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Abstract The spatial and temporal expression patterns of

cytokeratins, vimentin, epithelial growth factor (EGF) and

transforming growth factor alpha (TGF-a), were investi-

gated in the 5–9-week old human mesonephros and

metanephros. Vimentin was found in all mesonephric

structures, while cytokeratins were seen only in the mes-

onephric tubules. EGF and TGF-a were detected early in

all mesonephric structures, and immunoreactivity to both

factors decreased in later stages. In the 5–6-week meta-

nephros, vimentin immunoreactivity was found in all

structures and later increased in the collecting system and

interstitium. In the 5th week, cytokeratins 8 and 19

appeared in the ureteric bud and ampullae, and later

showed increasing immunoreactivity in the collecting

system and nephrons. The coexpression of intermediate

filament proteins in metanephric development is a tempo-

rary feature and might be associated with mesenchymal to

epithelial transformation of developing nephrons. In adult

kidneys, such coexpression is associated with fibrosis or

carcinomatous changes. At early stages, immunoreactivity

to EGF and TGF-a was detected in all metanephric struc-

tures and from the 7th week onward, it decreased in

differentiating nephrons. EGF and TGF-a patterns of

appearance indicate their role in induction, proliferation

and growth of metanephric structures. Disturbances in that

pattern might cause reduction in kidney growth.
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Introduction

The mesonephros is a temporary functional kidney, which

is formed of large number of vesicles that differentiate into

s-shaped loops, which enter the mesonephric (Wolffian)

duct laterally and form the mesonephric corpuscle medi-

ally. During development, it subsequently degenerates

from the 8th to the 16th week. In the male, some parts of

the Wolffian duct and mesonephric tubules persist as the

adult genital ducts (Saxen 1987; Carlson 2004). Formation

of the metanephros, or the permanent kidney, begins in the

fifth week of development when a dorsal outgrowth of the

Wolffian duct called the ureteric bud penetrates the meta-

nephric mesoderm. The metanephric mesoderm gradually

differentiates into metanephric cups, renal vesicles, the

s-shaped nephrons and the more mature nephrons under

inductive influence of the terminal branches (ampullae) of

the ureteric bud. The collecting tubules, the renal calyces,

the renal pelvis and the ureters are derivates of the ureteric

bud (Saxen 1987; Carlson 2004).

The expression of intermediate filament proteins is dif-

ferent among the structures forming both the mesonephros

and the metanephros. The cytokeratins are proteins char-

acteristic for epithelial cells, while vimentin filaments

occur in mesenchymally derived cells. The cytokeratins are

coexpressed as type 1/type 2 pairs in the epithelial cells. In

the early embryonic development, the first cytokeratins to

be expressed are type 2 cytokeratin 8 and type 1 cytoker-

atin 18, later coexpressed as a pair in the adult simple

epithelia. Cytokeratin 19, a type 1 cytokeratin, can also be

coexpressed with CK8 in adult simple epithelia and
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epithelial cells of the human fetal mesonephros and

metanephros (Moll et al. 1982; Godsave et al. 1986; Magro

et al. 2001; Lane 2007). During human kidney develop-

ment, the appearance of intermediate filament proteins is

associated with different pathways of the mesenchymal cell

differentiation, one leading to formation of the epithelial

cells (nephrons) and another to the connective tissue

(interstitial) cells. In the human fetal mesonephros, the

cytokeratins (mostly CK8, CK18 and CK19) are found in

the Bowman’s capsule and in the mesonephric tubules,

while vimentin is expressed in the Bowman’s capsule,

glomeruli and in the mesenchyme (Magro et al. 2001).

During human fetal metanephric nephrogenesis, the coex-

pression of the cytokeratins and the vimentin is found in

Bowman’s capsule, glomeruli, and partially in the other

parts of the nephrons (Magro et al. 2001; Holthöfer et al.

1984; Oosterwijk et al. 1990; Moll et al. 1991; Nagata

et al. 1993). Systematic data on the appearance of inter-

mediate filaments in the successive stages of the early

human kidney development are missing.

Transforming growth factor a (TGF-a) is a member of

the epidermal growth factor family (EGF). Both the TGF-a
and the EGF bind to the same EGF/TGF-a receptor (Ber-

nardini et al. 1996; Chailler and Briere 1998). TGF-a
expression is detected in the mesonephros and the meta-

nephros of the chick (Diaz-Ruiz et al. 1993) and rat

embryos (Bernardini et al. 2001; Rogers et al. 1992), as

well as in the human fetal metanephros (Goodyer et al.

1991). Both factors, especially TGF-a, are capable of

inducing tubulogenesis and branching morphogenesis in

vitro, although they are found to be less potent than

hepatocyte growth factor (HGF) and exhibit different pat-

terns of inductive activity (Barros et al. 1995; Sakurai et al.

1997). Addition of the anti-TGF-a antibodies to the organ

culture medium causes inhibition of the ureteric bud

branching and tubulogenesis in the rat metanephros, thus

inhibiting metanephric growth in general (Rogers et al.

1992). In the human fetal metanephric organ culture, the

addition of the anti-EGF/TGF-a receptor antibody

decreased the exogenous EGF and TGF-a effect on the

basal DNA-synthesis rate in the subcapsular mesenchymal

cells, peritubular cells, glomeruli and in the tubules (Cha-

iller and Briere 1998). It is believed that the TGF-a and

EGF, both present in different stages of the nephron

development, might have an important role in the mutual

induction of the human embryonic metanephric structures

by binding to EGF/TGF-a receptor found on the derivates

of the ureteric bud (Bernardini et al. 1996, 2001).

The studies of developing human kidneys involving the

cytokeratin and vimentin intermediate filaments expression

were performed only during fetal period, while early

embryonic stages were missing (Moll et al. 1982; Godsave

et al. 1986; Magro et al. 2001; Holthöfer et al. 1984;

Oosterwijk et al. 1990; Moll et al. 1991; Nagata et al.

1993). Based on studies performed on animal models, it is

believed that ‘‘severe’’ mutations of genes encoding cyto-

keratins have lethal consequences, while ‘‘mild’’ mutations

might lead to multifactorial disorders (Lane 2007). In adult

human kidneys, expression of intermediate filaments dif-

fers from their expression pattern in early development.

Additionally, the return to embryonic type of expression

found in adult kidneys is associated with injuries or car-

cinomatous transformation of kidney tissue (Moll et al.

1991).

Despite several studies on the TGF-a and EGF expres-

sion in human kidney development, only two investigations

were partially done on the embryonic tissues (Bernardini

et al. 1996, 2001). Disturbances in the TGF-a and EGF

expression might lead to reduction in kidney growth

(Chailler and Briere 1998; Rogers et al. 1992).

The aim of this study was to analyze the temporal and

spatial pattern of appearance of the cytokeratins, the

vimentin, and the TGF-a and EGF during the embryonic

and early fetal stages of the human mesonephric and

metanephric development. Their possible contribution to

normal differentiation of structures enabling normal kidney

development and function is discussed.

Materials and methods

Human material

A total of 8 normal human conceptuses between the 5th

and the 9th developmental week were collected after

spontaneous abortions from the Department of Gynecology

and Obstetrics, Clinical Hospital Split, Croatia, or after

tubal pregnancies from the Department of Pathology,

Clinical Hospital Split. The embryos and fetuses were

examined macroscopically and measured. Only normal

conceptuses, without any sign of abnormality, intrauterine

death or macerations, were used in our study. The

embryonic tissues were treated as postmortem material

with permission of the Ethical and Drug Committee of the

Clinical Hospital Split, in accordance with the 1964

Helsinki Declaration. The postovulatory age was estimated

on the basis of the menstrual data and correlated with the

crown-rump length (CRL) and Carnegie stages (O’Rahilly

and Gardner 1971).

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%
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ethanol. They were embedded in paraffin wax, serially

sectioned at 4–6 lm, mounted on glass slides, and ana-

lyzed using an Olympus BX-40 light microscope

(Olympus, Tokyo, Japan).

Sections were deparaffinized in xylene and rehydrated in

ethanol and water. In order to quench endogenous peroxi-

dase activity, sections were incubated for 30 min in 0.1%

H2O2.

After washing in PBS, sections for pancytokeratin

(reacting with cytokeratins 5, 6, 8, 17 and 19), cytokeratin

8, cytokeratin 19 and vimentin staining, were incubated in

EDTA for 10 min at 95�C. After cooling to room tem-

perature, sections were incubated with primary antibodies:

monoclonal mouse anti-human cytokeratin (1:2200 dilu-

tion; M 0821, DAKO, Glostrup, Denmark), Monoclonal

Mouse Anti-Human Cytokeratin 8 (1:50 dilution; M631,

DAKO), Monoclonal Mouse Anti-Human Cytokeratin 19

(1:75 dilution; M 0722, DAKO) and mouse anti-vimentin/

HRP (1:3000 dilution; U 7034, DAKO), for 45 min in the

dark.

Sections for immunohistochemical staining of EGF and

TGF-a antigen, after washing in PBS, were incubated in

0.05% saponin for 30 min. Then they were washed in PBS

and incubated with rabbit anti-human EGF (1:100 dilution;

PC08, Calbiochem, San Diego, CA) or mouse anti-TGF-a
(1:10 dilution; GF10, Calbiochem) primary antibodies for

45 min in the dark.

Pancytokeratin and vimentin primary antibody binding

was visualized by incubating the sections with Envision+

single reagent visualization system, which contains per-

oxydase-conjugated anti mouse secondary antibody

(K 4001, DAKO) for 30 min.

Binding of CK8 and CK19 primary antibodies was

detected using streptavidin-biotin peroxidase system

(K0690, DAKO) as recommended by the manufacturer.

Afterwards, sections were washed with PBS and then

incubated in DAB system (K3468, DAKO), as recom-

mended by the manufacturer.

Rabbit ABC Staining System (sc-2018, Santa Cruz

Biotechnology, Inc., Santa Cruz, CA) was used for detec-

tion of EGF primary antibody binding and mouse ABC

Staining System (sc-2017, Santa Cruz Biotechnology, Inc.)

was used for visualization of TGF-a primary antibody

binding.

Finally, sections were rinsed in distillated water, coun-

ter-stained with hematoxylin, and dehydrated in ethanol

and xylol.

Sections without primary antibodies incubation were

used as negative controls. Positive controls were develop-

ing kidney structures or other tissues in the same sections

(as each section contained various types of tissues and

organs) that were known to label specifically with primary

antibodies.

Analysis was performed on Olympus BX-51 microscope

equipped with DMP digital camera and using DP-SOFT

Version 3.1 software.

Results

During the 5th and 6th week of development, both the

mesonephros and the metanephros are present in the human

embryos. The mesonephros already consists of renal

glomeruli and tubules opening into the mesonephric duct

(Wolffian duct) at the lateral side, and forming Bowman’s

capsule at its medial extremity. The metanephros develops

behind the lower end of the mesonephros and contains less

developed structures than the mesonephros. The anterior

actively growing portion of the ureteric bud is the ampulla,

which induces surrounding cells of the metanephric

mesoderm to proliferate and form the metanephric cup.

The remaining cells of the metanephric mesoderm form the

metanephric mesenchyme.

Vimentin positive cells were found in all mesonephric

structures, except the Wolffian duct (Table 1, Fig. 1A). In

the metanephros, weakly vimentin positive cells were

present in all structures: ureteric bud, ampullae, meta-

nephric mesenchyme and metanephric cup (Table 2,

Fig. 1B+).

During the described developmental period, cells

stained with pancytokeratin, CK8 and CK19 antibodies

were present in the Wollfian duct, Bowman’s capsule,

mesonephric tubules and in the coelomic epithelium. CK8

and CK19 positive cells were also detected in the glome-

ruli, while the reaction to all three antibodies was absent in

the mesenchyme (Table 1, Fig. 1C). The metanephros

showed no reaction to pancytokeratin antibody, while mild

positivity to both CK8 and CK19 was found in the ureteric

bud and in the ampullae (Table 2, Fig. 1D).

In the same developmental period, both the EGF and

TGF-a positive cells were present in all structures forming

the mesonephros, with the exception of coelomic epithelium.

Strong EGF positivity was detected in the mesonephric

mesenchyme (Table 1), while moderate TGF-a reactivity

was present in the Wolffian duct and in the mesonephric

tubules (Table 1). In the metanephros, moderate EGF reac-

tivity was found in the mesenchyme and in the ureteric bud,

while mild reactivity was present in the metanephric cup and

in the ampulla (Table 2, Fig. 1E). TGF-a positivity had the

same distribution pattern, but with stronger intensity in all

structures except the ureteric bud (Table 2, Fig. 1F).

During the 7th, 8th and 9th week of development, the

caudal parts of the mesonephros still differentiate, while its

cranial parts already show signs of regressive changes. In

the same period, the metanephros undergoes several
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developmental changes: ureteric bud dilates and branches

to form the primordium of collecting system, including

collecting tubules ending with ampullae, and developing

ureters. Continuous branching of the ureteric bud induces

further differentiation of the metanephric mesenchyme into

numerous metanephric cups, giving rise to renal vesicles,

s-shaped nephrons and more mature forms of nephrons

containing renal corpuscles (Bowman’s capsule and glo-

merulus). Other parts of the metanephric mesenchyme give

rise to interstitial connective tissue cells.

In the 7th developmental week, vimentin showed the

same immunostaining pattern as at earlier stages: moderate

positivity could be found in the mesonephric mesenchyme,

glomeruli and in the Bowman’s capsule, while slight

vimentin reactivity was detected in the mesonephric

tubules and in the coelomic epithelium. During the later

developmental period (8–9 weeks), mesonephric structures

retained the same reactivity, except the Wolffian duct,

which showed moderate vimentin immunoreactivity

(Table 1). In the 7-week old metanephros, slight vimentin

immunoreactivity was detected in the s-shaped nephrons,

while other metanephric structures had moderate vimentin

positivity. Between 8th and 9th developmental week,

strong vimentin positivity was present in the collecting

tubules and ampullae and in the interstitium (former

metanephric mesenchyme), while moderate reactivity

could be found in the metanephric cup. Mild vimentin

positivity was detected in some cells of the renal vesicle,

the s-shaped nephrons and in the renal corpuscles (Table 3,

Fig. 2A).

In the 7-week mesonephros, pancytokeratin positive

cells were present in the Wolffian duct and the surrounding

mesenchyme, in the Bowman’s capsule, mesonephric

tubules and in the coelomic epithelium. CK8 and CK19

were detected in all mesonephric structures, except the

mesenchyme and the Wolffian duct. The mesenchyme

surrounding the Wolfian duct showed CK8 positivity. The

distal part of the mesonephric tubules was stained more

intense with both specific cytokeratins (Table 1). In the

7-week metanephros, cells positive for pancytokeratin

antibody were found in the collecting tubules, but not in the

ampulla, which was stained with both CK8 and CK19.

Additionally, metanephric cup and renal vesicle showed

clear CK8 positivity (Table 3). Between the 8th and 9th

developmental week, pancytokeratin positive cells were

present in the mesonephric mesenchyme surrounding the

Wollfian duct, in the mesonephric tubules, in the coelomic

epithelium and in the Bowman’s capsule. CK8 and CK19

positive cells had similar distribution pattern, with addi-

tional positivity in the glomeruli and clear positivity of

both cytokeratins in the epithelia of the Wolffian duct

(Table 1). In the metanephros, moderate pancytokeratin

reactivity was detected in the collecting tubules, while mild

reactivity was found in the ampulla. Both specific cyto-

keratin antibodies were present in all metanephric

structures except in the interstitium. Compared to CK8,

Table 1 Immunoreactivity to specific antibodies in the human mesonephros during the 5th–9th week of development

Antibodies Developmental

weeks

Wolffian

duct

Mesonephric

mesenchyme

Glomerulus Bowman’s

capsule

Mesonephric

tubule

Coelomic epithelium

Vim 5 and 6 - + + + + + + + +

7 - + + + + + + + +

8 and 9 + + + + + + + + + +

CK 5 and 6 + - - + + +

7 - - - + + + +

8 and 9 - - - + + + + +

CK8 5 and 6 + - + + + + +

7 - - + + + + + +

8 and 9 + - + + + + + + +

CK19 5 and 6 + + - + + + + + +

7 - - + + + + +

8 and 9 + - + + + + + + + +

EGF 5 and 6 + + + + + + + + + -

7 + + + + + + + + + +

8 and 9 - + + + + +

TGF-a 5 and 6 + + + + + + + + + + -

7 + + + + + + + + +

8 and 9 - + + + + + + +

+ + +, Strong reactivity; + +, Moderate reactivity; +, Mild reactivity; -, No reactivity
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CK19 was absent in the metanephric cup (Table 3,

Fig. 2B).

EGF and TGF-a positive cells were present in all mes-

onephric structures in the 7th developmental week, with

stronger EGF reactivity in the coelomic epithelium. Some

of the mesonephric tubules (proximal parts) had stronger

immunoreactivity to both EGF and TGF-a than the others

(Table 1, Fig. 2C). In the metanephros, only some cells of

Fig. 1 Transversal sections through the human mesonephros and

metanephros in the 5th and 6th developmental week: (A) Mesoneph-

ros (5 weeks): note positive staining to vimentin in the glomerulus

(g), Bowman’s capsule (bc) and the surrounding mesenchyme (m).

Immunostaining to vimentin, 940. (B+) Metanephros (5 weeks):

weak vimentin positivity (arrows) seen both in the ampulla (a) and

metanephric cup (c). Immunostaining to vimentin, 940. (B-)

Metanephros (5 weeks): Absence of immunohistochemical reaction

(vimentin positivity) in metanephric cup (c) and ampulla (a).

Negative control, 940. (C) Mesonephros (6 weeks): strong cytoker-

atin positivity characterizes mesonephric tubules (t), while

surrounding mesenchyme (m) shows no reactivity. Immunostaining

to cytokeratins, 9100. (D) Metanephros (5 weeks): mild positivity to

CK8 is seen in the ureteric bud (b) and ampulla (a), while it is absent

in the metanephric cup (c) and mesenchyme (mm). Immunostaining

to CK8, 920. Insert: enlarged area of apposed ampulla (a) and

metanephric cup (c). CK8 positivity is present in the ampulla (arrow).

Immunostaining to CK8, 9100. (E) Metanephros (5 weeks): reactiv-

ity to EGF protein is moderate in the metanephric mesenchyme (mm),

while some cells of the metanephric cup (c) display mild EGF

positivity (arrows). Immunostaining to EGF protein, 9100. (F)

Metanephros (5 weeks): note moderate reactivity to TGF-a in the

ureteric bud (b), ampulla (a) and metanephric cup (c), and strong

reaction in the metanephric mesenchyme (mm). Immunostaining to

TGF-a protein, 920. Insert: enlarged area of metanephric cup (c) and

nearby metanephric mesenchyme (mm). Mitotic cells show particu-

larly strong reaction (arrow). Immunostaining to TGF-a
protein, 9 100
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the collecting tubules, ampullae, interstitium and the meta-

nephric cup displayed both EGF and TGF-a positivity, with

stronger EGF positivity in the ampullae. Additionally, EGF

positive cells were detected in the renal vesicles (Table 3).

Between 8th and 9th developmental week, all mesonephric

structures except the Wolffian duct, contained both EGF and

TGF-a positive cells. TGF-a reactivity was stronger in the

mesonephric mesenchyme and tubules (Table 1). During the

same period of metanephric development, EGF and TGF-a
positive cells had the same distribution pattern as described

for the 7th week, with stronger TGF-a reactivity in the col-

lecting tubules (Table 3, Fig. 2D).

Discussion

The mesonephros

According to the results of the present study, expression

pattern of vimentin intermediate filament protein did not

change in the mesonephros between the 5th and 9th week of

development, with the exception of the Wolffian duct,

which showed vimentin reactivity only in the 8th and 9th

week. Similar to vimentin, pancytokeratin immunoreactiv-

ity only slightly increased during the same developmental

period. The distribution of immunostaining to CKs 8 and

19, representing cytokeratins of simple epithelia, mostly

coincided with the distribution of immunostaining to pan-

cytokeratin, with only slight differences in staining intensity

and additional reactivity of both CK8 and CK19 in the

glomeruli. Magro et al. (2001) performed similar study on

the older human mesonephros in the 8–12 week old con-

ceptuses: they found vimentin positivity only in the

glomeruli, Bowman’s capsule and mesenchyme, but not in

the mesonephric tubules, as we did. However, their results

on CK8 and CK19 immunoreactivity in the early fetal

mesonephros were similar to ours. Coexpression of CK8

and CK19 with vimentin found in our study confirmed

earlier maturity of mesonephric nephrons in comparison to

metanephric nephrons, and was in line with the fate of the

mesonephros to appear earlier in the development than the

metanephros, and than to subsequently regress.

The EGF and TGF-a positive cells were found in all

mesonephric structures and the distribution pattern of both

factors was basically the same from the 5th to 9th devel-

opmental week, with slight differences in staining

intensity. Bernardini et al. (1996) found weak EGF and

TGF-a positivity in human mesonephros already in the 4th

week. We also noted slight decrease in their expression

with advancing development, what might be associated

with initial regression of the mesonephros during the late

embryonic and the early fetal period.

The metanephros

During the developmental period investigated in our study,

all metanephric structures contained vimentin positive

Table 2 Immunoreactivity to specific antibodies in the human

metanephros during the 5th–6th week of development

Antibodies Ureteric

bud

Ampulla Metanephric

mesenchyme

Metanephric

cup

Vimentin + + + +

CK - - - -

CK8 + + - -

CK19 + + - -

EGF + + + + + +

TGF-a + + + + + + + + +

+ + +, Strong reactivity; + +, Moderate reactivity; +, Mild reactivity;

-, No reactivity

Table 3 Immunoreactivity to specific antibodies in human metanephros during the 7th–9th week of development

Antibodies Dev. weeks Collecting tubule Ampulla Interstitium Metanephric cup Renal vesicle S-nephron Renal corpuscle

Vim 7 + + + + + + + + + + + /

8 and 9 + + + + + + + + + + + + + +

CK 7 + - - - - - -

8 and 9 + + + - - - - -

CK8 7 + + + + - + + / /

8 and 9 + + + - + + + + + + +

CK19 7 + + + - - - / /

8 and 9 + + + - - + + + +

EGF 7 + + + + + + + + / /

8 and 9 + + + + + + + +

TGF-a 7 + + + + + + - / /

8 and 9 + + + + + + + + +

+ + +, Strong reactivity; + +, Moderate reactivity; +, Mild reactivity; -, No reactivity; /, Structure absent in the tissue section
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cells: while in the 5–6-week embryos the vimentin

immunoreactivity was mild, later in development it

increased, particularly in the collecting system. At the

earliest investigated developmental stages, CKs 8 and 19

appeared parallel to vimentin, but only in the ureteric bud

and its branches. From the 7th week onward, coexpression

of vimentin and CK8 additionally appeared in the meta-

nephric cups, while from the 8th week on, both

cytokeratins coexpressed with vimentin also in the differ-

entiating nephrons with increasing intensity. Coexpression

of the two intermediate filaments was previously described

in the human 7–20 week metanephros (Magro et al. 2001)

and at later stages of the human fetal development (Hol-

thöfer et al. 1984; Oosterwijk et al. 1990; Moll et al.

1991). Among all the metanephric structures, the meta-

nephric mesenchyme was the only part of metanephric

kidney to show only vimentin expression, without signs of

coexpression with cytokeratins at any investigated devel-

opmental stage.

Coexpression of cytokeratins and vimentin was shown

to be relatively frequent in development (Magro et al.

2001) and usually reflected the advancement of develop-

mental steps and maturation of the organ. Thus, similar

coexpression was found in certain stages of human noto-

chord and central nervous system development (Lehtonen

et al. 1995; Saraga-Babic et al. 2002). Due to Magro et al.

(2001), overlapping expression of cytokeratins and

vimentin suggested similar genetic program of the two

intermediate filaments in both the mesonephros and the

metanephros. While presence of vimentin in the tubular

cells might be explained by their mesenchymal origin

(Magro et al. 2001), the cytokeratin expression coincided

with subsequent development of their epithelial charac-

teristics. Due to Oosterwijk et al. (1990), in human fetal

kidneys, first cells to express CK8 and CK19 were the cells

of renal vesicles. In contrast to those findings, we detected

CK8 protein already in the metanephric cup, the earliest

condensations of metanephric mesenchyme induced by the

Fig. 2 Transversal sections through the human mesonephros and

metanephros in the 7th, 8th and 9th developmental week: (A)

Metanephros (8 weeks): strong vimentin reactivity is seen in collect-

ing tubules (ct), ampullae (a) and interstitium (i), while moderate

reactivity is present in the metanephric cup (c). Note mild reactivity

of some cells forming the renal vesicles (v), s-shaped nephrons (sn)

and renal corpuscles (rc). Immunostaining to vimentin, 910. (B)

Metanephros (9 weeks): note moderate CK8 reactivity in collecting

tubules (ct) and mild in the ampullae (a). Moderate to mild reactivity

is seen in metanephric cup (c), renal vesicles (v), s-shaped nephrons

(sn) and renal corpuscles (rc), while interstitium (i) shows no reaction.

Immunostaining to CK8, 920. Insert: enlarged area of apposed

metanephric cup and ampulla. Note several CK8 positive cells in the

metanephric cup (arrows). Immunostaining to CK8, 9100. (C)

Mesonephros (7 weeks): note stronger reaction of some mesonephric

tubules (t) to TGF-a, and mild reaction in the mesenchyme (m).

Immunostaining to TGF-a protein, 920. (D) Metanephros (8–

9 weeks): some cells (arrows) in the collecting tubules (ct), ampullae

(a), metanephric cup (c) and s-shaped nephrons (sn) show mild

reactivity to EGF. Interstitium is characterized by moderate EGF

positivity. Immunostaining to EGF protein, 940
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ampullae. As a consequence of cell condensation in the

metanephric cup, several interstitial proteins were replaced

with the epithelial-type proteins (Carlson 2004). In our

study, this epithelial transformation was additionally

associated with first signs of cytokeratin immunoreactivity.

This might mean that inside the cells of the future neph-

rons, in addition to the change in the composition of

extracellular proteins, genetic program controlling the type

of intracellular intermediate filament proteins also switched

towards more epithelial characteristics. Further increase of

cytokeratin immunoreactivity followed the advancement of

mesenchymal to epithelial transformation, as well as mat-

uration of the cells forming the nephrons.

Thus, as shown in our study, expression of different

intermediate filament proteins changed during early human

metanephric development. Coexpression of vimentin and

cytokeratins was only transitional feature of nephron cells

and appeared at clearly defined developmental stages. At

later fetal development, their coexpression gradually

ceased and was replaced by more specialized intermediate

filament expression pattern, characteristic for adult kidney

tissue (Holthöfer et al. 1984). In adult kidneys, conversion

from cytokeratin expression to cytokeratin-vimentin coex-

pression and later to exclusively vimentin expression, is

one of the signs of epithelial to mesenchymal transition of

epithelial cells in renal fibrosis or carcinomatous transfor-

mation (Moll et al. 1991; Zoltan-Jones et al. 2003; Liu

2004; Brandal et al. 2006).

EGF and TGF-a are considered as mitogenic factors and

seem to be related to proliferation status of the cell (Cha-

iller and Briere 1998). In our previous study, we stressed

the role of cell proliferation in both the branching of the

ureteric bud and in the nephron formation (Carev et al.

2006). In our present study, both growth factors were

detected in all metanephric structures, but their immuno-

reactivity was particularly strong in the mesenchyme (later

interstitum) and in the branches of the ureteric bud (col-

lecting system). Bernardini et al. (1996) suggested that the

developing nephrons were the main source of EGF and

TGF-a, while the collecting system was predominantly

expressing their receptor. However, in the later investiga-

tion of the same authors, both TGF-a mRNA and protein

were equally expressed in the cells of the developing col-

lecting system, as well as in the cells of the developing

nephrons (Bernardini et al. 2001). Significant immunore-

activity to both factors, especially in mitotic cells,

confirmed the role of those growth factors in the early

growth and intense development of all metanephric struc-

tures, as previously suggested by other authors (Chailler

and Briere 1998; Bernardini et al. 2001). A slight decrease

in their expression characterized advanced developmental

stages, and was coincidental with progression in maturation

of nephrons. Despite differences in the results, conclusions

resulting from studies provided on developing human

kidneys agreed on the role of both factors in supporting

proliferation, and on their progressive downregulation

during nephrogenesis (Bernardini et al. 1996; Chailler and

Briere 1998). All important developmental processes

including growth of the metanephros, branching of the

ureteric bud and tubulogenesis seemed to be influenced by

TGF-a (Rogers et al. 1992), while for EGF was addition-

ally suggested to inhibit cell death (Coles et al. 1993).

In conclusion, our investigation on expression of

vimentin and cytokeratin intermediate filament proteins

during early human kidney development disclosed their

precise spatial and temporal pattern of appearance in both

the mesonephros and the metanephros. Changes in this

developmental pattern might lead to disturbances in the

mesenchymal to epithelial transformation of developing

nephron cells e.g. to disturbed nephrogenesis.

EGF and TGF-a proteins also showed characteristic

pattern of expression in developing human kidneys, being

more intensely expressed in all structures that showed

intense growth. Therefore, the suggested role of those two

growth factors is in both branching and development of the

collecting system, as well as in the development of neph-

rons. Consequently, the failure in their expression pattern

might lead to the reduction of kidney size and function.
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