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SUMMARY

Development of the mammalian kidney is initiated by
ingrowth of the ureteric bud into the metanephric
blastema. In response to signal(s) from the ureter,
mesenchymal cells condense, aggregate into pretubular
clusters, and undergo epithelialisation to form simple
epithelial tubules. Subsequent morphogenesis and
differentiation of the tubular epithelium lead to the
establishment of a functional nephron.

Here we demonstrate that Wnt-4, a secreted
glycoprotein which is required for tubule formation, is
sufficient to trigger tubulogenesis in isolated metanephric

members of theWnt gene family including Wnt-1, Wnt-
3a, Wnt-7a and Wnt-7b. Further, dorsal spinal cord,
which has been thought to mimic ureteric signaling in
tubule induction induces Wnt-4 mutant as well as wild-
type mesenchyme suggesting that spinal cord derived
signal(s) most likely act by mimicking the normal
mesenchymal action of Wnt-4. These results lend
additional support to the notion that Wnt-4 is a key auto-
regulator of the mesenchymal to epithelial transformation
that underpins nephrogenesis adding another level of
complexity in the hierarchy of molecular events mediating

mesenchyme, whereas Wnt-11 which is expressed in the tubulogenesis.

tip of the growing ureter is not. Wnt-4 signaling depends

on cell contact and sulphated glycosaminoglycans and is

only required for triggering tubulogenesis but not for  Key words: Wnt, Wnt-4, Induction, Tubulogenesis, Kidney
later events. The Wnt-4 signal can be replaced by other development, Metanephros

INTRODUCTION male never becomes a functional organ but contributes to the
ductal network of the rete testis.
The development of vertebrate organs requires intricate cell Metanephric development is initiated when a bud emerges
and tissue interactions to assure the concerted program of citdm the nephric duct at the level of the hind limbs around 10.5
growth, differentiation and morphogenesis. The mammaliad p.c. The ureteric duct subsequently invades the metanephric
kidney, mainly of mouse and rat, has long been studied asbdastema which lies at the posterior end of the intermediate
model system to reveal both the embryological principles anchesoderm.
more recently the molecular control of vertebrate organ In a process repeated many times, mesenchymal cells
formation (for reviews see Saxen, 1987; Lechner and Dressleampndense around the tip of the ureter, i.e. bud, aggregate,
1997; Vainio and Muller, 1997). epithelialise and undergo morphogenetic movements and
Mouse renal development is characterised by the continuogsllular differentiation programs to form a major part of the
interaction of epithelial and mesenchymal compartments bothephron the functional unit of the vertebrate kidney. The ureter
of which derive from the intermediate mesenchyme. These amwntinues to grow and to branch forming the collecting duct
the nephric duct and its derivative the ureter, and theystem of the mature organ. 7-10 days post partum nephron
nephrogenic mesenchyme which lies adjacent to these ductsrmation ceases most likely as the mesenchymal stem cells in
As a consequence of these interactions three embryoniice periphery of the kidney are exhausted.
kidneys are laid down from anterior to posterior in time and In order to achieve the complex architecture of the mature
space. While the initial organ, the pronephros is only a veridney, the morphogenetic and cellular differentiation
transient structure established at 8-8.5 days post coitum f@ograms of both the nephric duct and the mesenchymal
p.c.), the mesonephros extends by posterior elongation of tlderivatives have to be highly integrated making it very likely
nephric duct and subsequent tubule induction in the adjacetitat multiple signaling systems between and within the two
mesonephrogenic mesenchyme between 9 and 11 d pammpartments are operative.
Although forming elaborate tubules, the mesonephros of the Classical kidney organ culture experiments have primarily
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focused on the signals exchanged between mesenchyme anduction in culture by the spinal cord might mimic ureteric
ureter upon their initial contact. Separation and recombinatiosignaling by Wnt-1lor mesenchymal signaling by Wnt-4.
experiments have shown that isolated metanephric Here we describe a number of experiments in which we
mesenchyme undergoes apoptosis unless provided with irvestigate the role divnt-11 Wnt-4and a number of other
permissive stimulus which leads to epithelial tubule formatiorfamily members in tubule induction. From these results we
(Grobstein, 1953; Saxen, 1987). Similarly, ureter tissueonclude that Wnt-4, but not Wnt-11, is able to induce tubule
degenerates upon separation from metanephric mesenchyrf@mation, and that spinal cord mediated tubulogenesis may
and undergoes limited or altered branching morphogenesisflect the normal mesenchymal function of Wnt-4 rather than
when recombined with heterologous mesenchymal tissudkat of a ureteric bud derived signal.
suggesting that metanephric mesenchyme secretes signals
essential for ureter survival and correct branchin
morphogenesis (Saxen, 1987; Kispert et al., 1996; Sainio et S}A,ATERlALS AND METHODS
1997). :

A search for heterologous tissues that may be a mofdice ) )
convenient source of a factor capable of replicating ureterit/Nt-4 heterozygotes were derived and genotyped as described
signaling has identified the dorsal spinal cord as a pote'g{ewously (Stark et al., 1994). Embryos for kidney dissections were

ind f tubul is. Indeed t of derstandi rived from matings of Swiss Webster (SW) wild-type animals or
Inducer of tubulogenesis. Indeed, Most of our understanding nt-4 heterozygotes. For timed pregnancies plugs were checked in

cell interactions in kidney development comes from thene morning after mating, noon was taken as 0.5 days post coitum
application of spinal cord derived signals to isolatedq p.c.).

metanephric mesenchyme in culture. These studies have

demonstrated that induction appears to be cell contaé&elllines

dependent, requires approximately 24 hours of contact betwe€gll lines stably expressing variowgntgenes otacZ were prepared
spinal cord and mesenchyme, can be blocked by metabokgsentially as described (Pear et al., 1993). Full-length cDNAs
inhibitors, and cannot be transferred from induced t@ncodingWnt-1(van Ooyen and Nusse, 198¥nt-3a(Roelink and

nin m nchvme (hom netic in ion r iNusse, 1991)Wnt-4 Whnt-53 Wnt-73 Wnt-7b(Gayin et al., 199(_)),
g953?'u§ggen eigsg )z/;mg r(e1?ereenocgees tehtecreir%uct on) (Grobste d’/nt-ll(Klspert et al., 1996) anidcZ were cloned into the retroviral
! ) ’ ) expression vector pLNCX which confers expression of foreign genes

- . . nerallynder the control of the CMV promotor (Miller and Rosman, 1989).
been thought to provide information about ureteric-likegosc23 packaging cells were transfected with recombinant DNA
inductive signals there is no evidence that this is the case. F@nstructs. Viral supernatants were collected 48-72 hours later and
example, induction of tubules may require the action of severaked to infect NIH3T3 cells. After 10 days of selection in G418, pools
signals, some from the ureter others from the mesenchymef.cells were used for recombination experiments. 50,000 cells were
Supplying any of these may be sufficient to trigger tubuleplated in 50ul of medium on polycarbonate filter and grown for 18-
formation. 24 hours at 37°C in 5% CO

While recently progress has been made in |dent|1‘y|ngbrgan culture techniques

mesenchymally derived signaling molecules required for ureter o . .

. : . : . etanephric kidneys from SW aWnt-4intercrosses were dissected
prqllf_era’[lon and brar_lchlng morphogenesis (sge Sarlola a PBS. Metanephric mesenchyme was dissected manually from the
Sa|n|p, 1997, .for review) the nature of ureteric S|gn§1Is hag,eter (bud stage, 10.75 d p.c., to early T stage, 11.5 d p.c.), following
remalned_elu_swe. Several growth factors have been discussg® minute incubation in 3% pancreatin/trypsin (Gibco-BRL) in
as potential inducers (Hammerman, 1995) but none of themyrode’s solution. In recombination experiments with wild-type
has conclusively been shown to be required and sufficient fefiesenchymes samples were pooled before being distributed to
tubule induction. A combination of FGF2 and a pituitaryindividual experiments. In experiments witint-4 mutant embryos
extract can induce tubulogenesis, suggesting that tubufeetanephric mesenchyme from each kidney of the embryo was kept
induction is a multi-step process mediated by soluble angeparate. The remainder of an embryo was used for genotyping by
possibly insoluble factors (Perantoni, 1991; Perantoni et alggr%t'ﬁé?aﬁggh’rsi'csm'&;i%?ﬁ'g?:g‘; %giﬁm‘z';fvz‘gtshsi?gﬂ dsgéng‘;
1995). . . .

- . . -.two dissected pieces of dorsal spinal cord from the same embryo on

Several findings havellmpl_lcat(_ad mgmbers of the Wnt fam|_l 1 pum polycarbonate filter (Costar). For direct recombination
of _secreted egco_protelns In S|gnallng processes pperat'rlﬂperiments witWntexpressing cells two mesenchymes were placed
during metanephric developmeitint-11is expressed in the o 'top of modified NIH3T3 cells. For transfilter experiments 50,000
tips of the growing ureter where tubule inducing activity iscells in 50ul medium were seeded on auh filter 18-24 hours prior
thought to arise (Kispert et al., 1996). In contr&¥ht-4is  to the recombination. Cells were then covered withuan1filter and
expressed in pretubular mesenchyme cells shortly before theyo mesenchymes placed on this filter. Filters (4-6 mm in size) were
aggregate and transform to simple epithelial tubules. Loss sfipported by stainless steel grids on the surface of the culture medium
function studies indicate thatnt-4 is required for tubule (D:;'bECCO'S r2n0d||\;'ed| Eagle’s mledlu_m”_su/pplementeq \;Vltp/llg_% fetal
formation (Stark et al., 1994). FinallyVnt-7bis expressed calf serum, 2 mM glutamine, xlpenicillin/streptomycin). Medium
somewhat later in the collecting duct epithelium which derive&/as changed every 2 days. For glycosaminoglycan dependence of
from the ureteric duct (Kispert et al., 1996). NIH3T3 cells'noIUCtlon the medium was supplemented with 30 mM NaGiter

. e . . 0 hours, 24 hours and 48 hours, respectively. In experiments
stably expressingvnt-1 which is not expressed in the kidney concerning pore size dependence of induction the pore size of the

but is expressed in the dorsal spinal cord, are able to induggper filter in the transfilter set-up was varied from Q6% 0.1um,
tubulogenesis in isolated rat metanephric mesenchymg4 ym, 0.8pum to 1 pm. The number of cultures performed are
(Herzlinger et al., 1994). This suggests that a member of thedicated in the text. For marker experiments at least 6 specimens
Whnt family may normally participate in tubule induction. Thus,were processed.
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For in situ hybridisation analysis filters were submerged in ci o A
methanol for 10 seconds and then fixed in 4% paraformaldehyd b
PBS overnight prior to stepwise transfer into methanol and storac
—20°C. For histological analysis filters were fixed in Bouin’s soluti
and stored in 70% ethanol at 4°C. A.

a

+/+
In situ hybridisation analysis .
r

In situ hybridisation analyses on whole mount cultures w
performed as described (Kispert et al., 1996). Full-length cDNAs
WT-1(Pritchard-Jones et al., 199@gx-2(Dressler et al., 1990Pax-

8 (Plachov et al., 1990)Vnt-4 (Gavin et al., 1990) an#-cadherin = E
(Ringwald et al., 1987) were labeled with digoxigenin for wha

mount detection. J

Histological analysis 48 h 96 h 144 h

Samples were dehydrated, embedded in wax and sectiongaat 5 Fig. 1.Induction of tubulogenesis in wild-type aW¢ht-4mutant
Sections were dewaxed, rehydrated and stained with haematoxyinetanephric mesenchyme by dorsal spinal cord. Isolated

and eosin. metanephric mesenchyme and dorsal spinal cord from the same 11.5
) day embryo were recombined on a nucleopore filter. After 48 hours
Documentation and 96 hours cultures were monitored as whole mounts using bright

Brightfield images of cultures and marker stainings were taken witfield microscopy, after 144 hours as histological sections. Induction

a binocular on Kodak 64T slide film. Histological sections wereof tubulogenesis in wild-type antnt-4Wnt-4mutant metanephric

photographed on the same film on a Leitz Axiophot. Slides werenesenchyme were indistinguishable. After 48 hours induction was

scanned and figures composed in Adobe Photoshop 4.0. visible as bright round zones of condensing mesenchyme. After 96
hours zones of condensing mesenchyme had undergone
epithelialisation to form complex tubules. At 144 hours epithelial

RESULTS tubular structures and glomeruli indicate a full differentiation of
induced tubules in either case.

Spinal cord mimics a mesenchymal signal for tubule

induction

The identification ofAnt-4as a mesenchymal signal essentialsiblings (Table 1). After 48 hours induction was visible as
for tubule formation provides an excellent new tool forbright round zones of condensing mesenchyme. After 96 hours
readdressing the role of spinal cord explants as heterologotiee zones of condensing mesenchyme had undergone
inducers of kidney tubulogenesis. Clearly, if the spinal corepithelialisation to form complex tubules. At 144 hours
mimics a ureteric signal upstream\Wht-4 this signal would epithelial tubular structures and glomeruli indicated that full
not rescue the mesenchymal requirement Yunt-4 in  differentiation of induced tubules occurred in all recombinants
tubulogenesis. To test this possibility, isolated metanephri@Fig. 1). Thus, the induction of tubulogenesis\int-4mutant
mesenchyme from individual embryos derived frommesenchyme indicates that spinal cord signaling acts by either
intercrosses between mice heterozygous for a likely null allelmimicking the action of Wnt-4 itself, or a factor downstream
of Wnt-4 were cultured on a polycarbonate filter in directof Wnt-4 Further, althoughWnt-4is expressed in the spinal
contact with dorsal spinal cord from the same embryo. In theord (Parr et al., 1993), the observation that spinal cord from
absence of spinal cord, all mesenchyme cultures rapidiwnt-4 mutants is capable of induction indicates tWént-4
degenerated as expected. Surprisingly, when cultured in tlexpression in the spinal cord is not essential for this process.
presence of spinal cord, mesenchyme fré¥nt-4 mutant This leaves open the involvement of othénts epressed in
embryos developed as well as that of wild-type or heterozygouhis tissue.

Various Wnts are sufficient to trigger tubulogenesis
Table 1. Induction of tubulogenesis inNnt-4/\Wnt-4 mutant In order to investigate whethewnt-4 is sufficient for
metanephric mesenchyme by dorsal spinal cord tubulogenesis, and if this property is shared by owets
#induced/#Total normally expressed in the spinal cord (Parr et al., 1998)
established NIH3T3 cell lines stably expressing varidisg

Exp.# #R binant ++  Wnt-4+ Wnt-4wWnt-4 . AL

ad ecombinants n A genes and performed direct recombinations betwaén
; ? iﬁ gg ég expressing cells and isolated wild-type metanephric
3 7 3/3 33 11 mesenchyme. Co-cultures wiikint-1 Wnt-33 Wnt-4 Wnt-7a
4 5 11 3/3 1/1 andWhnt-7bexpressing cells developed on schedule with those
5 9 3/3 4/4 2/2 induced by spinal cord, forming complex epithelial tubules
? ﬂ ;g 3;1 4 with differentiated glomeruli at 144 hours (Fig. 2; Table 2). In

contrast, cells expressivgnt-5g Wnt-11or alacZ control did

Total 58 20/20 26/26 12/12

not support survival and differentiation of metanephric
Isolated metanephric mesenchyme was recombined with dorsal spinal CO,@esgn_qhyme (F'g' 2; Table 2)' Althoth we Cf”mnOt gxclude the

from the same embryo on a nucleopore filter. Induction was monitored by ~ POSSibility that theWnt-5a and Wnt-11 cell lines did not

bright field microscopy. Embryos of a total of seven litters were analysed in produce the respective Wnt proteiWnt mRNA expression

this way. was comparable amongst the various lines.
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Table 2. Induction of tubulogenesis in isolated
metanephric mesenchyme by NIH3T3 cells expressing
various Wnt genes

Wnt-1
Cell line #Induced/#Total
Whnt-1 16/16
Wnt-3a 14/14
Wnt-4 14/14
Wnt-5a 0/12
i Wnt-7a 12/12
Wetca Wnt-7b 11/12
Wwnt-11 0/12
lacz 1/14
Mesenchyme 1/12
Isolated metanephric mesenchyme from 2-3 11.5 day kidneys was placed
Wnt-4 on top of NIH3T3 cells expressing variodstgenes. As control
mesenchymes were placed on NIH3T3 cells expresaaztand were placed
onto filter without underlying cell layer, respectively. Induction was scored
after 6 days using the morphological appearance of the culture (as
documented by brightfield microscopy), and histological analysis of selected
samples. For each cell type 2-3 independent experiments were performed.
Wnt-5a These experiments suggest that a subsatnbfgenes, which

includes Wnt-4 and notWnt-11 are able to induce tubule
formation. As all of these are expressed in the spinal cord at
the time of assay (Parr et al., 1993), it is likely that these signals
account for the robust inducing activity of the spinal cord.
However, of thes®Vnt-4is the only member which is actually
expressed in and which is also required for mesenchymal
aggregation (Stark et al., 1994).

Whnt-4 triggers the complete program of tubular
differentiation

In order to investigate whether Wnt-4 is sufficient to induce
fully developed tubules in isolated metanephric mesenchyme
we analysed the induction properties of NIH3T3 cells
expressing Wnt-4 more carefully by assessing the
differentiation state of the mesenchyme by histological and
molecular criteria. Tubule induction by spinal cord was
classically shown to work through polycarbonate filters of a
certain pore size (Grobstein, 1956). We seed¥dt-4
expressing cells on one filter and separated these cells from
isolated mesenchyme by another filter ofuth pore size.
Induction took place transfilter (Fig. 3), though with a delay
when compared with direct recombinants. Further, transfilter
cultures where also less compact and flatter. Zones of
condensed mesenchyme formed after 24 hours, aggregating
mesenchyme and simple epithelial bodies after 48 hours,
24 h 88 h 144 h epithelial tubules after 96 hours and glomeruli by 8 days.
To verify that these morphological features reflected an
Fig. 2.Induction of tubulogenesis in isolated metanephric underlying differentiation of the mesenchyme in response to
mesenchyme by NIH3T3 cells expressing variirggenes. Wnt-4 we examined the temporal and spatial expression of a
O e o et ecomsomsions ot o e "5 umber of molecular markers (Fig. 411 was.broadly
expressingVntgenes and isolated metanephric mesenchyme. After expressed after 1 day refl_nlng to sm_aII mtensely labeled foci
by 8 days of culture. This expression profile parallels the

24 hours bright zones indicating induction are visible in . . . .
recombinants between wild-type mesenchyme\ant+1, Wnt-3a expression of this gene during metanephric development

Wnt-4 Wnt-7aandWnt-7bexpressing cells, respectively. These (Pritchard-Jones et al., 1990) which is first expressed in
condensing mesenchymal cells have epithelialised and formed ~ condensing mesenchyme, then in simple epithelial bodies
tubular structures after 88 hours. After 144 hours highly elaborate before it is restricted to podocytes in the glomeruli. In the

tubular structures are apparent. In contrast, cells expressinga recombinantdVT-1expression seems to mark glomeruli after
Wnt-l_l or as a_contrdth, respe_ctlvely, did not support survival 8 days in agreement with the histological analysis. MKe1,
and differentiation of metanephric mesenchyme. Pax-2 is also broadly expressed after 1 day, but becomes

restricted to epithelial bodies and is lost after 4 days reflecting
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“1

direct &
rec.

trans-
filter oSS
rec.

24 h 48 h 96 h 192 h

Fig. 3. Histological analysis of tubule induction in isolated metanephric mesenchyme by NIH3T3 cells exph&asinIH3T3 cells
expressingVnt-4were recombined with isolated metanephric mesenchyme directly (direct rec.) and in a transfilter set-up (transfilter rec.),
respectively, and analysed by sectioning and histological staining after 24 hours, 48 hours, 96 hours and 192 hoursespadtivedy.

Tubule induction in transfilter assays appeared slightly delayed compared to direct recombinations. After 48 hours zoepseaf andd
aggregated mesenchyme, after 96 hours epithelial tubules were apparent. After 8 days in culture fully differentiateditubrearistluding
glomeruli were noticed.

WT-1
Pax-2
Fig. 4. Marker analysis of tubule pax-s ]
induction in isolated metanephric
mesenchyme by NIH3T3 cells expressing
Whnt-4 NIH3T3 cells expressing/nt-4
were recombined with isolated I
metanephric mesenchyme in a transfilter Whi< £08

set-up and scored for marker expression
by in situ analysis after 24 hours, 48
hours, 96 hours and 192 hours of culture,
respectively. Expression WT-1, Pax-2
Pax-8 Wnt-4andE-cadherin oy
respectively, were in accordance with E-Cad =
expression data known from in vivo and ¥
in vitro studies of tubular differentiation.
See text for details.

initial expression in condensing metanephric mesenchymégetween 24 hours and 96 hours, peaking at 48 hBars8
continuing expression in simple epithelial bodies andexpression extends longer in S-shaped bodiesadherin
subsequent down-regulation as glomeruli start to differentiaterhich is expressed in the proximal tubules in vivo (Vestweber
(Dressler et al.,, 1990)Wnt-4 is expressed in aggregating et al., 1985) is present after 24 hours and is maintained
mesenchyme, in the epithelial bodies which they generate amdnsistent with the differentiation of epithelial tubules along
is subsequently down-regulated as these mature into S-shapgbd proximal distal axis. Thus, both the molecular and
bodies (Stark et al., 1994pax-8 a paired-box transcription morphological analysis indicate that tubulogenesis in isolated
factor, has a similar early expressiontot-4which has been metanephric mesenchyme induced by Wnt-4 follows a similar
shown to depend on Wnt-4 activity (Plachov et al., 1990; Stargrogression to that observed in the metanephric kidney in vivo.
et al.,, 1994). In culturesWnt-4 is transiently expressed At the stage at which we isolate the metanephric mesenchyme
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0.05 ym 0.1 ym 0.4 ym 0.8 ym

Fig. 5. Pore size dependence of tubule inductioMbyt-4expressing cells. NIH3T3 cells expressiigt-4were recombined with isolated
metanephric mesenchyme in a transfilter set-up with various pore sizes of the nucleopore filter. Induction was scored dfyetak-Gay
expression in whole mount in situ analysis. Pore sizes qfrl.and bigger supported full induction of metanephric mesenchyme whereas 0.05
pm pore size dramatically reduced or in most cases abolished induction.

(T-stage of the ureter) initial ureteric signaling has occurred denown tight association of Wnt proteins with ECM (Bradley
evidenced by the condensation of mesenchyme around the eipd Brown, 1990; Papkoff and Schryver, 1990; Burrus and
of the ureteric bud. However, this alone is insufficient toMcMahon, 1995). It also makes it unlikely that Wnt-4
support mesenchymal survival and tubulogenesis. In contraghediated induction occurs through a secondary, soluble factor.
Wnt-4 expressing cells are sufficient to support these . . )

processes. In order to exclude the possibility that Wnt-4 onlyVnt-4 signaling requires sulphated

maintainsWnt-4 expression in the isolated mesenchyme wedlycosaminoglycans

also used mesenchyme derived from 10.75 d p.c. embryd¥nt signaling has been reported to depend on sulfated
when the ureter bud had just emerged and the metanephgltycosaminoglycans (GAG)s which might act as cofactors for
mesenchyme can first be identifiddint-4 expressing cells binding the Wnt protein on the responsive cell (Kispert et al.,
triggered the complete differentiation program as judged b$996; Hacker et al., 1997). We were therefore interested to see
brightfield observation (12 out of 12 cases) and by moleculavhether the presence of 30 mM Nag|@hich is known to
criteria (Pax-8induction in 8 out of 8 cases after 4 days ofbe a competitive inhibitor of sulfation of GAGs (Kjellen and

culture). Lindahl, 1991), may influence induction in our assay. We
) ) _ added this compound at the start of transfilter culture, or 24
Wnt-4 signaling requires cell contact and 48 hours later. As a control chlorate was omitted

We explored tubule induction in isolated metanephriccompletelyPax-8expression was again scored as a marker for
mesenchyme with respect to filter pore size. Experiments usirigbule induction after 4 days of culture (Table 4; Fig. 6). When
the spinal cord as a heterologous inducer suggest a requiremehtorate was added at 0 hours mesenchyme degenerated and
for cell-cell contact as pore sizes below g, which prevent Pax-8 expression was consequently negative. However,
the extension of cytoplasmic processes, block inductioaddition of chlorate after 24 hours did not influeriRax-8
(Saxen, 1987). Transfilter cultures willVnt-4 expressing expression. Hence, GAGs do not seem to be involved in tubule
NIH3T3 cells were performed with separating filters rangingmaturation and differentiation, in agreement with other reports
from 0.05um to 1pm in pore size, scoring f&tax-8induction  (Davies et al., 1995). Tubule induction does, however, depend
after 4 days of culture. Pore sizes of Quih and above on sulfated GAGs in the first 24 hours, the period essential for
supported induction whereas pores of 0.6 almost complete induction by the spinal cord. Although our results
completely abolished induction leading to degeneration of thpoint to an important role for GAGs in Wnt-4's action, their
mesenchyme (Fig. 5; Table 3). Further, we were not able forecise role remains unclear.
induce tubulogenesis with supernatants fidimt-4expressing . o ) )
cells (data not shown). Thus, Wnt-4 may act as an insolub¥/nt-4 signaling is only required to trigger
cell bound factor. Such a mode of action agrees well with thilbulogenesis

In order to test whethaWnt-4 expressing cells can rescue a

Table 3. Induction of tubulogenesis in isolated
metanephric mesenchyme by NIH3T3 cells expressing

Wnt-4in transfilter assays with increasing pore size Table 4. Induction of tubulogenesis in isolated

metanephric mesenchyme by NIH3T3 cells expressing

Pore size ;
(um) snduced/#Total Whnt-4in the presence of 30 mM NaCl@
" 30 mM NaClQ added after
825 f 4//112 time in culture (hours) #Induced/#Total
0.4 14/14 0 0/19
0.8 6/6 24 12/19
1 3/3 48 14/17
- 12/15
Isolated metanephric mesenchyme was placed on top of NIH3T3 cells
expressingVnt-4in a transfilter set-up. Induction was scored after 4 days Isolated metanephric mesenchyme was placed on top of NIH3T3 cells
with in situ hybridisation analysis usif@x-8as a probe. expressingVnt-4in a transfilter set-up. 30 mM NaGl@as added to the
*In each of the specimens scored as induced only 1-4 spBtx e medium after the indicated times of setting-up the culture. Induction was

expression were seen in contrast to 15-30 with all the other pore sizes. scored after 4 days with in situ hybridisation analysis uBmg8as a probe.
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D

Fig. 6. Glycosaminoglycan dependence of tubule inductiokMmy-4expressing cells. NIH3T3 cells expressivat-4were recombined with
isolated metanephric mesenchyme in a transfilter set-up with addition of 30 mM Na@@® medium. Induction was scored after 4 days by
Pax-8expression using whole mount in situ hybridisation analysis. Addition of 30 mM Na&@k 24 hours (B) or 48 hours (C) of culture did
not affect tubule induction compared to untreated controls (D) whereas administration of 30 mN\ a&taiébeginning of the culture (A)
abrogated tubule induction completely.

Wnt-4mutant mesenchyme we performed direct recombinatioffable 5. Induction of tubulogenesis inVnt-4/Wnt-4 mutant

experiments in culture. InterestinglWnt-4 expressing cells metanephric mesenchyme by NIH3T3 cells expressing

were equally efficient at inducing tubule formation in wild type Wnt-4 or Wnt-1

or Wnt-4 mutant metanep_hric mesenchyme (Table_ 5): #induced/#Total

Brightfield microscopy and histological analysis of specime

after 6 days in culture revealed the full spectrum of tubular- :

differentiation including glomerulus formation (Fig. 7). Thus,4W'th NIH3T3 Ce"i;"press'”w”t"‘?ﬂ 1618 77

as with spinal cord mediated inductidkint-4expression in the _

mesenchyme itself is not required for tubule formation, bufVith NIH3T3 Ce”goe"press'”Wm'IS/S 1o a3

supplyingWnt-4 in adjacent cells is sufficient to trigger the

inductive process. These results suggest that whavgast Isolated metanephric mesenchyme from embrya§mit4+ intercrosses

plays an essential role in initial tubulogenesis, it may not beas placed on top of NIH3T3 cells expressifgt-4or Wnt-1 Induction was

required for later morphogenesis of the tubule. In agreemeﬁgored after 6 days using the morphological appearance of the culture (as

with the fact that variousVnt genes can trigger tubulogenesis 9°cumented by brightfield microscopy).

in wild-type mesenchym&Vnt-1 expressing cells were also

sufficient to trigger tubulogenesis in mesenchyme mutant for

Whnt-4(Table 5). which is secreted by the metanephric mesenchyme and sensed
by the c-ret/GDNFRa receptor complex on the ureter (see
Sariola and Sainio, 1997, for review). Next, the metanephric

DISCUSSION mesenchyme undergoes tubulogenesis upon a permissive
stimulus from the ureter.

Mammalian metanephric development is a highly coordinated Since ureter itself is a weak inducer, indeed, ureter has never

process characterised by a continuous interaction of thgeen proven to induce in transfilter assays of tubule induction,

epithelial ureter and the surrounding metanephridheterologous tissues, most notably dorsal spinal cord, have

mesenchyme. Classical organ culture experiments had®en used for a long time to mimic ureteric signaling. More

pointed to the fact that these two compartments achieuecently, several studies have implica¥dtgenes in ureteric

coordinated development by use of reciprocal signalingignaling and in dorsal spinal cord activity. The four key

systems. First, the metanephric blastema induces a bud fravhservations are:

the adjacent nephric duct which invades and branches into the(1) Wnt-11is expressed in the ureter tips (Kispert et al.,

mesenchyme. This process appears to be mediated by GDNg96).

Xp. # # Recombinants ++ Wnt-4+ Wnt-4Wnt-4

+/+

Fig. 7.Induction of tubulogenesis in wild-type and
Whnt-4mutant metanephric mesenchyme by

NIH3T3 cells stably expressingnt-4 Isolated
metanephric mesenchyme was placed on top of
NIH3T3 cells expressing/nt-4which were

supported by a nucleopore filter. After 48 hours

and 96 hours cultures were monitored as whole T
mounts using bright field microscopy, after 144
hours as histological sections. Induction of
tubulogenesis in wild-type andnt-4Wnt-4

mutant metanephric mesenchymeVigyt-4 ;

expressing cells were indistinguishable. 48 h 96 h 144 h
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(2) Cells expressingWnt-1 can induce tubulogenesis homozygous for a likely null mutation @nt-11do not exhibit
(Herzlinger et al., 1994). an overt kidney phenotype (S. Vainio, A. Kispert and A. P.

(3) Wnt-4 is a critically required for epithelialisation of McMahon, unpublished observation). At this time, the function
condensed mesenchyme (Stark et al., 1994). of Wnt-11is unclear.

(4) VariousWntgenes are expressed in the spinal cord (Parr
et al., 1993). Whnt-4 is a mesenchymal signal for tubulogenesis

With respect to these findings our experimental data are dnalysis ofWnt-4mutants has demonstrated a critical role for
dual importance. First, they point to the nature of signal®Vnt-4in kidney development. Homozygous pups die 24 hours
emitted by the heterologous inducer spinal cord and clarify thafter birth due to small agenic kidneys consisting of
action of these signals with respect to ureter signaling. Seconahdifferentiated mesenchyme intermingled with collecting
they argue for a decisive role for Wnt-4 signaling in theduct tissue. Histological and marker analysis revealed that
mesenchyme, adding another signaling system tprimary condensation of mesenchymal cells around the ureter
tubulogenesis, a process which has not been fully appreciatéds as well as ureteric branching occurs normally. However,

up to now. mutant kidneys quickly become growth retarded and the
) ) ) mesenchyme remains undifferentiated lacking pretubular cell
Spinal cord signaling and Wnt-4 aggregates and epithelial tubules. Since kidney size as well as

Classical kidney organ culture experiments have identifiedell death initially remain unaffected, proliferation is unlikely
numerous tissues of diverse embryonic origins, which can elicib be controlled byvnt-4 Rather, the lack afVnt-4expression
tubulogenesis in isolated metanephric mesenchyme (Unsworitself and of epithelial structures in the mutant mesenchyme
and Grobstein, 1970; Saxen, 1987). As these tissues are robagjues that Wnt-4 may autoinduce the epithelialisation of
inducers, they, rather than the ureter itself, have been widegbondensed mesenchyme. In this study we have shown that
used to define the process of kidney tubule induction. In ounesenchymally derivetlVnt-4is not only required but also
recombination experiments we have demonstrated that thesefficient for induction of tubulogenesis in the mammalian
inducers, exemplified by dorsal spinal cord tissue, can trigg&idney. Judging by histological and molecular markers Wnt-4
tubulogenesis inWnt-4 mutant mesenchyme. Therefore, it can elicit the complete program of tubular differentiation in
seems unlikely that the signals emitted from the spinal cordsolated metanephric mesenchyme. The activity of Wnt-4
and possibly other heterologous inducing tissues, mimic acontrasts with other factors thought to regulate mesenchymal
endogenous ureteric signal(s) which would still requia-4  development. For example, FGF (Perantoni et al., 1995) and
for tubule formation. We suggest they act on the levélof- EGF (Weller et al., 1991; Koseki et al., 1992) can both support
4 in the mesenchyme. Since dorsal spinal cord used in thmesenchymal survival but are not sufficient for tubulogenesis.
assays was also mutant Wint-4otherWntsmay replace Wnt- Like Wnt-4, BMP-7 has been suggested to induce tubules
4 activity in the mesenchyme. By using cell lines expressin@Vukicevic et al., 1996) but loss-of-function studies indicate it
variousWntgenes we show th&¥nt-1, Wnt-33 Wnt-7a Wnt-  is not essential for tubule formation in vivo as some glomeruli
7b, all of which are expressed in spinal cord, can evokéorm in BMP7mutants (Dudley et al., 1995; Luo et al., 1995).
tubulogenesis in isolated metanephric mesenchyme. THa contrast, loss ofVnt-4 leads to a complete absence of
additive action of several Wnt proteins may also explain whyglomeruli.
dorsal spinal cord represents such a strong source of inducerWnt-4 activity shows all the characteristics which have
FurtherWntsare widely expressed during embryogenesis (Pampreviously been ascribed to induction by dorsal spinal cord
et al., 1993; Lee et al., 1995) and could explain why so manyssue. Signaling is cell-contact dependent. Below a certain
tissues can trigger tubulogenesis in isolated metanephrfore size in the transfilter assay the formation of cellular
mesenchyme. processes which penetrate the filter pores is inhibited and
In summary, our results suggest a different interpretation déolated mesenchyme degenerates. Cell contact dependence
the use of kidney cultures to elucidate the nature of the ureterdgrees well with the fact that Wnt proteins interact with
signal involved in inducing the mesenchyme. Experimentgxtracellular matrix (ECM) components (Bradley and Brown,
which have used heterologous sources of tubule inducers, md€90; Papkoff and Schryver, 1990; Burrus, 1994; Burrus and
notably the spinal cord, may not have been investigating thécMahon, 1995). The chlorate inhibition experiments defines
nature of ureteric signaling, but rather the mesenchymal actiancritical period of 24 hours for induction. This is in agreement
of signals such as Wnt-4. At present, the exact nature efith classical studies which showed that the inducer tissue can
ureteric signaling remains obscure. It seems clear that kze removed after this time with tubulogenesis proceeding
primary signal from the ureter leads to survival and initialundisturbed (Saxen, 1987). Possibly, every cell has to get in
condensation of metanephric mesenchyme. This primargontact with the inducer to initiate tubulogenesis. We suggest
signal might be required for a sufficient length of time to allowthat  further  differentiation, i.e. aggregation and
auto-induction of the mesenchyme by Wnt-4. Alternatively, epithelialisation of mesenchymal cells is only initiated when a
secondary signal from the ureter tip might be necessary t®ertain number of cells (a small community) has received the
induceWnt-4expression in aggregating mesenchyme. Wnt-4 signal. At this time mesenchymal development is
Our experiments argue against a role for Wnt-11 as a ureteiiicdependent of ureteric signaling.
signal for mesenchymal aggregation. As a secreted Chlorate acts as a competitive inhibitor of sulphotransferases
glycoprotein expressed at the ureter tip Wnt-11 was a primand inhibits the sulphation of glycosaminoglycans (Kjellen and
candidate for such an activity. However, we were not able thindahl, 1991). Our inhibition studies point to a critical role of
get tubulogenesis with cells expressiimt-11 Recent loss- these ECM compounds in tubulogenesis. Numerous studies
of-function experiments also support this notion. Micehave shown that branching morphogenesis of the ureter as well
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as branching of other epithelia requires an intact ECM (Platndoubtedly, the functional analysis of other secreted factors
et al., 1987; Davies et al., 1995; Roskelly et al., 1995; Kispewmvill shed light on these diverse events in kidney development.
et al., 1996). Since presence of chlorate after 24 hours does not

influence tubulogenesis GAGs do not seem to be involved in We thank Bénédicte Haenig for excellent technical assistance, and
tubule maturation and differentiation, in agreement with othePcott Lee and Michael Leitges for critically reading the manuscript.
reports (Davies et al., 1995). Tubule induction does, howevef'e are grateful to Peter Gruss for the Pax-8 cDNA, Greg Dressler for

; : ._the Pax-2 cDNA, Rolf Kemler for the E-Cadherin cDNA, Nick Hastie
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our results point to an important role for GAGs in Wnt-4'sqg| jine. Work in A.P.M’s laboratory was supported by grants from

action, their precise role remains unclear. It is poss.|ble th:ﬂt,e National Institute of Health. A.K. was supported by the Max-

chlorate acts on the Wnt secreting cell. Recent experiments Manck-Society and a long term postdoctoral fellowship by the Human
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