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The Role of GDNF/Ret Signaling
in Ureteric Bud Cell Fate
and Branching Morphogenesis

its receptor Ret, and its coreceptor Gfr�1. Ret is a recep-
tor tyrosine kinase (RTK), also important for develop-
ment of the peripheral nervous system, while Gfr�1 is
a GPI-linked protein that binds GDNF and allows it to
activate the Ret RTK (Takahashi, 2001). Ret is expressed
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throughout the WD and the primary evagination of the701 West 168th Street
UB, but it soon becomes restricted to the distal tips ofNew York, New York 10032
the branching UB (Pachnis et al., 1993; Tsuzuki et al.,
1995). GDNF is expressed in the metanephric mesen-
chyme adjacent to the caudal WD, where the UB willSummary
form, and later in the peripheral mesenchyme of the
kidney surrounding the UB tips (Durbec et al., 1996;While GDNF signaling through the Ret receptor is criti-
Hellmich et al., 1996; Pichel et al., 1996). Gfr�1 is coex-cal for kidney development, its specific role in branching
pressed with Ret in the UB tips, as well as in some cellsmorphogenesis of the epithelial ureteric bud (UB) is
derived from the metanephric mesenchyme (Sainio etunclear. Ret expression defines a population of UB
al., 1997; Yu et al., 1998).“tip cells” distinct from cells of the tubular “trunks,”

A requirement for GDNF signaling through Gfr�1 andbut how these cells contribute to UB growth is un-
Ret during kidney development has been clearly estab-known. We have used time-lapse mosaic analysis to
lished by mouse knockout studies: inactivation of anyinvestigate normal cell fates within the growing UB
one of these genes results in renal agenesis or severeand the developmental potential of cells lacking Ret.
hypodysplasia, resulting from failure of the UB to evagi-We found that normal tip cells are bipotential, contrib-
nate from the WD, or to grow and branch normallyuting to both tips and trunks. Cells lacking Ret are
(Moore et al., 1996; Pichel et al., 1996; Sanchez et al.,specifically excluded from the tips, although they con-
1996; Schuchardt et al., 1994, 1996). A variety of othertribute to the trunks, revealing that the tips form and
studies, including treatment with exogenous GDNF orexpand by GDNF-driven cell proliferation. Surprisingly,
anti-GDNF antibodies in kidney organ culture, trans-the mutant cells assumed an asymmetric distribution
genic misexpression of Ret in ectopic locations in thein the UB trunks, suggesting a model of branching in
kidney, and generation of hypomorphic alleles of Ret,which the epithelium of the tip and the adjacent trunk
have confirmed the importance of this signaling systemis remodeled to form new branches.
to induce and maintain UB growth throughout kidney
development (reviewed in Sariola and Saarma, 1999,Introduction
2003). While Ret is a proto-oncogene and has been
implicated in the proliferation of other cell types, thereBranching morphogenesis is a basic process that under-
are conflicting reports as to whether GDNF induces celllies the development of the kidney as well as many other
proliferation in the UB (Michael and Davies, 2004; Pepi-organs such as lung, pancreas, and salivary glands. In
celli et al., 1997; Sainio et al., 1997; Vega et al., 1996).the kidney, the metanephric mesenchyme induces the
GDNF may promote survival of UB cells (Towers et al.,growth and branching of the ureteric bud (UB), an out-
1998), as it does for certain neurons (Sariola and Saarma,growth from the Wolffian duct (WD), which gives rise to
2003). It has been proposed that GDNF is a ramogen,the renal collecting system (Erickson, 1968; Grobstein,
inducing branching of the UB, and that it may act as a

1953, 1955). Factors secreted by the tips of the UB
morphogen, controlling the growth of UB tips in specific

branches, in turn, induce the surrounding mesenchymal
directions and thus patterning the kidney (Pepicelli et

cells to condense into epithelial vesicles, which then al., 1997; Sainio et al., 1997; Tang et al., 1998; Towers
differentiate into the various segments of the nephron et al., 1998; Vega et al., 1996). It is also possible that
(Grobstein, 1953, 1955; Saxen, 1970). The pattern and GDNF signaling is required to maintain the ability of the
the extent of UB branching and elongation are critical UB to induce nephrogenesis by cells of the metanephric
for development of a normal kidney, and mutations that mesenchyme. Thus, the specific consequences of
perturb this process result in a spectrum of defects GDNF/Ret signaling for ureteric bud cells remain un-
ranging from renal agenesis to reduced kidney size and clear.
reduced nephron number (Al-Awqati and Goldberg, Understanding the role of GDNF/Ret signaling in UB
1998; Cullen-McEwen et al., 2001; Pohl et al., 2002). branching morphogenesis requires that we first under-

The control of UB growth and branching has been stand the normal fate of the cells at the UB tips, which
studied extensively in recent years, and several growth express Ret. However, little is known about how these
factors and receptors have been implicated in the con- cells contribute to UB growth. From an early stage of
trol of this process (Carroll and McMahon, 2003; Shah metanephric kidney development, the UB epithelium ap-
et al., 2004; Vainio and Lin, 2002). Among those proteins pears to differentiate into distinct “tip” and “trunk” popu-
demonstrated to play a crucial role are the secreted lations, based on patterns of gene expression. In addi-
protein glial cell line-derived neurotrophic factor (GDNF), tion to Ret and GFR�1, several other genes such as

Wnt11 and c-ros are expressed specifically in cells at
the UB tips (Kispert et al., 1996; Sonnenberg et al., 1991).*Correspondence: fdc3@columbia.edu
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Conversely, other genes such as Wnt-7b, aquaporin-3,
and collagen XVIII are expressed in the tubular portions,
or trunks, of the UB but not in tip cells (Ecelbarger et
al., 1995; Kispert et al., 1996; Lin et al., 2001). This raises
interesting questions about the lineage relationship be-
tween tips and trunks. Are the tip cells a distinct lineage,
whose daughters remain at the tips of the growing and
branching UB, while the trunks elongate by the prolifera-
tion of preexisting trunk cells? Or do some daughters
of the tip cells stay behind and differentiate into trunk
cells as the UB extends? To address these questions,
we have analyzed the development of mosaic kidneys,
some of whose cells carry a UB-specific GFP transgene
that allows their fate to be followed by time-lapse analy-
sis of growth in organ culture (Srinivas et al., 1999).

We next used a modification of this approach to inves-
tigate the specific role of GDNF/Ret signaling, by testing
the ability of Ret-deficient cells to contribute to ureteric
bud development in mosaic embryos. In such mosaics,
the wild-type cells can form most of the UB epithelium,
and the mutant cells have the opportunity to contribute,
depending on the specific processes in which they are

Figure 1. Examples of a Hoxb7/GFP Kidney and a Hoxb7/deficient. We could envision a variety of outcomes, rang-
GFP↔Wild-Type Mosaic Generated by Embryo Aggregation

ing from failure of mutant cells to contribute to the UB
(A and B) Hoxb7/GFP transgenic kidney dissected at E11.5, theat all (if Ret were very important for cell proliferation
T-stage (A) and after several rounds of branching during 47 hr of

and/or survival during outgrowth of the primary UB) to culture (B). Note the ubiquitous expression of GFP throughout the
an ability of mutant cells to contribute to all regions of epithelium of the ureteric bud. The dashed line shows the outline

of the metanephric blastema, which is not visible in the GFP image.the UB (for example, if GDNF were important primarily
(C and D) Kidney from a mosaic embryo generated by aggregationto induce branching or to provide positional information,
of a wild-type and a Hoxb7/GFP transgenic morula, when dissectedand the wild-type UB cells were sufficient to initiate
at E11.5 (C) and after 64 hr of culture (D). Note the extensive inter-branch formation and direct the growth of the tips). The
spersion of GFP� and GFP� (wild-type) cells at both time points.

results of these studies provide new insight into the The arrows indicate the primary branch of the UB (presumptive
roles of tip and trunk cell populations in the branching ureter). The Wolffian duct was removed. Scale bar equals 0.5 mm.

A QuickTime time-lapse movie of the growth of the kidney is avail-morphogenesis of the ureteric bud and into the role of
able as Supplemental Movie S1. The Quick Time player can beGDNF/Ret signaling in this process.
downloaded at http://www.apple.com/quicktime/download/.

Results and Discussion

the pattern of close interspersion with GFP� wild-typeContinual Interspersion of Ureteric Bud Epithelial
cells was maintained (Figure 1D). The failure to formCells during Normal Branching Morphogenesis
large coherent clones of GFP� or GFP� cells indicatedIn this study, we have used time-lapse mosaic analysis
that, following a cell division in the UB epithelium, theto investigate the behavior of epithelial cells in different
daughter cells tend to move rapidly away from eachregions of the branching ureteric bud. Hoxb7/GFP trans-
other. Time-lapse analysis of these mosaic kidneys con-genic mice express GFP throughout the WD and UB
firmed that there is a great deal of short-range cell motil-epithelium but not in the surrounding mesenchyme or
ity in the UB epithelium, particularly at the growing tipsits epithelial derivatives (Figures 1A and 1B) and thus
and somewhat less so in the trunks (Supplemental Movieallow UB branching morphogenesis to be visualized in
S1 at http://www.developmentalcell.com/cgi/content/real time during growth of the kidney in organ culture
full/8/1/65/DC1/). This suggests that regulation of cell(Srinivas et al., 1999; Watanabe and Costantini, 2004).
adhesion and motility may contribute to elongation andWhen mosaic embryos were generated by aggregation
branching of the epithelial tube.of Hoxb7/GFP morula-stage embryos with wild-type

morulae, the UBs at E11.5 showed a fine interspersion of
GFP-labeled (GFP�) and unlabeled (GFP�) cells (Figure Lineage Relationships between Normal Tip and

Trunk Cells and the Mechanisms of Trunk Elongation1C). This indicated that cells from each of the two paren-
tal embryos had contributed to the UB and that they In the mosaic kidneys generated by morula aggregation,

the large number of GFP� cells made it difficult to followhad undergone extensive mixing during the initial out-
growth of the UB. individual cells and their daughters for more than a few

hours with the available resolution. Therefore, to gener-In an attempt to follow the normal fate of cells in
different regions of the growing UB, we visualized the ate mosaic kidneys with a lower proportion of GFP�

cells in the UB, we used a different method of mosaicdevelopment of these mosaic kidney primordia in organ
culture using time-lapse fluorescence microscopy. As production, the injection of genetically marked ES cells

into the blastocyst. ES cell lines were derived from thethe UB underwent branching morphogenesis, the GFP�

cells contributed strongly to all branches of the UB, and Hoxb7/GFP transgenic mouse strain. By injecting a
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Figure 2. Tracing the Normal Fates of Ureteric Bud Tip Cells by Time-Lapse Analysis of Hoxb7/GFP↔Wild-Type Mosaic Kidneys

Mosaic embryos containing a minority of Hoxb7/GFP transgenic cells were generated by injection of Hoxb7/GFP ES cells into wild-type
blastocysts. The kidney primordia were recovered at E11.5 and cultured for time-lapse photomicroscopy. Rows (A)–(C) show the growth of
three different mosaic kidneys. In (A), the first panel shows the entire kidney, while the next four panels show a selected region (dashed box
in the first panel) at the indicated number of hours of culture. In each of the three kidneys, a cluster of GFP� cells was initially located in the
tip of a UB branch (white bracket), adjacent to a segment of UB trunk devoid of GFP� cells (yellow dashed line). As the kidney grew, the
GFP� cells at first remained clustered in the tip and increased in number as the tip expanded to form an ampulla. Meanwhile, the trunk
extended without incorporating any GFP� cells from the tip. This is schematized in diagram Di–Dii. Later, the GFP� cells started to become
more widely distributed (beginning at 27 hr in [A], 24 hr in [B], and 20 hr in [C]), with some staying in the tips (white brackets) and others
remaining behind in the new trunks (white dashed lines), as schematized in diagram Diii. (A) and (B) are GFP fluorescence images, while (C)
shows GFP superimposed on brightfield images. Time-lapse movies of these three kidney cultures are available as Supplemental Movies
S2–S4. Scale bars equal 0.25 mm.

small number (1–5) of these ES cells into wild-type blas- the tip later contributed to the growing trunk or remained
confined to the tip region. In each case, there was antocysts, we obtained several mosaic kidneys with a low

enough proportion of GFP� cells that it was possible to initial phase of growth in which the GFP� cells increased
in number but remained in a localized cluster in thefollow isolated clusters of GFP� cells and their daughter

cells over at least 1–2 days of culture. expanding tip or “ampulla.” During this phase, the trunk
elongated 2- to 3-fold (as indicated by the lengths ofThe three kidneys shown in Figures 2A–2C and Sup-

plemental Movies S2–S4 are examples in which we the dashed yellow lines in Figure 2) but did not incorpo-
rate any GFP� cells from the tip. Therefore, elongation ofcould identify a cluster of GFP� cells in the tip of a UB

branch and immediately adjacent to a segment of trunk the trunk must have occurred by an internal mechanism,
rather than by the recruitment of tip cells into the grow-that was devoid of GFP� cells. This nonrandom distribu-

tion of GFP� cells was infrequently observed, but when ing trunk. The mechanism of elongation is not clear, but
could involve cell proliferation, changes in cell shape,it occurred it allowed us to trace the contribution of the

tip cells to the subsequent growth of the branch. The or cell rearrangements such as convergent extension.
We know that cell division occurs in the UB trunks,origin of these clusters might be explained if the cells

in the tip arise from the rapid proliferation of a small although the rate is lower than at the tips (Michael and
Davies, 2004; our unpublished data).number of progenitor cells so that, by chance, a tip can

sometimes be composed disproportionately of GFP� During the later growth of each branch, the GFP� cells
that had been confined to the tip (and/or their daughter(or GFP�) cells. This interpretation is supported by addi-

tional experiments using Ret mutant ES cells (see cells) became more widely distributed, contributing both
to the new tips and to the adjacent region of trunk (Figurebelow).

During the subsequent extension of these mosaic 2A, 13–41 hr; Figure 2B, 24–40 hr; Figure 2C, 14–34 hr).
The GFP� tip cells were not observed to migrate backbranches, we could determine whether the GFP� cells in
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into the trunk, but rather, some of them were retained
in the trunk as others moved forward with the growing
tip. The time at which the tip cells started to contribute
to the trunks coincided approximately with the initiation
of the next generation of branching, as shown schemati-
cally in Figure 2D. Here, we use the terms “tip” and
“trunk” to denote cell location and not necessarily gene
expression profile. However, the tip-derived cells that
contribute to the trunk must rapidly switch their pattern
of gene expression—otherwise the observed segrega-
tion of tip and trunk markers would not occur. Our results
imply that during UB branching morphogenesis, some
of the tip cells are converted to trunk cells, and thus
that tip cells are bipotential and not restricted to a tip
cell fate. Whether trunk cells ever move into the tip
was not clear from these experiments. However, the
occurrence of lateral branching (the de novo formation
of a new branch from the side of an existing trunk) during
kidney development in organ culture (Watanabe and
Costantini, 2004) implies that trunk cells can also be
converted to tip cells.

Limited Ability of Ret�/� Cells to Contribute
to Ureteric Bud Development in Mosaic Kidneys
To investigate the role of GDNF/Ret signaling in renal
branching morphogenesis, we next applied this technol-
ogy to the analysis of mosaic kidneys containing Ret�/�

cells. In order to specifically examine the ability of the
mutant cells to contribute to the Wolffian duct and ure-

Figure 3. Ret�/� Cells in Mosaic Kidneys Can Contribute to theteric bud, we generated Ret�/� ES cells that also carried
Wolffian Duct and the Primary and Secondary Branches of the Ure-the Hoxb7/GFP transgene. These ES cells were injected
teric Bud, but when Abundant, They Impair Kidney Growth

into wild-type blastocysts, and the kidneys were dis-
Ret�/� ES cells carrying the Hoxb7/GFP transgene were injectedsected from the resulting embryos at E11.5 and cultured.
into wild-type blastocysts, and the kidneys were recovered at E11.5

They were photographed periodically by fluorescence and cultured for 61 hr. For each kidney (A–C) at two time points,
microscopy to follow the GFP� cells (i.e., the mutant the GFP fluorescence image (pseudocolored green, representing

mutant cells) was superimposed on the brightfield image (showingcells in the WD or UB) and by brightfield microscopy to
the entire kidney, including the mesenchymal condensates). In (A),follow the overall growth of the kidney and the formation
there was a high proportion of GFP� (i.e., mutant) cells in the Wolffianof mesenchymal condensates.
duct (WD), and the UB showed only minimal outgrowth by 61 hr. InThe GFP�, Ret�/� mutant cells were able to contribute
(B), there was a somewhat lower proportion of mutant GFP� cells

extensively to the Wolffian duct and to the primary in the WD, and thus a higher proportion of wild-type UB cells. The
branch of the ureteric bud (i.e., the presumptive ureter) in UB had grown out and branched by E11.5 (time 0), but by 61 hr of

culture only a relatively small number of mesenchymal condensatesmany mosaic kidneys (Figures 3A–3C). This is consistent
was induced. The mutant UB cells were only found in the centralwith the ability of all Ret�/� embryos to form a morpho-
region of the kidney and seemed to be absent from the most distallogically normal Wolffian duct and of some of them to
branches. In (C), there were fewer mutant GFP� cells in the WD andform a primary ureteric bud (Schuchardt et al., 1994,
UB, and the development of the kidney was essentially normal at

1996). However, in cases where there was a high propor- 61 hr. GFP� mutant cells were found in several UB branches, but
tion of Ret�/� cells in the Wolffian duct and UB (more not in the periphery of the kidney where the UB tips are located.

Scale bar equals 0.5 mm.than 50%, approximately), either the UB failed to elon-
gate normally, even after 61 hr of culture (e.g., Figure 3A),
or the kidney developed very poorly, based on overall
kidney size and the number of mesenchymal conden- To confirm this, we cultured additional mosaic kidneys,

and after several days of observation, we stained themsates (e.g., Figure 3B). In contrast, those kidneys with
a minority of mutant cells developed normally (Figure with anti-cytokeratin antibodies to visualize clearly the

entire epithelium of the UB tree. This verified that the3C). Therefore, in the presence of a majority of Ret-
deficient UB cells, the few wild-type UB cells have a mutant cells failed to contribute to the UB tips or even

to the most distal trunks (Figures 4C and 4D). In contrast,limited ability to compensate.
Judging by the expected positions of the UB tips control GFP� ES cells contributed to all regions of the

UB (Figures 4A and 4B). To verify that the mutant cellswithin the mesenchymal condensates at the periphery of
the kidney, it appeared that as the mosaic UB underwent displayed the same defects during in vivo development

as they did in organ culture, we examined mosaic kid-several rounds of branching, the mutant cells contrib-
uted to the UB trunks in the central region of the kidney neys obtained in vivo at E14.5–E15.5. The mutant cells

were found in the ureter and first generation branchesbut not to the tips in the periphery (Figures 3B and 3C).
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Figure 4. Ret�/� Cells in Mosaic Kidneys Are Excluded from the Distal Ureteric Bud Branches and Contribute Asymmetrically to Proximal
UB Branches

(A) Culture of a control kidney from an E11.5 mosaic embryo made by injecting Hoxb7/GFP ES cells into a wild-type blastocyst. Composite
GFP and brightfield images are shown at 0 and 23 hr, and an anti-cytokeratin-stained image (red) superimposed with the GFP image is shown
at 38 hr.
(B) A different control mosaic kidney cultured for 63 hr and stained with anti-cytokeratin.
(B*) Enlargement of (B). Note the ability of the control GFP� cells to contribute to all regions of the UB, including the tips, in an apparently
random pattern.
(C) Culture of a mosaic kidney containing Ret�/�, Hoxb7/GFP cells. GFP� cells lacking Ret are found in several generations of UB branches
and can be seen moving from a tertiary trunk (arrowhead at 0 hr) into two quaternary trunks (arrowheads at 23 hr). However, anti-cytokeratin
staining at 38 hr shows that they are excluded from the UB tips and the more distal trunks.
(D) Kidney from a different mosaic embryo made with Ret�/�, Hoxb7/GFP ES cells, recovered at E11.5 and cultured for 63 hr.
(D*) Enlargement of (D), showing the tendency of the mutant cells to contribute in an asymmetric pattern, often along the side of the UB
epithelium closest to the ureter (arrowheads).
(E) Section of in vivo E15.5 control mosaic kidney, showing contribution of GFP� cells to all regions of the UB, including the ureter (asterisk),
central UB branches, and UB tips in the periphery.
(F) Section of in vivo E14.5 mutant mosaic kidney, showing contribution of GFP� cells to the ureter (asterisk) and first generation UB branches
(arrowheads) but not to distal branches or tips. Inset in (F), enlargement showing preferential contribution of mutant cells to the side of the
UB closest to the ureter.
Scale bars equal 0.25 mm for (A)–(D) and 1 mm for (E) and (F).

but not in the peripheral branches (Figure 4F), while signals: these include a yet to be identified signal that
maintains and patterns the stromal cells (Batourina etcontrol GFP� cells contributed throughout the UB (Fig-

ure 4E). These results establish that cells lacking Ret al., 2001), as well as the expression of Wnt11, a secreted
factor required for normal UB morphogenesis (Ma-have a cell-autonomous defect in their ability to partici-

pate in ureteric bud morphogenesis. jumdar et al., 2003; Pepicelli et al., 1997). However, if
the primary role of Ret signaling were to induce theOne of the consequences of Ret signaling is believed

to be the production by the UB of secreted paracrine expression of secreted factors, we would expect that
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Ret�/� cells could survive and proliferate extensively cultured in medium containing exogenous GDNF, ec-
topic UBs formed but they were composed only of wild-throughout the UB, as long as enough wild-type cells
type cells and devoid of Ret�/� cells (Figure 6A). In con-were present to produce the paracrine signals. Our re-
trast to the requirement for Ret for UB outgrowth fromsults argue against such a model: while Ret signaling
the WD, it has been observed that growth of the UB inmay well contribute to the paracrine functions of the UB,
kidney primordia isolated from Ret�/� embryos can beit must have critical cell-autonomous functions as well.
rescued to some extent by the addition of exogenous
GDNF to the culture medium (Popsueva et al., 2003).Ret�/� Cells Are Specifically Excluded from the
This is thought to reflect the ability of GDNF to signalAmpulla but Can Contribute to Several
through GFR�1 in the absence of Ret, under some cir-Generations of Ureteric Bud Trunks
cumstances (Poteryaev et al., 1999; Trupp et al., 1999).Despite their exclusion from the most distal branches
This raised the possibility that the addition of high levelsat any given time, Ret�/� cells were found in the more
of exogenous GDNF to the medium might similarly res-proximal trunks of the UB (i.e., in the secondary and
cue the ability of Ret�/� cells to contribute to the UBsometimes tertiary and quaternary branches) after sev-
tips in mosaic kidneys. However, while addition of GDNFeral days of culture. Figure 4C shows an example in
resulted in massive overgrowth and swelling of the UBwhich mutant cells were present in a tertiary UB trunk
ampullae, as previously observed (Pepicelli et al., 1997),at the beginning of the culture (time 0, arrowhead), and
only wild-type cells gave rise to the ampullae, and theby 23 or 38 hr had populated the next generation of
mutant cells were excluded (Figures 6B and 6C). Thus,trunks (23 hr, arrowheads). Thus, the Ret�/� cells were
even though Ret�/� UB cells may be able to respond toable to persist and proliferate within the UB and to par-
GDNF (Popsueva et al., 2003), they are unable to com-ticipate in the formation of new branches. This observa-
pete efficiently with wild-type cells in mosaic kidneys.tion was at first difficult to reconcile with the prevailing

Since cells lacking Ret can survive and proliferate inview of renal branching morphogenesis: since nearly all
the UB trunks, why are they excluded from the tips?new branches form at the tips of existing branches (Lin
Presumably, there are signals other than GDNF actinget al., 2001, 2003; Watanabe and Costantini, 2004), how
on the trunks to induce cell proliferation and survival,did the mutant cells get as far as the quaternary trunks
so there is no requirement for the Ret RTK in trunk cells.if they were never present in the tips during earlier gener-
One possibility is that Ret�/� cells in mosaic UBs areations of branching? Another unexpected finding was
transiently incorporated into the tips, but they don’t sur-that the Ret�/� cells were often asymmetrically located
vive there, because the same signals and receptors thaton the “proximal” side of the secondary and tertiary UB
allow them to survive in the trunks may not be availabletrunks (i.e., on the side facing the parental branch; Figure
in the tips. However, we never saw evidence of dying4D*, arrowheads), while control GFP� cells were distrib-
GFP�, Ret�/� cells in the ampullae at any stage of UButed apparently at random (Figure 4B*).
branching. A second possibility is that Ret mutant cellsA potential explanation for both of these observations
have a migration defect and thus fail to migrate into thewas obtained by examining additional mosaic kidneys
tip; however, such a model would require that in normal

at earlier stages of branching morphogenesis. When the
kidney development, Ret-expressing cells migrate from

primary UB had first grown out from the WD and formed
the UB trunk into the tip. Since Ret-expressing cells are

a swollen ampulla at its tip (E11.0), in preparation for
not observed in the trunk during normal UB branching

the first branching event, the mutant cells were present morphogenesis, this model appears unlikely. A third ex-
throughout the trunk of the UB but were excluded from planation, and one we favor, is that the Ret�/� cells are
the ampulla (Figure 5A). In ureteric buds at the “T-stage” excluded from the ampulla because the ampulla is
(E11.5), when the UB had branched for the first time, to formed by a burst of GDNF-dependent cell proliferation
form the second generation of branches, the mutant at the UB tip. Even if some Ret�/� cells are close to the
cells now contributed to both of the second generation tip when the ampulla begins to form, they are quickly
branches but did not extend all the way to the tips overgrown by the proliferation of wild-type cells. Consis-
(Figures 5C, 5C*, 5D, and 5D*). Furthermore, the mutant tent with this model, the rate of cell proliferation is nor-
cells were clearly restricted to the proximal side of each mally much higher in the UB ampullae than in the trunks
branch. In ureteric buds at a slightly more advanced (Fisher et al., 2001; Michael and Davies, 2004; T.W. and
stage, when each of the second generation tips had F.C., unpublished data). Furthermore, the massive over-
swollen to form an ampulla, in preparation for the next growth of the UB tips induced by high levels of GDNF
round of branching, the mutant cells were again present (Figure 6; Pepicelli et al., 1997) suggests that one normal
right up to, but not within, the expanded ampulla (Fig- role of endogenous GDNF is to induce formation of the
ures 5E and 5E*). In contrast, in mosaics made with ampulla. The GDNF family ligand neurturin is also ex-
control ES cells, the GFP� cells were randomly distrib- pressed in the developing kidney (Davies et al., 1999),
uted throughout the entire UB epithelium (e.g., Figure but it is apparently not critical for kidney development
5B). These observations show that cells lacking Ret are (Heuckeroth et al., 1999), so GDNF is apparently the
specifically unable to participate in formation of the am- relevant Ret ligand for this process.
pulla, the region of the UB in which Ret is most highly The absence of the mutant cells from the most UB
expressed (Pachnis et al., 1993). distal branches at later stages of kidney development

Exogenous GDNF is able to induce the outgrowth of might similarly be explained by an absolute requirement
ectopic UBs from the wild-type Wolffian duct, but not for Ret for proliferation of UB tip cells. It is striking that,
from Ret mutant Wolffian duct (Sainio et al., 1997). Con- rather than a gradual dilution of the mutant cells, there

is a sharp demarcation between the trunk, where mutantsistent with this observation, when mosaic WDs were
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Figure 5. Ret�/� Cells Contribute to the Primary UB Trunk and to the Proximal Side of the Secondary UB Trunks but Are Excluded from the
Ampullae that Form at the Tips

(A) Ureteric bud emerging from the Wolffian duct (WD) of an E11.0 mosaic embryo generated with Ret�/�, Hoxb7/GFP ES cells (superimposed
GFP and anti-cytokeratin images). The WD and trunk of the UB contain many mutant GFP� cells, while the terminal ampulla of the UB (arrow)
is devoid of mutant cells.
(B) Kidney from a control mosaic made with Hoxb7/GFP ES cells, at the T-stage (E11.5). The control GFP� cells contribute throughout the
UB epithelium.
(C–E) Two mosaic kidneys containing GFP�, Ret�/� cells at the T-stage (C and D); (E) is a mosaic kidney containing GFP�, Ret�/� cells at a
slightly more advanced stage, when large ampullae have formed at the tips of the T. The upper image in each pair (C, D, E) is a superimposition
of the GFP image with the anti-cytokeratin image, while the lower image (C*, D*, E*) shows GFP fluorescence superimposed with brightfield
illumination. At the T-stage, the mutant cells are asymmetrically localized to the proximal side of the secondary UB trunks (the side facing
the primary UB) and do not extend all the way to the tips. When the tips expand to form ampullae (E, E*), the mutant cells are excluded from
the ampullae. Scale bars equal 0.25 mm.

cells can contribute, and the tips, where they are ex- ampullae, the mutant cells should never have proceeded
past the first ampulla. This suggests that not only docluded, at the primary bud stage and the T-stage (Figure

5). We suggest that cells in the ampulla at any given cells of the ampulla give rise to trunk cells of the next
generation, but cells from the trunk also contribute tostage will give rise to most of the UB epithelium that

forms beyond this point, including all of the future tip the next generation of trunks. How might this occur?
One clue comes from the observation that Ret mutantcells and many of the trunk cells. Since the mutant cells

are excluded from the ampulla, they cannot contribute to GFP� cells (but not wild-type GFP� cells) contribute
preferentially to the surface of the branched UB epithe-structures derived from this portion of the UB epithelium.

This model is also consistent with the ability of normal lium closest to the parental branch. This was most obvi-
ous in the T-shaped UB at E11.5 (Figures 5C, 5C*, 5D,tip cells to give rise to both tip and trunk cells, as shown

in Figure 2. and 5D*) but also was apparent in some kidneys at
a more advanced stage of development, after severalAlthough the Ret�/� cells were excluded from the am-

pullae and from the most distal UB branches, neverthe- rounds of branching had occurred (Figure 4D*). This
observation suggests a mechanism of branching mor-less they frequently contributed to several generations

of trunks. How did they get there? If the trunk cells were phogenesis in which the epithelium of the ampulla, to-
gether with the adjacent region of trunk epithelium, isall derived from the ampullae of the previous branch

generation, and Ret�/� cells were excluded from the remodeled to form the next generation of branches.

Figure 6. Exogenous GDNF Fails to Rescue
the Ability of Ret�/� Cells to Contribute to the
UB Ampullae

(A) Mutant mosaic Wolffian duct (E11.5) cul-
tured with exogenous GDNF, which induced
the outgrowth of several ectopic UBs (aster-
isks). The ectopic UBs are devoid of GFP�

mutant cells.
(B and C) Two mutant mosaic E11.5 kidneys
cultured with exogenous GDNF, which in-
duced the abnormal swelling of the UB am-
pullae, as well as the outgrowth of an ectopic
UB (asterisk). The GFP� mutant cells failed
to contribute to the ampullae or the tip of the
ectopic UB.
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cells is not seen in the initial UB as it evaginates from
the Wolffian duct (Figure 5A) or in the presumptive ureter
that derives from this structure (Figures 5C and 5E),
where the distribution appears random. This suggests
that the mechanism of initial UB outgrowth from the
WD is different from the subsequent expansion and
branching of the ampulla.

The fluid nature of the UB epithelium envisioned by
this model is consistent with recent time-lapse observa-
tions of UB branching morphogenesis using the Hoxb7/
GFP transgenic mice. These studies showed that
“branch points,” the regions of the UB trunk where multi-
ple trunks connect to each other, are not fixed structures
but can be extensively remodeled during UB growth
(Watanabe and Costantini, 2004). Whether the forces
that cause this remodeling arise internally (generated
by cytoskeletal changes within the epithelial cells, for
example) or whether they are imposed externally (for
example, by extracellular matrix proteins, as has been
suggested for branching of the salivary gland epithe-
lium; Sakai et al., 2003) is not yet clear.

Conclusions
We have used mosaic analysis with a GFP marker to
follow the allocation of wild-type cells within the ureteric
bud epithelium during normal branching morphogene-
sis, as well as the behavior of similarly marked cells
lacking the Ret receptor tyrosine kinase. Our results
provide new insight into the mechanisms of normal UB
growth and the role of Ret signaling in this process. UB

Figure 7. A Model for the Fate of Tip and Trunk Cells during Ureteric trunks can elongate transiently without incorporating
Bud Elongation and Branching cells from the tip, but over longer periods of time, the
(a) A branch of the UB divided into trunk (yellow) and tip (blue). At descendants of tip cells give rise to much of the trunk
subsequent stages of growth and branching, regions of the UB

epithelium as well as to the new tips. Cells lacking Retderived from the original trunk are shown in yellow and those derived
can contribute to the primary outgrowth of the UB, butform the original tip in blue. In (b) and (c), the trunk elongates through
they are excluded from the ampulla that forms at itsan internal mechanism, while the tip cells proliferate under the influ-

ence of GDNF/Ret signaling to form the enlarged ampulla. During terminus, apparently by a Ret-dependent proliferation
the next branching event (beginning in d), the ampulla and the adja- of tip cells under the influence of GDNF. As a conse-
cent trunk epithelium are remodeled by hypothetical forces indi- quence, the Ret�/� cells also fail to contribute to the
cated by the three arrows in (d). This branching process causes the

more distal UB branches, although some of these cellsoriginal trunk epithelium (yellow) to form the proximal side of two
persist and proliferate in the trunks of more proximalnew trunks (yellow asterisks in g), while cells from the ampulla (blue)
branches. The importance of Ret for formation of theform the two new tips and the distal epithelium of the new trunks.
ampulla also explains why GDNF acts as a ramogen,
since formation of the ampulla is the initial step in the

The mechanism we envision is illustrated in Figure 7. generation of new branches. The ability of Ret�/� cells
The first step in branching is the formation of the am- to contribute to several generations of UB trunks, often
pulla, driven by a burst of GDNF-induced proliferation in an asymmetric distribution, suggests a branching
of the Ret-expressing cells at the UB tip (colored blue mechanism in which the ampulla together with the adja-
in the Figure 7). In a mosaic UB containing wild-type as cent UB trunk epithelium is remodeled to form the new
well as Ret�/� cells, the ampulla itself is devoid of mutant branches. The methods of mosaic analysis employed
cells, but these mutant cells can be present in the trunk here should be useful to define the developmental func-
right up to the edge of the ampulla (e.g., Figure 5E). If tions of other genes that cause an early failure in organo-
the new branches were derived entirely from the epithe- genesis.
lium of the ampulla, they would be devoid of mutant
cells. Therefore, we suggest that branching involves the Experimental Procedures
remodeling of a segment of trunk epithelium (colored
yellow in Figure 7) together with the ampulla (colored Derivation of Embryonic Stem Cell Lines

Mice heterozygous for a Ret null mutation (Ret�/�; Schuchardt etblue) to form the two new branches. Because of the
al., 1994) were crossed with Ret�/� mice that carried the Hoxb7/topology of tubular branching, the trunk epithelium gives
GFP transgene (Srinivas et al., 1999) in a mixed genetic background.rise only to the proximal surface of the new trunks, while
On day E3.5, blastocysts were seeded onto mitomycin C-treated

the epithelium of the ampulla gives rise to the distal primary embryonic fibroblast cells (feeder cells) and cultured in
surfaces of the new trunks and to the two new tips. It DMEM (GIBCO-BRL) containing 15% fetal calf serum (FCS), 50 units/

ml penicillin, 50 �g/ml streptomycin, 0.1 mM nonessential aminois noteworthy that the asymmetric distribution of Ret�/�
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acids, 0.29 mg/ml glutamine, LIF (Leukemia Inhibitory factor), and the kidneys were visualized by fluorescence microscopy. Superim-
position of GFP with brightfield or Cy3 images was performed using0.001% �-mercaptoethanol for 4–5 days until the blastocysts

hatched and inner cell mass outgrowths formed. The outgrowths Adobe Photoshop.
For immunostaining of frozen sections, kidneys were fixed in ice-were dissociated to 2–6 cell aggregates in 0.25% trypsin and plated

onto feeder cells in 4-well plates. After 6–8 days, potential ES cell cold 4% paraformaldehye for 2 hr at 4�C. Tissues were washed in
PBS, then incubated in 15% Sucrose/PBS and 30% Sucrose/PBScolonies were picked and expanded in 96-well plates. Established

ES cell lines were genotyped by Southern blotting with a GFP (Srini- for several hours each, embedded in O.C.T. compound (Tissue-Tek),
and frozen in dry-ice. 15 �m sections were cut on a cryostat, fixedvas et al., 1999) and a Ret probe (Probe A; Schuchardt et al., 1994)

to determine the presence of the Hoxb7/GFP transgene and the in acetone for 5 min, and washed in Tris-buffered saline (TBS) and
TBST (TBS with 0.025% Triton-X 100). Sections were blocked ingenotype at the Ret locus. One cell line thus obtained, ES(8), was

Ret�/� and carried Hoxb7/GFP transgene. Line ES(8) was used as 10% heat-inactivated horse serum (Sigma) with 1% BSA in TBS at
room temperature for 2 hr and incubated at 4�C overnight in aa control ES cell line for generation of mosaic mice, as the heterozy-

gous Ret null allele has no effect on kidney development (Schuch- mixture of primary antibodies (anti-GFP polyclonal, Abcam 6556-
25, 1:500 and anti-pan cytokeratin) in TBS with 1% BSA. Sectionsardt et al., 1994). Subsequently, other ES cell lines that were Ret�/�

and carried the Hoxb7/GFP transgene were obtained, and these were briefly washed in TBST and incubated in a mixture of secondary
antibodies (FITC-conjugated donkey �-rabbit, Jackson ImmunoRe-gave identical results in mosaic analyses.

As no homozygous Ret�/� ES cell lines were found, the remaining search, 1:200 and Cy3-conjugated �-mouse, see above) at room
temperature for 2 hr. Sections were washed in TBST before beingwild-type Ret allele in line ES(8) was mutated by homologous re-

combination. The targeting vector was identical to that used to photographed by fluorescence microscopy.
generate the original null allele (Schuchardt et al., 1994), except
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