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cells of the renal vesicle. Expression can be seen only at tismad4 is expressed in the collecting duct system at low levels
distal end of the developing tubule and in the podocytes. Bffom approximately E11.75 onwards.

contrastBmpZ®* labeling is seen throughout the developing To ascertain which cells are actively transducing BMP and
nephron, from the renal vesicle stage onward, demonstratinigsF(3 signals, we performed immunohistochemistry on
that the entire nephron is derived fr@mp7-expressing cells. paraffin sections of E11.5-E13.5 kidneys using antisera
As active Bmp#&xpression is limited to the distal tubule anddetecting phosphorylated forms of Smadl and Smad2 (Persson
podocytes, antHoxB7crelabeling shows that collecting duct et al., 1998). Surprisingly, we find that the domains of
cells are strictly confined to collecting ducts, we conclude thadctivation of the two pathways are superimposable. At E11.5,
the renal vesicle and nascent epithelial structures are deriveijnaling is seen almost exclusively in scattered cells
from BmpZ®*-marked nephrogenic mesenchyme. Thisthroughout the metanephric blastema (Fig. 2A,B). By E12.5,
experiment conclusively demonstrates that the nephrogenibe domains of signaling are more organized, with high levels
mesenchyme is the exclusive progenitor population of thef activation within the peripheral and mature stromal

nephron. compartments. Some activation is seen in collecting ducts, but
) o o very little within nephrogenic mesenchyme (Fig. 2C,D). At

Domains of TGF B superfamily signaling in the E13.5, a similar pattern is observed. In addition, signaling is

developing kidney active in the tips and trunks of collecting ducts (Fig. 2E,F). To

We previously described Smad protein distribution in theverify that the paucity of nuclear phospho-Smad staining in the
developing kidney (Oxburgh and Robertson, 2002). At E11.53ephrogenic mesenchyme was not due to our staining method,
Smads 1, 2 and 4 are expressed only in the mesenchyme. Upoa performed immunohistochemistry using an antigen
contact with the ureteric bud epithelium, expression of thesenmasking protocol (Schnabel et al., 2001). No difference
Smads is downregulated in the nephrogenic mesenchymepuld be seen in phospho-Smad staining using this protocol,
but remains high in uninduced mesenchyme. Subsequentlgespite homogenous nephrogenic mesenchyme staining using
expression is limited to the peripheral and medullary stromd&ax2 antiserum as a control on adjacent sections (data not
mesangial cells and the proximal tubules of mature nephronshown).

Fig. 2.Localization of active BMP and
TGFBsignal transduction in the
developing kidney. Nuclear
immunohistochemical staining for
phospho-Smad1l (pSmadl) and phospho-
Smad2 (pSmad2) identifies cells actively
responding to BMP and T@Frsignals,
respectively. At E11.5 (A,B), activation is
mainly within the metanephric
mesenchyme, with responding cells
disseminated throughout the
mesenchyme. The ureteric bud contains a
small number of positive cells. At E12.5
(C,D), pathway activation is
predominantly within the peripheral and
mature stroma. Few positive cells are seen
in nephrogenic mesenchyme and
collecting ducts. At E13.5 (E,F),

activation is seen in peripheral and mature
stroma. Nephrogenic mesenchyme and
epithelial structures such as comma-
shaped bodies show little staining. Tips
and trunks of collecting ducts show
activation. (G) RT-PCR for expression of
components of the T@Fsuperfamily
pathway in (K) E11.5 kidneys and (E)
control E17.5 embryos. CD, collecting
duct; CB, comma-shaped body; Mes,
metanephric mesenchyme; MS, mature
stroma; NM, nephrogenic mesenchyme;
TR, collecting duct trunk; UB, ureteric
bud.
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To comprehensively assess the expression of BTGF(Fig. 3B). Loss of Smad4 in the collecting ducts thus has no
superfamily ligands and their cognate receptors during kidnegffect on kidney development up to E16.5.
development, we performed RT-PCR on RNA from E11.5 o )
kidneys (Fig. 2G). This stage was chosen for analysis becaui@ctivation of Smad4 in the mesenchyme
it is morphologically the simples&df5, 6, 7, 8, 10,11and15, We next employed the Bm§i#* strain to eliminate Smad#a
Tgfb1,2 and3, and Bmp2, 45, 6 and7 are expressed, as is the the mesenchyme. B+ was introduced into the Smad4
full complement of receptors, with Alkhiowing very low level  conditional background to gener&@mp?™e*;Smad4/CAmice.
expression. Taken together with previous protein expressiddo BmpZ®e*;Smad4/CA pups were identified one week after
studies (Bosukonda et al., 2000; Oxburgh and Robertson, 20adrth (n=20). At P1, a low frequency &mp7Fe/*;Smad4/CA
Pelton et al., 1991; Vukicevic et al., 1994), it is apparent thawere identified (7%, the expected Mendelian ratio is 25%,
both TGFBand BMP signaling is extensive at E11.5. Howevern=42). At E17.5, Mendelian ratios dmpZe*;Smad4/CA
pSmad immunohistochemistry reveals mosaic signaling in cellsmbryos were observed<62). Examination of mutant kidneys
of the metanephric mesenchyme, and limited activation in theevealed severely disturbed development. The kidneys were
trunk and tips of the collecting duct system, indicating thatpproximately half the volume of wild type, and displayed
regulation of the pathway may be determined by factors othesporadic cyst formation and hydroureter (Fig. 3C). Despite

than ligand, receptor and Smad availability. an unusual clustering of glomeruli and occasional cystic
o ] ) Bowman's spaces, the capillary tufts, podocyte layers and
Inactivation of  Smad4 in the collecting ducts mesangial components appear normal. In addition, extensive

HoxB7cre was introduced into theSmad4 conditional tubules are associated with glomeruli. The relatively normal
background to generate HoxB7cre;Smé#d4mice that were development of these mature structures indicates that Smad4 is
born at approximately Mendelian frequencies (21%442).  not required for their morphogenesis.

Mutant mice were phenotypically normal at 6 weeks of age, Close examination of collecting ducts at E16.5 revealed that
but by 8 weeks, 3 out of 8 mutant mice had died. Kidneys frorthe tips are surrounded by variable amounts of nephrogenic
these mice did not display overt morphological defects (datmesenchyme, with approximately half of the tips entirely
not shown), andHoxB7cre;Smad4“A mice are to be assessed devoid of these cells. This feature of the phenotype is also
for kidney function. These results will be reported elsewhereapparent at E14.5, where a prominent thickening of the cell
At E16.5, no difference between mutant and wild-type kidneytayer between the nephrogenic mesenchyme and the kidney
was documented, either macroscopically or histologicallycapsule is seen (Fig. 3E). In wild-type kidneys, this single layer

Fig. 3. Morphology ofBmpFe*;:Smad4/Aand HoxB7cre;Smad#Akidneys. (A-C) Sagittal sections of E16.5 kidneys-4 High

magnification images of the cortical zone of each section. Kidneyex@7cre;Smad4°A (H7.S4) kidneys (B) are indistinguishable from

wild type (A). Bmp¥#e*;Smad4/CA (B7.S4) kidneys (C) display hydroureter and cyst formation. Nephrogenic mesenchyme is missing from the
majority of collecting duct tips, and the cortical cell layer is thickened (bracke}.iE 4.5 Bmp#e/*;Smad4/CAkidneys (E) are smaller than
wild-type controls (D) and display a prominent thickening of the cortical layer normally composed of nephrogenic mesenchyme and peripheral
stroma (arrow). E12.5 Bm@7*;Smad4/CAkidneys (G) are of comparable size to wild-type controls (F). CD, collecting duct; C, cyst; G,
glomerulus; NM, nephrogenic mesenchyme; T, tubules.
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of peripheral stromal cells is located between the nephrogenimarkers. At E14.5, Retxpression is restricted to the tips of
mesenchyme and the kidney capsule, and populates the cleftdlecting ducts (Fig. 4A). Mutant kidneys show Ret expression,
between aggregates of nephrogenic mesenchyme. At E12iBdicating that branching occurs normally. Pag2expressed

the lack of nephrogenic mesenchyme in mutants is legiroughout the collecting ducts in wild-type kidneys, and this
obvious, but a marked thickening of the cortical cell layer igattern is maintained in the mutant (Fig. 4C,D). Par@ Wil
evident compared with wild type. Extensive cell death can bexpression were used to assess the degree of mesenchyme
seen in cortical regions between aggregates of nephrogerdevelopment in mutant kidneys. In the wild-type kidrnél
mesenchyme (Fig. 7A-F). A reduction in the number ofand Pax2 are expressed in the nephrogenic mesenchyme
collecting ducts can be seen in the mutant, with the averagerrrounding the collecting duct tips (Fig. 4C,E). In addition,
number of peripheral collecting duct tips counted in sagittalWt1 marks the podocyte layer of the glomerulus. Mutant
sections from the center of three individual kidneys beingkidneys display an overall paucity of nephrogenic mesenchyme,
7(x1) in wild type and 6(+1) in mutants at E12.5; 20(+2) inas demonstrated by weak and patchy expressi®ad. Wil

wild type and 8(x1) in mutants at E14.5; and 28(%2) in wildexpression is not localized to the nephrogenic mesenchyme in

type and 9(x2) in mutants at E16.5. the mutant, but is distributed throughout the cortical layer (Fig.

) o ] 4E,F). By contrast, glomerular Wekpression appears normal.
Nephrogenic mesenchyme is disorganized and Taken together, these findings indicate that, in the absence of
prematurely depleted in - Bmp7°'¢/*;Smad4 ~/cA Smad4, some normal condensation of mesenchyme does occur,
kidneys leading to the development of a limited number of mature

We next examined Bmp7+;Smad4/CAkidneys at E14.5 and epithelial structures.
E16.5 by in situ hybridization with a panel of diagnostic The homogenous distribution ¥ft1 within the expanded

Ret Pax2 WT1 RALDH2
— = — G 5 AP

mut|

Fig. 4.Nephrogenic mesenchyme is disorganized and prematurely WT [
depleted in BmpgP/*;Smad4/CAkidneys. Comparison of wild-type

(WT; A,C,E,G,|,K,M,0) andBmpFre/+;Smad4/CA(Mut;

B,D,F,H,J,L,N,P) kidneys analyzed by section in situ hybridization at
E14.5 (A-L) and E16.5 (M-P). (AH') High magnification images of
cortical regions. RéB) and Pax4D) expression is maintained in the
collecting ducts of mutant kidneys indicating normal morphogenesis,, .
of this structure. PaxgD) and Wt1(F,J), markers of nephrogenic
mesenchyme, reveal a disorganized distribution of cells in the
expanded cortical region of mutant kidneys (red brackets), with
occasional clusters of cells surrounding tips of collecting ducts.

Raldh2, a marker of peripheral stroma, identifies cells with
characteristics of peripheral stroma in the expanded cortical region oiVT |#*8
mutant kidneys (H,L). Glomerular podocytes are markedhlin .
mutant kidneys (F). At E16.8Ytlis absent from the cortical region
of the mutant kidney (bracket in N), Heéldh2remains (P), o - ]
suggesting that the composition of this cell population mirrors that ofut ? w
wild-type peripheral stroma. CD, collecting duct; G, glomerulus;

NM, nephrogenic mesenchyme; PS, peripheral stroma.
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cortical layer of mutant kidneys at E14.5 is noteworthy becausdephrogenic mesenchyme and stroma are

Wtl expression is normally strictly localized to the incompletely segregated in  Bmp7¢*;Smad4 ~/CA
nephrogenic mesenchyme (Fig. 4F,1). This could be explaineddneys

either by the presence of a cell type expressing botm order to understand whether the distribution of stroma and
stromogenic and nephrogenic markers, or by ectopic placememtphrogenic mesenchyme is disturbed from the outset of
of nephrogenic mesenchyme within the peripheral stromanetanephric development, we analyzed gene expression in
Comparison of expression of the peripheral stromal markeég11.5 and E12.5 mutant kidneys. At E11.5, the metanephric
Raldh2 with Wil at E14.5 shows co-localization in the mesenchyme of mutant kidneys expresses Withand Pax2,
expanded cortical layer (Fig. 4l-L). However, at E16.5 thendicating normal patterning (Fig. 5A-D). Expression of
cortical cell layer remains expanded but expresses RaldiRaldh2is seen throughout the mesenchyme, and is excluded
almost exclusively (Fig. 4N,P). A population of cells with from condensates surrounding ureteric bud tips, an expression
characteristics of both nephrogenic mesenchyme and strorpattern indistinguishable from that of wild type (Fig. 5E,F).
are thus replaced by cells of a stromal phenotype, possib§trong expression of Lhxih foci within the mesenchyme
indicating that an immature Wtland Raldh2-expressing indicates the formation of epithelial structures at comparable
population of cells is being exhausted through nephrogenesitmes in wild-type and mutant kidneys (Fig. 5G,H). We

WT1 Pax2 RALDH2 Lhx1

Mes NM

E11.5

E12.5

Fig. 5.Nephrogenic mesenchyme and stroma are incompletely segregBiag #i¢/+;Smad4/CAkidneys. Comparison of wild-type (WT;
A,C,E,G,|,K,M,0,Q) andBmpFre*;Smad/CA(Mut; B,D,F,H,J,L,N,P,R) at E11.5 (A-H), E12.5 (I-P) and E13.0 (Q,R). At E11.5, expression of
Wt1(B) and Pax2 (D) in mutant kidneys is indistinguishable from that of wild type (A,C), indicating that the metanephric blastema is
appropriately patterned. Rald(R) reveals a distribution of stromal cells in mutants that is comparable to wild type (E). Expre&sivh of

(H) at E11.5 indicates that maturing structures such as renal vesicles appear at approximately the same time in mutantheagrizy s

wild type (G). At E12.5, expression ¥ft1(J) reveals disorganization of the nephrogenic mesenchyme that normally forms around collecting
duct tips. Expression aWtlis widespread in the wild-type mesenchyme at E12.5 (l)\Véiridnegative peripheral stroma can only be seen in
occasional sections. Pagpression clearly demarcates nephrogenic mesenchyme and nascent epithelia from stromal cells in the wild type (K)
Mutant kidneys show a paucity of nephrogenic mesenchyme and no clear demarcation of stromalRelh@8xpression is confined to the
stromal cell compartment of the wild-type kidney (M), and is excluded from nephrogenic mesenchyme and collecting ducts. In the mutant (N),
Raldh2expression is spread throughout the majority of the mesenchyme, and is excluded from the limited nephrogenic mesenchgme populat
and collecting ductd.hx1expression reveals several renal vesicles per section in the wild type (O), but only a limited number in the mutant (P).
At E13.0, Gdnf expression is comparable in the wild type (Q) and the mutant (R). CD, collecting duct; G, glomerulus; Mes, metanephric
mesenchyme; NM, nephrogenic mesenchyme; PS, peripheral stroma; RV, renal vesicle; UB, ureteric bud.
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therefore conclude that the distribution of cell types in E11.%®ollecting duct branches seen in mutant kidneys could be
mutant kidneys is normal. caused by a lack of expression@dnf, in situ hybridization

At E12.5, the ureteric bud has branched, and induces tHer this gene was carried out at E13.0, a time point at which
condensation of nephrogenic mesenchyme around collectinfe depletion of nephrogenic mesenchyme is not vyet
duct tips. These condensates are clearly markedMby  pronounced. Mutant kidneys showé&dinf expression similar
expression in the wild type (Fig. 51). In mutant kidney&,l  to wild type (Fig. 5Q,R), indicating that this is not the case.
expression is distributed diffusely throughout the mesenchyme, ) )
and few foci of nephrogenic mesenchyme are seen (Fig. 53)neage analysis of Bmp7 e, Smad4 ~/A kidneys
At this stage only a feWt1l-negative presumptive stromal cells To determine the ontogeny of cells within the expanded cortical
are observed at the periphery of the kidriegx2 expression layer of mutant kidneys, we next introduced ROSA28
identifies a more limited subset of mesenchyme cells at E12.6onditional reporter into either the Bnif§7"; Smad4/CAor the
and in the wild type, Rax2-negative layer of cells surrounding BmpZ™®* backgrounds (hereafter referred to as mutant and
nephrogenic mesenchyme aggregates is apparent (Fig. 5K). Byld-type, respectively). Kidneys were analyzed at E11.5,
contrast, mutant kidneys display a disorganization of Pax2E12.0, E14.5 and E16.5 ftacZ activity. In the mutant, cells
positive cells, with large expanses of the mesenchyme devoitkrived from Smad4-deficient progenitors are labelethd
of Pax2expression (Fig. 5LRaldh2is expressed in a domain activity. In both wild-type and mutant kidneys, as expected, the
that is complementary to Pak2the wild-type kidney, marking collecting ducts are homogenously stained at all time-points
cells surrounding aggregates of nephrogenic mesenchyme (Fanalyzed. However, comparison of the mesenchymal and
5M). This stromal cell population is expanded in the mutantstromal components of wild-type and mutant kidneys reveals
and overlaps withVtl expression (Fig. 5N). The number of significant differences. At E11.5, mutant mesenchyme is
epithelial structures marked by Lhiglreduced in the mutant indistinguishable from wild type, labeled cells being
kidney (Fig. 5P). In summary, a paucity of bona fitlel-  distributed through the blastema but primarily localized to the
and Pax2-expressing nephrogenic mesenchyme at E12.5 @&ea immediately surrounding ureteric bud tips (Fig. 6B). By
accompanied by a marked overrepresentationVti- and  E12.0 in wild-type kidneys, labeled cells are closely associated
Raldh2-expressing mesenchyme. As we find that there isith collecting duct tips and display the morphological
significant overlap between the domainsVefl and Raldh2 characteristics of nephrogenic mesenchyme (Fig. 6C,E). By
expression at early time-points in the normal kidney, weontrast, there is significant mixing of labelled, and thus
suggest that Wtland Raldh2-expressing cells in the earlySmad4-deficient, cells with unlabeled cells of other lineages
wild-type mesenchyme are normally recruited infétl- around the collecting duct tips of the mutant (Fig. 6D,F). Also,
and Pax2-expressing, but Raldh2-negative, nephrogenitabeled cells are distributed through the mesenchyme and do
mesenchyme aggregates upon induction. Loss of Smad4 in thet appear to condense tightly in the vicinity of duct tips. In
mesenchyme impairs this inductive process and the immatukel4.5 wild-type kidneys, labeled cells surround the tips of
population of mesenchyme persists until it is depleted atollecting ducts, comprising the nephrogenic mesenchyme
around E16.5. lineage (Fig. 6G). No labeled cells are seen within the

In order to ascertain whether the reduced number dferipheral stromal layer separating the nephrogenic

Fig. 6.Lineage analysis of
BmpFe*;Smad/CAkidneys. The
ROSA28 reporter was introduced

into the Bmp¥e*(WT) and
Bmp#e*;Smad4/CA (Mut)
backgrounds. At E11.5, the ureteric
bud and condensing mesenchyme of
wild-type (A) and mutant (B) kidneys
are labeled by lac&xpression. At
E12.0 (C,E), all cells within the
nephrogenic mesenchyme of wild-
type kidneys are labeled, whereas
there is significant mixing of labeled
and unlabeled cells in the mutant
(D,F). Labeled and unlabeled cells are distributed throughout the
mesenchyme of mutant kidneys. At E14.5, nephrogenic mesenchyme
is labeled in wild-type kidneys (G), and the stroma surrounding
mesenchymal condensates is unlabeled. In mutant kidneys (H), the
limited nephrogenic mesenchyme that can be seen is labeled, and
there is a disorganized distribution of labeled cells throughout the
cortical layer, which is composed of a mixture of labeled and
unlabeled cells. At E16.5, nephrogenic mesenchyme is labeled, and
unlabeled stromal cells are more obvious in wild-type kidneys (I). In
mutant kidneys, a few remaining labeled cells lie within the otherwise
unlabeled cortical layer (J). Ectopically placed glomeruli are
prominent. CD, collecting duct; G, glomerulus; NM, nephrogenic
mesenchyme; PS, peripheral stroma; UB, ureteric bud.

E12.0

Mut
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mesenchyme and the kidney capsule. However, the mutaBgfl2.0, E14.5 and E16.5, clusters of dead cells can be seen in
displays a reduced overall volume of nephrogenidhe thickened areas of the mesenchyme at the periphery of
mesenchyme, and labeled Smad4-deficient cells are ectopicathutant kidneys (Fig. 7B,D,F). These clusters of dead cells
located within the expanded cortical layer (Fig. 6H). Howeverlocalize to regions distant from collecting duct tips. This
this localization is transient because marked cells are largetontrasts with the patterns of cell death observed in wild-type
missing from the cortical layer of mutants at E16.5 (Fig. 6J).kidneys (Fig. 7A,C,E), in which only sporadic pyknotic nuclei
In summary, conditional deletion &mad4in metanephric can be seen at the periphery. In areas of mutant kidneys in
mesenchyme leads to a quantitative reduction in nephrogenesibich recognizable nephrogenic mesenchyme is organized
and the arrest of kidney development by approximately E16.%round collecting duct tips, pyknotic nuclei could be seen at a
Relatively normal epithelial structures are found within mutanfrequency comparable with that of wild type, indicating that
kidneys, indicating that the developmental program leading tthe depletion of nephrogenic mesenchyme does not occur
nephron formation is unperturbed. By marker and lineagspecifically through cell death.
analysis, metanephric development is initiated normally in To assess the degree of proliferation, we immunostained
mutants, but organization of the mesenchyme is perturbedections for the presence of proliferating cell nuclear antigen
concomitant with the initiation of branching of the collecting(PCNA). Proliferation in the cortical region of the wild-type
ducts. Nephrogenic mesenchyme does not associate closé&lgney is distributed evenly throughout the collecting ducts,
with collecting duct tips, and an immature populatioWtfi- nephrogenic mesenchyme and peripheral stroma (Fig. 7G,I).
and Raldh2-expressing mesenchyme remains at the periphefhis pattern of proliferation is maintained in the mutant.
of the kidney. This population is depleted as nephrogenesimportantly, collecting ducts display an even distribution of
proceeds, and the kidney is largely devoid of these cells hyroliferating cells, indicating that the primary cause for the
E16.5. paucity of collecting ducts is not an innate failure of the
collecting duct epithelium to proliferate.
Bmp7cre* :Smad4~/CA kidneys display increased
peripheral cell death Bmp7 cre* :Smad4~/CA metanephric mesenchyme

To understand the role of cell death in the mutant phenotypgesponds to induction in vitro
we performed a careful histological analysis for pyknoticTo explore whether the disturbed aggregation of nephrogenic
nuclei on serial sections of wild-type and mutant kidneys. Atnesenchyme is due to a defect in the induction of mutant

E12.5 E14.5 E16.5

Fig. 7.Cell death and proliferation in Bm{5#*;Smad4/CAkidneys.

Sections of wild-type (WT; A,C,E) arBmp7e+;Smad4/CA (Mut;

B,D,F) kidneys were examined at E12.5 (A,B), E14.5 (C,D) and E16.5
(E,F) for pyknotic nuclei (marked by arrowheads) as markers of cell
death. Wild-type kidneys display only sporadic single dead cells adjacent
to nephrogenic mesenchyme. By contrast, mutant kidneys show clusters
of cell death within the thickened peripheral cell layer, mainly
concentrated to regions distant from collecting duct tips. PCNA
immunohistochemistry was used to identify proliferating cells in wild-
type (G,l) and mutant (H,J) kidneys at E12.5 (G,H) and E14.5 (I,J). Both
wild type and mutant proliferating cells are similarly distributed in
collecting ducts and mesenchyme.

Mut
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mesenchyme, we used an in vitro culture system to compak@iscussion
the inducibility of wild-type and mutant mesenchyme at E11.5, ombari ;

- . X ! \ parison to the large number of TE&Buperfamily
using LICl as an inducing agent (Davies and Garrod, 199# ands that have been shown to affect kidney development, a
(F|g: 8). After enzymatic separation, mesenchyme was Cu"”%ﬂrprisingly limited number of mutations in TGmMathway
on filter rafts in the presence or absence of LiCl for 72 hour§,embers have been shown to affect development of this organ
Mutant mesenchyme was induced, but attained consistently ;5 Gene expression analysis of ligands and receptors in
smaller volumes than wild type at the end of the culture periog,;g study and others (Dudley and Robertson, 1997: Oxburgh
(n=10). Histological analysis of induced mesenchyme revealegl,y ropertson, 2002; Pelton et al., 1991; Plisov et al., 2001)
that epithelial structures formed both in wild-type and mutanfemonstrates that many pathway members are expressed
mesenchyme, with wild-type mesenchyme developing slightly; taneously, raising” the possibility that extensive
more complex tubular epithelial structures (Fig. 8E’F)'redundancy obscures the role of this pathway in kidney

Immunostaining of mesenchyme revealed an approprialgeejopment. Smad4 is an integral component of the signal
deposition of laminin (Fig. 8G,H). This result was reproduceq,snsquction  cascade downstream  of ligand-receptor
upon co-culture of mesenchyme with the heterologous 'nduc‘?ﬁteractions, mediating the nuclear translocation of

splnalrggrd (data/ggt shown). We conclude from this assay thghosphorylated receptor-associated Smads and allowing them
Bmpre*.Smad4’™" mesenchyme is fully competent 10 4 participate in transcriptional regulation (Lagna et al., 1996;
respond to inducing signals. Xiao et al., 2003). ThusSmad4 represents a genetically
tractable ‘bottleneck’ in the TGFgignaling pathway
WT Mut and we have used conditional inactivation of this gene
A B T in two different cell populations to further characterize
: the roles of TGFBsuperfamily signaling in early

. : oy | AN kidney development.
Untreated R A po VS, ELTON e

Ny b ! : LI ] Lineage relationships in the developing
‘ i kidney
e As the Cre-loxP system induces heritable labeling of

cells in the ROSA%6conditional reporter strain, it
provides a convenient tool for lineage analysis. The
predicted domains of expression for the Cre-expressing
lines used in this study are: (1) the ureteric bud and
collecting duct system for HoxB7c(&rinivas et al.,
1999); and (2) the ureteric bud, collecting duct system
and nephrogenic mesenchyme Bmp7/* (Godin et
al., 1998). Because the expression domaindmB7
and Bmp7 overlap exactly in the ureteric bud and
collecting ducts, it is possible to deduce the fate of the
nephrogenic mesenchyme by comparison of the two.

Two main points regarding lineage relationships
between cell populations within the metanephros
emerge from this study. The first is that cells of ureteric
bud origin do not contribute in significant numbers to
the mesenchyme, as has previously been suggested
(Herzlinger et al., 1993). The few lacZ-expressing cells
that can be seen outside the collecting ducts in
HoxB7cre;R28 kidneys are confined to the medullary
stroma, and are never seen within the nephrogenic
mesenchyme or mesenchymal structures such as renal
vesicles or nephric tubules. A possible reason for the
discrepancy between our findings and those of
Fig. 8.BmpFe/+;Smad4/CA metanephric mesenchyme responds to induction Herzlinger et al. (Herzlinger et al., 1993) is the fact that
in vitro. Wild-type (WT) and BmpgP/+;Smad4/CA (Mut) mesenchyme was  the latter study was performed in organ culture using
cultured with and without LiCl, a potent nephrogenic inducer. Untreated cell labeling, which is a less accurate technique than in
mesenchyme rap@ly underwent cell death (A,B), \.Nh.ereas.treated vivo fate mapping. Also, it cannot be excluded that cell
g‘ﬁstemhy?:e S“rV"t’eS andt ixr?derwent neph_][_ogtta_mc '”dé‘cttr']on .(C'[é).f'_f lineages are less strictly segregated in cultured organs,

otographs were taken at the same magnification, and the size difference . : :
betwegn i%duced wild-type and mutant mgesenchyme is representative. perhaps owing tc_) th? removal of surrounding tlssu.e'
Histological analysis revealed the presence of epithelial condensates withinThe second finding is that C/e"S of the_ nephrogenic
both wild-type (E) and mutant (F) mesenchyme, and the development of ~Mesenchyme labeled Bmp7™™* are restricted to the
tubular structures within the wild type. Basal deposition of laminin nephrogenic lineage; only a scattering of labeled cells
surrounding condensates was confirmed by fluorescent immunostaining ~ can be found within the medullary stroma. The same
(G,H). C, condensate; T, tubule. scattering of labeled cells was seen with HoxB7cre,

15mM LiClI

o-laminin
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suggesting that these represent cells that have migrated into thevel effects. Like the Bmpomozygous null mutant, the
kidney. Commitment to either stromal or nephrogenic lineageBmp7/*;Smad4/CA mutant displays ectopic cell death at the
thus occurs prior to induction and the condensation aroungeriphery of the kidney at E12.5, and premature depletion of
collecting duct tips, if indeed cells of these lineages are derivetephrogenic mesenchyme. TH&émp7 mutant phenotype
from the same progenitor. As labeled cells are seen in mosaiciginates from a lack of Bmgsignaling to the progenitor cell
fashion in the early metanephric mesenchyme ang@opulation of the developing kidney (Dudley et al., 1999). That
subsequently consolidate around collecting duct tips, wehis phenotype can be recapitulated by the inactivation of
conclude that segregation of nephrogenic and strom&mad4n Bmp7-expressing cells implies that these progenitors
progenitors occurs at this early time point. Future studies usingside within the nephrogenic mesenchyme. Bmp7 thus
Cre transgenes that label the stromal cell population will tegtppears to act in an autocrine manner to promote progenitor
whether cells of stromal origin incorporate into thesurvival. The early and mosaic appearance of Bnep7-
nephrogenic mesenchyme and will clarify whether thesexpressing cell population suggests that the metanephric

lineages derive from a common precursor. blastema is composed of distinct cell types, and that the first
) ) o inductive contact with the ureteric bud serves as a signal to
The role of Smad4 in collecting duct epithelium organize nephrogenic progenitors around the inducer.

In the ureteric bud, onset of BMP and T&mpathway The expansion of the cortical layer Bfnp7Z™e/*;Smad4/CA
activation is relatively late, with appreciable levels ofmutant kidneys is previously undescribed in any BGF
phosphorylated Smads being detectable first at E12.5 superfamily mutation. Our analysis of Wtand Pax2
collecting duct trunks. Removal of Smaslighin this tissue has expression in wild-type kidneys reveals that these markers are
no effect on kidney development up to E16.5. This is axpressed in partially overlapping cell populations in the
surprising result, as several studies have shown that BMP amtesenchyme. At E11.5M\t1 is expressed throughout the
TGFBligands applied to E11.5 kidney explants inhibit growthmetanephric blastema, whereas Paxpression is localized
and branching of the collecting duct system, and it hamainly to mesenchyme surrounding ureteric bud tips. At
therefore been assumed that these pathways are involvedBd2.5, Wtl expression is still seen in the majority of the
collecting duct morphogenesis (Bush et al., 2004; Clark et almesenchyme, and expression is intensified in nephrogenic
2001; Piscione et al., 1997; Ritvos et al., 1995; Rogers et amesenchyme surrounding collecting duct tips. Pax2 expression
1993). Interestingly, a study in which constitutively activatedis limited to nephrogenic mesenchyme and maturing epithelial
Alk3 was expressed in collecting ducts using thexB7  structures. The Witl-expressing but Pax2-negative cell
enhancer-promoter revealed an inhibitory effect of BMPpopulation at the periphery of the kidney overlaps with cells
pathway activation on collecting ducts, confirming these irexpressindgRaldh2, a stromal cell marker. This cell population,
vitro findings (Hu et al., 2003). However, it was found thatwith characteristics of both nephrogenic mesenchyme and
phosphorylated Smadl complexes wgitatenin leading to stroma, is greatly expanded in Brfi/7;Smad4/CA mutant
activation of the Wnt pathway, presumably without thekidneys from E12.5 to E14.5. We suggest that this immature
participation of Smad4. It thus seems likely that BGF precursor of both nephrogenic mesenchyme and peripheral
superfamily signals are transduced through Smad4stroma remains uninduced in the mutant kidney, and is
independent pathways in the collecting duct. Further studiegradually recruited into the nephrogenic and stromal lineages.
using inhibitors of alternative pathways that have been showimduction by collecting duct tips recruits mesenchyme into the
in other organ systems to be activated by FGEperfamily  nephrogenic lineage, thus leaving the cortical region of the
ligands, such as the MAP kinase cascade, may shed additiomalitant kidney devoid ofWtl-expressing cells by E16.5.

light on this mechanism of signal transduction. Alternatively, co-expression of Weind RaldhZn cells of the
] ) thickened cortical layer could indicate the presence of an
The role of Smad4 in metanephric mesenchyme immature population of cells committed to the nephrogenic

The earliest co-localization 8mp7™* and Smadéxpression lineage but expressing certain stromal cell markers that
in kidney development is limited to a dispersed population oére downregulated upon induction into the nephrogenic
cells within the metanephric blastema at E11.0-E11.5. Upomesenchyme. Interestingly, focal cell death can be seen in
induction of the blastema by the ureteric bud, the populatioareas of the expanded peripheral cell layer distant from
of BmpF'/* labeled cells coalesces around the ureteric bud toollecting duct tips, indicating that this cell population is
form the nephrogenic mesenchyme, and from this poindependent on signals from collecting ducts for its survival. The
onwardBmpF™* labeled cells are confined to the nephrogenicortical expansion of a population of cells with both
mesenchyme and its derivatives. Nephrogenic mesenchymephrogenic and stromal characteristics is also seen in
expresses very little Smad4, and shows limited pathwagompound mutants of the retinoic acid recepwmrand (32
activation (Oxburgh and Robertson, 2002). We thereforéMendelsohn et al., 1999). This phenotype can be rescued by
conclude that the phenotype seen upon losSmfad4in  transgenic overexpression oRet in collecting ducts,
dispersed cells of the metanephric blastema occurs prior tmnclusively showing that the mesenchyme phenotype is
formation of the nephrogenic mesenchyme. However, it canngecondary to a collecting duct defect. The similarity of this
be excluded that the very small number of nephrogeniprimarily collecting duct phenotype to the mesenchymal
mesenchyme cells displayir@mad4expression at later points Bmp7/*;Smad4/CA phenotype supports our hypothesis, as
in development contribute to the phenotype. one would expect a defect in inductive capacity of the
The profound effects of Bm@i¥'* inactivation of Smaddan  collecting ducts, or a poor capacity of mesenchyme to be
be divided into two categories: those that phenocopynduced, to result in insufficient recruitment of nephrogenic
previously described TGFsuperfamily pathway mutants, and mesenchyme and a persistent peripheral population of
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primitive mesenchyme. Analysis of a ureteric bud cell lineDudley, A. T., Godin, R. E. and Robertson, E. J1999). Interaction between
supernatant with inductive capacity has identified32gis a FGF and BMP signaling pathways regulates development of metanephric
component of the inducer (Plisov et al., 2001). Considering thg mesenchymeGenes Devl3, 1601-1613.

- . . : ymecki, S. M. (1996). Flp recombinase promotes site-specific DNA
many functions that TGI§3d|spIay in the control of cell-matrix recombination in embryonic stem cells and transgenic nHozc. Natl.

interactions and the deposition of extracellular matrix Acad. Sci. US®3, 6191-6196.
(Verrecchia et al., 2001), it is tempting to speculate that thEsquela, A. F. and Lee, S. E.-J2003). Regulation of metanephric kidney
phenotype seen Bmp?re“;Smadtt/CA mutant kidneys is due development by growth/differentiation factor Tlev. Biol.257, 356-370.

; T ; Godin, R. E., Takaesu, N. T., Robertson, E. J. and Dudley, A. T1998).
to an mablllty of mesenChyme to reSpond toa T@Eﬁal that Regulation of BMP7 expression during kidney developmat.elopment

determines a change in extracellular matrix composition 155 3473-3482.
allowing aggregation or compaction of these cells. Gu, H., Zou, Y. R. and Rajewsky, K.(1993). Independent control of

In conclusion, the data presented here provide the firstimmunoglobulin switch recombination at individual switch regions
evidence that a TGFBuperfamily signal mediated through eV'genced through Cre-loxP-mediated gene targetCgfl 73, 1155-

. . . 2 . 1164,

Smadér is requwed to recruit mesenchyme cellslfrom a p“m't'Vﬁenmich, H. L., Kos, L., Cho, E. S., Mahon, K. A. and Zimmer, A(1996).
state in Wh'Ch t.hey display both nephrogenlc and stromal embryonic expression of glial cell-line derived neurotrophic factor (GDNF)
characteristics into the nephrogenic mesenchyme. Thesuggests multiple developmental roles in neural differentiation and
surprising finding that deletion @mad4in the ureteric bud  epithelial-mesenchymal interactioidech. Dev54, 95-105.

; ; ; erzlinger, D., Abramson, R. and Cohen, D. (1993). Phenotypic conversions
and collecting ducts does not result in an appreciablé in renal development, J. Cell S&7. 61.64.

phgno;ype is most readily exp_lame_d by alternative pa'tl,“’\’aMogan, B. L., Beddington, R. S., Costantini, F. and Lacy, E(1994).
activation by TGFp superfamily ligands and receptors, Manipulating the Mouse Embryo: A Laboratory Manuglold Spring
possibly throughp-catenin and the Wnt pathway. Further Harbor, NY: Cold Spring Harbor Laboratory Press.

genetic lineage analysis of the early metanephros will clarify’u, M. C., Piscione, T. D. and Rosenblum, N. D(2003). Elevated
our understanding of the sequence of events Ieading fromSMADll{beta}-catenm molecular complexes and renal medullary cystic

e . . . ysplasia in ALK3 transgenic micBevelopmeni30, 2753-2766.
specification of the metanephric blastema to the segregation Rfignerg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J.

the various cell-types required for morphogenesis. Housman, D. and Jaenisch, R(1993). WT-1 is required for early kidney
developmentCell 74, 679-691.
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