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Abstract

Antenatal hydronephrosis and vesicoureteral reflux (VUR) are common renal tract birth defects. We recently showed that
disruption of the Robo2 gene is associated with VUR in humans and antenatal hydronephrosis in knockout mice. However,
the natural history, causal relationship and developmental origins of these clinical conditions remain largely unclear.
Although the hydronephrosis phenotype in Robo2 knockout mice has been attributed to the coexistence of ureteral reflux
and obstruction in the same mice, this hypothesis has not been tested experimentally. Here we used noninvasive high-
resolution micro-ultrasonography and pathological analysis to follow the progression of antenatal hydronephrosis in
individual Robo2-deficient mice from embryo to adulthood. We found that hydronephrosis progressed continuously after
birth with no spontaneous resolution. With the use of a microbubble ultrasound contrast agent and ultrasound-guided
percutaneous aspiration, we demonstrated that antenatal hydronephrosis in Robo2-deficient mice is caused by high-grade
VUR resulting from a dilated and incompetent ureterovesical junction rather than ureteral obstruction. We further
documented Robo2 expression around the developing ureterovesical junction and identified early dilatation of ureteral
orifice structures as a potential fetal origin of antenatal hydronephrosis and VUR. Our results thus demonstrate that Robo2 is
crucial for the formation of a normal ureteral orifice and for the maintenance of an effective anti-reflux mechanism. This
study also establishes a reproducible genetic mouse model of progressive antenatal hydronephrosis and primary high-
grade VUR.
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Introduction

About one percent of human fetuses have congenital anomalies of
the kidney and urinary tract (CAKUT), a family of birth defects
comprising kidney anomalies such as antenatal hydronephrosis,
duplex kidney and renal dysplasia, and ureteric defects such as
vesicoureteral reflux (VUR) and urinary obstruction [1]. Although
CAKUT is a complex genetically heterogeneous developmental
disorder with variable phenotype, it can be caused by mutations in a
single gene that controls early kidney and urinary tract development
[2,3,4]. Antenatal hydronephrosis occurs in more than 1% of all
pregnancies and is one of the most common CAKUT abnormalities
detected on prenatal ultrasonography [5]. Antenatal hydronephrosis
can be caused by a wide spectrum of renal and urological conditions
ranging from transient dilatation of the fetal kidney collecting system
that resolves spontaneously after birth to clinically significant urinary
tract obstruction or VUR that leads to renal failure [6,7]. As many as
1% children have VUR characterized by the retrograde flow of urine
from the bladder to the ureter and kidney [8]. VUR is also the cause
of 15-20% of cases of antenatal hydronephrosis [9,10,11]. Despite
the high incidence of antenatal hydronephrosis and VUR in the
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pediatric population, the natural history, causal relationship,
developmental origins and genetic basis of these clinical conditions
remain ill-defined [12,13,14].

ROBO?2 1s a member of the immunoglobulin superfamily and
encodes a cell adhesion molecule involved in axonal guidance and
neurogenesis [15,16]. It is a receptor for SLIT2 ligand [17], and
SLIT2-ROBO?2 signaling acts as a chemorepulsive guidance cue
to control axon pathfinding and neuron migration during nervous
system development [15]. Slit2-Robo2 signaling is also crucial for
normal development of the kidney and urinary collecting system.
Expression of Robo2 in the metanephric mesenchyme and S/t2 in
the ureteric bud is necessary for normal ureteric budding and
reciprocal induction of nephrogenesis. Thus, mouse knockouts
that lack Skt2 or Robo2 develop supernumerary ureteric buds,
duplex kidneys, hydroureter and renal dysplasia [4,18]. Recently,
we and others have also found that human ROBOZ2 is disrupted in
a VUR patient with a chromosome translocation [4], and point
mutations of ROBOZ2 have been identified in VUR patients from
several unrelated families [4,19].

Conventional Robo2 homozygous knockout mice die within
48 hours after birth due to severe abnormalities of the urinary tract
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[18]. Therefore, we have studied a mouse model with a conditional
Robo2 floxed allele, Robo2™*. The Robo2"™* homozygotes are
viable, fertile and lack urinary tract abnormalities [4]. Using an
Ella-Cre transgene that has variable Cre activity in the early
pre-implantation embryo [20], we generated a Robo2'> P
Robo2™®"1* mosaic mouse line with Robo2 gene dosage below
haploinsufficiency [4]. Most Robo2 mosaic mutant mice develop
antenatal hydronephrosis and abnormally located ureterovesical
junctions (UV]s). However, it is not clear if these abnormally located
UV]Js lead to urinary obstruction or reflux, both of which elevate the
pressure in the upper urinary tract and are the common causes of
antenatal hydronephrosis. Although many die in the postnatal period
due to severe bilateral CAKUT, the variable deletion of the floxed
Robo2 allele in these mosaic mice allows some of them to survive into
adulthood because the disease affects only one side [4]. This model
has enabled us to answer several questions regarding the natural
history, causal relationship and developmental origins of antenatal
hydronephrosis and VUR, and to distinguish experimentally between
urinary obstruction and reflux as a cause for antenatal hydrone-
phrosis in Robo2-deficient mice.

In the study reported here, we used noninvasive micro-
ultrasonography and pathological analysis to determine the
natural history of antenatal hydronephrosis in individual Robo2-
deficient mice from embryo to adulthood. With the use of a
microbubble ultrasound contrast agent and dye tracing, we
observed that Robo2-deficient mice developed high-grade dilating
VUR accompanied by wide-open incompetent ureterovesical
junctions without obstruction. By ultrasound-guided percutaneous
aspiration, we determined that unilateral hydronephrosis in Robo2-
deficient mice was exacerbated by the retrograde flow of urine
from the contralateral functional kidney through an enlarged
ureterovesical junction. Further developmental studies revealed
early congenital dilatation of the ureteral orifice in Robo2-deficient
mice with antenatal hydronephrosis and VUR. Our data provide
strong evidence that Robo?2 is critical for maintaining both active
and passive anti-reflux mechanisms and loss of Robo2 gene could
cause progressive congenital hydronephrosis and high-grade
dilating VUR with little chance of spontaneous resolution after
birth. This study also establishes that complex renal tract birth
defects like antenatal hydronephrosis and high-grade VUR can be
effectively studied noninvasively  vivo in mice.

Results

Noninvasive evaluation of perinatal hydronephrosis in
Robo2 mutant mice

In order to study the natural history of antenatal hydronephrosis
in Robo2-deficient mice, we first established a noninvasive method
to evaluate renal collecting system in mouse embryos. The human
metanephric kidney begins to form at 4 weeks of gestation and is
functional at approximately 11 gestational weeks, which corre-
sponds to embryonic stages E15.5-E16.5 in mice. Using the
transvaginal route [21] or Doppler imaging [22], a detailed
evaluation of human embryonic kidney and renal pelvis by
ultrasound is possible as early as 12 weeks [23]. To determine if
ultrasonography can visualize mouse embryonic kidney at a
comparable gestational age, we used a Visualsonic Vevo 770 high-
frequency micro-ultrasound system to examine timed pregnant
female mice (Fig. 1A and Figure S1A). The mouse fetal kidney
could be detected by transabdominal ultrasonography as early as
E15.5 when it started to produce urine (Figure S1), however the
pelvis and ureters of normal wild-type and Robo2 mutant embryos
were indistinguishable at this stage (Figure S1B and S1C).
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Antenatal Hydronephrosis and VUR in Robo2 Mice

With rapid maturation of mouse embryonic kidney and urinary
tract from E16.5 to birth, bilateral and unilateral antenatal
hydronephrosis and duplex kidneys in Robo2 mutant embryos
could be diagnosed starting at E17.5-18.5 (Fig. 1B-]). We
analyzed four E18.5 pregnant mice from Robo2 heterozygous
matings (Figure S2). Twenty-seven embryos were detected using
Vevo 770 micro-ultrasound. Among these 27 embryos, 13 were
diagnosed with antenatal hydronephrosis based on renal pelvic
dilatation (Fig. 1D,F). After dissection, we recovered 29 E18.5
embryos and confirmed the presence of hydronephrosis in 13
embryos by histology (Fig. 1C,E,]). There were two false positives
and two false negatives for the diagnosis of antenatal hydrone-
phrosis with this micro-ultrasound method, which corresponds to
84.6% sensitivity and 87.5% specificity (Table S1).

We then analyzed newborn mice from six Robo2 heterozygous
matings when matched individual dissection and histological
examination became possible. All 13 Robo2%"/ 4" homozygous
newborn mice had hydronephrosis on micro-ultrasonography,
which was confirmed by histology. Of 12 Robo2"/4P¢s
Robo2"""* mosaic newborn mice, eight (67%) had hydrone-
phrosis detected by micro-ultrasonography and confirmed histo-
logically (Fig. 2). Thus, micro-ultrasonography is 100% sensitive
and 100% specific for detecting hydronephrosis in neonatal
mice (Table S2). Interestingly, the majority (5/8, 63%) of
Robo2%P/ 4P Robo 2%/ 1% mosaic newborn mice with hydrone-
phrosis displayed similar severity of hydronephrosis and cystic
renal dysplasia phenotype as Robo2%"/9Y homozygotes (Fig. 2F-
H). This finding suggests that Robo2%"/ 9% s Robo2/1°* mosaic
mice can develop severe Robo2-null like hydronephrosis defects.
Since  Robo2"" s Robo2?/ 1% mosaic mice have variable
ratios of the Robo2"* and the Robo2' alleles due to the
incomplete, stochastic action of the FElla-Cre transgene on the
Robo2"* alleles in the ecarly embryo before implantation [4,20],
some mosaic mice also survive to adulthood with relatively mild
hydronephrosis [4]. Therefore, the mosaic Robo2 genotype alone
cannot predict the severity of hydronephrosis, and variable Robo2
gene dosage may be responsible for the broad-spectrum and
variable severity of the CAKUT phenotype in Robo2/4P
< R0bo2°P""* mosaic mice. Of note, a similarly broad-spectrum
and variable severity of urinary tract abnormalities has also been
found in human CAKUT patients [24,25]. Thus, these studies
establish that micro-ultrasonography is a sensitive and reliable
method for noninvasive n vivo investigation of complex renal and
urological birth defects like CAKUT in embryonic and newborn
mice.

Antenatal hydronephrosis in Robo2 knockout mice
progresses continuously without spontaneous resolution
after birth

Compared with the prenatal diagnosis of hydronephrosis in
humans, a challenge in mouse fetal ultrasound examination is the
large number of mouse embryos in each pregnancy with an
average litter size of eight fetuses. To study the natural history of
antenatal hydronephrosis, it is important to identify individual
embryos with hydronephrosis prenatally and follow its disease
progression after birth. Although it is difficult to distinguish
individual normal embryos because their anatomies are similar, by
monitoring hydronephrosis severity, symmetry and position of the
urinary tract, we have successfully identified and followed E18.5
mutant embryos from eight pregnant mice of Robo2 heterozygous
mice matings (Figure S2). Using Vevo 770 micro-ultrasound, we
matched individual embryos and newborn mice with the same
characteristic urinary tract structural abnormalities such as
hydronephrosis, hydroureter and duplex kidney (Figure S3). This
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Figure 1. Noninvasive detection of antenatal hydronephrosis and duplex kidney in Robo2 mouse embryos. The outline of the kidneys
depicted in ultrasound images were marked by red dot line. (A) Schematic diagram of ultrasound detection of mouse embryonic kidney in pregnant
mice; 4 schematic embryos inside a pregnant mouse were shown; red square represented the ultrasound scanhead. (B,C) Normal E18.5 mouse
embryonic kidneys detected by Vevo 770 ultrasound (B) and H&E histology confirmation (C). (D,E) Ultrasound detection of antenatal hydronephrosis
(asterisks) in an E18.5 Robo2 homozygous embryo (D) and H&E histology confirmation (E) showing bilateral dysplastic kidney with hydronephrosis
(asterisks). (F-J) Ultrasound detection of prenatal duplex kidney and upper pole hydronephrosis with hydroureter in an E18.5 Robo2 mosaic embryo.
Antenatal hydronephrosis (asterisks) in the upper pole of right kidney (rk) of an E18.5 Robo2 mosaic embryo detected with B-mode ultrasound in
transverse plane (F), ventral coronal plane (G) and dorsal coronal plane (H). A normal left kidney (Ik) was also detected in the transverse plane (F) and
ventral coronal plane (G). The hydronephrosis (asterisks) in the upper pole of right kidney (rk) was connected to an enlarged hydroureter (hu) in (G). A
dorsal coronal plane (H) showing upper and lower right duplex kidney (divided by an artificial white dot line) as well as upper pole hydronephrosis
(asterisks). () Gross structure of the urinary tract system from the same E18.5 Robo2 mosaic embryo examined by ultrasound in (F-H) showing
enlarged right duplex kidney with upper pole hydronephrosis (asterisks) connected to an enlarged hydroureter (hu). The right duplex kidney and
upper pole hydronephrosis (asterisks) in this E18.5 Robo2 mosaic embryo was confirmed by H&E histology (J); a white arrow depicting internalized
nephrogenic zone (renal cortex) separating upper and lower duplex right kidney. Scale bars, 1.0 mm. Abbreviation: b, urinary bladder; k, kidney; Ik,
left kidney; rk, right kidney; p, renal pelvis; sp, spine; st, stomach.

doi:10.1371/journal.pone.0024763.g001

procedure enabled us to follow the antenatal hydronephrosis
progression noninvasively in the same Robo2-deficient mouse from
embryo to neonate, a period with major physiological and
functional changes during kidney and urinary tract development.

To determine the natural history of disease progression of
antenatal hydronephrosis in Robo2 mice, we identified 67 E18.5
embryos from the eight pregnant mice of Robo2 heterozygous
matings noted above and followed them to postnatal week six by
ultrasound (Fig. 3). The anteroposterior renal pelvic diameter of
each mouse was used as a marker to measure progression of
hydronephrosis (Fig. 3A). Among these 67 E18.5 embryos, 29
(43%) developed antenatal hydronephrosis, and of these, 25 (37%)
were bilateral and four (6%) were unilateral. Three (5%) embryos
had a duplex kidney with upper pole hydronephrosis (one bilateral
and two unilateral), and five (7%) embryos developed combined
unilateral hydronephrosis and contralateral duplex kidney (with
upper pole hydronephrosis). After birth, 20 (80%) mice with
bilateral antenatal hydronephrosis died within 48 hours (Fig. 3B
and Table S3). Only two (8%) mice with bilateral antenatal
hydronephrosis survived to 6 weeks and died in week 9 with small
body size (Fig. 3C) and renal scarring suggesting reflux
nephropathy (Fig. 3D). However, all four (100%) mice with
unilateral antenatal hydronephrosis survived (Table S3) together
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with three (100%) mice with duplex kidney and upper pole
hydronephrosis. We then monitored the renal pelvic diameters of
seven surviving mice with antenatal hydronephrosis (two bilateral,
four unilateral, one with combined antenatal hydronephrosis and
duplex kidney — total nine kidney units with antenatal hydrone-
phrosis) to postnatal week 6. The degree of hydronephrosis
progressed rapidly with no spontaneous resolution (Fig. 3A) and
the most significant enlargement of renal pelvis occurred in the
first two weeks of postnatal life (Fig. 3E and Table S4). Since
mouse nephrogenesis does not cease until 2 weeks after birth, this
result supports the idea that severe hydronephrosis is especially
detrimental to the developing kidney [26,27]. Interestingly, micro-
ultrasound follow-up of three mice with duplex kidney (one
bilateral and two unilateral — total four duplex kidney units with
upper pole hydronephrosis) showed spontaneous resolution of the
upper pole hydronephrosis (Figure S4). These results suggest that
severe progressive antenatal hydronephrosis caused by Robo2
mutations is a significant risk factor for postnatal death.

Hydronephrosis in Robo2 mutant mice is caused by
ureterovesical junction dilatation and vesicoureteral
reflux

The phenotype of antenatal hydronephrosis and nephropathy
can be caused by either urinary tract obstruction or reflux, both
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Noninvasive detection of postnatal hydronephrosis phenotype in Robo2 newborn mice
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Figure 2. Noninvasive detection of postnatal hydronephrosis and cystic renal dysplasia phenotype in Robo2 newborn mice. (A)
Ultrasound scanhead position (arrow) and a newborn mouse under anesthesia. (B,C) Representative ultrasound and gross structure images of wild-
type normal newborn kidneys. (D,E) Representative ultrasound and gross structure images of Robo2 homozygous newborn kidneys with
hydronephrosis (asterisks); an ideographic anterior to posterior (A—P) plane in (CE) depicting B-mode ultrasound scanning. (F-H) Cystic renal
dysplasia marked by multiple hypoechoic dark area (asterisks) were shown in a Robo2 mosaic newborn (F) and a homozygous newborn (G). H&E
histology of cystic renal dysplasia from a Robo2 homozygous newborn was showed in (H). Scale bars, 1.0 mm. Abbreviation: b, urinary bladder; k,

kidney; sp, spine; u, ureter.
doi:10.1371/journal.pone.0024763.g002

of which elevate the pressure in the upper urinary tract. We have
previously showed that Robo2 mosaic mice developed abnormally
located ureterovesical junctions (UV]s) [4]. To determine if these
abnormally located UV]Js in Robo2-deficient mice lead to VUR or
urinary obstruction, we performed noninvasive echo-enhanced
ultrasonic cystography with a microbubble ultrasound contrast
agent (UCA) in four 6-week old Robo2 female mosaic mice that
had been diagnosed with unilateral antenatal hydronephrosis and
four age-matched wild-type controls. The reason to choose
female mice for this experiment is a technical one since there is a
low success rate of urethral catheterization in adult male mice
[28]. We and others have recently tested the feasibility of this
microbubble method in inbred wild-type mice with low-grade
non-dilating VUR without hydronephrosis by 3D reconstruction
[29]. In order to determine if Robo2 mosaic mice developed high-
grade dilating VUR with free flow of microbubble inside the
mouse urinary tract without 3D reconstruction, we used the
innovative FunnelCath urethral catheter for mice. This infusion
friendly mouse catheter has a thin distal segment for easy entry
into the mouse urethra and can be visualized inside the mouse
bladder by ultrasonic scan (Figure S5). After infusion of Option (a
FDA-approved microbubble UCA) into the urinary bladder
(Fig. 4, Video S1 and Video S2), we found that all (4/4, 100%)
Robo2 mosaic mutant mice with hydronephrosis displayed VUR
(Fig. 4A-H, Video S3). Sequential images showed that the
microbubble UCA flowed retrogradely from the bladder into the
dilated ureter (Fig. 4F) and was seen in the renal pelvis (Fig. 4G,
Video S3) about 3 seconds after the infusion of the microbubble
UCA into the bladder, which suggests a low pressure reflux. The
microbubble UCA was washed out from renal pelvis quickly (as
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fast as 18 seconds) after it appeared (Figure S6, Video S4),
suggesting that no obstruction was present in the upper urinary
tract of Robo2 mutant mice. None of four (4/4, 100%) control
mice displayed urinary reflux after Option microbubble infusion
mto the bladder (Fig. 4H). The reflux phenotype was confirmed
in Robo2 mosaic mice by infusing methylene blue into the bladder
(Fig. 4I-L), an open abdominal invasive method that is the
current gold standard to evaluate VUR in mice [30,31]. These
results indicate that loss of Robo2 indeed causes urinary reflux
rather than urinary obstruction as previously thought [4] and the
Robo2 mosaic mouse represents an excellent animal model for
congenital high-grade dilating VUR.

To determine if there is a causal relationship between VUR and
hydronephrosis and if the process of hydronephrosis formation in
Robo2 adult mice is active or a residual effect of antenatal
hydronephrosis, we performed ultrasound-guided percutaneous
aspiration of the unilateral hydronephrotic kidney in three Robo2
mosaic mutant mice (Fig. 5A-C, Video S5 and Video S6).
Interestingly, we noted rapid re-accumulation of urine in the renal
pelvis within 24 hours (Fig. 5D). To determine the source of the
urine that reconstituted the unilateral hydronephrosis, we injected
methylene blue into the renal pelvis of the contralateral unaffected
kidney (Fig. 5E) and found that urine flowed into the dilated renal
pelvis through the bladder and enlarged ureterovesical junction
(Fig. 5E,F). In addition to further demonstrating the VUR
phenotype, these results suggest that unilateral hydronephrosis in
Robo2 mice is exacerbated by the retrograde flow of urine from the
contralateral functional kidney through an enlarged ureterovesical
junction, which may further impair the growth, development and
function of an already dysplastic kidney.
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Figure 3. Natural history of antenatal hydronephrosis in Robo2 mosaic mice. (A) Upper figure panels: ultrasound noninvasive monitoring of
hydronephrosis (asterisks) progression in a Robo2 mosaic mutant mouse from embryonic E18.5 to postnatal 6-week old (W6) showing no
spontaneous resolution; white dot line representing the anteroposterior renal pelvic diameter. Lower figure panels: ultrasound noninvasive
monitoring of a wild-type littermate control showing absence of hydronephrosis at any stages. The outline of the kidneys depicted in ultrasound
images have been marked by red dot line. P1: postnatal day-1; W1 to W6: week-1 to week-6; b: bladder; k: kidney. (B) Survival curve of Robo2 mice
with antenatal hydronephrosis (red line) compared with the survival curve of Robo2 mice without antenatal hydronephrosis (blue line). (C) Small body
size of a Robo2 mosaic mouse with hydronephrosis at one week compared with its age matched wild-type littermate. (D) H&E histology of
nephropathy and renal scar in a Robo2 mosaic mouse showing atrophic tubules, substantial inflammatory cellular infiltrate, degeneration of remnant
glomeruli and proteinaceous casts (asterisk); there was a reflux nephropathy characteristic abrupt transition from scar tissue to relatively normal
parenchyma (arrow in D). (E) The severity of hydronephrosis measured by the anteroposterior renal pelvic diameter at different stages from prenatal

E18.5 to postnatal week-6 showing continuous progression of hydronephrosis in Robo2 mice without spontaneous resolution.

doi:10.1371/journal.pone.0024763.g003

Fetal origin of antenatal hydronephrosis and VUR
phenotype in Robo2 mutant mice

To determine if an enlarged ureterovesical junction was the
primary congenital defect at an early developmental stage in Robo2
mutant embryos and later caused reflux and hydronephrosis, we
examined the structure of the ureterovesical junction and entire
upper urinary tract by micro-ultrasonography in 30 Robo2
newborn mice with antenatal hydronephrosis (Video S7 and
Video S8). Interestingly, 25 (83%) of 30 Robo2 newborn mutant
mice with hydronephrosis displayed wide open golf-hole like
ureterovesical junctions (Fig. 6A, Video S7 and Video S8) and
were confirmed by histology (Fig. 6B). The ureterovesical junction
structure was barely detectable by ultrasound in a cohort of 30
(30/30, 100%) control newborn mice without hydronephrosis
(Fig. 6C,D). To determine if Robo2 and its ligand Skt2 have
intrinsic roles and are expressed in the ureterovesical junction
region during development, we performed i situ hybridization and
found both Robo2 and Sit2 mRNA in the distal ureter inside the
bladder wall of developing mouse embryos (Fig. 6E and Figure
S7). These results suggest that Robo2 is required for normal
ureterovesical junction formation and that loss of Robo2 can lead to
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early congenital ureterovesical junction dilatation, which disrupts
the anti-reflux mechanism in the bladder trigone.

To determine if ureterovesical junction dilatation is an early
developmental defect in Robo2-deficient mice, we utilized the
expression of the Hoxb7-GFP transgene, an excellent marker of the
ureteric bud and its derivatives from E10.5 on [32]. Since the
Hoxb7-GFP transgene is allelic to Robo2™ or Robo2"" allele,
this precluded its use in  Robo2™/*"®  homozygotes and
Robo29 9B 5 Ropo295/19%  osaic mice. However, we found
three newborn Robo2"’* heterozygous mice with unilateral
dilatation of ureterovesical junction (Fig. 6F,G), two of which had
a dilated ureter on the same side (Fig. 6F). This unilateral
ureterovesical junction dilatation was confirmed by histology
(Fig. 6H) and was not found in 20 wild-type newborn controls
(Fig. 61]). Since formation of the normal ureterovesical junction
during early embryonic development is critically dependent on the
primordial ureteric budding site from the Wolffian duct [33], we
examined the ureteric bud outgrowth in carly Robp2”/dP
homozygous embryos. By pan-cytokeratin staining (another
marker for ureteric bud and its derivatives) of five cultured
kidney explants, we found supernumerary ureteric buds in all
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Figure 4. Hydronephrosis in Robo2 mosaic mice is caused by high-grade VUR. (A-D) Ultrasonographic images (green-scale under contrast-
mode) depicted the urinary tract system and hydronephrosis (asterisk in C) in a Robo2 mosaic mouse (A-C) and the kidney pelvis region of a
Robo21°¥'* control (D) before infusion of microbubble ultrasound contrast agent into the mouse bladder. Some background green signals were also
seen in the green-scale setting. (E-G) Ultrasonographic images (green-scale under contrast-mode) after microbubble contrast agent infusion
showing the flow of microbubble (strong and fresh green signals) inside the same urinary tract system of the Robo2 mosaic mouse after infusion of
microbubble into the bladder. The green color enhanced microbubble was refluxed into the renal pelvis (asterisks in G; also see Video S3) through
the ureter (F). Only background green signals were seen in the Robo2™* control (H) without reflux. (I-K) Methylene blue cystogram was used to
confirm reflux phenotype in an one week old Robo2 mosaic mouse (1,J) and a six weeks old Robo2 mosaic mutant mouse (K) showing retrograde flow
of methylene blue into the renal pelvis (asterisks) through the ureter (white arrows in J,K). (L) A six weeks old wild-type control with methylene blue
inside the bladder without reflux. Scale bars, 1.0 mm. Abbreviation: b, urinary bladder; k, kidney; u, ureter.

doi:10.1371/journal.pone.0024763.g004

Robo2%®/ homozygous embryos (Fig. 6K), but not in wild-type ~ Discussion
controls (Fig. 6L). Because normal ureteral smooth muscle
development is critical for ureterovesical junction formation and
bladder trigone structure [34], we next examined the morphology
of ureteral smooth muscle in carly Robo2""*? homozygous
embryos before ureter dilatation by triple and dual immunohis-
tochemistry staining. Using anti-smooth muscle o actin antibody (a
ureter smooth muscle marker), E-cadherin (a marker for ureter
urothelium) and lectin Dolichos Biflorus (DBA, another marker for
ureter urothelium), we found normal looking urothelium but
disarrangement and reduced abundance of ureteral smooth
muscle in three E14.5 Robo2""/*" homozygous embryos
(Fig. 6M,N and Figure S8) before any ureteral dilatation or

The ureter normally enters the bladder in an oblique direction,
perforating the bladder muscle (detrusor) laterally and proceeding
between the bladder mucosa and detrusor muscle to form the
ureterovesical junction (UV]) also called ureteral orifice. The
intravesical portion of the ureter collapses during bladder voiding
and creates a ‘“passive” so-called flap-valve mechanism that
prevents reflux [35,36]. However, recent studies show that the
ratio of the intravesical ureter length to the ureter diameter is
smaller than previously thought [37], and suggest that there is also
an “active” ostial-valve anti-reflux mechanism controlled by the
contraction of the muscle coat around the ureterovesical junction

hydronephrosis. These results suggest that Robo2 signaling may be
necessary for the intercalation of ureteric smooth muscle into the
bladder trigone to form a normal ureterovesical junction [34].
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[38,39]. The muscle fiber of the ureterovesical junction functions
as an ‘“‘ureterovesical sphincter” that contracts in response to
bladder contraction during voiding and subsequently relaxes
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Figure 5. Causal relationship of hydronephrosis and VUR in Robo2 mosaic mice. Unilateral hydronephrosis were exacerbated by the
retrograde flow of urine from the contralateral functional kidney. (A-D) Ultrasound-guided percutaneous aspiration of urine from the right renal
pelvis of a Robo2 mosaic mouse with severe unilateral hydronephrosis: (A) right renal pelvis with hydronephrosis before ultrasound-guided needle
insertion; (B) ultrasound-guided needle (arrow) insertion; (C) collapsed right renal pelvis after ultrasound-guided needle aspiration; (D) reappeared
right hydronephrosis one-day after aspiration. p, pelvis; k, kidney. (E,F) Methylene blue dye tracing showing retrograde flow of urine refluxing into
the right renal pelvis from contralateral functional left kidney after methylene blue injection into the left renal pelvis; asterisk in (E) marked the
methylene blue injection site in the left renal pelvis; arrows indicated the direction of urine flow that was labeled by methylene blue. (F) High
magnification of boxed ureterovesical junction region in panel (E) showing abnormal enlarged right ureteral orifice (arrowhead) which disrupted the

anti-reflux mechanism and allowed ureteral reflux to occur.
doi:10.1371/journal.pone.0024763.g005

following the closure of the external urethral sphincter during
bladder filling [40,41]. This active ostial-valve function of the
ureterovesical junction allows coordinated opening and closure of
the ureteral orifice, which represents a boundary area between the
low pressure urinary segment in the upper urinary tract (i.e. the
ureter and kidney) and the highly variable pressure segment in the
lower urinary tract (i.e. the bladder and urethra). Together, the
active and passive anti-reflux mechanisms act as a one-way valve
allowing ejection of the bolus of urine into bladder lumen when its
pressure is low and preventing retrograde urine reflux when the
bladder pressure is high [40,41].

Our present study provides strong evidence that Robo2 is critical
for maintaining both active and passive anti-reflux mechanisms.
First, low pressure retrograde urine flow was clearly demonstrated
in Robo2 mutant mice via noninvasive microbubble contrast agent
enhanced urosonography, a safe, reliable and radiation-free
imaging modality that has been widely used in clinical medicine
to detect VUR 1n children [42]. Second, both ultrasound-guided
percutaneous aspiration and dye tracing studies demonstrated that
postnatal Robo2 mice with unilateral hydronephrosis had an
incompetent anti-reflux mechanism and developed urinary reflux
by the retrograde flow of urine from the contralateral functional
kidney through enlarged ureteral orifice. In VUR patients, this
condition is often referred to as vesicoureteral reflux dysplasia
(VURD) syndrome [43,44,45]. The term of VURD was initially
introduced to describe persistent unilateral reflux and renal
dysplasia in boys with posterior urethral valves (PUVs) [44].
However, we have neither identified PUVs in Robo2 mutant mice
nor observed any signs of PUV-associated bladder outlet
obstruction, which are characterized by bladder dilatation and
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bladder wall thickening with PUV-specific ultrasound finding (i.e.
bladder neck keyhole sign) in male gender only [46]. Instead, most
Robo2 mutant mice developed golf-hole like ureteral orifice
dilatation in both male and female gender with normal bladder
volume and thin bladder wall. These results suggest that VURD
may also happen in children with non-obstructive uropathy like
primary dilating VUR. The third evidence supporting a role for
Robo2 in the anti-reflux mechanism is the golf-hole like ureteral
orifice dilatation detected by both micro-ultrasonography and
Hoxb7-GFP reporter gene in Robo2 mutant mice with hydrone-
phrosis. This ureteral orifice dilatation could disrupt both active
and passive anti-reflux mechanisms and lead to urinary reflux.
Since the dilatation of ureterovesical junction structure in Robo2
mutant mice was too severe to be corrected by postnatal trigone or
ureteral maturation and remodeling, we found no spontaneous
resolution of hydronephrosis in Robo2 mutant mice with congenital
golf-hole like wide-open ureteral orifice detected at birth.
Interestingly, similar ureterovesical junction defects of bilateral
wide-open ureteral orifices and absence of intravesical ureteral
segments have already been found in a patient with dilating VUR
and Robo2 gene disruption [4]. The golf-hole like ureteral orifice
dilatation has also been recognized in high-grade dilating VUR
patients with no spontaneous resolution [47]. Lastly, in addition to
its expression in early metanephric mesenchyme, Robo2 (and its
ligand S/it2) is expressed in the developing ureterovesical junction.
Malformed and disorganized ureteral muscle fiber architecture in
Robo2 homozygous mutant embryos could also lead to attenuation
of the trigone and dysfunction of active valve mechanism of
ureterovesical junction, which is formed by intercalation of
ureteral muscle fibers and bladder muscle during development
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Figure 6. Fetal origin of antenatal hydronephrosis and VUR phenotype in Robo2 mutant mice. (A) Noninvasive in vivo ultrasound
detection of bilateral golf-hole like ureterovesical junction (UVJ) dilatation (arrows) in a newborn Robo2 mosaic mouse (also see Video S7); Scale bar,
1.0 mm; R-UVJ: right UVJ; L-UVJ: left UVJ; b: bladder. (B) H&E histology of the same newborn mice in (A) confirmed the bilateral golf-hole like UVJ
dilatation (arrows); Magnification: 100 x. (C) An un-dilated normal UVJ (arrow) was barely detectable under ultrasound scan in a wild-type control
newborn mouse; Scale bar, 1.0 mm. (D) H&E histology of the same control newborn mice in (C) showing un-dilated right and left UVJs outlined by
red dot line; Magnification: 100x. (E) In situ hybridization analysis showing Robo2 transcripts expressed around the developing UVJ: in the distal
ureter (u, arrow) inside the bladder (b) wall of an E17.5 mouse embryo; Magnification: 50 x. (F-H) Unilateral UVJ dilatation in Robo2 heterozygous
newborn mice: (F,G) Hoxb7-GFP reporter gene positive Robo2 newborn heterozygotes showing unilateral right UVJ dilatation (red dot line in panel
F,G), associated with right hydroureter (hy-u in panel F) or undilated ureter (u in panel G); the left UVJ in Robo2 newborn heterozygotes (L-UVJ in
panel F and G) appeared normal; Magnification: 25 x. (H) H&E histology confirmed right UVJ dilatation (arrow) in a Robo2 newborn heterozygote;
Magnification: 100 x. (1,J) Both right and left UVJ (arrows) of a wild-type newborn control appeared normal by Hoxb7-GFP (panel I) or H&E histology
(panel J) analyses; Magnification: 25 x for panel I, 100 x for panel J. (K) Early multiple ureteric buds (UB) outgrowth from the Wolffian duct (WD) in a
Robo2%€'5/4€15 homozygous embryo (E11.5 kidney cultured for 1-day and stained with pan-cytokeratin); magnification: 60 x. A wild-type embryo in (L)
showing a single UB with one budding site (asterisk) from the Wolffian duct (WD); magnification: 60x. (M,N) Anti-smooth muscle o actin antibody
(SMAa, red) showing reduced and irregular ureteral smooth muscle staining (arrow in M) in an E14.5 Robo29¢'*¢'> homozygous embryo compared
with its wild-type littermate control (arrow in N). The urothelium (stained by anti-E-cadherin antibody, green) appeared normal in both Robo2de!>/del>
homozygous and wild-type controls; DAPI (blue) marked cell nuclei; Magnification: 400 x.

doi:10.1371/journal.pone.0024763.9g006

[34]. Similarly, the muscular wall of the distal ureter in VUR
children is decreased and replaced with dysplastic and atrophic
smooth muscle cells [38,39,48].

The inner layer of ureteral smooth muscle cells are derived from
the early mesenchymal cells that surround the mesonephric duct
[34,49]. Since Robo2 1is specifically expressed in the early
mesenchymal cells surrounding the mesonephric duct before
ureteric bud outgrowth [18], it is not unlikely that loss of Robo2 in
early mesenchymal progenitor cells may lead to abnormal ureteral
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smooth muscle cell development, ureterovesical junction dilata-
tion, trigonal weakness and VUR [50]. Because an early ectopic
ureteric bud could not acquire adequate surrounding mesenchy-
mal tissue to form proper trigonal musculature and ureterovesical
junction, it is more prone to become a refluxing ureter later. Thus,
multiple ureteric buds in Robo2 mutant embryos could also cause
weak ureteral musculature and gaping ureteral orifices with
incompetent anti-reflux mechanism [33,50]. Future studies are
required to test these hypotheses and provide additional
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mechanistic insights into the role of Robo2 in the development of
ureter smooth muscle cells and ureterovesical junction.

We have applied a micro-ultrasound system for noninvasive and
longitudinal investigations of antenatal hydronephrosis and VUR
in a genetically engineered mouse model of a recently identified
human primary VUR disorder (VUR2, OMIM #610878). With
this noninvasive imaging modality, we were able to study the
natural history and disease progression of complex CAKUT birth
defects in the same individual mouse from embryonic stage to
adulthood. Our results showed that loss of Robo2 gene could cause
progressive congenital hydronephrosis and high-grade dilating
VUR with little chance of spontaneous resolution after birth.
Perinatal genetic analysis for ROBO2 mutations might serve as an
alternative to medical surveillance and watchful waiting, and may
be used in the future as an early diagnostic tool to identify a subset
of affected fetuses and newborns with progressive hydronephrosis
and VUR. With this genetic testing, early ureterovesical junction
surgery such as ureteral reimplantation might be planned for
newborns with ROBOZ2 mutations to minimize further renal injury
caused by progressive reflux and preserve remaining renal
function. In addition, our mouse model also informs us that we
may uncover more deleterious mutations in ROBOZ2 gene if we
focus on DNA analysis of patients with both progressive antenatal
hydronephrosis and congenital high-grade dilating VUR. Finally,
our study also provides a reproducible genetic mouse model of
congenital progressive antenatal hydronephrosis and primary
dilating VUR, which will improve our understanding of the
pathophysiology and disease process of these challenging condi-
tions so that we may treat patients more efficiently [51].

Materials and Methods

Animals

Ethics Statement. Mouse protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at Boston
University Medical Center (#14388).

Preparation of Robo2 mutant mice for analysis

The generation and genotyping of Robo2"* conditional allele,
Robo2%" germline mutant allele, Robo2" wild-type allele, and Robo2
homozygous, heterozygous and mosaic mice were described
previously [4]. Briefly, the Robo2 heterozygous breeding scheme
in Figure S2 was followed to generate F1 pregnant mice carrying
cmbryos of Robo?delf)/del‘f) homozygotcs, R0b02del‘3/ﬂox;7~gE]]a—Gre+
(Robo 29 4B s Robo 29/ 1% mosaics, Robo2"™’* heterozygous,
and Robo2™* controls as well as newborn and adult mice in a
mixed C57BL/6-129/Sv background. In Roho29¢"/10%, T+ Cret
mosaic mice, EIla-Cre recombinase deletes only the Robo2"°* allele
to facilitate the penetrance of CAKUT phenotype when the Robo2
gene dosage is reduced below haploinsufficiency (the other allele,
R0bo2", has been deleted ubiquitously from germline expression).
The Robo2 mosaicism originates from the incomplete, stochastic
action of the Ella-Cre transgene on the Robo2™* alleles in the carly
embryo before implantation [4,20]. This particular union of
Robo2P; Tg™"C and Robo2™™ gametes results in Robo2/4
<> R0bo2°P""* ‘mosaic mice. These mosaics are genotypically
denoted Robo2*®/9P 5 Robo2%>/1°* because they contain both
Robo2P/Y and Robo2*®/1°* cells (i.e. a mixture of homozygous
and heterozygous cells). Cells carrying the Robo2%>/9® genotype
in these Robo2%/ 9P s Robo2>/1°% mosaics derive from the
action of Ella-Cre in cells that commence embryogenesis with the
Robo2"®/1 genotype. Robo2%"™ cells remain when Ella-Cre
activity in those cells is incomplete or insufficient to cause Cre-loxP
mediated recombination. The authenticity of Robo2/1°%;
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Tt (Roho 29149 5 Ropo 29/ 1% mosaic mice was deter-
mined by tail DNA genotyping for the presence of Robo2" and
Robo2™* alleles as well as Tg"" ™ transgene. F1 timed pregnant
female mice (after positive vaginal plug) were examined by micro-
ultrasound for prenatal CAKUT phenotype in mouse embryos. F'2
Robo2*"’" homozygous and Robo2%>' 4 Robp 29>/ 1 mo-
saic mice were examined by micro-ultrasound for postnatal
CAKUT phenotype. F2 littermates Robo2"* mice without
CAKUT phenotype were used as controls. To examine the
ureterovesical junction defects in Robo2>’* newborn mice,
Hoxb7-GFP transgenic mice (a gift from Dr. Frank Costantini,
Columbia University) were bred with Robo2%"™* mutants. GFP
fluorescence was monitored and photographed using an Olympus
SZX16 epifluorescence stereomicroscope.

Micro-ultrasound analysis of prenatal CAKUT phenotype
in mouse embryos

The Vevo 770 micro-ultrasound imaging system from Visual-
Sonics (www.visualsonics.com) was used for all noninvasive
ultrasound imaging analyses. Vevo 770 (VisualSonics, Toronto,
Canada; #VS-11392) is a high frequency (25-55 MHz) micro-
ultrasound system specially designed to assess anatomical struc-
tures and flow dynamics in small animals such as mice. It provides
spatial resolution down to 30 microns and enables noninvasive, in
viwo visualization of embryonic (E5.5) through to adult mice in real-
time, and has been used successfully in detecting mouse embryos
[62]. To examine antenatal CAKUT phenotype in Robo2
embryos, F1 timed pregnant Robo2*/"™* female mice (after
positive vaginal plug with Robo29"*; Tg™C™* male mice) were
anesthetized using inhalant anesthesia of mixed oxygen and
anesthetic gas isoflurane (2.5% for anesthesia induction and 1.5%
for anesthesia maintenance) through a mouse nose mask tube on
the VisualSonics Vevo Compact Anesthesia System (VisualSonics,
#SA-11201). Pregnant mice were placed in a supine position on
the mouse handling platform with controlled heating, ECG
electrodes and temperature monitoring system (VisualSonics,
#SA-11436). The mouse heart rate was maintained at 450-500
beats per minute and core body temperature was monitored with a
rectal temperature probe coupled to a digital thermometer and
was maintained at 37.0°C. The fur of abdominal area was
removed using Depilatory cream (Nair, Church & Dwight Co.)
and ultrasound transmission gel (Aquasonic 100, Parker Labora-
tories, NJ) was used as a coupling agent between the skin and the
ultrasound transducer. Real-time Micro Visualization (RMV)
transducer RMV-708 scanhead (55 MHz center frequency with
frequency band between 27.5 MHz to 82.5 MHz, 4.5 mm focal
length and axial resolution of 30 um) was used and mounted on a
motorized Vevo integrated rail system III (VisualSonics, #SA-
11433) for hand-free serial imaging. Two-dimensional images of
individual embryos were obtained in B-mode at a frequency of
30 MHz with an imaging thickness of 40 um. Grayscale values of
ultrasound imaging were calculated by Vevo 770 analytic software
for defined areas as quantitative tissue echogenicities to identify
and distinguish anatomical structures (e.g. renal pelvis, renal
parenchyma, urinary bladder, stomach, spine, etc). The position of
most embryos inside the pregnant female body is lateral decubitus.
Because the i vivo embryo position could not be adjusted inside
the uterus, we used easily visible fluid-filled embryonic stomach as
a hallmark structure to identify the left side of the body. The
enlarged echoless region of renal pelvis (i.e. hydronephrosis) or the
ureter (i.e. ureterectasis) could be detected inside Robo2 mouse
embryos by B-mode ultrasound imaging after E17.5 days. Duplex
kidney was usually identified under B-mode ultrasound imaging as
a combined structure with an echoless hydronephrotic upper pole
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kidney fused with a normal lower pole kidney with undilated renal
pelvis.

Micro-ultrasound analysis of postnatal CAKUT phenotype
in newborn and adult mice

The same Vevo 770 micro-ultrasound imaging system and
Vevo Compact Anesthesia System used for pregnant mice above
were used for mice after birth. For newborn mice, a special small
head mask was used to introduce the same inhalant anesthesia of
mixed oxygen and isoflurane. We used the same ultrasound
transducer RMV-708 scanhead on newborn, one week and two
weeks old mice. Another ultrasound transducer RMV-704 scan-
head (40 MHz center frequency with frequency band between
20 MHz to 60 MHz, 6 mm focal length and axial resolution of
40 pm) was used on mice after two weeks old. The normal kidney
structure and CAKUT phenotype were detected relatively easily
under ultrasound B-mode imaging in mice after birth because we
could adjust the position of anesthetized mouse body to allow the
best view of renal pelvis and adjacent structures. The largest
anteroposterior renal pelvic diameter of each mouse was obtained
by Vevo 770 analytic software line measurement tool. Two-
dimensional videos of mouse urinary tract and bladder were
recorded in B-mode during a 300-frame image recording phase
(also called cine loop in Vevo 770 analytic software). Three-
dimensional video was obtained from serial transverse 2D images
along the entire mouse urinary tract in the caudal-cephalic
direction (i.e. ultrasound imaging began from the bladder, moving
upper to the ureter, and finally reaching the kidney region),
followed by reassembly using Vevo 770 analytic software.

Micro-ultrasound detection of high-grade dilating VUR in
CAKUT mice by urethral catheterization and microbubble

ultrasound contrast agents

A polyurethane FunnelCath mouse catheter (Instech Solomon,
PA, # PUFC-C30-10) was used for urethral catheterization in
adult female mice. This FunnelCath urethral catheter (tapers from
3Fr proximal end to 1.2Fr distal end) has a distal thin segment of
1.2 French gauge (ID: 0.23 mm; OD: 0.41 mm) which can easily
enter the external orifice of mouse urethra without injury to the
urethral inner epithelium lining. This catheter also has a proximal
thick segment of 3 French gauge (ID: 0.66 mm; OD: 1.07 mm)
with a Luer-Taper end which can be connected to a syringe or
pump for controlled ultrasound contrast agents (or methylene
blue) infusion. After mice were anesthetized, the external orifice of
urethra was sterilized with povidone-iodine. The distal thin end of
FunnelCath mouse catheter was lubricated with sterile mineral oil
and inserted gently into the external urethra orifice. The catheter
was advanced slowly inside urethra without force until it reached
the bladder when urine was drained and visible inside the catheter.
The catheter was typed down on the mouse handling platform
before the proximal thick end was connected to a syringe filled
with microbubble ultrasound contrast agents.

Microbubbles are gas filled small bubbles (~1-10 um in
diameter) encapsulated with a solid shell [53]. They have been
widely used as contract agents for ultrasound imaging in clinical
medicine [54] including diagnosis of VUR in children [42,55].
Option (Perflutren Protein-Type A Microspheres Injectable
Suspension, USP) is a FDA-approved ultrasound microbubble
contract agent (GE Healthcare, NDC 0407-2707-03). The
microbubbles in Option suspension have an albumin shell and
perflutren gas core with mean diameter ranging 3.0-4.5 um and
have been used for many indicated ultrasound imaging procedures
[56]. Each mL of Optison contains 5.0-8.0x10% microbubbles.
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We diluted the Option microbubbles 20 fold to 2.54.0x10”/ml
with 1XPBS for retrograde urosonography to evaluate VUR in
mice. A syringe infusion pump (Harvard Apparatus, Holliston,
MA) was used to infuse diluted microbubbles into the mouse
bladder through the urethra catheter at a perfusion rate of 100 ul/
min. Coupled with 1.2 French gauge thin urethral catheter, this
low speed infusion rate would infuse microbubbles into the bladder
without increasing the bladder pressure significantly. Overflow
microbubbles will leak out from mouse bladder through external
urethra orifice without inducing artificial VUR in wild-type
control mice (Fig. 4H).

To detect urinary reflux in Robo2 mice, Vevo 770 micro-
ultrasound system was operated under the control of Vevo
Clontrast Mode software (VisualSonics, # VS-11639). The RMV-
704 scanhead was used to detect microbubble flow movement in
the urinary tract before and after contrast agent bladder infusion
to detect any retrograde urine flow in the ureter and renal pelvis.
In order to visualize urine flow marked by microbubble contrast
agents, two ultrasound imaging serial videos were captured under
Vevo Contrast Mode software: the first baseline background
imaging serial video for the mouse urinary tract before micro-
bubble infusion and a second microbubble enhanced imaging
serial video of the same mouse urinary tract after microbubble
bladder infusion. Each ultrasound imaging serial video contains
800 individual ultrasound image frame data acquired and stored
digitally as a cine loop in Vevo 770 system memory. A final
contrast-mode imaging serial video of mouse urinary tract was
then digitally constructed by overlaying and comparing baseline
background data acquired before microbubble infusion and
microbubble enhanced data acquired after microbubble bladder
infusion. The appearance and movement of microbubble signal
inside the mouse ureter or renal pelvis after microbubble bladder
infusion indicated VUR. The microbubble signal could be
rendered in either gray-scale (Figure S5, Figure S6, Video S1,
and Video S4) or in green-scale (Fig. 4A—H, Video S2, Video S3).
Some tissue with strong echogenicity might also be marked as
green in the green-scale setting without a real microbubble signal
(Fig. 4A-D). These false green signals could be subtracted when
compared with baseline background data. A microbubble method
assessing low-grade non-dilating VUR in inbred wild-type mice
has been described elsewhere [29].

Confirmation of VUR in Robo2 mutant mice by methylene
blue cystogram

VUR in Robo2 mutant and control mice were confirmed
according to previously published methods [57,58]. A 27-gauge
needle attached via tubing to a syringe filled with 10% methylene
blue in saline was inserted into the mouse bladder. The syringe
was raised vertically from 30 to 150 ¢cm in relation to the position
of the mouse at a rate of 30 cm/min. The hydrostatic pressure
(cm-H,O) at which micturition or reflux occurs was recorded. The
experiment was stopped when there was no reflux at 150 cm for
10 second. VUR confirmation was also performed by infusing
10% methylene blue into the mouse bladder through a mouse
urethra catheter at a perfusion rate of 100 ul/min using a Harvard
Apparatus syringe infusion pump. Overflow methylene blue leaked
out from the mouse bladder through the external urethra orifice
without VUR in wild-type control mice.

Ultrasound-guided percutaneous needle aspiration

treatment of severe hydronephrosis in mice
Adult mice with unilateral hydronephrosis were anesthetized
with isoflurane on the VisualSonics Vevo Compact Anesthesia
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System. Dilated renal pelvis was located with Vevo 770 system and
the RMV-704 scanhead. Syringe with 30 gauge fine needle was
used to quick penetrate abdominal skin and reach to the dilated
renal pelvis under the guidance of ultrasound scan. After the
needle tip was visible inside the renal pelvis, urine was withdrawn
through the syringe until the hydronephrosis disappeared. The
needle was then quickly withdrawn out of the skin.

Histology analysis of mouse embryos, kidneys, and
ureterovesical junctions

The mouse embryos bodies, mouse kidneys, or ureterovesical
junction regions were dissected and fixed in 4% paraformaldehyde
overnight, and taken through a graded alcohol series for paraffin
embedding. The paraffin blocks were sectioned at 4 um using a
MT-920 microtome (MICROM) and stained with standard
Hematoxylin/Eosin method. The histology slides were evaluated
under an Olympus BHT light microscope equipped with a SPOT
digital camera system.

Tissue in situ hybridization

In situ hybridization analysis was performed with digoxigenin-
labeled Robo2 and Skt2 riboprobes as previously described [18,59].
The Robo2 and Slit2 cDNA were linearized with Nofl and probes
were generated using the DIG DNA labeling and detection kit
(Roche Applied Science). Hybridizations were performed on 4%
paraformaldehyde (PFA) fixed OCT embedded mouse embryonic
urinary tract frozen sections. Briefly, mouse embryos were
collected and dissected in ice-cold PBS and fixed overnight at
4°C in 4% PFA in 0.1 M phosphate buffer and embedded in
OCT. Frozen sections were cut on Cryostat and air-dried for 1—
3 hours, and fixed again in 4% PFA for 10 minutes at room
temperature. After washing with PBS three times, sections were
treated with proteinase K (1 mg/ml for 3 minutes at room
temperature), washed three times with PBS, acetylated for
10 minutes at room temperature and washed again with PBS.
Prehybridizations were performed for 2 hours at room tempera-
ture in a humidified chamber. Hybridizations were performed at
68-72°C overnight in a humidified chamber. Prehybridization
and hybridization solution were made as following: 50%
formamide, 5x SSC, 5x Denhardts, 250 mg/ml baker’s yeast
RNA, 500 mg/ml herring sperm DNA. Washes were performed
at 72°C in 5x SSC for 5-10 minutes, then at 72°C in 0.2x SSC
for 1 hour. Sections were stained overnight with anti-digoxigenin
antibody (Roche Applied Science) at a 1:5000 dilution in buffer
with 0.1 M Tris-HC1, pH 7.5, 0.15 M NaCl, and 1% heat-
inactivated goat serum. After staining at 4°C overnight in a
humidified chamber, slides were washed in solution with 0.1 M
Tris-HCL, pH 7.5, 0.15 M NaCl. Alkaline phosphatase activity
was then detected by developing slides in BCIP, NBT (Roche
Applied Science) and 0.25 mg/ml levamisole in a humidified
chamber for one day in the dark. Sections were dehydrated and
mounted in Permount (Fisher Scientific) and photographed under
microscope.

Early mouse embryonic kidney organ culture and
cytokeratin straining

Mouse metanephric embryonic kidneys were mechanically
dissected from E11.5 Robo2%>’4"® homozygous and control
embryos as previously described [60]. Briefly, embryonic kidney
tissues were dissected from E11.5 mouse embryos in ice-cold CO2-
independent DMEM medium (Invitrogen) or Dulbecco’s PBS (Ph
7.2-7.4, with Ca®" and Mg?") containing 10% fetal bovine serum
(Invitrogen) using two pairs of fine-tip forceps under dissecting
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microscope. The isolated embryonic kidney explants were
transferred to 12-well Transwell tissue culture plates (Costar
#3401) and were placed at the medium-air interface of Transwell
polycarbonate membrane filter (0.4 um pore size). Each individual
well within the 12-well Transwell tissue culture plate contains
800 ul DMEM/F12 culture medium (Invitrogen). The kidney
explants were cultured for 24 hours at 37°C in tissue culture
incubator with 5% CO2 and then fixed in 100% methanol at
—20°C for 15-30 minutes. The fixed kidney tissues were washed
in 1x PBST for 5 minutes and incubated with anti-pan-
cytokeratin primary antibody (Sigma, #C9687, 1:50 dilution) at
37°C for 1-2 hours. The tissues were then washed in 1x PBS for
5 minutes at room temperature and strained with Cy3 conjugated
secondary antibody (Jackson ImmunoResearch, #715-165-150) in
a 1:50 dilution at 37°C for 1 hour. The stained kidney explants
were washed in 1x PBS and mounted in VECTASHIELD
mounting medium (Vector Laboratories, #H-1000). Ureteric buds
were examined and photographed using a Perkin Elmer Ultra-
View LCI multi-point spinning disc laser-scanning confocal
microscope.

Dual and triple immunofluorescence staining of mouse

embryonic ureter

Dual and triple immunofluorescence staining were performed
on E14.5 Robo2 mouse embryonic ureter tissues which were
dissected and fixed in 4% paraformaldehyde (PFA) at 4°C for
2 hours. The tissues were washed with 1x PBS and followed by
two 30-minute incubation in 15% and 30% sucrose for
cryoprotection. The fixed embryonic wureters were frozen
embedded in OC'T compound and sectioned at ~8 um thickness
using Cryostat. Sections were washed in 1x PBS buffer and
incubated in 1X casein blocking solution (Vector Laboratories,
#SP-5020) for 30 minutes at room temperature. Sections were
then stained with a monoclonal anti-o. smooth muscle actin (anti-
aSMA) antibody (clone 1A4, Sigma-Aldrich, # A5228) at 1:200
dilution in 1x casein blocking solution at 4°C overnight. For
double staining with E-cadherin, a goat-anti-mouse E-cadherin
primary antibody (R&D Systems, #AF748) was also added to the
sections at 1:100 dilution. After three times 5-minute washes with
1x PBS buffer, sections were incubated in a Cy3 conjugated
secondary antibody (Chemicon, #AP192C, 1:400 dilution) and a
FITC conjugated secondary antibody (Jackson ImmunoResearch,
#705-095-003, 1:100 dilution) for 4 hours at 4°C followed by
15 minutes at room temperature. For lectin staining, the ureter
sections were incubated with FITC-conjugated urothelium
marker lectin Dolichos biflorus (DBA, Sigma-Aldrich, #1.9142)
4 hours at 4°C followed by 15 minutes at room temperature.
After three times 5-minute washes in 1x PBS, dual-stained
sections (anti-SMA and FITC-conjugated DBA) were mounted
with regular VECTASHIELD mounting medium (Vector
Laboratories, #H-1000) and triple-stained sections (anti-aSMA
plus anti-E-cadherin) were mounted with modified VECTA-
SHIELD mounting medium with DAPI (Vector Laboratories,
#H-1200). Stained sections were examined and photographed
using a Perkin Elmer UltraView LCI multi-point spinning disc
laser-scanning confocal microscope.

Statistics and mouse survival curve analysis

The renal pelvic diameters in Robo2 mice with progressive
hydronephrosis were analyzed with Student’s t-test. The survival
curve of Robo2 mice with antenatal hydronephrosis was analyzed
with NCSS 2007 software (Kaysville, Utah).
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Supporting Information

Figure S1 Mouse fetal kidneys can be detected by
transabdominal ultrasonography at E15.5.

(PDE)
Figure S2 Breeding scheme to generate Robo2?

homozygotes, Robo2'*>/ 13« Robo22">/1ox
tant mice, and Robo2%°*/" controls.

(PDE)

Figure S3 Antenatal congenital urinary tract defects in
the same Robo2 mutant mice can be monitored and

followed from prenatal to postnatal stages.
(PDE)

el5/del5

mosaic mu-

Figure S4 Spontaneous regression of hydronephrosis in
a Robo2 mosaic mouse with duplex kidney.

(PDF)
Figure S5 Urethral catheter inside a mouse bladder can
be detected by urosonography.

(PDF)
Figure S6 Microbubble ultrasound contrast agents

(UCA) were washed out from the renal pelvis shortly
after reflux in a Robo2 mosaic mouse.

(PDF)
Figure S7 SULt2 is expressed in the developing mouse

UV] region.
(PDF)

Figure S8 Ureteral smooth muscle defect in a Robo2
homozygous embryo at lower magnification.

(PDF)

Table S1 Sensitivity and specificity of antenatal hydro-
nephrosis detection in E18.5 Robo2 mutant mouse
embryos by micro-ultrasonography.

(PDE)

Table $2 Sensitivity and specificity of hydronephrosis
detection in Robo2 mutant newborn mice by micro-

ultrasonography.
(PDF)
Table S3 Survival of 29 Robo2 mutant mice with

antenatal hydronephrosis (25 bilateral; 4 unilateral) in
the first 6 weeks after birth.

(PDF)

Table S4 Largest anteroposterior renal pelvic diameter
(mm) measured at different stages from prenatal E18.5
to postnatal week-6 in seven survived Robo2 mosaic
mice with antenatal hydronephrosis (2 bilateral; 5

unilateral - total 9 kidney units).
(PDF)

Video S1 Infusion of microbubble ultrasound contrast
agents into the bladder of a 6-week old Robo2 mouse
through a urethra catheter in gray-scale.

(WMV)

References

1. Pope JCt, Brock JW, 3rd, Adams MC, Stephens FD, Ichikawa I (1999) How they
begin and how they end: classic and new theories for the development and
deterioration of congenital anomalies of the kidney and urinary tract, CAKUT.
J Am Soc Nephrol 10: 2018-2028.

2. Sanyanusin P, McNoe LA, Sullivan MJ, Weaver RG, Eccles MR (1995) Mutation of

PAX2 in two siblings with renal-coloboma syndrome. Hum Mol Genet 4: 2183-2184.

@ PLoS ONE | www.plosone.org

12

Antenatal Hydronephrosis and VUR in Robo2 Mice

Video S$2 Infusion of microbubble ultrasound contrast
agents in green-scale into the bladder of a 6-week old
Robo2 mouse under contrast imaging mode.

(WMV)

Video 83 Retrograde flow of microbubble ultrasound
contrast agents in green-scale refluxing into dilated
renal pelvis from the bladder of a Robo2 mosaic mouse
under contrast imaging mode.

(WMV)

Video S4 Microbubble ultrasound contrast agents
(UCA) washout from renal pelvis shortly after reflux in
a Robo2 mosaic mouse under B-mode ultrasound in
gray-scale.

(WMV)

Video S5 Ultrasound-guided percutaneous needle in-
sertion into the renal pelvis of a Robo2 mosaic mouse
with hydronephrosis.

(WMV)

Video S6 Ultrasound-guided percutaneous needle aspi-
ration of urine from dilated renal pelvis of a Robo2
mosaic mouse with hydronephrosis. Noting the collapse of
the renal pelvis after ultrasound-guided needle aspiration.

(WMV)

Video 87 Two-dimensional B-mode ultrasound video of
the entire urinary tract structure in a Robo2 newborn
mosaic mouse in the caudal-cephalic scanning direction
(i.e. ultrasound imaging began with the bladder, then
golf-hole like enlarged ureterovesical junction, moving
upper to the dilated ureter, and finally showing the renal
pelvis region with hydronephrosis).

(WMV)

Video S8 Three-dimensional reassembly of the entire
urinary tract structure using 2D images captured in
video S7 from the same Robo2 newborn mosaic mouse
with golf-hole like enlarged ureterovesical junction,
megaureter and hydronephrosis.

(WMV)

Acknowledgments

We thank Victoria Herrera and Julius Decano and Boston University
Medical Center Micro-ultrasound Imaging Core for technical assistance
and support. Jizeng Qiao for help with early mouse embryonic kidney
organ culture. Frank Costantini for the Hoxb7-GFP transgenic mouse.
Ramon Bonegio for help with survival curve analysis. Xueping Fan, Anna
Pisarek-Horowitz and Hila Milo Rasooly for helpful discussion. These data
were presented in part as an abstract at the annual meeting of the
American Society of Nephrology, Renal Week 2009.

Author Contributions

Conceived and designed the experiments: HW WL. Performed the
experiments: HW QL JL. CM WL. Analyzed the data: HW QL JL CM
DJS WL. Contributed reagents/materials/analysis tools: CM DJS WL.
Wrote the paper: HW DJS WL.

3. Ulinski T, Lescure S, Beaufils S, Guigonis V, Decramer S, et al. (2006) Renal
phenotypes related to hepatocyte nuclear factor-1beta (TCF2) mutations in a
pediatric cohort. ] Am Soc Nephrol 17: 497-503.

4. Lu W, van Eerde AM, Fan X, Quintero-Rivera F, Kulkarni S, et al. (2007)
Disruption of ROBO2 is associated with urinary tract anomalies and confers risk
of vesicoureteral reflux. Am J Hum Genet 80: 616-632.

September 2011 | Volume 6 | Issue 9 | 24763



20.

21.

23.

24.

26.

27.

28.

30.

31.

. Toka HR, Toka O, Hariri A, Nguyen HT (2010)

. Lee RS, Cendron M, Kinnamon DD, Nguyen HT (2006) Antenatal

hydronephrosis as a predictor of postnatal outcome: a meta-analysis. Pediatrics
118: 586-593.

. Estrada CR, Jr. (2008) Prenatal hydronephrosis: early evaluation. Curr Opin

Urol 18: 401-403.

. Grazioli S, Parvex P, Merlini L, Combescure C, Girardin E (2010) Antenatal

and postnatal ultrasound in the evaluation of the risk of vesicoureteral reflux.

Pediatr Nephrol 25: 1687-1692.

. Williams G, Fletcher JT, Alexander SI, Craig JC (2008) Vesicoureteral reflux.

J Am Soc Nephrol 19: 847-862.

. Brophy MM, Austin PF, Yan Y, Coplen DE (2002) Vesicoureteral reflux and

clinical outcomes in infants with prenatally detected hydronephrosis. J Urol 168:
1716-1719; discussion 1719.

. van Eerde AM, Meutgeert MH, de Jong TP, Giltay JC (2007) Vesico-ureteral

reflux in children with prenatally detected hydronephrosis: a systematic review.
Ultrasound Obstet Gynecol 29: 463-469.

. Ismaili K, Hall M, Piepsz A, Wissing KM, Collier F, et al. (2006) Primary

vesicoureteral reflux detected in neonates with a history of fetal renal pelvis
dilatation: a prospective clinical and imaging study. J Pediatr 148: 222-227.

. Nguyen HT, Herndon CD, Cooper C, Gatti J, Kirsch A, et al. (2010) The

Society for Fetal Urology consensus statement on the evaluation and
management of antenatal hydronephrosis. J Pediatr Urol 6: 212-231.

Skoog SJ, Peters CA, Arant BS, Jr., Copp HL, Elder JS, et al. (2010) Pediatric
Vesicoureteral Reflux Guidelines Panel Summary Report: Clinical Practice
Guidelines for Screening Siblings of Children With Vesicoureteral Reflux and
Neonates/Infants With Prenatal Hydronephrosis. J Urol 184: 1145-1151.

. Murawski IJ, Gupta IR (2008) Gene discovery and vesicoureteric reflux. Pediatr

Nephrol 23: 1021-1027.

. Dickson BJ, Gilestro GF (2006) Regulation of commissural axon pathfinding by

slit and its Robo receptors. Annu Rev Cell Dev Biol 22: 651-675.

. Fricke C, Lee JS, Geiger-Rudolph S, Bonhoeffer F, Chien CB (2001) astray, a

zebrafish roundabout homolog required for retinal axon guidance. Science 292:

507-510.

. Brose K, Bland KS, Wang KH, Arnott D, Henzel W, et al. (1999) Slit proteins

bind Robo receptors and have an evolutionarily conserved role in repulsive axon
guidance. Cell 96: 795-806.

Grieshammer U, Le M, Plump AS, Wang F, Tessier-Lavigne M, et al. (2004)
SLIT2-mediated ROBO2 signaling restricts kidney induction to a single site.
Dev Cell 6: 709-717.

. Bertoli-Avella AM, Conte ML, Punzo F, de Graaf BM, Lama G, et al. (2008)

ROBO2 gene variants are associated with familial vesicoureteral reflux. J Am
Soc Nephrol 19: 825-831.

Holzenberger M, Lenzner C, Leneuve P, Zaoui R, Hamard G, et al. (2000) Cre-
mediated germline mosaicism: a method allowing rapid generation of several
alleles of a target gene. Nucleic Acids Res 28: E92.

Hill LM, Rivello D (1991) Role of transvaginal sonography in the diagnosis of
bilateral renal agenesis. Am J Perinatol 8: 395-397.

. DeVore GR (1995) The value of color Doppler sonography in the diagnosis of

renal agenesis. J Ultrasound Med 14: 443-449.

Zalel Y, Lotan D, Achiron R, Mashiach S, Gamzu R (2002) The early
development of the fetal kidney-an in utero sonographic evaluation between 13
and 22 weeks’ gestation. Prenat Diagn 22: 962-965.

Ichikawa I, Kuwayama F, Pope JCt, Stephens FD, Miyazaki Y (2002) Paradigm
shift from classic anatomic theories to contemporary cell biological views of
CAKUT. Kidney Int 61: 889-898.

~ongenital anomalies of
kidney and urinary tract. Semin Nephrol 30: 374-386.

Beck AD (1971) The effect of intra-uterine urinary obstruction upon the
development of the fetal kidney. J Urol 105: 784-789.

Glick PL, Harrison MR, Noall RA, Villa RL (1983) Correction of congenital
hydronephrosis in utero III. Early mid-trimester ureteral obstruction produces
renal dysplasia. J Pediatr Surg 18: 681-687.

St Clair MB, Sowers AL, Davis JA, Rhodes LL (1999) Urinary Bladder
Catheterization of Female Mice and Rats. Contemp Top Lab Anim Sci 38:
78-79.

. Paredes J, Sims-Lucas S, Wang H, Lu W, Coley B, et al. (2011) Assessing

vesicoureteral reflux in live inbred mice via ultrasound with a microbubble
contrast agent. Am ] Physiol Renal Physiol 300: F1262-1265.

Hains DS, Sims-Lucas S, Carpenter A, Saha M, Murawski I, et al. (2010) High
incidence of vesicoureteral reflux in mice with Fgfr2 deletion in kidney
mesenchyma. J Urol 183: 2077-2084.

Murawski IJ, Myburgh DB, Favor J, Gupta IR (2007) Vesico-ureteric reflux and
urinary tract development in the Pax2 1Neu+/— mouse. Am J Physiol Renal
Physiol 293: F1736-1745.

Srinivas S, Goldberg MR, Watanabe T, D’Agati V, al-Awqati Q, et al. (1999)
Expression of green fluorescent protein in the ureteric bud of transgenic mice: a
new tool for the analysis of ureteric bud morphogenesis. Dev Genet 24: 241-251.

@ PLoS ONE | www.plosone.org

13

33.

34.

36.

37.

38.

40.

41.

42,

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

59.

60.

Antenatal Hydronephrosis and VUR in Robo2 Mice

Mackie GG, Awang H, Stephens FD (1975) The ureteric orifice: the
embryologic key to radiologic status of duplex kidneys. J Pediatr Surg 10:
473-481.

Viana R, Batourina E, Huang H, Dressler GR, Kobayashi A, et al. (2007) The
development of the bladder trigone, the center of the anti-reflux mechanism.
Development 134: 3763-3769.

. Paquin AJ, Jr. (1959) Ureterovesical anastomosis: the description and evaluation

of a technique. J Urol 82: 573-583.

Tanagho EA, Hutch JA, Meyers FH, Rambo ON, ]Jr. (1965) Primary
Vesicoureteral Reflux: Experimental Studies of Its Etiology. J Urol 93: 165-176.
Oswald J, Brenner E, Deibl M, Fritsch H, Bartsch G, et al. (2003) Longitudinal
and thickness measurement of the normal distal and intravesical ureter in human
fetuses. J Urol 169: 1501-1504.

Arena S, Fazzari C, Arena F, Scuderi MG, Romeo C, et al. (2007) Altered
‘active” antireflux mechanism in primary vesico-ureteric reflux: a morphological
and manometric study. BJU Int 100: 407—412.

. Oswald J, Brenner E, Schwentner C, Deibl M, Bartsch G, et al. (2003) The

intravesical ureter in children with vesicoureteral reflux: a morphological and
immunohistochemical characterization. J Urol 170: 2423-2427.
Shafik A (1996) Ureterovesical junction inhibitory reflex and vesicoureteral

junction excitatory reflex: description of two reflexes and their role in the

ureteric antireflux mechanism. Urol Res 24: 339-343.

Shafik A (1997) Study of the effect of external urethral sphincter contraction on
the mechanical activity of the ureterovesical junction and urinary bladder:
recognition of the sphinctero-ureterovesical reflex. Urology 50: 949-952.
Novljan G, Levart TK, Kljucevsek D, Kenig A, Kenda RB (2010) Ultrasound
detection of vesicoureteral reflux in children. J Urol 184: 319-324.

. Cuckow PM, Dinneen MD, Risdon RA, Ransley PG, Duffy PG (1997) Long-

term renal function in the posterior urethral valves, unilateral reflux and renal
dysplasia syndrome. J Urol 158: 1004-1007.

Greenfield SP, Hensle TW, Berdon WE, Wigger HJ (1983) Unilateral
vesicoureteral reflux and unilateral nonfunctioning kidney associated with
posterior urethral valves—a syndrome? J Urol 130: 733-738.

. Narasimhan KL, Mahajan JK, Kaur B, Mittal BR, Bhattacharya A (2005) The

vesicoureteral reflux dysplasia syndrome in patients with posterior urethral
valves. J Urol 174: 1433-1435; discussion 1435.

Bernardes LS, Aksnes G, Saada J, Masse V, Elie C, et al. (2009) Keyhole sign:
how specific is it for the diagnosis of posterior urethral valves? Ultrasound Obstet
Gynecol 34: 419-423.

Lyon RP, Marshall S, Tanagho EA (1969) The ureteral orifice: its configuration
and competency. J Urol 102: 504-509.

Tanagho EA, Guthrie TH, Lyon RP (1969) The intravesical ureter in primary
reflux. J Urol 101: 824-832.

Tanagho EA (1981) Development of the ureter. In: Bergman H, ed. The Ureter.
New York: Springer-Verlag. pp 1-12.

Tanagho EA, Nguyen HT (2008) Vesicoureteral Reflux. In: Tanagho EA,
McAninch JW, eds. Smith’s General Urology. 17 ed. New York: McGraw-Hill
Professional. pp 179-192.

Peters CA (2001) Animal models of fetal renal disease. Prenat Diagn 21:
917-923.

Zhang J, Croy BA (2009) Using ultrasonography to define fetal-maternal
relationships: moving from humans to mice. Comp Med 59: 527-533.
Blomley MJ, Cooke JC, Unger EC, Monaghan M], Cosgrove DO (2001)
Microbubble contrast agents: a new era in ultrasound. Bmj 322: 1222-1225.
Cosgrove D (2006) Ultrasound contrast agents: an overview. Eur J Radiol 60:
324-330.

. Kis E, Nyitrai A, Varkonyi I, Mattyus I, Cseprekal O, et al. (2010) Voiding

urosonography with second-generation contrast agent versus voiding cystoure-
thrography. Pediatr Nephrol 25: 2289-2293.

Hancock J, Dittrich H, Jewitt DE, Monaghan M]J (1999) Evaluation of
myocardial, hepatic, and renal perfusion in a variety of clinical conditions using
an intravenous ultrasound contrast agent (Optison) and second harmonic
imaging. Heart 81: 636-641.

. Hu P, Deng FM, Liang FX, Hu CM, Auerbach AB, et al. (2000) Ablation of

uroplakin IIT gene results in small urothelial plaques, urothelial leakage, and
vesicoureteral reflux. J Cell Biol 151: 961-972.

. Yu OH, Murawski IJ, Myburgh DB, Gupta IR (2004) Overexpression of RET

leads to vesicoureteric reflux in mice. Am ] Physiol Renal Physiol 287:
F1123-1130.

Mendelsohn C, Batourina E, Fung S, Gilbert T, Dodd J (1999) Stromal cells
mediate retinoid-dependent functions essential for renal development. Develop-
ment 126: 1139-1148.

Qiao J, Sakurai H, Nigam SK (1999) Branching morphogenesis independent of
mesenchymal-epithelial contact in the developing kidney. Proc Natl Acad
Sci U S A 96: 7330-7335.

September 2011 | Volume 6 | Issue 9 | 24763



