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ABSTRACT The development of the renal vascular
system requires the coordinated action of soluble
morphogenic factors and specific extracellular ma-
trix components. Despite intensive research it re-
mains unknown whether the humoral or the
environmental component is more important in the
development of renal microvessels. The prolonged
serum-free culture of embryonic kidney cortex ex-
plants was achieved by means of a newly developed
perfusion culture system. This system made the inves-
tigation of renal vascular development under defined
organotypic conditions possible. Thus, growth factors
such as vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), and hormones
(aldosterone, vitamin D3) could be applied without
the interference with serum components. Medium
supplementation with YEGF or aldosterone in combi-
nation with vitamin D3 resulted in the coordinated
proliferation of endothelial cells in the explant. A
well-developed collecting duct epithelium and numer-
ous tubular structures were always observed. In con-
trast, only a uniform cell layer was found between
fibrous organ capsnle and the collecting duct epithe-
Lum after bFGF application, but neither tubular
structures nor endothelial cells. Thus, the experi-
ments indicate that bFGF alone has no stimulating
effect on the growth of the renal microvascnlature
under perfusion culture conditions.—Kloth, S.,
Ebenbeck, C., Kubitza, M., Schmidbauer, A., Rickl,
W., Minuth, W. W. Stimulation of renal microvascular
development under organotypic culture conditions.
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IN THE HEALTHY ORGANISM THE ENDOTHELIAL CELLS of the blood
vessels are known for their extremely low proliferation rate,
However, under pathological conditions such as wounding
(1) or tumer development (2), endothelial cell growth is
strongly stimulated. Vascular endothelial growth factor
(VEGF)? (3) and basic fibroblast growth factor (bFGF) (4)
have been reported to play a key role in inducing the pro-
liferation of this otherwise contact inhibited cell type. Fur-
thermore, both growth factors induce migration and tube

formation in embryonic endothelial cells, which are pre-
requisites for angiogenesis {5).

The development of renal vasculature has been investi-
gated by different techniques: light and electron microscopic
methods (6-8), the culture of kidney rudiments (9), trans-
plantation experiments (10), and transfilter- and coculture
techniques (11, 12) have all been used. In addition to soluble
growth factors such as VEGF and bFGF, components of the
extracellular matrix {10, 13) and their cellular receptors (14)
are involved in the highly coordinated process of vasculariza-
tion. To this day, however, the dominant trigger mechanism
essential for renal vascular development remains unknown.

In the present study a new cell culture model for the
embryonic kidney and two newly generated endothelium
detecting antibodies were chosen to investigate endothelial
development under controlled culture conditions. Renal tis-
sue explants were prepared by a microsurgical method (15)
and cultured for 13 days without any serum supplements.
Excellent tissue preservation under serum-free culture con-
ditions was achieved by continuous medium exchange (16).
Purified VEGF and bFGF were applied as endothelium
stimulating factors triggering the development of the renal
microcirculature within an organotypical environment.

MATERIALS AND METHODS

Tissue culture

Tissue explants were prepared from neonatal rabbit kidneys. One- to
3-day-old rabbits were anesthetized with diethylether (Merck,
Darmstadt, Germany) and’ killed by cervical dislocation. Both kidneys
were prepared under sterile conditions and washed in phosphate buflered
saline (PBS, pH 7.2), after which the adipose tissue was removed. The
fibrous organ capsule was stripped off with a pair of sharp, fine forceps
(Dumont No. 5, Laborcenter, Niimberg, Germany) (17). A thin tissue
layer consisting of mesenchyme, collecting duct ampullae, endothelial
cells, and developing nephrons remained attached to the fibrous ergan
capsule (Fig. 1B). These cortex explants were mounted like a drumhead

!To whom correspondence and reprint requests should be addressed, at:
University of Regensburg, Institute of Anatomy, Universititsstr. 31, D-
33053 Regensburg, Germany.

2Abbreviations: BSA, bovine serum albumin; bFGF, basic fibroblast
growth factor; FITC, fluoresceine isothiocyanate; IMDM, Iscove’s modi-
fied Dulbeceo’s medium; PBS, phosphate buffered saline; VEGF, vascular
endothelial growth factor.

0892-6638/95/0009-0963/$01.50. © FASEB

963






RESULTS

The structure of the microvascular network within the outer
cortex of the neonatal rabbit kidney was investigated using
two newly developed monoclonal antibodies (EC1, EnPo 1
[8]). In tangential sections of this cortex region, a filigree
network of endothelial cells with a surprisingly high degree
of spatial crganization was detected (Fig. 1C, D). Extending
beneath the fibrous organ capsule, the embryonic endothe-
lial cells had formed a honeycomb-like network. As re-
vealed in longitudinal tissue sections this filigree network
is connected to vessel-like structures in contact with
branches of the arteria interlobularis of the midcortical re-
gion (8). Within each mesh of the endothelial network a
collecting duct empulla and one developing nephron were
present (Fig. 1E). The development of the nephrons, the
maturation of the collecting duct, and the spreading of the
renal vasculature happen in close spatial vicinity (8).

The developing cortex region of the neonatal rabbit kidney
can be isolated easily. The explants consist of the fibrous
organ capsule with adherent mesenchyme, collecting duct
ampullae, spreading endothelial cells, and developing neph-
rons (Fig. 1B). Such explants were cultured under serum-free
conditions for 13 days under permanent medium perfusion,
Immunchistology revealed excellent tissue preservation. One
side of the tissue is covered by capsule material and on the
other side a monolayer of collecting duct epithelium has
developed (Fig. 2; 17). Between the capsule and the collect-
ing duct epithelium several cross-sectioned tubules can be
observed. Large clusters of EnPol- and EC1-labeled cells
can be detected within tissue explants cultured without any
medium supplements (Fig. 2F). However, the high degree of
spatial organization in the vascular network cannot be ob-
tained under culture by perfusion with basal medium alone.

Supplementation of the culture medium with VEGF re-
sulted in the expression of a vascular network very similar to
the situation found in vive (Fig. 2C). In longitudinal sections
of the explants, branches of endothelial cells were found
arborizing from labeled cell streaks. Even better results were
obtained when tissue explants were cultured in the presence
of aldosterone and vitamin D3 (Fig. 2B). Excellent tissue
preservation and vascular network development were ob-
served. Honeycomb-like endothelial structures similar to the
endothelial network observed in tangential sections of the
kidney were detectable in cultured explants (Fig. 2B). In
comparison to the developing vasculature of the kidney (Fig.
24), the endothelial branches detected in cortex explants are
considerably broader and more elongated (Fig. 2B).

It is surprising that similar results cannot be obtained after
medium supplementation with bFGF (Fig. 2D). Only very few
EC1-labeled cells were detectable. Continuous endothelial
cell streaks forming networks were not found. Moreover, the
tissue explant did not include tubular cross sections, which
were found frequently in all the other cultured explant sec-
tions. The combination of bFGF with aldosterone and vitamin
D; resulted in the expression of small vessel-like structures
labeled by EC1 (Fig. 2E). However, the broadening and
elongation of these vessel-like structures that was evident
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after VEGF or aldosterone/vitamin D3 stimulus (Fig. 2B)

were not found.

DISCUSSION

A culture system has been established that allows the in-
vestigation of renal microvascular development under the
controlled application of different growth factors such as
VEGF and bFGF. Cortical explants from neonatal rabbit
kidneys were prepared by microsurgical methods. Unlike
other preparation protocols that result in single-cell suspen-
sions, our method omits the application of proteases, Thus,
the integrity of the tissue is preserved, which allowed the
further development of embryonic tissue components within
their natural environment.

The cortical explants consisted of the immature tissue of
the kidney attached to the fibrous organ capsule. Note that
parts of this developing cortex region were not supplied by
functional vessels (7, 19), Soluble growth and differentiation
stimulators have to reach the embryonic cells by diffusion.
The application of growth factors via permanent perfusion of
the culture medium thus resembled the situation in vivo,

By means of this organotypic culture system, the develop-
ing endothelial network of the renal cortex could be main-
tained and propagated in vitro for the first time. Under
perfusion culture the addition of VEGF or a combination of
aldosterone and vitamin D3 resulted in the proliferation of the
developing endothelial network. In contrast, no EC1/EnPo
1-positive endothelial cells were detectable within cultured
explants after stimulation with bFGF. Whether this is due toa
down-regulation of endothelium-specific antigens or to the
reduction and absence of endothelial cells remains to be
investigated. However, bFGF-treated explants were charac-
terized by a homogeneous tissue composition. Tubular struc-
tures were never observed, but were always found within
unstimulated explants as well as in VEGF or aldosterone/vi-
tamin Da-treated tissue (Fig. 2) (16). This speaks infavorof a
different tissue composition under stimulus with bFGF alone.
Even control explants showed more typical renal tissue com-
ponents than bFGF-incubated material. The combination of
bFGF with aldosterone and vitamin D resulted in a vascular
network that resembled the endothelial structures found in
longitudinal sections of the neonatal kidney. Vessel-like
structures remained a filigree network and did not show the
broadening and elongation that was a typical feature of tissue
treated with VEGF or aldosterone/vitamin D3 alone.

Both endothelial stimulating facters VEGF and bFGF are
different with respect to origin and to receptor expression
pattern. VEGF is the only one of the applied factors with
exclusive specificity for endothelial cells (20). Different
VEGF receptors have been described in the past, but distri-
bution of the recognition molecules was restricted to the
endothelium (21, 22). However, VEGF is produced by a wide
variety of different cell types such as pituitary follicular cells
(20), podocytes (3), mesangial cells and monocytes (23),
glomerular endothelial cells {24), and tumor cells (21, 25).
Recently VEGF was detected within the collecting duct
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results obtained after application of bFGF in combination
with aldosterone and vitamin D3 may be discussed under this
aspect. Aldosterone combined with vitamin D3 alone gave
rise to endothelial proliferation and an enlargement of the
honeycomb-like endothelial network. In the presence of both
hormones and bFGF, thin endothelial cell streaks and a small
network were observed that resembled even more the in vivo
situation. It is not krown whether the hormones directly
stimulated the cells inhibited by bFGF or whether there are
different target cells.

VEGF and bFGF are well-known angiogenic factors (3, 4,
5, 20). This is not the case for aldosterone and vitamin Dj.
Receptor distribution for aldosterone and vitamin D3 within
the kidney has been reported for the nephron and the collect-
ing duct, but not for endothelial cells (34, 35). All cells of the
collecting duct empulla expressed receptors for both hor-
mones, whereas the mature collecting.duct epithelium
showed a heterogeneous distribution of the recognition mole-
cules. Receptor expression for vitamin D3 or aldo-sterone on
the vascular endothelium of the kidney has not been reported
yet. It is assumed that the stimulatory effect on endothelial
cells of both hormones is mediated by indirect mechanisms.
The development of the collecting duct system, the nephrons,
and the renal microvasculature take place in very close
proximity {8). It is conceivable that binding of the hormones
to the collecting duct epithelium results in the production of
factor (or factors) stimulating endothelial development.
VEGF produced by the collecting duct epithelium (26) is a
likely candidate. However, the nature of the induced endo-
thelial stimulators as well as the producing cells in the
perfused explants remain to be investigated. )

This work was supported by a grant from the Deutsche Forschungsge-
meinschaft (KI741/7-1).
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