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Abstract

 

The embryonic development of mammalian kidneys is com-
pleted during the perinatal period with a dramatic increase
in urine production, as the burden of eliminating nitroge-
nous metabolic waste shifts from the placenta to the kidney.
This urine is normally removed by peristaltic contraction of
the renal pelvis, a smooth muscle structure unique to pla-
cental mammals. Mutant mice completely lacking angio-
tensin type 1 receptor genes do not develop a renal pelvis,
resulting in the buildup of urine and progressive kidney
damage. In mutants the ureteral smooth muscle layer is hy-
poplastic and lacks peristaltic movements. We show that
angiotensin can induce the ureteral smooth muscles in or-
gan cultures of wild-type, but not mutant, ureteral tissues
and that, in wild-type mice, expression of both renal angio-
tensin and the receptor are transiently upregulated at the
renal outlet at birth. These results reveal a new role for an-
giotensin in the unique cellular adaptations of the mamma-

 

lian kidney to the physiological stresses of postnatal life. (

 

J.

 

Clin. Invest.

 

 1998. 102:1489–1497.) Key words: gene targeting 
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 hydro-
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Introduction

 

Multiple physiological adaptations must occur in placental
mammals at birth when the fetus switches from dependence on
a maternal life support system to a free living existence. The
renal system, in particular, faces multiple challenges at this
time. As the only ex utero mechanism for the removal of ni-
trogenous waste, the kidney achieves some 50-fold increase in
urine production during the perinatal period (1). At the same
time, the urine must be efficiently removed from the kidney to
prevent the buildup of intrarenal pressure. The latter task is
accomplished by the development of the pelvis, an organ
unique to mammals. Under the control of its pacemaker cells
(2, 3), the pelvis initiates peristaltic movements to rapidly
transfer urine from the kidney to the downstream ureter.
Here, we provide evidence that angiotensin controls the neo-

natal development of the kidney outflow tract by inducing the
development of the pelvis and by stimulating the proliferation
and differentiation of smooth muscle cells around the ureter.
In mice in which both angiotensin 1 receptor (AT1)

 

1

 

 genes
have been completely inactivated, the renal pelvis fails to de-
velop, the number of smooth muscle cells in the ureter in-
creases poorly, and no peristaltic movement can be measured.
Consequently, by 3 wk of age, irreversible kidney damage oc-
curs.

 

Methods

 

Animals studied.

 

To obtain pups and embryos lacking genes encod-
ing both AT1A and AT1B receptors, double heterozygous null mu-

 

tants (

 

Agtr1a

 

 

 

1

 

/

 

2

 

; 

 

Agtr1b

 

 

 

1

 

/

 

2

 

) on a mixed 129/Ola and C57BL/6 ge-
netic background were interbred as described previously (4) to
produce offspring that carry the genotype 

 

1

 

/

 

1

 

 or

 

 Agtr1a

 

 

 

2

 

/

 

2

 

; 

 

Agtr1b

 

2

 

/

 

2

 

 (abbreviated as 

 

Agtr1

 

 

 

2

 

/

 

2

 

). 

 

Agtr1

 

 genotype was determined by
Southern blot analysis on DNA isolated from tail biopsies or yolk sac.
Angiotensinogen null mutant mice (

 

Agt

 

 

 

2

 

/

 

2

 

) were obtained as de-
scribed previously (5).

 

Preparation of wild-type mice undergoing surgical unilateral ure-
teral obstruction.

 

Under anesthesia by intraperitoneal injection of so-
dium pentobarbital (60 mg/kg body wt), left ureters of 16-d-old wild-
type mice (

 

n

 

 5 

 

6) were ligated with 6-0 silk and cut between the two
ligated points, while in sham operation (

 

n

 

 5 

 

6), the ureter was identi-
fied and left undisturbed. After the pups were recovered from anes-
thesia, they were returned to their mother. At 5 d after surgery, ob-
structed kidneys were harvested and subjected to the TUNEL
method.

 

Assessment of renal pelvic and ureteral peristaltic function.

 

Mice were anesthetized with an intraperitoneal injection of 60 mg/kg
body wt sodium pentobarbital. After tracheostomy, a polyethylene
catheter (PE-10) was placed into the right jugular vein for continuous
infusion of saline at the rate of 2 ml/h. After a midline incision of ab-
domen, the dome of the bladder was punctured with a 22-G needle to
allow free urine outflow. The fat pad surrounding the kidney was an-
chored in order to immobilize the left renal pelvis. Fat pads surround-
ing the pelvis were gently removed. The intrapelvic pressure was
recorded with a continuous recording, servonull micropipette trans-
ducer system (model 4A; Instrumentation for Physiology and Medi-
cine, San Diego, CA), as described previously (6).

 

In vivo tissue morphology.

 

At least four animals of each geno-
type were analyzed for each specific developmental stage. Tissue
slices were fixed in 4% buffered paraformaldehyde, routinely pro-
cessed, embedded in paraffin, and sectioned at 4 

 

m

 

m. For frozen sec-
tions, tissue slices were placed in O.C.T. compound (Sakura, Tokyo,
Japan), and immediately frozen in absolute ethanol containing dry
ice. Sections were then cut (10 

 

m

 

m) at 

 

2

 

20

 

8

 

C, and thaw-mounted on
glass slides. The sections were routinely stained with periodic acid
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1. 

 

Abbreviations used in this paper:

 

 

 

Agtr1

 

 

 

2

 

/

 

2

 

, homozygote for null
mutations in both the angiotensin type 1A and 1B receptor genes;
Ang II, angiotensin II; AT1, angiotensin 1 receptor; BrdU, bromode-
oxyuridine; SMA, smooth muscle actin.
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Schiff and hematoxylin and eosin for qualitative and quantitative
analyses.

 

Analyses for cell proliferation and cell death.

 

1 d before killing,
mice were given three intraperitoneal injections of bromodeoxyuri-
dine (BrdU; 0.1 mg/g body wt; Boehringer Mannheim, Mannheim,
Germany) at 8-h intervals. 2 h after the last injection, kidneys and
ureters were removed and processed as described above. Immu-
nostaining for BrdU was performed with anti-BrdU antibody (CAL-
BIOCHEM, Cambridge, MA) following the manufacturer’s protocol.
Three nonadjacent sections from the root portion of pelvis were col-
lected, and the percentage of 

 

B

 

rdU positive nuclei against total nuclei
was determined for the smooth muscle layer. The TUNEL method
was used to detect apoptotic cells as described by Gavrieli et al. (7).

 

[Sar

 

1

 

,Ile

 

8

 

]Angiotensin II receptor autoradiography.

 

The distribu-
tion of angiotensin II (Ang II) receptors was assessed by the in situ
autoradiographic technique of Ciuffo et al. (8). After preincubation,
frozen sections were incubated with 0.5 nM 

 

125

 

I-[Sar

 

1

 

,Ile

 

8

 

]Ang II and
3 

 

m

 

M of PD123319 in the presence or absence of 3 

 

m

 

M losartan. After
fixation of the sections with formaldehyde vapor in a sealed jar at
room temperature for 2 h, they were dipped in photographic emul-
sion (Ilford K2 emulsion; Ilford Ltd., Essex, UK) diluted in 2% glyc-
erol solution, air-dried, and exposed at 4

 

8

 

C for 7 d.

 

In vitro tissue culture.

 

The metanephros, ureter, and bladder were
dissected as a unit from embryos at E14.5. The ureter was isolated
from the metanephros at the level of the first branch of the ureteric
bud, and the bladder was cut into halves. The left and the right ureter
from each embryo were on filter discs with or without 10

 

2

 

6

 

 M Ang II.
In a pilot study, this angiotensin dose was found to achieve a tissue
Ang II level of 968

 

6

 

217 pg/g tissue (

 

n

 

 5 

 

3), a level similar to that
found in renal tissues in vivo from newborn mice (see Results). The
ureters were then incubated, using a modification of the protocol de-
scribed previously for metanephric culture (9). The medium consisted
of equal volumes of DME and Ham’s F-12 medium supplemented
with penicillin (50 U/ml), streptomycin (50 

 

m

 

g/ml), and ITS (insulin
0.01 mg/ml, transferrin 0.0055 mg/ml, and selenite 0.67 

 

m

 

g/ml).

 

Immunostaining for 

 

a

 

-smooth muscle actin.

 

The sections were stained
for 

 

a

 

-smooth muscle actin (

 

a

 

-SMA), with an anti–human 

 

a

 

-SMA
antibody (DAKO, Carpinteria, CA), following the manufacturer’s
protocol.

 

Ang II assays in vivo and in vitro.

 

Ang II level was determined in
kidneys from wild-type pups, metanephroi from wild-type embryos,
and in vitro explants after Ang II treatment. For Ang II levels in kid-
neys from wild-type pups, after killing by decapitation, the kidneys
were removed, cleaned of accompanying connective tissues in ice-
cold PBS containing Bestatin (angiotensinase inhibitor; ALPCO,
Windham, NH), and immediately homogenized with a Polytron
(Brinkman Instruments, Inc., Westbury, NY) in 5 ml of ice-cold 0.18 M
HCl/ethanol (1:3 vol/vol). For Ang II levels in metanephroi from
wild-type embryos, metanephroi were dissected from E14.5 embryos
in PBS containing Bestatin. At least 12 metanephroi were collected in
one tube and homogenized. For Ang II levels in in vitro explants, ex-
plants were removed from the filter of culture assembly and washed
briefly in an ice-cold PBS containing Bestatin twice. At least 12 ex-
plants were collected in one tube and homogenized. The homogenate
was processed and Ang II was partially purified by the method of De
Silva et al. (10), using extraction column packed with phenylsilylsilica
(ALPCO). After evaporation to dryness, Ang II was measured by a
radioimmunoassay using a commercial kit (ALPCO), following the
manufacturer’s protocol.

 

Statistical analysis.

 

Data are presented as means

 

6

 

SE. Statistical
analysis was performed using unpaired 

 

t

 

 test. Differences were con-
sidered statistically significant at

 

 P 

 

, 

 

0.05.

 

Results

 

Our study began with the gross anatomical inspection of the
kidneys of mature mice homozygous for null mutations in both

 

the angiotensin type 1A and 1B receptor genes (

 

Agtr1

 

 

 

2

 

/

 

2

 

)
(4). Unlike other mammalian species, rodents carry duplicated
type 1 receptor genes, 

 

Agtr1a

 

 and 

 

Agtr1b

 

 (11), necessitating
the inactivation of both of them in order to study the effect of
the complete absence of the type 1 receptor, AT1. The kidneys
of null mutants were uniformly characterized by progressive
widening of the calyx and atrophy of papilla and medulla, re-
sulting in morphological changes characteristic of obstructive
injury (Fig. 1, 

 

A–F

 

) (4). Indeed, in these mutant mice severe
tubular cell apoptosis manifests in the medulla, in a manner
identical to that in the kidney of wild-type mice in which the
ureter has been experimentally ligated (Fig. 1, 

 

G–I

 

).
To understand the cause of this postnatal renal parenchy-

mal damage, we followed the growth of the urinary tract from
birth. Fig. 2, 

 

A–I

 

, depicts the macroscopic structure of the up-
per urinary tract on day 0, and at 2 and 4 wk of age. To delin-
eate the shape of the urinary tract clearly, the outer adventitial
layer is removed to expose the muscular layers. On the day of
birth, there is no difference between wild-type and mutant uri-
nary tracts. By 2 and 4 wk, the formation of the triangular pel-
vis is distinctively visible in the wild-type mouse. However, the
morphology of the upper urinary tract is markedly distorted in

 

Agtr1

 

 

 

2

 

/

 

2

 

 mutants. The ampulla-shaped pelvis is completely
absent also in mice null mutant for the angiotensinogen gene
(

 

Agt

 

 

 

2

 

/

 

2

 

) (5), where angiotensinogen is the precursor sub-
strate for angiotensin. By contrast, there is no structural obstruc-
tion along the ureter in 

 

Agtr1

 

 

 

2

 

/

 

2

 

 and 

 

Agt

 

 

 

2

 

/

 

2

 

 mutant mice.
To elucidate the mode of induction of the pelvis by angio-

tensin, 5-d-old wild-type and 

 

Agtr1

 

 

 

2

 

/

 

2

 

 mice were injected
with BrdU, and sections of the pelvis were immunostained
with BrdU antibody. The root of the pelvis at the renal hilum
is shown in Fig. 2, 

 

J–M

 

. In wild-type mice, BrdU-positive nu-
clei are observed in great abundance in the smooth muscle
layer (identified by 

 

a

 

-SMA staining in an adjacent section), in-
dicating that smooth muscle cells in this area are highly prolif-
erating. In 

 

Agtr1

 

 

 

2

 

/

 

2

 

 pups at the same age, however, there are
few BrdU-positive nuclei in the smooth muscle layer along the
pelvis. Quantitation of the number of 

 

B

 

rdU-positive nuclei in
both mutant and wild-type mice revealed that the percentage
of 

 

B

 

rdU-positive nuclei to total nuclei is much lower in the mu-
tants than in the wild-type mice (

 

Agtr1

 

 

 

1

 

/

 

1

 

, 15.8

 

6

 

0.8%,

 

 n 

 

5

 

5; 

 

Agtr1

 

 

 

2

 

/

 

2

 

, 8.3

 

6

 

0.8%,

 

 n 

 

5 

 

5; mean

 

6

 

SE,

 

 P 

 

, 

 

0.001). By con-
trast, there is no appreciable difference in the BrdU labeling
index in the renal parenchyma between 

 

Agtr1

 

 

 

1

 

/

 

1

 

 and Agtr1
2/2 mice at P5 (in the cortex, Agtr1 1/1, 156.2613.2/at a
magnification of 400; Agtr1 2/2, 171.3616.2/at a magnifica-
tion of 400, n 5 5: in the medulla, Agtr1 1/1, 86.267.2/at a
magnification of 400; Agtr1 2/2, 92.3610.2/at a magnification
of 400, n 5 5).

The growth stimulatory effects of angiotensin on the kid-
ney outflow tract are already discernible microscopically in the
ureter before the time of birth and the formation of the pelvis.
Although not shown, histological examination reveals no dif-
ferences at E14.5 between the ureters of wild-type embryos
and embryos homozygous for null mutations in both angio-
tensin type 1A and type 1B receptor genes (Agtr1 2/2). In the
newborn double mutant, however, the smooth muscle layer is
significantly thinner at the proximal end compared with the
wild-type mouse (Fig. 3). To quantitate the development of
the smooth muscle layer at the proximal end and in the middle
portion of the ureter, the thickness of the a-SMA expressing
cell layer was measured in both mutant and wild-type pups.
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Figure 1. Kidney morphology of wild-type and Agtr1a/Agtr1b double null mutant mice (Agtr1 2/2) at different times after birth. Coronal sec-
tions of kidneys were taken as shown schematically. At birth, no gross abnormality was observed in the kidneys of Agtr1 2/2 mice compared 
with wild-type mice (A and B). At 3 and 5 wk (C–F) Agtr1 2/2 mice showed progressive change in the papilla and calyx. Agtr1 2/2 mice have a 
hypoplastic papilla and a thin medulla, with a widening caliceal space (D and F). Scale bars, A and B, 0.4 mm; C and D, 0.8 mm; and E and F, 2.0 
mm. (G and H) Wild-type mice at the age of 16 d underwent either unilateral ureteral obstruction or sham operation and were killed 5 d later. (I) 
Agtr1 2/2 mice at 16 d were subjected to sham operation and killed 5 d later. (G) Kidney section from the obstructed kidney in the wild-type 
mouse. Apoptotic cells are observed in the region similar to that of Agtr1 2/2 mice. (H) Wild-type kidney section from sham operation. 
TUNEL-positive cells are virtually absent. (I) Kidney section from Agtr1 2/2 mice. TUNEL-positive cells are observed in abundance, predom-
inantly in the tubules within the medulla.
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Figure 2. Pelvis morphology and smooth muscle proliferation in wild-type (Agtr1 1/1) and Agtr1a/Agtr1b double null mutant mice (Agtr1 2/2). 
(A–C) No appreciable difference was observed in pelvis morphology on the day of birth. At 2 (D–F) and 4 wk (G–I), the formation of the trian-
gular pelvis was virtually absent in Agtr1 2/2 and angiotensinogen null mutant mice (Agt 2/2). The length of the bars represents 0.3 mm at day 
0 (A–C), 0.5 mm (D–F) at 2 wk, and 1.0 mm at 4 wk (G–I). J and L are from a Agtr1 1/1 mouse; K and M are from a Agtr1 2/2 mouse. Arrows 
in J and K indicate BrdU-positive nuclei in the smooth muscle layer. The adjacent sections are immunostained for a-SMA to identify smooth 
muscle cells in L and M. The cartoon (N) shows the section sites and planes for A–M. The dot within the pelvic space in N indicates the site 
where the pressure shown in Fig. 6 is monitored.
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This analysis showed a 53% reduction in wall thickness proxi-
mally (7965 mm in Agtr1 1/1, n 5 6 vs. 3763 mm in Agtr1 2/2,
n 5 6, mean6SE, P , 0.001) and 17% distally (7762 mm in
Agtr1 1/1, n 5 6 vs. 6463 mm in Agtr1 2/2, n 5 6, mean6SE,
P , 0.001). Thus, the embryonic development of ureteral
smooth muscle cells is markedly attenuated in Agtr1 2/2 em-
bryos.

Several lines of evidence suggest that smooth muscle differ-
entiation along the ureter in the wild-type mouse reflects a di-
rect local action of angiotensin on the tissues. First, the exist-
ence of angiotensin type 1 receptors, AT1, along the upper
urinary tract was established, using receptor autoradiography
with 125I-labeled [Sar1,Ile8]Ang II as a ligand, together with ex-
cess PD 123319 as a competitor for the angiotensin type 2 re-
ceptor. As shown in Fig. 4, A and D, angiotensin binding sites
at the renal hilum are already induced at birth in the wild-type
newborn, and further intensified in the smooth muscle cell
layer of the renal pelvis over the next 4 wk. By contrast, Ang II
binding is virtually undetectable in the medulla, the papilla,
and vascular smooth muscles of the large and small renal arter-
ies. Binding of the radiolabeled ligand was significantly re-
duced by the simultaneous addition of an excess amount of
losartan (Fig. 4, C and F), and the binding was absent in Agtr1
2/2 mice (Fig. 4, B and E). Second, Ang II content was mea-
sured in metanephroi from embryos at E14.5, E15.5, and E17.0
and in kidneys from mice at birth, 1, 3, and 8 wk (Fig. 4 H). In
metanephroi from embryos at E14.5 and E15.5, Ang II levels
average 110612 pg/g tissue (n 5 3), and 100625 pg/g tissue
(n 5 3), respectively. Ang II levels increase nearly eightfold in
metanephroi at E17.0, reach a peak on the day of birth at a
level of 9756136 pg/g tissue (n 5 6), and decrease subse-
quently. Thus, both high concentration of ligand in the kidney
and localized expression of the receptor underlie the selective
growth stimulatory effect of Ang II on the renal pelvic smooth
muscle.

To directly test the capacity of Ang II to induce ureteral
smooth muscle, a ureteric organ culture system was estab-
lished in which the ureter was harvested from E14.5 embryos
and cultured for 1 d with or without 1026 M Ang II. As men-
tioned above, undifferentiated mesenchymal cells along the

ureter do not express a-SMA in either wild-type or mutant
embryos at E14.5. In wild-type specimens, Ang II caused a sig-
nificant increase in the percentage of a-SMA positive cells
(Fig. 5 C), on average from 6.2160.80% to 13.2062.39% (Fig.
5 E, n 5 5; mean6SE, P , 0.001). By contrast, in Agtr1 null
mutant mice, Ang II treatment had no effect on the expression
of a-SMA (Fig. 5 D) (control, 1.8060.59%, n 5 5; Ang II,
1.9060.52%, n 5 5; mean6SE) (Fig. 5 E). Thus, Ang II has a
local regulatory capacity on the differentiation and/or prolifer-
ation of smooth muscle along the ureter.

The renal pelvis eliminates urine from the calyx by generat-
ing pressure, directed only forward by constant unidirectional
peristaltic movement initiated by the pacemaker cells within
the pelvis, allowing removal of urine from the calyx without
generating backward pressure to the renal parenchyma (2, 3).
To assess the function of the renal pelvis in the mutant, in-
trapelvic pressure was monitored by the micropuncture ser-
vonulling method (6). The tracing pattern of pelvic pressure is
shown in Fig. 6. In all of the 4- to 5-wk-old wild-type mice ex-
amined (n 5 4), the renal pelvic pressure exhibits rhythmic
pulsatile changes with constant frequency. In mutant mice
(n 5 4), however, the regular contraction of the renal pelvis is
absent and the baseline of intrapelvic pressure is higher than
that in the wild-type mouse (Agtr1 1/1, 5.261.8 mmHg; Agtr1
2/2, 12.561.8 mmHg, mean6SE, P , 0.01), whereas urine
flow rate is similar (Agtr1 1/1, 86 ml/h; Agtr1 2/2, 92 ml/h).
Note that the renal parenchyma of mutant mice is now directly
and constantly exposed to the abnormally high pressure in the
absence of the pelvis, which normally isolates the renal paren-
chyma from the downstream pressure.

Discussion

Agtr1 2/2 mice lack development of the renal pelvis, and the
smooth muscle layer develops poorly throughout the length of
the ureter. Most remarkably, the pelvis is entirely missing in
Agtr1 2/2 mice. This anomalous development reflects a lack
of local tissue effect of angiotensin. Thus, angiotensin type 1
receptor in the wild-type mouse is highly localized within the
pelvic wall but absent in the medulla (Fig. 4) (4, 12). Moreover,

Figure 3. Smooth muscle along 
the urinary tract in wild-type 
(Agtr1 1/1) and Agtr1a/Agtr1b 
double null mutant mice (Agtr1 
2/2) at birth. Transverse sec-
tions of the cranial-most portion 
of the ureter immunostained for 
a-SMA. There are significantly 
fewer smooth muscle cells in 
Agtr1 2/2 (b) compared with 
wild-type mice (a) at birth.
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the experimental manipulation to raise angiotensin concentra-
tion within the embryonic ureteric tissue explant of the wild-
type to a level comparable to that prevailing in the neonatal
tissue in vivo led to induction of ureteral smooth muscles when
AT1 receptors are present. Of note, the pressure within the
pelvic lumen, which can potentially act as a trophic stimulus
for the smooth muscle (13, 14), is higher in the Agtr1 2/2 than
wild-type mice (Fig. 6). These findings are reminiscent of the
suggestion that angiotensin acts as a growth factor on vascular
smooth muscle cells (15–17) and cardiomyocytes (18, 19).
While studies on gene targeted mice selectively deficient of

Ang II (5, 20–23) or its receptors (24–27) have heretofore been
unsuccessful in demonstrating the significance of such a
growth factor–like action in the development of these organs,
this study has provided in vitro and in vivo evidence docu-
menting the ontogenic importance of Ang II on the ureteral
smooth muscle growth.

The pelvis, due to its pacemaker function and contractility,
allows sequestration of urine from the calyx without generat-
ing backward pressure to the renal parenchyma (2, 3). Indeed,
monitoring of intrapelvic pressure in wild-type mice demon-
strated typical steady cyclic pressure changes whereas such a

Figure 4. Distribution of Ang II receptors 
in the pelvis in wild-type (Agtr1 1/1) and 
Agtr1a/Agtr1b double null mutant mice 
(Agtr1 2/2) and renal Ang II content in 
wild-type mice. 125I-labeled [Sar1,Ile8]Ang 
II was used as a ligand together with excess 
PD 123319 as a competitor for angiotensin 
type 2 receptors. (A) Ang II binding sites at 
the hilum, as well as the renal cortex, are 
already induced at birth. (D) At 4 wk after 
birth, a high concentration of binding sites 
is observed in the smooth muscle cell layer 
of the renal pelvis, in the cortical areas, and 
around the glomeruli, whereas Ang II 
binding is extremely low in the medulla. (B 
and E) Binding was virtually absent in 
Agtr1 2/2 mice. (C and F) Binding was 
significantly reduced by the simultaneous 
addition of an excess amount of losartan. 
Arrows in A–F indicate the kidney hilum. 
The cartoon (G) shows the section site and 
plane. (H) Ang II contents in the meta-

nephros and kidney. Values are presented as means6SE at E14.5 (n 5 3), E15.5 (n 5 3), E17.0 (n 5 4), P0 (n 5 6), P7 (n 5 4), P21 (n 5 4), and 
P56 (n 5 4). Ang II level was elevated markedly and transiently around birth.
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rhythmic movement was entirely lacking, and instead, constant
abnormally elevated intrapelvic pressure characterizes Agtr1
2/2 mice (Fig. 6). This elevated pressure is considered partic-
ularly injurious to the renal parenchyma when the peristaltic
movement from the hilum and downward is absent, as no
other mechanism isolates the renal parenchyma from this high
downstream pressure. Not surprisingly, therefore, the medulla
and papilla, which appear intact at birth, become atrophic
within a few weeks after birth in the kidneys of Agtr1 2/2 mice.

Indeed, morphometrically, immunohistochemically and oth-
erwise, the nature of this injury in Agtr1 2/2 kidneys is quali-
tatively indistinguishable from that in wild-type kidneys that
have been subjected to a complete surgical ureteral ligation.
Thus, in both the mutant and artificially obstructed kidneys,
the calyx is enlarged, while the papilla is atrophic (Fig. 1 F); tu-
bulointerstitial cells are not only abnormally apoptotic (Fig. 1,

G and I) but are also proliferative (28). Both are also charac-
terized by interstitial macrophage infiltration and fibrosis, and
within the local fibrotic area, TGF-b1, PDGF-A, and IGF-1
are upregulated, whereas EGF is downregulated as deter-
mined at both mRNA and protein levels (28). A similar abnor-
mal morphology of the kidneys has been reported in mice ho-
mozygous for null mutations in genes that are required for
angiotensin production, namely the angiotensinogen (Agt) (5,
20) or angiotensin converting enzyme (Ace) genes (21–23). Of
interest, the morphological anomalies (Fig. 1, A–F) and in-
creased apoptotic activity of Agtr1 2/2 mice develop not be-
fore birth (data not shown) but only after 2 wk of age. This
highly developmental stage–specific kidney-injurious effect of
AT1 inhibition has been shown pharmacologically in rats
given AT1 antagonist (29). The latter is reminiscent of the re-
ports that, in humans, administration of ACE inhibitor during

Figure 5. In vitro effect of Ang II to induce smooth muscle cells in ure-
teral tissues from wild-type (Agtr1 1/1) and Agtr1a/Agtr1b double null 
mutant embryos (Agtr1 2/2). Embryonic ureter harvested from Agtr1 
1/1 or Agtr1 2/2 embryos at E14.5 was cultured for 1 d in the pres-
ence (C and D) or absence (A and B) of 1026 M Ang II. The explant 
was then fixed with 4% PFA, routinely processed, embedded upright in 
paraffin, and the ureter was serially sectioned at 4 mm. At least 10 
transverse sections were chosen evenly throughout the length of ureter, 
and each section was stained with a-SMA antibody. (A–D) Transverse 
section at the same level stained for a-SMA. (E) The density of a-SMA 
expressing cells was determined as a percentage of the a-SMA–positive 
cells against total mesenchymal cells surrounding the ureteral epithe-
lium along the ureter. In tissues from wild-type embryos, Ang II caused 
a significant (P , 0.001) increase in the percentage of a-SMA–positive 
cells. By contrast, in tissues from Agtr1 null mutant embryos, Ang II 
treatment had no effect on the percentage of a-SMA–positive cells. 
Control and Ang II treatments are paired as the tissues are from the 
same embryos. Mean values are given by open bars.
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the third trimester of pregnancy was associated with “ACE in-
hibitor fetopathy,” which includes kidney anomalies (30–32).
Although available histological data are sparse in the litera-
ture, the pathology appears to include renal dysplasia, a pat-
tern that has been shown to occur in experimental ureteral li-
gation in a late stage of nephrogenesis (33). The pattern of
hydronephrosis seen in mice during angiotensin inhibition,
pharmacologically or genetically, has not been documented,
however. Given the notion that, in many aspects, the renal
function and structure of neonatal rodents resemble those of
human embryos at the third trimester, the possibility is raised
that the renal anomaly of ACE inhibitor fetopathy is, in part,
related to the defective development of urinary peristalsis. In-
cidentally, in humans, a drastic increase in urine flow rate oc-
curs during the third trimester (34), and the renal pelvis devel-
ops during this period as well (35), along with an upregulation
of renal angiotensin (36).

The results of this study impart physiological significance
to two well-known, yet heretofore teleologically puzzling phe-
nomena in the renin-angiotensin system. The first relates to
the onset of extrauterine life as the timing of angiotensin up-
regulation. The renin-angiotensin system is transiently upregu-
lated during the perinatal period (36, 37), the significance of
which has long been debated (38), as pharmacological inhibi-
tion has little effect as far as acute hemodynamic changes are
concerned. In view of the dramatic increase in urine flow dur-
ing the perinatal period, the angiotensin upregulation appears
very timely so that the pelvis can be induced promptly to ac-
commodate this physiological stress unique to mammals. The
second relates to the kidney as the primary regulatory organ
for the renin-angiotensin system. The kidney, through its abil-
ity to regulate the renin-angiotensin system, plays a major role
in the homeostasis of systemic circulatory dynamics. In this
context, the present observation that a local upregulation of
angiotensin is involved in the induction of the renal pelvis pro-
vides us with the teleological justification that the kidney can
be considered as the ideal site to harbor the renin-angiotensin
regulator. If the kidney is indeed the origin of the angiotensin
that acts on the downstream smooth muscles, the renally de-
rived angiotensin allows both of these homeostatic mecha-
nisms to operate, i.e., the systemic circulatory dynamics and
the dynamics of urinary outflow, under the direct influence of
the renal renin-angiotensin system.
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