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Renal malformations account for most children
with chronic renal failure and are often associated
with urinary tract anatomical obstruction. We ex-
amined celiular and molecular events after experi-
mental urinary flow impairment in fetal sheep.
Ovine gestation lasts 144 to 150 days with the met-
anephros appearing at 27 to 30 days. We generated
complete unilateral ureteric anatomical obstruction
at 90 days when a few layers of glomerull had
formed. After 10 days, we recorded ureteric and
pelvic dilatation with renal parenchymal weight
greater than contralateral organs or those from un-
operated fetuses. The nephrogenic cortex was re-
placed by disorganized cells separated by edema
and prominent vascular spaces. Cortical histology
was dominated by cysts associated with malformed
glomerular tufts. Cystic epithelia expressed PAX2, a
growth-stimulating transcription factor down-regu-
lated during normal maturation, and proliferating
cell nuclear antigen, a surrogate marker of cycling
cells. Detection of apoptosis using propidium io-
dide and in situ end labeling showed a significant
increase of the point prevalence of death in the
obstructed cortex. Hence, PAX2 and proliferating
cell nuclear antigen expression as well as death
were deregulated, as we previously reported in hu-
man kidney malformations. Medullary collecting
ducts and loops of Henle were also disrupted, cor-
relating with impaired urinary dilution and sodium
reabsorption. Therefore, complex aberrations of
morphogenesis, gene expression, cell turnover,
and urine composition occur relatively early after
experimental impairment of fetal urinary flow.
(AmJ Pathol 1998, 152:1225-1235)

Renal malformations account for most cases of chronic
renal failure in early childhood' and are often associated
with anatomically obstructed urinary tracts.23 As exam-
ples, both cystic dysplastic and hydronephrotic kidneys
are associated with posterior urethral valves in males and
with ureterocoeles in females, whereas multicystic dys-
plastic kidneys are attached to atretic, obstructed ure-
ters.2 Bilateral obstructive nephropathy is associated with
oligohydramnios with lung hypoplasia, and newborns of-
ten die from respiratory or renal failure. Although prenatal
surgical decompression is feasible, controlled clinical
studies to assess potential benefits on lung and kidney
development are lacking.3

Renal malformations can be generated by experimen-
tal anatomical obstruction of the fetal urinary tract.4 The
ovine metanephros appears at 27 to 30 days of gestation
whereas term is at 145 days,5 and this species consti-
tutes a good model because the urinary tract can be
manipulated in vivo relatively early in gestation to gener-
ate pathologies resembling human malformations.6 6
Urinary flow impairment caused by complete ureteric
obstruction at 90 days gestation generated hydronephro-
sis and subcapsular cysts whereas the same maneuver
at 45 to 70 days caused growth failure and dysplasia.6 6
The more dramatic effects in early gestation are perhaps
explained by a relative structural immaturity and higher
growth rate.9

Nephrogenesis is controlled by genes that enhance or
inhibit growth by affecting cell survival, proliferation, dif-
ferentiation, and morphogenesis.10 For example, when
renal mesenchymal cells begin to differentiate into
nephron tubules, they aggregate into condensates and
undergo a burst of proliferation with increased expres-
sion of PAX2 transcription factor; later in nephrogenesis,
both proliferation and PAX2 expression are down-regu-
lated.11'12 Metanephric growth is impaired in mice with
kidneys genetically engineered to lack PAX2 protein13 14
whereas transgenic overexpression of PAX2 generates
renal cysts.15 Furthermore, humans with heterozygous,
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inactivating PAX2 mutations are born with hypoplastic
kidneys.16 Although these studies link PAX2 expression
to growth and proliferation, it is also established that
programmed cell death, or apoptosis, is involved in nor-
mal nephrogenesis.17-19 A limited degree of cell suicide
is probably required to regulate nephron number and
morphogenesis, but excess apoptosis, as occurs in mice
deficient in BCL2 survival factor,20'21 results in malformed
organs with few nephrons.

Little is known about the effects of urinary flow impair-
ment on metanephric cell turnover and gene expression.
In this study, we caused complete unilateral ureteric ob-
struction in fetal sheep and correlated anatomical renal
parenchymal perturbations with the expression patterns
of PAX2 protein and proliferating cell nuclear antigen
(PCNA), a surrogate marker of mitosis.22 Apoptosis was
also assessed by detection of pyknotic nuclei18 and in
situ end labeling.23

Materials and Methods
Unless otherwise stated, chemicals were obtained from
Sigma Chemical Co. (Poole, UK).

Surgery
Operations, approved by the Home Office, were per-
formed at 90 days gestation. Sheep were of the Mule
crossbreed purchased from R. White (Oxfordshire, UK).
Pregnant ewes were fasted for a day, anesthetized with
sodium pentothal, and intubated with a size 14 endotra-
cheal tube. Anesthesia was maintained with halothane
and oxygen. The abdomen was incised in the midline, the
uterus entered with diathermy, and the fetal hindquarters
delivered. Diathermy was used to make a lumbotomy
incision through skin and muscle, and the fetal ureter was
dissected with cotton buds and tightly ligated with 4.0
silk. The muscle layers and uterus were closed with vicryl
sutures. Gentamicin and penicillin were injected into the
uterine cavity, and the mother's skin was sutured with 2.0
silk. In the presence of a twin, the second fetus was left as
a control. Surgery lasted 45 minutes, and mothers recov-
ered from anesthesia by 2 hours when they were fed.
Intramuscular streptomycin was administered for 5 days
postoperatively. Two fetuses were sacrificed at 90 days,
and their four kidneys were collected for documentation
of weight and histology. Obstructed and contralateral
kidneys of six operated fetuses were harvested 10 days
after surgery at 100 days gestation (obstructed and con-
tralateral groups). As human and sheep kidneys can
hypertrophy in utero when opposite a malformed or ab-
sent organ,24-26 we harvested six kidneys from three
intact twins and eight kidneys of four fetuses from sepa-
rate pregnancies in which ewes and fetuses received no
surgery (100-day control groups 1 and 2). An additional
three obstructed organs were harvested 1 day after sur-
gery at 91 days for limited histological analysis.

Each fetal kidney was separated from its ureter, the
renal pelvis drained, and the wet weight measured. One-
half of each freshly removed fetal kidney was fixed in 2%
paraformaldehyde and embedded in paraffin wax

whereas the symmetrical other half was snap-frozen in
liquid nitrogen and stored at -700C. In a limited set of
fetuses (n = 3 for each group), fluid for electrolyte anal-
ysis was aspirated from the pelvis of obstructed kidneys,
from the bladder (ie, contralateral kidney urine), and from
the amniotic cavity.

Immunohistochemistry
We used a rabbit polyclonal antibody (Ab) raised against
amino acids 188 to 385 in the PAX2 carboxy terminal27;
this sequence does not include the highly conserved
paired domain in the amino terminal of full-length PAX2.11
Using PAX2-, PAX5-, and PAX8-transfected cells, there is
only appreciable reactivity to PAX2, and using PAX2
deletion mutants, this Ab recognizes epitopes between
amino acids 270 and 338.28 On Western blot of mouse
and human metanephros, the Ab recognizes a single
major doublet (46 to 48 kd12,27). Mouse monoclonal Ab to
PCNA, a DNA-polymerase-&associated protein ex-
pressed at high levels in S phase,22 was obtained from
Oncogene Science (Cambridge, MA; PCNA Ab-1). Im-
munohistochemistry was performed as described.12 Six-
micron sections were dewaxed through Histo-Clear (Na-
tional Diagnostics, Atlanta, GA), rehydrated through
100% to 30% alcohols, washed in phosphate-buffered
saline (PBS, pH 7.4), immersed in citric acid buffer (2.1
g/L, pH 6.0), and microwaved for 10 minutes. They were
cooled, washed in PBS, and incubated in 3% hydrogen
peroxide to quench endogenous peroxidase, and non-
specific Ab binding was blocked with 10% fetal calf
serum (FCS)/PBS. Primary Abs were applied for 1 hour at
370C (PCNA Ab at 1/50 dilution and PAX2 Ab at 10 mg/L)
and were detected using a streptavidin-biotin peroxidase
system followed by diaminobenzidine (ABC kit, Dako,
High Wycombe, UK). In control experiments, primary Abs
were omitted. Sections were counterstained with methyl
green or hematoxylin, mounted in DPX (BDH, Poole, UK),
and examined on a Zeiss Axiophot microscope (Carl
Zeiss, Oberkochen, Germany).

Western Blots
Organs were homogenized in lysis buffer (50 mmol/L Tris,
pH 8.0,150 mmol/L NaCI, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS) containing protease inhibitors
(1 gg/ml sodium orthovanadate, 100 ,ug/ml phenylmeth-
ylsulfonyl fluoride, and 30 ,ul/ml aprotinin).29 Samples
were electrophoresed through a 5% stacking and 12%
resolving Tris-glycine SDS-polyacrylamide gel (Protogel,
National Diagnostics, Atlanta, GA), and proteins were
electrophoretically transferred to membranes (Hybond-C
extra, Amersham, Amersham, UK) by semi-dry blotting.
Filters were placed in block solution overnight (10% mar-
vel, 0.05% Tween in PBS) and incubated for 1 hour with
PAX2 or PCNA Abs at a dilution of 1:500 in block solution.
In control experiments, these Abs were omitted. Mem-
branes were washed three times for 10 minutes in block
and incubated for 2 hours with a goat anti-rabbit perox-
idase-conjugated Ab (Dako). After washing in PBS, sig-
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nals were detected with enhanced chemiluminesence
reagent (Amersham).

Apoptosis

Apoptotic nuclei stained with propidium iodide (PI) can
be identified under fluorescence microscopy as small,
fragmented nuclei that stain brightly. We used the tech-
nique of Coles et al18 with modifications.19 Paraffin sec-
tions were dewaxed, hydrated, and incubated in PI (4
mg/L) with RNAse A (100 mg/L; Unipath, Basingstoke,
UK) in PBS at 370C for 30 minutes, mounted in Citifluor
(Chemical Labs, University of Kent, Canterbury, UK), and
examined at 568 nm on a Zeiss Axiophot microscope.
During apoptosis, DNA is digested by endonucleases
leaving free 3' ends; using terminal deoxytransferase,
labeled nucleotides can be added and visualized on
tissue sections.23 We used the in situ cell death detection
kit (Boehringer Mannheim, Mannheim, Germany). Paraf-
fin sections were dewaxed, rehydrated, and exposed to
terminal deoxytransferase and fluorescein isothiocyanate
(FITC)-conjugated UTP according to the manufacturer's
instructions. Labeled nuclei were detected using a Leica
confocal laser scanning microscope (Aristoplan-Leica,
Heidelberg, Germany). Preliminary experiments with both
PI and in situ end-labeled specimens showed a good
correlation. To measure apoptosis, we photographed
eight random fields from the cortex of each metanephros.
The mean number of apoptotic nuclei per eight fields
represented the point prevalence.

Comparisons of weights and apoptosis were made
using Wilcox rank sum tests with P < 0.05 considered
significant.

Results

Anatomy and Histology
We ligated ureters of metanephroi at 90 days gestation
when there was a prominent nephrogenic zone overlying
three layers of maturing glomeruli (Figure 1A). The me-
dian (range) kidney wet weight was 5.2 (4.1 to 5.3) g (n =
4). By 100 days, weight of organs from unoperated fe-
tuses increased to 5.6 (4.1 to 6.3) g in control group 1
(n = 6) and 6.1 (5.0 to 6.9) g in control group 2 (n = 8).
No differences were noted in weight or histology of left
versus right organs. After 10 days of urinary flow impair-
ment, the six kidneys became swollen with pelvic dilata-
tion, and a loss of distinction between cortex and medulla
was observed (Figure 1 B). None spontaneously decom-
pressed. Contralateral organs weighed 6.3 (5.0 to 6.7) g
(n = 6), significantly less (P < 0.05) than obstructed
metanephroi (8.6 (7.8 to 9.7) g, n = 6) but not different
from the 100-day controls.

At 100 days, the cortex of controls still had a nephro-
genic zone and an additional glomerular layer had
formed (Figure 1 C), with similar observations in contralat-
eral organs. Renal mesenchymal cells below the capsule
were densely packed, and pyknotic nuclei were rare
(Figure 1D). In organs obstructed from 90 to 100 days

gestation, the cortex was grossly abnormal, with a uni-
form pattern in the six specimens (Figure 1, E and F).
Histology was similar in the two left kidneys and four right
kidneys that had been obstructed. Only sparse mesen-
chymal condensates were discerned, and no normal S-
shaped bodies (nephron precursors) were apparent (Fig-
ure 1E). Instead, cortical architecture was dominated by
cysts up to 0.5 mm across, which often contained mal-
formed glomerular tufts (Figure 1 E). There was interstitial
edema in the outer cortex with prominent vascular spac-
es; these may have been venules or lymphatics, in view
of the single layer of cells surrounding their lumens (Fig-
ure 1F). In addition, pyknotic nuclei were noted in inter-
stitial areas as well as in the lining and lumens of cysts
(Figure 1F).

PCNA and PAX2 Expression
PCNA and PAX2 Abs, respectively, detected major spe-
cies at approximately 35 kd (Figure 2A) and 43 kd (Figure
2B) in Western blots. Moreover, omission of primary Abs
in blots and immunohistochemistry produced no signal
(data not shown), suggesting that the immunostaining
patterns, below, were specific. Immunohistochemistry of
control and contralateral groups harvested at 100 days
were similar, with PAX2 prominent in the nephrogenic
zone and confined to collecting ducts in deeper cortex
(Figure 3A). Renal mesenchyme was negative for PAX2,
but the protein was up-regulated during nephron forma-
tion within condensates and S-shaped bodies where
primitive proximal tubules, visceral glomerular epithelia
(podocytes), and parietal epithelia (Bowman's capsule)
were immunoreactive (Figure 3C). As nephrons matured,
proximal tubules and podocytes lost PAX2 staining with a
very faint signal detected in Bowman's capsule (Figure
3E). Ureteric bud branch tips (Figure 3A) and cortical and
medullary collecting ducts (Figure 3, E and G) expressed
PAX2, whereas maturing loops of Henle did not (Figure
3G). As expected for a transcription factor, staining was
predominantly nuclear.

Figure 3 represents PAX2 staining in kidneys ob-
structed from 90 to 100 days; in Figure 3, B, D, F, and H
fields were at comparable anatomical levels to controls in
Figure 3, A, C, E, and G. It was evident that there were
few PAX2-staining condensates, but epithelia lining cysts
were uniformly reactive with PAX2 Ab (Figure 3, D and F).
In contrast, malformed glomerular tufts attached to cyst
walls did not express PAX2 (Figure 3D). In the medulla of
the obstructed kidney, collecting ducts were mildly dis-
tended and their cells were vacuolated with faint nuclear
and cytoplasmic PAX2 staining (Figure 3H). Few normal
loops of Henle could be discerned (Figure 3H).

Figure 4, A, C, and E, illustrates PCNA immunoreac-
tivity in control kidneys, with similar patterns noted in
contralateral organs (data not shown). In the nephrogenic
cortex, most nuclei in S-shaped bodies and ureteric bud
branch tips stained (Figure 4A). Deeper in the cortex, as
nephrons matured, positive nuclei were generally con-
fined to interstitial cells, collecting ducts, and cells in the
center of glomerular tufts, which we speculate were en-
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Figure 1. Gross anatomy and histology. A: Metanephros at 90 days gestation with nephrogenic zone on left and three layers of glomeruli (arrowheads) deeper
in the cortex. B: The ureter of the kidney on the left was ligated between 90 and 100 days. Note ureteric (curved arrow) and pelvic dilatation with poor definition
of corticomedullary junction. The contralateral organ is on the right, with arrows indicating the medulla. C: Cortex of control kidney at 100 days. Note four layers
of glomeruli (arrowheads) and minimal dilatation of ureteric bud branch tips. An S-shaped body is indicated by an arrow. D: Nephrogenic cortex of 100-day
control with compact mesenchyme (m) and a pyknotic nucleus (arrowhead). E: Cortex of 100-day organ after 10 days of ureteric ligation. Note predominance
of cysts, some containing glomerular tufts (arrowheads). F: High-power field of E with edematous interstitium (i), prominent vascular channels (v), and numerous
pyknotic nuclei (arrowheads). Bars, 34 ,um (A, C, and E) and 8 ,um (D and F); B is three times life size.

dothelia or mesangial cells.30 PCNA was expressed by
all epithelial cells lining cysts (Figure 4, D and F),
whereas the differentiating epithelial cells from Bowman's
capsule (arrowheads in Figure 4C) and proximal tubules
(p in Figure 4E) in control kidneys expressed PCNA in
fewer than 30% of their nuclei. Views from fetal kidneys
obstructed from 90 to 100 days gestation (Figures 4, B,
D, and F) demonstrated that epithelia lining cysts in the

superficial and deep cortex contained cells that uniformly
expressed PCNA, a similar pattern to that described for
PAX2, above.

Apoptosis
The apparent increase in pyknotic nuclei in the cortex of
obstructed versus control organs (compare Figure 1, F
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Figure 2. Western blot. A: PCNA. B: PAX2. Lanes were loaded with -20 of
,ug protein. Lane 1, 90 days gestation metanephros; lanes 2 to 4, 100-day-
gestation organs obstructed for 10 days, a contralateral organ, and an unop-
erated control, respectively. Molecular weight markers are on right. No signal
was obtained on omission of primary Abs. The blot demonstrates Ab spec-
ificity but is not quantitative.

with D) was consistent with enhanced apoptosis. We
therefore examined cell death by PI staining and in situ
end labeling, which, in our hands, gave similar spatial
distributions of positive nuclei. As demonstrated in Figure
5, A and B, occasional apoptotic nuclei were detected in
the cortex of control and contralateral organs at 100 days
gestation. The cortex of obstructed organs contained
labeled cells in the interstitium, cyst walls, and cyst lu-
mens, where they sometimes formed clusters (Figure 5, C
and D). When the point prevalence of apoptosis was
measured, the medians (ranges) were as follows: 3.7 (3.0
to 4.2) in six obstructed organs; 1.6 (1.2 to 1.8) in six
contralateral organs; 1.9 (1.5 to 2.1) in six organs from
control group 1; and 1.6 (1.2 to 1.8) in six organs from
control group 2. Apoptosis in the obstructed group was
increased versus other groups (P < 0.05).

Urine Electrolytes
We found increased urinary concentrations of sodium
and osmolality in the urine aspirated from the dilated
renal pelvis of organs with ligated ureters when com-
pared with contralateral urine and urine from unoperated
fetuses (Figure 6). This demonstrated impaired ability of
urinary dilution and Na+ reabsorption, consistent with the
anatomical damage in loops of Henle and collecting

ducts (Figure 3H). Potassium concentrations were similar
in all groups.

Analysis after 1 Day of Urinary Flow Impairment
Three organs obstructed for 1 day only (ie, between 90
and 91 days gestation) demonstrated a uniform histolog-
ical picture of minor dilatation of S-shaped bodies; the
epithelia lining these dilated primitive tubules expressed
PAX2 (Figure 7A) and PCNA (Figure 7B). Of note, the
ureteric bud branch tips were not dilated. Hence, consis-
tent with the data from 10 days, in the nephrogenic cor-
tex, urinary flow impairment affects the morphology of the
developing proximal nephron, rather than elements that
will mature into collecting ducts. The point prevalence of
apoptosis in the cortex of these three obstructed samples
(2.2, 2.5, and 3.2) tended to be higher than contralateral
organs (1.4, 1.5, and 1.9) or those harvested from unop-
erated twins (1.5, 1.8, and 1.7), but the absolute differ-
ences are small.

Discussion
We hypothesized that prenatal urinary flow impairment
would induce a defined biological program that would
disrupt nephrogenesis. Our data demonstrate that aber-
rations of morphogenesis, gene expression, and cell
turnover occur after only 10 days of anatomical obstruc-
tion of the ureter. How can we relate these observations
to human kidney malformations and other models of ob-
structive nephropathy, and what are the mechanisms by
which urinary flow impairment might initiate these pro-
found effects?
Human multicystic dysplastic kidneys are associated

with atretic ureters; hence, obstruction has been invoked
in their pathogenesis. Dysplastic epithelia are malformed
branching tubules, often terminating in cysts,2 observa-
tions consistent with the hypothesis that they are mal-
formed collecting ducts. Other cysts in dysplastic kid-
neys may arise from glomeruli, based on findings of
glomerular tufts attached to cyst walls,31 and other tubule
segments.32 Human dysplastic kidney cysts express
PAX2 and PCNA, and malformations harvested postna-
tally show persistent patterns of fetal gene expression
whereas normal maturing kidneys down-regulate prolifer-
ation and PAX2. 12 As transgenic PAX2 expression
causes renal cysts,15 persistent expression in human
renal epithelia may drive proliferation. Other studies con-
firm the association of PAX2 with pathological growth.
Wilms' tumors33 and renal carcinomas34 express the
gene, and PAX2 transforms murine cells35 and also in-
hibits the promoter of p53, a tumor suppressor.36 Undif-
ferentiated cells around dysplastic kidney tubules have a
high point prevalence of apoptosis,1937 perhaps partly
explaining a tendency for some of these organs to re-
gress.38 Hence, cell proliferation and apoptosis are en-
hanced in certain human kidney malformations.

Although these observations are intriguing, it can be
argued that cyst formation and apoptosis are unspecific
effects after exposure to diverse primary insults, includ-
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Figure 3. PAX2 immunostaining. Positive nuclei are brown. No signal was noted on omission of primary Ab (not shown). A: Cortex of control kidney, 100 days
gestation. Most immunoreactivity is in the nephrogenic zone, on left, whereas deeper collecting ducts also express PAX2. B: Cortex of 100-day organ obstructed
for 10 days. C: Higher-power field of control cortex. The mesenchyme (m) and interstitium (i) are unreactive whereas PAX2 appears in mesenchymal condensates
and persists in S-shaped bodies; primitive proximal tubule (p) and the double crescent of cells (g) will differentiate into visceral and parietal glomerular epithelia.
Ureteric bud branches (u) also express PAX2. D: High-power field of obstructed outer cortex. Mesenchymal condensates are sparse, and S-shaped bodies are
absent. Arrowheads indicate PAX2-positive epithelia lining a cyst containing a malformed glomerular tuft (g). E: Deeper in the control cortex, glomerular
podocytes (g) and proximal tubules (p) are maturing and have lost PAX2 immunoreactivity. Minimal PAX2 staining is noted in Bowman's capsule (arrowheads)
whereas distal tubules (d) continue to express the gene. F: Deeper in the obstructed cortex, glomerular cysts (g) are lined by PAX2-expressing epithelia
(arrowheads). G: Control medulla at 100 days. PAX2 staining is in collecting ducts (c) but not in thinner tubules, which are loops of Henle (h). H: The medulla
of the obstructed metanephros is edematous with dilated, vacuolated collecting ducts; intact loops of Henle cannot be discerned. Bars, 34 ,um (A and B), 17 ,um
(C to E), and 12 pn G and H).

ing mutations or teratogens as well as urinary flow impair-
ment.10 For example, polymorphisms of the angiotensin 11
receptor type 2, a gene implicated in apoptosis,39 are
associated with human kidney malformations,40 and glo-
merular cysts can be generated by genetic mechanisms,
as in oral-facial-digital syndrome type 1.41.42 Further-
more, teratogens can cause enhanced death in the de-
veloping murine urinary tract.43 Hence, it becomes criti-
cal to determine the biological changes in reproducible
models of kidney obstruction.
Many experiments have addressed the effects of uri-

nary flow impairment on mature kidneys where ureteric
ligation leads to an early fall of glomerular filtration rate
and renal blood flow fall.44 Tubules with high oxygen
requirements, notably the straight portion of the proximal
tubule and thick ascending loop of Henle, are particularly
vulnerable to reduced blood flow.45 After a brief prolifer-
ative response, the pathology is dominated by epithelial
apoptosis, tubular atrophy,46 interstitial fibrosis, and
transforming growth factor (TGF)-31 expression.47 Ob-
struction of neonatal murine kidneys, which will develop
80% of their nephrons in the subsequent 2 weeks,48

causes apoptosis, with aberrant expression of BCL2,
TGF-,31, angiotensin 11, and epidermal growth factor.49
Berman and Maizels obstructed the ureter of the avian
metanephros engrafted onto the chorioallantoic mem-
brane; although a vascular organ developed, only mild
pelvic distension was generated.50 However, glomerular
capillary morphogenesis in this milieu is rudimentary,30
and hence, plasma ultrafiltration may not favor the pro-
duction of enough urine to generate a damaging pres-
sure signal in the urinary tract.

Although these models provide some biological in-
sights, they do not develop dysplastic and subcortical
cystic changes commonly observed in human kidneys
associated with prenatal urinary tract obstruction.2 Other
studies have addressed effects on sheep metanephroi.
In 1971, Beck reported that complete ureteric obstruction
"after approximately 80 days of gestation" produced "hy-
dronephrosis (and) parenchymal atropy" with "slightly
increased size of Bowman's spaces" when examined in
the last month of gestation.6 Obstruction at 60 days pro-
duced a small, dysplastic organ whereas the addition of
contralateral nephrectomy resulted in excess growth with

I
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Figure 4. PCNA immunostaining. A: Most cells in the nephrogenic cortex of the 100-day control kidney are immunoreactive. m, mesenchyme; u, ureteric bud
branch tip; p and g, primitive proximal and glomerular epithelia, respectively, in S-shaped body. Arrowheads indicate primitive parietal glomerular epithelium.
B: In the obstructed organ, a terminal ureteric bud branch (u) is flanked by two PCNA-staining cysts (arrowheads). C and E: Deeper areas of control cortex. PCNA
expression is down-regulated in Bowman's capsule (arrowheads in C) and proximal tubules (p in E). Some positive nuclei are apparent in interstitium and in
distal tubules (d). D and F: Corresponding areas of deeper cortex in obstructed kidneys showing glomerular cysts (g) lined by PCNA-positive epithelia
(arrowheads). Bars, 34,m.

multiple subcortical cysts.6 Tanagho7 reported the ef-
fects of partial unilateral ureteric obstruction at 70 to 75
days gestation, which later "became complete"; kidneys
harvested at term showed hydronephrosis, parenchymal
atrophy, and "massive distension of Bowman's cap-
sules." Others have confirmed and elaborated these an-
atomical observations, documenting effects of complete
and partial urinary obstruction.4'8

Most of the above studies, however, documented an-
atomical changes weeks or months after impairment of

urine flow. In the current study, we focused on the cellular
consequences relatively soon after complete unilateral
ureteric obstruction, reasoning that any effects would be
more likely to be of primary importance to the disease
process rather than unspecific, secondary reactions. Our
data demonstrate that complex aberrations of morpho-
genesis, gene expression, cell turnover, and urine com-
position occur after only 10 days of fetal ureteric obstruc-
tion. In particular, the expression of PAX2, a gene
associated with enhanced metanephric growth, was up-

ly .A
AV'OK



1232 Attar et al
AJP May 1998, Vol. 152, No. 5

Figure 5. Apoptosis in metanephric cortex. High-power fields of control (A), contralateral (B), and obstructed metanephroi (C and D) at 100 days gestation.
Apoptotic nuclei, assessed by in situ end labeling and a FITC detection system, appear as small points of intense signal (arrowheads). Larger, nonapoptotic nuclei,
some of which are undergoing mitosis (arrows), show weak, nonspecific fluorescence. Note the relative rarity of apoptosis in control and contralateral kidneys
vermus increased point prevalence in obstructed organs where labeled nuclei are noted in interstitium as well as cyst walls and lumens.

regulated in the epithelia of cysts that appeared to derive
from developing glomeruli. These epithelia uniformly ex-
pressed PCNA, consistent with proliferation. Formal
quantitation of mitoses in the cortex of the fetal kidney
would require assessment of bromodeoxyuridine or triti-
ated thymidine incorporation, but these experiments are
beyond the scope of the current study. At the same time,
the point prevalence of apoptosis was increased as as-
sessed by Pi and in situ end labeling. Although compen-
satory growth of the contralateral kidney has been re-
ported in another study,26 this process takes many weeks
and was not notable in our short-term experiments.

Impairment of fetal urinary flow causes an increased
hydrostatic pressure in the renal pelvis.4 We hypothesize
that this signal may be transmitted to the developing
nephrons where it would stretch primitive epithelia and
elicit an enhanced growth response. There is evidence,
based on in vitro experiments using Madin Darby canine
kidney cells in collagen gels,51 that enhanced pressure
within cyst lumens causes increases proliferation. Our
data also suggest that the PCNA expression, a surrogate
marker of cell proliferation, is temporally linked with ex-

pression of PAX2, a potentially oncogenic transcription
factor, which is down-regulated in glomerular and proxi-
mal tubule epithelia during normal nephron maturation.
To confirm the hypothesis that PAX2 drives proliferation it
would be necessary to show that cyst pressure was
increased in vivo and to demonstrate that reduction of
PAX2 protein, for example by antisense oligonucleo-
tides,13 could prevent morphological epithelial over-
growth and reduce mitosis as assessed by formal mea-
sures such as tritiated thymidine or bromodeoxyuridine
incorporation. Certainly, proliferation is a feature of renal
cyst formation in diverse animal models and human dis-
eases. 53 In autosomal dominant polycystic kidney dis-
ease, it has been proposed that active solute excretion
into cyst lumens5455 and de novo somatic mutations56
are also required for cyst growth. It would seem unlikely
that the latter event could make a uniform contribution to
cyst formation in the 10-day experimental period in our
study. Furthermore, the interstitium of obstructed kidneys
was markedly edematous, consistent with a net fluid flux
out of the lumens of developing nephrons.

II,

I
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Figure 7. Organs obstructed from 90 to 91 days gestation. There is minor
dilatation (x) of the proximal limbs of S-shaped bodies corresponding to the
primitive Bowman's spaces. The epithelial cells lining these dilated primitive
tubules (arrowheads) expressed PAX2 (A) and PCNA (B). Ureteric bud
branch tips (u) were not dilated. m, nephrogenic mesenchyme. Magnifica-
tion, X150.
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Figure 6. Urine electrolytes. Values shown for sodium, osmolality, and po-
tassium for urine harvested from the bladder of 100-day control fetuses, from
the obstructed urinary system at 100 days, from bladder urine produced by
contralateral kidneys at 100 days, and from amniotic fluid of manipulated
fetuses (n = 3 for each group).

Even though cysts dominated the cortical histology of
obstructed kidneys, it was notable that the nephrogenic
zone was disrupted, with no evidence of S-shaped bod-
ies. This implied block in de novo nephron formation

remains unexplained, but we suggest an answer may be
provided by an imbalance of levels of nephron-promoting
and -inhibiting growth factors.57 In particular, TGF-,B1
inhibits nephron formation in organ culture58 and is up-
regulated in obstructed neonatal and adult kidneys47 49;

if this factor were also up-regulated in obstructed fetal
sheep kidneys, perhaps the major effect would be to
inhibit the formation of nephrons rather than eliciting scar-
ring as occurs in adults. In future, it would be interesting
to measure TGF-131 in our current model.

In addition, we documented increased apoptosis in the
obstructed kidney. If the clearance of apoptotic cells is
assumed to be similar in obstructed and normal organs,
this implies that the rate of programmed cell death is
significantly enhanced by 10 days of ureteric obstruction.
Although it is possible that a more prolonged period of
apoptosis might lead to the atrophy or involution of renal
tissue, the contribution of apoptosis to the observed loss
of the nephrogenic zone is unknown. It is, however, in-
teresting to note that enhanced apoptosis often coexists
with cystic proliferation in human and animal kidney mal-
formations and also in polycystic kidney diseas-
es 12,19,20,59

Ultrasound scanning of the human fetus to detect mal-
formations is common obstetric practice.3 The distended
urinary tract associated with obstruction can be ac-
cessed and human fetal urine analyzed to provide an
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indication of kidney function.3 Indicators of a good renal
outcome include urinary sodium concentrations that fall
during gestation and the ability to dilute urine, as as-
sessed by a urine osmolality less than that of plasma.3 It
was therefore of note that we recorded increased urinary
concentrations of sodium and osmolality in the urine of
obstructed organs, correlating with microscopic damage
to collecting ducts and loops of Henle in the medulla of
the metanephros.
We suggest that a better understanding of the biology

of fetal renal obstruction may eventually lead to the mod-
ulation of disease by administration of agents to prevent
apoptosis and enhance differentiation of renal precursor
cells. In this context, epidermal growth factor administra-
tion can reduce the prevalence of apoptosis in neonatal
rat kidneys18 whereas the administration of insulin-like
growth factor abrogates fibrosis in obstructed, immature
marsupial kidneys.60
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