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Role of BMP family members during kidney development
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ABSTRACT Members of the Bone morphogenetic protein (BVIP) family have been shown to be
important signaling molecules throughout mouse development. Accordingly, many BMPs are also
expressed during organogenesis of the metanephric kidney. However, only BMP7 has been shown
to be absolutely required for proper formation of the kidney, thus the majority of information known
involves this family member. BMP7 is expressed in both the ureteric epithelium and the mesen-
chyme throughout embryonic development and has been shown to function as a survival factor for
the nephrogenic mesenchyme. However, there has been some controversy over the role of BMP7
as an inducing molecule for the metanephric mesenchyme. Recent studies have shown that BMP7
functions as an anti-differentiation factor for this mesenchyme cell population. The function of
BMPs in the ureter and in the more differentiated epithelial structures of the nephron is less well

understood.

KEY WORDS: bone morphogenetic proteins, kidney, mouse

Expression of BMP signaling components during kid-
ney development

BMP family members display dynamic expression patterns
during kidney development (Fig. 1; Dudley and Robertson, 1997).
Bmp?7 transcripts are detected in the ureteric bud as it emerges
from the Wolffian duct at 11.0 dpc and expression is maintained in
derivatives of the bud throughout development. As the bud under-
goes morphogenesis, Bmp3expression is observed in the trunk of
the ureter and the collecting ducts, but notin the tips. From the initial
contact until the cessation of nephrogenesis, the condensed
mesenchyme surrounding the ureteric tips expresses Bmp7 exclu-
sively. Subsequently, the induced mesenchyme undergoes a
process of nephrogenesis that involves several morphologically
distinct stages proceeding from pretubular aggregate, comma-
and S-shaped tubules, to nephrons which are fused with the
collecting duct at the distal end and contain a glomerulus at the
proximal end. BMP family members are expressed in a graded
manner during this period. Bmp2 expression in the kidney is first
detected in the pretubular aggregates and is maintained in the
distal part of the early tubules. By contrast, Bmp7 is expressed
uniformly throughout the aggregates and tubules. Expression of
both Bmp2 and Bmp7 is downregulated in the distal part as the
tubule matures, though Bmp7 expression is maintained in the
proximal part. In more developed tubules, Bmp3, Bmp4and Bmp7
are all co-expressed in Bowman’'s capsule of the developing
glomerulus. In addition, both Bmp4and Bmp7 are expressed inthe
presumptive podocyte layer. BMP family members are also ex-

pressed in cells surrounding the epithelial components of the
developing kidney that are generically considered stromal cells.
Soon after ingression of the ureteric bud into the metanephric
blastema, Bmp4 transcripts are detected in a mesenchymal cell
population adjacent to the ureter. Later, this cell population also
expresses Bmp5, while loose stromal cells some distance from the
ureteric tree express Bmpé6. Interestingly, a population of BF-2
positive stromal progenitor cells surrounding the condensed mes-
enchyme does not express detectable levels of any BMP family
member examined to date.

Since BMP family members are secreted molecules, the ex-
pression patterns described above only provide information with
regard to the source of the signal and not to the responding cell
population. However, it is likely that members of the BMP family
signal over relatively short distances and therefore the likely
targets are either the expressing cells themselves or theimmediate
neighbors. In support of this idea, experiments in Xenopus demon-
strate limited diffusion of BMPs from their source (Jones and Smith,
1998). Moreover, in most tissues, Bmp7 mRNA expression and
BMP7 protein are found colocalized (Vukicevic et al., 1994). In
addition, we have also demonstrated that when beads soaked in
media containing BMP2 or BMP7 are added to explants of meta-
nephric mesenchyme, responding cells are observed only within
150-200 pm of the bead, whereas FGF2 can signal throughout the
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Fig. 1. BMP family members are expressed throughout kidney develop-
ment from the initial inductive interactions at 11.5 dpc through later
stages of tubule differentiation. At 77.5 dpc, BMP7 is expressed in both
the ureteric bud and the nephrogenic mesenchyme. No BMP family mem-
bers have been found to be expressed in the stromal precursor layer. At 12.5
dpc, BMP3 is co-expressed with BMP?7 in the ureter with the exception of
the tips, the point of induction. BMPZ2 is co-expressed with BMP7 in the
condensed mesenchyme. BMP4 and BMP5 are co-expressed in a popula-
tion of stromal cells associated with the trunk of the ureter. At 14.5 dpc,
BMP4 expression is now observed in the maturing tubules along with BMP2
and BMP7. At 16.5 dpc, stippled blue staining represents down regulation
of BMP7 expression in the maturing tubules located in the medulla region but
strong expression remains in the podocyte layer of the glomeruli. In the
cortex, BMP expression patterns associated with forming nephrons is
maintained. In addition to the BMP expression patterns shown above, BMP6
is expressed in stromal cells associated with the tubules and collecting
ducts.

explant (Dudley et al., 1999). Restricted diffusion of BMP mol-
ecules may result from strong binding to basement membrane
proteins (Vukicevic et al., 1994) or heparin sulfate containing
proteoglycans (Ruppert et al., 1996).

Expression patterns of some components of the BMP signal
transduction pathway have been described in the developing
kidney. BMP ligands transduce their signal through the formation
of heteromeric complexes of two serine/threonine kinase recep-
tors. The type Il receptors are capable of binding ligand indepen-
dently, but require the type | receptor for signaling. To date, two
type | BMP receptors and one type Il receptor have been identified.
BMPRIA is expressed at 12.5 dpc predominantly in the mesen-

chyme while BMPRIB expression is restricted to the epithelial
components of the collecting ducts (Dewulf et al., 1995). By 18 dpc,
BMPRIAis expressed in the glomeruliand tubules derived from the
nephrogenic mesenchyme (lkeda et al., 1996). BMPRII has been
shown to be expressed in the kidney at 16.5 dpc, most strongly in
the mesenchymal cells (Roelen et al., 1997).

Signal transduction downstream of the receptors involves mem-
bers of the Smad family of transcriptional co-factors. Smad1l and
Smad5 have been shown to be specific for mediating BMP signals,
while Smad2 and Smad3 are responsible for transducing TGF
signals. To date, only limited description of the expression patterns
of members of the Smad family have been described for the kidney.
Both Smad1 and Smad2 are expressed in the developing kidney
at 13.5dpc-17.5 dpc in both the collecting ducts and tubules (Dick
et al., 1998). More recently, Smad5 has been shown to be ex-
pressed in the adult kidney by Northern blot analysis (Yang et al.,
1999). In addition, high expression of Smad5 is also reported in the
kidney at 12.5 dpc (data not shown in Meersseman et al., 1997).
Collectively, these data suggest that most of the cells in the
developing kidney are competent to respond to BMP signaling.
However, it is unclear whether particular cell populations are
responsive to only a subset of BMP ligands, since BMP receptors
bind ligands promiscuously in vitro. For example, BMP2, BMP4
and BMP7 have all been shown to bind to the type | BMP receptors
BMPRIA or BMPRIB in concert with the type two receptor BMPRII.
In addition, BMP7 can bind and activate activin receptors ActRl,
ActRIl and ActRIIA. Northern blot analysis has shown that ActRI is
expressed in the adult rat and human kidney (Attisano et al., 1993;
Tsuchida et al., 1993) but embryonic expression has not been
reported. In contrast, Activin type Il receptors have been shown to
be expressed in the 12.5 dpc kidney (Feijen et al., 1994), but
detailed analysis has not been performed. Analysis of BMP signal-
ing in the kidney is also complicated by possible interactions with
antagonists, which include noggin, follistatin and members of the
DAN family. However, a detailed description of BMP antagonist
expression in the developing kidney has not been published,
though follistatin was shown not to be expressed in the 12.5 dpc
kidney (Feijen et al., 1994). In addition, BMP signals can be
modulated by receptor protein tyrosine kinase signaling in the
MEK/ERK pathway (Kretzschmar and Massague, 1998). Studies
suggest that both epithelial and mesenchymal cell populations in
the kidney express receptors that activate this pathway (Orr-
Urtreger et al., 1991).

Phenotypes of BMP null mice

All members of the BMP family (2-7) have been analyzed
through gene targeting. BMP2 and BMP4 null embryos die early
during gastrulation and, therefore, preclude analysis of their role
during kidney development (Winnier et al, 1995; Zhang and
Bradley, 1996). However, more recently the BMP4 targeted allele
was backcrossed onto the C57BL/6 genetic background. In this
analysis, a haploinsufficent phenotype was observed at low pen-
etrance that included defects in the kidney (Dunn et al., 1997).
Unilateral cystic kidneys were observed in 12% of adult animals.
Affected kidneys present with hydronephrosis, atrophy of the
kidney cortex and many cysts involving both the tubules and
glomeruli. Thus, inadequate levels of active BMP4 in the comma
and S-shaped tubules may result in uncontrolled growth resulting
in cyst formation. In contrast to BMP2 and BMP4, mutations in



members of the 60A subfamily of BMPs (BMP5, BMP6, BMP7)
result in much less severe phenotypes. BMP5 null animals are
viable and display defects in specific bone elements and several
soft tissues (Green and Green, 1942; King et al., 1994). On the
CBA/Ca genetic background, more than 50% of animals display
hydronephrosis and/or hydroureter (Green, 1968). Often the ureter
is increased in length and convoluted though not dilated. This
defectis consistent with the expression of BMP5 in the stromal cells
surrounding the ureter. Perhaps BMP5 in the stromal cells plays a
role in the morphogenesis of the growing ureter. BMP6 mutant
mice are also homozygous viable and display only a slight delay in
the growth of the sternum, no kidney defects have been observed
(Solloway et al., 1998). Functional redundancy among BMP family
members has long been an issue. Recently, BMP5/BMP7 double
mutants have been generated (Solloway and Robertson, 1999).
Unfortunately, these embryos die by 10.5 dpc and, therefore, are
uninformative in regard to kidney development. BMP6/BMP7 double
mutants have also been generated in our laboratory and are
currently being analyzed.

Only BMP7 has been shown to play a crucial role during early
development of the metanephric kidney (Dudley et al., 1995; Luo
et al., 1995). Mutant mice are born but most die within the first 24
h due to renal failure. One hundred per cent of these animals
present bilateral dysplasia which is frequently accompanied by
hydroureter. Other associated defects include micropthalmia or
anopthalmia and hindlimb polydactyly with varying penetrance.
The initial inductive interactions between the ureter and the mes-
enchyme are not affected as branching of the ureteric bud takes
place and some glomeruli, derived from the nephrogenic mesen-
chyme, are formed. However, by 13.5 dpc there is a lack of
condensed mesenchyme in the periphery, resulting in severely
reduced size of the kidneys. Marker analysis of mesenchyme
specific genes has shown that Wnt4, Pax2, Pax8 and WT1 are all
initially induced but show a progressive loss of expression during
development. This loss of gene expression most likely represents
a loss of the metanephric mesenchyme due to apoptosis. Analysis
of null alleles for BMP receptors, Smads and antagonists have not
been informative in regard to kidney development, as all of these
components are required much earlier in development and there-
fore result in lethality prior to the onset of metanephric develop-
ment.

BMP7 as an inducer of metanephric mesenchyme?

Since BMP7 is initially expressed in the ureteric bud and it is a
secreted signaling molecule, it has been predicted that BMP7 may
function as an inducer of metanephric mesenchyme. However,
direct tests of this hypothesis have led to controversy. The criteria
for amolecule to function as an inducing factor for the metanephric
mesenchyme has been described (Davies, 1996). Briefly: 1) the
molecule must be expressed in the tips of the ureteric bud, the
source of the inducing signal, 2) the molecule must be able to
induce nephrogenesis in uninduced mesenchyme, and 3) inhibi-
tion of function must block the ability of the molecule to induce
nephrogenesis. Based on the previous discussions, it is clear that
BMP?7 is expressed at the right time and in the right place to be
considered a candidate inducing molecule. However, inhibition of
Bmp7 function via generation of a null mutation does not block
nephrogenesis, suggesting that BMP7 is not an inducer of meta-
nephric mesenchyme (Dudley et al., 1995; Luo et al., 1995).
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Fig. 2. Markers of induced cell types are expressed in untreated
cultures of isolated metanephric mesenchyme. Mesenchyme from
11.5 dpc embryos was separated from the ureteric bud following a brief
trypsin treatment and explanted onto nuclepore rafts supported by a
Trowell type device. After 24 h, explants were fixed in paraformaldehyde,
embedded in paraffin, sectioned at 5 um and subjected to in situ hybridiza-
tion with radioactive RNA probes. Histological analysis of explants does not
reveal evidence of mesenchymal condensation (A). However, subpopula-
tions of cells expressWT-1 (B) and Pax-2 (C); two transcription factors
upregulated in mesenchyme as a result of induction are observed (arrows).

Vukicevic et al. (1996) demonstrated that antisense oligonucle-
otides directed against Bmp?7 transcripts and antibodies directed
against BMP7 protein can block nephrogenesis in spinal cord-
metanephric mesenchyme recombinant cultures. By contrast, we
demonstrated that Bmp7 mutant spinal cord can induce BMP7
mutant mesenchyme in serum free culture, further supporting our
contention that Bmp7 is neither required for induction nor
tubulogenesis (Dudley et al., 1999). Since the spinal cord ex-
presses other BMPs, it is possible that in this system induction is
mediated by a functionally redundant family member. However, if
this were the case, then Vukecevic et al. (1996) should have seen
induction if their reagents are indeed specific to BMP7.

Although BMP7 signaling is not required for induction of meta-
nephric mesenchyme, it is still important to ask whether BMP7
signaling can mediate an inductive response. Once again, conflict-
ing data have been presented. Vukecevic et al. (1996) reported
that recombinant BMP7 can induce expression of genes associ-
ated with induction in explants of metanephric mesenchyme.
However, similar attempts have failed to replicate these results
(Godin et al., 1998; Dudley et al., 1999). While it is impossible to
conclude why these two groups obtained different results from the
same experimental protocol, the data presented in these publica-
tions suggest one possible explanation. After 54 h in culture,
explants treated with BMP7 by Vukicevic et al. (1996) display weak
patches of cells expressing markers of induced mesenchyme,
Pax2 and laminin a-1, at levels similar to control cultures in which
mesenchyme is induced by spinal cord. By contrast, Godin et al.
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(1998) and Dudley et al. (1999) demonstrate significantly stronger
expression of markers in mesenchyme co-cultured with spinal cord
for 48 h. Although tubulogenesis is already apparent in these latter
cultures, tubule formation is not evident in the cultures of Vukicevic
et al. (1996). Moreover, the small, irregular patches of expressing
cells in these cultures are inconsistent with the more regular,
organized appearance of induced, condensed mesenchyme in
explant culture. These data suggest that Vukicevic et al. (1996)
were not observing inductive events. Why, then, are markers of
induced cell types expressed? One possibility is that small groups
of previously induced cells are maintained in these cultures in the
presence of BMP7 signaling. Although, such cell populations were
not observed in our experiments. Alternatively, the cells observed
by Vukicevic et al. (1996) may not be nephrogenic mesenchyme
cells. This is possible since none of the currently recognized
markers for induced metanephric mesenchyme are specific for this
event and cell type. For example, Pax2, laminin a-1 and Bmp7 are
expressed in both the condensed mesenchyme and the epithe-
lium. Wnt4, which is first expressed in the pretubular aggregates of
nephrogenic mesenchyme, marks the onset of tubulogenesis not
the initial inductive event, since it is not expressed in cultures of
metanephric mesenchyme induced by lithium (Godin et al., 1998).
However, even Wnt4 expression fails to unambiguously mark a
specific mesenchyme cell population because as kidney develop-
ment proceeds, Whnt4 transcripts are detected in mesenchyme
surrounding the renal pelvis and collecting ducts (Dudley et al.,
1995). Therefore, it is critical that positive signals for markers of
induction are corroborated by the absence of definitive markers of
collecting duct (sonic hedgehog, Wnt7b, c-ret and binding of the
lectin Dolichos Biflorus) and stromal mesenchyme cell populations
(BF2, Bmp5 and Bmpé).

Even with specific markers, demonstrating that a factor can
induce metanephric mesenchyme is technically very challenging.
This is because the experiment is dependent on stimulating
uninduced mesenchyme. An assumption has been made that
since mesenchyme cultured in isolation dies, it is functionally
uninduced. However, for most cultures, mesenchyme is obtained
from 11-11.5 dpc kidney. At this stage, the mesenchyme cells have
already received the inducing signal and markers for induction are
already present in the isolated mesenchyme. Moreover, we have
demonstrated that cultures of isolated mesenchyme continue to
express markers of induction forup to 24 h (Fig. 2). Thus, the simple
interpretation of experiments in which isolated mesenchyme treated
with factors is seen to undergo nephrogenesis, is that the factor(s)
either stimulated proliferation of already induced cells or enhanced
the response to the inductive signal; not that the factor induced the
mesenchyme. However, a newly developed assay can overcome
this limitation. When isolated mesenchyme is cultured in the
presence of FGF-2 and BMP-7 for 48 h, the resulting explant does
not display any markers of induction, yet is competent to respond
to induction by spinal cord or lithium ions (Dudley et al.x, 1999).
This more rigorous assay should improve our understanding of the
process of induction of metanephric mesenchyme.

Roles for BMP7 in early kidney development
Despite discrepancies in the results described above, data

presented by these two groups demonstrates that BMP7 promotes
survival of explants of metanephric mesenchyme that otherwise

die in the absence of exogenously added factors. This has been
demonstrated more directly using the fluorescentvital dye TOPRO-
1, which is excluded from live cells. In explant culture, cells
adjacent to beads soaked in BMP7 do not fluoresce but mesen-
chyme cells >150 pum from the bead display signal comparable to
PBS treated control explants (Dudley et al., 1999). Similar effects
have been described for BMP2 (Godin et al., 1998). A role for
BMP7 in preventing cell death is consistent with the observation of
apoptotic cells in the peripheral mesenchyme population of Bmp7
null kidneys (Luo et al., 1995; Dudley and Robertson, 1997).
However, several growth factors have also been shown to rescue
metanephric mesenchyme from apoptosis, including FGF2 and
EGF (Weller etal., 1991; Coles et al., 1993; Perantoni et al., 1995).
Although many factors promote survival of explants, only mesen-
chyme cultured in the presence of FGF2 remains competent to
undergo nephrogenesis in response to spinal cord (Dudley et al.,
1999). Since FGF2 signaling also maintains Bmp7 expression in
isolated mesenchyme (Godin et al., 1998), it is possible that the
ability to respond to inductive signals is mediated, in part, by BMP7.
However, recent data suggest that BMP7 in addition to promoting
survival also functions to inhibit differentiation of metanephric
mesenchyme (Dudley et al., 1999). Thus, when whole kidney
explants are treated with BMP7, nephrogenesis is reversibly
inhibited. Interestingly, this effect is upregulated by co-stimulation
with FGF2. We have also observed that when a BMP7 soaked
bead is placed in a mesenchyme explant that is subsequently
induced by spinal cord, tubulogenesis does nottake place adjacent
to the bead, nor are markers of induction expressed. In contrast,
cells further from the bead do respond to the inductive signal
presented by the spinal cord (Fig. 3). Therefore, it seems that
BMP7 can prevent apoptosis of the metanephric mesenchyme but
in addition, actively functions to inhibit the differentiation of those
cells. How do these proposed functions for BMP7 fit into the
program of kidney development? One possibility is that following
induction, mesenchyme cells are programmed to either differenti-
ate into tubules or undergo apoptosis. In vitro, FGF2 signaling
promotes survival of nephrogenic mesenchyme cells but does not
maintain conditions necessary for tubulogenesis. Over time, the
number of cells responsive to induction decreases, yielding a weak
response after 48 h in culture. However, BMP7 signaling opposes
further differentiation and therefore may prevent the nephrogenic
mesenchyme cells from having to decide between tubulogenesis
and death. Although BMP7 is produced by the nephrogenic mes-
enchyme cells, it may not function as an autocrine factor. Recent
work demonstrates that BMP7 signaling, in conjunction with FGF2,
promotes expansion of the stromal progenitor cell population
adjacent to the nephrogenic mesenchyme (Dudley et al., 1999).
Since this growth occurs simultaneously with inhibition of
tubulogenesis, it is intriguing to consider the possibility that these
processes are connected. Thus, synergy between these signaling
pathways expands the stromal precursor cell layer, as a result,
thereis an inhibition of nephrogenesis in the cortex and a decrease
in the branching of the ureteric system. Inhibition of nephrogenesis
can be released by placing the explants into fresh culture media
lacking these factors. These results suggest that this treatment
holds the nephrogenic cells in a stem cell state, thus one of the roles
of the stromal cells is to maintain a population of undifferentiated
cells at the periphery of the kidney. There is a growing body of
evidence that suggests that the stromal cells play animportantrole



in the regulation of metanephric development. Recently, it has
been shown that in RARa/p double mutants, the kidneys develop
with reduced branching of the ureter, reduced numbers of neph-
rons and a loss of the nephrogenic zone (Mendelsohn et al., 1999).
Importantly, these receptors are expressed exclusively in the
stromal precursor layer. Although BMP7 expression is maintained
in these double mutant kidneys, it will be interesting to examine the
possible relationship between RA and BMP7 signaling pathways in
the nephrogenic and stromal cell populations of the kidney.

BMPs in epithelial morphogenesis and differentiation

Up to this point we have concentrated on roles for BMPs in the
maintenance and differentiation of mesenchymal cell populations
in the developing metanephros. As the kidney matures, however,
most of the functional units are epithelial tissues derived from either
the ureteric bud or by a mesenchyme to epithelial transformation
of cells originating from the metanephric blastema. Considerably
less attention has been paid to roles for BMPs in this context,
however, once again, Bmp7figures prominently in this discussion.

All epithelial tissues of the pros-, meso- and metanephros
express Bmp?7 at least transiently during development. However,
aloss of Bmp7function does not block morphogenesis of epithelia
of the mesonephros or metanephros. Defects in branching of the
ureteric bud are observed in Bmp7 null kidneys, but it is possible
that these defects are the result of changes in the nephrogenic
mesenchyme, a cell population that interacts reciprocally with the
ureteric epithelium to promote branching. Unfortunately, no mes-
enchyme free system has been developed that allows study of
ureteric bud morphogenesis. Several attempts utilizing heterolo-
gous mesenchyme have yielded buds with morphology inconsis-
tent with that of an intact kidney (Sainio et al., 1997; Kispert et al.,
1998). In these experiments, the ureteric bud assumes the shape
of the endogenous epithelium and thus the mesenchyme appears
to act instructively rather than passively. Despite this technical
limitation, studies suggest that BMP signaling may play a role in
ureteric bud morphogenesis. In whole kidney cultures, BMP7 has
a dose dependent effect on both growth and branching of the
ureteric bud. At low concentrations (<0.5 nM), BMP7 signaling
promotes general growth of the explant and increased branching
of the ureter while at higher doses there is a decrease in both
parameters (Piscione et al., 1997). In contrast, BMP2 is inhibitory
to growth and branching. Moreover, using mIMCD3 cells as a
model for tubule formation, it was shown that BMP7 and BMP2
have opposite effects on branching morphogenesis. BMP7 treated
cells formed many branch points and were very thin displaying
numerous filopodial extensions. In contrast, BMP2 treated cells
formed shorter tubules with a wider diameter and very limited
branching (Piscione etal., 1997). Thus, BMP7 and BMP2 may play
distinct, potentially opposing, roles in morphogenesis of develop-
ing tubules. This potential antagonism may prove important for
morphogenesis in the distal part of the developing tubule where
both Bmp7 and Bmp2 are transiently expressed. Moreover, it will
be interesting to determine whether similar interactions extend to
other members of the BMP gene family as different subsets of
BMPs are expressed in regionally restricted patterns in the collect-
ing ducts and proximal part of the early tubule. It is intriguing to
consider that overlapping BMP signaling domains may contribute
to regionalization of the epithelial tissues.
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Fig. 3. BMP7 inhibits differentiation of metanephric mesenchyme.
Isolated mesenchyme grown in culture in the presence of spinal cord and
a bead coated with either BSA or recombinant BMP7. Samples were then
fixed, sectioned and processed for in situ hybridization. In the presence of
BSA coated beads, tubules are formed and Pax2 and WT1 markers of
induced mesenchyme are observed (arrows). In contrast, mesenchyme
cells in the vicinity of a BMP7 coated bead are not induced, as tubules are
not formed nor are markers of induced mesenchyme. However, further
away from the bead, mesenchyme cells do respond to the inductive signals
presented by the spinal cord (arrows).

Factors that control BMP7 expression

The signals required for initiation of Bmp7 transcription are
currently unidentified. Our analysis of expression in embryonic
kidney suggests two classes of molecules may be involved.
Expression of Bmp7inisolated mouse metanephric mesenchyme
is stimulated by co-culture with spinal cord or addition of lithium
chloride. Lithium ions also promote condensation of metanephric
mesenchyme without subsequent tubulogenesis. Although lithium
ions are likely to act pleiotropically in biological systems, strong
evidence exists for lithium acting to stimulate the Wnt signaling
pathway. Thus, it is possible that Wnt molecules initiate Bmp7
expressionin condensed mesenchyme, cells fated to form epithe-
lial tubules. Alternatively, Bmp7 expression may be immediately
downstream of a cell-cell adhesion event. It is interesting to note
thatin most cases, cells thatexpress Bmp7inthe kidney are either
part of a tight epithelial sheet or in a condensed mesenchyme in
which the cells display a semi-ordered appearance. Even in
explant cultures treated with BMP7 and FGF2 prior to co-culture
with spinal cord, cells expressing Bmp?7 that lie outside obvious
epithelial structures appearin small aggregates. One exceptionto
this is in similar cultures that were stimulated with lithium chloride
rather than co-cultured with spinal cord. In this case we occasion-
ally observe individual cells expressing Bmp7. Thus, itis possible
that two distinct pathways can function to initiate Bmp7 expres-
sion.
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Once Bmp7 expression is established in epithelial cells it
appears to be maintained by a mechanismthat is not dependent on
specific mesenchyme derived signals. Expression in the ureteric
bud is maintained in the presence of lung or limb mesenchyme,
even though growth and branching fails to occur in the latter. One
possibility is that Bmp7 expression is maintained by an autoregu-
lative mechanism. However, since expression of aBmp7/acZ allele
is not altered in a null environment, this possibility is unlikely. Since
several Wnt family members are expressed in the ureter, it is
possible that Wnt signaling plays arole inthe maintenance of Bmp7
expression as implied above. However, the addition of sodium
chlorate, which disrupts Wnt signaling, to cultures of whole kidney
does not affect expression of Bmp7in epithelial tissues. Moreover,
Whtgene family members are notexpressed in all epithelial tissues
of the kidney that express Bmp?7. Therefore, an alternative mecha-
nism is likely to exist. In each case, strong correlation exists
between cells expressing Bmp7 and the expression of Pax2. Thus
it is possible that either Pax2 maintains Bmp7 expression or that
the expression of both genes is regulated by a common mecha-
nism. Interestingly, although in situ hybridization analysis of the
developing kidney reveals ubiquitous expression of Bmp7 in epi-
thelial tissues, analysis of staining patterns in Bmp7a©Z embryos
suggests that BMP7 may not be produced by all epithelial cells
throughout development. For example, analysis of LacZ staining
patterns suggests a rapid downregulation of Bmp7 expression in
the distal part of the early tubule. Likewise, as the ureteric bud
branches, LacZ activity is robust in all cells at the tips of the ureter
but only in certain cells in the trunk region. It will be interesting to
explore the mechanisms that downregulate expression. What is
the significance of the small number of LacZ positive cells remain-
ing in the collecting ducts and why do they persist into adulthood?
One characteristic of mature epithelium s the ability to replace cells
that are damaged or shed through normal function or following
injury. BMP7 signaling may be an important component of this
process. Following ischemic injury to the adult rat kidney, there is
an apparent upregulation of Bmp7expressioninthe tubules as well
as an increase in the number of expressing cells (Simon et al.,
1999). Consistent with this observation, intravenous administra-
tion of BMP7 postinsultimproved both the histological appearance
and function of the kidney (Vukicevic et al., 1998). Although the
target population of BMP7 signaling has not been defined in the
adult kidney, it is possible that these cells represent a BMP7-
dependent “stem cell™-like population that maintains the integrity of
the collecting ducts postnatally.

BMPs and other cell types later in development

To date, much of the focus on metanephric development con-
cerns interactions between three cell populations: the ureteric
epithelium, the nephrogenic mesenchyme and the stromal pro-
genitor cell mesenchyme. However, function of the mature kidney
also relies on several additional tissues, two of which are vascula-
ture and neurons. Both endothelial and neural progenitors are
present at or soon after the first induction event in kidney develop-
ment (Sariola etal., 1988; Pinson-Hyink et al., 1996). In both cases,
the majority of cells are found in close proximity to epithelial
structures. In these environments the progenitors are surrounded
by populations expressing several BMPs and depending on migra-
tion of the progenitors within the kidney, these cells may experi-

ence signaling by different subsets of BMP family members (Fig.
1). Interestingly, in neural crest cultures, BMP2, BMP4 and BMP7,
as well as constitutively active type | BMP receptor, can stimulate
formation of cells displaying characteristics of adrenergic neurons
(Varley et al.,, 1995, 1996, 1998). BMP6, however, does not
produce this effect (Varley et al., 1996). Furthermore, BMP2 can
bind to receptors on endothelial cells (lwasaki et al., 1995) and a
loss of Smad5 function, a downstream component of the BMP
signaling pathway, results in defects in angiogenesis (Yang et al.,
1999).

Summary

Although many BMP family members are expressed during
organogenesis of the kidney, the majority of analysis has focused
on the function of BMP7. The data discussed above clearly shows
that BMP7 functions as a survival factor for the metanephric
mesenchyme. However, there is conflicting data for BMP7 func-
tioning as an inducing molecule. Although one report suggests that
recombinant BMP7 can induce markers of induction and tubule
formation, we have not been able to replicate these results.
Moreover, recombination experiments using BMP7 null tissue in
which tubule formation is observed and the phenotype of three
independently derived lines of BMP7 null mice, all of which show
initial tubule formation and more mature glomeruli, strongly sug-
gest that BMP7 is not required for induction of the metanephric
mesenchyme. According to the guidelines established for an
inducing molecule, this rules out BMP7 as an inducer of the
metanephric mesenchyme.

One of the main questions unanswered to date is the mecha-
nism of BMP signaling. For example, do different BMP family
members form heterodimers? In vitro, these molecules have been
produced and have shown to be more potent than the individual
homodimers. However, such heterodimers have not been identi-
fied in vivo. Functional redundancy amongst members of the BMP
family also remains an open question. However, detailed analysis
of the expression patterns and creation of double mutants sug-
gests that this may be the case. We are currently investigating this
possibility further through targeted gene swap experiments. These
experiments will directly test, in vivo, the ability of BMP family
members to functionally substitute for one another.
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