
Abstract Congenital obstructive nephropathy remains
one of the most-important causes of renal insufficiency
in children. This review focuses on the unique interac-
tions that result from urinary tract obstruction during the
period of renal development in the neonatal rodent. Fol-
lowing unilateral ureteral obstruction (UUO), growth of
the obstructed kidney is impaired and compensatory
growth by the intact opposite kidney is related directly to
the duration of obstruction. Development of the renal
vasculature is delayed by UUO, and the activity of the
intrarenal renin-angiotensin system is enhanced through-
out the period of obstruction. Glomerular maturation is
also delayed by UUO, and nephrogenesis is permanently
impaired. The effects of UUO on the developing tubule
are also profound, with a suppression of proliferation,
stimulation of apoptosis, and the maintenance of an im-
mature phenotype by tubular epithelial cells. Expression
of tubular epidermal growth factor is suppressed and
transforming growth factor-β1 and clusterin are in-
creased. Maturation of interstitial fibroblasts is delayed,
with progression of tubular atrophy and interstitial fibro-
sis resulting in part from continued activation of the re-
nin-angiotensin system and oxygen radicals. Future ef-
forts to prevent the consequences of congenital urinary
tract obstruction must account for the dual effects of ob-
struction: interference with normal renal development
and progression of irreversible tubulointerstitial injury.
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Introduction

Congenital obstructive nephropathy is the principal cause
of renal failure in infants and children [1]. Whereas in

the adult kidney chronic urinary tract obstruction leads
to tubular atrophy and interstitial fibrosis, urinary tract
obstruction in the maturing kidney also permanently im-
pairs renal development [2, 3]. Normal renal develop-
ment in the human involves the formation of the meta-
nephric kidney, with onset of nephrogenesis during the
first trimester, and completion of nephrogenesis by the
34th week of gestation. Congenital obstruction of the
urinary tract in the human most commonly develops at
the ureteropelvic junction: this may be the result of ei-
ther intrinsic or extrinsic impediment to urine flow. Al-
though far less common, posterior urethral valves consti-
tute the most-important cause of bladder outlet obstruc-
tion. The mechanisms underlying the embryological de-
velopment of obstruction remain to be elucidated, and
are not the subject of this review. In some cases of con-
genital obstructive nephropathy, renal maldevelopment
(such as renal dysplasia) may be modulated by factors
other than the primary obstruction to urine flow.

A variety of animal models have been created to in-
vestigate the pathophysiology of congenital obstructive
nephropathy. The timing of renal development in the fe-
tal sheep is similar to that in the human (nephrogenesis
is completed before birth), and the size of the animal al-
lows fetal manipulation. The guinea pig also completes
nephrogenesis before birth, but its small size makes fe-
tal manipulation difficult, necessitating neonatal studies.
The opossum has been investigated, because fetal devel-
opment in marsupials is largely extrauterine, thereby al-
lowing more-convenient access for surgical interven-
tion. In the rat and mouse, most nephrons are formed
postnatally, such that experimental urinary tract obstruc-
tion in the neonatal period is analogous to that arising in
the human in midtrimester. While no one model is ideal,
the present review will focus on studies performed in
neonatal rodents, which have allowed elucidation of a
number of the renal molecular and cellular consequenc-
es of urinary tract obstruction in early development. The
experimental surgical obstruction of a single ureter
(UUO) most closely parallels human ureteropelvic junc-
tion obstruction, which is characterized by hydrone-
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phrotic rather than dysplastic alterations in the renal pa-
renchyma.

Renal growth and counterbalance

It has been over 50 years since Hinman [4] described
compensatory growth of the intact opposite kidney fol-
lowing UUO in the rat. Chronic UUO in the fetal sheep
impairs growth of the obstructed kidney and stimulates
compensatory growth of the opposite kidney [5]. A simi-
lar response is noted in the guinea pig, in which the im-
pairment of growth of the obstructed kidney and com-
pensatory growth of the opposite kidney are inversely
proportional to the age of the animal at the time of ob-
struction [6]. It would therefore appear that while the de-
veloping kidney is more susceptible to the effects of ipsi-
lateral UUO, adaptive growth by the opposite kidney is
also enhanced. We have shown recently in the neonatal
rat that UUO impairs growth of the obstructed kidney
and stimulates growth of the opposite kidney in direct
proportion to the duration of obstruction [7]. Chronic
UUO in the neonatal rat reduces DNA content of the ob-
structed kidney, and increases that of the intact opposite
kidney [2]. Fetal compensatory renal growth has been
demonstrated also in humans [8], and adaptive growth of
the opposite kidney has been proposed as a sensitive in-
dex of the severity of obstruction in infants with uretero-
pelvic junction obstruction [9].

There are fundamental differences between normal
and compensatory renal growth. Silber and Malvin [10]
demonstrated that compensatory growth is reversible,
whereas normal growth is not. However, we showed that
contralateral nephrectomy in the neonatal guinea pig
with partial UUO preserves renal growth (but less than a
normal kidney remaining after contralateral nephrecto-
my) [11]. It is likely that growth of the single partially
obstructed kidney in this case represents the net effects
of slowed growth due to ipsilateral UUO and enhanced
growth due to contralateral nephrectomy.

Recent studies indicate that whereas angiotensin acts
as a growth factor in normal renal development [12], it is
not necessary for compensatory renal growth in the neo-
natal mouse [13]. Compensatory renal growth in the neo-
nate is primarily hyperplastic, whereas that in the adult is
hypertrophic [14]. It is likely that insulin-like growth
factor-1 plays a role in neonatal (but not adult) compen-
satory renal growth [15].

Vascular development

Fetal development of the renal vasculature is character-
ized by a diffuse distribution of renin along the length of
the afferent arterioles and the interlobular arteries, with
gradual localization to the juxtaglomerular region only in
the early neonatal period [16]. Renal nerve activity is in-
creased in early development [17], and is responsible at
least in part for increased renal renin activity [18]. Inter-

ference with the activity of the renin-angiotensin system
(RAS) during this critical period results in abnormal de-
velopment of the renal vasculature [19, 20]. The RAS is
normally highly active during early development, which
contributes to a high renal vascular resistance in the fetus
and neonate [21].

Chronic UUO in the neonatal rat results in a rapid and
sustained increase in renal renin gene expression [2], and
persistence of the fetal pattern of renin distribution [22].
In addition to increased immunolocalization of renin
along the microvasculature, chronic UUO in the neonatal
rat also increases the number of renin-secreting cells
[23]. This is modulated by renal nerve activity [24]. Re-
lief of obstruction reduces the extent of renin distribution
along afferent arterioles of the neonatal rat (R.L. Cheva-
lier, unpublished observations) and normalizes the renin
content of the postobstructed neonatal guinea pig kidney
[25]. Activation of the intrarenal RAS is therefore dy-
namically modulated by tubular fluid flow, intratubular
pressure, or mechanical distention of the tubule.

Chronic UUO in the neonatal rat or guinea pig results
in a marked increase in renal vascular resistance of the
obstructed kidney and vasodilatation of the intact oppo-
site kidney [11, 26]. Chronic UUO in the guinea pig in-
creases angiotensin-dependent renal vasoconstriction in
the obstructed kidney independent of renal nerves [27].
Vasodilatation of the opposite kidney may be mediated
by renal nerves or contralateral renal renin suppression
[2, 26]. Chronic inhibition of angiotensin converting en-
zyme in the neonatal guinea pig with chronic partial
UUO prevents the reduction in blood flow to the ob-
structed kidney, indicating that angiotensin plays a major
role in vasoconstriction [28]. However, renal blood flow
is not normalized 10 days after relief of temporary UUO
in the neonatal guinea pig, and enalapril has no salutary
effect, suggesting that additional vasoconstrictors are in-
volved in the postobstructed kidney [25]. However, an-
giotensin converting enzyme inhibition reduces vascular
resistance of the intact opposite kidney, which may be
the result of an increased sensitivity of angiotensin II re-
ceptors in response to relief of obstruction [25]. Throm-
boxanes have been shown to act as additional modulators
of renal vascular resistance following ipsilateral [29, 30]
or in rats with congenital spontaneous hydronephrosis
[31]. Interestingly, vasodilator prostaglandins appear to
contribute to vasodilatation of the intact opposite kidney
[32].

The role of nitric oxide, a potent vasodilator, in mod-
ulation of renal vascular tone depends on whether ureter-
al obstruction is unilateral or bilateral. Following release
of bilateral ureteral obstruction, renal nitric oxide syn-
thase activity is decreased [33], whereas following UUO,
nitric oxide synthase activity is increased, thereby coun-
teracting the vasoconstrictor responses described above
[34]. It appears that one of the salutary effects of enala-
pril on the obstructed kidney is a consequence of in-
creased nitric oxide generation [35]. Following 24 h of
UUO, glomerular soluble guanylate cyclase activity is
increased (through angiotensin II stimulation), while
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phosphodiesterase activity is reduced [36]. By increasing
the production of cyclic GMP, a potent vasodilator, these
responses would also counter vasoconstrictors generated
following UUO. Although renal blood flow is normal-
ized 6 weeks after relief of temporary UUO in the neona-
tal guinea pig, renal growth remains impaired [37]. This
indicates that persistent ischemia cannot account for the
impaired renal growth resulting from UUO: alterations
in renal growth factor expression are more likely to play
a significant role.

Glomerular development

Following induction of glomeruli, which are formed
from mesenchyme in the clefts of S-shaped bodies,
glomerular capillaries increase in number, while podocy-
tes become progressively flattened [38]. This is associat-
ed with increasing surface area for glomerular filtration
and a significant increase in glomerular filtration rate
(GFR) [39].

Chronic UUO interferes with both nephrogenesis and
with terminal maturation of glomeruli. Human fetuses
with severe obstructive nephropathy have reduced num-
bers of glomeruli [40]. Moreover, in both the fetal rabbit
and fetal sheep, chronic UUO decreases the number of
nephrons [41, 42]. In the neonatal rat (in which 90% of
nephrons are formed postnatally), 5 days of UUO reduc-
es the number of nephrons by 40% [43]. Most important-
ly, although relief of obstruction does not lead to “catch-
up” nephrogenesis, GFR of the postobstructed kidney is
normal, indicating significant hyperfiltration by remain-
ing nephrons [43]. In the neonatal guinea pig (in which
nephrogenesis is complete before birth), severe partial
UUO reduces the number of perfused glomeruli by 16%
and decreases GFR by 80% at 3 weeks [11]. After 8
weeks’ partial UUO, the number of perfused glomeruli is
reduced by 34%, and GFR is reduced by 95% [37]. Re-
lief of 10 days of obstruction does not increase the num-
ber of perfused glomeruli at 8 weeks of age, but GFR is
normalized [37]. These findings highlight the irrevers-
ible nature of nephron loss resulting from chronic UUO
in the developing kidney, regardless of whether obstruc-
tion is present during or after the completion of nephro-
genesis. Marked hyperfiltration by remaining nephrons
takes place in the postobstructed kidney despite the pres-
ence of a normal contralateral kidney. The primary con-
cern is that over time hyperfiltration may lead to pro-
gressive glomerular sclerosis, which is more marked in
immature than in adult rats subjected to unilateral ne-
phrectomy 5–11 months previously [44, 45].

Five days of UUO in the neonatal rat delays terminal
maturation of glomeruli [43], while immature glomeruli
are not present beyond the completion of normal nephro-
genesis in the rat (14 days), even in obstructed kidneys.
As shown in Fig. 1a, administration of epidermal growth
factor (EGF), 0.1 mg/kg per day, to neonatal rats with
UUO prevented the delay in glomerular maturation.
However, EGF did not augment the number of glomeruli
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in the obstructed kidney (Fig. 1b). Expression of this
growth factor is suppressed by UUO, and delayed glom-
erular maturation may be a secondary consequence.

Tubular development

Organ growth is the result of a balance between cellular
proliferation and programmed cell death (apoptosis). The
bulk of renal growth is due to proliferation and hypertro-
phy of tubular epithelial cells. Tubular maturation is
characterized by the progressive disappearance of mark-
ers normally expressed only in early development. These
include clusterin, a large glycoprotein [46], and KS, a
kidney-specific gene with unknown function [47]. In ad-
dition, tubular maturation involves the polarized expres-
sion of a number of transporters, such as Na-K-ATPase
[48], and receptors, such as EGF receptors [49].

In early renal development, mesenchymal cells ex-
pressing vimentin undergo phenotypic transformation to
become polarized tubular epithelial cells [50]. Converse-
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Fig. 1 a, b Effects of unilateral ureteral obstruction (UUO) and ex-
ogenous epidermal growth factor (EGF) on glomerular maturation
and number of glomeruli in neonatal rats. Sprague-Dawley rats un-
derwent UUO within the first 48 h of life and received either EGF
(0.1 mg/kg per day, n=5) or saline (control, n=7) for the following 7
days as described previously [94]. Weighted glomerular maturation
score and the relative number of glomeruli per transverse kidney
section were determined in each group as described previously [41,
95]. Data are presented as mean±SEM, with obstructed kidneys in
black and intact opposite kidneys in white. *P<0.05 vs. UUO kid-
ney; **P<0.05 vs. control. a Glomerular maturation was significant-
ly delayed by UUO in the control group, but treatment with EGF
prevented this delay. b The number of glomeruli was significantly
reduced by UUO and EGF had no effect on nephrogenesis
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ly, as a consequence of chronic UUO, tubular epithelial
cells in the neonatal rat undergo epithelial-mesenchymal
transformation and express vimentin [51]. In addition to
acquisition of this mesenchymal characteristic, tubular
epithelial cells in the obstructed kidney express the EGF
receptor on the luminal as well as the basolateral surface,
consistent with loss of normal polarity [52]. Additional
evidence of UUO inducing renal tubular cell immaturity
is the persistence of KS in tubules of neonatal rats sub-
jected to chronic UUO [47].

Chronic urinary tract obstruction stimulates apoptosis
of renal tubular epithelial cells in animal models and in
humans [3, 53]. The loss of polarity and acquisition of
mesenchymal characteristics predispose cells to break
free of the basement membrane. This process has been
termed anoikis or “homelessness” [54]. The change in
cell shape is a potent stimulus to initiation of apoptosis.
An additional factor likely contributing to apoptosis of
tubular cells is a reduced expression in scattered dilated

tubules of bcl-2, an oncoprotein that normally inhibits
apoptosis [55, 56]. There is circumstantial evidence that
apoptosis of renal tubular cells progresses to tubular at-
rophy in obstructive nephropathy [57]. It is therefore not
surprising that factors countering apoptosis are also acti-
vated by UUO. One potential candidate is clusterin,
which binds epithelial cells together and to the basement
membrane after they have become detached [58, 59].
Chronic UUO in the neonatal rat results in a progressive
increase in renal clusterin expression, which is localized
to scattered collecting ducts [2, 3].

Whereas UUO in the adult rat induces an increase in
cellular proliferation and DNA content, UUO in the neo-
nate markedly suppresses tubular cell proliferation and
DNA content [3]. It is likely that this difference is due to
greater interstitial macrophage proliferation in the adult
than the neonate, as well as to a greater increase in tubu-
lar cell apoptosis in the neonate [3]. One of the reasons
for a reduction in renal tubular cell proliferation may be
a suppression of EGF expression by distal tubular cells.
This growth factor is normally not expressed in the rat
kidney until several days of age, after which expression
increases linearly [2]. Chronic UUO inhibits this normal
increase in EGF expression [2], and relief of 5 days of
UUO in the neonatal rat does not normalize tubular EGF
expression, proliferation, or apoptosis 28 days later [43].
However, administration of EGF to neonatal rats with
persistent UUO stimulates tubular cell proliferation while
inhibiting apoptosis [51] (Fig. 2). Of interest, EGF ad-
ministration also reduces vimentin and clusterin expres-
sion by renal tubular cells in the obstructed neonatal rat
kidney [51].

Although the RAS is already activated by UUO, ad-
ministration of exogenous angiotensin II stimulates renal
cellular proliferation while further stimulating apoptosis
in the neonatal hydronephrotic kidney [60]. In contrast,
administration of angiotensin II has no effect on renal tu-
bular cell proliferation or apoptosis in the adult rat with
UUO [60]. These age-related differences may be due in
part to changing distribution of angiotensin receptors.
Following birth, there is a progressive increase in the re-
nal expression of AT1 receptors, which mediate vasocon-
striction and renal cellular proliferation [61, 62]. In con-
trast, following birth there is a rapid decrease in renal ex-
pression of AT2 receptors, which inhibit cell growth and
induce apoptosis [61–64]. Although AT1 and AT2 recep-
tors are downregulated 24 h following UUO in the neo-
natal rat, AT1 receptor expression and binding progres-
sively increase, despite increased renal production of an-
giotensin II [65]. In contrast, expression of AT2 receptor
decreased regardless of the presence of UUO [65].

Interstitial development

Maturation of renal interstitial fibroblasts depends on their
phenotypic transformation from myofibroblasts to fibro-
blasts [66, 67]. As a result of this process, renal interstitial
fibroblasts in the rat no longer express either vimentin or
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Fig. 2 a, b Effects of UUO and exogenous EGF on renal tubular
cell proliferation and apoptosis in neonatal rats. Sprague-Dawley
rats underwent UUO within the first 48 h of life and received ei-
ther EGF (0.1 mg/kg per day, n=6) or saline (control, n=6) for the
following 7 days. Data (previously published [94]) are presented
as mean±SEM, with obstructed kidneys in black and intact oppo-
site kidneys in white. *P<0.05 vs. UUO kidney; **P<0.05 vs. con-
trol. a Relative tubular cell proliferation is represented by nuclei
staining for proliferating cell nuclear antigen. Cellular prolifera-
tion was markedly suppressed in the obstructed kidney, but in-
creased 74% with EGF treatment. In contrast, cellular prolifera-
tion in the intact opposite kidney was reduced 20% by EGF treat-
ment. b Relative tubular cell apoptosis is represented by nuclei
identified by the TUNEL technique. While tubular apoptosis was
increased over 30-fold in the obstructed compared with the intact
opposite kidney, EGF treatment reduced apoptosis in the obstruct-
ed kidney by over 80%



α-smooth muscle actin after approximately 14 days of age
[66]. However, as a consequence of chronic UUO from
birth, α-smooth muscle actin continues to be produced by
fibroblasts until 28 days [2]. Interstitial fibroblasts may
undergo phenotypic transformation in the adult as well:
obstruction of single nephrons in the adult rat induces the
expression of α-smooth muscle actin by fibroblasts sur-
rounding the dilated tubular loops [68]. Moreover, dilated
tubules in kidneys from infants with severe congenital ob-
structive nephropathy are also surrounded by myofibro-
blasts [69]. These data indicate a close relationship, or
“crosstalk”, between the renal tubular epithelial cell and
the adjacent interstitial extracellular matrix.

Progressive renal injury resulting 
from urinary tract obstruction

Over time, chronic UUO leads to tubular atrophy and in-
terstitial fibrosis. Even short-term (3–5 days) complete
UUO in the neonatal rat leads to persistent tubular atro-
phy and interstitial fibrosis, and the degree of injury is
directly related to the duration of obstruction [7]. Pheno-
typic transformation of fibroblasts to myofibroblasts has
been shown to play a role in progressive deposition of
extracellular matrix [67]. Chronic UUO in the neonatal
rat increases interstitial deposition of collagen types I,
III, and V, and leads to progressive interstitial fibrosis
[70]. This deposition of extracellular matrix is a conse-
quence of both increased synthesis and reduced degrada-
tion [71].

Transforming growth factor-β1 (TGF-β1), a cytokine
that enhances the deposition of extracellular matrix and
also inhibits its degradation [72], is produced by renal
tubular epithelial cells and interstitial fibroblasts [73,
74]. This action may be mediated at least in part through
stimulation of α-smooth muscle actin production by in-
terstitial fibroblasts [72, 75]. Renal expression of TGF-
β1 is markedly increased by ureteral obstruction in the
fetal sheep [76], as well as the neonatal or adult rat [2,
73]. Renal tubular TGF-β1 receptor expression is also
increased by UUO, which may serve to amplify the ef-
fect [77]. In addition to its fibrogenic actions, TGF-β1
stimulates apoptosis of epithelial cells, which may also
contribute to progressive tubular atrophy [78]. Relief of
obstruction attenuates, but does not normalize, tubular
expression of TGF-β1, clusterin, and vimentin– all of
which are evidence of persistent tubular injury [43]. We
have demonstrated recently that administration of EGF
to neonatal rats with chronic UUO reduces tubular TGF-
β1 expression as well as the extent of renal interstitial fi-
brosis [51]. This underscores the delicate interrelation-
ship between growth factors in determining the progres-
sion of tubulointerstitial injury as well as in modulating
renal development.

Activation of the RAS contributes significantly to fi-
brotic injury in a variety of organs, including the heart
and kidney [79]. Angiotensin stimulates the expression
of TGF-β1 and α-smooth muscle actin [80, 81], while

AT1 receptor inhibition in the neonatal rat with UUO re-
duces the renal expression of TGF-β1 [82]. Although in-
hibition of the RAS has been shown to attenuate renal
injury in the adult rat with UUO [83–85], we found no
improvement in the growth of the obstructed neonatal rat
kidney, and growth of the intact opposite kidney was ac-
tually impaired, due to the dependence of the developing
kidney on an intact RAS [82]. Using neonatal mice with
varying numbers of functional copies of the angiotensi-
nogen gene, we have recently demonstrated that renal in-
terstitial fibrosis resulting from chronic UUO is attenuat-
ed by decreasing angiotensinogen expression [13]. How-
ever, renal interstitial fibrosis was reduced by only 50%,
even in rats with zero copies of angiotensinogen, indicat-
ing that other factors also contribute significantly to the
fibrogenic process [13].

Additional mechanisms for progression of renal fibro-
sis in the hydronephrotic kidney include the release of
compounds by infiltrating macrophages. An example of
this is the increased renal expression of tissue inhibitor
of metalloproteinase following 3 days of UUO in the
rabbit [86]. Enhanced production of the inhibitor may
account for the impaired extracellular matrix degradation
in the obstructed kidney [87]. Macrophages may be re-
cruited to the interstitium by the release of adhesion mol-
ecules, such as intercellular adhesion molecule-1, from
proximal tubular epithelial cells [81].

An increase in reactive oxygen species in the ob-
structed kidney is also likely to play a significant role in
the progression of tubulointerstitial injury. Following the
release of 24 h of either unilateral or bilateral ureteral
obstruction, renal malondialdehyde levels (a measure of
free radical production) are increased [88, 89]. However,
antioxidant enzyme activity is decreased in the hydrone-
phrotic kidney, an effect that can be mimicked by incu-
bation of isolated tubules with TGF-β1 [90]. Most inter-
esting was the finding that stretching proximal tubular
cells in vitro suppressed catalase expression, suggesting
that mechanical forces imposed on tubular epithelial
cells in the obstructed kidney could contribute to renal
oxidant injury [90]. Since obstructive nephropathy can
result in significant sodium wasting and volume contrac-
tion, we examined the effect of sodium depletion on re-
nal antioxidant enzyme activity in rats subjected to
chronic UUO [91]. We found that while sodium deple-
tion increased several renal antioxidant enzymes in intact
rats, UUO not only reduced baseline antioxidant activi-
ties, but also prevented the normal response to sodium
depletion [91]. However, other compensatory mecha-
nisms may come into play in the obstructed kidney.
Clusterin has been shown to protect against oxidative
stress in isolated renal tubular cells [92], and renal clus-
terin expression is markedly increased by UUO [3].

Summary

Figure 3 is a schematic outline of the proposed major
cellular effects of UUO on the developing kidney. With
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normal renal development (arrow from A to B), nephro-
genesis proceeds with increasing numbers of nephrons.
The renal vasculature matures as evidenced by a disap-
pearance of renin from the length of the afferent arteriole
and its localization to the juxtaglomerular region. Glom-
erular maturation is characterized by proliferation of
glomerular capillary loops and flattening of the podocy-
tes. Tubular maturation is reflected by a disappearance of
vimentin and the increasing expression of EGF. Intersti-
tial fibroblasts lose their expression of α-smooth muscle
actin and vimentin. As a consquence of UUO, the pro-
gression of normal nephron maturation is delayed or ar-
rested (arrow from B to A). In addition, UUO induces in-
creased production of oxygen radicals, angiotensin and
TGF-β1, and stimulates tubular apoptosis, leading to tu-
bular atrophy and interstitial fibrosis in the hydrone-
phrotic kidney (curved arrow to C). The molecular mech-
anisms responsible for these effects remain to be de-
fined. It is likely that the initiating stimulus is reduced
tubular fluid flow (with accumulation of certain signal-
ling molecules in the tubular lumen), increased hydro-
static pressure, or stretch of the tubule. The renal tubular
epithelial cell is almost certainly the central “processor”
of these stimuli, feeding signals to the vasculature, glo-
merulus, and surrounding interstitium [93]. Future ef-
forts to attenuate or prevent the consequences of urinary
tract obstruction on the developing kidney must take into
account the dual effects of obstruction: interference with
normal developmental programs and progression of irre-
versible injury.

Acknowledgements The author’s research was supported in part
by National Institutes of Health Research Center of Excellence in
Pediatric Nephrology and Urology, DK44756 and DK52612,
NIH O’Brien Center of Excellence in Nephrology and Urology,
DK45179, and NIH Child Health Research Center, HD28810.

References

1. Warady BA (1997) Renal transplantation, chronic dialysis, and
chronic renal insufficiency in children and adolescents. The
1995 annual report of the North American Pediatric Renal
Transplant Cooperative Study. Pediatr Nephrol 11:49–64

2. Chung KH, Chevalier RL (1996) Arrested development of the
neonatal kidney following chronic ureteral obstruction. J Urol
155:1139–1144

3. Chevalier RL, Chung KH, Smith CD, Ficenec M, Gomez RA
(1996) Renal apoptosis and clusterin following ureteral ob-
struction: the role of maturation. J Urol 156:1474–1479

4. Hinman F (1923) Renal counterbalance: an experimental and
clinical study with reference to the significance of disuse atro-
phy. J Urol 9:289–314

5. Peters CA, Gaertner RC, Carr MC, Mandell J (1993) Fetal
compensatory renal growth due to unilateral ureteral obstruc-
tion. J Urol 150:597–600

6. Taki M, Goldsmith DI, Spitzer A (1983) Impact of age on ef-
fects of ureteral obstruction on renal function. Kidney Int 24:
602–609

7. Chevalier RL, Thornhill BA, Wolstenholme JT, Kim A (1999)
Unilateral ureteral obstruction in early development alters re-
nal growth: dependence on the duration of obstruction. J Urol
161:309–313

8. Mandell J, Peters CA, Estroff JA, Allred EN, Benacerraf BR
(1993) Human fetal compensatory renal growth. J Urol 150:
790–792

9. Koff SA, Peller PA, Young DC, Pollifrone DL (1994) The as-
sessment of obstruction in the newborn with unilateral hydro-
nephrosis by measuring the size of the opposite kidney. J Urol
152:596–599

10. Silber S, Malvin RL (1974) Compensatory and obligatory re-
nal growth in rats. Am J Physiol 226:114–117

11. Chevalier RL, Kaiser DL (1984) Chronic partial ureteral ob-
struction in the neonatal guinea pig. I. Influence of uninephrec-
tomy on growth and hemodynamics. Pediatr Res 18: 1266–1271

12. Yoo KH, Wolstenholme JT, Chevalier RL (1997) Angiotensin-
converting enzyme inhibition decreases growth factor expres-
sion in the neonatal rat kidney. Pediatr Res 42:588–592

13. Fern R, Yesko CM, Thornhill BA, Kim HS, Smithies O,
Chevalier RL (1999) Reduced angiotensinogen expression
attenuates renal interstitial fibrosis in obstructive nephropathy
in mice. J Clin Invest 103:39–46

14. Dicker SE, Shirley DG (1973) Compensatory renal growth af-
ter unilateral nephrectomy in the newborn rat. J Physiol 228:
193–202

15. Mulroney SE, Haramati A, Roberts CT Jr, LeRoith D (1991)
Renal IGF-1 mRNA levels are enhanced following unilateral
nephrectomy in immature but not adult rats. Endocrinology
128:2660–2662

16. Gomez RA, Lynch KR, Sturgill BC, Elwood JP, Chevalier RL,
Carey RM, Peach MJ (1989) Distribution of renin mRNA and
its protein in the developing kidney. Am J Physiol 257:
F850–F858

17. Robillard JE, Guillery EN, Segar JL, Merrill DC, Jose PA
(1993) Influence of renal nerves on renal function during de-
velopment. Pediatr Nephrol 7:667–671

Number of nephrons

Number of nephrons

A. Neonate

B. Adult

C. Hydronephrosis

Immature glomerulus

Mature glomerulus

Normal
development

Interstitial fibrosis

EGF

Vimentin

Vimentinα -SMA
Renin

UUO

Oxygen radicals
Angiotensin
Apoptosis

TGF-β1

Tubular Atrophy

Fig. 3 Proposed scheme of
effects of UUO on the
developing kidney. α-SMA,
α-Smooth muscle actin;
TGF-β1, transforming growth
factor-β1



618

18. Robillard JE, Page WV, Smith FG, Segar JL, Perlman S
(1991) Renal nerves increase renin gene expression and renin
secretion at birth (abstract). J Am Soc Nephrol 2:482

19. Hilgers KF, Reddi V, Krege JH, Smithies O, Gomez RA
(1997) Aberrant renal vascular morphology and renin expres-
sion in mutant mice lacking angiotensin-converting enzyme.
Hypertension 29:216–221

20. Reddi V, Zaglul A, Pentz ES, Gomez RA (1998) Renin-ex-
pressing cells are associated with branching of the developing
kidney vasculature. J Am Soc Nephrol 9:63–71

21. Gruskin AB, Edelmann CM Jr, Yuan S (1970) Maturational
changes in renal blood flow in piglets. Pediatr Res 4:7–13

22. El-Dahr SS, Gomez RA, Gray MS, Peach MJ, Carey RM, Che-
valier RL (1990) In situ localization of renin and its mRNA in
neonatal ureteral obstruction. Am J Physiol 258: F854–F862

23. Norwood VF, Carey RM, Geary KM, Jose PA, Gomez RA,
Chevalier RL (1994) Neonatal ureteral obstruction stimulates
recruitment of renin-secreting renal cortical cells. Kidney Int
45:1333–1339

24. El Dahr SS, Gomez RA, Gray MS, Peach MJ, Carey RM,
Chevalier RL (1991) Renal nerves modulate renin gene ex-
pression in the developing rat kidney with ureteral obstruction.
J Clin Invest 87:800–810

25. Chevalier RL, Gomez RA (1989) Response of the renin-angio-
tensin system to relief of neonatal ureteral obstruction. Am J
Physiol 255:F1070–F1077

26. Chevalier RL, Thornhill BA (1995) Ureteral obstruction in the
neonatal rat: Renal nerves modulate hemodynamic effects.
Pediatr Nephrol 9:447–450

27. Chevalier RL, Thornhill BA (1995) Ureteral obstruction in the
neonatal guinea pig: interaction of sympathetic nerves and an-
giotensin. Pediatr Nephrol 9:441–446

28. Chevalier RL, Peach MJ (1985) Hemodynamic effects of enal-
april on neonatal chronic partial ureteral obstruction. Kidney
Int 28:891–898

29. Yarger WE, Schocken DD, Harris RH (1980) Obstructive
nephropathy in the rat: possible roles for the renin-angiotensin
system, prostaglandins, and thromboxanes in postobstructive
renal function. J Clin Invest 65:400–412

30. Harris KPG, Schreiner GF, Klahr S (1989) Effect of leukocyte
depletion on the function of the postobstructed kidney in the
rat. Kidney Int 36:210–215

31. Hanss BG, Lewy JE, Vari RC (1994) Alterations in glomerular
dynamics in congenital, unilateral hydronephrosis. Kidney Int
46:48–57

32. Yanagisawa H, Morrissey J, Morrison AR, Klahr S (1990) Ei-
cosanoid production by isolated glomeruli of rats with unilat-
eral ureteral obstruction. Kidney Int 37:1528–1535

33. Reyes AA, Martin D, Settle S, Klahr S (1992) EDRF role in
renal function and blood pressure of normal rats and rats with
obstructive uropathy. Kidney Int 41:403–413

34. Chevalier RL, Thornhill BA, Gomez RA (1992) EDRF modu-
lates renal hemodynamics during unilateral ureteral obstruc-
tion in the rat. Kidney Int 42:400–406

35. Morrissey JJ, Ishidoya S, McCracken R, Klahr S (1996) Nitric
oxide generation ameliorates the tubulointerstitial fibrosis of
obstructive nephropathy. J Am Soc Nephrol 7:2202–2212

36. McDowell KA, Chevalier RL, Thornhill BA, Norling LL
(1995) Unilateral ureteral obstruction increases glomerular solu-
ble guanylyl cyclase activity. J Am Soc Nephrol 6: 1498–1503

37. Chevalier RL, Gomez RA, Jones CA (1988) Developmental
determinants of recovery after relief of partial ureteral obstruc-
tion. Kidney Int 33:775–781

38. Fogo A, Ichikawa I (1991) Angiogenic action of angiotensin II
is important for the glomerular growth of maturing kidneys.
Kidney Int 39:S37–S38

39. Spitzer A, Brandis M (1974) Functional and morphologic mat-
uration of the superficial nephrons: relationship to toal kidney
function. J Clin Invest 53:279–287

40. Gasser B, Mauss Y, Ghnassia JP, Favre R, Kohler M, Yu O,
Vonesch JL (1993) A quantitative study of normal nephrogen-
esis in the human fetus: its implication in the natural history of

kidney changes due to low obstructive uropathies. Fetal Diagn
Ther 8:371–384

41. McVary KT, Maizels M (1989) Urinary obstruction reduces
glomerulogenesis in the developing kidney: a model in the
rabbit. J Urol 142:646–651

42. Peters CA, Carr MC, Lais A, Retik AB, Mandell J (1992) The
response of the fetal kidney to obstruction. J Urol 148:
503–509

43. Chevalier RL, Kim A, Thornhill BA, Wolstenholme JT (1999)
Recovery following relief of unilateral ureteral obstruction in
the neonatal rat. Kidney Int 55:793–807

44. Okuda S, Motomura K, Sanai T, Tsuruda H, Oh Y, Onoyama
K, Fujishima M (1987) Influence of age on deterioration of the
remnant kidney in uninephrectomized rats. Clin Sci (Colch)
72:571–576

45. O’Donnell MP, Kasiske BL, Raij L, Keane WF (1985) Age is
a determinant of the glomerular morphologic and functional
responses to chronic nephron loss. J Lab Clin Med 106:
308–313

46. French LE, Chonn A, Ducrest D, Baumann B, Belin D, Wohl-
wend A, Kiss JZ, Sappino A-P, Tschopp J, Schifferli JA
(1993) Murine clusterin: molecular cloning and mRNA local-
ization of a gene associated with epithelial differentiation pro-
cesses during embryogenesis. J Cell Biol 122:1119–1130

47. Hilgers KF, Nagaraj SK, Karginova EA, Kazakova IG, Cheva-
lier RL, Carey RM, Pentz ES, Gomez RA (1998) Molecular
cloning of KS, a novel rat gene expressed exclusively in the
kidney. Kidney Int 54:1444–1454

48. Avner ED, Sweeney WE Jr, Nelson WJ (1992) Abnormal so-
dium pump distribution during renal tubulogenesis in congeni-
tal murine polycystic kidney disease. Proc Natl Acad Sci U S
A 89:7447–7451

49. Orellana SA, Sweeney WE, Neff CD, Avner ED (1995) Epi-
dermal growth factor receptor expression is abnormal in mu-
rine polycystic kidney. Kidney Int 47:490–499

50. Hay ED, Zuk A (1995) Transformations between epithelium
and mesenchyme: normal, pathological, and experimentally
induced. Am J Kidney Dis 26:678–690

51. Chevalier RL, Goyal S, Wolstenholme JT, Thornhill BA (1998)
Obstructive nephropathy in the neonate is attenuated by epider-
mal growth factor. Kidney Int 54:38–47

52. Yoo KH, Thornhill BA, Chevalier RL (1996) Tubular epithe-
lial cell epidermal growth factor receptor polarity is altered by
unilateral ureteral obstruction (abstract). J Am Soc Nephrol 7:
1751

53. Winyard PJD, Nauta J, Lirenman DS, Hardman P, Sams VR,
Risdon RA, Woolf AS (1996) Deregulation of cell survival in
cystic and dysplastic renal development. Kidney Int 49:
135–146

54. Frisch SM, Francis H (1994) Disruption of epithelial cell-
matrix interactions induces apoptosis. J Cell Biol 124:619–
626

55. Chevalier RL, Smith CD, Wolstenholme JT, Krajewski S, Reed
JC (1999) Chronic ureteral obstruction in the rat suppresses
renal tubular bcl-2 and stimulates apoptosis. Exp Nephrol (in
press)

56. Reed JC (1994) Bcl-2 and the regulation of programmed cell
death. J Cell Biol 124:1–6

57. Gobe GC, Axelsen RA (1987) Genesis of renal tubular atro-
phy in experimental hydronephrosis in the rat. Lab Invest 56:
273–281

58. Silkensen JR, Skubitz KM, Skubitz APN, Chmielewski DH,
Manivel JC, Dvergsten JA, Rosenberg ME (1995) Clusterin
promotes the aggregation and adhesion of renal porcine epi-
thelial cells. J Clin Invest 96:2646–2653

59. French LE, Wohlwend A, Sappino AP, Tschopp J, Schifferli
JA (1994) Human clusterin gene expression is confined to sur-
viving cells during in vitro programmed cell death. J Clin In-
vest 93:877–884

60. Chevalier RL, Thornhill BA, Wolstenholme JT (1999) The
renal cellular response to ureteral obstruction: role of matura-
tion and angiotensin II. Am J Physiol (in press)



78. Bursch W, Oberhammer F, Jirtle RL, Askari M, Sedivy R,
Grasl-Kraupp B, Purchio AF, Schulte-Hermann R (1993)
Transforming growth factor-beta1 as a signal for induction of
cell death by apoptosis. Br J Cancer 67:531–536

79. Yoo KH, Thornhill BA, Wolstenholme JT, Chevalier RL
(1998) Tissue-specific regulation of growth factors and clus-
terin by angiotensin II. Am J Hypertens 11:715–722

80. Kim S, Ohta K, Hamaguchi A, Omura T, Yukimura T, Miura
K, Inada Y, Wada T, Ishimura Y, Chatani F, Iwao H (1994)
Contribution of renal angiotensin II type I receptor to gene ex-
pressions in hypertension-induced renal injury. Kidney Int 46:
1346–1358

81. Ricardo SD, Levinson ME, DeJoseph MR, Diamond JR (1996)
Expression of adhesion molecules in rat renal cortex during ex-
perimental hydronephrosis. Kidney Int 50: 2002–2010

82. Chung KH, Gomez RA, Chevalier RL (1995) Regulation of
renal growth factors and clusterin by angiotensin AT1 recep-
tors during neonatal ureteral obstruction. Am J Physiol 268:
F1117–F1123

83. Kaneto H, Morrissey J, McCracken R, Reyes A, Klahr S
(1994) Enalapril reduces collagen type IV synthesis and ex-
pansion of the interstitium in the obstructed rat kidney. Kidney
Int 45:1637–1647

84. Ishidoya S, Morrissey J, McCracken R, Reyes A, Klahr S
(1995) Angiotensin II receptor antagonist ameliorates renal
tubulointerstitial fibrosis caused by unilateral ureteral obstruc-
tion. Kidney Int 47:1285–1294

85. Ishidoya S, Morrissey J, McCracken R, Klahr S (1996) De-
layed treatment with enalapril halts tubulointerstitial fibrosis
in rats with obstructive nephropathy. Kidney Int 49:1110–1119

86. Sharma AK, Mauer SM, Kim Y, Michael AF (1995) Altered
expression of matrix metalloproteinase-2, TIMP, and TIMP- 2
in obstructive nephropathy. J Lab Clin Med 125:754–761

87. Diamond JR, Kees-Folts D, Ricardo SD, Pruznak A, Eufemio
M (1995) Early and persistent up-regulated expression of renal
cortical osteopontin in experimental hydronephrosis. Am J Pa-
thol 146:1455–1466

88. Young MRA, Young IS, Johnston SR, Rowlands BJ (1996)
Lipid peroxidation assessment of free radical production fol-
lowing release of obstructive uropathy. J Urol 156:1828–1832

89. Modi KS, Morrissey J, Shah SV, Schreiner GF, Klahr S (1990)
Effects of probucol on renal function in rats with bilateral ure-
teral obstruction. Kidney Int 38:843–850

90. Ricardo SD, Ding G, Eufemio M, Diamond JR (1997) Antiox-
idant expression in experimental hydronephrosis: role of me-
chanical stretch and growth factors. Am J Physiol 272:
F789–F798

91. Kinter M, Wolstenholme JT, Thornhill BA, Newton E, Cheva-
lier RL (1999) Unilateral ureteral obstruction impairs renal an-
tioxidant enzyme activation during sodium depletion. Kidney
Int 55:1327–1334

92. Schwochau GB, Nath KA, Rosenberg ME (1998) Clusterin
protects against oxidative stress in vitro through aggregative
and nonaggregative properties. Kidney Int 53:1647–1653

93. Johnson DW, Saunders HJ, Baxter RC, Feld MJ, Pollock CA
(1998) Paracrine stimulation of human renal fibroblasts by
proximal tubule cells. Kidney Int 54:747–757

94. Chevalier RL, Goyal S, Wolstenholme JT, Thornhill BA
(1998) Obstructive nephropathy in the neonatal rat is attenuat-
ed by epidermal growth factor. Kidney Int 54:38–47

95. Niimura F, Labosky PA, Kakuchi J, Okubo S, Yoshida H,
Oikawa T, Ichiki T, Naftilan AJ, Fogo A, Inagami T, Hogan
BLM, Ichikawa I (1995) Gene targeting in mice reveals a re-
quirement for angiotensin in the development and mainte-
nance of kidney morphology and growth factor regulation. J
Clin Invest 96:2947–2954

619

61. Tanaka M, Ohnishi J, Ozawa Y, Sugimoto M, Usuki S, Naruse
M, Murakami K, Miyazaki H (1995) Characterization of an-
giotensin II receptor type 2 during differentiation and apopto-
sis of rat ovarian cultured granulosa cells. Biochem Biophys
Res Commun 207:593–598

62. Yamada T, Horiuchi M, Dzau VJ (1996) Angiotensin II type 2
receptor mediates programmed cell death. Proc Natl Acad Sci
USA 93:156–160

63. Stoll M, Steckelings UM, Paul M, Bottari SP, Metzger R, Un-
ger T (1995) The angiotensin AT2-receptor mediates inhibi-
tion of cell proliferation in coronary endothelial cells. J Clin
Invest 95:651–657

64. Nakajima M, Hutchinson HG, Fujinaga M, Hayashida W,
Morishita R, Zhang L, Horiuchi M, Pratt RE, Dzau VJ (1995)
The angiotensin II type 2 (AT2) receptor antagonizes the
growth effects of the AT1 receptor: gain-of-function study us-
ing gene transfer. Proc Natl Acad Sci USA 92:10663–10667

65. Yoo KH, Norwood VF, El-Dahr SS, Yosipiv I, Chevalier RL
(1997) Regulation of angiotensin II AT1 and AT2 receptors in
neonatal ureteral obstruction. Am J Physiol 273:R503–R509

66. Marxer-Meier A, Hegyi I, Loffing J, Kaissling B (1998) Post-
natal maturation of renal cortical peritubular fibroblasts in the
rat. Anat Embryol (Berl) 197:143–153

67. Schmitt-Graff A, Desmouliere A, Gabbiani G (1994) Hetero-
geneity of myofibroblast phenotypic features: an example of
fibroblastic cell plasticity. Virchows Arch 425:3–24

68. Yoo KH, Thornhill BA, Chevalier RL (1996) Phenotypic
transformation of renal tubular epithelial cells and interstitial
fibroblasts following unilateral ureteral obstruction or single
nephron obstruction (abstract). J Am Soc Nephrol 7:1768

69. Daikha-Dahmane F, Dommergues M, Muller F, Narcy F, Lac-
oste M, Beziau A, Dumez Y, Gubler MC (1997) Development
of human fetal kidney in obstructive uropathy: correlations
with ultrasonography and urine biochemistry. Kidney Int 52:
21–32

70. Haralambous-Gasser A, Chan D, Walker RG, Powell HR,
Becker GJ, Jones CL (1993) Collagen studies in newborn rat
kidneys with incomplete ureteric obstruction. Kidney Int 44:
593–605

71. Gonzalez-Avila G, Vadillo-Ortega F, Perez-Tamayo R (1988)
Experimental diffuse interstitial renal fibrosis: a biochemical
approach. Lab Invest 59:245–252

72. Roberts AB, McCune BK, Sporn MB (1992) TGF-B: regula-
tion of extracellular matrix. Kidney Int 41:557–559

73. Kaneto H, Morrissey J, Klahr S (1993) Increased expression
of TGF-beta 1 mRNA in the obstructed kidney of rats with
unilateral ureteral ligation. Kidney Int 44:313–321

74. Diamond JR, Kees-Folts D, Ding G, Frye JE, Restrepo NC
(1994) Macrophages, monocyte chemoattractant peptide-1,
and TGF-beta1 in experimental hydronephrosis. Am J Physiol
266:F926–F933

75. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G (1993)
Transforming growth factor-beta 1 induces alpha-smooth mus-
cle actin expression in granulation tissue myofibroblasts and
in quiescent and growing cultured fibroblasts. J Cell Biol 122:
103–111

76. Medjebeur AA, Bussieres L, Gasser B, Gimonet V, Laborde K
(1997) Experimental bilateral urinary obstruction in fetal
sheep: transforming growth factor-beta1 expression. Am J
Physiol 273:F372–F379

77. Sutaria PM, Ohebshalom M, McCaffrey TA, Vaughan EDJ,
Felsen D (1998) Transforming growth factor-beta receptor
types I and II are expressed in renal tubules and are increased
after chronic unilateral ureteral obstruction. Life Sci 62:
1965–1972


