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SUMMARY

The essential role of vitamin A and its metabolites,
retinoids, in kidney development has been demonstrated
in vitamin A deficiency and gene targeting studies.
Retinoids signal via nuclear transcription factors
belonging to the retinoic acid receptor (RAR) and retinoid
X receptor (RXR) families. Inactivation of RARa and
RARB2 receptors together, but not singly, resulted in
renal malformations, suggesting that within a given renal
cell type, their concerted function is required for renal
morphogenesis. At birth, RARaf2~ mutants displayed
small kidneys, containing few ureteric bud branches,
reduced numbers of nephrons and lacking the
nephrogenic zone where new nephrons are continuously
added. These observations have prompted us to
investigate the role of RARx and RARP2 in renal
development in detail. We have found that within the

functions essential for renal development. Analysis of
RARaf 2~ mutant kidneys at embryonic stages revealed
that nephrons were formed and revealed no changes in the
intensity or distribution of molecular markers specific for
different metanephric mesenchymal cell types. In contrast
the development of the collecting duct system was greatly
impaired in RARoB2- mutant kidneys. Fewer ureteric
bud branches were present, and ureteric bud ends were
positioned abnormally, at a distance from the renal
capsule. Analysis of genes important for ureteric bud
morphogenesis revealed that the proto-oncogene c-rgas
downregulated. Our results suggest that RAR and
RARB2 are required for generating stromal cell signals
that maintain c-ret expression in the embryonic kidney.
Since c-ret signaling is required for ureteric bud
morphogenesis, loss af-ret expression is a likely cause of

embryonic kidney, RARa and RARfB2 are colocalized in
stromal cells, but not in other renal cell types,
suggesting that stromal cells mediate retinoid-dependent

impaired ureteric bud branching in RARap2™ mutants.
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INTRODUCTION 1987; Herzlinger et al., 1992). Although it was initially thought
that signaling between the ureteric bud and metanephric
Kidney development is initiated when metanephricmesenchyme was sufficient for nephron induction and ureteric
mesenchyme is invaded by an outgrowth of the Wolffian ductyud arborization, recent studies indicate that stromal cells are
the ureteric bud. Nephrons, functional units of the kidney, aralso likely to generate important signals required for renal
formed via reciprocal inductive interactions betweenmorphogenesis (Hatini et al., 1996; reviewed in: Bard, 1996;
metanephric mesenchyme, which differentiates into théechner and Dressler, 1997), however, these stromal cell
epithelial components of the nephron, and the ureteric budjgnals have not yet been identified.

which gives rise to the renal collecting duct system (Saxen, Renal morphogenesis depends on retinoids, biologically
1987). The ureteric bud generates signals inducingctive metabolites of vitamin A. Vitamin A deficiency results
metanephric  mesenchyme to proliferate, aggregatén severe renal malformations (Wilson and Warkany, 1948),
epithelialize and differentiate into nephrons (Grobstein, 1953yhile in vitro, retinoids modulate renal morphogenesis.
1955), while metanephric mesenchymal cells generate signaéfxogenous retinoids stimulate ureteric bud branching and
required for growth and arborization of the ureteric budhephron formation in rat embryonic kidneys in culture (Vilar
(Erickson, 1968; Ekblom, 1992; Grobstein, 1953, 1955)et al., 1996) and lead to upregulation of expression-ieft
Metanephric mesenchyme also gives rise to other cell type@yloreau et al., 1998), a receptor tyrosine kinase required for
including stromal cells, which do not differentiate into ureteric bud outgrowth and branching (Schuchardt et al., 1994,
nephrons or the collecting duct system (Aufderheide et al1996). This modulation of c-reexpression is reversible;
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without addition of exogenous retinoids, expression declinesietect theRARxy mutant allele, three primers were used! RARy
but is reinduced after retinoids are added to the culture mediupnimer, 5:TGTGCCCTTCCCTCCATCTTCCTTA-3 a 3' RARx
(Moreau et al., 1998). Thus, in vitro, retinoid stimulation ofprimer, S-TCCGACTTGCGACTCCCTCTACTCA-3 and a 3
renal morphogenesis may be mediated in part via c-ret. ~ Neomycin primer, SGCCTTCTATCGCCTTCTTGACGAGTTC-

The retinoid signal is transduced by transcription factord ' ©-3- Both RARr primers were derived from exon 9 of the RAR
belonging to the retinoic acid receptor (RAR) and retinoid ene. The amplified wild-type and mutant products were 580 bp and

o . . 65 bp, respectively. To detect tRARB2 mutant allele, two RABR
receptor (RXRs) families. RAR/RXR heterodimers bind toj.o oo\ cno used, both derived from exon 1 of the RééRe: a 5

enhancer elements located in regulatory regions of retinoidsimer, 5:GATTCTGGGCTGGGAAAAAG-3, and a 3primer, 5-
responsive genes, where they activate transcription only in the@sGTGTAGAAATCCAGGATC-3. The 3Neomycin primer was the
presence of retinoids (for reviews, see Chambon, 1996ame as above. The RBRwild-type and mutant products were 165
Mangelsdorf and Evans, 1995). The RAR family contains eighttp and 300 bp, respectively. The PCR run for bothRA&x and
major isoforms (RAR1 and @, RARfL, B2, 33 and @, and RARB2 genes included 30 cycles of 30 seconds a€980 seconds
RARylL and ), which are differentially expressed during at 62T and 30 seconds at T2

embryonic development and display evolutionary conservatiolqistology
(Dolle et al., 1990; Giguere et al., 1990; Krust et al., 1989; . ) s ‘ Idehvde in 0.1 M
Leroy et al., 1991; Zelent et al., 1989, 1991). Nonetheless, fe%ésseded embryos were fixed in 4% paraformaldehyde in 0.

devel tal defect b di tants lacki osphate buffer (PB), pH 7.3 overnight &4washed in PBS (0.1
evelopmental derects were Observed In mouse mutants 1ackiNgpg ' p4 7.3 and 0.15 M NaCl), then immersed in 30% sucrose in

individual RAR isoforms (Ghyselinck et al., 1997; Li et al., g 1 v pB, pH 7.3, overnight at@ and embedded in OCT compound
1993; Lohnes et al., 1994; Lufkin et al., 1993; Mendelsohn gjviles). Frozen sections (10-16n) were cut, dried and stained with
al., 1994b). Compound mutant mice lacking multiple RARGilI's Hematoxylin and Eosin.

isoforms died before or shortly after birth, however, and S

displayed severe malformations of many organs and tissué§,situ hybridization

including the kidney (Lohnes et al., 1994; Mendelsohn et alln situ hybridization analysis was performed with digoxigenin-labeled
1994a; Luo et al., 1996; Kastner et al., 1997). These ﬁnding@oprobes. cDNAs were linearized and riboprobes were generated as

h retinoid r r n medi verl i eviously described (P_faff et al,, 19969F-2_was linearized .with _
?l?r?(?tﬁ)sr:s J;eztuiree(;[ fgrdrengffnp;?pioggnesised ate overlapp coRl and a 0.7 kb antisense RNA transcript was synthesized with

. . T7 polymerase (Hatini et al., 199@MP-7was linearized wittXbal
We have previously shown that the kidneys of RARTR and a 0.3 kb RNA transcript was generated with Sp6 polymerase

mutants, which lack RARDy RARo2 and RARB2, are small | yons et al., 1995)p-ret was linearized withSadl and a 3.3 kb
at birth and contain re_d_uced numbers of nephrons and uretejgnscript was generated with T3 polymerase (Pachnis et al., 1993);
bud branches. In addition, RAR@Bmutant kidneys lack the GDNF was linearized with Hindlll and a 0.7 kb antisense transcript
nephrogenic zone, the outer cortical region where newas generated with SP6 polymerase (Hellmich et al., 1898)NFRy
nephrons are continuously added until the first week of poswas linearized with Hindlll and a 1.4 kb antisense transcript was
natal life (Mendelsohn et al., 1994a). This led us to examingenerated with T7 polymerase (S. Srinivas and F. CostarReni)2
in detail the role of RAR and RAR in renal development. (Dressler et al., 1990) was linearized wilanH| and a 0.6 kb

We show here that in normal embryonic kidndyARx and transcript was gengrated Wlth T3 polymerase; V(Krﬂedberg.et al.,
RARB2 are coexpressed in stromal cells, but not in other re\r:%ﬁ%) was linearized wittNotl and a 1.4 kb transcript was

It i that st | I diat tinoi nthesized with T3 polymerase. Wni&tark et al., 1994) was
cell types, suggesling that stromal cells mediale retin0iGs,qrized with Bardl and a 0.4 kb transcript was generated with T7

dependent functions required during renal development. We,\ymerasewnt-11was linearized wittXhol and a 2.1 kb transcript
found that nephron differentiation and morphology appeareglas generated with T3 polymerase (Kispert et al., 1996). TherRAR
normal in RARa2™ mutants at early embryonic stages, butcDNA was linearized with EcoRV and a 1.6 kb transcript was
growth and branching of the ureteric bud was impaired. Agenerated with T3 polymerase (Dolle et al., 1990). This probe detects
E12, c-ret expression was almost undetectable in the mutarexpression of botiRARx1 and RARr2 mRNAs. TheRARB2 cDNA
ureteric bud, and expression wit-11, a molecule whose Wwas Iinearizgd with Hindlll and a 1.7 kb antisense transcript was
transcription is modulated by GDNF-c-ret signaling in generated with T7 polymerase (Dolle et al., 1990). Note that although

embryonic kidneys (Pepicelli et al., 1997) was also reduce he RARB2 riboprobe contains'3sequences conserved among all

- - RBisoforms, and can cross-hybridize wRARB1/33 mMRNAs, the
Thes? findings su”ggest tha(tj rtet|n0|q td(_apetndent st_romgl ¢ {;‘Bridization seen represents RBRRxpression; in situ hybridization
signais are normally required 10 maint&Hiet expression in- -,y riboprobes that distinguish between FBARoforms revealed

the embryqnlc kidney, and that in thew_abse_nce, c-ret S|gnal|r]gAm2 but not RARL/A3 transcripts in the embryonic kidney, while

and ureteric bud morphogenesis are impaired. These stromaARs1/83-specific riboprobes detectBARBL/B3 transcripts at extra-

cell-derived signals may regulateetexpression by acting on renal sites, including the ventral neural tube (data not shown).

the ureteric bud, or because of the reciprocal nature of renalEmbryos were collected in ice-cold PBS and fixed overnightGt 4°

induction, may be required in metanephric mesenchyme fan 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer and stored

maintainingc-ret expression in the ureteric bud. either in 100% methanol at20°C or processed directly for
embedding in OCT as above. Sections were cut, air-dried for 1-3
hours, then fixed in 4% PFA for 10 minutes at room temperature. After
washing 3xwith PBS, sections were treated with proteinase K (1

MATERIALS AND METHODS pag/ml for 3 minutes at room temperature), then washedi8xPBS,

] ) ) acetylated for 10 minutes at room temperature and washed again with
Generation and genotyping RAR ~ a2™ mice PBS. Prehybridization was for 2 hours or overnight at room
RARaB2- mice were generated by intercrossing RAR/RARB27~ temperature in a humidified chamber. Hybridizations were performed

males with RAR*~/RARB2*~ females (Mendelsohn et al., 1994a). at 68-72€ overnight in a humidified chamber. Prehybridization and
Offspring were genotyped using the polymerase chain reaction. Tybridization solution was 50% formamidesx SSC, 5xDenhardts,
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250pg/ml baker's yeast RNA (Sigma), 508/ml herring sperm DNA  RESULTS
(Sigma). Washes were at°T2in 5< SSC for 5-10 minutes, then at

72°C in 0.2 SSC for 1 hour. Sections were stained overnight wWithRARa and RARB2 are co-expressed in stromal cells
anti-digoxigenin antibody (Boehringer-Mannheim), at a 1.5000pt not in other renal cell types

dilution in 0.1 M Tris-HCI, pH 7.5, 0.15 M NaCl with 1% heat- Th b ti that | h . . ired i
inactivated goat serum. After staining overnight & #f a humidified € observation thatl renal morphogenesis was impairéd in

chamber, slides were washed in 0.1 M Tris-HCI, pH 7.5, 0.15 M Nacnimals lacking RAR and RARB2 (RARaf2™ mutants), but
Alkaline phosphatase activity was detected by developing slides ROt in animals lacking either RARor RAR[R, suggested that
BCIP, NBT (Boehringer-Mannheim) and 0.25 mg/ml levamisole in athey can function redundantly in renal development. To
humidified chamber for 1-4 days in the dark. Sections werédentify cells expressing RARand RARB2 transcripts in
dehydrated and mounted in Permount (Fisher Scientific). normal embryonic kidneys, in situ hybridization analysis was
performed.RARx transcripts were expressed at low levels
throughout the embryonic kidney, in the ureteric bud,

Embryonic kidneys were dissected at E14 and grown overnight etanephric m.esenchyme and Strom?" cells (Fig. 1A,B).
37°C in a humidified incubator on Transwell-Clear polyester ARB2 expression, however, was restricted to the stromal
membranes (Costar) floating in DMEM/F12 50/50 mix (Cellgro) incOmpartment (Fig. 1C,DRARB2 was seen as early as E11,
the absence of serum or growth factors, which allows the embryongfter invasion of the metanephric mesenchyme by the ureteric
kidneys to flatten on the filter, but prevents further developmenipud, in a ring of cells at the edge of the metanephric blastema,
in vitro. Embryonic kidneys were then fixed with 2% which may contain presumptive stromal cells (data not shown).
paraformaldehyde and processed for lectin histochemistry as alreadyRARB2 expression was then compared with thaBBf2, a
described (Gilbert et al., 1994). Embryonic kidneys were stainegranscription factor whose expression within the embryonic
‘é"l'ct)fr‘né:‘lj’l?ag‘r:ge‘ffu(’;g:geiEecinuuglezgEgglti'gr'%U(SP'\éﬁl)én‘:"sh'ggg'lﬁgﬁ:f‘kidney is confined to cells of the presumptive stromal lineage

- e oY . . Hatini et al., 1996). At ELRARB2 andBF-2 transcripts were
g.DBA)’ which labels the ureteric bud epithelium. Briefly, following (excluded from the)uretericzf)u?snd metanephric rﬁesenchyme,
ixation, kidneys were washed in PBS and permeabilized wit - :

ut were found in the renal capsule and in the stromal cells

saponin and neuraminidase, then incubated with Tritc-PNA to lab . ; .
glomeruli. To visualize the ureteric bud, following culture, SUrrounding the ureteric bud branches and nephrogenic

embryonic kidneys were stained with fluorescein coupled-DBA, andnesenchyme (Fig. 1C,BRARB2 transcripts were also present

the number of ureteric bud ends at the periphery of the flattend®d stromal cells surrounding the ureter (star in Fig. 1C), where
kidneys were counted. BF-2 expression was not detected. By E14, the embryonic

Quantification of ureteric bud branches and visualization
of nephrons

Fig. 1. RARx and RAIB2 are colocalized in stromal
cells in the wild-type embryonic kidney. In situ
hybridization with digoxigenin-labelled riboprobes.
(A) Transverse section of an E14 wild-type embryo
hybridized with arRARa-specific riboprobe that
recognizes botRARx1 and RAR?2. Note the
absence oRARx transcripts in the liver, and the
robust expression in seminiferous tubules of the
testes and in the mesenchyme of the gut. (B) Higher
magnification of A, showinRARx expression in

the embryonic kidney, in stromal cells, metanephric
mesenchymal cells and in the ureteric bud.

(C-F) Comparison o0RAR32 (C,D) andBF-2 (E,F)
expression in E12 (C,E) and E14 (D,F) embryonic
kidneys. (C) In E12 embryoRARB2 transcripts are
present in presumptive stromal cells surrounding ¢
the ureteric bud tips and metanephric mesenchymey
and in the presumptive stromal cells surrounding é
the ureter (star). (D) At E14, RERexpression is
observed in the renal capsule and subcapsular

RAR«
-

g ¥

stromal cells and in the cortico-medullary stromal
cells of the embryonic kidney. (E) In E12 wild-type E12
embryos, BF-2ranscripts are present in

presumptive stromal cells, which surround the i
ureteric bud and metanephric mesenchyme, but not §& o
in the cells which surround the ureter (star). (F) At § =
E14, BF-2expression is localized in the renal L
capsule and in the subcapsular stromal cells. BF-2¢y .~
transcripts are undetectable in cortico-medullary |, g
stromal cells, which express RARranscripts. m cm
¢, renal capsule; cm, cortico-medullary region; sc,

subcapsular region; k, kidney; li, liver; g, gut; s,

stromal cells; t, testes; ub, ureteric bud. ¥AD;
(B-F) x200.

E12
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kidney is subdivided into cortical and medullary regions. Atseverely malformed (Mendelsohn et al., 1994a). We first
this stage and at subsequent stafds32 was expressed in analyzed mutants at earlier embryonic stages to assess the
both cortico-medullary and in subcapsular stroma, wBile2  extent of ureteric bud branching. Embryonic kidneys were
expression was maintained in subcapsular stroma, but baralissected from wild-type embryos and R#{}2- mutants, and
detectable in cortico-medullary stroma (Fig. 1D,F). Thestained with dolichous biflorus, which labels the ureter
findings that both RABR and BF-2are expressed in the capsule epithelium. In mutants, the number of ureteric bud tips was
and subcapsular stroma, but onRARB2 expression is reduced fourfold compared with wild-type embryos (Fig.
maintained in cortico-medullary stroma, suggest that th@A,B; 15.0+1.4 ureteric bud branches were counted for
subcapsular stroma and cortico-medullary stroma are distinotutants (n=4) versus 61.8+6.6 for wild-type embryws8j,
sub-populations which may also perform distinct functions. P=<0.01). At this early stage of renal morphogenesis, only 4-
. o o 5 generations of branches were observed in mutants compared
Ureteric bud branching is impaired in RAR  ap2~ to 8-9 in wild-type embryos (Fig. 2A,B). Histological analysis
embryonic kidneys performed on serial sections of RAB2~ mutant embryos
We have previously shown that, at birth, RifF2™ kidneys are  confirmed the reduction in ureteric bud ends and revealed
additional abnormalities. At E14, wild-type embryonic kidneys
. . displayed numerous ureteric bud tips in the subcapsular region
Wild type RARG 2 (Fig. 2C,E). The corresponding region in mutant embryonic
kidneys lacked ureteric bud termini and instead contained a
dense ring of mesenchymal cells (Fig. 2D,F). Thus in the
absence of RAR and RAR[ in stromal cells, ureteric bud
branching is impaired, and the subcapsular region appears
histologically abnormal, as a dense layer of mesenchymal cells
lacking ureteric bud ends.

c-ret is downregulated in the ureteric bud of
RARaB 2™ mutants

The reduction in the number of ureteric bud branches in
RARaB2™ mutant embryonic kidneys suggests that retinoid-
regulated signals are required either by the ureteric bud or the
metanephric  mesenchyme  for normal  branching
morphogenesis. To determine whether ureteric bud
morphogenesis was abnormal, embryonic kidneys from
RAR0B2- mutants were analyzed for ureteric bud-specific
expression of genes that are likely to be important for
branching morphogenesis. c-ret is required for ureteric bud
outgrowth and branching (Schuchardt et al., 1994, 1996),
GDNFRa facilitates c-ret signaling by forming a complex
between GDNF and c-ret (Treanor et al., 1996; Sanicola et al.,
1997), and wnt-11 is a signaling molecule whose expression in
embryonic kidney is upregulated by exogenous GDNF
(Pepicelli et al., 1997). At E11, RAR@R mutant and wild-
type embryonic kidneys appeared similar in size and
morphology. At this stage, c-retas expressed in the ureteric
bud of wild type embryonic kidneys (Fig. 3A), and in extra-
renal sites in RARB2™ mutants (data not shown); however,

S : : : expression was reduced in the ureteric bud of mutant embryos
embryonic kidneys. (A) Wild-type kidney at E14 showing numerous ;=" - . -
ureteric bud branches. (B) Mutant E14 embryonic kidney. The (n=3) .(F'g' 3B)'. By E12c-.ret expression was restricted to the
number of ureteric bud ends is reduced about fourfold in mutants ~ Ureteric bud tips of wild-type mutants, but was almost
compared to wild-type embryos. Transverse sections of embryonic Undetectable in the ureteric bud tips of RA#2™ mutants
kidneys from E14 wild-type (C,E) and mutant (D,F) embryos stainedn=4) (Fig. 3C,D). This downregulation ofretexpression was
with Hematoxylin and Eosin. Note that mutant embryonic kidneys seen at later stages in mutant embryonic kidneys)((Fig.
are much smaller than wild type. (C) Ureteric bud termini are preser@E,F), although transcripts were present at extra-renal sites,

Fig. 2. Ureteric bud branching is impaired in RAR2iBmutants.
Comparison of the pattern of DBA staining in mutant and wild-type

in the subcapsular domain of wild-type embryonic kidneys. including the gut, ventral neural tube and dorsal root ganglia
(D) Ureteric bud ends of RAGB2- mutant embryonic kidneys are (data not shown).
located in a recessed position away from the subcapsular region. Analysis of RARIB2- mutants at E12 revealed that

(E) Higher magnification of C, showing ureteric bud ends in the ] : :
subcapsular region and adjacent induced metanephric mesenchym Ithough c-ret transcripts were almost undetectectable (Fig.

cells of a wild-type embryonic kidney. (F) High magnification of D. >C:D), GDNFRa expression was maintained in the ureteric
The double-headed arrow denotes the subcapsular domain, which bud at levels comparable to wild-type embryos (n=2) (Fig.
does not contain ureteric bud ends, but instead contains a thick laye#A,B). Wnt-11 was also expressed in the ureteric bud of
of mesenchymal cells. ub, ureteric bud; mm, metanephric RARaB2- mutants; however, overall levels of expression were
mesenchyme. (A-D)200; (E,F) 400. somewhat reduced compared to wild-type embrgeg) (Fig.



Fig. 3.c-retexpression is downregulated in
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the ureteric bud of RA&B2™ mutant
embryonic kidneys. In situ hybridization of

Wild type RARaf(2
T
wild type (A,C,E) and RABB2™ mutant

o~
(B,D,F) embryonic kidneys with c-ret E
riboprobe. (A)c-retis expressed in the
ureteric bud in wild-type embryonic kidneys
at E11. (B)c-retexpression is greatly
reduced in the ureteric bud of E11 R&{FR2~
mutants. (C) Expression of c-lietthe
embryonic kidneys of E12 wild-type
embryos. (D) Although ureteric bud ends are
present, c-reéxpression is almost
undetectable in RARO mutant embryonic
kidneys at E12. (B)-retexpression in the
ureteric bud ends of wild-type embryonic

undetectable in the ureteric bud of Ré&{F2~ I.IJ
mutants at E14. The white circles in D and F
designate the outline of the mutant

embryonic kidneys. k, kidney; ub, ureteric

bud. (A,B,E,F)x200; (C,D) 100.

kidneys at E14. (F) c-refxpression is

Fig. 4.Wnt-11and GDNFRr are maintained
in the ureteric bud of RA&32™ mutants.

(A) Expression of GDNFRin wild-type

E12 embryonic kidneys. Note strong
expression in the ureteric bud ends.

(B) Expression ofsSDNFRx is maintained in
the ureteric bud of E12 mutant kidneys.

(C) Expression ofvnt-11in the ureteric bud
of wild-type embryonic kidneys at E12.
Transcript expression is localized in ureteric
bud tips. (D)Wnt-11lexpression is
maintained in ureteric bud tips of RAR2™
mutants, but overall levels are slightly
reduced compared to wild-type embryos. ub,
ureteric budx200.

GDNFRa

wnt-11
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4C,D). Expression of GDNRR and wnt-11 in the mutant To determine whether a defect in the stromal cell
ureteric bud at a time wheo-ret is almost undetectable compartment led to a secondary defect in the metanephric
suggests that loss ofret is likely to be an underlying cause mesenchyme, mutant embryonic kidneys were examined to
of impaired ureteric bud morphogenesis in RfBR™ mutants, determine whether differentiation or survival of metanephric
rather than a result of a general defect in ureteric developmembhesenchymal cell types was affected. At EX3DNF
expression was maintained in RABR2™ mutants in
Metanephric mesenchymal cell differentiation condensing cells surrounding the ureteric bud (Fig. 6E,F).
appears normal in RAR a2~ mutants at E12 WT-1 transcripts were expressed throughout the thickened
Since renal morphogenesis involves reciprocal signalingayer of putative stromal cells at the periphery of the mutant
between the ureteric bud and metanephric mesenchyme, losseofibryonic kidneys, in condensing mesenchyme adjacent to
c-ret expression in the ureteric bud of RAR&finutants may the ureteric bud and in the podocyte precursors in S-shaped
result from defects in the metanephric mesenchyme. Weodies and glomeruli (Fig. 6G,H). Consistent wWiir-1
therefore examined mutant embryonic kidneys at E12 witlexpression in differentiating glomeruli, PNA staining of
three molecular markers required for renal development thatutant embryonic kidneys independently confirmed that
label metanephric mesenchymal cell types at different stages wforphologically normal nephrons were formed in mutant
differentiation:WT-1(Kriedberg et al., 1993), GDNfHellmich ~ embryonic kidneys (data not shown). Paxad BMP-7
et al., 1996; Moore et al., 1996; Pichel et al, 1996) and Pax{2anscripts were present in both mutant and wild-type
(Dressler et al., 1990; Rothenpieler and Dressler, 1998)1  embryonic kidneys, in condensing mesenchyme adjacent to
was expressed at similar levels in both wild-type and &R  the ureteric bud, in pretubular aggregates and in the ureteric
mutant embryonic kidneys in peripheral
and condensing metanephric mesenct
surrounding the ureteric bud tips (F
5A,B). GDNF expression in condensi
metanephric mesenchyme surrounding
ureteric bud tips, was equivalent in w
type and RARB2- mutants (Fig. 5C,D
while Pax-2 expression was maintained
similar levels in wild type and RAGB2~
mutants  in induced metanept
mesenchyme surrounding the ureteric
(Fig. 5E,F). Thus, at E12, metanepl
mesenchymal cells in RAR@ mutan
embryonic  kidneys expressed e

differentiation markers, despite the abse 3
of c-retin the ureteric bud tips. ] “r'.'-_i;_

The distribution of stromal cells in

the subcapsular region is abnormal

in RAR af2™- mutants

We examined mutant embryonic kidney
determine whether survival
differentiation of stromal cells was affec
in the absence of RARand RAR[. In
normal embryosBF-2 labels subcapsul
stromal cells andRARB2 is localized it
both subcapsular and cortico-medull
stroma. Note that we have previol
shown that RABR2 transcript expression
maintained in RAIR2 knockout mice
although no protein is made (Mendels
et al., 1994b). Expression of boRAR32
and BF-2 were maintained in RA&32"
embryonic kidneys at E14, but th
expression pattern differed from that
wild-type embryos, and was expande(

GDNF
#
&
&

Fig. 5.Expression of early markers of induced metanephric mesenchyme iaf2AR

: . : S mutant embryonic kidneys. In situ hybridization of transverse sections of wild-type (A)
include a thick ring O.f cells enqlrcllng t and mutant (B) E12 embryos showing expression of \MTp&ripheral and condensing
mutant _embryonic kldne_ys .(F'g' GA'_[ metanephric mesenchyme surrounding the ureteric bud tips. Expres&ometis

Thus, stromal cells survive in RAR2 maintained in condensing metanephric mesenchyme surrounding the ureteric bud tips in
mutants, but their distribution at 1 wild-type (C) and mutant (D) embryonic kidneys at ER&x-2expression in metanephric
periphery of the embryonic kidney appe mesenchymal condensates adjacent to the ureteric bud in wild-type (E) and mutant (F)
to be abnormal. embryonic kidneys at E12. ub, ureteric bw200.
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bud (Fig. 6I-L). The presence of metanephric mesenchymalifferentiation. Rather, retinoids are likely to be required for
cells expressingsDNF, Pax-2and BMP-7and WT-1inside  regulating stromal cell signaling or differentiation.

the putative stromal layer surrounding the recessed ends ofIn summary, metanephric mesenchymal cell differentiation
the ureteric bud, suggests that loss of retinoid signaling doeppears normal and nephrons are formed despite the absence
not affect metanephric mesenchymal cell survival orf RARa and RAR[R in stromal cells. However, ureteric bud

GDNF

Fig. 6. Stromal cells survive but are distributed abnormally in RARofiutant embryonic kidneys. Transverse sections of E14 embryonic
kidneys hybridized with digoxigenin-labelled riboprobes. (A) Expressid®Adi32 in the stromal cells of wild-type embryos at E14.

(B) RARBR2 expression is maintained in stromal cells in RARofhutants. Note that RAGR transcripts are generated in RAREnockout

mice although the protein is not made. BE)}2 expression in subcapsular stromal cells of wild-type E14 embryonic kidneyBF(R)
expression is maintained in the subcapsular stroma oftlBARmutants. Note the increased thickness of the peripheral stromal layer in the
mutant embryos (star). (E-L) Metanephric mesenchymal cell differentiation appears normaldf RARitant embryonic kidneys at E14.
GDNF expression in condensing metanephric mesenchymal cells surrounding the ureteric bud (arrow) in wild type (E) and mutant (F)
embryonic kidneysWT-1expression in wild-type (G) and mutant (H) embryonic kidneys. MbEelexpression in the mutants, in metanephric
mesenchyme surrounding the ureteric bud and in podocyte precursors in S-shaped bodies. Exdragsiin pfetubular aggregates,
condensing metanephric mesenchyme adjacent to the ureteric bud and in the ureteric bud of wild-type (Ixg2dR4BRnt embryonic
kidneys (J). BMP-&xpression is maintained at E14 in pretubular aggregates, condensing metanephric mesenchyme and in the ureteric bud of
wild-type (K) and RARa2™ mutant embryonic kidneys (L). gl, glomeruli; pa, pretubular aggregates; ub, ureter?b0d.
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Fig. 7.A model for the role of retinoid signaling mediated by Stromal cell Ureteric bud

stromal cells in the embryonic kidney. Retinoid-dependent (RA EEPEEe
transcription of stromal cell genes leads to the production of A ] DPPP P PJc-RET

signals required for renal morphogenesis. (A) Retinoid- dj[IIIID[ID

dependent stromal cell signals act on the ureteric bud controlling 00

c-retexpression. (B) Retinoid-dependent stromal cell signals act

first on metanephric mesenchyme. In response to stromal cell

signals, metanephric mesenchymal cells generate signals Stromal cell Uretenc bud
regulating c-reexpression in the ureteric bud. Red hexagons CRA) Qt,'&)

represent stromal cells containing retinoid receptors and RA.B ] PP DD Q‘i.&v B (c-RET

Blue arrowheads represent retinoid-dependent stromal cell S 9 dj[[mm
signals. Cells in the ureteric bud tips expresshngtare shown Metanephric

in yellow and cells in the ureteric bud trunk are shown in white. mesenchyme

branching is impaired, and c-rexpression is downregulated ureteric bud ends were localized inside the peripheral layer of

in the mutant ureteric bud. putatative stromal cells, rather than in their normal position
beneath the renal capsule. This thickening of the stromal cell
layer in RARiP2™ mutants may reflect intrinsic abnormalities

DISCUSSION in stromal cell differentiation or proliferation resulting from
o . loss of retinoid signaling, or alternatively, may be a secondary
Retinoids are essential for renal development effect of impaired ureteric bud signaling, or metanephric

Depletion of vitamin A or inactivation of retinoic acid mesenchymal differentiation.
receptors during embryonic development generates renal Nephron formation was reduced in both BF-2nd
malformations. The most severe phenotype observed is relRARap2- mutant kidneys; however, in BF-2mutants,
agenesis, in which the ureteric bud fails to form, probably duaephrogenesis was blocked at the level of epithelialization,
to agenesis of the caudal portions of the Wolffian ducteading to a dramatic reduction in nephron formation (Hatini
(Mendelsohn et al., 1994a). Renal hypoplasia is present in bogh al., 1996), while in RABB2- mutants, metanephric
vitamin A-deficient fetal rats and in mutants lacking multiplemesenchymal cell differentiation was apparently normal, and
retinoid receptors (Wilson and Warkany, 1948; Mendelsohn etephrons were formed. In both BF-2and RARaf2~
al, 1994a; Luo et al., 1996; Kastner et al., 1997). At birthembryonic kidneys, the extent of ureteric bud branching was
RARaf2- mutant kidneys contained fewer ureteric budreduced. However, examination ofret expression suggests
branches and nephrons, and lacked the nephrogenic zotrat in these two cases the underlying causes of impaired
(Mendelsohn et al., 1994a). These initial observations have ladeteric bud function differ. In wild-type embryos;ret is
us to a more detailed investigation of kidney development imitially expressed throughout the ureteric bud; however, once
RAR0B2- mutants. We have shown that stromal cells, but nothe ureteric bud begins to branch, expression is downregulated
other renal cell types, co-expreR& Ry and RAR32 and are in the ureteric bud trunk, becoming restricted to the ureteric
therefore likely mediators of retinoid-dependent functionsbud tips in the subcapsular region (Pachnis et al, 1993). In BF-
essential for renal development. Early in renal developmeng~ mutant embryonic kidneys, c-retexpression was
metanephric mesenchymal cell differentiation appears normahappropriately maintained in both the ureteric bud trunk and
but ureteric bud branching is impaired, and c-iist tips, perhaps a reflection of impaired ureteric bud
downregulated in the ureteric bud of R&F2- mutants. differentiation (Hatini et al., 1996), whereas in Ruf2"
Consistent with disruption of the c-ret signaling pathwaymutant embryonic kidneys, c-ret expression was
expression of wnt-11, a downstream target of c-ret-GDNEownregulated throughout the ureteric bud. Thus, both BF-2
signaling (Pepicelli et al., 1997), is also reduced in the ureteriand retinoids are required for stromal cell function; however,
bud of RARIB2™ mutants. These findings suggest that RAR they appear to activate different signaling pathways. Retinoid-
and RAR[ are required for generating stromal cell-deriveddependent signals maintain c-exjpression in the ureteric bud,
signals that maintain c-retxpression in the ureteric bud (Fig. and BF-2-dependent signals are required for epithelialization
7), and that in the absence of these signals, exfgiession is  of nephrogenic mesenchyme and ureteric bud differentiation.
downregulated, and branching morphogenesis is impaired.

Retinoid regulation of c-ret
Stromal cells produce multiple signals required for Ureteric bud branching was impaired in RARXfmutants,
renal development and c-ret expression was downregulated in the embryonic
BF-2~ and RARa[2~ knockout mice both display impaired kidney. Consistent with loss af-ret expressionwnt-11, a
stromal cell function, but their respective phenotypes differdownstream target of c-ret-GDNF signaling (Pepicelli et al.,
suggesting that BF-2 and retinoids activate distinct stromal cell997), was also reduced in the ureteric bud of RRR
signaling pathways. Stromal cells survived in both B2d mutants. These findings suggest that retinoid-dependent
RAR0B2- mutants; however, in BF-2mutants, the stromal signals normally maintain c-reixpression, and that loss of c-
cell compartment was morphologically normal (Hatini et al.,ret signaling may underly renal malformations in RER™
1996), while in RARB2™ mutants, stromal cells were mutants. Results of in vitro studies support this suggestion. In
abnormally distributed, forming a thick peripheral layer devoidserum-free cultures of rat embryonic kidneys, exogenous
of ureteric bud ends. Nephrogenic mesenchymal cells am@tinoids stimulate nephron induction via enhanced ureteric
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bud morphogenesis (Vilar et al., 1996), and this is closelpolle, P., Ruberte, E., Leroy, P., Morriss-Kay, G. and Chambon, £1990).

correlated with an increase in expressioncaiat. In the Retinoic acid receptors and cellular retinoid binding proteins. 1. A

absence of retinoids, c—retxpression was lost in embryonic systematic st_l:gy ofI their d:lffforeﬂt-i% ;}_e;lltéelrn of transcription during mouse
. . . organogenesifevelopmeni 10, - .

kldn_e_ys after 2 days in culture, but could be_ re!nduqed_aft%resgsler, %3 R., Deutscﬁ, U., Chowdhury, K., Nornes, H. O. and Gruss, P.

addition of RA (Moreau et al., 1998). These findings indicate (1990). Pax2, a new murine paired-box-containing gene and its expression

that retinoid-dependent signals propagated within the in the developing excretory systeBevelopment09,787-795.

embryonic kidney can modulate c-@tpression, and suggest Ekblom, P. (1992). Renal Development. [fhe Kidney: Physiology and

: : : P ;.. Pathophysiologyed. D. W. Seldin and G. Giebisch), pp. 475-501. Raven
that these signals may normally be required for maintaining its Press, Ltd, New York,

expression. Inactivation ®@ARx andRARB2 in stromal cells  grickson, R. A. (1968). Inductive interactions in the development of the
could result in downregulation @fret by disrupting stromal mouse metanephrad. Exp. Zool. 16933-42.
cell signaling. These stromal cell signals may normallyGhyselinck, N. B., Dupe, V., Dierich, A., Messaddeq, N., Garnier, J. M.,
maintainc-ret expression by acting either on the metanephric Rochette-Egly, C., Chambon, P. and Mark, M.(1997). Role of the

h teric bud (Fia. 7 retinoic acid receptor beta (RARbeta) during mouse developriment].
mesenchyme or ureteric bu ( ig.. ).. . . Dev. Biol.41, 425-447.

Mouse mutants in which c-réinction is inactivated by gene Giguere, V., Shago, M., Zimgibl, R., Tate, P., Rossant, J. and Varmuza, S.
targeting, display severe renal malformations (Schuchardt et(1990). Identification of a novel isoform of the retinoic acid receptor gamma
al., 1994). In most cases, the ureteric bud failed to branch fromﬁ)xlozesTse(i3 in the E‘Ogse ,ambeD'-E Ce"-dB"aL1|0-t28335_'i340-c(1994)

. s Gslpert, 1., aonacn, . oreau, E. an eriet-benichou, .
the Wolffian ~ duct, or never reached the metanephrlc,G Defect of nephrogenesis by gentamicin in rat metanephric organ culture.
mesenchyme (Schuchardt et al., 1996). In RBR mutants, Lab. Invest70, 656-666.
the ureteric bud was always present, but its growth androbstein, C.(1953). Inductive epithelio-mesenchymal interaction in cultured
branching were impaired later antret expression was greatly  organ rudiments of the mouséciencel 13, 52-55.

reduced at E11 and almost undetectable by E12 Suggestiﬁﬁbstein, C. (1955). Inductive interaction in the development of the mouse
- - ! . etanephros). Exp. Z0ol130,319-340.
that a small amount af-ret transcript or protein may persist Hatini, V., Huh, S. O., Herzlinger, D., Soares, V. C. and Lai, E(1996).

in mutant embryonic kidneys. The presence Of |0W_ |eve‘3 of  Essential role of stromal mesenchyme in kidney morphogenesis revealed by
retin RARaf2™ mutants at E11 could be sufficient initially to  targeted disruption of Winged Helix transcription factor BiS2nes Dev.
support ureteric bud outgrowth and branching, but insufficient 10, 1467-1478. _
to support continued growth and branching of the ureteric budf€/mich. H. L., Kos, L., Cho, E. S., Mahon, K. A. and Zimmer, A(1996).

| | . d d d solel d Embryonic expression of glial cell-line derived neurotrophic factor (GDNF)
Clear yc-r_et ex_pressmn _oes not depend solely on RAR suggests multiple developmental roles in neural differentiation and
RAR[2, since in RAR[2- mutant embryos, c-rehRNA was epithelial-mesenchymal interactiordech. Dev54, 95-105.
present in several extrarenal locations, suggesting that at thesmzlinger, D., Koseki, C., Mikawa, T. and al-Awgati, Q. (1992).

sites, expression depends on other RAR family members or jsMetanephric mesenchyme contains multipotent stem cells whose fate is
retin(,)id—independent restricted after inductiorDevelopmenii14,565-572.

L Kastner, P., Mark, M., Ghyselinck, N., Krezel, W., Dupe, V., Grondona, J.

. Our results suggest a model where re‘tm‘;”d'dep_(:«'ndemM. and Chambon, P.(1997). Genetic evidence that the retinoid signal is
signals produced by stromal cells play an essential role in renalransduced by heterodimeric RXR/RAR functional units during mouse
development, at least in part, by regulatinget expression in developmentDevelopment24,313-326.

the ureteric bud (Fig. 7). In this model, activation of theKiSPert A. Vainio, S., Shen, L., Rowitch, D. H. and McMahon, A. P
(1996). Proteoglycans are required for maintenanembfl1expression in

retinoid signaling pathway induces expression of RA- i reter tips. Development 122, 3627-3637.

responsive stromal cell genes, including molecules importameidberg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J.,
for maintainingret expression. These stromal cell signals may Housman, D. and Jaenisch, R(1993). WT1 is required for early kidney
act first on the ureteric bud (Fig. 7A), or may act first on de;’eiopr}?e“ttce”g“vpezl‘f'ﬁ?ﬁ- M., Zelent, A. and Chambon, R1S8)

: H H H ust, A., Kastner, P., Petkovicn, ., Zelent, A. an ampon, H .
metangphrlc mesenchym.e’ which in . turn generates Sign A third human retinoic acid receptor, hRAR-gamigoc. Natl. Acad. Sci.
regulatingc-ret expression in the ureteric bud (Fig. 7B). Thus, ysass,5310-5314.
retinoids are likely mediators of a new stromal cell signaling echner, M. S. and Dressler, G. R(1997). The molecular basis of embryonic

pathway required for renal development. kidney development. Mech. Dev. 62, 105-120.
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