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Abstract The expression pattern of mitotic Ki-67 and
anti-apoptotic bcl-2 proteins, as well as apoptotic caspase-3
and p53 proteins, were investigated in the human meso-
nephros and metanephros of 5-9 week-old human
conceptuses. Apoptotic cells were additionally detected
using the terminal deoxynucleotidyl transferase (TdT)
nick-end labelling (TUNEL) method. Between the 5th and
7th developmental weeks Ki-67, caspase-3 and TUNEL-
positive cells characterized all mesonephric structures,
indicating importance of cell proliferation in the growth of
the mesonephros and role of apoptosis in nephrogenesis.
From the 7th week on, p53 and bcl-2 positive cells
appeared in the mesonephros as well. Regressive changes
in the mesonephros could be regulated by activation of
p53, while bcl-2 could contribute to selective survival of
some tubules giving rise to adult structures. In the early
human metanephros (5-7 weeks), Ki-67 positive cells
characterized all metanephric structures, indicating a role
of cell proliferation in branching of the ureteric bud and in
nephron formation. During the same period bcl-2, caspase-
3 and TUNEL-positive cells were found only in the
metanephric mesenchyme and nephrons. Bcl-2 protein
probably protected nephrons from apoptosis, while cas-
pase-3 protein controlled cell death in the mesenchyme. At
later stages (7-9-weeks), appearance of p53-expressing
cells could participate in further morphogenesis of the
metanephric collecting system. The factors investigated
had a spatially and temporally restricted pattern of
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appearance in developing kidneys. Changes in that pattern
might lead to serious disturbances of kidney formation and
function in early childhood.
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Introduction

During the human embryonic period, three excretory
kidney systems develop: the pronephros, the mesonephros
and the metanephros. The pronephros is a non-functional
and transitory structure by the end of the fourth week of
development; it degenerates leaving behind only its caudal
part, which will become a primary ureter used by
mesonephros. The mesonephros develops from nephro-
genic cord caudal to the pronephros late in the fourth
developmental week. It is a large ovoid organ, situated
laterally to the developing gonad and formed of large
numbers of vesicles that differentiate into S-shaped loops.
The lateral ends of these loops enter the primary ureter,
now called the mesonephric (Wolffian) duct, while the
medial end forms the Bowman’s capsule surrounding
the glomerulus, thus forming the mesonephric corpuscle.
The mesonephros is a temporary functional kidney, which
subsequently degenerates. However, in the male embryo,
some parts of the Wolffian duct and mesonephric tubules
persist as genital ducts. Formation of the permanent kidney,
the metanephros, begins in the fifth week of development,
when a dorsal outgrowth of Wolffian duct called the
ureteric bud penetrates the metanephric mesenchyme. The
metanephric mesenchyme develops from the sacral portion
of the nephrogenic cord and differentiates into renal
vesicles and S-shaped tubules (nephrons) under inductive
influence of the terminal branches (ampullac) of the
ureteric bud. Later on, more mature nephrons develop,
consisting of the Bowman’s capsule and glomerulus,
proximal and distal convoluted tubule, and the loop of
Henle. Collecting tubules, renal calyces, renal pelvis and
ureter are derivates of the ureteric bud [1, 2].
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Development of all three excretory systems depends on
reciprocal tissue interactions and many transcription fac-
tors, growth factors, signalling molecules, their receptors
and other proteins. Knowledge about the role of those
factors and genes is based on investigations on transgenic
animals showing different kidney abnormalities, such as
absence of kidney morphogenesis (Pax-2 and Lim-1
knockout), defects in epithelial transformation of mesen-
chyme (Wnt-4 and Bmp-7 knockout) and reduced numbers
of nephrons (FGF-7 knockout) [3, 4].

Among those factors, distribution and intensity of
programmed cell death and cell proliferation are considered
as important and often combined processes in nephrogen-
esis. Apoptosis, a programmed cell death, occurs at precise
stages of kidney development and has an important role in
the normal development and regression of all three forms
of embryonic kidneys [5]. During degeneration of the
pronephros and mesonephros in rat embryos, cell death
follows a strict temporo-spatial pattern [6]. In metanephric
development of the rat embryo, evidence of apoptosis, such
as condensed nuclei, fragmented cytoplasm and cell
shrinking, were found in cells surrounding the new
epithelium induced by the ureteric bud [7].

Apoptosis may be executed through the caspase protein
family. Over a dozen caspases have been found to operate
in humans [8]. Caspases have an important function in cell
cycle regulation [9], especially caspase-3 which is the key
effector caspase in apoptotic process [10, 11]. In mouse
embryos, general caspase inhibition was shown to prevent
ureteric bud branching and further development of the
metanephros [12].

Bcl-2 is an integral mitochondrial, nuclear and endo-
plasmic reticulum membrane protein. It was shown that
bcl-2 over-expression protects cell from apoptotic death
[13, 14]. During human kidney development, bcl-2 gene
expression may be necessary for the differentiation of
uninduced mesenchyme into the mature nephrons [13]. In
bcl-2 deficient mice, renal hypoplasia was found associated
with abnormal renal growth, cyst formation and decrease in
number of nephrons [13, 15-18].

Proliferation is another important factor involved in
kidney development and differentiation. Ki-67 nuclear
protein is often used as a proliferation marker because of'its
expression in all phases of the cell cycle except the resting
phase (GO) [19, 20]. In human nephrogenesis, Ki-67
expression was found to be the most pronounced in the
early stages of metanephric glomeruli differentiation, in the
differentiating vesicles and folding glomeruli. Ki-67
expression was found to decrease with glomerular
maturation [21].

p53 is a negative regulator of the G1-S phase transition
in the cell cycle. In the case of DNA damage it induces
growth arrest or apoptosis in the damaged cells [14]. In p53
transgenic mouse, the kidneys are smaller and have lower
numbers of compensatory hypertrophic glomeruli, owing
to altered differentiation of the ureteric bud [22]. In human
embryos aged 4 to 8 weeks, p53 is expressed in the nuclei
of the mesonephric secretory canal epithelium and focally
in the cells of the mesonephric glomeruli [14]. In the

metanephros, p53 expression is found only during the
foetal period [23].

Numerous studies on kidney development, dealing with
cell proliferation, apoptosis and their genetic background
and control, have been done on experimental animals [3,
12, 13, 15-18, 22]. Only few studies of their expression
pattern in the mesonephros and metanephros have been
performed in human embryos [13, 14], some of them done
on developmental stages different from ours [24-26].

Aberrations of proliferation and cell death in the human
metanephros often appear in association with lower urinary
tract obstructions. Even changes in environment, such as
altered maternal diet, cause nephron defects accompanied
by enhanced apoptosis [27].

Therefore, the aim of this study was to analyse the spatial
and temporal expression pattern of factors involved in cell
proliferation and programmed cell death during the meso-
nephric and early metanephric development of the human
kidney. The consequences of disturbed cell proliferation
and cell death are associated with several kidney
abnormalities (agenesis, dysplasia, hypoplasia), thus ac-
counting for the great number of young children with
chronic renal failure.

Materials and methods
Human material

A total of six normal human conceptuses between their Sth
and 9th week of development was collected after sponta-
neous abortions from the Department of Gynaecology and
Obstetrics, Clinical Hospital of Split, Croatia, and after
tubal pregnancies from the Department of Pathology,
Clinical Hospital of Split. The embryos and foetuses were
examined macroscopically and measured. Only normal
conceptuses, without any sign of abnormality, signs of
intrauterine death or maceration, were used in our study.
The embryonic tissues were treated as postmortem material
with permission of the Ethics and Drug Committee of the
Clinical Hospital of Split in accordance with the 1964
Helsinki Declaration. The post-ovulatory age was esti-
mated on the basis of menstrual data and correlated with
crown—rump length (CRL) and Carnegie stages [28].

Immunohistochemical staining

Caudal parts of embryos containing developing kidneys
were dissected. Tissue samples were fixed in 4% parafor-
maldehyde in phosphate buffer and dehydrated in 100%
ethanol. They were embedded in paraffin wax, serially
sectioned at 4-6 wm, mounted on glass slides, and
examined with an Olympus BX-40 light microscope
(Olympus, Tokyo, Japan). The paraffin was removed
with xylene, and the sections were rehydrated in ethanol
and water. In order to quench endogenous peroxidase
activity, we incubated the sections for 30 min in 0.1%
H,0,.



For Ki-67 staining, after incubation in H,O,, paraffin-
embedded sections were washed with phosphate-buffered
saline (PBS) and then incubated in EDTA (pH 8.0) for
10 min at 95°C. They were than cooled to room
temperature and incubated with monoclonal mouse anti-
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human Ki-67 antigen (M 7240, DAKO, Glostrup, Den-
mark) for 30 min. After being washed with PBS, the
binding was visualized by incubating the sections with
Envisiont single reagent visualization system, which
contains peroxidase-conjugated anti-mouse secondary an-

Fig. 1 Transverse sections through the developing mesonephros
and metanephros in the 5th and 6th developmental weeks.
A Mesonephros (5 weeks): primitive nephrons (n), mesonephric
duct (d), mesonephric mesenchyme (m), the gonad (g) primordium.
Haematoxylin and eosin, x10. B Metanephros (5 weeks): the
ureteric bud (b), ampullae (a), metanephric mesenchyme (mm), the
mesenchymal metanephric cup (c). Haematoxylin and eosin, x10.
C+ Metanephros (5 weeks): note moderately bcl-2 positive cells in
the metanephric cup (c), very mildly positive cells in the
metanephric mesenchyme (mm) and non-reactive cells in the
ampullae (a). Immunostaining to bcl-2 protein, x40. C— Absence
of bel-2 positivity in all metanephric structures. Immunostaining to
bcl-2 protein pre-incubated with immunizing peptide, *40.
D Mesonephros (5 weeks): three caspase-3 positive cells with
dark brown-stained nuclei (arrow) are seen among the vital

euchromatic nuclei of mesenchymal cells (m). Mesonephric duct
(d) and coelomic epithelium (ce) are seen as well. Immunostaining
to active caspase-3, x40. E Metanephros (5 weeks): only one
caspase-3 positive cell nucleus (arrow) is seen among the euchro-
matic cell nuclei of the metanephric cup mesenchyme (c). Ampulla
(a) is missing caspase-3 positive cells. Immunostaining to active
caspase-3, x100. F Mesonephros (6 weeks): nuclei of Ki-67 positive
cells (arrow) are seen in the mesonephric duct (d), glomeruli (g) and
Bowman’s capsule (bc), mesonephric tubules (#) and mesonephric
mesenchyme (m). Immunostaining to Ki-67 protein, x20.
G Metanephros (5 weeks): numerous brown-stained nuclei of Ki-
67 positive cells (arrow) are seen in the metanephric cup (c),
adjacent ureteric bud (b) and ampullae (a), and in the metanephric
mesenchyme (mm) Immunostaining to Ki-67 protein, 10
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tibody (K 4001, DAKO) for 30 min. Afterwards, sections
were washed with PBS and then stained with diaminoben-
zidine tetrahydrochloride (DAB) solution. Finally, the
sections were rinsed in distilled water, counter-stained
with haematoxylin, and dehydrated in ethanol and xylol
[29].

Sections for immunohistochemical staining of bcl-2, p53
and caspase-3 antigens were treated with H,O, washed in
PBS and then incubated in sodium citrate buffer for 10 min
at 95°C. After being cooled to room temperature, they were
incubated with rabbit anti-human/mouse active caspase-3
primary antibody (AF835, R&D Systems, Minneapolis,
Minn., USA) and mouse anti-human Bcl-2 oncoprotein
primary antibody (M 0887, DAKO) overnight at 4°C in a
humidified chamber. The rest of the paraffin sections were
incubated with mouse anti-human p53 protein (M 7001,
DAKO) for 45 min. After being washed with PBS, the bcl-
2 and caspase-3 sections were incubated with biotinylated
secondary antibody (mouse and rabbit UniTect ABC Kit,
Oncogene, Boston, Mass., USA) for 30 min at room
temperature. They were then washed again in PBS and
incubated with avidin biotinylated horseradish peroxidase
complex (ABC) for 30 min, washed again with PBS, and
then stained with DAB. Finally, the sections were rinsed in
distilled water, counter-stained with haematoxylin, and
dehydrated in ethanol and xylol.

Additionally, we pre-incubated some sections with
immunizing peptide for 30 min in order to remove the
bcl-2 signal.

For the p53 sections, primary antibodies were detected
using a streptavidin—biotin peroxidase system (K0690,
DakoCytomation, Carpinteria, Calif., USA) as recom-
mended by the manufacturer. The p53 sections were later
washed with PBS, stained, counter-stained and dehydrated
as described above [30, 31].

Detection of apoptotic cells by the terminal
deoxynucleotidyl transferase-mediated nick-end
labelling method

DNA fragmentation in apoptotic cells was examined using
the terminal deoxynucleotidyl transferase (TdT)-mediated
nick-end labelling (TUNEL) method. DNA fragmentation
in apoptotic cells was detected with TdT-mediated nick-end
binding of fluorescein-labelled and unlabelled deoxynu-
cleotides using the Fluorescein FragEL. DNA Fragmenta-
tion Detection Kit (Calbiochem, USA). Sections with the
paraffin removed were rehydrated and pretreated with
proteinase K for 20 min and then treated with equilibration
buffer for 30 min, all at room temperature. The sections
were later covered with working TdT-labelling reaction
mixture and incubated in a humidified chamber at 37°C for
1.5 h. After the incubation, the sections were briefly stained
with haematoxylin and mounted with the mounting media
provided in the TUNEL kit. Labelled nuclei were examined
with a standard fluorescein filter (465495 nm). Micro-
photographs were captured with a SPOT Insight QE
camera (Diagnostic Instruments, USA) mounted on an
Olympus BX51 microscope using the SPOT software.

Quantification of Ki-67 positive cells

Six conceptuses of different developmental ages (5-9
weeks) were examined. The positively labelled and
unlabelled cells were counted in three non-adjacent
sections taken from each conceptus. For Ki-67 positivity,
any level of nuclear positivity was considered, regardless
of the intensity of the staining. Counts were made over the
total area of the kidney (mesonephric or metanephric). In
the mesonephros, as well as in the metanephros, three
distinct areas of 50 pmx50 pum at 200% magnification were
counted over each chosen structure. Thus, in the meso-
nephros, three collecting nephrons and three mesenchymal
areas were counted in each section. In the metanephros,
three nephrons, three tubules and three mesenchymal

Table 1 Immunoreactivity to specific antibodies in the human mesonephros and metanephros during the 5th and 6th weeks of development

Location Antibodies Structure
Ki-67 p53 bel-2 caspase-3
Wolffian duct + + - - ++ MESONEPHROS
Mesonephric mesenchyme ++ - - ++
Glomeruli ++ - - + +
Bowman’s capsule ++ - - ++
Mesonephric tubules ++ - - ++
Coelomic epithelium + + + - + +
Ureteric bud + + - - - METANEPHROS
Ampulla ++ + - - -
Metanephric mesenchyme ++ - + +
Metanephric cup +++ - ++ +

+ + + strong reactivity, + + moderate reactivity, + mild reactivity, — no reactivity



(interstitial) areas were counted per section. The examina-
tion was performed on an Olympus BX-51 microscope
equipped with a DMP digital camera and using DP-SOFT
version 3.1 software. In each area (50 umx50 pum), the
percentage of Ki-67-positive cells was calculated.

Quantitative analysis was performed for three groups (5
and 6, 7, 8 and 9 weeks) according to the corresponding
age of the embryo. The percentage of Ki-67 positive cells
was expressed as mean £+ SD. Data were analysed by the
Kruskal-Wallis analysis of variance (ANOVA) test fol-
lowed by Dunn’s post-hoc test.

Results

During the 5th and 6th week of development, both the
mesonephros and the metanephros are present in the human
embryo. The mesonephros forms the large ovoid organ on
each side of the midline, on the lateral side of the
developing gonad. It consists of renal glomerules and
tubules opening into the mesonephritic duct (Wolffian
duct) at the lateral side and forming the Bowman’s capsule
at its medial extremity (Fig. 1a). Behind the lower end of
the mesonephros, the metanephros develops as well. The
collecting system of the mesonephros develops from the
ureteric duct undergoing multiple divisions. The anterior,
actively growing, portion of the bud is the ampulla, which
induces surrounding cells of the metanephric mesoderm to
proliferate, condense and form the metanephric cup
(Fig. 1b).

During the developmental period described, bcl-2 pos-
itive cells are not present in the human mesonephros, while,
in the metanephros, mildly expressing bcl-2 cells can be
seen in the metanephric mesenchyme, and moderately
expressing bcl-2 cells in the metanephric cup. Ampullae do
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not contain bcl-2 positive cells. In the control sections, pre-
incubated with immunizing peptide, the bcl-2 signal was
gone from metanephric mesenchyme and metanephric cup.
(Table 1, Fig. 1ct,c-).

Caspase-3 positive cells are present in all structures
forming the human mesonephros: the Wolffian duct,
mesonephric mesenchyme, glomeruli and Bowman’s cap-
sule, mesonephric tubules and coelomic epithelium
(Table 1). In comparison with the euchromatic nuclei of
vital cells, caspase-3 positive cells have characteristic
condensed nuclei or dark-stained nuclear fragments
(Fig. 1d). Contrary to the mesonephric structures, in the
metanephros rare caspase-3 positive cells can be seen only
in the metanephric mesenchyme and in its condensation
forming the metanephric cup. Uretheric bud and ampullae
are completely devoid of caspase-3 positive cells (Table 1,
Fig. le).

In the 5th and 6th weeks of development, both
mesonephros and metanephros are missing p53 positive
cells, but they can be found in the coelomic epithelium
(Table 1).

During the same developmental period, all structures of
the human mesonephros show Ki-67 positive cells: the
Wolffian duct and surrounding mesenchyme, mesonephric
glomeruli and Bowman’s capsule and mesonephric tu-
bules. Ki-67 positive cells are also seen among the cells of
the coelomic epithelium (Table 1, Fig. 11).

In the metanephros, the number of Ki-67 positive cells is
even higher than in the mesonephros, particularly in the
ampullae and metanephric cup mesenchyme (Table 1,
Fig. 1g).

During the 7th, 8th and 9th weeks of development, the
caudal parts of the mesonephros still differentiate, while its
cranial parts already show signs of degenerative changes.

Table 2 Immunoreactivity to specific antibodies in the human mesonephros and metanephros during the 7th, 8th and 9th developmental

weeks
Antibodies Structure
Ki-67 p53 bel-2 casp-3

Weeks of development 7 8 and 9 7 8 and 9 7 8 and 9 7 8 and 9

Wolffian duct ++ + + + - — + — 4+ + MESONEPHROS

Mesonephric mesenchyme + + + + + + + + + +

Glomeruli ++ ++ + + + + ++ +

Bowman’s capsule ++ + + + + + + + ++ +

Mesonephric tubules ++ + + + + + ++ ++ +

Coelomic epithelium + + + + + + - + ++ -

Collecting tubules + + + + — + — — — 4+ METANEPHROS

Ampulla ++ + ++ + — + + — - - + +

Ureter ++ ++ - / — / — /

Interstitium ++ + + - + + + ++ + +

Renal vesicle ++ ++ + - + ++ ++ + + +

S-shaped nephrons +++ +++ - + + ++ + +++

Renal corpuscle / + 4+ + - + / ++ / + 4+

+ + + strong reactivity, + + moderate reactivity, + mild reactivity, — no reactivity, / structure absent in the tissue section
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In the same developmental period, the metanephros
undergoes characteristic developmental changes: the ure-
teric bud dilates to form the primordium of the collecting
system, including collecting tubules and developing
ureters. Further differentiation of metanephric cup mesen-

chyme leads to formation of metanephric vesicles, S-
shaped nephrons and more mature nephrons, consisting of
Bowman’s capsule and renal glomerulus. Other parts of
the metanephric mesenchyme between the developing

Fig. 2 Transverse sections through the 7th and 8th week human
mesonephros. A Mesonephros (7 weeks): bcl-2 positive cells
(arrow) are seen in metanephric tubules (f), glomeruli (g) and
mesonephric mesenchyme (m). Immunostaining to bcl-2 protein,
x40. B Metanephros (8 weeks): bel-2 positive cells (arrow) are seen
in the metanephric cup (c), comma-shaped bodies (cb), S-shaped
nephrons (s7) and renal corpuscles (rc), while they are missing in the
collecting tubules (cf). Some metanephric mesenchymal cells (mm)
are bcl-2 positive as well. Immunostaining to bcl-2 protein, x10.
Insert: detail showing the strongest bcl-2 positivity in the meta-
nephric cup, less strong positivity in the comma-shaped bodies (cb)
and mesenchyme (mm) and absence of positivity in the collecting
tubuli and ampullae (a), x40. C Mesonephros (7 weeks): caspase-3
positive cells (arrows) are seen in the mesonephric tubuli (7) and
glomeruli (g) as brown-stained nuclei among the blue-stained nuclei

of wvital cells. Immunostaining to active caspase-3, x40.
D Metanephros (8 weeks): nuclei of caspase-3 positive cells
(arrows) are seen in the developing S-shaped nephrons (s#) and in
the nearby cells of the metanephric mesenchyme (mm). Immuno-
staining to active caspase-3, x40. E Metanephros (8 weeks): p53-
positive cells (arrows) are found in the ampullae (@), renal vesicles
(v) and metanephric mesenchyme (mm). Immunostaining to p53
nuclear marker, x40. F Metanephros (8 weeks): numerous Ki-67
positive cells (arrows) are seen in the collecting tubuli (cf) and
ampullae (a), and they are less numerous in the proximal divisions
of the ureteric bud (). The metanephric cup (¢) and comma-shaped
bodies (cb) contain extensive numbers of Ki-67 positive cells, while
their numbers are lower in the metanephric mesenchyme (mm).
Immunostaining to Ki-67 protein, x10



nephrons give rise to interstital connective tissue (Table 2,
Fig. 2b).

During the described developmental period, bcl-2 pos-
itive cells appear in all structures forming the disappearing
mesonephros (Table 2, Fig. 2a).

In the methanephros, the bcl-2 positive cells are missing
in the whole collecting system, while they are numerous in
developing nephrons, particularly in the less mature forms
(Table 2, Fig. 2b).

In the mesonephros, caspase-3 positive cells are still
present in all structures forming the mesonephros, but their
numbers decrease in the 8th and 9th developmental weeks.
(Table 2, Fig. 2c).

Compared with earlier developmental stages, the num-
ber of caspase-3 positive cells increases in the metaneph-
ros: in the 8th and 9th developmental weeks, caspase-3
positive cells appear in ampullae and collecting tubuli for
the first time. They are also present in all parts of
developing nephrons, particularly in the more mature
forms of renal bodies, and in interstitial cells (Table 2,
Fig. 2d).

The p53-positive cells appear in the mesonephros for the
first time at the end of the 6th developmental week, except
in the Wolffian duct and Bowman’s capsule. In the 8th and
9th weeks, some p53-positive cells are detected in the
Bowman’s capsule as well (Table 2).

During the same developmental period, p53-positive
cells are present in all structures of the developing
metanephros, being the most numerous in the ampullae
(Table 2, Fig. 2e).

All structures of the mesonephros show Ki-67 positive
cells from the 7th to 9th developmental week (Table 2).
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In the metanephros, the collecting system displays
numerous Ki-67 positive cells, particularly in its ampullar
part. The interstitial cells and differentiating nephrons
contain large numbers of Ki-67 positive cells; their
numbers increase with maturation of nephrons and
advanced developmental stage (Table 2, Fig. 2f).

In the mesonephros, TUNEL-positive cells are seen in
the same areas as caspase-3 positive cells (Fig. 3a—c). In the
metanephros, TUNEL-positive cells are found in all parts
of the developing kidney, having the same distribution as
caspase-positive cells (Fig. 3d-f).

Quantitative analysis of the proliferation activity

Quantification was done only with Ki-67 nuclear marker,
because it is the only antibody used in our study that gives
very clear and distinct brown nuclear staining of reactive
cells.

The percentage of Ki-67 positive cells increased
significantly in both the mesonephric mesenchyme and
nephrons comparing 5- and 6-week with 8- and 9-week old
conceptuses (Fig. 4a).

The activity of the proliferation marker Ki-67 in the
metanephric mesenchyme (Fig. 4b) decreased significantly
in embryos aged 7 weeks compared with embryos aged 5
and 6 weeks. Significant increase of Ki-67 expression in
the nephrons was found between 5- and 6-week and 8- and
9-week-old conceptuses (Fig. 4b). In the metanephric
collecting tubules, significant decrease of Ki-67 activity
was found between 5- and 6-week and 7-week-old

embryos as well as between 5- and 6-week and 8- and 9-
week-old embryos (Fig. 4b).

Fig. 3 Transverse sections through the 5th week mesonephros and
8th week metanephros. A Mesonephros: mesonephric glomerulus
(g), Bowman’s capsule (bc), mesonephric tubule (f), and meso-
nephric mesenchyme (). Haematoxylin, x40. B Several fluorescent
TUNEL-positive cells are seen. TUNEL method, x40. C TUNEL-
positive cells are seen in areas corresponding to the glomerulus and

mesenchyme. Merging of A+B, x40. D Metanephros: renal vesicle
(v), comma-shaped bodies (cb), collecting tubuli (cf) and meta-
nephric mesenchyme (mm). Haematoxylin, x40. E Several fluores-
cent TUNEL-positive cells are seen. TUNEL method, x40.
F Position of TUNEL-positive cells corresponds to areas of renal
vesicle and metanephric mesenchyme. Merging of D+E, x40
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Fig. 4 Percentage of Ki-67 A
positive cells in A the meso-
nephros and B the metanephros @ 30
from the 5th to 9th gestational
weeks. Diamonds nephrons, o
squares mesenchyme, triangles 2 25
collecting tubuli. *Significant §
difference (P<0.05, Dunn’s =20
post-hoc test) between the first @
and the third group, #significant ¥ 15
difference (P<0.05, Dunn’s ‘s
post-hoc test) between the first @ 10
and the second group E
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Discussion
The mesonephros

The mesonephric human kidney consists of transient
glomeruli and tubules, which mostly degenerate except
for the part that becomes the efferent ductules of the testes
[32, 33].

Apoptosis seems to be important in the normal regres-
sion of this primitive kidney system that usually ends in the
16th developmental week [6, 27]. Indeed, in our study,
caspase-3 and TUNEL-positive cells were already perma-
nently present in all parts of the developing mesonephros in
5-8 week embryos, while their number slightly decreased
with the beginning of the foetal period. According to Pole
et al. [6], apoptosis commences in the mid-to-caudal region
of the human mesonephros. We found cells expressing the
p53 gene in all mesonephric structures, except for the
mesonephric duct, for the first time in the 7th develop-
mental week, while Lichnovsky et al. [24] found the same
expression already in the 4-week human embryos.

Owing to the temporal and spatial appearance of those
two factors in our study, caspase-3 mediated apoptosis
might be associated with early morphogenesis of the
mesonephros, while p53 expression appeared later in
development, parallel to regressive processes in the
primitive kidneys. Proliferation marker Ki-67 was ex-
pressed in all parts of the mesonephros and increased
significantly at later embryonic stages, both in the mesen-
chymal and in the epithelial tissue components (nephrons).
This is in line with the peak of mesonephric size and
development being in the 8th developmental week,
following the described intense cell proliferation and
differentiation of all tissue components [6]. The anti-
apoptotic bcl-2 protein appeared for the first time in the 7th
developmental week. Its expression increased in some of
the metanephric tubules in 8—9 week conceptuses, probably
due to their survival and transformation into efferent
ductules of a male adult.

5and 6 7
Gestational weeks

8and 9 8and 9

The metanephros

During the developmental period investigated in our study,
the human metanephros underwent several characteristic
developmental steps, from invasion of the ureteric bud into
the metanephric mesenchyme to induction and gradual
differentiation of nephrons.

In the early metanephric development, we found
caspase-3 positive and TUNEL-cells only in the meta-
nephric mesenchyme and its condensation forming the
metanephric cup. At later developmental stages, the
number of apoptotic cells increased in the developing
nephrons, particularly in the more mature forms and in the
part of the metanephric mesenchyme giving rise to the
interstitium. Apoptotic cells were detected in all parts of
the metanephric collecting system for the first time in the
9th developmental week. These data indicate the important
involvement of caspase-3 mediated apoptosis in early
nephrogenesis and, later on, in development of the
collecting system as well. This is in line with experimental
data showing that administration of caspase-3 and caspase-
9 inhibitors led to disturbances of both ureteric branching
and nephrogenesis [11], while excessive apoptosis oc-
curred in polycystic kidney disease where expression of
various caspases, bax and bcl-2 was upregulated [9].
Similar to our results, in rat kidneys, dying cells formed
60% of metanephric mesenchymal cells and 40% of
developing nephrons, while they were rarely found in
branches of the ureteric bud [34]. The peak of apoptotic
index was 3% in rat kidneys [34, 35]. In the early foetal
metanephros (8-9th week), p53-positive cells appeared for
the first time in both collecting systems and developing
nephrons, being more numerous in the ampullae. Miosge et
al. [23] found the first p53 expression later in development
(10th—15th week) than we did in our study, while
Prochazkova et al. [36] found p53-positive cells only
sporadically and not in all metanephric structures. The
appearance of p53-positive cells in all parts of the
metanephros temporally coincided with the intense differ-
entiation of the kidney collecting system. This might
indicate importance of both apoptotic pathways, caspase-3
and p53 mediated, for the formation of the metanephric



collecting system. Experiments with p53 transgenic mice
showed defective differentiation of the ureteric bud and
hypoplastic kidneys due to increased apoptosis in the
undifferentiated mesenchyme [22]. It was also shown that
p53 over-expression could cause defects in human kidney
development [14]. The process of apoptosis might be
regulated through extrinsic factors, such as trophic
hormones and growth factors [13]. Thus, administration
of epidermal growth factor can reduce the number of
apoptotic cell to 50% [35]. An intrinsic regulatory factor
that can protect cells from apoptosis is bel-2 protein. In the
5th developmental week, bcl-2 positive cells appeared in
the metanephros, later on increasing in the nephrons,
particularly in less mature forms, as previously shown by
Prochazkova et al. [36]. Throughout the developmental
stages investigated, bcl-2 positive cells were hardly or not
at all detectable in derivatives of the ureteric bud, as earlier
described in human tissue [24-26, 36]. Experiments with
bel-2 deficient mice showed kidney abnormalities, includ-
ing hypoplasia with fulminant apoptosis within the meta-
nephric mesenchyme [15, 16]. In the early development,
only metanephric mesenchymal cells expressing bcl-2
differentiate into renal epithelium [13], as bcl-2 inhibits
apoptosis in those cells [16]. Most of the remaining
mesenchymal cells differentiate into stromal (interstitial)
cells, some (cortical cells) of them giving rise to renin-
producing cells, and some (medullary cells) differentiating
into nephrons or undergoing apoptosis [7, 37]. In bcl-2
deficient mice renal failure results from severe polycystic
kidney disease [17, 18].

A proliferation marker, Ki-67, was detected in all
structures of the developing human metanephros through-
out the developmental period investigated. Our quantitative
analysis showed a significant decrease of proliferation of
the metanephric mesenchyme between the S5th and 9th
developmental weeks and a decrease of proliferation
activity in the collecting system (50% — 30%) with advanc-
ing development. On the other hand, intense nephrogenesis
was accompanied by significantly increased proliferation
activity (from 50% to 80%). Previous investigations on
human foetal kidneys of older developmental stages found
a decrease of Ki-67 expression with progressive glomerular
maturation, while Ki-67 expression was undetectable in
terminally differentiated glomeruli [21].

In conclusion, in the human mesonephros, up to the 7th
developmental week, the parallel presence of proliferation
Ki-67 and apoptotic caspase-3 and TUNEL-positive cells
in all mesonephric structures might be explained by initial
growth of the mesonephros by mitosis and simultaneous
nephron formation due to apoptosis. From the 7th week on,
the appearance of p53 expression coincided with the
regressive changes in the mesonephros, while bcl-2
positive cells enabled selective survival of some tubules
giving rise to adult efferent ductules. In the early human
metanephros (5—7 weeks), only Ki-67 positive cells were
present in all metanephric structures, indicating the
importance of this gene for the intense branching of the
ureteric bud and induction of distinct numbers of nephrons.
During the same period, both bcl-2 and caspase-3
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expressing and TUNEL-positive cells were seen only in
the metanephric mesenchyme and in differentiating
nephrons, protecting nephrons from apoptosis on one
hand and enabling selective cell death in the metanephric
mesenchymal cells on the other hand. At later stages (from
the 7th week on), increased proliferation activity accom-
panied advancing nephrogenesis. More numerous apopto-
tic cells, and the appearance of p53-expressing cells,
probably contributed to the morphogenesis of both the
collecting system and the nephrons. Cells expressing bcl-2
remained present only in the developing nephrons, thus
saving them from apoptosis. All the mitotic, pro-apoptotic
and anti-apoptotic factors described had spatially and
temporally restricted patterns of appearance in developing
human kidneys. Their balance and strict time course seem
to be important for normal kidney development. Changes
in their expression pattern might be associated with serious
disturbances of kidney morphogenesis and function, often
leading to chronic renal failure.
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