 30 h of transfilter culture
(Koskimies, 1967a). The significance of these and many similar experi-
ments is, however, lessened because we still do not know exactly the
mode of action of the drug, which also affects the viability of the exposed
cells.

Further experiments included exposure to various inhibitors of DNA,
RNA and protein synthesis (mitomycin C, ethidium bromide, proflavine
and cycloheximide) (Nordling er al., 1978). A tubule-inhibiting con-
centration not severely affecting the viability of the cells was found with
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Fig. 3.8. Results of experiments where the metanephrogenic mesenchyme/spinal
cord explants were treated with 6-diazo-5-oxo-norleucine (DON) or tunicamycin
during the first 24 h of cultivation (after Ekblom et al., 19794, b).

all compounds, and it was associated with concentrations affecting
synthesis of macromolecules (Fig. 3.7).

The glutamine analogue 6-diazo-5-oxo-norleucine (DON) interferes
with the synthesis of glycosaminoglycans and glycoproteins and shows a
dose-dependent inhibition of tubule formation in transfilter experiments
(Ekblom et al., 1979a; Fig. 3.8). The effect was obtained only during the
critical induction period, the first 24 h of transfilter culture, after which
the same concentrations were without detectable effect. Ekblom et al.
conclude that carbohydrates, most likely at the inductor/target inter-
phase, are associated with the actual induction process. Similar results
were obtained after addition of tunicamycin, an inhibitor of protein
glycosylation. The dose-dependent inhibition of induction during the
critical 24 h (Fig. 3.8) correlated well with the inhibition of protein
glycosylation measured by *H-labelled mannose (Ekblom et al., 1979b).
Only a slight reduction in the number of tubules was seen after the 24-h
period. It might be concluded that impaired glycosylation during induc-
tion affects the process, but because both tissues were exposed it is not
possible to distinguish between effects on the induction, on the target
cells or on the transmission of signals.

To conclude, the extensive and lengthy experiments summarized
above and in Figs. 3.7 and 3.8 suggest that impaired protein synthesis,
protein glycosylation, and synthesis of carbohydrates interfere with
subsequent tubule formation. This could be shown only during the
induction period. When effective concentrations of the inhibitors were
added after the initial stage, differentiation appeared to proceed nor-
mally. For the reasons given below, it is tempting though not fully
justified to suggest that the critical molecules lie in the inductor/target
interphase.



70 Morphogenetic tissue interactions

Transmission of inductive signals

As long as the chemical nature, localization and mode of action of the
compounds apparently carrying inductive messages remain unknown,
indirect information might be gained from studying the transmission of
the message, i.e. the conditions where an induction can be achieved. The
first in a long series of such experiments has already been mentioned: lens
induction is prevented by the introduction of impermeable material
between the optic cup (the inductor) and the epidermis (the target)
(Spemann, 1901, 1912). Such interference experiments have since been
performed in many model-systems for morphogenetic tissue interactions
(for reviews, see Saxén, 1972, 1980).

Grobstein (1956b) postulated three alternative transmission mechan-
isms for inductive signals: (1) induction mediated by diffusible com-
pounds, (2) induction via actual cell-to-cell contacts, and (3) interaction
of compounds of the extracellular matrix. More recently, after
experimental results in many model-systems, I have re-phrased the
original postulate (Table 3.3). Among the alternatives presented in the
table, free diffusion of signal substances and matrix-mediated interac-
tions have been well established, the former during amphibian primary
induction (Saxén, 1961; Toivonen, 1979) and during the induction of the
lens (Karkinen-Jaaskeldinen, 1978). A matrix-mediated interaction is the
probable mechanism for the inductive events in tooth development
(Thesleff et al., 1977, 1978) and in epithelial-mesenchymal interactions in
glandular organs (Bernfield et al., 1972, 1984a, b). Short-range trans-
mission of inductive signals will be discussed below, but the outlined
alternative mechanisms 3 to 5 in Table 3.3 should still be considered as
merely theoretical speculations without direct experimental proof. For
exploring such short-range (contact-mediated) processes or to exclude
their significance, two sets of results become relevant, those derived from
transfilter experiments and those from direct ultrastructural and
immunohistochemical examinations of the inductor/target interphase.
The discussion will be restricted to the developing kidney.

In order to distinguish between the alternative transmission mechan-
isms, Grobstein (1956a) devised the transfilter technique described on
p. 48 and illustrated in Fig. 2.9. Two types of Millipore filters, made of
cellulose ester, were specifically manufactured for these experiments, the
20-pm thick HA filter, with a calculated pore size of 0.45 um, and the
somewhat thicker AA filter, with an average pore size of 0.8 um. In the
situation described, the AA filters regularly allowed passage of the
inductive signal from the spinal cord to the mesenchyme. The HA filters
allowed this passage less regularly, and the effect was weaker (a smaller
number of tubules). Cytoplasmic processes were frequently found to
penetrate filters with large pores, but rarely the HA filters with 0.45-um
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Table 3.3. Alternative modes of transmission of inductive signals

Long-range transmission (50000 nm)
1. Free diffusion
2. Matrix interaction

Short-range transmission (5 nm)
3. Short-range diffusion
4. Interactions of surface-associated molecules
5. Transfer of molecules through intercellular channels

Data from Grobstein 1955b; Saxén et al., 1976a; Weiss & Nir, 1979; Saxén, 1981.

pores that still allowed the passage of induction. The absence of
cytoplasmic material in filters with a mean pore size of 0.1 um that
occasionally allowed weak induction was shown by electron microscopy,
and the conclusion that ‘inductive activity in this system is not dependent
upon cytoplasmic contact and hence resident in materials which are at
least potentially extra-cytoplasmic’ seemed to be justified (Grobstein &
Dalton, 1957). In fact, such material had already been seen by Grobstein
(19564), in and on the filters attached to the spinal cord. This trypsin-
digestible material was located in areas where tubule formation was
initiated, and it seemed to be a good candidate for the actual signal
substance.

The transmission characteristics of tubule induction were further
explored by Grobstein (1957) with filters of varying thickness — either a
multi-layered thin filter assembly or a single thick filter. The increase of
the inductor-mesenchyme distance led to a gradual decrease in the
intensity of induction and to its complete blockage when the filter
thickness reached approximately 80 um. Response could also be
estimated by measuring the thickness of the mesenchyme, as uninduced
mesenchyme tends to spread as a thin layer on the filter (Fig. 3.9). In all,
the experiments by Grobstein (1956a, 1957) suggest that kidney tubule
induction is mediated by extracellular factors that travel over a distance
of 60 to 80 pm without requiring actual contact between the interacting
cells. Later, however, Grobstein (1961) emphasized that this is not a free
diffusion which carries molecules from the inductor to the target cell over
a ‘free space’, but rather extracellular components with restricted
mobility. Induction might be regarded as taking place when two cells are
in ‘juxtaposition which brings into interaction the microenvironments of
cells and tissues’.

The above conclusion was re-evaluated after observations on the
kinetics of the inductive process. Both Grobstein and we had come to the
conclusion (unpublished) that induction in the transfilter condition is
rather slow, and that it is not completed until the second day (see later).
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Fig. 3.9. The relation between the thickness of the mesenchyme and formation of

tubules in cultures where the metanephric mesenchyme was separated from the

spinal cord by a filter layer of varying thickness (after Grobstein, 1957). AA, thick

filter, pore size 0.8 wm; TA, thin filter, pore size 0.8 um; TH, thin filter, pore size
0.45 pm.

This period apparently consists of several time-consuming events (Grob-
stein, 1967): (1) the production of the signal substance, (2) the actual
transfer, and (3) the response of the mesenchyme. To these events can be
added (4) adaptation time to recover from the initial, experimental
manipulations (Vainio et al., 1965). To distinguish between the actual
transfer time and the other components of the ‘minimum induction time’,
the total contact time required for the induction to be completed was
measured in single and double filter assemblies. The postulate was that
the adaptation time, production time, and response time would be the
same in both series, whereas a possible prolongation of the total time in
the double-filter experiments should reflect the time needed for the
‘inductor’ to pass through the second filter. The results (Fig. 3.10) show
that in the single filter series, the induction was completed during the first
24 h, whereas the second filter prolonged the time by some 12 h. This slow
transfer of the message did not obey the rules of passive diffusion, and
actual measurements of the transfilter passage of various macromolecules
revealed that the traverse was much faster. Hence mechanisms other than
free diffusion should be considered for the passage of the tubule-inducing
stimulus (Nordling et al., 1971).

Subsequently, three types of thin Millipore filters with average pore
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Fig. 3.10. Scheme of the ‘minimum induction time’ in transfilter cultures where

either a single or a double 28-um thick Millipore filter was interposed between the

metanephric mesenchyme and the spinal cord (after Nordling et al., 1971). The
technique is shown in Fig. 3.16.

sizes of 0.1, 0.2, and 0.8 um were used. Induction occurred with 0.2- and
0.8-um filters, but with the 0.1-um filter it was obtained only occasion-
ally. Light microscopy of thin Epon-embedded sections revealed
abundant cytoplasmic material in the two filters that had allowed induc-
tion. In the 0.1-um filters there was only shallow ingrowth. After
improved fixation, electron microscopy showed cytoplasmic material in
them also (Fig. 3.11). It was concluded that a filter with the smallest pore-
size did not necessarily eliminate close apposition of cell processes, and
mechanisms based on ‘cell contacts’ should still be considered.

The introduction of the Nuclepore filters in the early 1970s provided a
good new tool for our studies. This polycarbonate filter has pores of
known and rather uniform sizes, and the channels run relatively straight
through the membrane (Fig. 3.12). The filters were used in comparisons
of the penetration of cytoplasmic material through the filter with the
passage of induction (Wartiovaara et al., 1972, 1974; Lehtonen, 1976;
Saxén et al., 1976b). Results of these studies are summarized in Table 3.4
and illustrated in Figs. 3.13 and 3.14. In conclusion, the penetration of
cytoplasmic processes through the filters is associated with the passage of
the inductive signals. We consider this to be strong though circumstantial
evidence for transmission, based on a close apposition of the interacting
cells. The results do not distinguish between the possibilities 3 to 5 in
Table 3.3. Very little, if any, material was detected between the
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Fig. 3.11. Electron micrographs of a Millipore filter with an average pore size of
0.1 um interposed between the metanephric mesenchyme and the spinal cord.
Cytoplasmic material and membrane-coated processes (arrows) are seen in the
filter pores (Lehtonen et al., 1975; courtesy of Dr E. Lehtonen). SC, spinal cord;
M, mesenchyme. A. General view of the filter with the two tissues attached.
B. View from near the spinal cord. C. The same filter examined at the filter/
mesenchyme contact surface showing cytoplasmic extrusions into the filter.
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Fig. 3.12. Scanning electron micrographs comparing the surface structure of a
Millipore filter (average pore size of 0.8 wm) (A) with a Nuclepore filter (pore
diameter of 0.5 um) (B) (Lehtonen, 1975; courtesy of Dr E. Lehtonen).

Table 3.4. Transfer of the tubule-inducing stimulus through Nuclepore
filters with varying pore sizes as compared with the penetration of
cytoplasmic material evaluated in electron microscopy

Inductor
Filter: Salivary mesenchyme Spinal cord
nominal pore size
(pum) Tubules Penetration ~ Tubules Penetration
0.05 n.d. n.d. 0/25 =
0.1 n.d. n.d. 3/30 +
0.2 0/13 = 21/31 ++
0.6 0/10 + 25/25 +++
3.0 8/14 + 15/15 +++

Two heterologous inductors, spinal cord and salivary gland mesenchyme were
tested (Saxén et al., 1976b; Saxén, 1980).
n.d., not determined.

intra-filter processes of the two tissues (Fig. 3.14C,D), and no specialized
membrane junctions (channels) were found.

After developing a rough quantitative method to evaluate the strength
of the induction, we examined the significance of filter porosity, i.e. the
extent of contact (Saxén & Lehtonen, 1978). This could be explored after
the manufacturer gave us two types of filters with the same pore size but
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Fig. 3.13. Micrographs of Nuclepore filters with average pore sizes of 0.2 um (A)

and 0.6 um (B), showing abundant cytoplasmic material in the pores when

grafted for 24 h in contact with metanephrogenic mesenchyme and spinal cord
(below the filter) (courtesy of Dr E. Lehtonen).

Table 3.5. Induction of kidney tubules in the metanephric mesenchyme
through Nuclepore filters of ‘low’ and ‘high’ porosity (average pore size
0.5 um)

Positive cases Mean number of tubules
Porosity (%) per positive per
(pores/cm?) explant explant
2 x 108 (n=27) 52 7.8 3.7
2.3 x 10’ (n = 20) 100 20 20

From Saxén & Lehtonen, 1978. n, number of explants.

with a definite difference in the actual porosity (pores/area). The results
(Table 3.5) show a clear ‘dose-dependence’ of the induction.

The epithelial-mesenchymal interphase

If the above conclusions on the role of cell contacts mediating induction
are accepted, such a close apposition of the interacting epithelial and
mesenchymal cells should be detected in the normal situation in vivo. An
electron-microscopic analysis was therefore performed by Lehtonen
(1975). A basement membrane was regularly detected around the induc-
tively inactive stalk of the branching ureter, but it was discontinuous at



Inductive signals 77

Fig. 3.14. Electron micrographs of a transfilter mesenchyme/spinal cord culture
with an interposed Nuclepore filter, showing cytoplasmic penetration from the
mesenchyme (A) and from the spinal cord (D). Close apposition of the mem-
branes is seen within the filter pores (C and D) (Wartiovaara et al., 1974;
Lehtonen, 1976; courtesy of Dr J. Wartiovaara and Dr E. Lehtonen).
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Fig. 3.15. Electron micrographs of the epithelial/mesenchymal interface in an

embryonic kidney. Ruthenium red-uranyl acetate staining (Lehtonen, 1975;

courtesy of Dr E. Lehtonen). A. Ruthenium-red-positive material is seen around

the epithelial (E) and mesenchymal (M) cells and in their interface. B. Apparent

focal fusions are seen at points between the epithelial and mesenchymal cells
(arrow), devoid of the ruthenium-red-positive material.



Inductive signals 79

1-30h . 72-120h

Fig. 3.16. Scheme of the transfilter experiment to study the kinetics of induction.
After various intervals the inductor is scraped off and the mesenchyme sub-
cultivated on the filter.

the active tips. The epithelial and mesenchymal cells came to a close
apposition, and the intercellular gap was less than 10 nm. Very little
ruthenium-red-positive extracellular material was found here (Fig. 3.15),
and Lehtonen concludes that the findings are in agreement with the
conclusions of the transfilter studies and ‘obviate the need to postulate
long-range transmission of inductive signals’. In our later studies this lack
of the basement membrane at the tips of the ureter could be visualized by
immunohistology with antibodies against the known basement mem-
brane components laminin and type IV collagen.

Kinetics of the tubule induction

As shown in Fig. 3.10 and suggested earlier by Grobstein (1967), the
transfilter induction is a time-consuming event that requires some 24 h of
contact to be completed in this experimental situation. The new
Nuclepore filters allowed us to examine the matter more closely, and the
basic method is schematized in Fig. 3.16: after the chosen time, the
inductor (spinal cord) was carefully scraped from the lower surface of the
filter, and the mesenchyme was subcultured for various periods. The
‘normal’ morphogenesis of the mesenchyme in these conditions with the
inductor left in place is described on pp. 87-91. Accordingly, at 24 h,
no visible changes have yet occurred and only after a 12- to 24-h
subculture can clear condensates be found. Renal vesicles are seen
somewhat later. Consequently, in the following experiments, the total
culture period was 72 h, and the tubules were counted from material fixed
at that time (Saxén & Lehtonen, 1978; Fig. 3.17). The results obtained
with two types of Nuclepore filters with different pore sizes are illustrated
in Fig. 3.18. They show that the minimum induction time is a function of
the pore size. When relatively large pores (0.6 um) are used, the first cells
to become irreversibly converted into epithelial tubules are determined
after 12 h of transfilter contact, and the induction is completed around 24
h. The same time-course was later obtained for filters of 1.0 um, whereas
the minimum time was prolonged when filters with 0.2 xm pores were
used.
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Fig. 3.17. Micrographs of whole mount preparations made from mesenchymes

exposed to the inductor for various periods (Fig. 3.16) and subcultivated for 72 h

(Saxén & Lehtonen, 1978). A, uninduced mesenchyme; B to D, mesenchymes
induced for 12, 18 and 24 h, respectively.

Our results diverge somewhat from those of Gossens & Unsworth
(1972). These authors used Millipore filters with the nominal pore size of
0.45 um and estimated the minimum induction time to be slightly longer
than in our experiments, i.e. 30 h. They recorded regression of the early
tubules when the inductor was removed and therefore suggested a two-
step process with an initial induction followed by a maintenance state
mediated by exogenous factors. Probably these ‘second-step require-
ments’ of Gossens & Unsworth were merely permissive, nutritional
conditions, as heterologous mesenchymes and embryo extract both
showed this action.

The minimum induction time tested with Nuclepore filters is of the
same order of magnitude as with the spongy Millipore filters, i.e.
approximately 12 h for the first cells and 24 to 26 h for the induction to be
completed. The 12-h prolongation when a double filter is used should
reflect the time required for the message to pass through the second filter.
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Fig. 3.18. The results of an experiment according to the scheme in Fig. 3.16,
where the time-dependent increase of induced tubules and the association to the
size of the filter pores are shown (after Saxén & Lehtonen, 1978).

It is not clear what occurs in the system during this rather long period.
Since ingrowth of cytoplasmic processes is known to be rapid (1to 2 h,
Saxén & Lehtonen, 1978), other factors should be considered. A slow
transport of material along the long, thin filaments might explain the
diameter-dependent induction time (Fig. 3.18). Resynthesis of mem-
brane-associated compounds at the contact surfaces might be another
explanation.

Spread of induction in the target tissue

If one believes, as we do, that induction of kidney tubules is implemented
by short-range, contact-dependent transmission of the message, another
problem has to be faced: the induction is not limited to the cells next to
the inductor, but the ‘induction field’ has a depth of several cell layers.
This can be seen in vivo but perhaps more clearly in vitro. When the spinal
cord and the mesenchyme are combined, the target cells spread deep into
the mesenchyme, far from the inductor-mesenchyme border (Fig. 3.19).
Similarly, in the transfilter experiments, cells are seen all the way up to
the upper layers of the mesenchyme.

In order to test the actual width of the ‘induction field’, i.e. the distance
of the most peripheral epithelial cells from the inductor/target inter-
phase, the transfilter assemblies illustrated in Fig. 3.20 were used (Saxén
& Karkinen-Jaaskeldinen, 1975). The amount of target mesenchyme was
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250 um

c S I )

Fig. 3.19. A to D. Micrographs of a living mesenchyme/spinal cord recombinant,
showing the gradual spread of response in the target tissue. Prints were made at
24-h intervals (Saxén & Wartiovaara, 1966).

increased in thickness by a ‘tower’ of mesenchymes built between
supporting filters, or the lateral spread was measured as shown in the
figure. After a period in culture of three to four days, the explants were
sectioned serially and the distance between the tubules and the filter
surface was measured. Tubules were seen regularly at a distance of 100
pm and occasionally as far as 150 um from the filter surface.

Since long-range diffusion of an inductive signal was excluded in the
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Fig. 3.20. Scheme of two modifications of the transfilter technique devised to

estimate the transmission distance of the tubule-inducing message in the

metanephric mesenchyme (M). A thin, 25-um Millipore filter separates the

interactants while thick, 150-um filters (F) are used for supporting the structures
(after Saxén & Karkinen-Jaaskeldinen, 1975).

Fig. 3.21. Scheme of the alternative mechanisms for the spread of the inductive
‘wave’ in the target tissue.

transfilter experiments, two spreading mechanisms remained to be
explored (Fig. 3.21). A homoiogenetic induction, i.e. a passage of the
inductive effect from one induced cell to the next in a chain-like reaction,
has been suggested to be involved in some other induction systems
(Cooper, 1965; Deuchar, 1970). Another mode of spreading would be
the migration of the induced cells from the inductor/target border into
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Fig. 3.22A, B. Scheme of the transfilter experiments made for examination of a
homoiogenetic induction (after Saxén & Saksela, 1971).

deeper layers of the mesenchyme. The two alternatives were tested in a
series of transfilter and recombination experiments.

Figure 3.22 illustrates the transfilter assemblies used for testing the
hypothesis of a homoiogenetic induction: a metanephric mesenchyme
was induced through a double filter, and then the contact was broken
between the two filters (to avoid contamination of cells as described on p.
63). Thereafter a second set of competent mesenchymes was added to the
clear filter surface and the explant was subcultured (Fig. 3.22A). Another
design (Fig. 3.22B) was based on previous experience that the effect from
the spinal cord cannot travel all the way through the interspace between
the inductor and the upper mesenchyme. Both types of experiments
yielded negative results (Fig. 3.23), which suggests that a transfilter-
induced mesenchyme would not pass the message onto another mesen-
chyme in the transfilter situation.

Since the above experiments were based on the rather artificial
transfilter situation, another type of design was also used (Fig. 3.24).
Mesenchymes collected from embryos that carry the Ty chromosomal
marker were initially induced for 24 h in a transfilter setup. When
induction was completed, the inductor was removed, the mesenchymes
on the filter surface were cut into pieces, and fragments of freshly isolated
mesenchymes of normal karyotype were added (at this stage no conden-
sates had formed). After a subcultivation of 72 h, the mesenchyme pieces
were collected and the tubules enzymically separated and cleaned.
Monolayer outgrowths were then prepared from these tubules, and the
karyotype of the cells was determined after colcemid treatment. If a
homoiogenetic induction had occurred and the message had passed on
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Fig. 3.23. Micrograph of a transfilter culture of the type shown in Fig. 3.22B.

Spinal cord (below) has induced tubules in the mesenchyme on the opposite side

of the filter, but induction has not been carried onto the second mesenchyme (on
top) (Saxén & Saksela, 1971).

Fig. 3.24. Scheme of the experimental design to study homoiogenetic induction
by the use of a chromosomal marker (after Saxén & Saksela, 1971).
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Fig. 3.25. Micrograph illustrating the migration of the mesenchymal cells left on
the filter (A) into a subsequently overlaid chick gastric mesenchyme (B) (Saxén
& Karkinen-Jaaskelainen, 1975). F, filter.

fromt the initially induced Ts-marked cells, two types of tubules would be
expected (T and normal karyotype) or chimaeric tubules consisting of
both cell types. This turned out not to be the case; all of the tubule-
forming cells proved to carry the chromosomal marker of the initially
induced mesenchymal cells. An assimilatory, homoiogenetic induction
was therefore excluded from this interactive system (Saxén & Saksela,
1971).

The migration hypothesis was tested finally in experiments of different
types (Saxén & Karkinen-Jaaskeldinen, 1975). When the target mesen-
chyme is scraped off after the induction period, a thin layer of cells is
retained on the surface (p. 63). These cells were coated with chick
mesenchymal cells that would not respond to the inductor and that were
distinguishable from the mouse cells by their small, pale nuclei. Such
experiments showed that the mouse tubule-forming cells initially left on
the filter surface could be found deep in the heterologous mesenchyme at
a distance of between 30 to 100 um, occasionally up to 150 um from the
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Fig. 3.26. Micrograph of a Feulgen-stained section from a chimaeric recombinant

of quail ureteric bud (U) (with attached mesenchymal cells) and chick mesen-

chyme (M). The tubule-forming quail cells (nuclear marker) have migrated deep
into the chick mesenchyme (arrows) (Saxén & Karkinen-Jiaskeldinen, 1975).

filter surface (Fig. 3.25). The transfilter situation might again mimic
normal development poorly, and hence an experiment was made with a
chick/quail chimaeric-tissue combination. The quail cells are easily dis-
tinguishable from the chick cells by the ‘quail nuclear marker’ (Le
Douarin & Barq, 1969). Quail ureters were dissected in the usual way,
but not enzymically cleaned, and a thin layer of mesenchymal cells was
left on the surface. Such ureters were combined with chick mesenchymal
tissues. Quail-type tubules developed in these chimaeric explants, and
they were frequently found at a distance from the original location of the
cells, the ureteric surface (Fig. 3.26). The observation gave further,
rather convincing support to the migration hypothesis.

In conclusion, induction of kidney tubules initially mediated by cell
contacts is spread in the target mesenchyme by a peripheral migration of
the induced cells. This would inevitably bring new, uninduced cells into
contact with the inductor, and these would, in turn, become induced.
Such a random movement can be visualized in time-lapse motion pictures
of whole-kidney rudiments (Saxén et al., 1965a). This mechanism could
explain the rather slow induction process in transfilter contact: at 12 h the
first cells in contact would be induced and transferred to the deeper
layers, followed gradually by other similarly behaving cells, until the
majority of them have become triggered at 24 h.
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Experimental tubulogenesis

Introduction

Chapter 1 described the major features of the early organogenesis of the
vertebrate excretory system and the complex, yet synchronous, develop-
ment of the various cell lineages involved. A detailed analysis of these
various events and their causal relationships requires an experimental
approach in which the prolonged, multiphasic organogenesis is dissoci-
ated into single — or at least less complex — processes for more detailed
exploration. Chapter 2 listed many such techniques and model-systems
including cultivation of nephric tissues and their subfragments in vitro,
various culture methods for kidney-derived cell lineages, and grafting of
nephric material onto heterotopic sites such as avian chorioallantoic
membrane. Probably the most advantageous technique is still the one
devised by Grobstein (1956a, 1957), who utilized thin membrane filters.
As described in detail on pp. 48-50, the transfilter technique involves an
experimental triggering of the responding nephric mesenchyme towards
epithelial direction, ultimately leading to the formation of nephric
tubules. By this strictly controllable technique the differentiation of the
determined target cells can be followed at molecular, cellular, and tissue
levels. The events can be temporally correlated, which may allow us to
draw conclusions as to their causal relationships. Consequently, Chapter
4 will be devoted to observations of cultured and experimentally induced
metanephric mesenchyme. In addition to the advantage of exact timing,
this technique and the corresponding model-system offer an adequate
control tissue: a separated metanephric mesenchyme identically treated
and cultivated but not exposed to an inductor is a proper control for most
experimental situations. Needless to say, like all systems in vitro, the
transfilter model-system is susceptible to many artifacts and does not
necessarily mimic development in vivo. Some obvious limitations and
fallacies will be pointed out in due course.

Early morphogenesis

The early morphogenetic changes of the metanephric mesenchyme
experimentally induced and cultivated in vitro have been examined and
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described by Wartiovaara (1966a, b). These light- and electron-micro-
scopic observations have been further reviewed by Saxén & Wartiovaara
(1966) and by Saxén et al. (1968).

The starting material, the metanephric mesenchyme of an 11-day
mouse embryo, shows no morphological signs of differentiation towards
epithelial direction. The mesenchyme consists of irregularly shaped, non-
polarized cells with randomly distributed pseudopodic protrusions. The
distance between the contacting cell membranes is 100 to 150 nm, but
wider gaps between the cells are common. By all morphological criteria,
there seems to be only one cell type in the uninduced, undetermined
mesenchymal blastema of the metanephros. The cells are uniformly
distributed, and no regional differences in their density or assembly can
be detected.

After dissection and cultivation in vitro for some 10 h the appearance of
the nephric mesenchyme is retained whether cultivated transfilter with an
inductor or kept isolated on a membrane filter. The first detectable
difference is the flattening of the uninduced mesenchyme, which, after a
total culture period of approximately 30 h, leads to a single-layered sheet
of cells. In the induced mesenchyme, some regional differences are
visible at around 10 h, when cells nearest the filter surface become packed
into a ‘basal layer’ and show polarization, with their long axes oriented
perpendicularly to the filter surface. Cells above this layer are still
unpolarized and show no signs of differentiation or specific spatial
assembly.

During the second day of transfilter contact with the inductor, the first
pretubular aggregates form as the ‘basal layer’ splits into separate
condensates (Fig. 4.1). These aggregates consist of non-polarized,
irregularly shaped cells with decreased intercellular gaps. They soon
become clearly delineated from the surrounding, uncondensed mesen-
chyme, and the intercellular gaps diminish further (Fig. 4.2). The cells
within the aggregate assume a funnel shape, and a lumen is formed in the
central portion of the cluster, first as a multifolded slit and soon after as a
wider, irregular cavity. Polarization of the cells is also seen as a basal
transposition of the nuclei (Figs. 4.3 and 4.4). A ring of junctional
complexes joins the apical portions of the cell membranes, and abundant
small, apparently Golgi-derived vesicles fuse to the juxta-apical and
lateral cell membranes (Fig. 4.3). This stage is reached towards the end of
the second day of transfilter cultivation, though development is not fully
synchronous and different stages of differentiation are detected in the
renal vesicles within the same mesenchyme.

Concomitant with the polarization of the now wedge-shaped epithelial
cells and the appearance of the first signs of lumen formation, the
peripheral protrusions disappear and basement-membrane-like extracel-
lular material is deposited along the basal surface of the cells
(Wartiovaara, 1966a; Bernstein et al., 1981; Ekblom et al., 1981b)
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Fig. 4.1. Electron micrograph and light micrograph (inset) illustrating the initial

stage of aggregate (A) formation in a transfilter-induced nephric mesenchyme.

Within the aggregate, intercellular spaces become diminished but as yet no
polarization of cells can be demonstrated (Saxén & Wartiovaara, 1966).

(Fig. 4.5). This material has been characterized further by immunohisto-
logical and biochemical means, and the result will be summarized below.

While the above-mentioned early morphogenetic changes in the
mesenchymal cells bear a close resemblance to those taking place in vivo,
the actual shaping of the tubules remains incomplete. Coiling of the
tubules might be seen in prolonged cultures, but typical, regular §-
shaped bodies are exceptions. Apparently some additional morpho-
genetic guiding forces are lacking in vitro. The inductor under the filter is
stable as compared with the constantly moving and invading normal
inductor, the ureter, which was postulated to create a gradient of
adhesion in the remaining vesicle (p. 33). Another factor would be an
interaction between the primitive renal vesicle and the stromal mesen-
chyme and/or certain soluble fractions, as suggested by Gossens &
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Fig. 4.2. Electron micrograph and light micrograph (inset) of an advanced stage

of pretubular aggregate with distinct borders and scanty intercellular space. The

beginning of orientation of the epithelial cells within the aggregate may be seen
(Saxén & Wartiovaara, 1966). L, site of lumen.

Unsworth (1972). At the cellular level, however, further differentiation
of the nephric tubules can be demonstrated in prolonged cultures of the
mesenchymes in contact with the inductor.

Morphometric measurements have demonstrated that the relative
amount of differentiated, epithelial tissue increases linearly until day 6
(Koskimies & Saxén, 1966; Fig. 4.6). Since a maximum response in terms
of tubule number is achieved after only 24 h of transfilter culture, this
relative increase in the amount of epithelium is due not only to multiplica-
tion of the programmed cells but also to an artificial loss of uninduced,
less-viable mesenchymal cells.

The basement membrane

From early embryonic stages onwards, many cell types attach to their
basement membrane, and this close interaction between a cell and its
extracellular substrate seems to be of major importance for cytodifferen-
tiation, cell polarization and multiplication of cells (for reviews, see
Wessells, 1977; Gospodarowicz & Tauber, 1980; Bernfield et al., 1984a;
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Fig. 4.3. Definite orientation and beginning of lumen formation in a pretubular

aggregate. A ring of terminal bars (TB) may be seen in the apical part of the

epithelial cells, and numerous Golgi-derived vesicles fuse into the apical cell
membrane (arrows) (Saxén & Wartiovaara, 1966).

Ekblom, 1984; Gospodarowicz et al., 1984; Hay, 1984). Similarly, in the
embryonic metanephros, clear spatial and temporal associations have
been observed between the formation of the basement membrane and
differentiation, polarization and tubular assembly of the cells. The



The basement membrane 93

| e e
SIS Gt

Fig. 4.4. A pretubular renal vesicle in a transfilter-induced mesenchyme with a
central lumen and elongated, polarized cells. The inset shows a primitive ‘S-
shaped’ format of the vesicle (Saxén & Wartiovaara, 1966).

model-system for induction and epithelial transformation of the mesen-
chymal cells in vitro seems to offer a unique opportunity to explore this
association and the role of the basement membrane in early
organogenesis.

Electron microscopy reveals the first signs of the formation of a
basement membrane in the induced mesenchymes during the early
aggregation phase, when the cells show an onset of polarization (Wartio-
vaara, 1966a; Fig. 4.7). Changes in the endoplasmic reticulum of these
cells suggest altered metabolic activity probably associated with the
synthesis of basement-membrane compounds. Basement-membrane-
like material is then seen to accumulate on the basal surfaces of the
elongated cells of the aggregate, and it soon constitutes a continuous
basement membrane around the pretubular aggregates/vesicles. No such
changes were detected in uninduced mesenchymes or around cells not
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Fig. 4.5. A peripheral portion of a renal vesicle at the stage illustrated in Fig. 4.4.

Membrane protrusions have disappeared and basement-membrane-like material

(BM) is accumulating on the cell surface but not around the unaggregated
mesenchymal cells (MC) (Saxén & Wartiovaara, 1966).

participating in the formation of the aggregates (Wartiovaara, 1966a).
Increasing knowledge of the chemical composition of the basement

membranes has allowed us to follow these events with specific probes.

Many proteins have been found recently in the basement membranes and
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Fig. 4.6. Histogram showing the results of a morphometric measurement of the
relative portion of differentiated area in a transfilter-induced mesenchyme (after
Koskimies & Saxén, 1966).

characterized in detail (for reviews, see Kefalides er al., 1979; Timpl &
Martin, 1982; Hay, 1983, 1984). In addition to collagen types IV and V,
the following non-collagenous glycoproteins have been reported to be
associated with the basement membrane: laminin (Timpl et al., 1979),
heparan sulphate proteoglycan BM-I (Hassell e al., 1980), entactin
(Carlin et al., 1981), and nidogen (Timpl et al., 1983). Availability of
antisera against these components has made it possible to follow their
appearance and distribution in the kidney model-system as well.
Laminin synthesis seems to be an inherent feature of the mesenchymal
cells prior to induction. In immunohistology, a weak reaction is observed
with an anti-laminin antibody in the 11-day kidney throughout the
mesenchyme. Moreover, when these cells are cultivated as monolayers,
they synthesize, and deposit, laminin (Saxén & Lehtonen, 1986;
Lehtonen & Saxén, 1986b; Lehtonen et al., unpublished results). Follow-
ing induction, however, definite changes in the expression and localiza-
tion of laminin are detected (Fig. 4.8): distinct fluorescence droplets first
appear after some 12 to 24 h in vitro and soon begin to disappear from the
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Fig. 4.7. Electron micrographs of the early phases of basement membrane

formation around the pretubular aggregates. Local accumulation of extracellular

material (EM) on the cell surface is seen as well as tubular (T) and cisternal (C)

forms of the endoplasmic reticulum and vesicles (V) filled with dense material

(Wartiovaara, 1966a; courtesy of Dr J. Wartiovaara). MC, stromal mesenchymal
cell; M, mitochondrion.

condensed area. First, they assemble into short linear structures, and
then they form a continuous ring around the pretubular aggregates
(Ekblom et al., 1980a). A similar sequence has been observed for
collagen type IV (Ekblom, 1981a), heparan sulphate proteoglycan (Lash
et al., 1983; Fig. 4.9), and collagen type V (Bonadio et al., 1984).

The proteoglycan synthesis of transfilter-induced mesenchymes has
also been analysed in guanidium-extracted samples by Lash et al. (1983).
In response to induction, a large proteoglycan with a molecular weight of
1000000 appeared. The major glycosaminoglycans synthesized were
chondroitin sulphates, while heparan sulphate proteoglycans comprised
20% of the proteoglycan fraction. Indirect evidence for the morpho-
genetic significance of these compounds was obtained in inhibition
experiments: 6-diazo-5-oxo-norleucine reduced the glucosamine syn-
thesis by 60% in a concentration previously reported to prevent tubule
formation (Ekblom et al., 1979a; Lash et al., 1983).

In conclusion, both ultrastructural and immunohistological as well as
biochemical data show that, during early aggregation of the induced
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Fig. 4.8. Fluorescence micrographs of different phases of laminin expression in

metanephrogenic mesenchymes in transfilter contact with an inductor. Hours of

contact are 36, 48 and 72, from top to bottom, respectively. The initially random

distribution of the fluorescence droplets gradually adopts a linear appearance,

ultimately becoming a continuous circle surrounding the tubules. Left: sections

treated with anti-laminin antibody. Right: phase-contrast micrographs of the
same sections (Ekblom et al., 1980a).

Fig. 4.9. Fluorescence micrographs demonstrating the distribution of heparan

sulphate proteoglycan in a section from a 12-day whole-kidney rudiment (A) and

from a transfilter culture of three days (B). Treated with antiserum against the

basement-membrane proteoglycan BM-1 (Lash et al., 1983). u, ureter; t, tubule;
arrows, capillaries.
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mesenchymal cell, constituents of the basement membrane are syn-
thesized, and this leads to a complete basement membrane at the renal
vesicle stage. The data do not necessarily imply that the basement
membrane is the polarizing factor — rather it seems that its basal location
is a consequence of polarization of the cells within an aggregate. An
increased adhesion of the induced cells packs them into compact conden-
sates where polarization might be brought about by lateral adhesive
properties, as suggested originally by Gustafsson & Wolpert (1963). This
polarization leads to apical lumen formation and basal accumulation of
the basement membrane components. Subsequently, the basement
membrane becomes the anchoring substrate of the cells and might have a
central role in the maintenance of the polarized state. This view is well in
accordance with our observations (p. 122) that induced cells in monolayer
cultures express epithelial differentiation but remain unpolarized with
random localization of the basement membrane components.

Metabolic changes following induction
Introduction

The transfilter model-system for kidney development is also well suited
for analysis of metabolic changes in the target mesenchyme. Changes
preceding morphogenesis and those temporally correlated to early aggre-
gation and subsequent tubule formation have both been reported. The
apparent drawback of many such studies is the tiny amount of tissue
available. Hence, systemic fractionation experiments and analytical work
have only recently been made feasible with advanced, more sensitive
techniques in biochemistry and immunochemistry. Knowledge of early
metabolic changes following an inductive trigger is, however, still frag-
mentary and may not lend itself to comprehensive conclusions on the
molecular background of induction and morphogenesis.

Early studies of metabolic changes

Early metabolic changes in the experimentally induced nephrogenic
mesenchyme were first reported some 20 years ago and were detected at
the level of nucleic acid and protein synthesis by Vainio et al. (1965) (for a
review see Saxén et al., 1968). Quantitative studies on incorporation of
radiolabelled precursors (uridine, thymidine and leucine) into isolated
metanephric mesenchymes yielded similar curves. Mechanical separa-
tion of the tissues and their transfer to culture conditions resulted in a
metabolic ‘standstill’, shown as a gradually decreasing incorporation rate
of the labelled compounds. In the culture conditions then applied, this
adaptation phase lasted for 16 to 20 h from the establishment of the
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transfilter contact with the spinal cord. After this, the incorporation rate
rose rapidly in the induced mesenchymes. A clear but less striking
recovery was also observed in the uninduced mesenchymal explants.

Fractionation results related to the RNAs synthesized after the lag
period might still be of interest, though they were obtained long ago and
now call for the re-examination by modern technology. Maximum
incorporation of [*H]uridine was measured 30 h after setting up the
culture (Vainio et al., 1965). It was then five times that of the uninduced
mesenchymes in parallel cultures. The greatest difference was noted in
the rRNA fraction (Miettinen et al., 1966). At the cellular level, the
cytoplasmic RNA concentration was measured by ultraviolet microspec-
trophotometry (Sundelin et al., 1969). At 24 h after setting up the
transfilter culture, cells in the induced mesenchymes showed an elevated
cytoplasmic RNA as compared with uninduced controls. At the early
condensation stage (total culture time 36 h) cells within the aggregates
and pretubular renal vesicles showed somewhat higher cytoplasmic RNA
than did cells remaining in the uncondensed stroma.

All the above observations show that there is a clear enhancement of
synthesis of RNA in the induced mesenchymal cells towards the end of
the induction period and soon thereafter. Apart from the temporal
correlation between this increased synthesis and the determination of the
mesenchyme, further emphasis on the morphogenetic significance of the
increased synthesis is obtained from experiments which made use of
actinomycin D, an inhibitor of RNA synthesis. When applied prior to
completion of induction, i.e. during the first 24 h of transfilter contact, the
drug completely prevented subsequent morphogenesis (Jainchill ez al.,
1964; Koskimies, 1967a). After this sensitive period, the mesenchyme is
resistant to actinomycin D in non-lethal concentrations. Further conclu-
sions on the role of increased RNA synthesis and the effect of actinomy-
cin D are hampered by incomplete knowledge of the action of the drug
and by difficulties in eliminating its directly toxic, non-specific effects.
The isolated mesenchyme, transferred in vitro, has proved extremely
sensitive to various chemicals in the culture medium, and all conclusions
on any inhibitory actions should be made with caution.

From the results indicating increased RNA synthesis as a response to
induction, one would naturally predict enhanced protein synthesis as
well, and this was also suggested by the increased incorporation of
radioactive leucine towards the end of the induction period (Vainio et al.,
1965). Appearance of new proteins during and soon after this period has
been suggested by many observations, but the precise time is naturally
greatly affected by the sensitivity of the detection methods. According to
Rapola & Niemi (1965), early condensation of the mesenchymal cells is
accompanied by an increased activity of the enzyme nicotinamide
adenine dinucleotide-tetrazolium reductase, and somewhat later acid
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Fig. 4.10. Micrographs illustrating two histochemical changes in an experi-

mentally induced metanephric mesenchyme (Rapola & Niemi, 1965).

A. Nicotinamide adenine dinucleotide-tetrazolium reductase activity in a mesen-

chymal cell condensate. B. Acid phosphatase activity at the luminal portion of the
cells of an advanced tubule on day 5 of cultivation.

phosphatase activity can be detected in the apical cytoplasm of the
polarized epithelial cells (Fig. 4.10).

The enzyme lactate dehydrogenase (LDH) occurs in five tetramers
composed of two polypeptide subunits (A and B) which combine in all
possible combinations (LDH 1 = A°B*, LDH 2 = A'B? and so on;
Markert & Ursprung, 1962). The undifferentiated metanephric mesen-
chyme exhibits an embryonic-type LDH pattern with the A subunit
predominating. After induction, the ratio A:B changes towards the
polypeptide B and at 48 h a clear shift towards the anodal LDH bands on
polyacrylamide can be detected. On the tenth day of cultivation in vitro
the LDH pattern closely resembles that observed in an adult mouse
kidney (Koskimies & Saxén, 1966; Fig. 4.11). The apparent shift in the
expression of the two polypeptides could also be inhibited by actinomycin
D (Koskimies, 1967b). Interestingly, the effect of this drug on morpho-
genesis (p. 67) could be temporally dissected from the effect on the LDH
shift (the ratio of subunit A to subunit B). Tubule formation was
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Fig. 4.11. Scheme of electrophoretograms demonstrating the shift in the lactate

dehydrogenase (LDH) isozyme pattern in transfilter-induced mesenchyme

(upper) as compared with changes in vivo during organogenesis (after Koskimies,
1967b).

prevented by treatment up to 24 h, whereas the shift in the LDH pattern
could still be inhibited by identical treatment up to 30 h.

Changes in the extracellular matrix

There are several reasons for predicting that postinductory changes may
occur in the composition of the extracellular matrix (ECM) of the nephric
mesenchyme. Such matrices are synthesized by most embryonic and
adult cell types and laid down between the cells, where they create many
of the specific morphological and functional features of the different
tissues. Profound changes in such characteristics during embryogenesis
could probably be associated with changes in the composition of the
ECM. As suggested by Grobstein (1955b), the components of the ECM
might be involved also in the morphogenetic tissue interactions between
cells or between cells and their matrices. An interaction between cells and
their matrix substrate has also been suggested frequently to be of major
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importance for cell differentiation, locomotion and proliferation (Lash &
Vasan, 1978; Gospodarowicz & Tauber, 1980; Saxén et al., 1982; Hay,
1983, 1984; Bernfield et al., 1984a, b; Ekblom, 1984). Finally, cell-to-cell
attachment, vital for the formation of tissue and organ anlagen, is known
to be mediated by adhesive molecules at the cell surfaces or in the
extracellular compartment (for example, Moscona, 1974; Burger, 1974;
Wartiovaara et al., 1980; Edelman, 1983, 1985; Thiery et al., 1984;
Yoshida-Noro et al., 1984; Birchmeier et al., 1985).

In the metanephric mesenchyme experimentally induced in vitro,
changes in the synthesis and secretion of certain proteins following
induction have already been described. Both ultrastructural and
immunohistological findings showed secretion and accumulation of
certain components of the basement membrane, and these observations
correlated well with findings ir vivo. Furthermore, early changes in some
other components of the ECM were also noted in whole-kidney rudi-
ments examined by immunohistology. The undifferentiated mesenchyme
expressed, in addition to fibronectin, two types of interstitial collagens
(collagen type I and procollagen type III). All these proteins were
gradually lost during the early condensation phase in vivo, and they were
then expressed only by the mesenchymal stroma between the renal
vesicles and tubules (p. 22). Such changes and their association with
induction were also explored in the transfilter cultures before and during
early tubule formation.

As was to be expected from the observations in vivo, profound changes
in the composition of the mesenchymal ECM were recorded after
transfilter induction (Ekblom et al., 1981b; Fig. 4.12): an uninduced
mesenchyme, grafted without any inductor on to the filter, uniformly
expressed fibronectin, collagen type I and procollagen type III when
explored by immunomicroscopy. In contrast, when the mesenchyme was
combined transfilter with the inductor (spinal cord), the three ECM
components seemed to be lost rapidly; after 6 h of cultivation, a negative,
basal zone was seen nearest to the filter surface, and after an additional 6
h only the upper third of the mesenchyme expressed the three com-
ponents of the ECM. After a total of 24 h in contact with the inductor, all
three proteins were lost from the mesenchyme, and only traces of them
were detected on its surface. Temporal correlation of these changes with
the onset and completion of induction in the same conditions is evident.

In order further to correlate the loss of the interstitial proteins with the
induction of the nephric mesenchyme, previous findings on the ‘speci-
ficity’ of the inductive interactions in kidney development were utilized.
By purely morphological criteria, it has been shown that the nephric
mesenchyme is the only embryonic tissue responding to an inductor by
formation of tubules, and that many heterologous tissues exert this action
mimicking normal induction (p. 66). Consequently, to study the possible
changes in the ECM, reciprocal combinations were prepared between
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Fig. 4.12. Series of fluorescence micrographs illustrating the loss of collagen type
III from transfilter-induced mesenchymes. Antibodies against procollagen type
III applied to frozen sections of mesenchymes harvested at different intervals
after the setting up of a transfilter explant. The dashed white line indicates the
upper surface of the filter (not seen in the micrographs) (Ekblom et al., 1981b).
A. Mesenchyme cultivated for 6 h without underlying inductor. B. Mesenchyme
cultivated for 6 h in transfilter contact with the inductor. Note the fluorescent-
negative zone against the filter. C. Mesenchyme cultivated for 12 h in contact with
the inductor. D. Mesenchyme cultivated for 24 h in contact with the inductor.
Only traces of antigenicity can be detected at the surface of the explant.

non-nephrogenic mesenchymes and tubule inductors on the one hand
and between the nephrogenic mesenchyme and non-inducing tissues on
the other. Such combinations never led to the above-mentioned changes
in the ECM of the mesenchyme, whereas a technically identical recom-
binant of the ureteric bud and the nephric mesenchyme reproduced the
earlier findings (Ekblom et al., 1981b; Fig. 4.13.).

In conclusion, induction of the metanephric mesenchyme can in
several ways be associated with a rapid loss of certain interstitial proteins
from the target tissue: (1) in vivo, a close spatial association was
demonstrated between the induced, aggregating zone around the ureter
and the loss of the three components of the ECM; (2) in the transfilter
cultures this loss showed a close temporal correlation with the onset and
completion of induction; and, finally (3), changes in the composition of
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Fig. 4.13. Micrographs demonstrating the induction-dependent loss of collagen
type III from nephrogenic mesenchyme. Sections treated with an antiserum
against procollagen type III and stained by the peroxidase technique (Ekblom et
al., 1981b). A. An experimental recombination of isolated metanephric mesen-
chyme to fragments of the ureteric bud. Note the negative halos surrounding the
ureter (u). B. A recombinant (as in A) where the ureteric tissue (u) has been
combined with non-nephric (salivary gland) mesenchyme. No loss of collagen is
seen. C. An experimental combination of an inductor (spinal cord, sc) to three
fragments of embryonic salivary gland mesenchyme (sm). No changes in the
expression of procollagen type III are detectable.

the ECM could not be detected in non-inductive situations. The possible
causal relations between induction, early aggregation, and the changes in
the interstitial proteins will be discussed in Chapter 6.

Changes in the cytoskeleton

The type, distribution and assembly of the intracellular filaments con-
stituting the cytoskeleton are specific features of tissues and cell lineages
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Fig. 4.14. Fluorescence micrographs demonstrating the gradual restriction of cells

expressing vimentin-type intermediate filaments in an experimentally induced

mesenchyme. Sections were treated with anti-vimentin antibody (Lehtonen et al.,

1985; courtesy of Dr E. Lehtonen). A. Section of a mesenchyme cultivated for

four days in transfilter contact with spinal cord. B. A section through a mesen-
chyme harvested on day 7 of transfilter cultivation.

which change from cell to cell and during embryogenesis (Franke et al.,
1982; Holtzer et al., 1982; Lazarides, 1982). Their roles in morpho-
genesis, cell polarization and cytodifferentiation are not yet fully under-
stood, but an interaction between certain ‘intermediate size’ filaments
and the extracellular matrix has been suggested as a morphogenetically
significant mechanism (Hay, 1984).

I have already described some morphogenesis-associated changes in
the distribution and composition of the intermediate filaments in cells of
human and murine embryonic kidneys irn vivo. Only preliminary data are
available for similar changes in the experimentally induced mesenchymal
cells which are being converted into epithelial cells and structures. The
undifferentiated, uninduced nephric mesenchyme expresses vimentin-
type intermediate filaments. No apparent changes are observed during
cultivation without an inductor. When induced by the transfilter tech-
nique, cells that become aggregated into pretubular condensates lose
their vimentin filaments (around day 4), and during prolonged cultivation
vimentin becomes confined to the narrow, intertubular strands of undif-
ferentiated stroma (Lehtonen ez al., 1985; Fig. 4.14). A reverse mode of
development may be observed when the mesenchymes are examined
with several anti-cytokeratin antibodies as probes: the undifferentiated
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Fig. 4.15. Fluorescence micrograph demonstrating the expression of cytokeratin-
type filaments in a mesenchyme cultivated for 7 days in transfilter contact with an
inductor (Lehtonen et al., 1985; courtesy of Dr E. Lehtonen).

mesenchymal blastema is devoid of any signs of cytokeratin, which
appears on day 4 as traces in cells within the condensates. The number of
cells expressing cytokeratin-type intermediate filaments increases gradu-
ally, and on day 7 most of the epithelial cells of the tubules are positive
when examined by immunohistology (Lehtonen et al., 1985; Fig. 4.15.).

Proliferation

Introduction

One early response to an inductive stimulus might be a change in the
proliferative state of the target tissue. In fact, this has been shown in the
epithelial component of many glandular organs and of the integument
after an interaction with the mesenchymal stroma (Alescio & Cassini,
1962; Wessells, 1963, 1970; Spooner & Hilfer, 1971; Ronzio & Rutter,
1973; Osman & Ruch, 1978). In the kidney model-system, both direct
measurements and indirect experimental data have provided evidence
for an association between induction of the metanephric mesenchyme
and changes in its DNA synthesis. Vainio et al. (1965) observed an
increased uptake of [*H]thymidine by the nephric mesenchyme after 30-h
transfilter contact with an inductor. After this peak of maximal
incorporation, thymidine uptake diminished almost to the level of the
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controls, i.e. mesenchymes cultivated in identical conditions without
exposure to an inductor.

The suggestion of a morphogenetic role for the postinductory enhance-
ment of DNA synthesis is compatible with findings that an inhibition of
this synthesis during or soon after the ‘induction period’ prevents
subsequent epithelial transformation and tubule formation of the
exposed mesenchyme. Interestingly, Sobel (1966) reported that this
inhibition of morphogenesis is to a certain extent reversible: if the tissues
treated with 5-fluorodeoxy-uridine during the first 20 h of contact were
released from the effect of the inhibitor, disorganized tubules formed
after alag period. Nordling ez al. (1978) used mitomycin C, an inhibitor of
DNA synthesis, during the initial stages of induction and found a dose-
dependent inhibition of tubule formation. The active concentration of
the drug correlated well with the measured inhibition of thymidine
incorporation (Fig. 3.7, p. 68). But conclusions were once again
hampered by the fact that, like many other metabolic inhibitors, mitomy-
cin C may interfere with the synthesis of macromolecules other than
DNA.

Stimulation of DNA synthesis

More recently we have performed a detailed study of changes in the
incorporation of thymidine into the metanephrogenic mesenchyme after
transfer and induction in vitro (Saxén et al., 1983). Dissected mesen-
chymes were combined routinely with a fragment of inducing spinal cord
through interposed filter membranes, and incorporation of
[*H]thymidine was recorded after different time intervals. Incorporation,
calculated per total DNA of the mesenchymes, was compared with
uninduced controls, otherwise treated and pulse-labelled in an identical
way. The results (Figs. 4.16 and 4.17) show initial depression of
thymidine incorporation during the first 10 h of cultivation. This was
evident both in mesenchymes cultivated in transfilter contact with the
inductor and, to a lesser extent, in those cultured in isolation. After the
period of low activity, the induced mesenchyme entered a phase of high
incorporation that reached its peak around 24 h and then declined. The
uptake of thymidine remained, however, two to three times higher in the
induced mesenchymes than in the uninduced ones.

Superimposed on the earlier data on induction and response of the
nephric mesenchyme, the incorporation data show a good temporal
correlation (Fig. 4.17). The initial phase of low metabolic activity up to 10
h correlates with the period when induction has not yet occurred.
Induction takes place during the following 12- to 24-h period, and more
cells gradually enter the programme of epithelial differentiation. At the
end of this period, maximal incorporation was measured and the time



108  Experimental tubulogenesis

50

INDUCED/UNINDUCED

i |

| | | Y I B
o 3 6 9 12 15 18 21 24 27 30 33 36
TIME OF TRANSFILTER CONTACT (h)

Fig. 4.16. Incorporation of tritiated thymidine into metanephrogenic mesen-

chyme in vitro. Uptake recorded as [*H]thymidine incorporation, c.p.m./ug of

DNA and given as a ratio of induced/uninduced mesenchyme (after Saxén et al.,
1983).
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Fig. 4.17. Incorporation curve of [*H]|thymidine into transfilter-induced mesen-
chyme superimposed onto the ‘induction curve’ from Fig. 3.18 (hatched area)
(after Saxén & Lehtonen, 1978; Saxén et al., 1983).
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Fig. 4.18. The effect of an interrupted induction on the formation of tubules

(above) and on the incorporation of [*H]thymidine into nephric mesenchymes in

a transfilter culture (below). The inductor was removed at different durations and

different phases of incorporation (stippled), and incorporation of [*H]thymidine

was measured at 24 h. The connecting lines thus indicate change in incorporation
after interruption of induction (after Saxén et al., 1983).

corresponds to the completion of induction, when all cells to be
determined have entered the programme. After this maximum,
thymidine incorporation slowly drops to a lower level -and the time
corresponds to the stage when the early events of cytodifferentiation
become detectable in the induced mesenchyme.

Two further experiments link the changes in DNA synthesis to the
effect of the inductor. In one of these, thymidine incorporation was
followed after interrupted induction (Fig. 4.18): the inductor was
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Transfilter to spinal cord (NP 0.05 um)

Transfilter to nephrogenic mesenchyme (NP 1.0 ym)
Transfilter to gastric mesenchyme (NP 1.0 um)

Fig. 4.19. Incorporation of [*H]thymidine after 24-h transfilter contact with

inducing and non-inducing tissues after cultivation in isolation or combined with

an inductor through a Nuclepore (NP) filter preventing induction. Only condi-

tions resulting in subsequent tubule formation stimulate incorporation (after
Saxén et al., 1983, 1985).

removed after different intervals during the 24-h induction period, the
mesenchyme was subcultivated and its thymidine incorporation
measured at 24 h. Mesenchymes in which the contact had been interrup-
ted during the first 10 h of cultivation did not differ in their rate of
incorporation from those cultivated without an inductor. When the first
cells had been induced at 12 h, incorporation of thymidine gradually
increased, even after contact with the inductor was broken.

A second set of experiments made use of some earlier observations on
the transfilter passage of tubule induction (Table 3.4, p. 75) and the
existence of non-inducing tissues (Fig. 4.19). When induction was'
prevented by interposing filters with pore-size less than the critical
diameter or when the mesenchymes were combined with tissues devoid of
inductive activity, no increase in the incorporation of thymidine could be
detected after 24 h.

The profound changes in incorporation of thymidine by the mesen-
chymal cells following induction could be due to one of two responses:
either the number of cells in S-phase or the length of the entire cell cycle
varies during the different periods. Direct flow cytometric counts of cells
at different phases of the cycle seemed to rule out the first alternative, and
it was concluded that the probable mode of response to induction is a
shortened cell cycle (Saxén et al., 1983). It still remains unsettled whether
this inductive stimulus is ‘directive’, causing both determination and
proliferation on the mesenchymal cells, or merely ‘permissive’, stimulat-
ing multiplication of a predetermined cell population within the mesen-
chymal blastema. Such a stimulation could be implemented by produc-
tion and secretion of a mitogen by the inductor or by rendering the
mesenchymal target cells responsive to soluble growth factors. Recent
experimental results suggest that both mechanisms are involved.
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Growth factors

All the above experiments recording the proliferative response of the
nephric mesenchyme to an inductive stimulus were performed in vitro by
using culture media supplemented with serum. Serum, on the other hand,
might contain hormones (e.g. insulin, somatomedins) and low molecular
weight ‘growth factors’ (e.g. epidermal growth factor, nerve growth
factor, platelet-derived growth factor), all exhibiting a definite mitogenic
effect on various cell types (for reviews, see Barnes & Sato, 1980;
Gospodarowicz & Tauber, 1980). Tests in vitro for exploring such factors
follow two strategies: cells and tissues can be cultivated in sera selectively
depleted of such compounds; or cells can be cultured in defined media
devoid of unknown protein constituents, and the factors to be examined
can be added to these. The experimental situation, however, still remains
complex, as many compounds with the mitogenic effect can interact with
other constituents of the culture media or with the substrata to which cells
attach.

After some preliminary data suggested that kidney tubule morpho-
genesis can be initiated in a chemically defined, serum-free medium to
which transferrin, an iron chelator, is added (Ekblom et al., 1981c), a
systemic analysis was performed by Ekblom and collaborators (Ekblom
et al., 1983; Thesleff & Ekblom, 1984; Ekblom & Thesleff, 1985). The
results convincingly showed the importance of transferrin to the prolifer-
ation of the mesenchymal cells and to the morphogenesis of the kidney.
However, the first phase of a stimulated incorporation of thymidine
between 12 and 24 h seemed to be transferrin independent, as it occurred
in the chemically defined medium in the absence of transferrin (Fig.
4.20). After a peak incorporation at 24 h, the induced cells became
transferrin dependent. Moreover, parallel cultures of isolated mesen-
chymes not exposed to an inductor remained fully unresponsive to
transferrin. Induction of the mesenchymal cells in the metanephric
blastema evidently renders them responsive to transferrin, which sub-
sequently acts in this system as a growth factor.

The above results do not favour the idea that transferrin is released
from the inductor and acts upon the induced mesenchymal cells — thus far
transferrin has not been detected in the inductor tissue, but has been
found in the serum at the time of onset of kidney organogenesis (11-day
mouse embryos). Ekblom & Thesleff (1985) found transferrin in the
foetal liver and in the visceral yolk sac and showed that the liver
stimulated thymidine incorporation into the metanephric mesenchyme,
provided that the mesenchyme was in contact with a tubule inductor (Fig.
4.21). The effect of the liver tissue upon the nephric mesenchyme was not
contact dependent and could be prevented by anti-transferrin antibodies.
Furthermore, the authors showed that transferrin-depleted serum did not



112 Experimental tubulogenesis

20 -

[2H] THYMIDINE INCORPORATION (c.p.m/}.lg of DNA x 10—3)

B
s e, Y
48 72

TIME (h)

Fig. 4.20. Incorporation of [*H]thymidine into transfilter-induced metanephric
mesenchymes (A) and uninduced controls (B). Continuous line (e—e),
cultivated in the presence of transferrin at 50 ug/ml; broken line (A——A), no
transferrin added to the chemically defined medium (after Ekblom er al., 1983).
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Fig. 4.21. The stimulatory effect of embryonic liver tissue grafted with induced

metanephric mesenchyme either in the presence or in the absence of transferrin

(Tf). Medium conditioned with liver (precult) had no effect (after Ekblom &
Thesleff, 1985).

support growth and morphogenesis of the kidney (Thesleff & Ekblom,
1984).

The mode of action of transferrin on the induced mesenchyme is not
yet fully understood, but it seems to be associated with the transmem-
brane iron transport mediated by transferrin. This has been shown
indirectly by Landschulz et al. (1984), who used a non-physiological,
lipophilic iron chelator, pyridoxalisonicotinoylhydrazone (PIH), to
which ferric iron binds to form the complex FePIH. In the absence of
either transferrin or FePIH, an excess of ferriciron in the culture medium
did not support proliferation of the kidney mesenchymal cells, whereas
FePIH mimicked the action of transferrin in apparently by-passing the
transferrin-mediated transfer of iron from the exterior to the intracellular
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compartment. Hence, the authors concluded that the observed effect of
transferrin on cell proliferation was ‘solely to provide iron’ (Landschulz
etal., 1984).

The induction of transferrin-responsiveness of the mesenchymal cells
during the initial period of contact has not yet been explained. A
plausible mechanism would be induction of an increased number of
transferrin receptors at the surface of the target cells, but thus far
conclusive evidence for this is lacking. Such induction of receptors during
a contact-mediated morphogenetic interaction of cells would not be
unique, and it has been shown to occur during early development of the
mammary gland and in the urogenital tract of the mouse. In both
instances, an epithelial-mesenchymal interaction induces hormone
receptors, rendering the cells responsive to organismal morphogenetic
stimuli, i.e. to hormones with developmental effects (Kratochwil, 1977;
Kratochwil et al., 1979; Cunha et al., 1983, 1985).

Segmentation of the nephron
- Introduction

Various morphological, biochemical and immunological techniques have
been used extensively to examine the segmentation and maturation of the
nephric vesicle in vivo — some of the results have been described in
Chapter 1. But only a limited number of analyses has been performed in
vitro and even fewer in the model-system of experimentally induced
mesenchymes, where a more precise timing can be achieved. In such
cultures of experimentally induced mouse metanephric mesenchymes,
advanced, coiled tubules and glomerulus-like bodies have been
documented by Koskimies (1967a) and by Gossens & Unsworth (1972).
More recently Bernstein et al. (1981) have performed a detailed analysis
at the ultrastructural level. They describe well-shaped though avascular
glomeruli in metanephric cultures induced transfilter by spinal cord and
cultivated for seven days. Staining with colloidal iron visualized a
polyanionic coat on the podocyte surface and an arborizing basement
membrane of the epithelial cells (Figs. 4.22 and 5.4, p. 138).

Early immunohistological studies have likewise suggested late matura-
tion of such cultures. After Okada & Sato (1963) and Okada (1965) had
demonstrated an adult-type microsomal, apparently kidney-specific anti-
gen(s) in the proximal tubules of chick mesonephros, we followed the line
in the metanephros of the mouse and in experimentally induced
metanephric mesenchymes (Lahti & Saxén, 1966). The appearance of an
adult-type antigen was detected in the kidneys of 16-day embryos and on
day 12 in the experimentally induced mesenchymes in vitro (Fig. 4.23).
The observation shows that differentiation of the nephron in vitro
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Fig. 4.22. Electron micrograph of a well-shaped glomerular body in a transfilter-

induced nephric mesenchyme cultivated for seven days. Attached to the stalk an

arborizing basement membrane may be seen. No vascular elements are detected
(Bernstein et al., 1981; courtesy of Dr J. Bernstein).

continues over an extended period, but is greatly delayed. The nature of
this antigen and its ‘indicator significance’ were not revealed by this
study.

Glomerular differentiation

Direct ultrastructural observations and the appearance of epithelial
podocytes which bind colloidal iron onto their surface show that struc-
tures with many features common to the primitive glomeruli in vivo form
in the transfilter-induced cultures (Bernstein ef al., 1981). Further
evidence has been obtained by the use of fluorochrome-conjugated
lectins binding to known sugar moieties on the surface of the podocytes.
Wheat germ agglutinin (WGA) binds to sialic acid and peanut agglutinin
(PNA) to galactose residues. When sections of whole embryonic kidneys
were treated with fluorescein-conjugated WGA, a rather selective bind-
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Fig. 4.23. Fluorescence micrograph of tubules 1n a transfilter-induced mesen-
chyme cultivated for 12 days and reacted with a kidney-specific antigen (Lahti &
Saxén, 1966).

ing to the anionic podocyte surface was obtained on day 13. PNA bound
to these surfaces only irregularly or not at all, but after the sialic acid
moieties were removed by neuraminidase treatment, the WGA-binding
sites disappeared, and the PNA-binding sites were unmasked, resulting
in strong and regular binding (Ekblom ez al., 1981a; Laitinen et al., 1986).
This rather early segregation of the glomerular epithelium irn vivo can be
reproduced in vitro. In the transfilter-induced mesenchymes, WGA-
binding sites could be visualized on the third day of culture, and,
correspondingly, PNA binds to the primitive glomerular bodies after
neuraminidase treatment (Ekblom et al., 1981a). The binding of colloidal
iron to these surfaces, as reported by Bernstein e al. (1981), has also been
confirmed independently (Lehtonen et al., 1983). Indirect evidence for
the glomerular nature of the primitive, avascular bodies developing in the
experimentally induced mesenchymes in vitro is presented in detail in
Chapter 5. Briefly, when mesenchymes developing such glomerular
bodies are grafted onto chick chorioallantoic membranes, they form
rather advanced glomeruli with a vascular component provided by the
avian vessels (Sariola et al., 1983).
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Fig. 4.24. Micrograph of the enzyme y-glutamyltransferase detecting the proxi-
mal tubules in a transfilter-induced mesenchyme (Lehtonen et al., 1983; courtesy
of Dr E. Lehtonen).

Proximal tubules

In order to examine the possible segregation in vitro into proximal and
distal tubules of the nephron, both immunohistological, histochemical
and electron-microscopic techniques have been used. An antibody
against the brush border (BB) of the rat proximal tubules was prepared
by Miettinen & Linder (1976) and shown to cross-react with mouse
tissues. In the transfilter cultures, the first binding of the anti-BB-
antibody to the apical surfaces of the tubules was obtained on the fourth
day of cultivation (Ekblom et al., 1980b, 1981a). The enzyme Y-
glutamyltransferase (GGT) has been considered to be a specific marker
for the proximal tubules (Rutenberg et al., 1969), and our observations
on sections of whole embryonic kidneys lend further support to this view.
In the transfilter cultures GGT-activity could be demonstrated in many
tubules on the fourth day of cultivation, concomitant with, or slightly
later than, the appearance of the BB antigen (Lehtonen et al., 1983; Fig.
4.24). By electron microscopy, tubules were observed on day S charac-
terized by numerous microvilli at the apical cell surfaces. These microvilli
probably represent the brush border of the proximal tubules (Ekblom et
al., 1981a; Lehtonen et al., 1983; Fig. 4.25).
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Fig. 4.25. Electron micrograph of a tubule developing in a transfilter-induced

mesenchyme. Microvilli suggestive of the brush border of the proximal tubules

are visualized (BB). Intercellular junctions are indicated by arrows (Lehtonen et
al., 1983; courtesy of Dr E. Lehtonen).

Distal tubules

An antigen prepared against the Tamm-Horsfall (TH) protein was
applied to follow the possible appearance of distal tubules in the cultures.
This glycoprotein has been found in mammalian embryonic kidneys, and
itis considered to be restricted to the distal portion of the nephron (Hoyer
et al., 1974; Sikri et al., 1979; Dawnay et al., 1980). In vivo, the
appearance of this antigen seems to lag behind the first occurrence of the
BB antigen, and, correspondingly, in the cultures of induced
metanephric mesenchymes, the first TH-positive tubules could be detec-
ted by immunohistology on day 5, i.e. some 24 h after the appearance of
the BB antigen (Ekblom et al., 1981q).

Electron microscopy of mesenchymes on day 5 in culture revealed
some tubules devoid of the microvilli shown in Fig. 4.25. These tubules
consisted of uniform, polarized cells with a distinct basement membrane
but no protrusions at their apical surfaces (Fig. 4.26). They were sug-
gested to be tubules of the distal portion of the nephron (Lehtonen et al.,
1983).
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Fig. 4.26. Electron micrograph of a tubule in an induced mesenchyme on day 5.

The uniformly shaped, polarized epithelial cells are devoid of microvilli and

suggestive of a distal tubule. Intercellular junctions are indicated by arrows
(Lehtonen et al., 1983; courtesy of Dr E. Lehtonen).

Induction of segmentation

Observations on the transfilter-induced metanephric mesenchyme show
that induction is followed not only by early aggregation and epithelializa-
tion of the mesenchymal cells and their assembly into nephric vesicles,
but also by a rather advanced differentiation of the cells expressing
phenotypes characteristic of the three major segments of the nephron.
The results also suggest that the segmental differentiation is sequential
and follows the order glomerulus — proximal tubules — distal tubules
(though one should use caution when comparing results obtained with
different probes and with techniques that are not necessarily of the same
sensitivity). The most intriguing question that then arises is how this
differentiation programme is implemented. As shown in the previous
chapter (Fig. 3.18, p. 81), the induction of kidney tubules in the
experimental set-up is completed after some 24 to 26 h, and then the
mesenchymal cells assemble into tubules after a ‘morphogenetically
silent’ period of 12 to 16 h (Saxén & Lehtonen, 1978). To examine
whether this relatively short induction ‘pulse’ would also suffice to
programme the cells for further segmentation and expression of segment-
specific markers as just described, experiments were conducted with the
technique illustrated in Fig. 3.16 (p. 79): the mesenchymes were induced
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Fig. 4.27. lustration of the results of an experiment where the metanephric
mesenchyme was induced transfilter for 24 h and subcultured for five days
(Ekblom et al., 1980b, 1981a). A. Fluorescence electron micrograph of a section
treated with fluorochrome-conjugated wheat germ agglutinin. Advanced
glomerular bodies are detectable. B. Fluorescence micrograph of a section
reacted with anti-brush-border antibody visualizing the proximal tubules.
C. Micrograph of a section treated with anti-Tamm-Horsfall antibody detecting
the distal tubules. The peroxidase technique was used.

for 24 h by a transfilter contact with the spinal cord and subcultured for an
additional three to five days and then examined with the techniques
described earlier in this chapter. It became evident that the short, 24-h
induction pulse did programme the entire segmentation of the nephron,
and when examined on day 5, all three major segments of the nephron
could be visualized with the markers used (Ekblom et al., 1981a;
Lehtonen et al., 1983; Fig. 4.27). When the induction time was shortened
further, the observations became hampered by technical difficulties; only
afew tubules developed as expected (Saxén & Lehtonen, 1978), and their
viability in the gradually disintegrating, uninduced mesenchyme was low.
Thus far, all tubules analysed in such cultures have shown the BB antigen
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and the somewhat less specific GGT reactivity, but not the TH antigen of
the distal tubules. Features typical of the developing glomerular bodies in
vitro were also regularly detected in such cultures. It is tempting to
suggest that a sequential triggering occurs of the three cell lineages that
express the characteristics of the different segments of the nephron.
Evidence for this postulate, however, is still insufficient (Lehtonen et al.,
1983).

Epithelial Phenotype versus Tubulogenesis
Introduction

The complex chain of events initiated in the nephric mesenchyme by an
interaction with the epithelial inductor involves expression of new cellu-
lar phenotypes but also an assembly of these cells into specific, three-
dimensional structures. Clearly, events at the cellular and tissue levels are
interdependent, and after induction the pretubular cells interact with
each other (‘homotypic’ interaction, Grobstein, 1962) and also with their
extracellular matrix (basement membrane). To understand the control
mechanisms of this complicated organogenetic process, an effort should
be made to separate events at the cellular and tissue levels and to examine
to what extent the expression of a new cell phenotype is a consequence of
spatial assembly rather than independent cytodifferentiation at the level
of single cells. Two previous approaches along these lines in other
embryonic organs should be mentioned. Spooner et al. (1977) followed
the onset and development of a specific enzyme (amylase) activity
in pancreatic epithelial cells normally forming exocrine acini. Preven-
tion of this assembly into acini in monolayer cultures did not inhibit cyto-
differentiation of the predetermined epithelial cells. This was shown
as a 100-fold rise in amylase activity and as appearance of zymogen
granules.

Correspondingly, the endocrine activity of Leydig’s cells of the testis
normally develops within the seminiferous cords. Formation of these
cords can be prevented in vitro by foetal calf serum, and yet cells releasing
testosterone appear within the disorganized testicular rudiments (Magre
& Jost, 1984; Patsavoudi et al., 1985).

Tubulogenesis of the kidney has recently been subject to a correspond-
ing analysis by Lehtonen and co-workers (Lehtonen ef al., 1985, and
unpublished results; Lehtonen & Saxén, 1986b).

Monolayer cultures

To dissect cytodifferentiation (epithelialization) and morphogenesis
(tubulogenesis) in the embryonic kidney, the transfilter model-system
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was combined with Spooner’s strategy (Spooner et al., 1977). With the
knowledge that, in a transfilter culture, at 24 h a great proportion of the
mesenchymal cells are determined towards an epithelial destiny, such
mesenchymes were examined in monolayer cultures. After induction, the
still fully undifferentiated mesenchymes were either chopped into tiny
pieces or gently dissociated by enzyme treatment — in both cases
monolayer cultures developed on coverslip surfaces. Cells in such culture
conditions showed no spatial arrangement, they divided mitotically and
soon showed some morphological diversification.

To follow developmental changes in the monolayer cultures,
immunofluorescence techniques with specific antibody probes were used.
Two of the antibodies were against cytoskeletal proteins (vimentin,
cytokeratin) and two against compounds of the extracellular matrix
(fibronectin, laminin). I have already described the changes in the
expression of these proteins irn vivo and in the three-dimensional model-
system: uninduced mesenchymal cells of the blastema express vimentin, a
common marker for embryonic mesenchymal cells, but lose these fila-
ments when converted into cytokeratin-positive epithelial cells.
Similarly, fibronectin is expressed by undifferentiated mesenchymal cells
but disappears from the matrix after induction, remaining in the inter-
tubular stroma. Conversely, laminin synthesis is enhanced in the induced
mesenchymal areas, after which it is confined to the basement membrane
of the early renal vesicles. Dispersed cells in monolayer cultures followed
this developmental pattern only partially.

Results obtained in the monolayer cultures can be summarized as
follows (Lehtonen & Saxén, 1986b; Figs. 4.28 to 4.30).

(1) Conversion of cells expressing vimentin-type intermediate filaments
into epithelial cells with cytokeratin-positive filaments occurred
regularly in many but not all cells in the induced cultures. ‘Inter-
mediate’ cells with both types of filaments were not rare.

(2) Expression of the two proteins of the extracellular matrix did not, in
contrast, follow the developmental pattern in vivo; synthesis and
deposition of both laminin and fibronectin were observed throughout
the monolayer and in cultures of uninduced cells. No clear dif-
ferences, spatial organization or polarized secretion of these proteins
were recorded. Furthermore the expected co-distribution vimentin—
fibronectin and cytokeratin—-laminin was not distinct, and both
vimentin- and cytokeratin-positive cells synthesized the two matrix
proteins (Figs. 4.29 and 4.30).

The above results and their comparison with our earlier data on
development in vivo and changes in the three-dimensional model-system
have led us recently to the following tentative conclusions (Lehtonen &
Saxén, 1986b):
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Fig. 4.28. Low-power fluorescence micrographs of induced mesenchymal cells
cultivated as monolayers and double stained with antisera against vimentin (A)
and against cytokeratin (B) (Lehtonen et al., 1985).

(1) Induction of the nephric mesenchymal cells results in an assembly-
independent change in phenotype (as shown by the two markers for
the intermediate filaments).

(2) Synthesis of laminin and fibronectin is inherent in uninduced cells,
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Fig. 4.29. High-power fluorescence micrographs of induced mesenchymal cells

cultivated for seven days as monolayers and double stained with two antisera.

Staining of fibronectin (A) and cytokeratin (B) reveal a partial co-distribution

with a cell expressing both antigens. Double staining for laminin (C) and

cytokeratin (D) show several cells expressing both proteins (Lehtonen & Saxén,
1986b)

and their re-distribution in vivo is due to factors operating at tissue
level, e.g. the changing architecture, local activation of proteolytic
enzymes and organismal control mechanisms.

(3) Polarization of cells is related to their three-dimensional assembly
and interaction with extracellular components.
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Fig. 4.30. High-power fluorescence micrographs of mesenchymal cells induced

for 24 h and subsequently cultivated as monolayers for five days. Double staining

for laminin (A) and vimentin (B) show partial co-distribution (Lehtonen &
Saxén, 1986b).

Summary of kidney tubule differentiation in vitro

Our present knowledge of the induction of kidney tubules and of the early
stages of tubule formation in vitro are summarized in Fig. 4.31. Because a
majority of the observations are derived from experiments that have been
made using the same basic techniques and experimental conditions, a
temporal correlation of the various events is possible. It is likely though
that the scheme will be modified and completed in the future, when new
and more sensitive techniques become available for detecting early
changes at the submicroscopic and molecular levels. The course of the
differentiative changes may also allow some conclusions and stimulate
speculations on their causal relationship. This will be done in Chapter 6.

The induction of the metanephric kidney tubules is permissive and the
inductor acts upon a predetermined cell population with restricted
developmental options. Induction of the mesenchymal cells is a rather
slow event and is completed only some 24 h after an inductor/target tissue
contact has been established. This induction ‘pulse’ leads to an epithelial
transformation of the mesenchymal cells and to their assembly into
tubular structures. Induction, furthermore, programmes the target cells
ultimately leading to the expression of several cellular phenotypes within
the nephron. The inductive signals and the mechanisms of the program-
ming are unknown.
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Fig. 4.31. Scheme of the various parameters monitoring the differentiation of the

metanephric mesenchyme in transfilter culture. Modified from diagrams

published by Saxén er al. (1968, 1981), Saxén (1971), Ekblom (1984) and
Lehtonen & Saxén (1986a).

The various changes and differentiative parameters summarized in Fig.
4.31 may justify the distinguishing of five periods of kidney tubule
induction and differentiation in the experimental model-system. No
doubt, the division is schematic and the periods partially overlapping:

Period 1 begins with the establishment of the inductor/mesenchyme
contact, which takes place 1 to 2 h after the setting up of the transfilter
culture. The period lasts for some 12 h and is characterized by a low
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metabolic activity of the cells without any detectable changes connected
with differentiation. The gradually decreasing incorporation rate of
precursors for macromolecules apparently reflects a slow recovery from
the preceding mechanical manipulation and enzymic treatment of the
mesenchymal cells.

Period 2 covers hours 12 to 24, when rapid changes in the mesenchyme
can be monitored by several parameters. Synthesis of DNA and RNA
shows an increasing trend as recorded by the incorporation of their
labelled precursors and by the measurement of the cytoplasmic RNA.
Parallel to this increase, which reaches its climax at 24 h, the mesenchyme
loses its sensitivity to certain metabolic inhibitors such as actinomycin D.
The induced cells become sensitive to the growth factor transferrin which
from this point is a necessary constituent of the culture medium.

The extracellular matrix undergoes marked changes during the second
period of induction. Initially the mesenchymal extracellular matrix con-
tains interstitial proteins (collagen type I and type III, fibronectin), but
towards the end of the second period these disappear, as judged by
immunohistology. A set of ‘epithelial’ proteins can then be visualized
with the same technique, and this apparently reflects their enhanced
synthesis. These proteins include collagen type IV, laminin, and a
heparan-sulphate-rich proteoglycan. No definite morphological changes
occur during this period, but time-lapse cinematography suggests that
there is already a decreased motility of the mesenchymal cells at this
stage.

Period 3 covers the following 12-h period from 24 to 36 h when
induction is actually completed. Synthesis of DN A slowly diminishes, but
remains clearly above the level of uninduced controls. Towards the end of
this period the epithelializing cells can be distinguished from the unindu-
ced cells by their aggregation into pretubular condensates. Morphologi-
cally, the first signs of an accumulation of basement-membrane-like
material are seen around the condensates, and immunohistology shows
how the epithelial proteins become confined to the periphery of the
condensates. Cells soon become attached to this basement membrane,
which initiates the fourth period.

Period 4 begins with the attachment of cells to the newly formed
basement membrane, followed by their polarization. A central lumen
opens, and electron microscopy reveals a definitely polarized ultrastruc-
ture. Cells begin to lose their vimentin-type intermediate filaments and
start expressing cytokeratin.

Period 5 is characterized by the elongation and irregular coiling of the
nephric tubules — this would correspond to the formation of the $-shaped
body in vivo. The total induced area of the mesenchyme is still increasing.
Towards the end of this period, which lasts for three to five days,
segregation of the nephron can be shown and three new epithelial cell



128 Experimental tubulogenesis

phenotypes are expressed in a sequential manner: the presumptive
glomerular podocytes binding certain lectins and colloidal iron on their
anionic surface on day 3; the brush border of the proximal tubules can be
visualized by immunohistology and by electron microscopy on day 4; and,
finally, the TH protein restricted to the distal tubules is expressed on day
5. Needless to say, the period of maturation extends beyond these stages
as new cell types differentiate in vivo. However, in vitro, the sequence
might end with these first signs of segmentation of the nephron.



5

Vascularization of the nephron

Introduction

The origin of the endothelial component of the glomerulus and the mode
of development of the kidney vasculature have been controversial sub-
jects for a century. The original hypotheses were outlined by embryolog-
ists who based their ideas on light-microscopic findings. Later, electron-
microscopic explorations could not settle the varying opinions. The
somewhat confusing literature has been reviewed by Jokelainen (1963),
Potter (1965), Kazimierczak (1971) and Sariola (1985).

Three cell lineages are theoretically potential progenitors for the
capillary endothelial cells of the glomeruli, and all these possibilities have
found their adherents. Accordingly, the following possible origins can be
listed:

(1) Cells of the glomerular anlage, the renal epithelium, derived from
the nephrogenic mesenchyme.

(2) Mesenchymal cells, either within the glomerular crevice or invaginat-
ing there.

(3) Endothelial cells outside the nephric blastema.

The first hypothesis, the origin in situ of the endothelial cells, was first
suggested by Herring (1900). Similar views were presented by Rienhoff
(1922) and, especially, by Hall & Roth (1957). The two latter authors
observed red blood cells within the glomerular body before capillary
lumina were detected. They considered this to be further evidence for the
endothelial and hematopoietic potentials of the glomerular cells before
the development of outside vessels and connections to them. The finding
was confirmed by Kurtz (1958), who also agreed with the conclusions
drawn by Hall & Roth of the origin in situ of the hematopoietic and the
endothelial cells. This view was shared by Lewis (1958) and Suzuki (1959)
and in 1962 by Vernier & Birch-Anderson, who concluded that ‘buds of
renal artery join the (glomerular) tuft only after formation of a vascular
network in situ within the glomerulus’.

In his classic paper in 1905, Huber suggested that the glomerular
vasculature might be derived from cells outside the $-shaped anlage: ‘My
own observations lead me to think that the first capillary loop found
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Fig. 5.1. Scheme of vasculogenesis of the nephric vesicle as seen in serial thin

sections of immature rat kidney (Jokelainen, 1963). A. Formation of the lower

(glomerular) crevice at the comma-shaped stage. Mesenchymal cells (M) and

stromal capillaries (c) are seen around the orifice. B. Reconstruction of the §-

shaped body with mesenchymal cells invading the crevice and a row of erythro-

cytes. C. Section through the lower crevice of an immature glomerulus showing
the invaded cells within the glomerular crevice.

within the mesenchyme occupying the concavity of the lower $-curve of a
tubular anlage grows into this from without as I have generally been
unable to trace a connection between it and the capillaries outside the
cleft occupied by the mesenchyme.” Though briefly mentioned by
Edwards (1951) and Suzuki (1959), the ‘migration in situ’ hypothesis was
forgotten until Jokelainen (1963) presented further light- and electron-
microscopic evidence for it. In his serial thin sections he found mesen-
chymal cells which ‘migrate actively’ into the glomerular cleft and
become differentiated into endothelial cells (Fig. 5.1). He also described
primitive capillaries around the orifice of the cleft, which frequently
contained red blood cells. Jokelainen emphasized that these erythrocytes
were regularly mature and that no hematopoiesis was detected. While
adhering to the ‘migration in situ’ hypothesis, he did not, however,
explain where these apparently circulating cells came from. In his
thorough ultrastructural analysis of early glomerulogenesis,
Kazimierczak (1965, 1970, 1971) emphasized that the morphology of the
endothelial cells showed that they were motile and invaded the
glomerular crevice. He also stressed that, through glomerulogenesis, the
capillaries within the S-shaped body were connected to the ‘renal
vascular blood system’, but he did not define clearly how the latter was
formed. This idea of the origin of the glomerular epithelium was shared
by Aoki (1966).

The third hypothesis suggesting an outside origin for the kidney
vasculature was first stated by Potter in 1965. Basing her observations on
direct light microscopy and lengthy microdissection she concluded: ‘The
capillaries originate as direct outgrowths from adjacent vessels and the
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cells they contain come from the general circulation . . . and there is no
evidence that capillaries exist in a glomerulus at any stage of development
that are not in direct communication with the vessels outside the
glomerulus’ (Potter, 1965; Osathanondh & Potter, 1966). Despite these
statements and direct and circumstantial evidence (e.g. the mature red
cells within the glomeruli), the ‘in siti’ hypothesis has persisted (Reeves
et al., 1980), and even some additional experimental evidence has been
provided (below).

Experimental investigations

Direct evidence for a vasculopoietic and hematopoietic competence of
the metanephric mesenchymal cells (or of the induced epithelial cells)
would be their conversion in vitro into endothelial or blood cells. In fact,
this has been reported by Emura & Tanaka (1972). Using the transfilter
technique, described on p. 48, they combined the undifferentiated,
murine nephric mesenchyme with embryonic liver and obtained both
endothelial lacunae and blood cells in the former. The obvious conclusion
was that the mesenchymal blastema contained cells with vasculogenetic
and hematopoietic developmental potentials. We have not, however,
been able to confirm these important observations. Using an almost
identical technique and the same tissue components we have not
observed endothelial or hematopoietic cells within the metanephric
mesenchyme (Sariola et al., 1982). An epithelial origin of the endothelial/
hematopoietic cells was excluded in similar experiments where the
mesenchyme was combined with both the liver and an inductor. This led,
as expected, to the formation of epithelial tubules but never any other cell
types.

Several explanations can be offered for the discrepancy between our
results and those of Emura & Tanaka (1972). Our culture conditions,
differing slightly from those of the Japanese authors, might not support
endothelial’/hematopoietic differentiation, or Emura & Tanaka might
have used mesenchymes contaminated by other cells. There may be two
sources of such cells: at the time of dissection the metanephric blastema is
surrounded by a capillary network which could provide endothelial cells
to the explant, especially if slightly ‘aged’ rudiments are used. Another
source of contaminating cells could be the liver tissue at the lower surface
of the filter. The irregular, often rather large pores of filters that were in
use in 1972 could have allowed passage of hematopoietic/endothelial cells
from the liver to the mesenchymal component.

Indirect experimental evidence for the non-nephrogenic origin of the
glomerular endothelium is gained from long-term organotypic cultures of
embryonic kidney rudiments and transfilter-induced mesenchymes. Both
develop rather advanced epithelial structures including glomerular



Fig. 5.2. Demonstration of the formation of chimaeric glomeruli in mouse
kidneys grafted onto quail chorioallantoic membrane (Sariola et al., 1983;
Sariola, 1985; courtesy of Dr H. Sariola). A. Micrograph of a Feulgen-stained
section shows quail endothelial cells with deeply stained nucleoli (En) within the
glomeruli and erythrocytes (E) at its orifice. The endothelial cells are surrounded
by mouse-derived podocytes (P). B. Electron micrograph shows a quail endo-
thelial cell with its nuclear ‘marker’ and a mouse podocyte. C. Scanning electron
micrograph illustrates the folding surface of the glomerular loop. D. Fluorescence
micrograph after staining with a monoclonal antibody against quail endothelial
and hematopoietic cells also demonstrates the origin of the glomerular
endothelium.
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bodies, but these remain avascular, as reported by two independent
laboratories (Bernstein, 1978; Bernstein et al., 1981; Ekblom, 1981b;
Bonadio et al., 1984).

The findings and conclusions concerning the origin of the kidney
vasculature are still variable. Some recent experimental studies related to
the problem will be described.

Grafting experiments

Previous findings demonstrate that many embryonic and neoplastic
tissues elicit a vascular response when grafted onto avian chorioallantoic
membrane (CAM) (p. 38) (for a review, see Folkman & Cotran, 1976).
These tissues include the embryonic kidney, as might have been expected
from previous transplantation experiments demonstrating that
embryonic and neonatal murine kidneys give a vascular response in their
new sites (Grobstein & Parker, 1958; Warren et al., 1972). Auerbach et
al. (1976) grafted undifferentiated mouse kidney rudiments onto CAM
and obtained no neovascularization, but a strong vascular response was
detected with older kidney tubules.

We have confirmed the above finding by Auerbach et al. (1976).
Undifferentiated metanephric mesenchymes remained avascular on
CAM, whereas differentiating kidney rudiments and transfilter-induced
mesenchymes became richly vascularized (Ekblom et al., 1982; Sariola et
al., 1983; Fig. 5.2). Light- and electron-microscopic examination of the
glomerular anlagen that develop in these conditions reveal an endothelial
component, rare in the induced mesenchymes but regular in whole-
kidney grafts.

For further analysis of the origin of the glomerular endothelium, we
used the quail ‘marker’ described by Le Douarin (1973; Le Douarin &
Barq, 1969) and illustrated in Fig. 3.26 (p. 87). Mouse kidneys were
grafted onto quail CAM, and the glomerulus-bearing grafts were
analysed either by Feulgen-staining in sections or by electron
microscopy. Both techniques revealed conclusively that the glomerular
endothelium and the kidney vessels were of quail origin (Ekblom ez al.,
1982; Sariola ez al., 1983; Fig. 5.2A,B). ‘Contaminating’ mouse endo-
thelial cells were found in fewer than 5% of the grafts. In addition, adult
quail-type red cells were seen regularly in the vessels and in the
glomerular loops. The origin of these as well as of the endothelial cells
could be confirmed by using antibodies specific for the quail endothelial
and hematopoietic cells (Fig. 5.2D).

Formation of chimaeric murine/avian glomeruli was obtained when
whole embryonic kidneys were used as grafts. The results were different
when transfilter-induced mesenchyme pieces were similarly grafted and
examined: following an initial induction pulse of 24 h or less, areas of the
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pieces remained uninduced and undifferentiated without any epithelial
tubules. In these cases the invading avian vessels seemed to avoid the
undifferentiated areas while seeking their way to the epithelialized
portions of the explant, where they surrounded the tubular anlagen. No
vascularization was observed in uninduced control grafts. Another dif-
ference between the whole kidney graft and the transfilter-induced
mesenchymes has already been mentioned: in whole-kidney grafts
vascularized, chimaeric glomeruli were abundant, whereas such forma-
tions were rare in the isolated mesenchymes dominated by avascular
glomerular bodies.

Some conclusions can be drawn from the above experimental results.
Vessels outside the avascular kidney rudiments are stimulated to sprout
and to invade the kidney, where their endothelial cells ultimately home
into the epithelial glomerular anlagen to form chimaeric murine/avian
glomeruli. The stimulation and attraction are associated with the epi-
thelial differentiation of the kidney mesenchyme, as uninduced mesen-
chymal areas remain avascular. It is tempting to speculate that induction
and subsequent differentiation of the mesenchyme produce an attractant
for angiogenesis, an angiogenic factor described in many neoplastic and
normal tissues (for a review, see Gullino, 1981). Interestingly enough,
some split products of collagens and fibronectin are among such reported
angiogenetic factors, and the release of these products is a likely conse-
quence of the early changes in the extracellular matrix (ECM) of the
kidney (see p. 22). Recently, Risau & Ekblom (1986) have isolated and
characterized an angiogenetic factor from embryonic mouse kidneys.
The factor is differentiation dependent and apparently not synthesized by
the uninduced metanephric mesenchyme.

Another feature of the results that deserves a short comment is the
rare vascularization of the glomeruli formed in the induced mesenchymes
devoid of the ureteric component. Two factors might be involved here:
either the renal vesicles and the primitive podocytic glomeruli develop
temporally mismatched to the endothelial component, or the irregularly
shaped epithelial structures in the artificially induced mesenchymes do
not provide a proper scaffold for the invading endothelial cells. In brief,
some timing and guiding forces that apparently operate during normal
development are eliminated in these grafts of mesenchymes devoid of the
branching ureter.

To follow the migration of the endothelial cells, additional experiments
were performed on whole-kidney grafts (Sariola et al., 1984c). These
immunohistological investigations bring us back to the earlier reported
postinduction changes in the ECM (p. 22).
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Angiogenesis and the extracellular matrix

As recently stated by Sariola (1985), the ECM might be involved in
vasculogenesis through different mechanisms. In addition to a direct
stimulating effect, the constitution of the ECM and its various com-
ponents could regulate vessel orientation, differentiation and prolifer-
ation of the endothelial cells, and finally, render the cells sensitive to
circulating angiogenetic factors (Steward & Wiley, 1981; Feinberg &
Beebe, 1983; Schor & Schor, 1983). With this background, an attempt
was made to correlate the migration of the avian capillaries to the local
changes in the ECM reported in Chapter 1 (Sariola et al., 1984b). The
invading capillaries were visualized by immunofluorescence with two
monoclonal antibodies against quail endothelial (and hematopoietic)
cells). The constitution of the ECM was examined by antibodies against
fibronectin and laminin, the former being a typical constituent of the
uninduced stroma, the latter marking the induced areas and, especially,
the epithelial basement membranes. As shown in Fig. 5.3, the invading
capillaries show a clear preference for the uninduced areas expressing
fibronectin, but omit the induced early condensates expressing laminin.
The vessels never invade the epithelial tubules surrounded by a laminin-
containing basement membrane at a later stage. In fact, the vessels follow
the border between the condensates (later renal vesicles) and the unindu-
ced stroma expressing fibronectin. So, the differentiating nephric tissue
apparently provides guidance cues for the orderly migration of the
endothelial cells, whereas the interactive mechanisms remain speculat-
ive. A possible explanation would be that fibronectin is the decisive
molecule as has been suggested by Thiery et al. (1982a) for another
migratory event. Since fibronectin is known to convey adhesive proper-
ties to cells and adhesive sites for various components of the basement
membrane (surrounding the invading vessels), this suggestion seems
feasible but remains unproved. Another possibility would be that the
randomly migrating endothelial cells seek areas of least mechanical
resistance, thus avoiding the areas of early condensation and epithelial
vesicles. Whatever the basic mechanism, the migratory paths of the
endothelial cells are created by the invading and orderly branching ureter
inducing the changes at the molecular and cellular levels.

Glomerulogenesis

Since the glomerular endothelium is of external origin, the sources of
two other glomerular components, the basement membrane and the
mesangial cells, should be considered. Recent findings of various investi-
gators warrant some conclusions. The glomerular basement membrane
(GBM), located between the polarized podocytes and the endothelial
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Fig. 5.3. Fluorescence micrographs for comparison of the spatial distribution of
fibronectin and laminin with the localization of avian vessels in grafted murine
kidneys. Double treatment with antibodies was used against matrix components
and quail-derived capillaries (Sariola et al., 1984c). A, B. Fibronectin is expressed
by the stromal cells, but not by the epithelial cells of the ureteric bud (U) or by the
condensed mesenchymal cells (M), and it shows a definite co-distribution with the
endothelial cells. C, D. Laminin is expressed in a punctate fashion in the
condensates around the ureteric bud (U) and in the basement membrane of the
tubules (T), but it shows no co-distribution with the vessels (V).
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cells, consists of compounds found in all epithelial basement membranes:
collagen type IV and type V, laminin, fibronectin, entactin and heparan
sulphate proteoglycan (Ekblom, 1981a; Farquhar, 1981; Timpl &
Martin; 1982, Avner et al., 1983; Bonadio et al., 1984). Collagen can be
localized to the central lamina densa where it forms an elastic cross-linked
network, while laminin and heparan sulphate proteoglycan are restricted
to the lamina rara, facing both the epithelial (podocytic) and the endo-
thelial (vascular) surfaces (Farquhar, 1981; Timpl et al., 1981; Courtoy et
al., 1982). A reasonably good agreement exists between the basic
structure and the composition of the GBM, whereas opinions still differ
as to its origin.

Since both podocytes and endothelial cells synthesize components of
the basement membrane (Jaffe et al., 1976; Killen & Striker, 1979;
Gospodarowicz et al., 1981), a dual origin for the GBM has naturally
been suggested (Thorning & Vracko, 1977; Huang, 1979; Reeves et al.,
1980). Some of the evidence has been derived from transfilter studies in
vitro, where differentiated avascular glomerular bodies can be explored.
The podocytes can be visualized through their polyanionic coat, which
binds both (fluorescein-coupled) wheat germ agglutinin and colloidal
iron (Bernstein et al., 1981; Ekblom et al., 1981a; Lehtonen et al., 1983,
Fig. 5.4). After a five-day cultivation of induced mesenchymes in vitro,
such glomeruli could be visualized, but Ekblom (1981a) could not detect
any basement-membrane components on the podocytic surface when it
was examined by immunohistology. He therefore concluded that endo-
thelial cells might be required for the formation of the glomerular
basement membrane. The findings were subsequently revised by another
group (Bonadio et al., 1984). By extending the transfilter culture period
to seven days, these investigators showed, in controlled
immunofluorescence examinations, the expression of collagen type IV
and type V, laminin and heparan sulphate proteoglycan at the surface of
the visceral epithelial cells (the podocytes) (Fig. 5.5). They concluded
that GBM is at least in part an epithelial cell product. Electron
microscopy revealed, however, that the basement membrane on the
podocytic surface was bilaminar and showed an electron-dense and an
electron-lucent layer, but it was devoid of a region corresponding to the
lamina rara interna of normal GBM.

The dual original of the glomerular basement membrane has been
shown in certain experimental conditions by applying the above-men-
tioned chorioallantoic grafting technique. The origin of the basement
membrane formed in the murine/avian glomeruli was examined with
species-specific antibodies against various components of the GBM. The
results showed that, in these conditions, the basement membrane con-
tained both mouse- and chick-derived collagen type IV, whereas the
basement membrane surrounding the kidney tubules was exclusively of
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Fig. 5.4. Light (A) and electron (B) micrographs demonstrating binding of

colloidal iron on the podocyte surface of glomerular bodies on transfilter-induced

mesenchymes (A: Lehtonen et al., 1983; B: Bernstein et al., 1981; courtesy of Dr
J. Bernstein).

mouse origin and the one around the vessels of chick type (Fig. 5.6). The
authors concluded that the GBM of the chimaeric glomeruli had a dual
origin, i.e. it was synthesized by both podocytes and vascular endothelial
cells (Sariola et al., 1984b). Electron microscopy of these glomeruli
showed that the GBM was partially of normal trilaminar type, but
frequently split into an epithelial and an endothelial layer, which both
showed two regions only, a lamina rara and a lamina densa (Sariola,
1984). Thus, they resembled the GBM of the transfilter-induced
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Fig. 5.5. Fluorescence micrographs demonstrating the synthesis of certain base-
ment-membrane components by the podocytes in transfilter-induced mesenchy-
mal explants after seven days of cultivation (Bonadio et al., 1984; courtesy of Dr J.
Bernstein). Immunofluorescence technique after treatment with the following
antisera: A. Heparan-sulphate proteoglycan. B. Laminin. C. Collagen type V.
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Fig. 5.6. Illustration of an analysis of the constituents of the glomerular basement

membrane (GBM) and the mesangial area (MA) in mouse/chick chimaeric

glomeruli (Sariola et al., 1984b; courtesy of Dr H. Sariola). Immunofluorescence

and peroxidase techniques after treatment with the following antisera.

A. Monoclonal antibody against chick collagen type IV. B. Rabbit antibody

against chick collagen type IV. C. Rabbit antibody against mouse collagen type
IV. D. Affinity-purified antibody against mouse laminin.

glomeruli described earlier (Bonadio et al., 1984). It may be suggested
that the incomplete fusion of the two basement membranes is due to some
molecular differences and mismatching (also reflected in the immunolo-
gically demonstrated species specificity).

The double-layered structure of the GBM has been beautifully visu-
alized by Abrahamson (1985). The technique involved coupling of anti-
laminin immunoglobulin G (IgG) to horseradish peroxidase (HRP) and
injection of the probe into newborn rats. Peroxidase histochemistry on
sections from the kidney cortex showed binding of the IgG-HRP com-
plex to the basement membranes of early renal vesicles, $-shaped bodies
and of the mature nephrons. At the capillary-loop stage, laminin was
detected in the GBM as a double layer (Fig. 5.7).

Dual origin of the GBM was further supported by the observations of
Abrahamson (1985) that application of the anti-laminin IgG-HRP com-
plex to sections of newborn rat kidneys detected the label intracellularly
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Fig. 5.7. Electron micrographs of the capillary wall of glomeruli at the capillary

loop stage (Abrahamson, 1985; courtesy of Dr D. Abrahamson). Ep, glomerular

epithelium; En, endothelium; CL, capillary lumen. A. Section from a newborn

rat pulse-fixed with anti-laminin Immunoglobulin G-horseradish peroxidase. A

double layer of peroxidase-positive material is seen within the basement mem-

brane (arrows). B. Standard electron-microscopic technique with uninjected rats
clearly demonstrates the double basement membrane (arrow).

both in the epithelial podocytes and the endothelial cells of the immature
glomeruli.

The mesangial cells of the glomerulus have not yet been examined
fully. They lie in close association with the capillary endothelium, but are
not connected to their lumen. No specific markers have been reported for
them (for a review, see Kreisberg & Karnovsky, 1983). The mesangial
cells express a basement membrane-type matrix as well as fibronectin
(Stenman & Vaheri, 1978; Oberley et al., 1979; Courtoy et al., 1980;
Madri et al., 1980; Ekblom et al., 1981b).

The origin of the mesangial cells is still controversial. Suzuki (1959) and
Vernier & Birch-Anderson (1962) concluded that the cells are formed in
situ from the glomerular anlage, whereas Kazimierczak (1971) attributed
their origin to mesenchymal cells that invade the glomerular crevice and
become trapped between the endothelial loops. Bernstein et al. (1981)
could not find mesangial cells in the avascular but otherwise well-
developed glomerular bodies in the transfilter-induced mesenchymes.
Hence, they regarded these cells as vascular derivatives. In the murine/
avian chimaeric glomeruli described, cells were detected in association
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with the endothelium but not connected to the capillary lumen. These
cells, mesangial by localization but otherwise indistinguishable from
endothelial cells, showed characteristics of the avian host in immuno-
histology by expressing chicken collagen type IV and fibronectin.
Mouse-specific anti-collagen type IV, anti-laminin and anti-fibronectin
antibodies did not react with the mesangial area (Sariola et al., 1984a, b,
c). The avian origin of the mesangial cells could also be visualized by the
use of the quail-specific antibody against endothelial (and hematopoietic)
cells (Figs. 5.3 and 5.6). These findings clearly speak in favour of outside
origin of the mesangial cells. They are either directly derived from
migrating endothelial cells or their precursors co-migrate with endo-
thelial cells. Final conclusions to confirm these findings based on light
microscopy should come from electron-immunological examinations of
the distribution of avian antigens in the chimaeric glomeruli.

Conclusions

The direct morphological and immunohistological findings and the
experimental results reviewed in this chapter allow a synthesis of the most
probable mechanism of vascularization of the nephron: a pair of vessels
sprout from the dorsal aorta (Salama et al., 1982) and invade the
metanephric blastema in close association with the ingrowing ureteric
bud. When the latter branches and induces pretubular aggregates around
its tips, the migrating endothelial cells follow the border between these
condensed areas and the fibronectin-expressing stroma. When the §-
shaped bodies are formed, this path directs the endothelial cells into the
first-formed lower crevice of the glomerular anlage. Here migration
ceases, and the endothelial basement membrane fuses to that of the
epithelial podocytes to create the final GBM. This spatially and
temporally synchronized development of the mesenchymal and endo-
thelial cell lineages is primarily programmed by the branching ureter and
its inductive action. The latter determines the constitution and local
changes in the ECM that ultimately trigger angiogenesis and guide the
capillaries to their final location.
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Concluding remarks

Control mechanisms

Figure 6.1, modified from previous schemes by Lehtonen & Saxén
(1986a) and Saxén & Lehtonen (1986), summarizes much of our present
knowledge of various molecular and structural events linked to the early,
postinductory development of the secretory nephron. This process
should be considered as a simple example of organogenesis singled out
from a more complex process and consisting of a variety of develop-
mental events not unique to the kidney: induction, proliferation, alterna-
tions in the intracellular and extracellular protein constituents, changes in
cell shape and motility, and ultimately the assembly of cells into aggre-
gates which gradually adopt organ- and tissue-specific formations with
specific cellular phenotypes. These various processes have been
documented in the previous chapters, but it is still not easy to find causal
relationships within the general framework. Needless to say, such an
analytical exercise will comprise — in addition to observations and facts —
speculations and hypotheses.

The three main types of response of the nephric mesenchymal cells to
an inductive stimulus are listed in the chart: documented events, their
postulated and mostly unknown molecular basis, and their apparent
morphogenetic consequences. The observed postinductory changes can
be divided into three main types: (1) stimulation of the DNA synthesis
(and proliferation) of the target cells, (2) disappearance (degradation) of
the interstitial-type proteins from the extracellular matrix, and (3)
enhanced (or neo-) synthesis of epithelial-type proteins of the extracel-
lular matrix (ECM) and the cytoskeleton.

Proliferation of the induced cells is apparently stimulated and main-
tained by a dual control mechanism. The initial stimulation (12 to 24 h)
depends on a persisting contact with the inductor and is probably emitted
by a mitogen. Soluble growth factors are not required at this stage. After
peak synthesis, inductor-dependence no longer exists, but the cells have
become responsive to organismal growth factors (transferrin). How the
inductor renders cells responsive to transferrin is not known. The most
feasible explanation would be an induction of transferrin receptors, but



144 Concluding remarks
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Fig. 6.1. Scheme of the postulated primary events, and their consequences, in the
induction of the metanephric mesenchyme (for details, see the text) (Saxén &
Lehtonen, 1986).

thus far efforts to document this have failed (Thesleff et al., 1985).

Many of the consequences of a stimulated proliferation are apparent.
Increased cell number is required for the growth of the anlage and
probably also for the aggregation process itself. In addition, many
examples are known, and well documented, where expression of a new
cellular phenotype requires mitosis. We do not know whether the
observed stimulation of proliferation in the nephric mesenchyme is
selective, i.e. whether the mitogen acts upon a selected, predetermined
cell lineage subsequently expressing an epithelial phenotype. The possi-
bility is not fully excluded that the seemingly homogeneous cell popula-
tion within the nephric mesenchyme contains predetermined subpopula-
tions with restricted developmental options and selective sensitivity to
mitotic stimulation.

Disappearance of the interstitial proteins occurs concomitantly with the
initial stimulation of DNA synthesis at 12 to 24 h. Two possible mechan-
isms should be considered; either the rapid proliferation of induced cells
leads to a cell population devoid of synthesis of the interstitial marker
proteins or induction leads to an activation of proteolytic enzymes
degrading the interstitial proteins. The 12-h period during which the
compounds disappear might be sufficient for one cell cycle to produce a
second, quiescent generation of cells, but it appears to be rather short for
the non-induced disappearance of the collagenous and non-collagenous
compounds of the matrix. Thus, disappearance by digestion of activated
proteolytic enzymes seems a more plausible mechanism, and this would
also explain the reappearance of fibronectin in monolayer cultures after
the removal of the inductor. Despite repeated efforts, we have failed to
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show such enzymic activity in the cultured mesenchymal explants or any
split products of the proteins in the culture medium (unpublished work).

It is not difficult to speculate upon the consequences of changes in the
constitution of the ECM. Diminution of the ECM should lead to
increased cell density (condensation) and decreased cell motility — both
observed in the induced mesenchyme. Restricted intercellular spaces
further facilitate cell—cell interactions within the aggregates, leading to
cell organization and subsequent adhesion (below). An additional conse-
quence of the orderly changes in the ECM was dealt with in Chapter 5,
where the guided migration of the kidney capillaries was discussed. The
paths which the endothelial cells follow might well be created by the
changing ECM.

Enhanced synthesis of the epithelial proteins was detected and
measured throughout the early stages of nephron formation from the first
precondensation phase to the segmentation of the tubules. These pro-
teins naturally vary in their functions and consequences and include
components of the basement membrane and the lateral cell membranes
as well as proteins of the epithelial cytoskeleton and those with enzymic
activity. As long as the signal substances transmitting the message from
the inductor to the target cells are unknown, the mechanism for an
enhanced or new protein synthesis should be left open. We cannot yet
predict whether the inductor activates several structural genes and their
regulators or whether a sequential gene activation is triggered by a single
message. The technology and probes now available should unravel this
fundamental problem in the not too distant future.

Consequences of the enhanced or new synthesis of the epithelial
proteins are, indeed, numerous, and here we may deal only with those
with an apparent morphogenetic significance. Cells brought together
initially by the changes in the ECM are soon aggregated into colonies of
cells with increased intercellular adhesiveness. This is most probably
mediated by the synthesis of new proteins with adhesive properties or an
enhanced production of such ‘ligands’. Several proteins with known
adhesive properties have been described during the initial aggregation
phase in the ECM of the kidney mesenchyme. These include laminin
(Ekblom et al., 1980a), neural cell adhesion molecule (N-CAM) (Thiery
et al., 1982a) and uvomorulin (Vestweber et al., 1985). It remains open
which, if any of these is the key molecule.

The primary aggregate soon becomes stabilized by the attachment of
cells to the basement membrane and by the development of lateral
membrane junctions. The basement membrane built up by a set of
compounds synthesized by the induced and aggregated cells certainly
maintains the epithelial assembly of cells in the newly formed pretubular
aggregates, but its polarizing and epithelializing effects are matter for
discussion — in fact the peripheral accumulation of the basement
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membrane material itself is an expression of polarization. Following the
classic ideas of Gustafsson & Wolpert (1963), polarization of the pre-
epithelial mesenchymal cells could be traced back to the early aggrega-
tion phase. Anincreased intercellular adhesiveness within the aggregates
should, accordingly, lead to alternations in the cell shape and initiation of
polarization. Moreover, I have already cited many examples where
certain epithelial features can be achieved in experimental conditions
which exclude the effect of a basement membrane. These include the
onset of enzymic activity of pancreatic exocrine cells in monolayer
cultures (Spooner et al., 1977), the appearance of cytokeratin in the
induced kidney mesenchyme in monolayer cultures (Lehtonen er al.,
1985), and induction of skin appendages with region-specific keratin
patterns in conditions preventing the formation of the basement mem-
brane (Peterson & Grainger, 1985).

Formation of the basement membrane is followed by the establishment
of cytokeratin-type intermediate filaments apparently contributing to the
establishment of the epithelial features of the tubule cells. Many models
have been presented for the ‘morphogenetic axis’ extracellular matrix —
trans-membrane proteins — cytoskeleton (e.g. Hay, 1984). Observations
in the kidney system can be fitted in well with those models.
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