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Research Paper

Low Ambient O2 Enhances Ureteric Bud Branching In Vitro

ABSTRACT
Hypoxia exists widely in developing embryos where it may regulate blood vessel

formation. VEGF and FGF2 produced in developing renal primordia (metanephroi)
stimulate microvessel formation from embryonic thoracic aorta cultured under hypoxic
conditions (HC) relative to room air (RA). The aim of the present study was to provide
insight into the participation of hypoxia in a process that occurs concomitant with
metanephros vascularization in vivo, ureteric bud (UB) branching. To this end, the
arborization of the UB and growth of metanephroi were measured in metanephroi grown
in serum-free organ culture for two days under RA or HC. When metanephroi were
cultured under HC the arborization of UB was stimulated relative to RA. In the presence
of anti-VEGF neutralizing antibody (αmVEGF), or anti-FGF2 neutralizing antibody (αhFGF2)
UB branching was inhibited under both RA and HC. When both αmVEGF and αhFGF2
were added, the inhibition was enhanced. Addition of exogenous VEGF or FGF2 to
cultures stimulated UB branching under RA and HC and addition of both stimulated it
further. These findings provide evidence for roles of hypoxia and metanephric VEGF and
FGF2, as regulators not only for vascularization but also for UB bud branching during
renal organogenesis.

INTRODUCTION
Microenvironmental oxygen concentration is an important signal for regulation of

vascular development in embryos.1 Previously, we developed a culture model, which allows
us to observe in vitro, microvessel formation originating from mouse thoracic embryonic
aorta2-4 from which the renal vasculature is derived.5 Using this system, we showed that
microvessel formation is stimulated in aortas cultured under 5% O2 (designated hypoxic
conditions; HC) relative to 5% CO2/20% O2 (designated room air; RA).4 Moreover,
addition of supernatants obtained from mouse metanephroi grown in serum-free organ
culture or extracts of the metanephroi stimulate microvessel formation in aortic explants
grown under HC.4 We determined that immunoreactive VEGF and FGF2 are produced
in metanephroi and present in metanephros culture supernatants (VEGF) or extracts
(VEGF and FGF2) and that growth of metanephroi under HC relative to RA enhances
VEGF production. Furthermore, agents that block biological activities of these growth
factors inhibit supernatant or extract-induced microvessel formation.4 We concluded that
microvessel formation from aorta is stimulated in vitro by secreted VEGF and FGF2
produced by metanephroi.4

Hypoxia is a stimulus not only for both for renal vascular development, but also for
growth of metanephroi in vitro.6,7 The growth and differentiation of nephron components
within the renal anlage occurs concomitant with its vascularization in vivo.8,9 The roles, if
any, that hypoxia VEGF and FGF2 play in the concurrent processes of UB branching and
renal growth are less well characterized than their roles in vascularization.

The aim of the present study was to provide insight into the roles of hypoxia, and
VEGF and FGF2 as regulators of embryonic kidney growth in vitro. To this end we
cultured isolated mouse metanephroi under HC and RA. Here we show that arborization
of the ureteric bud (UB) and growth (protein content) of metanephroi in organ culture are
enhanced if metanephroi are grown under HC relative to RA. Growth and UB arborization
are inhibited by addition of anti-VEGF antibody and/or anti-FGF2 antibody and are
stimulated by addition of exogenous VEGF and/or FGF2. Our findings provide evidence
for roles for hypoxia, VEGF and FGF2 as regulators not only for vascularization but also
for UB branching and growth of metanephroi.
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MATERIALS AND METHODS
Embryonic tissue culture.

Metanephroi were surgically
dissected from pregnant
C57BL/6J mice (Nihon SLC,
Inc., Hamamatsu, Japan) on day
12 of the pregnancy as previ-
ously described.4 The dissected
mouse metanephroi were trans-
ferred onto 1.2 µm pore size and
13 mm diameter polycarbonate
sterile filter membranes
(Millipore, Burlington, MA)
floating on a 300 µl of serum
free culture medium (MCDB-
131) in 24 well culture plates,
and incubated at 37˚C in a
humidified incubator under
5% CO2/20% O2 (designated
room air; RA), or 5% O2 (des-
ignated hypoxic conditions;
HC) for 2 days.4 The medium
was supplemented with 1.18 g/l
sodium bicarbonate, insulin 5
µg/ml, transferrin 5 µg/ml,
sodium selenate 5 ng/ml,
triiodothyronine 50 pg/ml,
penicillin 100 U/ml, and
streptomycin 100 U/ml. The
following additions were made
to cultures as indicated: 25 µg/ml
anti-human FGF2 neutralizing
antibody (αhFGF2) (R and D
Systems, Minneapolis, MN),
1 µg/ml anti-mouse VEGF
neutralizing antibody (αmVEGF)
(R and D Systems); 20 ng/ml
recombinant human FGF2
(rhFGF2) or recombinant human
VEGF (rhVEGF); (Sigma
Chemical, St.Louis, MO) or

Figure 1. Effect of endogenous VEGF and FGF2 sequestering by specific antibodies on UB growth under RA conditions.
UBs were stained using FITC-conjugated DBA. Metanephroi were freshly dissected from 12-day embryos (A), cultured for
two days under RA in control media (B, control) or control media containing either 1 µg/ml αmVEGF (C), 25 µg/ml
αhFGF2 (D), or a combination of the two (E). (F) Quantitative analysis of UB branching. (G) Protein content of
metanephroi. Data shown in A-E are representative. Data shown in (F and G) are means ± SEM of four independent
experiments. *p < 0.05 versus control, **p < 0.01 versus control.
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Figure 2. Effect of endogenous
VEGF and FGF2 sequestering
by specific antibodies on UB
growth in metanephroi cultured
under HC. UBs were stained
using by FITC-conjugated DBA.
(A) Metanephros freshly dissected
from 12-day embryo.
Metanephros cultured for two
days in control media (B, control)
or control media plus 1 µg/ml
αmVEGF (C), 25 µg/ml αhFGF2
(D), or a combination of two (E).
(F) Quantitative analysis of the
inhibition of UB branching. (G)
Metanephros protein content.
Data shown in (A–E) are repre-
sentative. Data shown in (F and
G) are means ± SEM of four
independent experiments.
**p < 0.01 versus control.
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4 µg/ml anti-human albumin antibody (Sigma #A1151). The concentrations
of antibodies were chosen because, based on our previous studies using
αhFGF2 and/or αmVEGF, we would have expected these concentrations to
completely inhibit at least one biological activity of the growth factors, i.e.,
microvessel formation stimulated by rhVEGF or rhFGF2.4 Each culturing
condition included at least four cultures. Experiments were repeated at least
three times. Data are shown as mean ± SEM of 4 separate experiments (each
including five cultures).

UB branching and protein content in metanephric organ culture. UB
branching was determined using methodology described by Vilar et al.10

with some modification. Metanephroi were detached from the filter, perme-
abilized with 2% Triton X-100® in PBS, and labeled with Dolichos biflorus
agglutinin11 that was FITC coupled, to analyze the ureteric bud arborization
and to count the end buds. Fluorescent microscope images were viewed and
captured by an OLYMPUS BX-50 microscope with an OLYMPUS DP-70
color digital camera (Olympus Optical Co., Ltd, Tokyo, Japan). Images
were imported into Adobe Photoshop 5.0J for final processing and layout.
Growth of the explanted metanephroi was then determined by measurement

of their protein content.
The labeled metanephroi
were placed in individual
tubes that contained 0.5 ml
cell lysis buffer. After prepa-
ration of cell lysates, the
protein content was meas-
ured by Lowry’s method as
before.10

Statistics. Data were
analyzed by an analysis of
variance combined with
Fisher’s protected least sig-
nificant difference (Fisher’s
PLSD). Differences with p
< 0.05 were considered to
be significant.

RESULTS
When metanephroi were

cultured in control media
under HC, UB branching
was enhanced significantly
relative to RA (Table 1). In
a separate set of experiments
(n = 5) we determined that
addition of anti-human
albumin antibody to cultures
had no effect on UB
branching. In RA cultures,
the number (mean ± SD) of
end buds was 13.8 ± 1.6 (no
addition) and 14.2 ± 1.7
(anti-human albumin anti-
body added), and in HC

cultures the number of end buds was 22.2 ± 1.3 (no addition) and 23.2 ±
2.3 (anti-human albumin antibody added).

Since VEGF and FGF2 produced by metanephroi enhance
hypoxia-stimulated microvessel formation in cocultured embryonic aorta,
and growth of metanephroi occurs concurrently with vascularization, we
characterized effects of blocking VEGF and FGF2 in and adding VEGF and
FGF2 to metanephros cultures, on UB branching and metanephros growth
(protein content). At the time of isolation for this study (E12), metanephroi
had T-shaped ureteric buds (see Figs. 1A and 2A). After two days culture in
control media (no growth factors or antibodies added) under RA, the buds
branched several more times (Fig. 1B). In the presence of αmVEGF (Fig. 1C)
or αhFGF2 (Fig. 1D), or both (Fig. 1E) branching of the UB was significantly
inhibited relative to addition of no neutralizing antibodies (Fig. 1B). When
both αmVEGF and αhFGF2 were added, UB branching was reduced
further relative to addition of either antibody by itself (Fig. 1F). Metanephros
protein content changed in parallel with enhanced UB branching (Fig. 1G).

Similar to RA conditions, UB branching (Fig. 2B) was inhibited signifi-
cantly (Fig. 2F) by addition of αmVEGF (Fig. 2C), αhFGF2 (Fig. 2D) or
both (Fig. 2E) to HC metanephros cultures, as was protein content of
cultured metanephroi (Fig. 2G).

Figures 3 and 4, show the effect of exogenous VEGF and FGF2 added
to metanephros cultures on UB branching and protein content during two
days under RA and HC, respectively. Under both RA (Fig. 3F) and HC
(Fig. 4F), addition of exogenous VEGF or FGF2 significantly stimulated the
UB branching (Figs. 3F and 4F respectively) and increased metanephros
protein content (Figs. 3G and 4G respectively). Addition of both growth
factors enhanced UB branching and metanephros protein contents relative
to addition of either growth factor alone (Figs. 3F and G; 4F and G).

Low O2 Enhances Bud Branching

Figure 3. Effect of added exogenous VEGF and FGF2 on metanephroi cultured under RA. UBs were stained using FITC-con-
jugated DBA lectin. (A) Metanephroi freshly dissected from 12-day embryo. Metanephroi cultured for two days under RA in
control media (B, control) or in the presence of 20 ng rhVEGF (C), 20 ng/ml rhFGF2 (D), or a combination of the two (E).
(F) Quantitative analysis of UB branching. (G) Protein content. Data shown in A-E are representative. Data shown in (F and
G) are means ± SEM of four independent experiments. **p < 0.01 versus control.

Table 1 Number of end buds in metanephroi

Numbers of end buds

Conditions RA HC
End buds 13.8 ± 0.7 22.8 ± 0.8**

Metanephroi were cultured under RA or HC for two days. Data represent means ± SEM of n = 5 experiments.
RA, room air; HC, hypoxic conditions. **p < 0.01 versus RA.
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DISCUSSION
Previously, we showed

that organ cultured
metanephroi produce
growth factors including
VEGF and FGF2 that
stimulate microvessel
formation from embry-
onic thoracic aorta in vitro
and that microvessel
formation is enhanced
by HC.4 The results of
the present study help to
define the roles of low
ambient O2, VEGF and
FGF2 on UB branching
and metanephros growth
(protein content) during
two days in organ culture.
Here we show: (1) for the
first time that hypoxia
stimulates UB branching
in vitro; (2) that seques-
tering metanephric VEGF
and/ or FGF2 using anti-
bodies has inhibitory
effects on UB branching
and metanephros protein
content; and (3) that
addition of exogenous
VEGF and FGF2 or both
enhances UB branching
and metanephros protein
content.

There are several reports documenting that both VEGF and
FGF2 and their receptors are expressed within the developing
embryonic kidney. VEGF mRNA and protein can be detected in
glomerular epithelia and in proximal and distal tubules, while
mRNA for VEGF receptors is present in not only endothelial cells
of glomerular and peritubular capillaries, but also in renal tubular
epithelial cells.12-14 Cancilla et al. detected the expression of mRNAs
for FGFs1 through FGF5, and FGF7 through FGF10, and FGFR1
through FGFR4 in rat metanephroi from E14 to E21,15 and Qiao
et al showed that FGF receptors are present in rat UB.16

Possible roles for VEGF and FGF2 on the process of kidney
development are indicated by a number of studies. Kitamoto et al.
showed that if endogenous VEGF activity is blocked by administra-
tion of anti-VEGF antibodies to newborn mice, blood vessel formation
in the part of the kidney still undergoing development, the superficial
cortex, is disturbed. Also, kidneys originating from antibody-treated
mice had fewer nephrons than those from control animals.14 Data
generated in other laboratories indicate that metanephric VEGF
may act not only as an enhancer or inducer of vascularization but
also as a promoter of tubulogenesis.6,7,12

Nigam and coworkers utilized isolated rat metanephros organ
cultures and explants of isolated UBs to show that multiple growth
factors including FGFs support UB growth and branching in
vitro.16,17 Qiao et al. (this group) showed that addition of soluble
FGF receptors or of FGF blocking antibodies to organ cultures

inhibits UB branching.16 Several FGFs including FGF2 in combi-
nation with GDNF and BSN-CM regulated isolated UB growth and
branching in vitro. FGF1 induced the formation of elongated UB
branching stalks with distinct proliferative ampullary tips, while
FGF7 induced amorphous buds displaying nonselective proliferation
with little distinction between stalks and ampullae. FGF1 and FGF7
were at extreme ends of the spectrum, with FGF2 (more FGF7-like)
falling in between.16 Our data do not speak to the distinctions
between FGF actions reported by Qiao et al such as amorphous buds
displaying nonselective proliferation and delineation between stalks
and ampullae.16 However, these investigators employed isolated
UB,16 while we use whole metanephros organ culture.

Microenvironmental oxygen concentration is an important signal
for regulation of vascular development in embryos.1 Hypoxia stimu-
lates not only endogenous VEGF production but also up regulation
of Flt-1 and Flk-1, two forms of VEGF receptors.18,19 Hypoxia
enhances metanephros VEGF production,4 in addition to VEGF3

and FGF22 binding in embryonic thoracic aorta from which the
renal macrovasculature dervives.5

Here we show that hypoxia stimulates UB branching in organ
culture, suggesting that low microenvironmental oxygen acts as to
stimulate not only metanephros vascularization4 but concurrently
UB growth in vivo. The data are consistent with the concept that
renal vascular development and branching morphogenesis are cou-
pled. While they do not define the nature of the link, our findings
are consistent with participation by VEGF and FGF2 produced in
metanephroi.

Low O2 Enhances Bud Branching

Figure 4. Effect of exogenous VEGF and FGF2 on UB branching and growth when metanephroi were cultured under HC.
UBs were stained using FITC-conjugated DBA. (A) Metanephros freshly dissected from 12-day embryo. Metanephroi cultured
for two days under RA in control media(B, control) or in the presence of 20 ng rhVEGF (C), 20 ng/ml rhFGF2 (D), or a
combination of two (E). (F) Quantitative analysis of UB branching. (G) Protein content determination. Data shown in (A–E)
are representative. Data shown in (F and G) are means ± SEM of four independent experiments. *p < 0.05 versus control,
**p < 0.01 versus control.
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The action of FGF2 could be mediated directly via the FGF
receptors present in UB.16 However, UB does not express receptors
for VEGF in freshly isolated developing kidneys12 or in the setting
of organ culture under normoxic or hypoxic conditions.6,7

Therefore, the action of VEGF on UB branching must be an indirect
one, mediated by one or more UB-branching factors the production
or action of which is stimulated by VEGF in organ culture.
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