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Abstract
Background Creating obstructive uropathy (OU) during glomerulogenesis in the fetal lamb results in multicystic dysplastic 
kidney (MCDK) at term. We explored this using immunohistochemical techniques.
Method OU was created in fetal lambs at 60-day gestation, ligating the urethra and urachus. The kidneys of MCDK lambs, 
60-day gestation fetal lambs, full-term lamb (145 days), term sham-operated lambs, and adult ewes were evaluated by HE 
staining, and immunohistochemistry with paired box genes 2 (PAX2) and CD10.
Results Multiple cysts were found in the MCDK model. CD10 was expressed in proximal tubular epithelial cells, glomerular 
epithelial cells, and medullary stromal cells in the kidneys of 60-day gestation fetal lambs and full-term lambs and adult 
ewes. PAX2 expression was found in ureteric buds, C- and S-shaped bodies, epithelial cells of collecting ducts, and Bow-
man's capsule of fetal kidneys at 60-day gestation, but only in the collecting ducts of full-term fetal lambs and adult ewes. 
Both CD10 and PAX2 were expressed in the cystic epithelial cells of the MCDK model.
Discussion PAX2 expression in cystic epithelial cells suggests that cyst formation is associated with disturbed down-regu-
lation of PAX2 in the nephrogenic zone epithelial cells during the renal development in the OU model.
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Introduction

Multicystic dysplastic kidney (MCDK) is one of the most 
common renal anomalies leading to chronic renal failure in 
children. The diagnosis is based on the characteristic his-
tology of the abnormal and incomplete differentiation of 
metanephric mesenchymal tissue and ureteric buds, with 
fibromuscular tissue surrounding the cysts. MCDK can 
regress spontaneously, but when MCDK occurs bilaterally, 

it leads to the development of Potter’s syndrome. MCDK 
is often detected on routine fetal ultrasound examination, 
occurring between 1 in 3640 and 1 in 4300 live births [1], 
which is a high rate among the wide range of congeni-
tal anomalies of the kidney and urinary tract (CAKUT). 
Although the causes of dysplastic kidneys in humans are 
unknown, it is believed that the urinary tract obstruction is 
intimately involved, based on animal models utilizing liga-
tion of the urinary tract during embryonic development, 
which results in dysplastic kidneys. Dysplastic kidneys in 
humans are also often associated with obstructive uropa-
thy. Our previous studies have also demonstrated MCDK 
development following obstruction of the urinary tract of 
fetal lambs [2].

In previous fetal lamb studies, these cysts were thought to 
be caused by urine accumulation in the developing nephron 
due to urinary tract obstruction, resulting in physical dilata-
tion of the tubules and collecting ducts [3]. Electron micros-
copy studies in our fetal lamb OU model suggested that 
the cysts were derived from dilated proximal tubules [4]. 
CD10 has been found to be a useful antibody for identifying 
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proximal tubules using immunohistochemistry [5], and 
we have demonstrated CD10 in the epithelial cells of the 
MCDK cysts [6].

PAX2 is a transcription factor required for renal develop-
ment. Mutations in the PAX2 gene cause renal aplasia, dys-
plastic kidneys, and MCDK [7]. It is the factor most likely 
to be involved in the development of MCDK.

In this study, CD10 and PAX2 were explored in the 
obstructive uropathy (OU) model in fetal lambs and com-
pared with normal term lambs, sham-operated term lambs, 
and adult sheep’s kidneys.

Materials and methods

Approval was obtained from the Animal Ethics Committee 
of the Wellington School of Medicine and Health Sciences, 
the University of Otago Wellington, New Zealand (approval 
numbers WAEC 2–11, 3–18). The following groups of ani-
mals were used: term OU (MCKD) lambs (n = 6), normal 
60-days gestation lambs (n = 5), sham model term lambs 
(n = 4), normal 145-days gestation (term) lambs (n = 4), and 
the left kidneys from normal adult ewes (n = 2).

Timed gestation (60 day gestation ± 1 day) ewes were 
transported from the farm to the laboratory 24–48 h before 
the operation. Our preoperative and anesthetic management 
has been reported previously [2, 8]. The MCDK models 
were created as follows. The uterus was exposed through a 
left flank incision in the ewe, with the caudal end of the lamb 
being delivered through a transverse hysterotomy. The fetal 
urethra and urachus were ligated as previously described 
[2, 8]. The lambs were returned to the uterus, and the uter-
ine and abdominal incisions were closed. The sham models 
were exposed through a transverse hysterotomy at 60 days 
gestation to the same extent as required to create an OU 
model, for the mean time taken to create our OU model, 
and returned to the uterus without urinary tract obstruction. 
Normal 60-day gestation fetal lambs and the sham-operated 
term lambs were simply euthanized as previously described 
[2, 8] and processed as outlined below.

The ewes were anesthetized again at 145-day gestation 
(term), and the lambs were delivered via cesarean section. 
The lambs were then sacrificed by injecting pentobarbital 
into their umbilical vein, as we have previously described 
[2, 8]. The lambs’ and ewes’ kidneys were then removed and 
fixed in 10% formalin. The kidneys were divided longitudi-
nally, and samples were taken from the cut surface of the 
kidney, processed for light microscopy in paraffin blocks, 
and sliced at 3 μm for light microscopy. Sections were depar-
affinized in xylene and rehydrated in a graded series of alco-
hol, followed by  H2O2. The sections were then either stained 
with hematoxylin and eosin (H&E) or subjected to the 
immunohistochemical analysis. For immunohistochemistry, 

we used anti-PAX2 rabbit monoclonal antibody, ab79389 
(Abcam), 1:500 dilution, for 60 min, and CD10 monoclonal 
antibody, 56C6 (Nichirei bioscience), undiluted solution, for 
60 min [6, 12].

Results

The number of samples

Six lambs were used for the MCDK model, with the urachus 
and urethra being ligated at 60 days gestation. There were 4 
normal term (145 days) lambs, 5 normal lambs sacrificed at 
60-day gestation, 4 sham-operated term lambs and 2 adult 
ewes that were used as controls. The kidneys of fetal lambs 
at day 60 of gestation were evaluated at the maximum cleav-
age plane of both kidneys because of their small size, and 
only the left kidneys were evaluated histologically in the 
term lambs and adults.

Morphological changes of the kidney in fetal 
lambs: immunohistochemistry

The nephrogenic zone (NZ), containing ureteric buds, 
metanephric mesenchymal cells, and C- and S-shaped bod-
ies were observed in the sub-capsular regions of the kidneys 
of lambs at 60 days gestation (Fig. 1a). We also identified 
mature glomeruli and tubules deep in the cortex and near 
the medulla. The NZ had disappeared in the kidneys of 
term fetuses (Fig. 1b, c). The histology of the kidneys in the 
Sham model lambs was no different from normal controls 
(Fig. 1d).

CD10 was strongly expressed in the tubular epithe-
lial cells at 60 days gestation, and its expression was also 
observed in the glomerular epithelial cells, Bowman’s cap-
sule epithelial cells, and medullary stromal cells (Fig. 2a). 
CD10 expression was also observed in the tubular epithelial 
cells, glomerular epithelial cells, Bowman’s capsule epithe-
lial cells, and medullary stromal cells both in normal term 
lambs’ kidneys, sham model lambs’ kidneys and the kidneys 
of the adult sheep (Fig. 2b, c, d) (Table 1).

PAX2 expression was observed in the ureteric buds, C- 
and S-shaped bodies, collecting duct epithelial cells, and 
some Bowman’s capsule epithelial cells at 60-day gestation 
in the fetal kidneys (Fig. 3a). In the normal term lambs’ 
kidneys, the sham model lambs’ kidneys, and the kidneys 
of adult sheep, PAX2 expression was observed only in the 
collecting ducts (Fig. 3b, c, d) (Table 2).

In the MCDK models, there were many cysts in which 
fibromuscular tissue surrounded the primitive ducts (Fig. 4a, 
b). In the epithelial cells of the cysts, CD10 expression was 
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Fig.1  Nephrogenic zone (H&E 
staining, scale bar: 500 μm). a 
Fetus on day 60 of gestation. 
b Normal term fetus (145 days 
gestation). c The Sham model 
lambs’ kidneys (145-day 
gestation) also presented renal 
tissue that was no different 
from normal controls. d Adult 
sheep. On day 60 of gestation, 
the NZ is present in the renal 
cortex and contains ureteric 
buds, metanephric mesenchy-
mal cells, C-shaped bodies, and 
S-shaped bodies. The thinning 
of NZ occurs over the course of 
the pregnancy, and it disappears 
well before term. In the adult 
sheep kidney, tubular develop-
ment is advanced, as the tubular 
epithelium is large, and the 
distance between glomeruli is 
increased

Fig.2  CD10 immunostain-
ing (scale bar: 100 μm). a In 
the fetal kidney on day 60 of 
gestation, strong expression 
of CD10 was observed in the 
tubular epithelial cells, and its 
expression was also observed in 
the glomerular epithelial cells, 
Bowman’s capsule epithelial 
cells, and medullary stromal 
cells. b Similarly, CD10 expres-
sion was observed in the tubular 
epithelial cells, glomerular epi-
thelial cells, Bowman’s capsule 
epithelial cells, and medullary 
stromal cells in term lamb kid-
neys on day 145 of gestation. c 
Similarly, CD10 expression was 
observed in the tubular epithe-
lial cells, glomerular epithelial 
cells, Bowman’s capsule epithe-
lial cells, and medullary stromal 
cells in sham model lambs’ 
kidneys. d CD10 expression 
was also observed in the tubular 
epithelial cells, glomerular epi-
thelial cells, Bowman’s capsule 
epithelial cells, and medullary 
stromal cells in adult sheep
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observed (Fig. 4c, d). PAX2 was also expressed in these 
cells (Fig. 4e, f).

Discussion

Mammalian kidney development begins with the interac-
tions between the Wolffian (mesonephric) duct and the 

Table 1  Sheep models and CD10-positive cells

Term MCDK 60-Day gesta-
tion

Term gestation Sham model Adult (control)

Epithelial cells of the cyst wall  +  + − − − −
Tubular epithelial cells  +  +  +  +  +  +  +  +  +  + 
Glomerular epithelial cells  +  +  +  +  + 
Bowman's capsule epithelial cells  +  +  +  +  + 
Medullary stromal cells  +  +  +  +  + 

Fig.3  PAX2 immunostain-
ing (scale bar: 100 μm). a In 
the fetal kidney on day 60 of 
gestation, PAX2 expression was 
observed in the ureteric buds, 
C‐shaped bodies, collecting 
duct epithelial cells, and some 
Bowman’s capsule epithelial 
cells. b In the term lamb kidney 
on day 145 of gestation, PAX2 
expression was observed only 
in the collecting duct. c PAX2 
expression was observed only 
in the collecting duct in sham 
model lambs’ kidneys, also. 
d PAX2 expression was also 
observed only in the collecting 
duct in adult sheep

Table 2  Sheep models and PAX2-positive cells

NP   not present

Term MCDK 60-Day gesta-
tion

Term gestation Sham model Adult (control)

Epithelial cells of the cyst wall  + − − − −
Ureteric bud NP  +  + NP NP NP
C- and S-shaped body NP  +  + NP NP NP
Collecting duct epithelial cells  +  +  +  +  +  +  +  +  +  + 
Bowman's capsule epithelial cells  +  +  +  +  +  + 
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metanephric mesenchyme [9, 10]. The branching ureteric 
bud invades the metanephric mesenchyme, inducing the 
mesenchymal–epithelial transition (MET). Following the 
invasion of the ureteric bud, the metanephric mesenchyme 
aggregates to form the renal vesicles, which then develop 
into the C- and S-shaped bodies. These form the glomeruli 
and proximal tubules, the loop of Henle, and distal tubules 
that fuse with the branching ureteric bud. This differenti-
ates into the collecting ducts which join the renal pelvis 
to form the kidney [9].

During these developmental processes, it is clear that 
various transcription factors are repeatedly expressed and 
then diminish [10, 11]. One of these transcription factors, 
PAX2, has been reported to play roles in the development of 
the central nervous system, spine, eyes, and kidneys. PAX2 
is essential for renal development. Mouse embryos with no 
expression of PAX2 have renal aplasia, which is lethal. In 
heterozygous mutations, there is renal hypoplasia [7]. PAX2 
is also protective against apoptosis of ureteric bud cells [12]. 
Additionally, mutations in PAX2 gene are most commonly 
reported to be responsible for congenital anomalies of the 
kidney and urinary tract (CAKUT), including renal agen-
esis, dysplastic kidney, and MCDK. PAX2 mutations are 
found in approximately 6–10% of cases of renal hypoplasia 
and dysplasia [13]. It is also said to cause the autosomal 

dominant inherited renal coloboma syndrome, which is a 
very rare disease [14].

CD10 has been shown to be a useful immunohistochem-
ical antibody in the identification of proximal tubules. In 
recent years, cell isolation has also been studied and used as 
an indicator of proximal tubules [5].

Here, we performed immunohistochemical analysis to 
assess the expression of CD10, and PAX2 in term kidneys 
in our fetal lamb obstructive uropathy model, and further 
evaluated them in serial sections. Normal kidneys at 60-day 
gestation, term lambs, sham-operated term lambs, and adult 
ewes were similarly assessed as controls. CD10 was found 
to be expressed in the proximal tubule of embryos on day 
60 of gestation, term lambs, sham-operated term lambs, and 
adult ewes. In normal lambs, PAX2 did not express in the 
renal tubules at any stage of development, but was expressed 
in the collecting ducts in normal 60-day gestation and term 
lambs, and adult sheep, as well as in the ureteric buds, C- 
and S-shaped bodies, collecting duct epithelial cells, and 
some Bowman’s capsule epithelial cells at 60 days gestation 
in the fetal kidneys. Both CD10 and PAX2 were expressed in 
the cyst epithelial cells of the MCDK model. This strongly 
suggests that there is a discrepancy between our previous 
hypothesis that the cysts in the MCDK model originated 
from tubules and collecting ducts by physical expansion, 
and the present findings [3]. CD10 has been demonstrated 

Fig.4  MCDK models. Urinary tract obstruction on day 60 of gesta-
tion resulted in many cysts surrounded by fibromuscular tissue sur-
rounding the primitive ducts at term a (H&E staining, scale bar: 
1000 μm). b (H&E staining, scale bar: 500 μm). c CD10 expression 
was observed in the cystic epithelial cells. (CD10 immunostaining, 

scale bar: 500  μm). d (CD10 immunostaining, scale bar: 50  μm). e 
PAX2 expression was also observed in the cystic epithelial cells 
(PAX2 immunostaining, scale bar: 500 μm). f (PAX2 immunostain-
ing, scale bar: 50 μm)
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to be expressed in glomerular epithelial cells and tubular 
epithelial cells [6, 15], and PAX2 has been demonstrated 
in the ureteric bud and collecting duct lineage and in the 
medullary expression of the C- and S-shaped bodies that 
form the glomerulus and the proximal tubule early in the 
renal development [10, 16]. This suggests that the MCDK 
model likely expresses PAX2 as a growth signal in the C- 
and S-shaped bodies, which should be down-regulated dur-
ing embryonic development, and that PAX2 is persistently 
expressed in the proximal tubule without down-regulation 
when urinary tract obstruction is produced at about 60-day 
gestation in the fetal lamb. In two earlier studies, excessive 
PAX2 expression caused cystic diseases, but reduced cys-
togenesis was observed in a murine model of MCDK upon 
reducing the dosage of PAX2 gene [17, 18], which supports 
the results of this study.

However, these present findings are speculative, and it is 
not yet clear how the urinary tract obstruction affects PAX2, 
and therefore, genetic studies are also warranted. We used 
a large animal model, the sheep model, because the rela-
tively long gestation allows time for the renal changes to 
develop. However, genetic studies using knockout models 
are also needed. An ovine knockout model has not yet been 
developed.

Conclusion

Immunohistochemical analysis of PAX2 was helpful in 
investigating the developmental processes leading to the 
development of MCDK. The occurrence of cystic epithelial 
cells in MCDK may be due to persistent expression of PAX2 
as a growth signal in proximal tubular epithelial cells that 
fails to undergo down-regulation in the face of urinary tract 
obstruction.
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