
Abstract While more and more humoral factors in-
volved in nephrogenesis are being discovered, there is no
detailed knowledge of the morphological structures at
the interface of the nephron inducer and the surrounding
mesenchyme. For that reason we examined this area in
the cortex of neonatal rabbit kidneys by scanning elec-
tron-microscopical and transmission electron-microscop-
ical techniques. Our interest was focused on the basal as-
pect of the collecting duct ampulla and the surrounding
competent mesenchyme, where morphogenic signals are
to be exchanged during nephron induction. Close contact
between these two tissues involved in nephrogenesis is
assumed to allow direct cellular contact or diffusion of
soluble factors across a short distance. Our data, howev-
er, show the presence of a dense fibrillar meshwork
around the collecting duct ampulla, spatially separating
the inducer and the competent mesenchyme during neph-
ron induction.
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Introduction

Three tissues are found in close proximity during neph-
ron induction. The ureter bud-derived collecting duct
ampulla (Saxén 1987), the competent mesenchyme
(Sorokin and Ekblom 1992), and the developing capillar-
ies sprouting in between (Kloth et al. 1997). Highest in
the developmental hierarchy, the collecting duct ampulla
controls the histoarchitectural layout of the whole kid-

ney. The process of nephron induction involves an inter-
action of the ampullar tip and the surrounding mesen-
chyme. As a visible result, mesenchymal cells conden-
sate and form the comma-shaped and resulting S-shaped
bodies that develop into the glomeruli and tubules of the
functional nephron (Sorokin and Ekblom 1992). Various
factors involved in the induction process are known to-
day. These include structural elements such as fibronec-
tin, laminin, nidogen, and tenascin (Sorokin and Ekblom
1992; Ekblom 1996), and transcription factors such as
BF2 (Hatini et al. 1996), Hoxa 11/d11 (Davis et al.
1995), N-myc (Stanton et al. 1992), Pax-2 (Rothenpieler
and Dressler 1993; Torres et al. 1995), and WT-1
(Kreidberg et al. 1993). Furthermore growth factors and
their receptors such as the epidermal growth factors
(EGF) receptor (Threadgill et al. 1995), BMP-7 (Dudley
et al. 1995), basic fibroblast growth factor (bFGF;
Barasch et al. 1997), GDNF (Sanchez et al. >1996;
Towers et al. 1998), amylin (Wookey et al. 1998),
WNT-4 (Stark et al. 1994), and c-ret (Pepicelli et al.
1997; Vainio and Mueller 1997) as well as adhesion mol-
ecules such as α8β1-integrin, e-cadherin (Vainio and
Mueller 1997), and s-laminin (Noakes et al. 1995). How-
ever, the initiation and the complete mechanism of the
induction process are yet to be fully understood (Horster
et al. 1997).

In places where induction occurred, significant mor-
phological changes take place. The induced mesenchyme
condensates to form comma-shaped and then S-shaped
bodies. These developing nephrons are located side by
side with the collecting duct ampulla but remain spatially
separated from the collecting duct. Subsequently the am-
pullar neck elongates and pushes the tip further toward
the capsula fibrosa (Saxén 1987; Aigner et al. 1995). Due
to this elongation of the collecting duct, the relative posi-
tion of the S-shaped bodies shifts from the side of the am-
pulla toward the ampullar shaft. In that position, further
development and eventually the connection of the neph-
ron to the collecting duct system take place.

At the same time, striking morphological and func-
tional changes occur in the collecting duct epithelium in
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this region. Functional P and IC cells develop from em-
bryonic collecting duct epithelium in a transdifferentia-
tion process without intermediate stages (Aigner et al.
1995).

The basal aspect of the ampullar epithelium is espe-
cially important as, during nephron induction, morpho-
genic factors must be exchanged with the surrounding
mesenchyme in this region. Histochemical studies show
specific antigenic and structural properties in this basal
region. The whole basal aspect of the collecting duct epi-
thelium binds peanut lectin (PNA; Kloth et al. 1993),
while PNA labeling is only observed at the luminal cell
pole of β-type IC cells in mature collecting duct epitheli-
um (LeHir et al. 1982). Recent data show that PCDAmp1
is exclusively expressed at the basal aspect of the col-
lecting duct epithelium (Strehl et al. 1997). Extracellular
matrix components such as laminin, collagen type IV,
or fibronectin are found in embryonic kidney tissue
(Sorokin and Ekblom 1992; Ekblom et al. 1981, 1991),
but are not exclusively located around the collecting duct
ampulla.

A close and intensive contact between the collecting
duct ampulla and the nephrogenic mesenchyme has been
postulated during nephron induction (Saxén 1987;
Sorokin and Ekblom 1992). Findings of Lehtonen back
this assumption, because the ampullar region is not sur-
rounded by a continuously developed basement mem-
brane (Lehtonen 1975). Such a “perforated” basement
membrane can suggest cellular communication during
induction. On the other hand, Lehtonen shows the pres-
ence of ruthenium red-positive fuzzy material around the
collecting duct ampulla which causes spatial compart-
mentation. Little morphological data on the interface of
the nephron inducer and the surrounding mesenchyme
are available. For that reason we examined the cortex of
neonatal rabbit kidneys by scanning electron microscopy
and transmission electron microscopy in order to illumi-
nate the spatial organization of the nephron inducer and
the neighboring competent mesenchyme. Our findings
show an unexpectedly wide intercellular gap between the
basal region of the collecting duct ampulla and the
surrounding mesenchyme filled with a dense reticular
meshwork.

Materials and methods

Tissue preparation

One- to three-day-old New Zealand rabbits were anesthetized with
ether and killed by cervical dislocation. Both kidneys were re-
moved immediately. The kidneys were then cut precisely along the
corticomedullary axis.

Indirect immunolabeling for confocal laser scanning microscopy

Cryosections (8 µm) of neonatal rabbit kidneys were fixed in ice-
cold ethanol and washed. The sections were then incubated in
blocking-solution (phosphate-buffered saline, PBS, plus 1% bo-
vine serum albumin, BSA, plus 10% horse serum, HS) for 30 min
to saturate nonspecific binding sites. Primary antibodies were ap-

plied for 90 min. Fluorescein-isothiocyanate-conjugated (diluted
1:200) species-specific antisera (diluted 1:600; Dianova, Hamburg,
Germany) served as detecting antibodies and were applied for
45 min. Following the final washing step, the sections were
mounted in FITCguard (Testoc, Chicago, USA) embedding medi-
um and analyzed in the confocal laser scanning microscope at
0.5-µm optical sections. (Axiovert 10 with MR 500 Laserscan;
Zeiss, Oberkochen, Germany). For documentation, TriXPan film
(Kodak, Hemel-Hempstead, UK) was used.

Immunogold incubation for light microscopy

Cryosections (8 µm) of neonatal rabbit kidney were prepared with
a cryomicrotome (Microm, Heidelberg, Germany), fixed in 0.02%
glutaraldehyde for 5 min, and washed in PBS. The sections were
then incubated in blocking solution (PBS plus 1% BSA plus 10%
HS) for 30 min to saturate nonspecific binding sites. Primary anti-
body was applied for 90 min and the sections were washed again
in PBS. A 5- to 6-nm gold-conjugated species-specific secondary
antibody (Aurion, Wageningen, Netherlands) served as the detect-
ing antibody and was applied for 45 min at a dilution of 1:10. Fol-
lowing a final washing step in distilled water, the bound gold con-
jugate was accented by silver enhancement according to the manu-
facturers instructions (Aurion, Wageningen, Netherlands). The
sections were then dehydrated in a graded series of ethanols, em-
bedded in DePex (Serva, Heidelberg, Germany), and analyzed us-
ing an Axiovert microscope (Zeiss, Oberkochen, Germany). For
documentation, TriXPan film (Kodak, Hemel-Hempstead, UK)
was used.

Immunogold preembedding for electron microscopy

Cryosections (20 µm) of neonatal rabbit kidneys were prepared
and treated as described above except for the silver enhancement
step. The sections were then dehydrated in a graded series of eth-
anols.

For transmission electron microscopy, the sections were
embedded in Epon, which was polymerized at 60°C for 48 h.
Ultrathin sections were cut with a glass knife on an OmU3 ultra-
microtome (Reichert, Vienna, Austria) and then transferred to
200 lines/inch-mesh nickel grids (SCI, Munich, Germany). Fol-
lowing a contrasting step with 4% uranyl acetate and lead citrate,
the sections were examined in an EM 902 transmission electron
microscope (Zeiss, Oberkochen, Germany). For documentation,
Agfa Scientia EM film (Agfa, Leverkusen, Germany) was used.

For backscatter analysis in the scanning electron microscope
(Autrata et al. 1986), the sections were critical-point dried in
CO2 and carbon-coated (Balzers, Liechtenstein, Germany). The
specimens were examined in a DSM 940 A scanning electron
microscope (Zeiss, Oberkochen, Germany) using a backscattered
electron (BSE)-detector (Zeiss, Oberkochen, Germany). For doc-
umentation, Agfa Pan 100 film (Agfa, Leverkusen, Germany)
was used.

Transmission electron microscopy

For transmission electron microscopy, small pieces of freshly
prepared tissue were immediately fixed in 2% paraformaldehyde
and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (12 h, 4°C),
postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer,
and block-contrasted in 1% uranyl acetate in maleate buffer. The
pieces of tissue were then dehydrated in a graded series of eth-
anols and embedded in Epon, which was polymerized at 60°C
for 48 h. Ultrathin sections were cut with a glass knife on an
OmU3 ultramicrotome (Reichert, Vienna, Austria) and then
transferred to 200 lines/inch-mesh nickel grids (SCI, Munich,
Germany). Following a contrasting step with 4% uranyl acetate
and lead citrate, the sections were examined in an EM 902 trans-
mission electron microscope (Zeiss, Oberkochen, Germany). For
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documentation, Agfa Scientia EM film (Agfa, Leverkusen, Ger-
many) was used.

Scanning electron microscopy

For scanning electron microscopy, precisely oriented pieces of
tissue were prepared, fixed in 2% glutaraldehyde in PBS under
isotonic conditions (24 h, 4°C), dehydrated in a graded series of
ethanols, transferred to acetone, and critical-point dried in CO2.
Finally they were sputter-coated with gold (Polaron, Watford, UK).
The specimens were examined in a DSM 940 A scanning electron
microscope (Zeiss, Oberkochen, Germany). For documentation,
Agfa Pan 100 film (Agfa, Leverkusen, Germany) was used.

Results

The neonatal rabbit kidney is an ideal model for the
study of renal developmental processes (Minuth et al.
1988). In a single corticomedullary section, fully em-
bryonic, maturing, and mature structures can be ob-
served. Directly underneath the capsula fibrosa, the ear-
liest stages of nephrogenesis are found. The collecting
duct ampullae that are developmentally most important
are embedded in nephrogenic mesenchyme and sprout-
ing endothelial cells (Kloth et al. 1997). In close prox-
imity, comma- and S-shaped bodies can be found as the
first visible structures of nephron development. Toward
the inner cortex, more mature generations of nephrons
are visible.

Immunohistochemistry

An important prerequisite for the following studies are
precisely oriented sections of neonatal rabbit kidney. The
kidney must be cut exactly between both poles from hi-
lus to cortex. Only in such corticomedullary sections can
the full length of the maturing collecting ducts be exam-
ined from the ampullar tip right underneath the capsule
toward the inner medulla, allowing the study of various
stages of differentiation. Our interest is focused on the
collecting duct ampullae, which are found segmentally
arranged underneath the capsula fibrosa in these sec-
tions.

The monoclonal antibody (MAb) PCDAmp1 exclusive-
ly labels the embryonic ampulla of the collecting duct in
neonatal rabbit kidney. The reaction is found in the extra-
cellular matrix of the epithelium and is very intensive
along the ampullar tip (Fig. 1a,b). The immunolabel de-
creases in the ampullar shaft and disappears along the ma-
turing collecting duct. Functionally mature regions of the
collecting duct are not labeled by the antibody. The
PCDAmp1 antigen has an apparent molecular weight of
39 kDa when solubilized from digested kidney tissue
(Strehl et al. 1997). Recent experiments performed with a
soluble form of PCDAmp1 secreted by cultured embryonic
collecting duct cells show an apparent molecular weight
of 78 kDa in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and a pI between 4.3 and 4.4

in isoelectric focusing (data not shown; R. Strehl, S.
Kloth, W. W. Minuth, unpublished work). N-terminal se-
quencing of trypsin-digested soluble PCDAmp1 revealed
one sequence (GVXGFPGADGIPGHPGQ) also found in
collagen α2 (IV)-chain precursor from rabbit at position
109–125 (A61228). Two further sequences of soluble
PCDAmp1 (FLQXVIG; FYTYER) have no homology
with that protein. (N-terminal sequencing in cooperation
with PD Dr. Deutzmann, Department of Biochemistry,
University of Regensburg).

Surrounding the ampullar tip region where morpho-
genic interactions occur during nephron induction, the
MAb PCDAmp1 immunolabel appears as a wide band
and in a specific distribution (Fig. 1a). The label does
not align with the course of the basal plasma membrane
only but appears to correspond to a basement lamina and
further extracellular matrix located in the intercellular
space surrounding the ampulla. Confocal laser microsco-
py of 0.5-µm optical sections yielded comparable results
and also show a wide label in the extracellular space sur-
rounding the ampulla (Fig. 1b). Comparative immuno-
histochemical labeling for PCDAmp1, laminin, collagen
type IV, and reticulin shows that only PCDAmp1 appears
exclusively in the basement membrane of the collecting
duct ampulla (Table 1).

Ultrastructural localization

To substantiate these immunohistochemical findings, im-
munogold labeling on the electron-microscopical scale
was performed. MAb PCDAmp1 does not react on eEpon
or LR white sections, so we were forced to use a modi-
fied protocol for preembedding incubation. Intracellular
compounds are not preserved well by this procedure, but
important information can be obtained.

Scanning electron micrographs (BSE image) show a
wide PCDAmp1-gold label along the basement membrane
of the embryonic collecting duct ampulla, which is
strongest in the tip region (Fig. 2a). At a higher magnifi-
cation, the immunolabel appears as a wide band resem-
bling a densely woven meshwork (Fig. 2b).

In transmission electron micrographs of ultrathin sec-
tions of the collecting duct ampulla, no MAb PCDAmp1
label is found on cellular structures (Fig. 2c). The reac-
tion is located along the course of the basement lamina
and extends into the intercellular space along fibrillar
structures. Not all fibers are labeled with MAb PCDAmp1.

Scanning electron microscopy

The localization of PCDAmp1 in the intercellular space
made it necessary to analyze the ampullar surface in
more detail and at a higher resolution by scanning elec-
tron microscopy. In a first series of experiments, cortico-
medullary preparations of neonatal rabbit kidney were
examined. In the upper portion of Fig. 3a, the capsula
fibrosa can be seen. The collecting duct ampulla that is
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shown directly underneath the capsula fibrosa is the em-
bryonic part of a maturing collecting duct visible all the
way down toward the medulla. The collecting duct am-
pulla is in an early stage of dichotomous branching. At a
higher magnification, the lumen of both ampullar tips

can be seen clearly (Fig. 3b). Between the tips of the
branching ampulla, a number of mesenchymal cells rest-
ing on a dense fibrillar meshwork are observed.

Scanning electron-microscopical analysis of another
kidney preparation shows a collecting duct ampulla lo-
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Table 1 Comparative immuno-
histochemical labeling for ex-
tracellular matrix components
in the basement membrane
(– no reaction, + reaction,
++ strong reaction)

PCDAmp1 Collagen IV Reticulin Laminin

Ampullar tip ++ ++ ++ +
Ampullar neck + ++ ++ ++
Mature collecting duct – ++ ++ ++
Developing nephron – ++ ++ ++
Mature nephron tubules – ++ ++ ++

Fig. 1a,b MAb PCDAmp1 immunoreaction in the cortex of neona-
tal rabbit kidney. a Silver-enhanced immunogold incubation. The
basement membrane of the embryonic collecting duct ampulla (A)
is strongly labeled. The immunolabel is wide in the tip region (ar-

row). b Confocal laser scanning micrograph of 0.5-µm optical sec-
tions. In both preparations the MAb PCDAmp1 label appears as a
wide band surrounding the ampullar tip (arrow). Bar 10 µm
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Fig. 2a–c Ultrastructural localization of PCDAmp1. a Immuno-
gold preembedding incubation with MAb PCDAmp1. Scanning
electron micrograph, backscattered electron image (BSE) of a col-
lecting duct ampulla. The basement membrane of the embryonic
collecting duct ampulla (A) is clearly labeled. The immunolabel
(arrow) is strongest in the tip region. Bar 5 µm. b Higher magnifi-
cation of the basal aspect of the ampullar tip. The immunolabel
(arrows) appears as a wide band resembling a densely woven

meshwork. Bar 500 nm. c Immunogold preembedding incubation
with MAb PCDAmp1. Transmission electron micrograph. The
PCDAmp1 label (arrows) is found along the course of the base-
ment lamina. The immunogold label also extends into the intercel-
lular space along fibrillar structures, although not all fibers are la-
beled with PCDAmp1 (N nucleus, bPM basal plasma membrane).
Bar 250 nm



cated directly underneath the capsula fibrosa (Fig. 4a).
The opened lumen in the ampullar tip region is lined by
a continuous layer of epithelial cells. In all specimens
examined, the epithelial cells were found to rest on a
strikingly thick and structured basement membrane sepa-
rating the collecting duct ampulla from the surrounding
endothelial and mesenchymal cells.

At a higher magnification, a thick meshwork of fibers
surrounding the collecting duct ampulla becomes clearly
visible (Fig. 4b). This resembles a reticular lamina con-
taining thick fibers and a large variety of thinner branch-
ing fibers reminding of collagenous and reticular struc-
tures. In all preparations the fibrillar meshwork is espe-
cially prominent at the tips of the ampulla, while its
thickness decreases in the ampullar shaft region. In the
maturing and mature collecting duct, the fibrillar materi-
al, while still visible, is much thinner than in the ampulla.

To verify whether the fibrillar meshwork is restricted
to the collecting duct, other developing renal tubules
were examined in detail in the scanning electron micro-
scope. The scanning electron micrograph of the surface
of a convoluted tubule segment shows a surprisingly
smooth surface (Fig. 4c). At a higher magnification,
no fibrillar structures comparable with the meshwork
around the collecting duct ampulla can be seen (Fig. 4d).

Transmission electron microscopy

In the next series of experiments, the structure of the fi-
brillar meshwork was further examined in the transmis-
sion electron microscope (Fig. 5). Longitudinal sections
of the ampullar tip (Fig. 5a) and the ampullar side (Fig.
5b) show epithelial cells resting on a thick basement
membrane. The basement lamina shows discontinu-
ities(Fig. 5a, arrows). Toward the interstitium, a dense
layer of various types of fibers differing in thickness and
structure are visible. They appear to be part of a reticular
lamina. The fibers are in direct contact with the base-
ment lamina and even penetrate it in some places to be in
contact with the basal plasma membrane of the ampullar
collecting duct cells. The mean distance between epithe-
lium and mesenchyme in the ampullar tip region is
1.6 µm (n=25), with values ranging from 0.23 µm to
3.18 µm. While the fibrillar meshwork is very prominent
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Fig. 3a,b Scanning electron micrographs of the cortex of neonatal
rabbit kidney. a Overview. The collecting duct ampulla (A) which
can be seen directly underneath the capsula fibrosa (CF) is the em-
bryonic part of a maturing collecting duct (CD), which is visible
all the way down toward the medulla. Laterally a developing
nephron (S) and convoluted parts of developing tubules (T) can be
observed. Bar 50 µm. b Higher magnification of the collecting
duct ampulla in an early stage of dichotomous branching (stars).
The lumen (L) of both ampullar tips can be seen clearly. At the
bottom, part of the maturing collecting duct (CD) can be seen.
Bar 20 µm



at the ampullar tip (Fig. 5a), a decrease in thickness can
be observed at the side of the ampulla (Fig. 5b). In the
maturing collecting duct below the ampullar shaft, no
discontinuities can be observed in the basement lamina
(Fig. 5c). The reticular lamina is much thinner in this re-
gion than it is at the ampullar tip (Fig. 5a).

Comparing the basement membrane of the convoluted
part of a developing tubule (Fig. 5d) with that of the am-
pullar tip (Fig. 5a), it is obvious that discontinuities in
the basement lamina along with a thick reticular lamina
are specific for the embryonic collecting duct and cannot
be observed on tubules.
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Fig. 4a,b Scanning electron micrographs of the fibrillar mesh-
work around the collecting duct ampulla. a The overview shows
an opened collecting duct ampulla. The lumen (L) and the layer
of epithelial cells (E) can be seen clearly. The ampulla is sur-
rounded by an unexpectedly thick and structured basement mem-
brane (arrows). Bar 10 µm. b Higher magnification of the wall of
the collecting duct ampulla showing the lumen (L), a cross sec-
tion of the layer of epithelial cells (E), and the three-dimensional
extension of the surrounding reticular lamina (arrows). The base-
ment membrane consists of a variety of fibers differing in thick-
ness (star). Bar 2.5 µm. c,d Scanning electron micrographs of the
smooth surface of the convoluted part of the nephron tubules.
c The overview shows the surface of developing nephron tubules
(T). A fibrillar meshwork cannot be seen here (stars). Bar 10 µm.
d Higher magnification micrograph of the surface of a developing
nephron tubule showing a very smooth, fiber-free structure.
Bar 2.5 µm



Discussion

During kidney organogenesis, nephrons are generated by
a morphogenic interaction of the ampullar tip with the
surrounding mesenchyme (Saxén 1987; Sorokin and
Ekblom 1992). Although a number of factors involved in
the process of nephrogenesis are known today, the mech-
anism of the induction remains unclear. In vitro experi-
ments with a heterogeneous inducer such as spinal cord
show that induction occurs by direct cell-to-cell contact
(Wartiovaara et al. 1972). For the kidney, though, no ex-
perimental data are available in this field. Another possi-
bility is the exchange of humoral morphogens by diffu-
sion across the intercellular space (Weller et al. 1991).
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Fig. 5a–d Transmission electron micrographs of the basal aspect
of a the ampullar tip, b the ampullar side, c maturing collecting
duct, and d the convoluted part of a developing nephron. a In the
ampullar tip region, discontinuities in the basement lamina are vis-
ible (arrows). The reticular lamina (stars) is very thick and dense-
ly woven in this region, confirming our findings obtained by scan-
ning electron microscopy. b At the lateral aspects of the ampulla, a
continuously developed basement lamina can be found (arrows).
The thickness of the reticular lamina (stars) decreases in this re-
gion. c Maturing collecting duct. A continuous basement lamina
(arrows) in combination with a drastically reduced reticular lami-
na (star) can be found here (P principal cell, IC intercalated cell).
d At the basal aspect of the convoluted part of a developing neph-
ron, a continuous basement lamina (arrows) but no reticular lami-
na (star) can be found. Bar 450 nm



The fact that morphogenic signals have to be exchanged
either by diffusion or through cell-cell contacts during
nephrogenesis suggests a close spatial interaction of the
tissues involved.

The scanning- and electron-microscopical analysis
presented here for the neonatal rabbit kidney shows un-
expected morphological conditions for induction be-
tween the collecting duct ampulla and the mesenchyme.
Scanning electron micrographs of the basal aspect of the
collecting duct ampulla show that the nephron inducer is
surrounded by a dense meshwork of fibrillar material
(Figs. 3, 4). The mean distance between the tissues is
1.6 µm. Transmission electron micrographs show fibril-
lar material filling a wide intercellular gap around the
ampulla The fibers are found in direct contact with the
plasma membrane of the ampullar epithelial cells (Fig.
5a,b) as well as the competent mesenchymal cells. The
meshwork seems to bridge the wide intercellular space
and may establish an extracellular connection (Fig. 6). It
may be part of the induction process either as an active
partner or as a mediator. The role of the extracellular ma-
trix as part of the inductive molecular mechanisms is be-
ing discussed (Sorokin and Ekblom 1992; Fouser and
Avner 1993) and our findings may add additional evi-
dence to this theory. The composition and possible func-
tions of the meshwork surrounding the collecting duct
ampulla need to be examined in greater detail.
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