Developing renal microvasculature can be maintained under
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The cortex coricis of the neonatal rabbit Kidney consists of devel-
oping nephrons, vessels, collecting duct ampullae and the neph-
rogenic mesenchyme. Inductive interactions between embryonic
mesenchyme and collecting duct ampullae lead 1o the coordinated
development of the nephrons and the collecting duct system. The
factors regulating nephrogenesis and vascular development within
this tissue region are unknown. In order o analyee the hormonal
regulation of vascular development an organotypic culfure system
was established. Cortex explants from neonatal rabbit Kidneys
were prepared, mounted in o sel o holding rings and culiured un-
der serum=free conditions for 14 days in conventional culture
plates or under permanent mediom perfosion in g newly develop-
ed cullure container.

The derection of endothelial cells was carvied oot by means of
two monoclonal antibodies, Within the renal cortex corticis EnPo 1
detected developing vasculiniure as well ax podocyies and a subset
of mesenchymal cells. ECT displayed exclusive specificity for en-
dothelial cells, The antibody did not diseriminate between arteries
and veins. Endothelial cells of different developmental stapes
were labeled with the same intensity. A combination of hoth anti-
hodies allowed the discrimination between developing endothelial
cells and podocyies,

Following 14 days of culiore under permanent mediom ex-
change, excellent tissne preservation as well as endothelial cell
proliferation was observed in cortex explants. In contrast, lissue
kept in stationary culiure revealed a high degree of disintegration.
Endothelial antigen expression was also severely disturbed. Tis-
sue maintenance under stationary conditions was improved by the
application of a hormone mixture consisting of aldosterone and
L25-hydroxyvitamin D3, However, the high degree of spatial or-
ganization shown by developing endothelial cells in vivo was
maintained exclusively in explants cultured in the presence of hor-
mone under permancnt perfusion,

D, Sabine Kloth, Institut fir Anatomie der Umiversatat, Una-
versitissir, 31, D-93053 Repenshurg/Germany.,

Introduction

For a long time endothelial cells have been considered 1o
be an inactive epithelial lining of the vessels, However,
within the last few vears it has become more and more
clear that endothelial cells play an essential role in main-
taining a multitude of body functions. The endothelium
comrols the exchange of soluble factors and cells between
the blood and adjacent tissue [30, 37]. Furthermore, a va-
riety of factors influencing, for instance, wound healing
and immune response are produced by the endothelium
itsell [20, 31].

In order 1o investigate endothelial cell functions various
cell culture systems were developed. It became evident
that there are profound functional differences between
the endothelium of the macro- and that of the microcircu-
lation [27, 33). Though endothelial cells derived from
large vessels are easier to prepare and have been inten-
sively used for in vitro investigations, different groups
have now established preparation protocols for the micro-
circulation, too [5, 26, 27]. Besides the source, the culture
technique used to propagate endothelial cells will also in-
fluence cellular behavior in vitro. For instance, the stimu-
lating effect of transforming growth factor-B depends on
the culture method used: proliferation of endothelial cells
in adherent monolayers is inhibited, while tube formation
is induced by this factor in cells cultured in gel matrices
[12].

Owr interests focus on renal microvasculature during
the development of the neonatal rabbit kidney. The devel-
oping tissue zone can be easily prepared and has been
used for investigations of the differentiation of the collect-
ing duct epithelium [22, 24]. Recently, the close spatial re-
lationship between renal vascular development and neph-
rogencsis in vivo was analyzed by means of the monoclon-
al antibody EnPo 1 [14]. The EnPo 1 antigen is ex-
pressed by endothelial cells of different developmental
stages and by renal podocytes. Mesenchymal cells sur-
rounding the tip of the ampullary collecting duct were
found to be positive for EnPo 1 labeling, too. Further-
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maore, it could be demonstrated that these mesenchymal
cell islets—representing one of the carliest stages of
nephrogenesis on the cellular level [35]—were already in
contact with differentiated parts of the renal vasculature.
The connection was established by vessel-like structures.
e term vessel-like structure was used for cell rows react-
ing specifically with EnPo 1 and detected within tissue
zones which had previously been deseribed as avascular
[11]. The cell rows expressed endothelial antigens and
were connected with the differentiated vasculature, but
the existence of a lumen could not be proved up to now.

Renal vesicles and S-shaped hodies were surrounded by
EnPo 1-positive cells mediating the coupling of the devel-
oping nephrons with the vascolar system [15]. It is an open
question whether the development of the renal microvas-
cular system is influenced by ampullary induction, neph-
ron development. or both events simultaneously. Thus, in
a first approach, isolated renal embryonic tssue was
brought in culture to investigate whether the complex
composition of the developing microvasculature can be
maintained under in vitro conditions.

Explants prepared by stripping off the capsula fibrosa
of neonatal kidneys [22] consist of the embryonic ampulla-
ry collecting duets, nephrons in different developmental
stages, mesenchymal cells and fibrocytes of the capsula fi-
brosa. First, small capillaries accompanying the S-shaped
bodies and vessel-like structures were found [requently.
This tissue was used in order (o establish an organolypic
culture system for the mvestigation of renal endothelial
development in vitro. In the present study, the influence
of aldosterone, vitamin D3 and vascular endothelial
growth factor (VEGF) on endothelial cells in organotypic
renal cultures was investigated comparing conventional
and perfusion cell culture techniques.

Materials and methods

Tissee prepuration

Mewborn New Zealand rabbits anesthetized with dicthylether
{Merck, Darmstadt/Germany), were killed by cervical distocation,
and the kidneys were removed immediately. Subsequently. tissue
plants were prepared by stnipping off the capsuls fibrosa with o
pair of sterile Torceps Trom freshly sectioned Kidney pieces, The
explants were washed several times in sterile culture medium
(IMDM, 25 my Hepes, 100 1LV ml penicilling 100 pefml strepto-
mycin, Gibeo-BRL Life Technologics, Eggenstein/Germany) be-
fore being mounted in a set of holding rings { Minucells and Minu-
tissue, Bad Abbach/Germany, [23]). All mounted explants were
cultured for 24 h under conventional stationary conditions [ Her-
aeus incubator: 37°C, 95% air/d%% CO5 atmosphere) in 24-well
culture plutes (Becton Dickinson, Hewdelberg/Germany) using the
serum-free culture medium described above, Following this pre-
culture, one part of the mounted explants was transferred o a
perfusion container {Minucells and Minutissue) for prolonged cuol-
ture under permanent perfusion (Fig. 1). Using conventional roll-
er pump equipment (Ismatec, Werthein'Germany) the cultures
were perfused with a constant speed of | mlth, The containers
were placed on a warming plate (Medax, Kiel/Germany) at 37°C.
Supply medium and used medium were stored at 4°C, Through-
out the culture period of 14 days only. serum-frec medium was

&

Fig. 1. Perfusion culture contminer. Following preparation, renal
cxplants were mounted in a s¢t of holding rings, The rings are
transferred with a pair of stérile forceps 1o a perfusion container
filled with culture medivm. After one day of conventional station-
ary culture, explants were cultured for 13 days under permanent
medium perfusion; flow rate: 1 mlfh, —The inset symbolically
shows o perfusion culture container. In the following figures this
symbal will indicate the usage of the perfusion culture, Tissue
held under stationary conditions is marked by an éver showing a
conventional culture dish.

wsed, Cultured explants were frozen and stored in liquid nitrogen
prior o further analysis,

Medseem supplements; Some experiments were run with medium
supplements. Aldosterone (13 107 M, Aldocorten, Ciba-Geigy,
Rasel/Switzerland) was used in combination with 1,25 hvdroxyvi-
tamin D3 (1 x 107" M, Biomol, Hamburg'Germany). VEGF was
applied in a concentration of 5 ng/mil

Light microscopical fechnigues

Cryosections (8 pm) of froren neonatal rabbit Kidnevs and renal
explints were cut by means of o cryomicrotome (Microm, Heidel-
berg/Germany ). For antigen detection by indireat immunofluores-
cence, the sections were Oxed in 100% wce-cold ethanol {Merck)
for 10 min, washed in phosphate-buifered saline (PBS, pH 7.2
and incubated with blocking bulfer (PBS, pH 7.2, 1% bovine sc
rum albumin, BSA; Sigma, Deisenholen/Germany; 18 horse se-
rum, Boehringer, Mannheim/Germany) for 30 min. Aflter o W min
incubation with undiluted culture supernatants containing prima
ry antibodies, the sections were washed and incubated for another
45 min with detecting antisera (donkey anti-mouse lg-Mluorescein
isothiocyanate (FITC), 10400, Dianova, Hamburg/Germany) i
luted in PBS. pH 7.2, 1% BSA. Finally, the scctions werne washed
and embedded in FITC-Guard {Testoe, Chicago, [L/ISA) and
examined with an Axiovert 35 microscope (feiss. Oberkochen/
Germany) or a confocal laser scan microscope (MREC 500 with
BHS-filter. Bio-Rad, Munich/Germany; in combination with a
Zeiss IM 35 microscope). Results were documented using Agla
PAN 25 film materal
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For antigen detection by the immunoperoxidase method, a
modified procedure deseribed by Kujat et ol [17] was applied,
Crvosections were fixed following a two-siep fixation protocol.
First the sections were incubated for 30s in a solution of 4.2%
paraformaldehyde (Merck), 16% picric acid (Fluka, Buchs/Swit-
gerland), 0.002% cobalt chloride and 0.1% glutaraldehyde (Serva,
Heidelberg/Germany) in PBS, pH 7.2, Subsequently, the sections
were immersed for 15 min in a solution which included all the re-
agents listed above except gluotaraldehyde. Following o washing
step (0.1 M Tris-[hydroxymethyl|-aminomethan,  Sigma; 0.8%
WaCl, 0.002% Triton X-106), Pierce, Rocklord, IL/USA; pH 7.4)
the samples were blocked by incubation in 0.1 M Tris-buffer.
pH 7.4, 25% fetal calf scrum, 1'% MaCl, 1% Triton X-100 for
45 min. Primary antibodies {undiluted culiure supernatants) were
applicd overnight. Biotin-5P conjugated donkey anti-mouse g
{Dianova) was diluted L6400 in blocking solution prior to applica-
tien. Then the sections were washed and incubated for 30 min in
phenvlhvdrazine  solution  {(Sigma)  including 00006%  H.O.
(Merck) in onder to block endogenous peroxidases. After that an
ABC-detection complex was applied according to the manufactur-
er's instructions {Vectastain, Vector, Burlingame, CA/USA). The
enzyme reaction was started by adding the substrale solution
(0.5 mg/ml diaminobenzidine, (.1 M Tris, pH 7.4, 0.002% cobalt
chloride, 0.04% nickel chloride, D012% Ha:O:) and stopped by
rinsing in wash buffer. The sections were dehydrated in o graded
ethanol =eries and by a final incubation for 10 min in xvlol
(Morck). Finally, the sections were embedded in DePeX (Ser-
V).

Provtieerion of endodheliemespecific moneclonal antibeodies

The production and characterization of the monoclonal antibody
EnPo | (mouse antibody, 1gG,) has been described in detail by
Kloth ot al. [14]. The amtibody ECT was rased following the samé
protocol by immunizing BALB/c mice with kidney homogenate.
Rabbit kidneys were homogenized in Tris-bufler ((LO1 M Tris-[hy-
droxymethyl]-aminomethan, (0L15M NaCl, 9x10 "M EDTA,
1210~ M lewpeptin, 1210 M phenylmethansulfony| Muoride;
Sigmia) with a Potter homogenizer (130 rpm, 5 min). The homo-
genate was diluted 1:2 with complete Freund's adjuvant and wsed
for intraperitoncal immunization. Following two further hoosts,
the fusion of spleen and myveloma cells (clone: x63 AgB.653) was
carried oul as described by Kobler and Milstein [16). Antibody-
producing fusion products were cloned by hmiting dilution. For
sereening. kidney orvosections were used with the indirect immu-
noflusrescence method as explained above, Hybridoma cells were
cultured in RPMI 1640 supplemented with 1077 M 2-mercapto-
ethanol and 10% fetal calf serum at 37°C in a Heracus incubator
(humid 5% CO-M5% air atmosphere). ECL is an antibody of the
laGiy class with kappa light chains as determined by means of o
commercial isotyping kit (Holland Biotechnology, LeidenThe
Metherlands).

Resulis

Characterization of the monoclonal antibedy ECH

For the investigation of renal vascular development two
different endothelium-specific antibodies were raised.
Commercially available anti-Factor 8 antibodies, useful
tools for the detection of vascular elements in human and
bovine tissue, were not suitable in the rabbit system due
to unspecific cross-reactions with other lissue components,
The detailed characterization of the newly developed
monoclonal antibody EnPo 1 has been described earlier

Tab. L. Reaction pattern of ECL and EnFo 1 within different
rabbit organs.
Organ  Call typa EC1 EnPo 1
Brain centinuous endothelium of large vessels L
fenestrated endothelium of Plexus choroideus + + + 4
Kidngy  largo vessels Lk
small vessels + + 4
afferent and efferant arterolos b+ ++
glomerular endotheliam + + + o+
podocytes - ey
devaloping vasculature in the oular cores + 4 + 4
developing podocyies of the S-shaped body - + &
Lives large vassaks + + +
sinusoids + +
cantral veins ++ +
small vessels surraunding bile ducts + + + o+
Lumg artaries and veins, all sizes o
capillaries 3 +4
Muscle large vessols + 4 +
small vessels and capillaries + + + 4
Small large vessels b+ .
imtestine small vessels and capillaries + + 4
Spleen  trabecula and central vessels b+ b v
small vessels and capillaries + 4+ + -

+; Weoak roaction, — 4 <+ Claar laboling.=— + + +; Infensive labaling, — —:
Mo reaction, Both antibodies are of the IgG, subclass with kappa light
chalns.

Fig. 2. Reaction pattern of the monoclonal antibodics ECL and
EnPo |.—a. ECI is specific for endothelial cells. Within the neo-
natal rabbit kidney ECI labeled large arcuate arteries (arrow) and
veins (V) with the same intensity as it did small vessels surround-
ing proximal tubules (grrowheads) and developing capillarics just
beneath the capsula fibrosa (CF).—b. First small capillaries abun-
dant within the S-shaped bodies (N} were intensively marked by
EC1, while podocvte precursor cells (arvewfieads) remain unla-
beled, Capillarics found within the S-shaped bodies were con-
nected with the differentinted vasculoture (arrew) as well as with
vessel-like structures protruding towards the capsula fibrosa (CF).
These vessel-like structures were abundant within tissue regions
which had been described previously as being avascular.—e. The
ECT lubeling of developing capillaries in the outermost corex
showed a charactenistic pattern which was found in all cortico-
medullary sections of the neomatal kidney, Capillaries (arrowes
heaely)y are oriented parallel o the capsula fbrosa (CF). Small ves-
sgl-like structures were found protruding like branches from these
parallel-oriented bands, —d. This ligure represents a projection of
10 optical sections gained by lnser scunning microscopy. The mono-
clonal antibody EnPo | showed a different labeling pattern than
ECI. Besides intensively marked small vessel-like structures with-
in the outermost cortex region (arrowhead ) EnPo | reacted with a
distinct subpopulution of mesenchymal cells {asterisk). Only the
mesenchyme surrounding the tip of the collecting duct ampulla
(A was positive for EnPo 1. Labeled mesenchymal cell isleis
were in contact with capillary-like structures which were con-
neeted with more differentiated vasculature (errow), —CF Capsu-
la fibrosa.— 50x (a). 300x (b), 150x (e}, 500x (d}).
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[14]. EnPo 1 showed a strong reactivity with small capillar
ies and renal podocyies. while the endothelium of large
vessels was only weakly labeled in rabbit renal tissue
(Tab. I). The EnPo | antigen was also expressed by podo-
cyte precursor cells located in the lower cleft of the S-
shaped body, In order o discriminate between endothe-
lum and podocytes, another monoclonal antibody was
produced exhibiting exclusive specificity for endothelial
cells. ECL reacted with vessels throughout all the rabbit

organs tested (Tab. 1). Large and small vessels as well as
arteries and veins were labeled with the same intensity
(Fig. 2a). Up o now the EC] antigen has been detected in
rabbit tissue only,

Within the outer cortex region of neonatal rabbit kid-
neys ECI reacted with the small capillaries surrounding
the S-shaped bodies and vessel-like structures protruding
towards the capsula fibrosa (Fig. 2b). MNeither mesenchy-
mal cells nor podocytes were labeled with EC1. A surpris-

pre CF
.. :-:' r;t:l“'
T
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ingly high degree of regular spatial organization of endo-
thelial cells was observed within this tissue zone. In tan-
gential sections through the renal cortex corticis endothe-
lial cells arranged in a honeyveomb-like structure could be
demonstrated (Fig. 3). These webs were detectable by
both antibodies but exclusively within the developing tis-
sue region,

Comparison of conventional and perfusion cell culture
technigues under serum-free conditions

The developmentally active zone of the neonatal rabbit
kidney could be prepared easily by stripping off the capsu-
la fibrosa [22]. In culture, cells of the collecting duct am-
pullae will grow out, forming a closed collecting duct epi-
thelium on top of the renal explant. All tissue components
are enclosed by the collecting duct epithelium on one side
and the capsula fibrosa on the other side. In order to en-
sure a proper and reproducible orientation of the explants
only sections showing both epithelium and capsula fibrosa
were analyzed. The combination of EC1 and EnPo 1 for
the detection of endothelial cells and podocytes in renal
tissue explants allowed us to investigate changes induced
in both cell populations during prolonged serum-free cul-
ture,

Renal tissue explanis were cultured under serum-free
conditions using conventional culture plates as well as per-
fusion culture equipment (Fig. 1) [23]. A comparison of
tissue maintenance using morphological criteria revealed
poar preservation of all tissue components in explants cul-
tured under stationary conditions for 14 days without me-
dium supplements (Figs. 4a, b). Only few intact tubular
structures were found. In general, the cells showed irregu-
lar shapes with pyenotic nuclei, giving the impression of
widely disintegrated tissue. Within the perfused explants
tissue maintenance was greatly improved (Figs. 4e, d): be-
tween the well developed collecting duct epithelium and
the capsula fibrosa a matrix of regularly shaped cells was
present. Only a few cells with condensed, pyenotic nuclei
were seen. Intact tubular structures were observed [re-
quenily. The antibodies EnPo | and EC1 were used to
identify endothelial cells and podocytes within the ex-
plants. Following stationary culture, only diffusely labeled
cell clusters were detectable by EC1 (Fig. 4a). EnPo 1-po-
sitive clusters were densely labeled (Fig, 4h). It should be
emphasized that endothelial cells expressing the EnPo |
antigen were scarce in these explants. There was no colo-
calization of EnPo 1-positive clusters and EC1 labeling in
consecutive cryosections, Thus, only podocyles were de-
tected by EnPo 1. EnPo 1 antigen expression by the endo-
thelium seems to be severely disturbed under stationary
culture conditions. The EC1 antigen was detectable, but
the endothelial cells had lost their spatial organization,
The orderly arrangement of labeled cells as observed in
neonatal kidneys (Figs, 2, 3) and freshly prepared explants
was completely destroved under stationary culture.

In explants continuously perfused with fresh medium
for 13 days, large, intensively labeled arcas were detect-
able by EC1 (Fig. dc). These arcas were arranged parallel
to the capsula fibrosa forming a broad streak of positive

cells. Single cell clusters which did not colocalize with
ECl-positive cells were observed following the applica-
tion of EnFo 1. Broad streaks of cells colocalizing with
ECI-positive areas were only weakly labeled by EnPo 1.
These results indicate that under perfusion without any
medium supplements EnPo 1 antigen was expressed in
large amounts by the podocytes only. Nevertheless, tissue
preservation as well as EC1 antigen expression were
markedly improved within perfused lissue, ECIl-labeled
cells were arranged in continuous streaks which were not
detectable in stationary cultured tissues.

Compariseon of conventional and perfusion cell cultiere
tecliigues using medinm supplemented with hovmones

In further experiments culture medium was supplemented
with a hormone combination of aldosterone and 1.25-hy-
droxyvitamin D3, In stationary cultures, hormone admin-
istration resulted m o remarkable improvement in tissue
preservation (Figs. 3a, b), Tubular structures were found
frequently, and the main part of the surrounding tissue did
not show the high degree of disintegration observed in ex-
plants cultured without any supplements (Figs.da, b).
ECI-labeled cells were arranged in streaks running paral-
lel and perpendicular to the capsula fibrosa. When consec-
utive sections were analyzed some cells of these streaks
showed weak EnPo 1 labeling. ECl-negative areas of po-
docyte clusters were strongly reactive with EnPo |
{Fig. 5b).

Perfused renal explanis supplied with the hormone
combination showed excellent tissue preservation mani-
fested by numerous tubular structures embedded in a
well-preserved cellular lattice (Figs. 5e, d). Streaks of
EC1-positive cells were found running parallel to the cap-
sula fibrosa. Branches growing out from these streaks and
towards the former organ capsule were numerous
{Fig. 5c). These streaks were also positive for EnPo |
(Fig. 5d). but the EnPo | antigen is expressed more weak-
ly under culture conditions than in undisturbed tissue
(Fig. 2d). However, the arrangement of cell streaks and
branches expressing endothelial antigens was a coarse
image of the in vivo situation (Fig. 2¢). In culture, the

Fig. 3. Tangential sections through the corex corticis of neona-
tal rabbit kidney.—am, b. In tangential cryosections of the outer-
most renal cortex both antibodies reveal a honeycomb-like label-
ing pattern. Developing capillaries build a highly organized net-
work closely beneath the capsula fibrosa, —e This network con-
sists of spindle-shaped cells as demonstrated in phase-contrast
images (@ and ¢ show the same section).—d. Tangentially cut ox-
plants cultured in the presence of aldosterone and vitamin D3 un-
der permanent perfusion showed the same labeling patern. ECL-
positive cells forming a highly organized network are found in
perfused, hormone-treated tissue only, —300x {a=¢), 200 x (d}.
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small vessel-like structures growing towards the capsula fi-
brosa (Fig. 2¢) have expanded forming broad branches of
ECUEnPo l-positive cells, In tangential sections cut
through the outermost cortex zone of the kidney, highly
organized endothelial cell webs could be demonstrated by
EnPo 1 and ECI1 labeling (Figs. 3a, b). Within the explant
sections well-preserved endothelial webs were found ex-
clusively in hormone-treated, perfused tissue (Fig. 3d).

The combination of the perfusion technique and hor-
mone application led 10 a clear-cut improvement in tissue
preservation and antigen expression. Furthermore, the or-
derly arrangement of tissue components was maintained
only by the interaction of an improved culture technique
and hormone stimulus.

Development of endothelial struciures in renal explants
perfused with VEGF

VEGF is the only known growth factor exhibiting growth-
promoting activity exclusively for endothelial cells [3, 29].
The application of VEGF on renal explants kept under
perfusion culture resulted in the formation of broad ECIL-
positive streaks running parallel to the former organ cap-
sule (Fig. 6a). ECl-labeled cell rows arborizing from these
streaks extended towards the capsula fibrosa. EnPo |
labeling was not detectable on cells labeled by ECI
(Fig. 6b). The owverall tissue preservation was excellent.
VEGF application alone did not result in an arrangement
of endothelial cells similar to that in the in vivo situation,
but the growth-promoting effect which was observed fol-
lowing aldosterone and vitamin D3 administration was
achieved as well. Tissue treated with a combination of
VEGF, aldosterone and vitamin D3 under perfusion cul-
ture condition showed honevcomb-like structures as well
as cell streaks and branches which seem to be broader
than with VEGF alone (Figs. 6c, d).

Discossion

The maintenance of morphological characteristics, cell
viability and proliferative activity are parameters widely
used in determining the success of a cell culture method
[1. 2, 4, 28]. The comparison of tissue kept in stationary
culture with perfused renal explants revealed profound
differences with respect to marphological and immunohis-
tological criteria. Perfused explants showed a remarkably
high degree of tissue preservation, while conventionally
cultured explants exhibited only poorly preserved cell and
organ structures. [t should be emphasized that serum sup-
plements were used neither for explant preparation nor
during the culture period of 14 days. Thus, improved tis-
sue maintenance was achieved by a constant supply with
fresh medium and the continuous drainage of metabolites,

It is a well known fact that primary cell cultures show a
high tendency of dedifferentiation [7-9], Molecules ex-
pressed in considerable amounts by cells of an intact tis-
sue are down-regulated following artificial tissue disinte-
gration, while others not present in vivo appear under cul-

ture. Thus the expression of characteristic marker mole-
cules which can be modulated by environmental factors is
another eriterium for optimized culture conditions. In this
studv, two moenoclonal antibodies were used which
reacted strongly with rabbit endothelial cells (Tab. 1). EC1
showed exclusive specificity for endothelial cells, while
EnPo | served as a marker for endothelial cells and podo-
cytes [14]. Broad streaks of ECl-antigen-expressing cells
were observed following perfusion culture. Due to the or-
panized arrangement of these streaks in explants perfused
with hormone-supplemented medium, it is assumed that
these structures developed by proliferation from small
capillaries and ECI/EnPo 1-positive cell rows found in the
outermost kidney cortex. The high degree of spatial endo-
thelial organization observed in vivo was maintained only
when hormones and perfusion culture were applied in
combination. Permanent medium exchange proved to be a
prerequisite for excellent tissue preservation under pro-
longed serum-free culture, In explants kept under station-
ary culture conditions without hormone application,
neither a comparable tissue organization nor a high ECI
antigen expression was observed, These samples revealed
only scattered ECI labeling. This might be due rather 10
the advanced tssue disintegration than to antigen down-
regulation.

The EnPo 1 antigen is expressed in the highest amounts
by podocytes and small vessels of the kidney. Within con-
ventionally cultured renal explants which were not treated
with hormone, only podocytes but not endothelial cells
rcacted with EnPo 1. While in experiments without hor-
mone administration it is not clear whether this is due o
tissue disintegration, hormone-treated but not perfused
material clearly showed that a down-regulation of the an-
tigen took place under culiure, This effect could be re-
versed 10 some extent by the combination of medium per-
fusion and hormone application. Thus, we could demon-
strate an improved tissue preservation in perfused ex-
plants with respect to morphological criteria as well as the
maintenance of antigenicity.

Fig. 4. Renal explants cultured for 14 days without medium sup-
plements.— a, b Consecutive scetions of a tissue explant cultured
for 14 davs under conventional stationary conditions. Tissue pre-
servation of these explants is poor, The capsula fibrosa is hardiy
detectable, no single cells can be distinguished, and no tubular
structures are preserved. —a. Some clusters of scattered cells were
detected by ECl.—b. EnPo | intensively labeled some dense ar-
cas but no vessel-like structures, —e, d. Using the perfusion cul-
ture lechnique much better tissue preservation is achieved. No
medium additives have been used, but intensive immunostaining
can be observed between the capsula fibrosa (CF) and a well de-
veloped epithelium (E).—e ECl-positive cells are organized in
broad streaks, —d. Analysis of consecutive lissue Seclions re-
vealed that ECl-positive bands are only weakly labeled by
EnPo 1 (arrow), while dark EnPo l-marked cell clusters are com-
pletely negative for EC1 (asterisk in e).—200% {a, b). 3002 (g
.
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MNumerous factors influencing renal vascular develop-
ment have been described in recent years [13, 32, 34, 38].
Growth and migration-promoting factors as well as com-
ponents of the extracellular matrix [6, 10, 36, 39] are
thought to be involved in the highly coordinated process
of renal organogenesis. Besides making a detailed analysis
of the in vivo situation possible, different cell culture ap-
proaches have been of excellent use in ¢lucidating parts of
this complex process in the past. We have established a
tissue culture model which allows the investigation of de-
velopmental processes under controlled culture condi-
tions. First we were interested whether the high degree of
lissue organization within renal cortex explants can be
maintained under in vitro conditions by the application of
defined growth and differentiation factors.

Aldosterone has been reported to stimulate the Na/K-
ATPase activity [18, 21, 25], while vitamin D is known as a
differentiation factor. The stimulating activity of aldoste-
rone markedly influences the differentiation of collecting
duct epithelial cells [24]. Thus, we were interested 1o know
whether endothelial cells were also sensitive to aldoste-
rone treatment. Vitamin D3 was added in order to stimu-
late endothehal cell proliferation and differentiation. Un-
der conventional culiure conditions betler lissue preserva-
tion was achieved following the application of this hor-
mone combination, although no great degree of endothe-
lial tissue organization was maintained. Utilization of the
perfusion culture technique in conjunction with hormone
administration resulted in the maintenance of a coarse
image of the endothelial tissue organization observed in
VIVO.

However, both hormones are known to interact with a
variety of different cell types. In the case of aldosterone,
unspecific stimulating effects have been reported [19].
Therefore, the experiments were repeated administering
VEGF, a peptide which exclusively promotes endothelial
cell growth [3, 4, 29]. While tissue integrity and antigenici-

Fig. 5. Renal explants cultured in the presence of aldosterone
and vitamin D3.—a, b, Hormone application {aldosterone;
1077 M, 1.25 hydroxyvitamin D3; 10" M) supported lissue pre-
servation under stationary culture conditions. Between the capsu-
I fibrosa (CF) and developed epithelium (E) some tubules (N)
can be observed, —a. Cell clusters labeled by ECI did not show
the extreme disintegration which has been observed under sta-
tionary culture without hormone supplements.—h. The EnPo |
antigen expression is mainly restricted 1o large, darkly labeled cell
clusters which do not colocalize with ECl-marked structures in
consecutive sections.—e, . A combination of the perfusion cell
culture technique and the application of aldosterone in conjunc-
tion with vitamin I3 resulted in an endothelial organization
which is a coarse image of the in vivo situation. Bands of labeled
cells running parallel to the capsula fibrosa (CF) and epithelium
(E) were detectable with both antibodies. Furthermore, marked
branches were found protruding towards the surface of the tissue
explant. Well-preserved tubules (open arrews) are numerous. —d.
Large dark clusters of positive cells were found in EnPo 1-labeled
tissue only. These structures were negative for ECL—200x,

ty were well-preserved in these cultures, the high degree
of endothelial cell organization observed in vivo and in
aldosterone/vitamin D3-treated cultures was not achieved.
We have to conclude that endothelial cell growth promo-
tion by itself did not result in the expression and mamnte-
nance of a well-developed endothelial network. Further-
mare, it remains subject to further investigation whether a
direct steraid stimulus on the differentiating endothelium
leads to the results described above. 1t is thinkable that
other cell populations abundant in our organotypic cul-
ture system might be triggered by the applied hormones 1o
produce factors responsible for the maintenance of endo-
thelial tissue organization. Recently, it has been reported
that the development of colleeting duct epithelium in vitro
is considerably affected by aldosterone application [24].
The interaction of the collecting duct ampullae with the
surrounding mesenchymal cells leads to the coordinated
development of nephrons and the collecting duct system
(reviewed in [35]). Whether the inductive process might
also participate in the development of the renal vascular
network is not clear. The in vitro system presented in this
study appears 1o be an appropriate tool for the detailed
analysis of growth and differentiation factors involved in
the developmental processes taking place within the neo-
natal kidney cortex.
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