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SUMMARY

Branching morphogenesis of epithelium is a common and
important feature of organogenesis; it is, for example,

responsible for development of renal collecting ducts, lung
airways, milk ducts of mammary glands and seminal ducts
of the prostate. In each case, epithelial development is
controlled by a variety of mesenchyme-derived molecules,
both soluble (e.g. growth factors) and insoluble (e.g.
extracellular matrix). Little is known about how these

varied influences are integrated to produce a coherent
morphogenetic response, but integration is likely to be
achieved at least partly by cytoplasmic signal transduction
networks. Work in other systems Drosophila tracheae,

MDCK models) suggests that the mitogen-activated protein
(MAP) kinase pathway might be important to epithelial

branching. We have investigated the role of the MAP kinase
pathway in one of the best characterised mammalian

activation with the MAP kinase kinase inhibitor, PD98059,
reversibly inhibits branching in a dose-dependent manner,
while allowing tubule elongation to continue. When Erk
activation is inhibited, ureteric bud tips show less cell
proliferation than controls and they also produce fewer
laminin-rich processes penetrating the mesenchyme and
fail to show the strong concentration of apical actin
filaments typical of controls; apoptosis and expression of
Ret and Ros, are, however, normal. The activity of the Erk
MAP kinase pathway is dependent on at least two known
regulators of ureteric bud branching; the GDNF-Ret
signalling system and sulphated glycosaminoglycans.
MAP kinase is therefore essential for normal branching
morphogenesis of the ureteric bud, and lies downstream
of significant extracellular regulators of ureteric bud
development.

examples of branching morphogenesis, the ureteric bud of
the metanephric kidney. We find that Erk MAP kinase is

normally active in ureteric bud, and that inhibiting Erk Key words: Erk, kidney, MAP kinase, Branching, Mouse

INTRODUCTION The collecting duct system of the kidney derives from the
ureteric bud, an initially unbranched outgrowth of the Wolffian
Branching morphogenesis of tubular epithelium is a commoduct (Davies and Davey 1999). The ureteric bud develops
and important feature of vertebrate organogenesis; examplesiof response to glial cell line-derived neurotrophic factor
tissues formed in this manner include collecting ducts of théGDNF), which is secreted by the nearby metanephrogenic
kidney, airways of the lung, milk ducts of the mammary glandnesenchyme; this system is so powerful that GDNF-soaked
and secretory ducts of the prostate. In all cases, developméigads can elicit supernumerary ureteric buds, and so necessary
of the epithelium is regulated by a large number of moleculethat mostGdnf’- transgenic mice fail to form any ureteric buds
produced by the surrounding mesenchyme; these includg all (Pichel et al., 1996; Moore et al., 1996; Sainio et al.,
growth factors, proteases and components of the extracellula®97). The Ret receptor tyrosine kinase that binds GDNF can
matrix (Hieda and Nakanishi, 1997; Davies and Davey, 199%lso be activated by other members of the GDNF family, such
Warburton et al., 2000). Cells of the epithelium have taas neurturin, persephin and artemin (Baloh et al., 2000).
integrate these signals to produce a coherent morphogeneieurturin can also elicit bud formation in culture assays
response, and while the process of integration is littlédDavies et al., 1999), but as this molecule is naturally
understood, much of it probably takes place in cytoplasmisynthesised by the bud itself, it is unlikely to be an in vivo
signal transduction networks. To identify candidate network#ducer.

for integrating and controlling branching morphogenesis, we Once inside the metanephrogenic mesenchyme, the ureteric
have examined the role of a major signal transduction pathwalyud begins to arborise to form the collecting duct tree. GDNF
the mitogen-activated protein (MAP) kinase pathway, in whats still required for this, and both neurturin and persephin can
is arguably the best understood mammalian example gromote branching in culture (Sainio et al., 1997; Milbrandt
epithelial branching: the developing urinary collecting duct. et al., 1998; Davies et al., 1999). Hepatocyte growth factor
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(HGF), produced by the mesenchyme, also supporttke molecule, Branchless, to its receptor tyrosine kinase,
arborisation of the ureteric bud in culture, although whether iBreathless (Gabay et al., 1997). In murine salivary glands, the
promotes just elongation or both elongation and branchingrkl and Erk2 MAP kinases mediate the response to epidermal
depends on the assay system used (Woolf et al., 1995; Davg®wth factor, and are essential for branching morphogenesis
et al., 1995), antigf”’~ mice have normal kidneys (Uehara et (Kashimata et al., 2000). In a model of epithelial
al., 1995). The mesenchyme-derived bone morphogenetinorphogenesis based on culture of Madin-Darby canine
protein, BMP2, inhibits ureteric bud branching while BMP7,kidney cells in collagen gels, the MAP kinase pathway is
produced by both the mesenchyme and the bud itself, promote=quired for tubulogensis to take place (Khwaja et al., 1998).
branching at low concentrations and inhibits it at high We have therefore sought evidence for the involvement of
concentrations (Piscione et al., 1997; Gupta et al., 1999%he Erk 1 and Erk2 MAP kinase pathway in branching
Activin, produced by mesenchymal cells, also inhibitsmorphogenesis of the ureteric bud. We have found that this
branching (Ritvos et al., 1995), while transforming growthpathway is active in normally developing ureteric bud, that its
factor B (TGH3) promotes elongation at the expense ofactivity is necessary for branching morphogenesis to take
branching (Ritvos et al., 1995). place, and that the pathway is regulated by GDNF and also
As well as being regulated by these growth factors, ureteriequires glycosaminoglycans.
bud development also requires certain matrix components.
Evidence from both culture experiments and transgenic
mice demonstrates a requirement for heparan sulphatdATERIALS AND METHODS
glycosaminoglycans (Davies et al., 1995; Bullock et al., 1998).
Ureteric bud development also fails or is stunted in transgentgidney culture
mice deficient in the matrix receptors3 or a8 integrin  Kidney rudiments were isolated from MF1 mouse embryos at
(Kreidberg et al., 1996; Muller et al., 1997), but as thes@mbryonic day (E)11.5 (morning of discovery of vaginal plug was
molecules are expressed in the mesenchyme rather than {fken to be E0.5) and were cultured on track-etched polycarbonate
epithelium, the effect on the epithelium may be quite indirectf.'lters at the medmm/gas interface for 2-4 days, according to methods
Matrix metalloproteinases (MMPs), particularly MMP9, areVe have described elsewhere (Davies, 1994). For experimental

I ired f teric bud arborisation i it Lel reatments, the medium (Eagle’s MEM with Earle’s salts (Sigma,
gtsgl ref;ér% or ureteric bud arborisation in culture (LeLong 5650) with 10% heat-inactivated newborn calf serum, penicillin and

, . . streptomycin) was supplemented with one or more of the following:
It is a reasonable assumption that signals from thesg.amino-3-methoxyflavone (PD98059; Calbiochem) at 543,
molecules are passed, via their receptors, to cytoplasmic signeClOs (Merck) at 30mM (Davies et al., 1995), 10 ng/ml BMP2, or
transduction networks in the ureteric bud cells for processingynction-blocking anti-GDNF antibody (R&D systems) at jig/m
integration and subsequent control of gene expression affidega et al., 1996; Davies et al., 1999). Lung rudiments were isolated
actual morphogenesis. So far, little is known about Signérom micg at E10.5 and E11.5; for urfeteric pud/lung reqombinants,
transduction in ureteric bud arborisation, although the work gfrgan rudiments were treated in trypsin solution for 3 minutes, then
Gupta et al. (Gupta et al., 1999) has implicated the protei_sseCted into their epithelial and mesenchymal components between
kinase A pathway in transducing branch-inhibiting signal ine needles. Epithelia and mesenchymes were recombined by

. . surrounding one or two epithelial rudiments with several fragments of
from bone morphogenetic protein (BMP) 2. In other SyStem%‘nesenchyme on polycarbonate filters. For all lung experiments

there is some evidence that branching morphogenesis requii@sether or not they involved tissue recombination), culture medium
the MAP kinase pathway (Fig. 1) (Huang and Erikson, 1996)yas the renal culture medium supplemented with 10 ng/ml GDNF
In the branching oDrosophilatracheal system, MAP kinase (Sainio et al., 1997). Hanging drop culture of ureteric buds was
is active in the tips of developing branches, and its activity iperformed according to the method of Sainio et al. (Sainio et al.,
dependent on the binding of the fibroblast growth factor (FGF)1997); ureteric buds were isolated from kidneys by manual dissection
after incubation of kidneys in trypsin for 20 minutes at 37Fey
were examined at high power to ensure that their outlines were smooth
: (basement membrane) rather than ragged (adhering mesenchyme),
Reci[i);t;;gsrosme and were then transferred to g0drops of medium with or without
50 ng/ml GDNF and 2GM PD98059 hanging from the lid of a 3 cm
J, petri dish (CellStar). They were incubated for 40 hours, then
photographed using a Zeiss dissecting microscope.

Grb2-Sos
\l/ Immunohistochemistry
R Immunohistochemistry was carried out using procedures and
as antibodies we have described before (Davies et al., 1995; Davies et
\l/ al., 1999). For staining with anti-calbindin-D-28K, a specific marker
Raf-1 for ureteric bud and developing collecting ducts (Davies, 1994),
cultures were fixed ir20°C methanol, still attached to their filters,
Mek 1 & 2 for 15 minutes then washed in PBS (phosphate-buffered saline 0.1 M,
Fig. 1. A schematic of the PD98059 —| pH 7.4). They were stained in primary antibody (Sigma C8666 at
classical Erk 1/2 MAP kinase \l/ 1/100) for 3 hours at 37°C, washed in PBS, incubated with 1/100-
pathway, showing typical - 1/200 FITC or TRITC-conjugated secondary antibody (Sigma) for 2
connections to and from the Erk1&2]

hours at 37C, washed in PBS, mounted in glycerol/PBS and viewed
pathway, and showing the site @ under a Leitz epifluorescence microscope. For staining with anti-Ret

v
of action of the inhibitor, (Santa Cruz sc-167) and anti-Ros (Santa Cruz sc-6348), cultures were

PD98059. fixed and washed as above, then incubated in 1% bovine serum



Erk in developing kidney 4331

albumin (BSA) 0.1% Triton X-100 in PBS for 1 hour and incubatedTris, 10% glycerol, 5 mM MgG| 0.1 mM EDTA, 1 mM DTT, 100

in primary antibody (1/50 anti-Ret, 1/200 anti-Ros) in 1% BSA inmM KCI, 0.2 mM PMSF). Samples diluted in TGMED K buffer
PBS at 4°C overnight, then stained with secondary antibody as abo\@.8 ml) were added to 0.2 ml of concentrated BioRad reagent and
Cultures to be stained with phalloidin were fixed in 4% formaldehydehoroughly mixed. The samples were left at room temperature for 15
in PBS overnight at 4°C, washed in PBS then stained overnight at 49@inutes before being read at 595 nm in a Cecil 2000 series
with 220 ng/ml TRITC-phalloidin (Sigma P1951). After washing they spectrophotometer.

were examined using a Leica confocal microscope.

BrdU incorporation and propidium iodide staining

Cell proliferation was studied by adding bromodeoxyuridine (BrdU)

to culture medium to a final concentration of 108 and incubating . . Lo

cultures for a further 16 hours. Cultures were then fixed overnight if"k1/2 MAP kinase is normally active in both

4% formaldehyde in PBS, washed in PBS, incubated in 0.5 mg/n¥reteric bud and mesenchymal cells

trypsin for 20 minutes at 37°C, refixed in 4% formalin for 20 minutesFor Erk MAP kinases to play a role in regulating branching

at room temperature and washed in PBS. They were then inCUbatﬁfbrphogenesis of the ureteric bud, they must normally be

ir:‘ a mtix%f% of 95:?;9“;&‘19’(15% 0515t ’\é' ”isoqiur:'t‘_‘:itlr?ltgofgr 1§3xpressed and active in that tissue. To establish this, we used
ourat /v L, washed in and incubated overnignt in anthe technique of western blotting with antibodies that recognise

laminin (Sigma Cat L9393) and 1/40 anti BrdU (Sigma 82531).E ly the phosphorylated forms of Erkl and Erk2 (Yung et al.,

RESULTS

Cultures were then stained with fluorescent secondary antibodies a - .
examined on a Leica confocal microscope. For quantitation o 97). Active (phosphorylated) Erks were detected in

incorporation, images were scanned in a plane bisecting the tubule (@Mmogenates of complete developing kidneys freshly isolated
which the apparent diameter of the tubule was greatest), the tissl®m E11 mouse embryos (data not shown), and also in
outside the ureteric bud was masked off (as shown in Fig. 4A,B), arteparate homogenates of each of the two constituent tissues of
BrdU-positive nuclei were counted within approximately 1% these kidneys, the ureteric bud and metanephric mesenchyme
(precisely 3.00 arbitrary units on the image analysis system(Fig. 2). Both Erk 1 (44 kDa) and Erk 2 (42 kDa) were

Apoptosis was assessed by examining nuclear morphology. Culturghosphorylated, but the Erk2 signal was much stronger in both
incubated for 24 hours with or without @ PD98059 were stained  tissyes.

for calbindin D (28 K) as described above, but with 1 mg/ml RNAse

A included in the primary antibody solution (to remove RNA beforeActivity of the MAPK pathway is required for

propidium iodide staining) and Oplg/ml propidium iodide included branching morphogenesis of the ureteric bud
with the secondary antibody. Cultures were imaged using the confoc { . . R
microscope and analysed as described above: apoptotic nuclei wer@ assess the requirement for Erk MAP kinase activity in

identified by their bright, condensed appearance. ureteric bud morphogenesis, we used the drug PD98059 (2
o amino-3-methoxyflavone), a specific inhibitor of the Mek
Homogenisation of samples MAP kinase kinase that activates Erk in the classical MAP

Kidney rudiments, either freshly dissected or after culture, werkinase cascade (see Fig. 1). This inhibitor was used at
transferred to a 0.1 ml glass homogeniser (Jencons) on ice,|dnd 5¢concentrations ranging from ®M to 50 puM, which
of lysis buffer (S0 mM Hepes, 1% Triton X-100, 50 mM NaCl, 50mM corresponds to typical concentrations used in published
NaF, 10 mM sodium pyrophosphate, 1% Aprotinin, 1 mM PMSFgeyejopmental studies on embryonic stem cells (25;
0.5 mM sodium vanadate) was added per kidney. Kidneys wer urdon et al., 1999), MDCK cells (3M; Khwaja et al 1998)

homogenised with 300 strokes of the homogeniser plunger (we found_,. . .
this thoroughness to be important for consistent results), then th??“vary glands (5@M) (Kashimata et al, 2000) and starfish

homogenate was centrifuged at 13,a§Gor 2 minutes, and the 00cytes (10QuM) (Stephano and Gould, 2000).

Supernatant was ana|ysed by western b|ott|ng At the t|me Of their iSOlation (E115), the k|dney rudiments
_ used in this study had developed T-shaped ureteric buds. After
SDS-PAGE and western blotting 72 hours of culture in normal medium, the buds of these

Proteins from kidney homogenates were separated on a 7.5% SD&eneys branched several more times in an organotypic manner
PAGE gel using a BioRad mini protean Il system and then transferregtig. 3A), as has been described many times elsewhere
(|_rt1 2017) Ime’[hanol,b 25 m?'/IL\ Trls,h 19)2 '\r;llM tg;lycme) to Hybot?dt (Grobstein 1953; Davies and Davey, 1999). When cultured in

nitrocellulose membranes (Amersham). Membranes were incuba ; ; i}

for 30 minutes in 5% dried skimmed milk in PBS and probed with fegfnzl;%[yﬁ n;ﬁgt%c:avxléui#gwl 04;5,[#:2/' lfrgti?icc):sgl,.lg]sevsglsagfgatly

rabbit anti-Erk1/2 (1/1000; Sigma), with mouse anti-phosphorylated;. :
Erk1/2 (1/1000; Sigma) or with anti-Ret (Q@/ml: Santa Cruz) in disturbed so that they produced long tubules with few branches

PBS containing 1% milk. The secondary antibodies (Sigma) were

used at a 1/20,000 dilution (anti-rabbit HRP) or at a 1/2000 dilutiot

(anti-mouse HRP) or at 1/15000 (anti-Goat HRP). Signals wer Bud Mes
detected by an ECL plus kit (Amersham, RPN 2132) according to th

manufacturer's recommendation. For all samples, detection of Erk1,

in any phosphorylation state was used as an homogenisation cont [ ~

to confirm that equal amounts of tissue were being examined on blc .

used for detection of only phosphorylated Erk1/2. In addition, ¢ < 44K
BioRad protein assay was used to compare total protein levels with — = 242K
samples.

) ) Fig. 2.Blotting using phospho-specific antibodies to activated Erk1/2
BioRad protein assay MAP kinases shows them to be present in both the ureteric bud
The amount of protein in various samples were compared to @ud) and the mesenchyme of normal developing kidneys (Mes), the
standard curve of BSA (1-28g/ml) in TGMED K buffer (25 mM  p42 (Erk 2) signal being stronger than that of p44 (Erk1).
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mainly at the tips of the ureteric bud, which show the swollen
appearance typical of the termini of branching epithelial tubules
(Fig. 4A). This localisation of proliferation to the ureteric bud
tips has not been described before. Ureteric buds grown in the
presence of 25IM PD98059 also show some proliferation at
the bud tips, but it is reduced compared with controls (Fig. 4B).
We compared proliferation quantitatively by counting the total
number of BrdU-incorporating nuclei within a segment of each
tubule between its tip and a point approximately 140
(precisely 3.00 arbitrary units on our image analysis system)
proximal to it. Data from more than 20 ureteric bud tips were
pooled for statistical analysis, which revealed a mean of 15.6
BrdU-positive nuclei in controls, but only 6.75 in those treated
with  PD98059; a t-test (assuming unequal variances)
demonstrated that this was a highly significant difference

E (P=5.2x107®). The lower but non-zero rate of cell proliferation
in PD98059-treated ureteric buds accords with the observation
50 that some extension continues (Fig. 3). There was very little
£ 40 apoptosis (0.5-1% of nuclei condensed) in the ureteric buds of
3 30+ either control or PD-98059-treated kidneys (Fig. 4C,D), and
: 20 "\f there was no significant difference between control and
= 10 \E PD98059-treated samples. The rarity of apoptotic cells in
04 .\!_—‘. . ureteric buds agrees with the results of Coles et al. (Coles et al.,
0 10 20 30 1993), who used a similar propidium iodide technique to
examine cell death in embryonic rat kidneys. Apoptotic figures
[PD980590)/uM could, however, be seen in the mesenchymes, as has been
described elsewhere (Coles et al., 1993); again, this appeared in

both control and experimental samples.

Little is known about the role of the cytoskeleton in ureteric
bud branching, but actin/myosin contraction is known to be
important in several examples of epithelial morphogenesis,

Fig. 3.Blocking the Erk MAP kinase pathway using PD98059
inhibits ureteric bud branching. (A) The ureteric buds of E11.5
kidney rudiments cultured for 72 hours in normal medium branch
extensively in an organotypic manner. (B,C) Inclusion of PD98059

(15uM), an inhibitor of Mek-activation of Erk1/2 MAP kinases, including wound healing, folding of the colon and branching
greatly decreases the number of branches produced by the uretericOf the salivary gland (Nakanishi and Ishii, 1989; Coloni and
bud although some elongation of existing branches continues. Conforti, 1993; McCluskey and Martin, 1995). We have

(D) When kidney rudiments are grown for 40 hours in PD98059 (10 therefore compared the distribution of filamentous actin in
uM) and then transferred to normal medium for a further 48 hours, normal kidneys and those treated with PD98059. In normal
the central, oldest parts of the ureteric bud tree show sparse kidneys, there is an intense concentration of actin filaments in

branc;hing but thg outer (newest) parts show a more normal branchigge apices of cells at the tips of the ureteric bud (Fig. 4E), but
density, suggesting that the cells recover from PD98059 treatment. j, pPD98059 treated kidneys this effect is lost and the

(E) A dose-response curve for PD98059, showing how the number ol centration of actin filaments at the tip is similar to that in

tips formed by the ureteric bud tree declines with increasin . .

(FF>)D98059); e);ror bars represent the standard error of the n%ean. the re_st of th‘? ur_eterlc bud (Fig. 4F). Qne o.ther marker of
ureteric buds tips is the presence at the tip of fine processes of
laminin that appear to extend into the mesenchyme from the
basement membrane (Davies et al., 1995). These can be seen

(Fig. 3B,C). Lower concentrations of PD98059 reduced but digointing in several directions, with respect to the ureteric bud,

not eliminate branching (see Fig. 3E for a dose-respondeom the tips of ureteric buds grown in control medium (Fig.

curve). The effect of PD98059 was reversible, so that kidnefA). By contrast, ureteric buds of kidneys grown in the
rudiments cultured in the presence of PD98059 for 40 hourgzresence of PD98059 showed very few laminin processes, and
and then placed for a further 48 hours in standard mediuthose that existed were typically found facing only ‘forwards’
produced an arbour, the medullary (older) part of which hadith respect to the bud, as shown in Fig. 4B.

long under-branched tubules and the cortical (newer) parts hadCell proliferation, apoptosis and cytoskeletal arrangement

an apparently normal density of new branches (Fig. 3D)are aspects of cell biology that are likely to be closely involved

Western blotting for phosphorylated Erk1/2 confirmed thatvith the actual production of morphological change,

20 uM PD98059 almost eliminated Erk activation without ‘downstream’ of signals that induce that change. Other markers

affecting the amounts of Erk protein present (see Fig. 7, rightf ureretic bud exist that are likely to be ‘upstream’, for

most track). example, the expression of the receptor tyrosine kinases Ret,
To understand more about the means by which the Erk1tRe receptor for the GDNF family (Schuchardt et al., 1994;
pathway controls growth of the ureteric bud, we examine®ainio et al.,, 1997) and Ros, whose ligand is unknown
proliferation and apoptosis of bud cells using BrdU(Tessarollo et al., 1992). Immunofluorescent detection showed
incorporation and nuclear morphology. Cell proliferation in thethat Ret was expressed by the ureteric buds of both control and
ureteric buds of kidneys cultured in normal medium is locate@5 pM PD98059-treated kidneys. In both cases, expression
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could be detected throughout the bud (Fig. 4G,H). This pattern
is normal for such young, small buds, and has been described
before at both the mRNA and protein levels (Pachnis et al.,
1993; Liu et al., 1996); only later in embryonic development,
when the bud is larger, is Ret lost from the bud stalk
Immunofluorescent detection of Ros again showed the
molecule to be present in the presence or absence jof125
PD98059 (Fig. 41,J). It was present throughout the bud, which
is again normal for these early stages of development and has
been described before (Kanwar et al.,, 1995). A subtle
difference could, however, be detected using high
magnification confocal microscopy; in about half of the
ureteric bud tips of normal kidneys, expression of Ros at the
basal surface of the cells, where it is generally strong, is
reduced in the few cells right at the tip (Fig. 4J, arrow), but this
effect was never seen in kidneys incubated in PD98059.

In summary, the overall effect of inhibiting the activation of
Erk1/2 was to inhibit ureteric bud branching while allowing
some extension. At a cellular level, rates of apoptosis in the
bud showed no detectable change but rates of cell proliferation
fell significantly, the concentration of actin filaments typical of
branching tips was lost and there was little production of
laminin processes typical of normal bud tips. Expression of Ret
and Ros receptor tyrosine kinases was, however, maintained at
least for the duration of these experiments (1-2 days).

An active Erk MAP kinase pathway is required by
the ureteric bud itself

Active Erk MAP-kinase is expressed by both the ureteric bud
and the mesenchyme that surrounds it. The inhibition of
ureteric bud development caused by inhibition of the MAP

kinase pathway might therefore be explained by an indirect
mechanism in which the mesenchyme requires active MAP
kinase in order to produce an environment that will support bud
arborisation. To discriminate between this possibility and a
direct requirement for Erk activation in the bud itself, it was

necessary to examine the behaviour of the ureteric bud, with
and without MAP kinase inhibitors, in a host tissue other than
metanephrogenic mesenchyme. Most other mesenchymes will

pattern of cell proliferation (BrdU incorporation) in normal kidneys; nc.)t support_ ureter'9 bud development,. but lung mesenchyme
the inset shows both ureteric bud and mesenchyme, and the main W'”_d,o so in media supplemented with exogenous GD_NF
image shows only the ureteric bud for clarity (the mesenchyme beingSainio et al., 1997). We have found that branching
masked out electronically). Most BrdU incorporation (green) takes Morphogenesis of E11 murine lung is relatively unaffected by
place in the ureteric bud tips. The laminin basement membrane of concentrations of PD98059 (up to 238M) that inhibit
those tips (red) shows numerous short processes reaching out into thi@nching in the kidney, and even at| @ PD98059, some
mesenchyme (arrowheads). (B) In kidneys cultures in the presence efng branching continues (Fig. 5). Lung mesenchyme is
25uM PD98059, there is less proliferation in the ureteric bud, therefore still able to support epithelial arborisation even in 25
though it is again I_ocallsed r_naln_ly in the tips. There are also fgwer UM PD98059.
Sir:)eﬁli/sﬁ)snzggdtmﬁwatlgé?iz '?ag‘(')s\‘,v'rr]gz%‘;’ Egelj")”ggg%ciﬁfsiggzgt: The necessity for Erks in the ureteric bud was tested by
staining of nuclei reveals very little apoptosis in the ureteric buds of combining isolated ureteric bud with lung mesenchymes in the
either PD98059-treated (C) or control (D) kidneys, although in both Présence or absence of PD98059. In the absence of PD98059,
cases there is mesenchymal apoptosis away from the immediate  the ureteric bud arborised in the lung mesenchyme and showed
vicinity of the ureteric bud (arrowheads). (E,F) Filamentous actin is @n obviously renal-type branch pattern. In the presence of 25
concentrated strongly at the apices of cells of control kidneys (E) MM PD98059, however, the ureteric bud showed the same
(arrowheads), but much less so in kidneys growing in PD98059 (F).inhibition of branching in lung mesenchyme as it does in
(G,H) Ureteric buds of both PD98059-treated kidneys (G) and kidney mesenchyme (Fig. 5F). As lung mesenchyme is able
controls (H) expres_s Ret. (l,J) Ureteric buds of bOth PD980597treate§) Support branching of its own ep|the||um under these
(1) and control (J) kidneys express Ros; many tips of control kidneyseonditions, the ureteric bud itself must require active Erk MAP
shovy reduced immunoreactivity in the few cells (lght at the ends of kinases for branching morphogenesis to take place.
Eﬂgt'e%seé?rg(ﬁs%?;;hggﬁh PD98059-treated kidneys do not show The hypothesis that MAP kinase activity is required by the

' A ureteric bud itself was further tested by exploiting the hanging

Fig. 4. Effect of PD98059 on ureteric bud cell biology. (A) The
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A

Fig. 5. Evidence from tissue recombinations (A-F) and isolated ureteric buds (G,H) that MAP kinase is required in the uretelic bud itse
(A-C) Lung epithelium undergoes branching morphogenesis in normal medium (A) and also in the preseptéRD28059 (B), which is
sufficient to block ureteric bud morphogenesis in kidneys; even aM7/BD98059 (C), some branching continues. Lung mesenchyme is
therefore capable of supporting epithelial branching in the presence of PD98059. Ureteric buds recombined with lung masenchyme
cultured in the presence of GDNF branch organotypically (E), though not as extensively as they do when recombined wittskiacteynme

(D). In the presence of 28V PD98059, however, ureteric buds show markedly reduced branching in lung mesenchyme (F; two ureteric buds
are shown in this figure). (G) Isolated ureteric buds cultured in the presence of 50 ng/ml GDNF retain their epithelisioorgaioisgh they

round up a little to form almost spherical cysts (this effect has been described previously by Sainio et al. (Saini@7j.dh,th® presence

of PD98059, however, the ability of GDNF to maintain epithelial organisation of the ureteric bud is lost, and over 24dsdisrspth out to

form a disorganised mass as if no GDNF were present (H).

drop culture system of Sainio et al. (Sainio et al., 1997). Thegdupta et al., 1999). Of these, sulphated glycosaminoglycans
authors showed that ureteric buds cultured in hanging dromsxd GDNF are outstanding because their importance has been
would lose their integrity over the course of 24 hours or sajemonstrated by both transgenic and culture studies (Pichel et
their cells parting company to form a diffuse mass with al., 1996; Moore et al., 1996; Davies et al., 1995; Bullock et
mesenchyme-like appearance. Inclusion of GDNF in thal., 1998). We therefore investigated whether either of these
culture medium, however, maintained the epithelial appearand¢@o extracellular regulators of ureteric bud branching play a
of the buds so that they did not break up. The maintenance afle in controlling the intracellular MAP kinase pathway.
epithelial morphology in hanging drops when provided with The connection between GDNF signalling and Erk MAP
adequate growth factors is one observable aspect of uretekimases was explored by using anti-GDNF antibodies, which
bud behaviour that does not require the influence of have already been shown to inhibit ureteric bud branching
supporting mesenchyme. We have therefore tested the effectaifongly (Vega et al., 1996; Davies et al., 1999). As expected,
MAP-kinase inhibition on ureteric bud behaviour in thiskidney rudiments incubated in 1@/ml anti-GDNF showed a
mesenchyme-free system. 50 ng/ml GDNF maintained thmarked reduction of ureteric bud development after 48 hours
epithelial morphology of isolated ureteric buds (Fig. 5G), agompared with controls (Fig. 6). Analysis of Erk
described by Sainio et al. (Sainio et al., 1997), but inclusion gshosphorylation in ureteric buds after this length of incubation
10-20 uM PD98059 in the culture medium abrogated thiswas not possible, because the anatomy of control kidneys had
effect, allowing the ureteric buds to shed cells and to lose theiecome too complex for the ureteric bud to be isolated, but it

integrity as if they had received no GDNF (Fig. 5H). was possible to isolate ureteric buds, by dissection in cold
o medium, from both experimental and control antibodies after
Erk phosphorylation is regulated by GDNF a 7 hour incubation with and without 1@/ml anti-GDNF.
signalling and by sulphated glycosaminoglycans, Western blotting of these samples showed that anti-GDNF
though not detectably by BMP2 treatment reduced phosphorylation of Erk MAP kinase without

If the MAP kinase pathway is a genuine regulator intracellulaaffecting the net amount of Erk protein in the tissues (Fig. 6).
of ureteric bud branching, it would be expected to be affecte@DNF is therefore a significant regulator of Erk activation in
by at least one extracellular regulator of branching. Manyhe developing ureteric bud.

extracellular regulators probably remain to be identified, but To establish whether the presence of sulphated
several are known, including components of the cell matriglycosaminoglycans in the kidney is important to Erk
(laminins, nidogen and sulphated glycosaminoglycansactivation, their synthesis was prevented by addition of 30 mM
(Ekblom et al., 1994; Davies et al., 1995; Kispert et al., 1996odium chlorate to the culture medium. The use of chlorate,
Bullock et al., 1998) and growth factors (GDNF, neurturinwhich blocks sulphation of glycosaminoglycans during
persephin, HGF, BMP2, BMP7, T@)- (Woolf et al., 1995; their synthesis by competing with sulphate ions for
Ritvos et al., 1995; Vega et al., 1996; Vukicevic et al., 1996sulphotransferase enzymes, is a standard and well-
Sainio et al., 1997; Milbrandt et al., 1998; Davies et al., 199%haracterised method that we have described before; it results
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Fig. 7. The activation of Erk MAP kinases is greatly reduced when
kidney rudiments are grown in the presence of sodium chlorate, an
inhibitor of the synthesis of sulphated glycosaminoglycans that is
known to inhibit ureteric bud morphogenesis. The top panels show
western blots of complete kidney rudiments cultured in the presence
of sodium chlorate, or ureteric buds dissected from such kidney
rudiments after their incubation, probed with an antibody that
recognises only phosphorylated Erk1/2 (Erk-P); chlorate treatment
greatly reduces levels of Erk phosphorylation compared with

Fig. 6. The activation of Erk MAP kinases in the ureteric bud is controls (Normal). The right-most lane shows the even more severe
reduced markedly when kidneys are incubated in the presence of reduction in Erk phosphorylation produced by treating kidney
function-blocking antibodies to GDNF. (A) The top panel shows a rudiments with PD98059. The bottom panels, showing the same
western blot of ureteric buds, isolated after a 7 hour incubation of samples probed with an antibody that recognises both

complete kidneys with and without anti-GDNF, probed with an phosphorylated (Erk-P) and non-phosphorylated Erk, shows that
antibody specific for phosphorylated Erk1/2 (Erk-P). Much less chlorate and PD98059 treatments have little effect on amounts of Erk
phosphorylation is seen in ureteric buds of kidneys treated with antiprotein in the tissue.

GDNF. The bottom panel shows the same samples probed with an

antibody that recognises both phosphorylated and non-

phosphorylated Erk, and shows that anti-GDNF treatment does not gpjthelial cell line (Sano et al., 1999). We therefore tested the
alter the ar?ounts of Erk protelrtzpresent in th_e cells. Tlhe blot w?s bility of BMP2 treatment to modulate Erk MAP kinase
prepared after just 7 hours so that net ureteric bud volume would no ctivity in the ureteric bud. Treatment of kidneys with 10 nM

have changed significantly. (B,C) Micrographs of kidneys cultured in L . .
normal medium (B) and anti-GDNF (C) for 48 hours confirm that theBMP2 caused a (_:{ramatlc inhibition of ureteric bud br_anchlng
anti-GDNF antibody blocks ureteric bud morphogenesis. (F|g._8A,B), but failed to produce a detectable change in Erk.1/2
activity (Fig. 8C). Therefore not every modulator of ureteric

bud morphogenesis acts via the Erk MAP kinase pathway.

in cessation of ureteric bud arborisation although nephron
formation continues (Davies et al., 1995; Milbrandt et al. DISCUSSION
1998; Davies et al., 1999). After approximately 72 hours in
these culture conditions, levels of Erk MAP kinase activatioWWe have shown that Erk MAP kinases are normally active in
drop markedly compared with those in control kidneyspranching ureteric bud, that branching morphogenesis requires
suggesting that the MAP kinase pathway in the developintheir activity and that their inhibition reduces cell proliferation
kidney is regulated (however indirectly) by activities ofand alters matrix organisation. We have also shown that Erk
sulphated glycosaminoglycans. This drop in MAP kinasectivation in the ureteric bud requires both GDNF and
activation is apparent when ureteric buds isolated from kidneysulphated glycosaminoglycans.
(after 12-13 hour incubation) or when complete kidneys are Signal transduction through the Erk pathway is known to be
analysed (Fig. 7). involved in regulating the branching morphogenesis of
BMP2 is a powerful negative regulator of ureteric budepithelium in two other systems, mammalian salivary glands
branching (Piscione et al., 1997; Gupta et al., 1999). Being @and Drosophila tracheae (Kashimata et al., 2000; Gabay et
member of the TG superfamily of growth factors, BMP2 al., 1997). That it should also be involved in development of
would be expected to signal via SMAD proteins (Massaguéhe ureteric bud raises the possibility that branching
2000), and Gupta et al. (Gupta et al., 1999) have shown thahorphogenesis may use conserved intracellular mechanisms
in kidney, BMP2 signals via Smadl and Smad4. Some datcross a wide variety of systems. There are, however, detailed
have, however, implicated MAP kinase pathways as additionalifferences between the three model systems that make
downstream effectors of signalling by members of the @ GF comparisons complicated. In both kidney and salivary gland,
superfamily, and one report shows this effect in a kidneyor example, branching morphogenesis is accompanied by cell
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A the involvement of the Erk pathway in neurite morphogenesis
again raises a possibility of a conserved role for the pathway

g g in branching morphogenesis even across different types of

s = tissue.

O m The dependence of the MAP kinase pathway in the ureteric
o 1 <Erk-@ bud on sulphated glycosaminoglycans is intriguing.

Glycosaminoglycans have many known roles, including
presentation of growth factors to their high-affinity receptors
= and organisation of the extracellular matrix. Either role could
involve them in regulating epithelial Erk activity. If the Erk
MAP kinase cascade in ureteric bud is controlled by the
receptors for any growth factors that require presentation by
sulphated glycosaminoglycans, then loss of the glycans would
produce defective signalling and hence defective activation of
MAP kinase. At least two molecules present in developing
kidney, FGF2 and HGF, are known to be presented by
sulphated glycosaminoglycans (Rapreager et al., 1991; Lyon et
al., 1998), and there could be many more, possibly including
GDNF itself. Cells sense their matrix via integrin and other
matrix receptors, and integrin-containing complexes of cells
Fig. 8. The activation of Erk MAP kinases in the ureteric bud is not can signal, via focal adhesion kinase and Grb2, to the Ras-
detectably affected when kidneys are incubated in the presence of QAP kinase pathway (Chen et al., 1998). Defective matrix
ng/ml BMP2. (A) The top panel shows a western blot of ureteric organisation caused by lack of sulphated glycosaminoglycans

buds, isolated after an 8 hour incubation of complete kidneys with : ; :
and without BMP2, probed with an antibody specific for could therefore affect MAP kinase without any link to growth

phosphorylated Erk1/2 (Erk-P). The bottom panel shows the same faqtors. It is d'ﬁ'cu“. to use studies fr.om other cell types fqr
samples probed with an antibody that recognises both guidance about which is the most likely role of glycans in
phosphorylated and non-phosphorylated Erk. (B,C) Micrographs of regulating Erk, because there is such variation in the way that
kidneys cultured in normal medium (C) and 10 ng/ml BMP2 (C) for the Erk pathway is controlled. In PC12 pheochromocytoma
30 hours confirm that BMP2 inhibits ureteric bud morphogenesis. cells, for example, G-protein-coupled receptor-mediated Erk
activation is almost exclusively dependent on focal adhesion
kinase, whereas in ratl fibroblasts it is almost exclusively
proliferation, whereas the tracheal system [sophila  receptor tyrosine kinases (Della Rocca et al., 1989).
develops by cell enlargement and rearrangement without Erks have many effects in different cell types, and all tissues
multiplication. In addition, inhibition of Erk activation in examined so far contain immunoreactive Erkl and Erk2 (Cobb
salivary glands results in cessation of both growth anét al., 1994). Erk was first characterised in the context of
extension (Kashimato et al., 2000), but in our experiments witproliferative responses of cells to mitogens (Rossomando et al.,
kidneys, tubule extension continued even when branching wd®89), and ensuring adequate levels of proliferation may be
inhibited. An involvement of Erks in branching systems withone important role for Erks in ureteric bud morphogenesis. We
these differences may either indicate that the pathway is trufpund that cell proliferation is concentrated in the very tips of
fundamental and that its importance lies deeper than detailesbrmal ureteric buds, suggesting that elongation, as well as
differences, or it may simply result from Erk being involved inbranching, takes place mainly terminally. When Erk activation
quite different processes in the three organs. was prevented, there was significantly less cell proliferation but
To the best of our knowledge, this is the first report of GDNRvhat remained was still concentrated at the termini of the bud,
signalling being transduced via the Erk MAP kinase pathwagnd was presumably the cause of the tubule elongation that still
in epithelial cells, but a link between GDNF and Erk has beetook place. It seems unlikely, however, that reduced
well established in several neuronal cell types. Ret activatiomroliferation can alone account for the absence of branching
by GDNF and related ligands, activates both Erk MAP kinasgiven that some elongation continues, something else must
and phosphatidyl-inositol-3-kinase in sympathetic neurones account for the fact that the elongation is now directed only
the superior cervical ganglion, in chick motoneurones and in rwards. In addition, we have previously reported that direct
motoneuron-derived cell line (Kotzbauer et al., 1996; Creedoimhibition of cell cycling, using methotrexate, has opposite
et al., 1996; Soler et al., 1999; Trupp, 1999). In chickereffects to those of MAP kinase inhibition, in that branch
motoneurones in primary culture, only the phosphatidylinitiation continues but elongation ceases (Davies et al., 1995).
inositol-3-kinase pathway is required for GDNF-mediated cell One other possible function of the Erk pathway is
survival (Soler et al., 1999), suggesting that the function ofmodulation of adhesion between ureteric bud cells. We found
MAP kinase (if any) may be more to do with neurite outgrowththe Erk pathway to be necessary for GDNF to maintain isolated
Certainly, Erk MAP kinase activity is associated with neuriteureteric buds as adhering, epithelial cysts and prevent them
outgrowth in response to other growth factors in neurondbreaking up into loosely aggregated scattered cells, as happens
models such as PC12 cells (Qiu and Green 1992; Cowley &t the absence of GDNF. This is an interesting result, in that it
al., 1994; Pang et al., 1995; Fukuda et al., 1995; Creedon ietplies that Erk can modulate cell adhesion in this tissue, but
al., 1996). Neurite production usually involves branching ass also paradoxical (as was the original observation of Sainio
well as growth, particularly in the case of dendritic trees, set al. that GDNF maintains integrity (Sainio et al., 1997), for
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in other systems branching morphogenesis is associated withd, it will be important to determine which other known

molecules that promote cell scatter (e.g. HGF) (Santos arrdgulators lie upstream of them, how they regulate each other

Nigam, 1993). and, most crucially, to identify the intracellular targets of these
The tips of ureteric buds possess fine processes rich pathways that link them to final effectors of morphogenesis.

laminin, contiguous with the basement membrane (at least at

the resolution of ||ght microscopy), that reach out into the We thank Linda Sharp for her assistgnce with confocal micr'oscopy

surrounding mesenchyme (Davies et al., 1995). In kidney§”d image analysis. We would also like to express our gratitude to

growing in normal media, these processes emanate fro@‘e National Kidney Research Fund (grant R5/1/99) and The

several points of the distended tips, so that they point in sever fplicome Trust (grant 056405) for their support of this work.

directions, but in kidneys treated with MAP kinase kinase

inhibitor, there are few processes and they point only forwards.

The nature and function of these processes has yet to FEFERENCES

elucidated, but in th'e light of the correlaj[ion presgnted hereT L Awgati, O. and Goldberg, M. R. (1998). Architectural patterns. in

that p_rocesses project forwards ;fmd Sldeways in branchi branching morphogenesis i’n the kidnkidney Int 54, 1832-1842.

ureteric buds, but only forwards in ureteric buds that onlysaion, R. H., Enomoto, H., Johnson, E. M., Jr and Milbrandt, J(2000).

elongate — it is tempting to speculate that the elongating The GDNF family ligands and receptors — implications for neural

ureteric bud may follow where they lead. In that case, whateverdevelopmentCurr. Opin. Neurobiol10, 103-110

effect the Erk pathway has on process formation would be Bflock, S. L., Fletcher, J. M., Beddington, R. S. and Wilson, V. A1998).
Renal agenesis in mice homozygous for a gene trap mutation in the gene

primary eﬁeCtor of branChmg' The Erk pathway _has been encoding heparan sulfate 2-sulfotransfer&@nes Devl12, 1894-1906.
shown to interact with the cytoskeleton, which might be @urdon, T., Stracey, C., Chambers, 1., Nichols, J. and Smith, A1999).
potent effector of branching morphogenesis in ureteric bud asSuppression of SHP-2 and ERK signalling promotes self-renewal of mouse
it is known to be in salivary gland (Nakanishi and Ishii, 1989). heemnba’og'c gltg:]‘ %e'é?%‘r‘;m‘zo,'w?ﬁa gg:;%- C. H. and Chang, T(1998)
In part'.CUIar’ Erk.s mter.aq with bOt.h the act|n-b|nd|ng protem, Tyrbsine p')hospr;orylat’ion of,focal édhesio'n kinase stimulate’d by hepatocyte
calponin, and with actin |tse|_f (Lemwe'be.r et al., 1999). This growth factor leads to mitogen-activated protein kinase activatiBiol.
may account for our observations that inhibition of Erks results Chem.273 25777-25782.
in a failure of ureteric bud tips to produce their normal patterigobb, M. H., Hepler, J. E., Cheng, M. and Robbins, D(1994). The
of actin filaments. In some cells, at least, the Erk pathway cansm';ogﬁgg‘gt'vated protein kinases, ERK1 and ERE@min. Cancer Biol.
also interact with other protein kinases in the, cytoplasm angoles, H. S., Burne, J. F. and Raff, M. C(1993). Large-scale normal cell
on membrane receptors such as EGF-R (Davis, 1995; TibbleSgeath in the developing rat kidney and its reduction by epidermal growth
and Woodgett, 1999), so that it could modulate the effects of factor. Development 18 777-784.
other regulators of ureteric bud development. Coloni, P. C. and Conforti, J. C.(1993). Morphogenesis in the fetal rat

. I s . proximal colon: effects of cytochalasin Bnat Rec235 241-252.

. The morphOIOQICE}I effect of |nh|b|t|ng Erk activation In_ th_e Cowley, S., Paterson, H., Kemp, P. and Marshall, C. §1994). Activation
kidney is unusual, in that most other treatments that inhibit o MAP kinase kinase is necessary and sufficient for PC12 differentiation
ureteric bud morphogenesis in culture (e.g. BMP2, anti-GDNF, and for transformation of NIH 3t3 cell§ell 77, 841-852
anti-HGF, chlorate, glycanases, etc.) inhibit both branclgreedon, D. J., Johnson, E. M. and Lawrence, J. 1996). Mitogen-
initiation and duct elongation. Inhibition of Erk activation activated protein kinase-independent path\_/vays_medlate the effects of nerve
Lo . . . growth factor and cAMP on neuronal survivédl.Biol. Chem271, 20713-
inhibits branching but at least some elongation continues. 55715
Con'ginued elongqtion in the absence of bran_ching strengthepswes, J., Lyon, M., Gallagher, J. and Garrod, D.(1995). Sulphated
previous suggestions that growth and branching of the uretericproteoglycan is required for collecting duct growth and branching but not
bud may be Controlled Separately’ the earller Observatlonsnephron formation durlng kldney develOpmeBEvelOpmenl‘lZ], 1507-
bemg that.TGB seems to encourage elong.atlon atthe pren avies, J. A.(1994). Control of Calbindin-D-28K expression in developing
of branching, and that treatment of rudiments deprived of mouse kidneyDev. Dyn.199, 45-51.
sulphated glycosaminoglycans with HGF ‘rescues’ elongatiomavies, J. A. and Davey, M. G(1999). Collecting duct morphogenesis.
without rescuing branching (Ritvos et al., 1995; Davies et al., Pediatr. Nephrol482, 1-7. _

1995). Separate control of branching and elongation could favies, J. A, Millar, C. B., Johnson, E. and Milbrandt, J. (1999).
Y L Regulation of renal collecting duct development by neurtidev. Genet.

principle allow more flexibility of the shape of a branched 5, %5g4 590

epithelial s_,ystem over both deveIOpmen_taI and §V0|Uti0ﬂ?-rwavis, R. J.(1995). Transcriptional regulation by MAP kinaskwl. Reprod.

time, and in the particular case of the kidney, this flexibility Dev.42, 459-467.

may be used when the simple frequently branchin@ella—Rocca, G. J., Maudlsey, S., Daaka, Y., Lefkowitz, R. J. and Luttrell,

. ’ : L. M. (1989). Pleiotropic coupling of G protein-coupled receptors to the
‘dIChOtOanUS pafttern of early developme_nt gives way to_the mitogen-activated protein kinase cascade: role of coal adhesions and
arcade’ production of late development, in which elongation (eceptor tyrosine kinase. Biol. Chem274, 13978-13984
dominates (al-Awqati and Goldberg, 1998). Ekblom, P., Ekblom, M., Fecker, L., Klein, G., Zhang, H. Y., Kadoya, Y.,

Three ‘classical’ signal transduction proteins have now been C_gu, M-fL., Mt?]ytir,lu- anhd Timpl, R. ('11139;?4)i Role ngqrg%%%n%{rzal
. ; ; . ; ; nidogen for epithelial morphogenesis in vitbevelopme - .
|mhpllﬁa}tedd In ubreterlﬁ budDde'veIopm:antl.gg,rsoFem k'.nai.e CFukuda, M., Gotoh, Y., Tachibana, T., Dell, K., Hattori, S., Yoneda, Y. and
which induces branching (Davies et al., ); protein Kinase jispida, E.(1995). Induction of neurite outgrowth by MAP kinase in PC12
A, which inhibits branching (Gupta et al., 1999); and Erk MAP  cells. Oncogenel 1, 239-244.
kinase, which is necessary for branching (this report). Th&abay, L., Seger, R. and Shilo, B. Z1997). MAP kinase in situ activation
protein kinase A pathway is regulated by (at least) BMP2 ang 8 g o el iteracton i culured
BMP7, and thg Erk MAP kinase pathway by (at least) GDNI£50Irgan rudiments of the mousgciencel 18, 52-55,
and glycosaminoglycans. In order to understand how thes§pta, I. R, Piscione, T. D., Grisaru, S., Phan, T., Macias-Silva, M., Zhou,

paths integrate the many regulatory influences on the uretericx., whiteside, C., Wrana, J. and Rosenblum, N. [{1999). Protein kinase



4338 C. E. Fisher and others

A is a negative regulator of renal branching morphogenesis and modulatesA., Lee, E. J., Huang, S. P., Saarma, M., Hoffer, B. J. et &]1996).
inhibitory and stimulatory bone morphogenic proteihsBiol. Chem274, Defects in enteric innervation and kidney development in mice lacking
26305-26314. GDNF. Nature 382 73-76
Hieda, Y. and Nakanishi, Y.(1997). Epithelial morphogenesis in mouse Piscione, T. D., Yager, T. D., Gupta, I. R., Grinfeld, B., Pei, Y., Attisano,
embryonic submandibular gland: its relationships to the tissue organization L., Wrana, J. L. and Rosenblum, N. D.(1997). BMP-2 and OP-1 exert
of epithelium and mesenchymeev. Growth Differ39, 1-8. direct and opposite effects on renal branching morphogengsis.J.
Huang, W. and Erikson, R. L.(1996). MAP kinases in multiple signalling Physiol 273,F961-F975
pathways. InSignal Transduction(ed. C.-H. Heldin and M. Purton). Qiu, M. S. and Green, S. H.(1992). PC12 cell neuronal differentiation is

Chapman and Hall. associated with prolonged p21ras activity and consequent prolonged ERK
Kanwar, Y. S., Liu, Z. Z., Kumar, A., Wada, J. and Carone, F. A(1995). activity. Neuron9, 705-717

Cloning of mouse c-ros renal cDNA, its role in development and relationshifrapraeger A. C., Krufka A. and Olwin, B. B. (1991). Requirement of

to extracellular matrix glycoproteinkidney Int 48, 1646-1659. heparan sulphate for bFGF-mediated fibroblast growth and myoblast
Kashimata, M., Sayeed, S., Ka, A., Onetti-Muda, A., Sakagami, H., differentiation.Science252, 1705-1708

Faraggiana, T. and Gresik, E. W(2000). The ERK-1/2 signaling pathway Ritvos, O., Tuuri, T., Eramaa, M., Sainio, K., Hilden, K., Saxen, L. and

is involved in the stimulation of branching morphogenesis of fetal mouse Gilbert, S. F. (1995). Activin disrupts epithelial branching morphogenesis

submandibular glands by EGBev. Biol 220, 183-196. in developing glandular organs of the moudech. Dev50, 229-245.
Kreidberg, J. A., Donovan, M. J., Goldstein, S. L., Rennke, H., Shepherd, Rossomando, A. J., Payne, D. M., Weber, M. J. and Sturgill, T. W1989).

K., Jones, R. C., Jaenisch. R1996). Alpha 3 beta 1 integrin has a crucial ~ Evidence that pp42, a major tyrosine kinase target protein, is a mitogen-

role in kidney and lung organogenedivelopmeni22 3537-3547. activated serine/threonine protein kinaBeoc. Natl. Acad. Sci. US86,
Khwaja, A., Lehmann, K., Marte. B. M. and Downward. J. (1998). 6940-6943.

Phosphoinositide 3-kinase induces scattering and tubulogenesis in epithelBinio, K., Suvanto, P., Davies, J. A., Wartiovaara, J., Wartiovaara, K.,
cells through a novel pathway. Biol. Chem?273 18793-18801. Saarma, M., Arumée, U., Meng, X., Lindahl, M., Pachnis, V., Sariola,
Kispert, A., Vainio, S., Shen, L., Rowitch, D. H. and McMahon, A. P. H. (1997). Glial cell-line derived neurotrophic factor is required for bud

(1996). Proteoglycans are required for maintenance of Wnt-11 expressioninitiation from ureteric epitheliunDevelopmeni24, 4077-4087
in the ureter tipsDevelopmeni22, 3627-3637. Sano, Y., Harada, J., Tashiro, S., Gotoh-Mandeville, R., Maekawa, T. and

Kotzbauer, P. T., Lampe, P. A., Heuckeroth, R. O., Golden, J. P., Creedon, Ishii, S. (1999). ATF-2 is a common nuclear target of Smad and TAK1
D. J., Johnson, E. M., Jr and Milbrandt, J.(1996). Neurturin, a relative pathways in transforming growth factor-beta signalihddiol. Chem274,
of glial-cell-line-derived neurotrophic factddature 384, 467-470. 8949-8957.

Leinweber, B. D., Leavis, P. C., Grabarek, Z., Wang, C.-L. and Morgan, Santos, O. F. and Nigam, S. K(1993). HGF-induced tubulogenesis and
K. G. (1999). Extracellular regulated kinase (ERK) interaction with actin  branching of epithelial cells is modulated by extracellular matrix and TGF-
and the calponin homology (CH) domain of actin-binding proteins. beta.Dev. Biol 160, 293-302.

Biochem. J344, 117-123 Schuchardt, A., D’'Agati, V., Larsson-Blomberg, L., Costantini, F. and

Le Longt, B., Trugnan, G., Murphy, G. and Ronco, P. M.(1997). Matrix Pachnis, V.(1994). Defects in the kidney and enteric nervous system of
metalloproteinases MMP2 and MMP9 are produced in early stages of mice lacking the tyrosine kinase receptor Rétture 367, 380-383.
kidney morphogenesis but only MMP9 is required for renal organogenesiSoler, R. M., Dolcet, X., Encinas, M., Egea, J., Bayascas, J. R. and Comella,
in vitro. J. Cell Biol.136, 1363-1373. J. X. (1999). Receptors of the glial cell line-derived neurotrophic factor

Liu, Z. Z., Wada, J., Kumar, A., Carone, F. A., Takahashi, M. and Kanwar, family of neurotrophic factors signal cell survival through the
Y. S.(1996). Comparative role of phosphotyrosine kinase domains of c-ros phosphatidylinositol 3-kinase pathway in spinal cord motoneurdns.
and c-ret protooncogenes in metanephric development with respect toNeurosci 19, 9160-9169.
growth factors and matrix morphogeev. Biol.178 133-148. Stephano, J. L. and Gould, M. C(2000). MAP kinase, a universal suppressor

Lyon, M., Deakin, J. A., Rahmoune, H., Fernig, D. G., Nakamura, T. and of sperm centrosomes during meiod. Biol.222, 420-428.

Gallagher, J. T.(1998). Hepatocyte growth factor/scatter factor binds with Tessarollo, L., Nagarajan, L. and Parada, L. F(1992). c-ros: the vertebrate

high affinity to dermatan sulfatd. Biol. Chem273 271-278. homolog of the sevenless tyrosine kinase receptor is tightly regulated during
Massagué, J(2000). How cells read TGB-signals.Nat. Rev. Mol. Cell Biol. organogenesis in mouse embryonic developnizexelopmenl15 11-20.
1, 169-178. Tibbles, L. A. and Woodgett, J. R(1999). The stress-activated protein kinase

McCluskey, J. and Martin, P. (1995). Analysis of the tissue movements of  pathwaysCell Mol. Life Sci55, 1230-1254.
embryonic wound healing-Dil studies in the limb bud stage mouse embrydrupp, M., Scott, R., Whittemore, S. R. and lbanez, C. F1999). Ret-

Dev. Biol 170 102-114. dependent and -independent mechanisms of glial cell line-derived
Milbrandt, J., de Sauvage, F., Fahrner, T. L., Baloh, R. H,. Leitner, M. L., neurotrophic factor signaling in neuronal cellsBiol. Chem274, 20885-

Tansey, M. L., Lampe, P. A., Heuckeroth, R. O., Kotzbauer, P. T., 20894.

Simburger, K. S. et al.(1998). Persephin, a neurotrophic factor related toUehara, Y., Minowa, O., Mori, C., Shiota, K., Kuno, J., Noda, T.,

GDNF and NeurturinNeuron20, 1-20. Kitamura, N. (1995). Placental defect and embryonic lethality in mice
Moore, M. W., Klein, R. D., Farifias, I., Sauer, H., Armanini, M., Philips, lacking hepatocyte growth factor/scatter fachature.373 702-705.

H., Reichardt, L. F., Ryan, A. M., Carver-Moore, K. and Rosenthal, A.  Vega, Q. C., Worby, C. A,, Lechner, M. S., Dixon, J. E. and Dressler, G.

(1996). Renal and neuronal abnormalities in mice lacking GIN¢Eure (1996). Glial cell-derived neurotrophic factor activates the receptor tyrosine

382 76-79. kinase RET and promotes kidney morphogendaigc. Natl. Acad. Sci.

Muller, U., Wang, D., Denda, S., Meneses, J., Pedersen, R. A. and USA93, 10657-10661.
Reichardt, L. F. (1997). Integrin alpha8betal is critically important for Vukicevic, S., Kopp, J. B., Luyten, F. P. and Sampath, T. K(1996).
epithelial-mesenchymal interactions during kidney morphogern@sit38, Induction of nephrogenic mesenchyme by oseteogenic proetin 1 (BMP-7).
603-613 Proc. Natl. Acad. Sci. US83, 9021-9026.

Nakanishi, Y. and Ishii, T. (1989). Epithelial shape change in mouse Warburton, D., Schwarz, M., Tefft, D., Flores-Delgado, G., Anderson, K.
embryonic submandibular gland: modulation by extracellular matrix D. and Cardoso, W. V.,(2000). The molecular basis of lung morphogenesis.

componentsBioEssays11, 163-167. Mech. Dev92, 55-81.

Pachnis, V., Mankoo, B. and Costantini, F(1993). Expression of the c-ret Woolf, A. S., Kolatsi-Joannou, M., Hardman, P., Andermacher, E., Moory,
proto-oncogene during mouse embryogeneBisvelopmentl19, 1005- C., Fine, L. G,, Jat, P. S., Noble, M. D. and Gherardi, §1995). Roles
1017. of hepatocyte growth factor/scatter factor and the Met receptor in the early

Pang, L., Sawada, T., Decker, S. J. and Saltiel, A. RL995). Inhibition of development of the metanephrdsCell Biol.128 171-184.

MAP kinase kinase blocks the differentiation of PC-12 cells induced byvung, Y., Dolginov, Y., Yao, Z., Rubinfeld, H., Michael, D., Hanoch, T.,
nerve growth factord. Biol. Chem270, 13585-13588. Roubini, E., Lando, Z., Zharhary, D. and Seger, R(1997). Detection of

Pichel, J. G., Shen, L., Sheng, H. Z., Granholm, A.-C., Drago, J., Grinberg, ERK activation by a novel monoclonal antibo8¥BS Lett408 292-296.



