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ABSTRACT: Several members of the transforming growth factor-�
(TGF-�) superfamily play key roles in kidney development, either
directly or indirectly regulating nephron number. Although low
nephron number is a risk factor for cardiovascular and renal disease,
the implications of increased nephron number has not been examined
due to the absence of appropriate animal models. Here, using unbi-
ased stereology we demonstrated that kidneys from TGF-�2 het-
erozygous (TGF-�2�/�) mice have approximately 60% more
nephrons than wild-type mice at postnatal day 30. To determine
whether augmented nephron number involved accelerated ureteric
branching morphogenesis, embryonic day 11.5 metanephroi were
analyzed via confocal microscopy. A 40% increase in total ureteric
branch length was observed in TGF-�2�/� kidneys, together with an
extra generation of branching. In embryonic day 12.5 metanephroi
cultured for 48 h the numbers of both ureteric tree tips and glomeruli
were significantly greater in TGF-�2�/� kidneys. These findings
suggest that augmented nephron number in TGF-�2�/� kidneys
results from accelerated ureteric branching morphogenesis and
nephron formation. Manipulation of TGF-�2 signaling in vivo may
provide avenues for protection or rescue of nephron endowment in
fetuses at risk. (Pediatr Res 63: 607–612, 2008)

The development of the permanent mammalian kidney
(metanephros) is a complex process requiring exquisite

temporospatial regulation of multiple cellular events. Much
has been learned in the past decade about these molecular
regulatory processes (1–4), and the findings from recent mi-
croarray studies of gene expression during kidney develop-
ment, including several studies from our own laboratory,
provide much new information about the potential roles of
specific genes and gene pathways (5–8).

Several members of the transforming growth factor-�
(TGF-�) superfamily of signaling molecules have been shown
to play key roles in kidney development. These include
TGF-�1 (9), Activin A (10–12), bone morphogenetic protein
4 (13–15), bone morphogenetic protein 7 (16), and glial cell
line-derived neurotrophic factor (GDNF) [reviewed in Shakya
et al. (17,18) and Cullen-McEwen et al. (19, 20)]. However,
little is known about the role of TGF-�2 in kidney develop-
ment. TGF-�2 protein is expressed earlier in metanephric

development than TGF-�1 and TGF-�3 (21). TGF-�2 gene
expression has been detected in the kidney at embryonic day
(E) 11.5 (22) and the protein localized in and around the
ureteric epithelium and nephron structures from E12.5
(21,23). TGF-�2 homozygous null mutant mice (TGF-�2�/�)
die within 24 h of birth due to defective lung development
(24). The kidneys of these mice display progressive deterio-
ration of the ureteric tubules and an enlarged renal pelvis after
E15. No histologic renal phenotype has been reported in
TGF-�2 heterozygous null mutant mice (TGF-�2�/�).
TGF-�2 has been identified as a candidate molecule that is
released from ureteric bud cells aiding in the survival and
differentiation of metanephric mesenchyme (MM) (23). In
combination with leukemia inhibitory factor, fibroblast growth
factor-2 (FGF-2) and transforming growth factor-� (TGF�),
TGF-�2 maintains isolated rat MM which can in turn be
induced to differentiate (23).

Given the possible role of TGF-�2 in mesenchymal cell
survival and/or proliferation and knowing that growth factor
concentrations can markedly influence developmental out-
comes, we have examined in more detail the kidneys of
postnatal TGF-�2�/� mice. First, we determined total
nephron number, an index of overall kidney developmental
outcome. To our surprise, the kidneys of TGF-�2�/� mice
were found to contain 60% more nephrons than wild-type
(WT) mice and these changes occurred without changes in
urine production, osmolality, or albumin excretion. We then
asked whether this augmented nephron endowment was the
result of accelerated and/or extended nephrogenesis. Our re-
sults suggest that the augmented nephron endowment in TGF-
�2�/� mice is due to accelerated nephrogenesis.

METHODS

TGF-�2 mice. TGF-�2�/� mice (129/Black Swiss) were obtained from
Dr. Thomas Doetschman (Department of Molecular Genetics, Biochemistry
and Microbiology, University of Cincinnati, OH) and mated to obtain WT,
TGF-�2�/� and TGF-�2�/� mice. Genotyping was performed as previously
described (24). All animal experiments were approved in advance by a
Monash University animal ethics committee and were conducted in accor-
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dance with the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes.

Stereology. Total nephron number was determined in male and female WT
and TGF-�2�/� kidneys at P30. Mice were killed via cervical dislocation,
body weights recorded and kidneys dissected, cleaned of fat and blood
vessels, decapsulated and weighed. Kidneys were fixed in 10% buffered
formalin. Left kidneys were embedded in glycolmethacrylate for nephron
number estimation using an unbiased stereological method known as the
physical disector/fractionator combination (25,26).

Kidney volume and cortex-to-medulla ratio. Left kidneys were embedded
whole in glycolmethacrylate and exhaustively sectioned at 20 �m. Every 10th
and 11th sections were collected and stained with periodic acid schiff. Every
10th section was then placed onto a microfiche reader and viewed at a final
magnification of �24.25. A 2 cm orthogonal grid was placed over the screen
and points on the grid overlaying the kidney were counted as cortex (PC),
medulla (PM) or renal pelvis (PP). Kidney volume (Vkid) was estimated using
the Cavalieri Principle using the following equation:

Vkid � Ps � a�p�microfiche � T � 1/f

where Ps is the total number of points overlaying all kidney sections (sum of
PC, PM, PP), a(p)microfiche is the area associated with each grid point, T is
section thickness, and 1/f is the inverse of the section sampling fraction. The
cortex:medulla ratio (VC:VM) was calculated using:

VC:VM � PC:PM

Nephron number. To estimate total nephron number in P30 kidneys, only
complete pairs of sections were used. The section pairs were viewed side by
side using two microscopes modified for projection. The microscope project-
ing the 10th section was fitted with a motorized stage (Autoscan Systems Pty,
Ltd., Melbourne, Australia) that allowed fields to be sampled at predetermined
intervals. The microscope projecting the 11th section was fitted with a manual
rotatable stage to enable section alignment with the projection of the 10th
section. A 2 � 2 cm grid incorporating an unbiased counting frame (27) was
placed over each field of view. Grid points that overlaid kidney tissue (Pkid),
glomeruli (Pglom) and renal corpuscles (Pcorp) were tabulated. Glomeruli
sampled by the unbiased counting frame of the 10th section that had disap-
peared from the 11th section were counted (Q�). Similarly, glomeruli present
in the 11th section that were not present in the 10th section were also counted.

Total nephron number was estimated using:

Nglom,kid � 10 � �Ps/Pf) � �1/�2fa�� � Q�

where Nglom,kid is the total number of glomeruli (nephrons) per kidney, 10 is
the inverse of the section sampling fraction, Ps is the total number of points
overlaying all kidney sections (complete and incomplete), Pf is the total
number of points overlaying complete kidney sections, 1/2fa is the fraction of
the total section area used to count glomeruli, where fa is determined using:

fa � �Pkid � a�p� of physical disector�/�Pf � a�p� of microfiche�

and Q� was the actual number of glomeruli counted. The average number of
glomeruli counted per kidney was 240 (range: 202–299) in WT mice and 370
in TGF-�2�/� mice (range: 321–412).

Glomerular volume. Mean glomerular volume (Vglom) was estimated
using:

Vglom � �Vglom/Vkid�/�Nglom/Vkid�

where Vglom/Vkid is equivalent to Pglom/Pkid.
The total volume of all glomeruli Vglom,kid in a kidney was estimated using

the following equation:

Vglom,kid � Vglom � Nglom,kid

Renal corpuscle volume. Mean renal corpuscle volume (Vcorp) was esti-
mated using:

Vcorp � �Vcorp/Vkid�/�Nglom/Vkid�

where Vcorp/Vkid is equivalent to Pcorp/Pkid.
The total volume of all renal corpuscles Vcorp,kid was estimated using:

Vcorp,kid � Vcorp � Nglom,kid

Histopathology. Right kidneys at P30 were embedded in paraffin and 5 �m
sections stained with hematoxylin and eosin, periodic acid schiff, Masson’s
trichrome, and silver methenamine and examined in a blinded manner for
signs of histopathology by an expert renal pathologist (J.D.).

Basic renal function. Eight WT and eight TGF-�2�/� P70 male mice
were placed into metabolic cages and 24 h urine production was measured and
urinary osmolality determined by freezing point depression (Advanced Os-
mometer 2020, Advanced Instruments, Needham Heights, MA) and urinary
albumin was determined using a murine specific ELISA (Exocell Inc, Phila-
delphia, PA).

Histology. To determine when nephrogenesis finished in WT and TGF-
�2�/� mice, the kidneys of 10 mice of each genotype were examined at each
postnatal day from P1 to P9. Pups were decapitated and kidneys immersion-
fixed in 10% neutral buffered formalin before processing for embedding in
paraffin. Five micrometers sections were stained with hematoxylin and eosin.
Nephrogenesis was deemed to be completed when there was no longer the
presence of comma or S-shaped bodies.

Organ culture. For whole metanephric organ culture studies, TGF-�2�/�

mice were time-mated, with E0.5 defined as midday on the day on which a
vaginal plug was found. Metanephroi dissected from E12.5 WT, TGF-�2�/�, and
TGF-�2�/� staged embryos and cultured on transfilter polycarbonate membranes
(Costar, NY) at 37°C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium,
Ham’s F12 liquid medium (Trace Biosciences, Castle Hill, NSW, Australia)
including supplements: 5 �g/mL transferrin (Sigma Chemical Co.-Aldrich, Cas-
tle Hill, NSW, Australia), 2.5 mM L-glutamine (Trace Bioscience), 100 �g/mL
penicillin (Trace Bioscience) and 100 �g/mL streptomycin (Trace Bioscience).
Following 48 h culture, whole metanephroi were fixed in ice-cold methanol until
further use.

Calbindin-D28k and WT-1 wholemount immunofluorescence. Immuno-
histochemistry for Calbindin-D28k and Wilms’ tumor 1 (WT1) was performed
on cultured metanephroi to visualize and quantify branching morphogenesis
and glomerular number, respectively. Following fixation, metanephroi were
washed in PBS and then nonspecific blocking with 5% FCS was conducted in
PBS at room temperature. This was then followed with the primary antibod-
ies: monoclonal mouse anti-Calbindin-D28k (Sigma Chemical Co.-Aldrich)
and rabbit anti-mouse anti-WT1 (Santa Cruz, CA) at a dilution of 1:100, at
37°C for 1 h. Metanephroi were washed in PBS before the addition of the
secondary antibodies: Alexa 488 goat anti-mouse (Molecular Probes) and
Alexa 594 goat anti-rabbit (Molecular Probes) at a dilution of 1:500, at 37°C
for 1 h. Metanephroi were then washed in PBS for several hours before
mounting in PBS/glycerol mounting media (Sigma Chemical Co.-Aldrich).

Confocal microscopy and image analysis. E11.5 time-mated pregnant
females were killed and the kidneys of 10 WT and 10 TGF-�2�/� staged
embryos removed and placed into ice-cold methanol. Kidneys were stained
with Calbindin-D28k as described above before being optically sectioned with
a 10� lens on a Leica TCS NT confocal microscope, until a Z stack of all
images was obtained [as previously described (13)]. Image processing and
analysis software (28) were then used to obtain estimates of the length of the
ureteric tree in three dimensions.

Statistical analysis. All results are given as means � SD. Stereological
data were analyzed using either a one-way or two-way analysis of variance
(ANOVA) as appropriate. Basic renal physiologic measures were analyzed
using a student t test. In vitro data were analyzed using a one-way ANOVA,
followed by a Tukey post hoc test as required. A probability of 0.05 or less
was considered statistically significant.

RESULTS

Nephron number is augmented in TGF-�2�/� mice. The
kidneys of female TGF-�2�/� mice at P30 contained
20,501 � 1793 glomeruli (nephrons) compared with 12,748 �
1438 in WT littermates (p 	 0.0001; Table 1). This equates to
a remarkable 61% increase in total glomerular number in the
female TGF-�2�/� mice. A similar increase in total nephron
number was observed in male TGF-�2�/� kidneys compared
with WT kidneys, with the difference being 63%. Body
weights of both female and male TGF-�2�/� mice at P30
were not statistically different to WT mice. Kidney weight
tended to be higher in both male and female TGF-�2�/� mice
than in WT mice (p 
 0.127) although these differences were
not statistically significant. However, kidney volume was 27%
greater in female TGF-�2�/� mice (p 	 0.05) than WT mice,
and 22% larger in male TGF-�2�/� mice (p 	 0.05). Mean
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glomerular volume was 19% smaller in female TGF-�2�/�

mice (p 	 0.05) and 23% smaller in male TGF-�2�/� mice
(p 	 0.05) compared with WT littermates. The total volume of
all glomeruli in the kidney was 25% higher in female (p 	
0.05) and 23% higher in male TGF-�2�/� mice (p 	 0.05)
than in WT mice (Table 1). No difference was observed in the
cortex-to-medulla ratio in TGF-�2�/� mice. No evidence of
renal histopathology was observed in either WT or TGF-�2�/�

mice at P30 (data not shown).
Urine osmolality. No statistical difference was observed in

mean urine production (WT, 1.92 � 0.14 mL/24 h; TGF-�2�/�,
2.01 � 0.16 mL/24 h), urine osmolality (WT, 2018 � 336
mosmol/kg H2O; TGF-�2�/�, 1713 � 748 mosmol/kg H2O), or
albumin excretion (WT, 76.01 � 5.05 �g/24 h; TGF-�2�/�,
67.13 � 5.98 �g/24 h) between WT and TGF-�2�/� male mice
at P70.

Nephrogenesis ends between P4 and P5 in WT and TGF-
�2�/� kidneys. To determine whether the augmented nephron
number in TGF-�2�/� mice was due in part to an extended
period of nephrogenesis, kidneys of WT and TGF-�2�/� mice
were histologically examined from P1 to P9. Nephrogenesis
(as defined by the presence of comma and S-shaped bodies)
finished between P4 and P5 in both WT and TGF-�2�/�

kidneys. At P4, a clearly defined nephrogenic zone was
present in both WT and TGF-�2�/� kidneys (Fig. 1), with
S-shaped bodies evident (Fig. 1). However, by P5 the neph-
rogenic zone and S-shaped bodies were no longer evident
(Fig. 1), indicating the cessation of nephrogenesis.

Accelerated branching morphogenesis and nephrogenesis
in TGF-�2�/� mice. To determine whether the augmented
nephron number in P30 TGF-�2�/� mice was due to accel-
erated branching morphogenesis resulting in accelerated
nephrogenesis, two approaches were undertaken. Firstly, ure-
teric trees were assessed in WT and TGF-�2�/� metanephroi
at E11.5. TGF-�2�/� metanephroi were found to have under-
gone an extra branching event compared with WT littermates
(Fig. 2A and B). This was reflected by a 40% increase in total
ureteric tree length (Fig. 2C) in the TGF-�2�/� metanephroi.
The lengths of both the anterior and posterior regions of the
ureteric tree were greater in the TGF-�2�/� kidneys (Fig. 2D).
To further investigate ureteric tree growth, whole metanephroi
from E12.5 WT, TGF-�2�/�, and TGF-�2�/� mice were

cultured for 48 h. Ureteric branching in metanephric explants
from TGF-�2�/� mice appeared grossly normal though the
degree of branching was greater than that of the WT (Fig. 3E).

Figure 1. Completion of nephrogenesis in WT and TGF-�2�/� kidneys. P4
WT (A) and TGF-�2�/� (B) kidney with clearly defined nephrogenic zone
(NZ). P4 WT (C) and TGF-�2�/� (D) kidney showing S-shaped bodies (S)
and immature glomeruli (iG) in the nephrogenic zone. The nephrogenic zone
is no longer evident at P5 in either WT (E, G) or TGF-�2�/� (F, H) kidneys.
Periphery of a P5 WT (G) and TGF-�2�/� (H) kidney demonstrating absence
of a nephrogenic zone. Glomerulus (G). Scale bar A, B, E, F 
 100 �m, Scale
bar C, D, G, H 
 25 �m.

Table 1. Body weights, kidney weights, kidney volumes, and stereological data for male and female WT and TGF-�2�/� mice at P30

WT
females
(n 
 7)

TGF-�2�/�

females
(n 
 7)

WT
males

(n 
 7)

TGF-�2�/�

males
(n 
 7)

Body weight (g) 17.6 � 2.8 18.7 � 1.9 20.3 � 3.0 21.0 � 1.5
Kidney weight (mg) 104 � 19 115 � 17 125 � 22 143 � 13
Kidney volume (Vkid; mm3) 115 � 27 145 � 15* 144 � 22 175 � 21*
Cortex-to-medulla ratio 1.72 � 0.08 1.68 � 0.06 1.63 � 0.07 1.75 � 0.07
Total glomerular number 12,748 � 1438 20,501 � 1793† 12,283 � 663 19,978 � 1148†
Glomerular volume (Vglom; �10�4 mm3) 1.80 � 0.42 1.47 � 0.27 1.81 � 0.33 1.39 � 0.14‡
Total glomerular volume (Vglom,kid; mm3) 2.29 � 0.60 3.00 � 0.53* 2.22 � 0.40 2.78 � 0.27*
Renal corpuscle volume (Vcorp; �10�4 mm3) 2.44 � 0.51 1.90 � 0.24* 2.44 � 0.50 1.85 � 0.24*
Total renal corpuscle volume (Vcorp,kid; mm3) 3.10 � 0.69 3.87 � 0.48* 2.99 � 0.58 3.69 � 0.41*

Values are means � SD.
* p 	 0.05.
† p 	 0.0001.
‡ p 	 0.01.
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However, ureteric branching in TGF-�2�/� metanephroi was
reduced in comparison with both WT and TGF-�2�/� meta-
nephroi and the pattern of ureteric branching appeared abnor-
mal (Fig. 3F). Quantitative analysis of branching morphogen-
esis in cultured metanephroi revealed a 45% increase in
ureteric tip number (p 	 0.001) in TGF-�2�/� explants
compared with WT explants (Fig. 3G). This was associated
with a 54% increase in glomerular number (p 	 0.001; Fig.
3H). In contrast, TGF-�2�/� explants contained 56% fewer
branch tips (p 	 0.001; Fig. 3G) and 69% fewer glomeruli
(p 	 0.001) than WT kidneys (Fig. 3H).

DISCUSSION

The major findings from the present study are: 1) the
kidneys of TGF-�2�/� mice contain approximately 60% more
nephrons than the kidneys of WT mice; 2) this augmented
nephron endowment is not due to extension of the normal
period of nephrogenesis but rather to accelerated branching
morphogenesis and associated nephrogenesis; 3) renal histol-
ogy is normal at P30 in TGF-�2�/� mice despite the accel-
erated and augmented nephrogenesis; and 4) ureteric branch-
ing morphogenesis is retarded and abnormal in TGF-�2�/�

mice.
TGF-�2�/� mice have a 60% increase in nephron num-

ber. No qualitative phenotypic differences were observed
between the kidneys of TGF-�2�/� and WT mice; however,
glomerular number was significantly increased in TGF-�2�/�

mice. This finding to our knowledge is the first report linking
decreased expression of a growth factor with increased
nephron endowment. Previously, decreased endogenous activ-
ity of genes has been linked with a nephron deficit. Decreased
nephron number associated with deletion of one allele has
been reported in relation to GDNF (19,20), FGF-7 (29),
FGFR1/2 (30), and Pax2 (31) among others. Maeshima et al.
(10) were the first to report an increase in nephron endowment
in relation to decreased signaling, when they found that
truncation of the type II Activin receptor (which acts as a
dominant negative receptor blocking Activin A signaling)
resulted in a dramatic increase in nephron endowment. Activin
A is normally an inhibitor of branching morphogenesis (12).
Maeshima et al. (10) hypothesized that alleviating this inhi-
bition would result in increased branching, leading to in-
creased nephron number.

With the large increase in nephron endowment and total
glomerular volume in TGF-�2�/� mice, it was interesting that
there was no alteration in cortex-to-medulla ratio. It is also
likely that there is a decrease in the length of the cortical
tubules although this was not measured in the current study.
When we examined both urine output and osmolality, there
were no differences between WT and TGF-�2�/� mice. The
findings here may be partially offset by the decrease in glo-
merular size. It was also interesting to note that the glomerular
filtration barrier seems to be normal under control conditions
in TGF-�2�/� mice as expressed by normal albumin excretion
levels. These observations are consistent with earlier findings
under control conditions in TGF-�2�/� mice (32). When
kidneys were examined at P30, it was clear that there were no

Figure 2. Effect of decreased endogenous levels of TGF-�2 on branching morphogenesis. Reconstructed three-dimensional image of ureteric tree in E11.5 WT
(A) and TGF-�2�/� (B) kidney with the anterior (a) and posterior (p) axis demonstrated. Scale bar 
 100 �m. (C) Histogram of total ureteric branch length in
WT and TGF-�2�/� kidneys. (D) Histogram of total ureteric branch length in anterior and posterior compartments of WT and TGF-�2�/� kidneys. Values are
means � SD, *p 	 0.0001 in comparison with WT value. Columns in D depicted by ** and ¶ are significantly different (p 	 0.001), whereas columns depicted
with § are not significantly different. (n 
 10 per genotype).

Figure 3. Effect of decreased endogenous levels of TGF-�2 on branching
morphogenesis and nephron endowment. (A–C) Phase contrast images of WT,
TGF-�2�/� and TGF-�2�/� kidneys cultured for 48 h. (D–F) Immunohisto-
chemistry of WT, TGF-�2�/�, and TGF-�2�/� kidneys co-immunostained
for Calbindin-D28k (ureteric epithelium) and WT1 (glomerular podocytes).
TGF-�2�/� kidneys (B, E) appear to have a similar branching pattern to WT
(A, D) kidneys, though the number of branches is increased. Conversely, the
branching pattern is grossly abnormal in TGF-�2�/� kidneys (C, F) and less
nephrons are apparent. Scale bar 
 50 �m. Histograms of branch tip number
(G) and total glomerular number (H) in WT, TGF-�2�/� and TGF-�2�/�

kidneys cultured for 48 h. TGF-�2�/� metanephroi contained significantly
more branch tips and glomeruli than WT metanephroi (p 	 0.0001 in each
case). TGF-�2�/� kidneys contained significantly fewer branch tips and
glomeruli than WT kidneys. Values are means � SD. *, ** and ¶ depict
significant differences (p 	 0.0001) in comparison with WT value. (n 
 10
per genotype).
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signs of renal pathology. We are currently studying older
TGF-�2�/� mice to determine whether they have a predispo-
sition to renal disease.

Increased nephron endowment is due to accelerated
ureteric branching morphogenesis and nephrogenesis in
TGF-�2�/� kidneys. Nephrogenesis in rats (33) and mice
(34) continues for the first few days postnatally. Nephrogen-
esis was found to cease at the same time point (between P4
and P5) in both WT and TGF-�2�/� kidneys. We therefore
analyzed ureteric branching morphogenesis in the TGF-�2�/�

kidneys as a possible determinant of the augmented nephron
number. Previously, exogenous GDNF (18), retinoic acid
(35,36), and Follistatin (12) have been reported to increase
nephron number in metanephric organ culture. However, it
has not previously been reported that a similar outcome can
occur when expression of a ligand is down-regulated. Inter-
estingly, in the case of the TGF-�2�/� kidneys, increased
branching morphogenesis was seen as early as E11.5. Previ-
ous reports have demonstrated that addition of TGF-�2 to
metanephric organ culture decreases branching morphogene-
sis. This was attributed to a decrease in cell proliferation
(37,2,12). It is possible that in the present study, the acceler-
ated ureteric branching morphogenesis is the result of accel-
erated cell proliferation.

Decreased branching morphogenesis and nephron en-
dowment in the TGF-�2�/� kidney. Sanford et al. (24)
reported that TGF-�2�/� mice displayed varying renal phe-
notypes, ranging from complete renal agenesis to a dilated
renal pelvis, with the underlying characteristic being a pro-
gressive deterioration of epithelial tubules after E15.5. The
present study demonstrates that from E12.5 the absence of
TGF-�2 was associated with dramatic decreases in both
branch tip and glomerular number in vitro. TGF-�2 is known
to negatively regulate branching morphogenesis (37,2,12).
However, the complete absence of TGF-�2 (in homozygous
mutants) also has an inhibitory effect on branching morpho-
genesis and nephron endowment. Ureteric branching morpho-
genesis is a complex process that involves an extensive hier-
archy of molecules. These molecules must cooperate (both
spatially and temporally) with molecules released from the MM
to produce normal branching morphogenesis. In the absence of
TGF-�2 (in homozygous mutants), signaling between the ure-
teric epithelium and MM is interrupted, inhibiting the develop-
ment of both these structures, as seen by the decrease in branch-
ing morphogenesis and nephron endowment.

Gene dosage in TGF-�2 mutant mice regulates branching
morphogenesis and nephron endowment. Based on the find-
ings reported in the present study we propose the following
model. TGF-�2 has been shown to be a negative regulator of
branching morphogenesis in the kidney (37,2,12). When
TGF-�2 is present but levels are reduced, as in TGF-�2�/�

mice, this negative regulation is decreased, resulting in en-
hanced branching and an associated increase in nephron num-
ber. It might be assumed that by completely blocking TGF-�2
activity (as in the TGF-�2�/� kidney), ureteric branching
morphogenesis will be even further accelerated and nephron
endowment further increased. However, complete loss of
TGF-�2 results in a similar phenotype to that observed fol-

lowing culture with high levels of exogenous TGF-�2
(37,2,12). This may be due to the fact that TGF-�2 is also a
survival factor for the mesenchyme (23). The loss of func-
tional mesenchyme as an active inducer of branching may
explain the severe inhibition of both branching and nephro-
genesis in the TGF-�2�/� mice. However, in the TGF-�2�/�

metanephroi there must be sufficient levels of TGF-�2 to
allow survival of the mesenchyme for nephrogenesis still to
occur. These findings suggest there is a critical and possible
narrow range of TGF-�2 concentrations required for normal
branching and nephrogenesis.

In conclusion, TGF-�2 regulates ureteric branching mor-
phogenesis and nephron endowment in a dose-dependant
manner. Further characterization of the effects of varying
the levels of TGF-�2 in the developing kidney will aid in the
understanding of this complex developmental process. If the
process of regulating TGF-�2 levels to increase nephron
number can be safely harnessed and proven to be physiolog-
ically significant, this may have therapeutic benefits.
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