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The importance of proportioning kidney size to body
volume was established by clinical studies which
demonstrated that in-born defecits of nephron number
predispose the kidney to disease. As the kidney develops,
the expanding ureteric bud or renal collecting system
induces surrounding metanephric mesenchyme to
proliferate and differentiate into nephrons. Thus, it is likely
that nephron number is related to ureteric bud growth. The
expression patterns of mRNAs encoding Fibroblast Growth
Factor-7 (FGF-7) and its high affinity receptor suggested
that FGF-7 signaling may play a role in regulating ureteric
bud growth. To test this hypothesis we examined kidneys
from FGF-7-null and wild-type mice. Results of these
studies demonstrate that the developing ureteric bud and

mature collecting system of FGF-7-null kidneys is
markedly smaller than wild type. Furthermore,
morphometric analyses indicate that mature FGF-7-null
kidneys have 30±6% fewer nephrons than wild-type
kidneys. In vitro experiments demonstrate that elevated
levels of FGF-7 augment ureteric bud growth and increase
the number of nephrons that form in rodent metanephric
kidney organ cultures. Collectively, these results
demonstrate that FGF-7 levels modulate the extent of
ureteric bud growth during development and the number
of nephrons that eventually form in the kidney. 

Key words: Fibroblast Growth Factor-7, Kidney Development,
Aquaporin-3
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INTRODUCTION

Organogenesis is dependent on two fundamental embry
processes: (1) the generation of organ specific cell types, 
(2) the growth of organ size to match body volume. T
importance of proportioning organ size to body volume is w
illustrated in the developing human kidney, an org
characterized by 106 complex epithelial tubules or nephron
that filter blood to keep the volume and composition of bo
fluids constant. Clinical evidence indicates that even sli
inborn deficits of nephron number correlate with the inciden
of hypertension and renal failure (Brenner and Milford, 199
MacKenzie and Brenner, 1995).

Nephrons derive from a domain of caudal intermedia
mesoderm, the metanephric blastema (Saxen, 1987). The 
collecting system derives from the ureteric bud, which invad
and subsequently branches within the metanephric blaste
During development, the branching ureteric bud tips indu
surrounding nephron progenitors of the metanephric blaste
to proliferate and differentiate into nephrons. Although t
exact number of nephrons that form around each ureteric 
onic
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branch is unknown, the extent of ureteric bud growth an
branching during development is believed to be proportional 
the number of nephrons that eventually form (Saxen, 198
Oliver, 1968; Stuart et al., 1995). Thus, nephron number 
likely to be dependent on factors regulating ureteric bud grow
during development.

Members of the Fibroblast Growth Factor(FGF) gene
family have been implicated in regulating epithelial growth
and branching during development (Guo et al., 1996; Alar
et al., 1994; Yi et al., 1995; Nguyen et al., 1996; Samakovl
et al., 1996; Sutherland et al., 1996; Bellusci et al., 1997
Several members of this multigene family including FGF-1
2, 5 and 7 are expressed by or around the growing ureteric b
in the developing kidney (Barasch et al., 1997; Finch et a
1995; Gonzalez et al., 1990; Haub and Goldfarb, 1991; Hebe
et al., 1990). Furthermore, the ureteric bud expresses mRNA
encoding at least two high affinity FGF-receptors (Finch et a
1995; Stark et al., 1991). In this report we analyze the role 
Fibroblast Growth Factor-7 (FGF-7) in kidney
morphogenesis. The distribution of mRNAs encoding FGF-
and its high affinity receptor, the Keratinocyte Growth Facto
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Fig. 1.Patterns of FGF-7and KGF-RmRNA expression in the
developing kidney. FGF-7mRNA is localized to fibroblasts or
stroma (turquoise) surrounding the ureter and developing renal
collecting system. KGF-RmRNA is expressed in the ureter and
branching ureteric bud (dark blue). KGF-Rand FGF-7mRNAs are
not expressed in nephron progenitors of the metanephric blastema or
in differentiating nephron epithelia (pink). The diagram is based on
data from Mason et al. (1994) and Finch et al. (1995).
Receptor (KGF-R), are consistent with this ligand-recept
complex mediating ureteric bud growth (Fig. 1). FGF-7
mRNA is first detected in the developing urogenital system 
embryonic day 14.5 (Mason et al., 1994). The cells th
express FGF-7 mRNA in the developing kidney are rena
fibroblasts or stroma surrounding the growing ureter a
collecting system. Recently, renal stroma has been shown
be required for ureteric bud growth by targeted deletion of t
fork-head transcription factor, BF-2 (Hatini et al., 1996
KGF-R mRNA is expressed in the ureteric bud and i
derivative, renal collecting tubules throughout development
has not been detected in nephron progenitors (Finch et 
1995). Thus, FGF-7 is one member of the FGF gene family
that exhibits spatial and temporal expression patte
consistent with a direct role in supporting ureteric bud grow
To elucidate the function of FGF-7 during kidne
morphogenesis, we examined the kidneys of wild-type a
FGF-7-null mice (Guo et al., 1996). Results of these stud
demonstrate that the developing ureteric bud and mature re
collecting system of FGF-7-null kidneys are smaller tha
observed in age-matched wild-type organs. Extens
morphometric analyses demonstrate that kidneys of mat
FGF-7-null animals have 30±6% fewer nephrons than ag
and sex-matched wild-type kidneys. Conversely, exogeno
FGF-7 augments ureteric bud growth in rodent metaneph
kidney organ cultures and increases nephron number 
approximately 50%. Thus in the absence of FGF-7, signific
inborn nephron deficits occur in vivo, while elevated levels 
FGF-7 increase nephron number in vitro. Further experime
demonstrate that elevated levels of FGF-7 modulate urete
bud growth and differentiation in vitro. Collectively, these da
indicate that FGF-7 is part of the signaling pathwa
controlling collecting system size and nephron number in t
kidney during development.

MATERIALS AND METHODS 

Tissue preparation and analysis
FGF-7-null mice (C57BL/6), supplied by L. Degenstein and E. Fuc
(University of Chicago), were bred and housed at the Corn
University Medical College Animal Facilities. Wild-type C57BL/6
mice of the same age and sex were purchased from Charles R
Animals were killed by CO2 asphyxiation, and the kidneys isolated
and fixed by immersion in Bouin’s fixative. Tissue was embedded
paraffin and 10 µm serial sections prepared and stained wi
Hematoxylin and Eosin. Tissue volume (Kv) was determined for
kidneys isolated from six wild-type and six FGF-7-null animals 
stated ages. Embryonic kidneys analyzed were from separate lit
Volume determinations were made from serial-sectioned kidne
using the following measurements and equation:

where Kv = Kidney volume. Nephron density (nephron number/mm3)
was determined by counting glomeruli according to standa
morphometric procedures (Bertram et al., 1992).

Metanephric kidney organ culture
Gestation day (E) 12.5-13 rat embryos were removed from tim
pregnant Sprague-Dawley rats killed by CO2 asphyxiation (Hilltop
Laboratories). Kidney rudiments and ureteric buds were isolated 

Kv = ( (section surface area × section thickness),
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cultured as described previously (Qiao et al., 1995). Ureteric bud a
metanephric kidney organ cultures were maintained in the absence
presence of given concentrations of FGF-1, 2, 4, 5 and 7, purcha
from R&D systems.

Antibody and lectin staining
Aquaporin-3 antibody binding experiments were performed on froze
sections of kidney tissue isolated from wild-type and FGF-7-nu
animals and whole metanephric kidney organ cultures. Aquaporin
antibody was provided by Dr G. Frindt, Cornell University Medica
College, and has been previously characterized (Ecelbarger et 
1995). Frozen sections or kidney rudiments were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Saponin and incubat
with Fetal Calf Serum (FCS) prior to application of AQP-3 antibod
at a dilution of 1:100 for 2 hours at room temperature. Samples we
then washed extensively in phosphate-buffered saline (PBS), a
secondary FITC-conjugated goat anti-rabbit antibody (Sigma) w
utilized to detect Aquaporin-3 antibody binding. Samples wer
examined with a Zeiss Axiophot fluorescence microscope aft
washing and post-fixation. No staining was detected when prima
antibody incubation was omitted.

The lectin Dolichos Biflorus (DB) specifically binds to ureteric bud
and renal collecting system epithelia (Holthöfer, 1983). FITC
conjugated DB (FITC-DB) was purchased from Zymed. Orga
cultures were processed for FITC-DB binding as described previous
(Qiao et al., 1995). Peanut Lectin Agglutinin (PNA; Zymed)
specifically binds to glomeruli. Organ cultures were processed f
RITC-PNA binding as described (Gilbert et al. 1994).

RESULTS

FGF-7-null kidneys are smaller than wild type
FGF-7-null mice were previously constructed by targeted ge
deletion of exon 1, a portion of the FGF-7 gene that is requir
for heparin association and subsequent receptor binding (G
et al., 1996). FGF-7 mRNA is not detected in any FGF-7-null
tissues, including the kidney, as determined by RT-PCR. N
significant differences in total body mass or crown-rump leng
were observed between FGF-7-null or wild-type animals. Wit
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the exception of previously described hair abnormalities, 
overt aberrations in phenotype were reported (Guo et 
1996). The kidneys of FGF-7-null and wild-type mice of th
same age, sex and genetic background (C57\BL) w
examined.

By morphological criteria, sections of mature FGF-7-nu
kidneys could be consistently distinguished from wild typ
by the presence of a thin papilla, the portion of the kidn
that contains the most distal collecting system segments (
2A,B). The distal collecting system of wild-type kidney
located at the tip of the renal papilla is lined by a hig
cuboidal to columnar epithelium (Fig. 2C). The papillar
collecting tubules of mutant kidneys were few, as reflected
the thin papillary diameter (Fig. 2B). In contrast to the wild
type kidney, collecting tubule epithelia at the papillary tip 
FGF-7-null kidneys exhibited a low cuboidal morpholog
(Fig. 2E).
Fig. 2. The kidneys of
FGF-7-null mice exhibit
morphological
abnormalities.
Representative sections
of kidneys from age-
matched C57/BL wild-
type and FGF-7-null
mice. At 6 months of
age, wild-type kidneys
(A) could be readily
distinguished from FGF-
7-null kidneys (B). The
renal papilla (p) of FGF-7-null kidneys was
markedly thinner than wild type. In addition, the
cortical zone (c) of FGF-7-null kidneys was
markedly thinner than observed in wild type,
although individual nephrons appeared normal.
High power examination of the papillary tips of
wild-type kidneys (C,D) demonstrate the presence
of tubules exhibiting a high cuboidal morphology
(C) that express the Aquaporin-3 water channel,
as detected by indirect immunofluorescence
microscopy utilizing antibodies directed against
the 26 carboxy-terminal amino acids of
Aquaporin 3 (D). The distal collecting system of
the FGF-7-null kidneys (E,F) is characterized by
tubules exhibiting a low cuboidal to squamous
morphology (E). Although the morphology of the
FGF-7-null distal collecting system differs from
wild type, tubules expressing the Aquaporin 3
water channel are present. Representative saggital
sections of E13.5 kidneys (G,H) demonstrate that
there are no detectable differences between wild
type (G) and FGF-7-null (H) kidneys at this stage
of development. The ureteric bud (ub) of both
wild-type and mutant kidneys had branched and
was surrounded by developing nephrons (n). In
contrast, marked differences between wild-type
(I) and FGF-7-null (J) kidneys are observed at
gestation day 16.5. As can be seen in
representative saggital sections, the inner
medullary region of wild-type kidneys (I) contains
an extensively branched ureteric bud network (ub). Nephrons are 
(J) are smaller than wild type. Few ureteric bud branches (ub) are
the cortex. Bars, 100 µm.
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Although the size and cytoarchitecture of the rena
collecting system of FGF-7-null animals is markedly
different from wild type, these animals were able to
concentrate urine to 3,000 mOsm, identical to wild typ
(Schmidt-Neilsen and O’Dell, 1961). These physiologica
criteria indicate that FGF-7-null kidneys possess collectin
tubules that can concentrate urine. Using antibodies direct
against a collecting tubule-specific water channe
Aquaporin-3 (Ecelbarger et al., 1995), we found that FGF
7-null kidneys exhibit tubules with protein expression
patterns consistent with water reabsorbing, mature collecti
tubules (Fig. 2D,F).

In addition to a small collecting system size, the cortica
zone of FGF-7-null kidneys was thinner than wild type (Fig
2A,B). The cortical zone of the kidney contains proxima
nephron segments and glomeruli; the thinned cortical zone
FGF-7-null kidneys suggests that these animals may poss
present in the cortical region (n). The kidneys of E16.5 FGF-7-null embryos
 present in the inner medullary region, although nephrons (n) are forming in
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Fig. 3.FGF-7 supports the survival and growth of isolated ureteric
buds. Ureteric buds were isolated from E13 rat kidney rudiments 
cultured in the absence (control) or presence of given FGF-7
concentrations. The number of cells present in freshly isolated
ureteric buds (Time 0) was compared to the cell number present 
cultures maintained for 7 days in the presence of given FGF-7 lev
Each culture was established with 10 ureteric buds. Values are th
average number of cells present in 5 separate cultures ± s.e.m.

Table 1. FGF-7-null kidneys are smaller than wild type
Volume Glomeruli/ Nephron

Age Genotype (mm3) mm3 number

6 months +/+ 89±6.8 318±37 28,000±855
−/− 68±7.8 282±19 20,203±746

E16.5 +/+ 9.53±1 nd nd
−/− 6.72±2 nd nd

Kidneys from six FGF-7-null and six wild-type mice of the same sex and
genetic background were analyzed at given ages. Each E16.5 embryo was
from a different litter. 

Values presented are the mean ± s.e.m. 
Significant differences in nephron number were detected between FGF-7-

null and wild-type kidneys at 6 months of age and between FGF-7-null and
wild-type kidney volume at 6 months of age and on E16.5 (P<0.01; Student’s
t-test).
fewer nephrons than wild type. The kidneys of six wild-ty
and six FGF-7-null animals were subjected to extens
morphometric analysis. Total kidney volume was calcula
from serial sectioned material and nephron density determi
by counting glomeruli, according to standard morphomet
techniques (Bertram et al., 1992). Results of these anal
indicate that the average number of nephrons present in F
7-null kidneys was 30±6% fewer than the average numbe
nephrons present in wild-type age- and sex-matched con
kidneys (Table 1). The decrease in nephron number obse
in FGF-7-null animals is due to a decrease in total kidney tis
volume rather than to alterations in cortical nephron den
(Table 1).

FGF-7 levels modulate kidney size during
development in vivo
Detectable differences in FGF-7-null and wild-typ
embryonic kidney or ureteric bud size were not observed fr
E11.5 to E13.5 (data not shown). At E13.5, the ureteric b
of both FGF-7-null and wild-type embryonic kidneys ha
undergone approximately 3-4 rounds of branching a
nephrogenesis was observed in the surrounding metanep
blastema (Fig. 2G,H). In contrast, on E16, the size of 
ureteric bud compartment of FGF-7-null kidneys w
markedly smaller than wild type (Fig. 2I,J). In representat
wild-type kidney sections, the inner medullary region w
characterized by an extensively branched ureteric bud
collecting system network. The inner medullary region 
FGF-7-null E16.5 kidneys contained few ureteric bu
branches. Furthermore, differences in the volume of FGF
null and wild-type embryonic kidneys were detected at t
stage of development (Table 1). These data indicate that F
7 levels influence ureteric bud and kidney size duri
embryonic development.
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Elevated levels of FGF-7 modulate ureteric bud
growth, maturation and nephron number in vitro
Ureteric buds were isolated from E13 rat kidney rudiments a
cultured with DMEM/10% FCS on nitrocellulose filters in the
absence or presence of increasing concentrations of exogen
FGF-7. Although isolated ureteric buds cultured at th
air/medium interface in DMEM/FCS died, ureteric bud
maintained in the presence of exogenous FGF-7 formed
monolayer of viable cells that exhibited dose-depende
growth (Fig. 3). In addition, isolated ureteric buds suspend
in a complex extracellular matrix, Matrigel, died unles
supplemented with exogenous FGF-7. FGF-7 supported do
dependent ureteric bud growth in Matrigel; however, norm
branching morphogenesis did not occur (data not show
Neither FGF-1, 2, 4 nor 5 at concentrations from 10-500 ng/m
supported isolated ureteric bud growth or viability in vitro (dat
not shown).

E12.5-13 rat kidney rudiments containing both the ureter
bud and surrounding metanephric mesenchyme were cultu
in the absence or presence of 100 ng/ml FGF 1, 2, 4, 5 o
(data not shown). Only cultures maintained in the presence
FGF-7 exhibited gross alterations of the ureteric bu
compartment. To study the effect of elevated FGF-7 leve
further, metanephric kidney organ cultures were maintained
the absence of added FGF-7, transiently maintained w
elevated levels of FGF-7 or maintained with elevated levels 
FGF-7 for the entire culture period (Fig. 4). Examination o
organ cultures stained with FITC-DB to visualize the ureter
bud compartment suggested that elevated levels of FGF
increased the size of the ureteric bud compartment duri
development in vitro (Fig. 4A,C,E,G,I). To confirm this
qualitative observation, we counted the number of ureteric b
epithelia present in cultures maintained in the absence 
presence of exogenous FGF-7 (Table 2). Although saturati
concentrations of FGF-7 did not significantly change the tot
number of cells present in cultured rudiments, the number 
ureteric bud epithelia identified by FITC-DB staining
increased approximately 1.5- and 2.5-fold in culture
maintained with FGF-7 for 4 days and 10 days, respective
(Table 2). Thus, exogenous, elevated FGF-7 levels increas
the size of the ureteric bud compartment during kidne
development in vitro.

The total number of nephrons that formed in cultured kidne
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Table 2. Elevated levels of FGF-7 increase ureteric bud
size in vitro

Culture conditions Ureteric bud cell number

Control 5,145±549
Transient FGF-7 8,717.5±962
Continuous FGF-7 12,785±1,648

E12.5-13 rat kidney rudiments were cultured for 10 days in the absence
added FGF-7 (Control), in the presence of 100 ng/ml FGF-7 for the first 4
days of culture (Transient FGF-7) or with 100 ng/ml FGF-7 for the entire
culture period (Continuous FGF-7). Rudiments were dissociated into singl
cell preparations, total rudiment cell number and number of FITC-Dolichos
Bifloris-stained ureteric bud epithelia/rudiment counted. The average total
number/rudiment was 57,000±5,230.  Significant differences in total rudim
cell number were not observed. However, the number of ureteric bud epith
increased in the presence of elevated FGF-7 levels. 

Values are the average number of ureteric bud epithelia present in
rudiments ± s.e.m. A minimum of 24 rudiments were analyzed for each
culture condition.
rudiments was quantified by counting glomeruli tagged w
Peanut Lectin Agglutinin (Gilbert et al., 1994). Nephro
number was increased by 50±12% in cultures transien
exposed to exogenous FGF-7 as compared to cultu
maintained without added factor (Figs 4B,D, 5). Thus, transi
exposure of organ cultures to FGF-7 resulted in an increa
renal collecting system size and a concomitant increase
nephron number.

Although continuous exposure of organ cultures to eleva
levels of FGF-7 resulted in an increased number of ureteric 
epithelia, nephrogenesis was partially inhibited (Figs 4F, 
Furthermore, ureteric bud architecture was markedly altered
cultures continuously exposed to FGF-7 (Fig. 4E,G). T
ureteric bud of cultures transiently treated with factor 
maintained without it, stained intensely with FITC-DB an
exhibited an arborized network of slender tubules with termin
branched ampullae (Fig. 4A,C,I). Rudiments exposed to FG
7 throughout the culture period exhibited a dilated, sac-l
ureteric bud compartment that had variable intensities of D
staining (Fig. 4E,G). These results demonstrate that continu
exposure of kidney rudiments to elevated levels of exogen
FGF-7 alters the lectin staining properties and architecture
the developing renal collecting system in addition to limitin
nephrogenesis.

Previous experiments in which FGF-7 levels we
modulated in vivo or in vitro demonstrate that this grow
factor alters the growth and differentiation of KGF-R
expressing epithelia (Guo et al., 1993; Alarid et al., 1994; 
et al., 1995; Nguyen et al., 1996). Thus, we tested whet
elevated levels of FGF-7 effect ureteric bud differentiation 
vitro. The ureteric bud differentiates into mature collectin
tubules, as indicated by the upregulation of mature collect
system proteins (Yamamoto et al., 1997). Proteins expres
by the mature collecting system such as Aquaporin-3, a wa
channel, are not expressed in the ureteric bud early in kid
development (Ecelbarger et al., 1995; Yamamoto et 
1997). Later, collecting tubule differentiation antigens a
expressed in the slender tubular portion of the ureteric b
but not at its immature, growing ampullary tips. Kidne
rudiments cultured in the presence or absence of exogen
FGF-7 were assayed for Aquaporin-3 expression to determ
if continuous, elevated levels of FGF-7 perturb ureteric b
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differentiation into collecting tubule epithelia (Fig. 4H,J). In
cultures maintained in the absence of added FGF-7, all D
positive ureteric bud epithelia co-expressed Aquaporin
(Fig. 4I,J). Cultures maintained with elevated levels o
exogenous FGF-7 exhibited a dilated, DB-positive ureter
bud network that did not label with antibodies directe
against Aquaporin-3 (Fig. 4G,H). Collectively, these dat
indicate that elevated levels of FGF-7 in vitro stimulat
ureteric bud growth and delay ureteric bud differentiation int
the collecting system.

DISCUSSION

Comparative anatomical studies suggest that the extent 
ureteric bud growth and branching during development 
proportional to the number of nephrons that eventually form 
the kidney (Oliver, 1968). Although several ligands, recepto
and transcription factors, including GDNF, c-RET, Pax-2, BF
2 and WT-1, have been shown to be required for ureteric b
morphogenesis in vivo, animals lacking functional expressio
of these genes also exhibit severe defects in nephrogene
(Kreidberg et al., 1993; Schuchardt et al., 1994; Torres et a
1995; Hatini et al., 1996; Pichel et al., 1996; Moore et al., 199
Sanchez et al., 1996). Thus, the relationship between urete
bud growth and final nephron number within the kidney i
difficult to address using these animal models.

This relationship can be assessed by experimenta
manipulating the levels of a growth factor that directly
modulates ureteric bud growth during kidney developmen
FGF-7 mRNA has been detected in the developing kidne
by E14.5 and KGF-RmRNA is expressed specifically by the
developing ureteric bud and collecting system througho
kidney morphogenesis (Fig. 1; Mason et al., 1994; Finch 
al., 1995). In vitro experiments presented in this stud
demonstrate that FGF-7 can substitute for metaneph
mesenchyme in keeping isolated ureteric buds viable a
growing. Ureteric bud survival and growth in vitro appear
to be specific for FGF-7. No other members of the FG
family tested, including FGF-1, FGF-2, FGF-4 or FGF-5
supported isolated ureteric bud viability or growth. Recen
evidence indicates that FGF-10 binds with high affinity to
KGF-R and supports lung bud branching in vitro (Igarashi 
al., 1998; Bellusci et al., 1997). However, we were unable 
test this member of the FGF family since it is no
commercially available. Further metanephric kidney orga
culture experiments demonstrated that continuous, eleva
levels of FGF-7 delay the differentiation of the ureteric bu
into collecting tubule epithelia, as determined by th
inhibition of Aquaporin-3 expression. Thus, FGF-7 plays 
role in ureteric bud epithelial survival, proliferation and
differentiation in vitro. FGF-7 binds with high affinity to
only one known fibroblast growth factor receptor, KGF-R
thus activation of KGF-R most likely mediates FGF-7
dependent ureteric bud growth in vitro (Rubin et al., 1995
Ornitz et al., 1996). FGF-1 also binds to KGF-R; howeve
this member of the FGF family did not support ureteric bu
growth or viability in vitro, perhaps due to the absence o
heparin-cofactors that are known to mediate FGF-1 bindin
(Green et al., 1996).

Although FGF-7 is required for isolated ureteric bud
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Fig. 4.Exogenous FGF-7 modulates ureteric bud differentiation,
growth and nephron number in vitro. E12.5-13 rat kidney rudiments
containing both the ureteric bud and surrounding metanephric
blastema were cultured for 10 days in the absence of added FGF-7
(n=24; A,B,I,J), in the presence of 100 ng/ml exogenous FGF-7 for
the first 4 days of culture (transient FGF-7; n=24; C,D), or with the
added factor for the entire culture period (continuous FGF-7; n=24;
E-H). Cultures were fixed, permeabilized and processed for
visualization of the ureteric bud network by FITC- (A,C,E,) or
RITC- (G,I) Dolichos Bifloris (DB) staining. Glomeruli were
dectected by RITC-Peanut Lectin staining (B,D,F). Aquaporin 3 was
detected by immunofluorescence microscopy using antibodies
directed against the carboxy-terminal 26 amino acids of the protein
and FITC-labeled secondary antibody (H,J). The ureteric bud
network of representative control (A,I) and transiently treated
cultures (C) is characterized by slender tubules with dilated,
branched terminal ampullae. Incubation with elevated levels of FGF-
7 for the entire culture period results in ureteric bud dilation and an
absence of slender tubules (E,G). Elevated levels of FGF-7 also
modulated the number of nephrons that form in vitro (see Fig. 5).
More glomeruli were present in cultures transiently treated with
FGF-7 (D) than control cultures maintained without added factor (B).
Glomerular number was dramatically decreased in cultures
maintained with elevated levels of FGF-7 for the entire culture period
(F). In addition, the RITC-DB-positive ureteric bud network did not
express detectable levels of Aquaporin-3, a collecting system
terminal differentiation antigen (G,H). In control cultures, RITC-DB
and Aquaporin-3 antibody staining was co-localized to the ureteric
bud network (I,J). Bars, 100 µm (A-F); 30 µm (G-J).
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Fig. 5.Exogenous FGF-7 modulates the number of nephrons that
form in organ culture. Metanephric kidney rudiments were cultured
as described in Fig. 4 and nephron number determined by counting
RITC-Peanut Lectin-labeled glomeruli. −, Control (no FGF-7); +,
Continuous FGF-7; ±, Transient FGF-7. Nephron number, expressed
as the mean ± s.e.m., was determined for a minimum of 15
rudiments/culture condition.
viability and growth in vitro, it is clear that other factors a
able to support these processes in vivo. FGF-7mRNA has not
been detected in the developing urogenital system until E1
Thus, ureteric bud growth from E11.5-13.5 is regulated 
factors other than FGF-7. In addition, FGF-7-null mic
develop a renal collecting system, although it is marked
smaller than in wild type. A marked decrease in size of 
FGF-7-null renal collecting system was observed on E16.5
addition, the volume of FGF-7-null kidneys was significant
smaller than that of wild-type kidneys at this stage 
development. We did not detect an increased number
apoptotic ureteric bud cells in FGF-7-null embryonic kidne
as compared to wild type. Thus, the decreased size of the F
7-null ureteric bud and renal collecting system appears to
due to less extensive growth during development. Collective
these data suggest that FGF-7 is required for the full extent
ureteric bud growth that occurs in the kidney durin
development. However, it is likely that other members of th
FGF gene family expressed in the developing kidney ca
substitute for FGF-7, as transgenic mice expressing a solu
dominant-negative FGF-receptor (FGFR2-b) construct exhib
severe renal abnormalities, including renal agenesis a
dysgenesis (Celli et al., 1998).

In this study, we discovered that FGF-7-null animals exhib
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a reduced number of nephrons in addition to having a sm
collecting system size. Conversely, we observed that kidn
rudiments transiently exposed to elevated levels of FGF
exhibited an increase in nephron number and collecting sys
size. These results demonstrate that the extent of ureteric
growth during development is proportional to nephron numb
and support previous comparative anatomical studies (Oliv
1968). When metanephric kidney organ cultures we
continuously exposed to elevated levels of FGF
nephrogenesis was partially inhibited. We are currently una
to determine whether elevated levels of FGF-7 inhib
nephrogenesis in vitro, however, by directly perturbin
nephron progenitor differentiation or by perturbing the abili
of the ureteric bud to initiate nephrogenesis.

In conclusion, we show that transient exposure 
metanephric kidney rudiments to elevated levels of FGF
results in augmented ureteric bud growth and increas
nephron number. As compared to wild-type animals, FGF
null animals exhibit reduced ureteric bud growth durin
development, and at maturity have a small renal collect
system and decreased nephron number. Thus, the phenoty
FGF-7-null animals is one of kidney size, not differentiatio
This finding has broad clinical implications as slight inbo
deficits of nephron number are predictive of renal failu
(Brenner and Milford, 1993; MacKenzie and Brenner, 1995
Analysis of renal function in FGF-7-null animals as they a
will be a useful model system with which to elucidate th
mechanisms by which in-born nephron deficits predispose 
kidney to disease.
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manuscript. This work was funded by grants from the Nation
Institutes of Health (DK54218) and American Heart Associatio
awarded to D. H. 

REFERENCES

Alarid, E. T., Rubin, J. S., Young, P., Chedid, M., Ron, D., Aaronson, S.
A. and Cunha, G. R. (1994). Keratinocyte growth factor functions in
epithelial induction during seminal vesicle development. Proc. Natl. Acad.
Sci. USA91, 1074-1078. 

Barasch, J., Qiao, J., McWilliams, G., Chen, D., Oliver, J. A. and
Herzlinger, D. (1997). Ureteric bud cells secrete multiple factors, includin
bFGF, which rescue renal progenitors from apoptosis. Am. J. Physiol. 273,
F757-F767. 

Bellusci, S., Grindley, J., Emoto, H., Itoh, N. and Hogan, B. L.(1997).
Fibroblast growth factor 10 (FGF 10) and branching morphogenesis in
embryonic mouse lung. Development124, 4867-4878. 

Bertram, J. F., Soosaipillai, M. C., Ricardo, S. D. and Ryan, G. B.(1992).
Total numbers of glomeruli and individual glomerular cell types in th
normal rat kidney. Cell Tissue Res. 270, 37-45. 

Brenner B. M. and Milford E. L. (1993). Nephron underdosing: a
programmed cause of chronic renal allograft failure. Am. J. Kidney Dis. 21,
66-72. 

Celli, G., La Rochelle, W. J., MacKem, S., Sharp, R. and Merlino, G.
(1998). Soluble dominant-negative receptor uncovers essential roles
fibroblast growth factors in multi-organ induction and patterning. EMBO J.
17, 1642-1655. 

Ecelbarger, C. A., Terris, J., Frindt, G., Echevarria, M., Marples, D.,
Nielson, S. and Knepper, M. A. (1995). Aquaporin-3 water channel
localization and regulation in rat kidney. Am. J. Physiol. 269, F663-F672. 

Finch, P. W., Cunha, G. R., Rubin, J. S., Wong, J. and Ron, D. (1995).
Pattern of keratinocyte growth factor and keratinocyte growth factor recep
expression during mouse fetal development suggests a role in media
all
ey
-7

tem
 bud
er,
er,
re
-7
ble
it
g

ty

of
-7
ed

-7-
g

ing
pe of
n.
rn
re
).

ge
e
the

d

al
n

g

 the

e

 for

tor
ting

morphogenetic mesenchymal-epithelial interactions. Dev. Dyn. 203, 223-
240. 

Gilbert, T., Gaonach, S., Moreau, E. and Merlet-Benichou, C. (1994).
Defect of nephrogenesis induced by gentamicin in rat metanephric org
culture. Lab. Invest. 70, 656-666. 

Gonzalez, A. M., Buscaglia, M., Ong, M. and Baird, A. (1990). Distribution
of basic fibroblast growth factor in the 18-day rat fetus: localization in th
basement membranes of diverse tissues. J. Cell Biol. 110, 753-765. 

Green, P. J., Walsh, F. S. and Doherty, P. (1996). Promiscuity of fibroblast
growth factor receptors. BioEssays18, 639-646. 

Guo, L., Yu, Q. C. and Fuchs, E. (1993). Targeted expression of keratinocyte
growth factor to keratinocytes elicits striking changes in epithelia
differentiation in transgenic mice. EMBO J. 12, 973-986. 

Guo, L., Degenstein L. and Fuchs, E. (1996). Keratinocyte growth gactor is
required for hair development but not wound healing. Genes Dev. 10, 165-
175. 

Hatini, V., Huh, S. O., Herzlinger, D., Soares, V. C. and Lai, E.(1996).
Essential role of stromal mesenchyme in kidney morphogenesis revealed
targeted disruption of Winged Helix transcription factor BF-2. Genes Dev.
10, 1467-1478. 

Haub, O. and Goldfarb, M. (1991). Expression of fibroblast growth factor-
5 in the mouse embryo. Development112, 397-406. 

Hebert, J. M., Basilico, C., Goldfarb, M., Haub, O. and Martin, G. R.
(1990). Isolation of cDNAs encoding four mouse FGF family members an
characterization of their expression patterns during embryogenesis. Dev.
Biol. 138, 454-463. 

Holthöfer, H. (1983). Lectin binding sites in kidney: A compartive study of
14 animal species. J. Histochem. Cytochem. 31, 531-537. 

Igarashi, M., Finch, P. W. and Aaronson, S. A. (1998). Characterization of
recombinant human fibroblast growth factor (FGF)-10 reveals functiona
similarities with keratinocyte growth factor (FGF-7). J. Biol. Chem. 273,
13230-13235. 

Kreidberg, J. A., Sariola, H., Loring, J. M., Maeda, M., Pelletier, J.,
Housman, D. and Jaenisch, R.(1993). WT-1 is required for early kidney
development. Cell 74, 679-691. 

MacKenzie, H. S. and Brenner, B. M. (1995). Fewer nephrons at birth: a
missing link in the etiology of essential hypertension. Am. J. Kidney Dis.
26, 91-98. 

Mason, I. J., Fuller-Pace, F., Smith, R. and Dickson, C. (1994). FGF-7
(keratinocyte growth factor). expression during mouse developmen
suggests roles in myogenesis, forebrain regionalisation and epithelia
mesenchymal interactions. Mech. Dev. 45, 15-30. 

Moore, M. W., Klein, R. D., Fainas, I., Sauer, H., Armanini, M., Phillips,
H., Reichardt, L. F., Ryan, A. M., Carver-Moore, K. and Rosenthal, A.
(1996). Renal and neuronal abnormalities in mice lacking GDNF. Nature
382, 76-79. 

Nguyen, H. Q., Danilenko, D. M., Bucay, N., De Rose, M. L., Van, G. Y.,
Thomason, A. and Simonet, W. S.(1996). Expression of keratinocyte
growth factor in embryonic liver of transgenic mice causes changes 
epithelial growth and differentiation resulting in polycystic kidneys and
other organ malformations. Oncogene12, 2109-2119. 

Oliver, J. (1968). Nephrons and Kidneys: A quantitative study of
developmental and evolutionary renal architecture. Harper and Row, New
York. 

Ornitz, D. M., Xu, J., Colvin, J. S., McEwen, D. G., MacArthur, C. A.,
Coulier, F., Gao, G. and Goldfarb, M. (1996). Receptor specificity of the
fibroblast growth factor family J. Biol. Chem. 271, 15292-15297. 

Pichel, J. G., Shen, L., Sheng, H. Z., Granholm, A. C., Drago, J., Grinberg,
A., Lee, E. J., Huang, S. P., Saarma, M., Hoffer, B. J., Sariola, H. and
Westphal, H. (1996). Defects in enteric innervation and kidney
development in mice lacking GDNF. Nature382, 73-76. 

Qiao, J., Cohen, D. and Herzlinger, D.(1995). The metanephric blastema
differentiates into collecting system and nephron epithelia in vitro
Development121, 3207-3214. 

Rubin, J. S., Bottaro, D. P., Chedid, M., Miki, T., Ron, D., Cheon, G.,
Taylor, W. G., Fortney, E., Sakata, H., Finch, P. W. and LaRochelle, W.
J. (1995). Keratinocyte growth factor. Cell Biol. Int. 19, 399-411. 

Samakovlis, C., Hacohen, N., Manning, G., Sutherland, D. C., Guillemin,
K. and Krasnow, M. A. (1996). Development of the Drosophila tracheal
system occurs by a series of morphologically distinct but geneticall
coupled branching events. Development122, 1395-1407. 

Sanchez, M. P., Silos-Santiago, I., Frisen, J., He, B., Lira, S. A. and
Barbacid, M. (1996). Renal agenesis and the absence of enteric neurons
mice lacking GDNF. Nature 382, 70-73. 



554

ion

J. Qiao and others
Saxen, L. (1987). Organogenesis of the Kidney. Cambridge University Press,
Cambridge. 

Schmidt-Neilsen, B. and O’Dell, R. (1961). Structure and concentrating
mechanisms in the mammalian kidney. Am. J. Physiol. 200, 1119-1124. 

Schuchardt A., D’Agati, V., Larsson-Blomberg, L., Costantini, F. and
Pachnis, V. (1994). Defects in the kidney and enteric nervous system 
mice lacking the tyrosine kinase receptor Ret. Nature367, 380-383. 

Stark, K. L., McMahon, J. A. and McMahon, A. P. (1991). FGFR-4, a new
member of the fibroblast growth factor receptor family, expressed in 
definitive endoderm and skeletal muscle lineages of the mou
Development113, 641-651. 

Stuart, R. O., Barros, E. J., Ribeiro, E. and Nigam, S. K. (1995). Epithelial
tubulogenesis through branching morphogenesis: relevance to collec
system development. J. Am. Soc. Nephrol. 6, 1151-1159. 
of

the
se.

ting

Sutherland, D., Samakovlis, C. N. and Krasnow, M. A. (1996). Branchless
encodes a Drosophila FGF homologue that controls tracheal cell migrat
and the pattern of branching. Cell 87, 1091-1101. 

Torres, M., Gomez-Pardo, E., Dressler, G. R. and Gruss, P. (1995). Pax-2
controls multiple steps of urogenital development. Development121, 4057-
4065. 

Yamamoto, T., Sasaki, S., Fushimi, K., Ishibashi, K., Yaoita, E., Kawasaki,
K., Fujinaka, H., Marumo, F. and Kihara, I. (1997). Expression of AQP
family in rat kidneys during development and maturation. Am. J. Physiol.
272, F198-F204. 

Yi, E. S., Shabaik, A. S., Lacey, D. L., Bedoya, A. A., Yin, S., Housley, R.
M., Danilenko, D. M., Benson, W., Cohen, A. M., Pierce, G. F.,
Thomason, A. and Ulich, T. R. (1995). Keratinocyte growth factor causes
proliferation of urothelium in vivo. J. Urol. 154, 1566-1570. 


