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Abstract. The developing renal collecting duct epi-
thelium of neonatal rabbits exhibits 3 different zones.
The ampullary tip epithelium acts as an embryonic
inducer and is responsible for the generation of all of the
nephron anlagen. It pilots the whole microarchitecture
of the kidney, In the ampullary neck epithelium multi-
ple cell divisions cause the elongation of the embryonic
collecting duct so that the organ can grow. Finally, the
cells in the ampullar shaft transdifferentiate into the
functional collecting duct epithelium (CD) consisting of
Principal (P} and various kinds of Intercalated (IC)
cells. It is unknown by which morphogenic mechanisms
the ampullar cells develop into the heterogeneously
composed collecting duct epithelium.

Using both morphological and immunohistochemical
methods, we investigated the transdifferentiation
patterns leading from the ampullar epithelium to the P
and IC cells in the neonatal kidney. An electron
microscope analysis of the cortico-medullary course of
the developing collecting duct revealed that con-
spicuous morphological alterations start in the neck of
the ampulla. The lumen of the neck region is narrowed
to a slit. While most of the cells in the ampullar tip
exhibit few, short microvilli, the neck cells bear numer-
ous, extremely long microvilli at their apical cell poles.
All of the neck cells exhibit the same cytoplasmic
staining pattern and the same number of mitochondria.
Farther down in the shaft, clearly recognizable P and 1C
cells are found. Thus, differentiation into P and 1C cells
starts with a transitional precursor cell type in the
ampullar neck.
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Perfusion culture experiments with the embryonic
collecting duct epithelium made it possible to generate
transitional and differentiated cell types for the first
time under in vitro conditions. The cultured epithelial
cells showed characteristics common to both P and 1C
cells. lmmunohistochemical findings revealed that
morphological differentiation starts before the func-
tional properties of P and IC cells can be deteced.
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Introduction

The development of parenchymal tissues occurs in two
consecutive steps. Cell multiplication is needed to
obtain a tissue mass large enough to permit volume
expansion (Potter 1965; Saxén 1987; Abrahamson 1991;
Perantoni et al. 1991). Then the cells differentiate and
develop the morphological, physiological and biochemi-
cal characteristics known in the adult organ (Holthéfer
1687; Evan et al. 1991; Satlin et al. 1992; Robbillard et
al. 1992). While the multiplication of cells is stimulated
by a variety of growth factors (Segal and Fine 1989;
Vainio et al. 1989; Weller et al. 1991; Chailler et al.
1991; Humes and Cieslinski 1992; Briére and Chailler
1992; Avner et al. 1993), littie knowledge is available
about the transdifferentiation mechanisms leading from
immature to the differentiated cell types (Holthofer
1987; Satlin et al. 1992).

The renal collecting duct epithelium of neonatal
rabbits is an ideal model for investigating the trans-
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differentiation mechanisms leading from the embryonic
to the differentiated collecting duct epithelium consist-
ing of Principal and Intercalated cells (Kaissling and
Kriz 1979; Le Furgey and Tisher 1997; Schuster 1993)
(Fig. 1). The ampuliary collecting duct epithelium acts
as an embryonic inducer which triggers the generation
of the nephron anlagen during the whole period of
organogenesis (Sorokin and Ekblom 1992). As shown
by the expression of collecting-duct-specific proteins
{(Minuth et al. 1987; Matsumoto et al. 1993; Nouwen et
al, 1993; Hanai et al. 1994; Hume et al. 1994; Kim et al.
1994), the ampullary neck epithelium is clearly
delimited from the ampullary tip (Kloth et al. 1993).
The neck epithelium is the proliferation zone where the
tubule elongates and pushes the ampullary tip farther
towards the capsula fibrosa. In consecutive steps new
generations of nephron anlagen are induced, micro-
vessels reach the differentiation zone, and the organ
grows in a centrifugal direction (Neiss 1982; Herzlinger
et al. 1993; Kloth et al. 1994). In the shaft the develop-
ing Principal (P) cells and Intercalated (IC) cells are
found proximal to the neck zone of the collecting duct
(Schuster et al. 1986; Koeppen 1987; Emmons and
Kurtz 1994; Verlander et al. 1994). Despite intensive
research the developmental events in nephron
induction, the mitogenic stimuli leading to the elon-
gation of the collecting duct epithelium and the factors
triggering the development intoe functional P and IC
cells are unknown (Evan et al. 1991; Kaissling and Kriz
1979; Le Furgey and Tisher 1979).

We investigated the development of P and 1C cells
during collecting duct differentiation using morphologi-
cal and immunohistochemical techniques, following the
hypothesis that the acquisition of biochemical and
physiological functions is correlated with morphological
alterations (Dorup and Maunsbach 1982; Fejes-Téth
and Naray-Fejes-Té6th 1992, 1993; Briére and Magny
1993). Our electron microscopical examination started
inside the ampulla and followed the neck zone in a
cortico-medullary direction shown to the shaft of the
collecting duct, where clearly visible P and IC cells first
appear. (Fig. I). It came as quite a surprise that the
developing collecting duct cells displayed common and
transitional cell differentiation characteristics within the
ampullary neck epithelium before it splits into individ-
ual P and IC cell types. We were able not only to
observe transitional cell types in the developing kidney,
but could also generate them under perfusion culture
conditions.

Material and Methods
Preparation of Organ Material

Neonatal New Zealand rabbits were anaesthetized with
diethyl ether (Merck, Darmstadt, Germany) and both
kidneys were removed aspectically without recovery of
the rabbits.
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Electron Microscopy

For transmission electron microscopy (TEM) thin
pieces of neonatal rabbit kidney cortex and cultured
collecting duct epithelia were fixed in Iscove’s modified
Dulbecco’s medium (IMDM, Life Technologies,
Eggenstein, Germany) containing 3% glutaraldehyde.
Following the initial fixation step the tissue pieces were
postfixed with 1% osmium tetroxide in phosphate buf-
fered solution (PBS), dehydrated in a series of alcohols,
passed through propylene oxide and embedded in Epon
according to methods described earlier (Minuth et al.
1992). Semithin sections were stained with Richardson’s
solution and examined under the light microscope.
Ultrathin sections were stained with uranyl acetate and
lead citrate. The specimens were examined with a Zeiss
electron microscope 902 (Zeiss, Oberkochen, FRG).
For scanning electron microscopy (SEM) pieces of
neonatal rabbit kidney cortex or cultured epithelia were
fixed in 3% glutaraldehyde, dehydrated in a graded
series of ethanols, critical point dried with CO, and
sputter-coated with gold (Polaron, Watford, GB). The
specimens were examined with a Zeiss scanning
electron microscope DSM 940 A as described earlier
(Aigner et al. 1994).

Histochemistry

The immunoperoxidase method was used to direct the
C17/HCO;~ exchanger on cryosections of collecting
duct cells (Jennings et al. 1986, Schuster et al. 1986).
Cryosections (8 um) of neonatal rabbit kidney or cul-
tured epithelia were fixed following a two-step fixation
protocol. First the sections were incubated for 30 sec in
a solution of 4.2% paraformaldehyde, 16% picric acid,
0.002% cobalt chloride and 0.1% glutaraldehyde
(Serva, Heidelberg, Germany) in PBS, pH 7.2. Sub-
sequently, the sections were immersed for 15 min in a
solution including all the reagents listed above except
glutaraldehyde. Following a washing step (0.1 m Tris-
[hydroxymethyl]-aminomethane, 0.8% NaCl, 0.002%
Triton X-100 (Pierce, Rockford, USA}); pH 7.4) the
samples were blocked by incubation in 0.1 m Tris bufter,
pH 7.4, 25% fetal calf serum, 1% NaCl, 1% Triton
X 100 for 45 min. The anti-CI"/HCO;™ antibody
(Jennings et al. 1986) was applied overnight. A bio-
tinylated donkey anti mouse lg antibody {Dianova,
Hamburg, Germany) was diluted 1:600 in blocking
solution prior to application. Then the sections were
washed and incubated for 30 min in phenylhydrazine
solution containing 0.0006% H,0; in order to block
endogenous peroxidases. After that an avidin-biotiny-
lated peroxidase-detection complex (ABC-complex)
was applied according to the manufacturer’s
instructions (Vectastain, Vector, Burlingame, USA).
The enzyme reaction was started by adding the sub-
strate solution (0.5 mg/ml diaminobenzidine, 0.1 M Tris,
pH 7.4, 0.002% cobalt chloride, 0.04% nickel chloride,
0.012% H,0,) and stopped by rinsing in washing
buffer. The sections were dehydrated in a graded
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ethanol series and by a final incubation for 10 min in
xylene. Finally the sections were embedded in DePeX
(Serva, Heidelberg, Germany).

For PNA binding cryosections were incubated for 40
min with a PN A-rhodamine conjugate (Vector, Burlin-
game, Vermont, USA) diluted 1:2000 in PBS. The
sections were embedded in FITC-guard (Testoc,
Chicago, USA) and examined using a Zeiss Axiovert 35
microscope.

Tissue Culture

Cortical explants from the kidneys of newborn New
Zealand rabbits were mounted in sterile tissue holder
sets (Minuth 1987; Minuth et al. 1992) and placed in
24-well tissue culture plates (Greiner, Niirtingen,
Germany). The explants consisted of a piece of capsula
fibrosa with adherent collecting duct ampullae, S-
shaped bodies and nephrogenic blastema. During the
culture of these explants in IMDM containing 25 mm
HEPES and 10% fetal bovine serum (Boehringer,
Mannheim, Germany) an outgrowth of cells from the
collecting duct ampullae was observed. Within 24 h of
the initiation of culture the surface of the explant was
completely covered by a single-layered collecting duct
epithelium. Culture was carried out in a tissue incubator
(Heraeus, Hanau, Germany) at 37 °C in a humidified
atmosphere containing 5% CO,/95% air for 24 h.

Perfusion Culture

To adapt culture conditions as closely as possible to the
situation within the kidney, the cultured epithelia were
exposed to a permanent superfusion of fresh medium
from the luminal and basal sides in special culture
containers (Munucells and Minutissue GmbH, Staren-
strafle 2, D-93077 Bad Abbach, Germany). The con-
tainers were placed on a 37 °C heating plate and the
medium (IMDM/25 mm HEPES) was continuously
exchanged at a rate of 1 ml/h with a peristaltic pump.
The perfusion cultures with fresh medium was started
24 h after preparing the tissue. Total culture time was 14
days (1 day preculture, 13 days perfusion culture).
IMDM/25 mm HEPES was used as the control medium.
Aldosterone {1 x 1077M, Sigma, Deisenhofen, Ger-
many) was added to the culture medium according to
the experimental protocol (Minuth et al. 1993).

Evaluation

More than 10 kidneys from neonatal rabbits were used
for the morphological investigation. More than 100
culture epithelia were examined after the perfusion
culture experiments. To obtain an objective result each
culture experiment was repeated at least three times.
Then at least 5 epithelia were analyzed in the experi-
mental seties and, again, 30 cryosections were analyzed.

Results

Development of the Collecting Duct within the
Kidney

In the neonatal rabbit kidney the collecting duct (Fig. 1)
consists of the ampulla with its wide lumen at the tip
(Fig. 2a), the ampullary neck with a restricted lumen
(Fig. 2b) and the maturing shaft region, where for the
first time developing P and IC cells are found (Fig. 3e.f)
{(Evan et al. 1991; Kloth et al. 1993). Transmission and
scanning electron microscopy shows that the ampullary
tip epithelium consists of two cell types. The majority of
cells showns P cell characteristics with a cilium and short
microvilli on the surface (Fig. 2a,b). A small number of
cells has a smooth surface (Kloth et al. 1993). In no case
do the ampullary cells resemble the IC cells. A new cell
type appears at the beginning part of the ampullary
neck. The broad lumen still found in the ampullary tip
has disappeared and the luminal plasma membranes of
the cells touch each other. Opposing cells show
extremely long and dense microvillar structures (Fig.
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1. ampullary epithelium

2: ampullary neck region of the collecting duct epithelium
3: cortical and medullary collecting duct epithelium

CF: capsule fibrosa

A: ampulla

S: S-shaped body, developing nephron

MN: matured nephron

Fig. 1. Schematic illustration of a longitudinal scction through the
embryonic cortical and maturing medullary part of the neonatal rabbit
kidney.
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