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Abstract Stem/progenitor cells are in the focus of regenerative medicine for a
future therapy of acute and chronic renal failure. However, broad knowledge
about parenchymal regeneration in kidney is lacking. For that reason developmen-
tal pathways leading from stem/progenitor cells to newly formed tubules have to
be investigated. A new technique promotes renal stem/progenitor cells to form
numerous tubules between layers of polyester fleeces. This artificial interstitium
replaces coating by extracellular matrix proteins, supports spatial extension of renal
tubules, and can be used with chemically defined Iscove’s modified Dulbecco’s
medium (IMDM) during a long-term culture period of 13 days. The develop-
ment of tubules is stimulated by aldosterone and depends on the applied hormone
concentration. The tubulogenic effect cannot be mimicked by precursors of the
aldosterone synthesis pathway or by other steroid hormones. Antagonists such
as spironolactone or canrenoate prevent the development of tubules, which indi-
cates that the mineralocorticoid receptor (MR) is involved. Administration of
geldanamycin, radicicol, quercetin, or KNK 437 in combination with aldosterone
blocks development of tubules by disturbing the contact between MR and heat-
shock proteins. Transmission electron microscopy (TEM) further demonstrates that
generated tubules exhibit a junctional complex between the apical and the lateral
plasma membrane. At the basal aspect a continuously developed basal lamina is
present. Immuno-label for Troma I (cytokeratin Endo-A) shows isoprismatic cells,
while label for laminin y1, occludin, and Na/K-ATPase a5 confirms typical features
of a polarized epithelium. Finally, the introduced system makes it possible to pile
and pave renal stem/progenitor cells, so that the spatial development of tubules can
be systematically investigated.
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following growth phase, geometrical properties such as straight course, length, con-
volution, or branching of the tubule are realized. Finally a structured tubule with a
defined inner and outer diameter arises.

It is obvious that a tubule does not appear automatically after the application of a
single growth factor. In contrast, the complex development depends on parameters
such as different morphogenic factors, selected adhesion substrates, intercellular
communication, and the fluid environment. All these factors have to complement
one another to promote histotypical development and to prevent arise of atypical
features.

The molecular interactions during the process of reciprocal induction between
renal stem/progenitor cells are intensively investigated over a period of decades.
However, only little knowledge is available concerning the development of the dif-
ferent tubule segments. For example, the morphogenetic factors are unknown, which
trigger the segmentation into the proximal tubule, the loop of Henle, the distal
tubule, the connecting tubule, and finally the heterogeneously composed collect-
ing duct. It is further unclear why parts of the proximal and distal tubule develop
convolutes, while all the other segments show a straightforward orientated course.
In this coherence it is also unknown why some of the nephron segments are homo-
geneously composed, while the connecting and collecting duct tubules exhibit a
heterogeneous cell population.

4 Registering Development of Epithelial Stem/Progenitor Cells

When renal stem/progenitor cells are taken into culture it is important to know
about their current embryonic, maturing, and matured states of development. In
running experiments the degree of differentiation can be compared between the
in vivo and in vitro situation. To register the development potent histochemical
markers are required, which make it possible to distinguish between an embryonic,
a mature, and an adult state of differentiation. This difference can be visualized,
for example, by soybean agglutinin (SBA) labeling. The lectin recognizes terminal
N-acetylgalactosamine (GalNAco) residues on glycoproteins. In comparisen to an
antibody label the staining with a lectin saves 2 h of incubation time.

Cryosections of the neonatal rabbit kidney reveal that cells within the tip of the
collecting duct ampulla (A) lack SBA label. This site of the collecting duct ampulla
(A) is known to be the niche for epithelial stem/progenitor cells. It is found below
the capsula fibrosa (CF) in the outer cortex of the neonatal rabbit kidney (Fig. 4). In
contrast, the maturing cells on the ampulla neck gain SBA label, while the ampulla
shaft and further matured collecting duct (CD) tubules reveal an intensive SBA label.
Thus, comparison between the ampulla tip, the neck, the shaft, and the functional
tubule illustrates a unique developmental gradient showing renal stem/progenitor
cells and maturing, respectively, matured epithelial cells within the collecting duct
tubule.
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TEM further demonstrates that an isoprismatic epithelinm is established
(Fig. 12a). The cells cxhibit a large nucleus, which is located in the center of the
cytoplasm. In the apical and basal cytoplasm numerous lysosomal elements are
found. Small, medium-sized, and large vacuoles are filled to a various degree with
electron-dense material. The vacuoles suggest that the containing material has been
phagocytosed. At the basal aspect of the epithelium a completely developed basal
lamina consists of a lamina rara interna, a lamina densa, and an extended lamina
fibroreticularis (Fig. 12b). Neighboring epithelial cells are in close contact with each
other. Some microvilli or microplicae of the lateral plasma membrane project into
the intercellular space. The basal slits of plasma membranes between neighboring
cells are nagrow. Higher magnification of TEM illuminates that the luminal and lat-
eral plasma membranes are separated by a typical junctional complex (Fig. 12c).
It consists of a zonula occludens, zonula adherens, and a desmosome indicating
that a polarized epithelium is established. Thus, all these ultrastructural data show
that during culture an obviously sealing epithelium within the generated tubules is
developed.

13 Featuring Cell Differentiation

In the presented experiments renal stem/progenitor cells containing tissue was kept
in culture for a period of 13 days. Most important is to determine the degree of
acquired differentiation in generated tubules. One has to compare the initial state of
development during isclation with the harvested tissue at the end of culture. This
result further can be compared with the embryonic state, the process of maturation,
and finally the adult state in the functional kidney.

To analyze the degree of cell differentiation cryosections were made. For ori-
entation, the surface view of a toluidine blue-stained section demonstrates the
distribution of developed tubules at the interface of the artificial interstitium cov-
ered by polyester fleeces on both sides (Fig. 13a). Histochemical label for SBA
(Fig. 13b) and cyclooxygenase 2 (Cox2, Fig. 13c) reveals an intensive cellular label.
Immuno-label for Troma I (Fig. 13d), cytokeratin 19 (Fig, 13e), and E-cadherin
(Fig. 13f) exhibits intensive label on tubule cells. Label for occludin demonstrates
the development of a junctional belt recognized as faint label in the luminal portion
of generated tubules (Fig. 13g). It indicates a functional polarization in the form of
a tight junction at the border between the luminal and the lateral plasma membrane
of cells within the generated tbules. Immuno-label for Na/K-ATPase a5 reveals an
intensive fluorescence at the basolateral aspect of generated tubules (Fig. 13h). All
these data show thatl the generated tubules exhibil a polarized epithelium. Labeling
the tissue for laminin y! finally exhibits an intensive reaction at the basal aspect
of generated tubules indicating that a basal lamina is developed during 13 days of
culture (Fig. 13i).

SBA, cyclooxygenase 2, Troma I, cyiokeratin 19, E-cadherin, occludin, Na/K-
ATPase o5, and laminin y1 are naturally found on cells of the adult renal collecting
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It was a fully unexpected finding that aldosterone exhibits tubulogenic activity
in isolated explants containing renal stem/progenitor cells (Fig. 14b). In the adult
kidney the hormone stimulates the Na* transport by genomic effects via the miner-
alocorticoid receptor (MR). A morphogenic effect of aldosterone on renal stem cells
sounds on the one hand curiously, but on the other hand, a comparable morphogenic
action of the steroid hormone was found on other cells. For example, development
of hippocampal neurons is induced by aldosterone via stimulation of the mineralo-
corticoid receptor (MR}, while an activation of the glucocorticoid receptor (GR)
is suppressing the development. T37i cells show after application of aldosterone
differentiation into cells of brown adipose tissue. This effect can be inhibited by
antagonists such as spironolactone or RU-26752. Experiments with cells of the
adenohypophysis producing growth hormone demonstrate that their development
is triggered by MR and is inhibited by the application of spironolactone. During
embryogenesis the blockade of MR with ZK 91587 leads to a reduction of somite
number, to reduced growth, and to an alteration of blood vessels in the umbilical
cord. In aduit cardiac fibroblasts aldosterone increases levels of collagen type I and
ITI synthesis promoting myocardial fibrosis. Finally, for the kidney it was described
that aldosterone promotes the synthesis of fibronectin through a Smad2-dependent
TGF-f1 pathway in mesangial cells during the development of glomerular
sclerosis.

15 Scoring the Development of Tubules

To investigate the influence of hormones or growth factors on the generation of
tubules it is most important to determine the degree of differentiation. Depending
on the applied substances many or few tubules, cell islets, or even extended cell
clusters may arise. For that reason a special score for the development of tubules
was elaborated.

The space for tubule development in a basic sandwich set-up is 5 mm in diameter
and up to 250 wm in height (Fig. 6). For example, labeling of specimens by SBA
reveals numerous tubules exhibiting polarized cells, a visible lumen, and a basal
lamina (Fig. 15). The number of generated tubules can be determined with a WCIF
ImageJ program (Bethesda, Maryland, USA) by counting each SBA-labeled tubule.
Applying this technique on generated specimens, between 41 and 77 tubules are
detected within a microscopic opening of 620 x 930 pm.

Besides the overall appearance of tubules, the staining intensity, the formation
of a lumen, the development of a basal lamina, their distribution, and their length
are registered (Fig. 15). When each of these criteria is scored with 1 point it results
in a maximum of 6 points reflecting an ideal development of generated tubules.
However, this result will only be obtained when aldosterone is added as tubulogenic
factor to the culture medium. When the cultures are properly developed, no cell
clusters, no filopedia, and no overgrowth of epithelial cells on the polyester fibers
of the artificial interstitium are observed.
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with substances that disrupt the cytoplasmic interaction between MR, hsp 90, hsp
70, and immunophilins [16].

To disrupt the contact between MR and hsp 90, renal stem/progenitor cells were
cultured in IMDM containing geldanamycin (3.6 x 1075 M} in combination with
aldosterone (1 x 1077 M) for 13 days (Fig. 18b). Geldanamycin specifically binds
to hsp 90, thereby blocking the ATP-binding site due to its higher affinity com-
pared to ATP. In this way, it disturbs the contact between hsp 90 and activated MR,
The culture experiments show that structured tubules are not found in this series of
experiments. Instead numerous SBA-labeled cells are localized in extended clusters.

Radicicol is a macrocyclic antifungal substance that binds in the same way as
geldanamycin. It hinders ATP-dependent conformational changes that are required
for cytoplasmic interactions with target proteins such as MR. Culture of renal
stem/progenitor cells with radicicol (1 x 107 M) in combination with aldosterone
(1 x 1077 M) produces only few structured tubules, but numerous SBA-labeled cells
in the form of extended clusters (Fig. 18¢c). In consequence, experiments with gel-
danamycin (Fig. 18b) and radicicol (Fig. 18¢) show that the tbulogenic pathway of
aldosterone is blocked by interfering the contact to hsp 90.

19 Producing Renal Superstructures

The presented experiments show the feasibility to generate tubules at the interface of
an artificial interstitium (Fig. 9). Further it is demonstrated that aldosterone exhibits
a tubulogenic effect on renal stem/progenitor cells (Figs. 14, 15, 16).

The presented new technique opens an experimental way to increase systemati-
cally the amount of generated tubules, since the arrangement of the basic sandwich
set-up is most advantageous for extending the spatial envircnment, the supply of
medium, and respiratory gas. Since the developing tissue is covered by layers of
polyester fleece always fresh medium is transported through the space between the
fibers of the polyester fleece separating the tissue layers (Fig. 19). Using this exper-
imental design unstirred layers of fluid are minimized so that for the first time piling
and paving of basic sandwich set-ups becomes possible [17].
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Fig. 19 Piling and paving of basic sandwich set-ups. The supply with culture medium between
the tissue tayers is optimal, since nutrition and respiratory gases are continuously exchanged
through the space between the polyester fibers. Arrows indicate the possible flow of medium during
dynamic culture
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techniques appear to be a successful step for further investigation of the spatial
development of tubules, It appears also as a realistic experimental strategy for a
future regeneration of parenchyme within the diseased kidney.
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