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The effect of neuronal cells on kidney differentiation
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ABSTRACT. During embryonic growth, tissue interactions between dissimilar cells are the driving forces
of morphogenesis. Although their importance has been well known for over the past 50 years. the mole-
cular background of these interactions has remained unelucidated. The unrecognized heterogeneity of
those mesenchymal cells that are involved in the epithelio-mesenchymal tissue interactions may be one
reason for this. For example, studies of kidney differentiation show that the metanephric organ rudiment
contains more cell-lines than previously thought. Identitication of both neural crest- and mesoderm-der-
ived cells in the nephrogenic mesenchyme helps in re-evaluating the biology of the tubule induction. The
neural crest-derived cells of the nephric rudiment differentiate into neuronal cells, and later during differ-
entiation some of them are found in the stroma. There is also experimental evidence for the role of these

neuronal cells in the morphogenetic tissue interaction
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Introduction

Organ differentiation proceeds at two overlapping levels:
cellular differentiation and tissue morphogenesis (reviews:
Saxén, 1977, Wessells, 1977; Kratochwil, 1979; Gurdon,
1988). The major forces that govern tissue morphogenesis are
interactions between similar and dissimilar cells. One of the
latest definitions for these morphogenetic tissues interactions,
or embryonic induction, is that given by John Gurdon (1987),
who writes: «Embryonic induction is an interaction between
one (inducing) tissue and another (responding) tissue, as a
result of which the responding tissue undergoes a change in its
direction of differentiation». During organogenesis inductive
tissue interactions occur consecutively, but each interaction
alone is insufficient to complete differentiation. Recent progress
in molecular biology has reinforced the importance of the inter-
action between dissimilar cells (see Gurdon, 1988), and so the
embryonic organizers, discovered by Hans Spemann (1936),
are now more pertinent than ever.

Cellular differentiation is controlled by soluble signal sub-
stances, like hormones, neurotransmitters and growth factors,
and by insoluble mediators, such as the extracellular matrix or
those of direct membrane contacts (Edelman, 1983; Hay,
1983). The molecules involved in morphogenetic tissue interac-
tions are less well known. One reason could be that the embryon-
ic organ anlage contains a mixture of cell types and, therefore,
the tissue may respond to several simultaneous inductive sig-
nals. Consequently, the differentiation «landscape» can be
viewed as a complex traffic network with more or less unknown
regulations governing cell decisions. To understand a cell’s
behavior during morphogenesis, we should first of all map its
neighbors and relatives. This requires new molecular markers for
specific cell types and structural components. With these tools
it is then possible to define the inductive signals that a cell is
exposed to during differentiation and then, at the molecular
level, analyze the way a cell responds to such signals.

The first breakthrough in this line was the characterization

of the role of growth factors in the mesoderm induction of
Xenopus (Kimmelmann and Kirschner, 1987; Slack et al,
1987). Fibroblast growth factor and transforming growth factor
B may thus be the first characterized natural long-range mor-
phogenetic signal substances. In mammals, however, the com-
plexity of organogenesis has hindered such progress. With
immunohistological and molecular biological tools new cell
types have been found among tissues thus far considered to be
homogeneous. Now the «traffic network of differentiation» is
becoming more and more «jammed». One way to proceed is to
ask: «What are the inducing and responding ce// types involved
in the morphogenetic tissue interactions?»

Epithelial and stromal differentiation

Most morphogenetic tissue interactions occur between
epithelial and mesenchymal cells (see Wessells, 1977). The
epithelial cells differentiate to yield cells with specialized func-
tional duties. The mesenchymal cells are first needed to induce
this differentiation, and, later as stromal cells, to control the
function of the parenchymal epithelia (Kratochwil, 1979; Cunha
et al., 1983). During differentiation, a certain cell may have
several roles. The cell may first possess a regulatory role as a
mesenchymal cell, but later become an epithelial cell. Therefore,
its definition is based on its present role, which may subse-
quently change during differentiation.

The embryonic mesenchyme or stroma may look homo-
geneous in histology, but can be heterogeneous both histo-
genetically and functionally. It is composed of cells derived
from mesoderm or neural crest. Interspecies transplantation
experiments have shown that in the cranial region of the embryo
all mesenchymal tissues derive from the neural crest (LeLiévre
and Le Douarin, 1975), whereas in other parts of the body only
the peripheral nervous system represents neural crest or neural
placode derivatives among mesodermal stromal cells (review:
Le Douarin, 1986). Although the diverse regulatory roles of the
peripheral nervous system are well established in the adult organ-
ism, much less is known about its role in morphogenetic tissue
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Fig. 1. In vitro growth and differentiation of an early kidney rudiment separated from an 11-day old mouse embryo. The explant is growing on a
Nuclepore filter placed on a metal grid. As with in vivo, the ureter bud undergoes several branchings and the nephrogenic mesenchyme splits into small
aggregates, marked by arrows. Note the increasing density of the arrows, i.e. smaller size of th2 aggregates. After two days, the mesenchyme forms the first
secretory tubules

a) day 0. b) day 1, c) day 2, d) day 4 of culture.

interactions. The most fascinating and concrete examples of the
extensive influence that the neural crest has on embryogenesis
are of course those derived from the studies of chick-quail chi-
meras (for a comprehensive review, see Le Douarin, 1986). In
these interspecies chimeras quail neural crest has been trans-
planted into chicken. The birds survive long after hatching and
have combined features from both chicken and quail.

The stromal control of epithelial differentiation is well
established. For instance, heterotypic transplantation and
recombination experiments in birds and mouse have shown
that the pattern of skin appendices is governed by the dermis
(Sengel and Dhouailly, 1976). The nature of the molecules
involved in the embryonic induction has been analyzed in
some experimental systems. A soluble growth factor synthe-
sized by mesenchymal cells triggers differentiation of pancre-
atic epithelia (Ronzio and Rutter, 1973). In the developing
tooth the interactive tissue components, the epithelial amelo-

blasts and the mesenchymal odontoblasts are separated by a
continuous basement membrane and the inductive signals are
contained within the extracellular matrix molecules (Thesleff
and Hurmerinta, 1981).

Since the embryonic mesenchyme, as a tissue compartment,
may contain several cell types, the crucial question concerns
then the specific roles of different mesenchymal cells in the
epithelio-mesenchymal tissue interactions. Some functional
differences have already been found. For example, in mammary
gland development the mesenchyme controls the branching
morphogenesis of the mammary epithelium through reciprocal
tissue interactions (Dilrnberger and Kratochwil, 1980). Within
the mesenchyme several cell types have been detected by
androgen-binding studies (Wasner et a/, 1983). Until such
specificities are better characterized in other interactive systems,
there is little hope that the molecular background of embryonic
induction can be elucidated.




Morphogenesis of the metanephric kidney

The development of the permanent kidney, the metaneph-
ros, is a classical example of morphogenetic tissue interactions
(for a comprehensive review, see Saxén, 1987). The kidney
anlagen is composed of a ureter bud, derived from the Wolffian
duct, and a loose mesenchyme that polarizes into tubules. By
microdissection, Clifford Grobstein (1955) showed that the
presence of the ureter bud is required for tubule induction.
When grown in isolation, both the mesenchyme and the ureter
bud flatten out, but when recombined, the mesenchyme forms
tubules and the ureter bud branches to form the renal collecting
system. Grobstein further showed with heterologous recombina-
tion experiments that the ureter bud can be replaced by several
other embryonic tissues that can induce tubulogenesis (Lom-
bard and Grobstein, 1969; Unsworth and Grobstein, 1970). In
contrast to the epithelial ureter bud, most of the heterologous
inductors are non-epithelial tissues (spinal cord, brain, jaw,
bone), and only few of them contain epithelial cells (subman-
dibular and salivary glands). Lauri Saxén (1970) has shown
that only the specific nephrogenic cells, but not mesenchymal
cells from other parts of the embryo, can be converted into
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nephric tubules. The clues for kidney tubulogenesis seem to
reside in this specific mesenchymal cell population. Transfilter
culture experiments have indicated that the tubule induction
requires close cell-to-cell contacts (Wartiovaara et al., 1972;
Lehtonen et a/, 1975). Unfortunately, every attempt to purify
the inducing substances from extracts of the inductor tissues
has so far been unsuccessful. Therefore, it was necessary to go
one step backwards and re-evaluate the cell-type specificity of
kidney tubule induction.

The regulatory cells for tubulogenesis

The starting point for investigation was to establish the
regulatory cell type for kidney tubule induction. Since several
embryonic tissues can induce tubule formation, it has been
concluded that the inducing substance is «widespread and
unspecific in nature» (Saxen, 1977). However, not all
embryonic tissues, including for instance heart and liver, are
inductors. Therefore, it could be possible that the inducing
property lies within a certain cell type of the inducing tissues,
i.e. that all inducing tissues possess a common cell «denomi-
nator.

Fig. 2. Micrograph showing the distribution of laminin (a) and neurofilaments (b) in an 11-day old kidney rudiment that has been growing for 3 days
in vitro. Note the stromal localization of neurites and a cluster of neuronal cell bodies in the lower part of the picture
Whole mount immunofluorescence staining. Abbreviations: B: tips of the ureter bud, W: Wolffian duct.
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Fig. 3. Expression of fibronectin (a) and ganglioside GD3 (b) during induction of kidney tubules The stromal cells (S). but not the tubulogenic cells
(T) or the ureter bud cells (B) are labeled by the anti-ganglioside antibody R24

The neuronal cells

Embryonic chicken tectum is a potent inductor of kidney
tubules. To identify the inducing cell type, cells of the tectum
were suspended and cultured as monolayers, on which the
nephrogenic mesenchymes were pipetted (Sariola et a/., 1989).
When grown on these monolayers, the mesenchymes formed
epithelial kidney tubules. However, when the neuronal cells
were lysed with a neuronal-cell-surface-specific antibody,
Q211, and complement, the remaining cells failed to induce
tubulogenesis. Control experiments showed that this failure
was due to the lack of neurons in the lysed tectal cell cultures,
but not due to the lysis system or the antibodies per se. Hence,
in this experimental system, neurons are required for regulation
of tubulogenesis. The known inductors have now been ana-
lyzed and all of them contain neuronal cells. However, there are
also non-inducing embryonic tissues that also contain these
cells, suggesting that not all neurons are able to induce nephro-
genesis. Since kidney mesenchymes transplanted /n vivo in the
adult brain become induced, the inducing property cannot be
developmentally regulated (Grobstein and Parker, 1958).
Rather, it may be related to biochemical differences of neuronal
cells.

The second question was whether neurons could be found
in the embryonic kidneys. Neuronal elements were not found in
the undifferentiated kidney mesenchymes, when sections of
early kidney rudiments were analyzed with antibodies against
neurofilaments and multisialated gangliosides. However, neuro-
blasts can not be detected with these antibodies, since both the
neurofilaments and multisialated gangliosides are expressed
rather late during embryogenesis (Rosner et al.,, 1985). There-
fore, another experimental system was employed. Undifferen-
tiated murine kidney rudiments were cultivated in vitro for one
to five days (Sariola et a/., 1988a). The explants were then ana-
lyzed with the neuronal markers. After one day of culture neuro-
nal cells were found in the kidney explants. A cluster of neuro-
nal cell bodies was always seen close to the ureter bud and the
neurites grew into the kidney mesenchyme, where they sur-
rounded cell condensates that subsequently formed kidney

tubules (Fig. 2). Hence, neuronal cells are present in the kidney
rudiment from the initial stage of differentiation onwards, and,
therefore, they also may be involved in the /n vivo induction of
kidney tubules.

This hypothesis was supported by a series of perturbation
experiments with an antibody, R24, against the cell-surface
ganglioside GD 3 (Sariola et a/., 1988b). The R24 antibody
reacts with several cell types derived from the neural crest (Dip-
pold et a/., 1980, 1985; Rosner et a/., 1985). In the undifferen-
tiated kidney rudiment, the antibody labels a restricted popula-
tion of mesenchymal cells, and in older embryonic kidneys,
stromal cells (Fig. 3). No staining was obtained in the ureter
bud or in the secretory tubules. For the first time, it was possible
to detect two different cell populations within the embryonic
nephrogenic mesenchyme.

When added to the culture medium, 10 ug/ml of the anti-
body R24 inhibited kidney differentiation, without causing nec-
rosis of the mesenchymal cells (Sariola et a/., 1988b). Other cel-
lular determinants, thought to be active in the cell-to-cell
interactions, like the cell-binding domain of fibronectin
(Pierschbacher and Ruoslahti, 1984) or uvomorulin (Hyafil et
al., 1980), did not prevent tubule formation in pertubation
experiments employing either synthetic peptides or antibodies
(Vestweber et al., 1985; Klein et a/., 1988; Sariola et a/., 1988b).
The results clearly show that epithelial morphogenesis can be
affected by interfering with the stromal compartment. Thus, the
stromal cells expressing ganglioside GD3 are involved in regu-
lation of the epithelio-mesenchymal tissue interactions that lead
to nephrogenesis.

It is tempting to suggest that the GD3-positive mesenchy-
mal cells of the embryonic kidney could also be derived from the
neural crest. Experimental evidence for the neural crest origin of
kidney stromal cells comes from the interspecies chimeras
(LeDouarin and Teillet, 1974). When a piece of quail crest was
transplanted into chicken, some quail cells migrated into the
stroma of the metanephric kidneys. As this finding did not fit
into the classic view of kidney differentiation at that time, the
result was considered an experimental artefact. Our recent




results favor the alternative that this is not the case, and further
show that the possibly neural crest-derived stromal cells may
have a central role in governing epithelial differentiation.

The epithelial cells

Nothing is known about the early predetermination of the
nephrogenic mesenchyme. The undifferentiated mesenchymal
cells express interstitial matrix molecules, like fibronectin and
interstitial collagens (Ekblom et a/., 1981). but also some mole-
cules of the basement membrane-type matrix, namely the B
chain of laminin (Holm et a/, 1988). The cells do not express
type IV collagen or the whole laminin molecule composed of
both the A and B chains. In conclusion, at least in morphology
and extracellular matrix composition, the nephrogenic mesen-
chyme resembles loose mesenchyme in other parts of the
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embryo. Yet, these are the only cells in the body that can be
converted into nephric tubules (Saxéen, 1970).

Influenced by the inductor cells, the mesenchyme condenses
and then converts into nephric tubules. The extracellular matrix
shifts from the mesenchymal type towards the basement mem-
brane type (Ekblom et a/, 1980, 1981a). Simultaneously, thetu-
bules elongate and segregate into glomeruli, proximal and distal
tubules, all of which express new molecular markers and functio-
nal properties (Ekblom et a/, 1981b). After the induction period
tubular morphogenesis proceeds independent of the inductor tis-
sue. In transfilter cultures the inductor can be removed after 12 h
of co-culture and, thereafter, the first cells are irreversibly deter-
mined for tubulogenesis (Saxén and Lehtonen, 1978).

The ureter bud, traditionally regarded as the inductor of kid-
ney differentiation, branches and elongates to form the collect-

Fig. 4. Demonstration of neuronal cells attached to the ureter bud that has been microsurgically separated from the undifferentiated kidney rudiment

a) The ureter bud has been removed mechanically, and thereafter treated in a pancreatin-t-ypsin solution to detach the remaining mesenchymal cells. Even
after this treatment, some non-epithelial cells are seen attached to the bud cells (arrows).

b) When the ureter bud is cultivated in vitro for 2 days. the cells form a monolayer. on which neuronal cells grow. Immunofluorescence staining with

anti-neurofilament antibody.
c) Double immunofluorescence label with the anti-laminin antibody
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ing system of the kidney (Osathanond and Potter, 1966). It is
as difficult to find growth controllers for the nephrogenic
mesenchyme as it is to find factors that could induce branching
of the ureter bud. Ureter bud cells can be cultivated for several
weeks and they grow like sheets typical of epithelial cell mono-
layers. In hanging drops, in which the adhesion to the substratum
is excluded, the bud cells form a balloon. Thus, by an unknown
mechanism, epithelial polarization and branching of the ureter
bud seems to depend solely on the nephrogenic mesenchymal
cells (Grobstein, 1955).

In light of our recent results, the role of the ureter bud in
tubule induction should be re-defined. What is clear is that it
is not indispensable for tubule induction, because the ureter
bud can be removed and replaced by several other inducing tis-
sues (Grobstein 1955; Lombard and Grobstein, 1969; Unsworth
and Grobstein, 1970). However, one could still argue that, in
normal kidney differentiation, the ureter bud may have an
inducing function. Although this has not been disproved, we
have shown that the microsurgically-isolated ureter buds
always contain neuronal cells (Sariola et a/, 1988a; Fig, 4).
Until the potential role of these neurons in kidney morphogene-
sis is thoroughly investigated, the effect of the ureter bud in
tubule induction remains unsettled.

Meanwhile it is safe to conclude that the ureter bud has
other better defined functions. Its repetitive branching leads to
the splitting of the nephrogenic mesenchyme (see Fig. 1) and
to the formation of the urinary collecting system (Osathanond
and Potter, 1966). In experimental recombinations with hetero-
logous inductors, the pattern of tubules remains, for the most
part, disorganized (Saxén ef al., 1968). Hence, the two definite
functions for the ureter bud are to govern the strict organization
of the nephric tubules, and to form the collecting system that
carries urine from the kidney. Finally, the secretory tubules and
the ureter bud fuse to complete the nephron formation.

Concluding remarks

Tissue interactions are the crucial forces that govern mor-
phogenesis. However, the attempts to purify morphogenetic
signal substances have been desperately disappointing. One
reason may be that the complexity and heterogeneity of the
early organ rudiments have been under-estimated. There are
neither homogeneous epithelial cells nor a uniform mesen-
chyme taking part in the inductive events. The cells that look
morphologically similar may be both functionally and histoge-
netically different. Until these differences are better character-
ized, there is little hope that we shall be able to understand the
control mechanisms of organogenesis or to identify the molecu-
lar background of embryonic induction.
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