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Renal epithelia in long term gradient culture
for biomaterial testing and tissue engineering
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Abstract. In the organism epithelia perform perfect barrier functions. Strong rheological and mechanical influences constitute
the normal environment of this tissue throughout life. Most epithelia are exposed to ditferent fluids at the luminal and basal sides.
To obtain realistic information about tissue development in modern biomaterial testing and tissue engineering it is necessary
to mimik the natural environment of epithelia. Cultured cells are brought in contact with an antificial extracellular matrix to
determine whether proper development into a functional epithelium occurs. As under natural conditions the cultures have to
withstand mechanical and fluid stress over a prolonged period of time in close contact to a selected biomaterial. However,
development of tissue-specific features such as polarization. tightness and transport under in vitre conditions will only occur, if
the biomaterial and the culture conditions supponi tissue development. Leakage, edge damage and pressure differences during
culture have to be avoided so that the natural functions of the growing epithelium can develop. Our aim is to generate functional
epithelia derived from renal explants containing stem cells. which are microsurgically isolated and placed into specific O-ring
carriers for optimal handling. The cells develop in combination with a collagenous matrix from an embryonic into a functional
collecting duct (rCD) epithelium. To achieve optimal culture conditions the tissue is placed in a gradient culture container,
A typical environment can be simulated by superfusing different culture media at the luminal and basal sides. Within days
epithelia growing inside the gradient container build up a physiological barrier, which is maintained during the whole culture
period. The described method allows to investigate the influence of new biomaterials over prolonged periods of time.
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1. Introduction

The generation of perfect skin equivalents [1,2] vascular grafts [3.4,6], insulin producing orga-
noids [3,71, liver [8,9], renal tubular [10,11], urothelial [12], esophageal [13] or tracheal [14] constructs
is a challenge for biomaterial research and tissue engineering. For all these projects it is important that
the different kinds of epithelial tissues exhibit the necessary degree of functionality and a close struc-
tural association to the biomaterials used as artificial extracellular matrix. Many questions concerning
tissue development in combination with biomaterials can not be answered yet. Consequently, we have to
study under realistic in vitro conditions how epithelial cells attach tightly to artificial matrices and form
functional barriers under fluid or mechanical stress over prolonged periods of time.

In the focus of our interest is the mechanism leading to the transition from an embryonic into a func-
tional renal epithelium and how this transition is influenced by biomaterials. As a model system we use
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a defined renal collecting duct (rCD) epithelium derived from tissue explants that contain stem cells of
neonatal rabbit kidney in combination with advanced perfusion culture techniques.

The basis for our method of tissue generation and biomaterial testing are O-ring carriers. Most bio-
materials such as textiles, filters, foils or natural collagenous materials can be placed into these tissue
carriers as an artificial matrix or basement membrane substitute [15]. Then explants from the cortex of
neonatal kidney are brought in contact with the selected biomaterial. To adapt the culture conditions as
closely as possible to the situation within the kidney, we establish a tissue-specific environment for ep-
ithelia using tissue carriers that are placed in gradient culture containers [16]. The epithelia on the tissue
carrier separate it into a luminal and a basal compartment. Each of the compartments can be continu-
ously perfused with fresh medium. However, it is often found that the barrier function of the epithelium
is not fully developed or breaks during the long term culture period. Therefore the challenge in gradi-
ent perfusion culture experiments is to maintain a functional epithelium which presents a physiclogical
barrier separating the luminal from the basal compartment.

In the present paper we would like to demonstrate how to overcome difficulties performing long
term gradient culture experiments with advanced techniques. To minimize the occurrence of harmful
gas bubbles media were transported through specific tubings and newly developed bottle closures. To
avoid pressure differences in the gradient culture container a new gas expander module was introduced,
which is able to separate gas bubbles from the liquid phase without affecting the content of oxygen in
the culture medium. We monitored the development of embryonic CD epithelia cultured in a gradient
container for 14 days by immunchistochemical methods.

2. Materials and methods
2.1. Isolation of tissue

Generation of embryonic renal collecting duct (rCD) epithelia was performed by isolating cortical
explants from the kidneys of newborn New Zealand rabbits according to methods described earlier [17].
The explants consisted of a piece of stripped off capsula fibrosa with adherent collecting duct ampul-
lae (renal epithelial stem cells), S-shaped bodies and nephrogenic blastema (renal mesenchymal stem
cells), which were mounted on tissue carriers (Fig. 1b; Minucells and Minutissue, Bad Abbach, Ger-
many — www.minucells.de). For multiplication of cells the carriers were placed in a 24-well plate in
a CO;-incubator (5% CQ01/95% air) for 24 hours. During culture of the explants in Iscove’s modified
Dulbecco’s medium (IMDM; Gibco BRL Life Technologies, Eggenstein, Germany) including 10% fetal
bovine serum (Boehringer, Mannheim, Germany) an outgrowth of cells from the collecting duct ampul-
lae was observed. Within 24 hours the entire surface of the explant (6 mm in diameter) was covered by
a monolayer of polarized renal collecting duct (rCD} epithelium. Only for this limited period of time
medium containing fetal bovine serum was applied.

2.2. Gradient perfusion culture

24 hours after initiation of the culture the tissue carriers (Fig. 1b) were placed in gradient containers
(Fig. 2), which allow culture of epithelia in a fluid gradient so that a tissue-specific environment can be
simulated (Minucells and Minutissue). A tissue carrier with the developed tissue separated the container
into a luminal and a basal compartment (Fig. 2a). On both sides of the epithelium either the same medium
or media of different composition could be perfused. The culture system was used on a laboratory table
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physiological range into the alkaline range. For that reason medium used outside a CO;-incubator had to
be stabilized by reducing the NaHCO; content and/or by adding HEPES or a different biological buffer
such as Buffer All (Sigma-Aldrich-Chemie, Deisenhofen, Germany). The equilibration for a constant
pH under room atmosphere was performed using a 24-well culture plate. 1| ml of culture medium was
pipetted into each well. Then an increasing concentration of 10 to 50 mmol/l HEPES was added to each
of the wells. For the following 24 hours the culture plate was incubated on a thermo plate at 37°C un-
der room atmosphere. After equilibration the pH in each well was measured with a Stat Profile 9 Plus
analyzer (Nova Biomedical, Rédermark, Germany). The HEPES concentration that yielded a pH be-
tween 7.2 and 7.4 under room atmosphere could easily be determined. To obtain optimal equilibration
of pH, O; and CO; in perfusion cultures the media were transported through 1 mm inner diameter and
gas-permeable silicone tubes, which allowed continuous exchange of atmospheric gases.

2.7. Physiological parameters

Metabolic activity of the cells was monitored by analyzing the superfused culture medium. Media
parameters such as pH, pCO,, pO;, osmolarity, lactate and electrolyte concentrations of Nat, K+, CI-
and Ca?* were determined in undiluted 200 {11 samples of the culture medium (Fig. 6). Through a T-
connection in the tubing, samples were analyzed in a Stat Profile 9 Plus analyzer according to the man-
ufacturer’s instructions (Nova Biomedical}. Solutions with defined electrolyte concentrations served as
controls. Specimens of medium were collected in the luminal and basal compartment, before and after
the medium had passed through the container.

2.8. Search for barrier leaks in the epithelia during culture

The tissue carriers separated the gradient culture container into a luminal and a basal compartment
(Fig. 2a). To detect unphysiological leaks in tissue the luminal compartment was perfused with IMDM
containing phenol red (order # 21980-032; Gibco BRL-Life Technologies). At the basal side IMDM
without phenol red (order # 21056-023; Gibco BRL-Life Technologies) was applied. Traces of red color
within the clear medium showed unphysiclogical leakage of the epithelia. Thus, only experiments that
maintained a perfect separation of red and clear media in the waste were declared successful and used
for evaluation.

Control for barrier leaks was further performed by electrolyte measurement with an analyzer (Nova
Biomedical, Fig. 6). Medium specimens were collected just before and after the medium had passed the
luminal and basal compartment of the gradient container. Since in the present experiments the luminal
medium contained more Nat or CI™ than the culture medium at the basal side the stability of the gra-
dient could be controlled by comparing the Na™ or CI~ concentrations and the difference in osmolarity
between the luminal and basal compartment.

2.9. Registration of temperature

During long term cultures temperature had to be maintained at a constant level. Temperature was
controlled by 2 thermoresistors (Conrad Electronics), one of which was mounted on the surface of the
thermo plate, while the other was integrated into a reference culture container. Both temperatures were
continuously logged by a personal computer.



W.W. Minuth et al. / Renal epithelia in long term gradient culture 57
2.10. Perfusion rate

During the 14 days culture period it was important to control the amount of medium transported
from the storage to the waste bottles. Since it was impossible to find autoclavable sensors to register
low perfusion rates at the level of 1 ml/h an electronic balance was used. Measuring the increase in
amount/weight of medium over time in the waste bottles an exact registration of individual perfusion
rates became possible.

2.11. Detection of cellular differentiation

During culture the embryonic cells developed features of adult epithelial tissue. To register the pri-
mary appearance of individual collecting duct cell characteristics we used a set of markers reacting
specifically in adult renal tissue. A monoclonal antibody against Na/K ATPase developed by D.M. Fam-
brough was obtained from the Developmental Studies Hybridoma Bank maintained by the University of
lowa, Department of Biological Sciences, lowa City, 1A 52242, under contract NO1-HD-7-3263 from
the NICHD. Mab 703 recognizes 40, 48, 51, 60 and 99 kDa proteins on P cells identified on adult cui-
tured renal collecting duct cells [19]. The antibody was kindly provided by Dr. M. Tauc, Department of
Cellular and Molecular Physiology, University of Nice, France. Mab anti-cytokeratin 19 was produced
in the laboratory of Prof. Dr. R. Moll, Marburg, Germany. Antibodies recognizing COX 1 and 2 were
obtained from Santa Cruz Biotechnology, California, USA [20].

For the light microscopical assessment of cell development and immunohistochemical detection of
collecting duct proteins 7 pm cryosections of the tissue were prepared using a Cryostat HM 500 (Mi-
crom, Walldorf, Germany}. Immunolabelling was started by fixing the cryosections for 10 minutes in
ice-cold ethanol as described earlier [21]. Following several washing steps with phosphate buffered
saline (PBS, pH 7.2} the sections were incubated with a blocking solution (PBS) containing 10% horse
serum and [% bovine serum albumin (BSA) for 30 min. The primary antibodies {each diluted 1 : 100 in
blocking buffer) were incubated for 1.5 h. Following several washes with PBS containing 1% BSA the
sections were treated for 45 minutes with a donkey-anti-lgG-fluorescein-isothiocyanate (FITC) - con-
jugated secondary antibody (Jackson Immunoresearch Laboratories, West Grove, USA) diluted 1:200
in blocking buffer. Following several washes in PBS the sections were embedded in Slow Fade Light
Antifade Kit (Molecular Probes, Oregon, USA) and examined using an Axiovert 35 microscope (Zeiss,
Oberkochen, Germany).

2.12. Evaluation

In total more than 30 epithelia were examined in gradient culture experiments for the present inves-
tigation. To obtain an objective result each treatment was repeated at least three times. More than 5
epithelia were analyzed per experimental series. A minimum of 50 vertical cryosections per individual
group was examined. In the text and figures the mean numbers of labeled cells as compared to unlabeled
cells within the epithelium is given.

3. Results and discussion
3.1. Challenge

Gradient culture of epithelia for periods of time is urgendly needed in modemn biomaterial research.
However, the barrier function is frequently developed only to a minor degree or even lost. Major obsta-
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Fig. 5. Schematic illustration of possible loss of barrier function in epithelia cultured in a gradient container. (a) Epithelial leaks
appear when the epithelium is not able to seal the paracellular shunt. (b) Edge damage occurs at sites where living cell come
in contact with a polymer material. (c) Schematic illustration of liquid pressure differences, which may cause tissue damage
in a gradient culture container. No tissue damage will occur when pressure is identical at the luminal and hasal side of the
gradient culture container {Ap = 0). In contrast, a small gas buhble (small black dot) at the outlet of the luminal compartment
will increase the pressure in the luminal compartment resulting in an extension of the tissue towards the basal side (arrow,
Ap > 0). When the gas bubble increases (big black dot) in diameter an increase in pressure in the luminal compartment is
found {Ap > 0). The tissue can not withstand this pressure and is disrupted. Consequently the barrier function is lost.

cles are epithelial leaks (Fig. 5a). They arise if perfect confluency of the cells on the selected biomaterial
is not developed or if perfect sealing between neighboring cells is not present due to cell biological rea-
sons. Edge damage (Fig. 5b) leads to a loss of barrier function and is seen at sites where living cells and
suboptimal polymer materials come in contact [22]. Exept for epithelia contacting air all other epithelia
in our organism exhibit a barrier function, where they are exposed to different fluids at the luminal and
basal side. To mimic such a situation under in vitro conditions with primary cultures and in combination
with new biomaterials appears to be a simple task, but the experimental realization proves rather difficult.
First of all cultured epithelia have to withstand the superfusion of media and they have to maintain the
physiological barrier between the luminal and basal compartments in the culture container. Uncontrolled
mixing of the luminal and basal media must not occur.

3.2." Continuous supply of medium to epithelia

Gradient perfusion culture was performed outside a CO;-incubator on a laboratory table exposed
under room atmosphere (Fig. 4). A peristaltic pump transported the medium from the storage into the
waste bottle so that no recirculation occurred. This guaranteed constant nutrition and oxygen supply
including permanent elimination of harmful metabolic products.

During long term culture of epithelia in a gradient container we continuously controlled the physiolog-
ical environment (Fig. 6a,b). An individual example was taken before the basic culture medium IMDM
reached the container. A stable pH of 7.4 was found under room atmosphere air during perfusion cul-
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inlet outlet
IMDM . Na’ mmol/l 128,0 129,1
+ NacCl S mmolA 4,04 3,93
3 Ccr mmol/l 91,5 91,9
luminal Ca™ mmeolA 1,14 1,21
osmolarity mOsm 275 275
pH 7.4 7.4
pQ, mmHg 1917 1926
pCOQO, mmHg 10,3 6,2
glucose mg/dl 439 443
lactate mmeilA o o
phenol red + + @
— [
— ——t
IMDM Na* mmol/l 118,7 1179
basal K mmolA 3,86 3,97
cr mmol/l 78.8 80.4
Ca* mmolA 1,17 1,15
osmolarity mOsm 254 253
pH 7.4 7,4
PO, mmHg 190,8 191,66
PO, mmHg 11,9 6,9
giucose mg/d! 443 441
lactate mmolfl o} [¢]
phenol red - - ®
time
time

Fig. 6. Physiological parameters before (a) and behind (b) a gradient culture container. (c} and (d) Registration of gas bubbles
passing through a gradient culture container by a infrared (IR) gate sensor over a 96 hours peried. The frequency and size of
registered gas bubbles are indicated by black bars. It can be shown that the amount of gas bubbles is drastically decreased by the
use of newly developed bottle closures and a gas expander module (¢) as compared 1o controls without bubble elimination (d).

ture. As compared to a CO;-incubator a relatively low content of 11 mm Hg CO; was detectable because
of the low content of CO; (0.3%) in air. In contrast, a high amount of 190 mm Hg O, was measured
by equilibrating the media in silicone tubes during transport from the storage bottle to the container.
Since the epithelia were exposed to a luminal and basal fluid environment specimens of media were
collected from the luminal and basal medium before and after the container. The content of 440 mg/dl
glucose indicated that the exchange of culture medium is high enough so that a decline in glucose will
not limit aerobic physiological processes. Also an accumulation of lactate to unphysiological levels after
the container could not be observed. 1t shows that an harmful influence of this metabolite will not oc-
cur during the culture period because of its continuous elimination. This aspect is especially important,
when biodegradable biomaterials are used in the experiments.
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3.3. Functional barrier

To measure the maintenance of epithelia with an intact barrier function media containing phenol red
was applied at the luminal, while medium without phenol red was used at the basal side (Fig. 6a,b). Only
those epithelia were used for further experimentation which maintained the fluid gradient without mix-
ing luminal and basal fluids. Maintenance of a fluid gradient further could be controlled by comparison
between the Nat or C1~ content, respectively the osmolarity between the luminal and basal compart-
ment. The luminal culture medium consistently contained higher concentrations of NaCl and higher
osmolarity than the medium at the basal side. By this simple method the maintenance of the epithelial
barrier was monitored in combination with physiological parameters.

3.4. Elimination of gas bubbles

A perfect atmosphere for epithelia cultured in a gradient container is obtained when no pressure differ-
ence is present between the luminal and basal compartment (Fig. 5¢; Ap = 0). However, since oxygen-
rich media are used, gas bubbles within the tubing present a major problem for long term gradient perfu-
sion cultures. Gas saturated culture medium is transported by slowly rotating peristaltic pumps. During
this process gas separates from the liquid phase and randomly accumulates in the form of gas bubbles.
Their location and amount in the gradient culture container or within tubes with effluent culture medium
can not be predicted. The bubbles remain attached for some period of time and increase in diameter. Fi-
nally, having reached a certain size the air bubbles lead to fluid pressure differences between the luminal
and basal medium compartment comparable to an embolus in a small blood vessel. In gradient perfusion
culture this initially causes a protrusion of the tissue to the side of lower pressure (Fig. 5c; Ap > 0). An
increasing pressure difference will finally result in the disruption of the tissue (Fig. 5c; Ap = 0).

To avoid hiquid pressure differences in the gradient container it is necessary to minimize the occur-
rence of air bubbles in the system. Bubbles preferentially occurred at sites where 2 different polymer
materials come in contact along the conducting flow path. Consequently we constructed bottle closures,
which conduct the medium through the closure in a silicone tube thus avoiding contact (Fig. 3a,b). Ex-
periments showed that the use of the newly developed closures significantly decreased the occurrence of
gas bubbles during media transport.

To further eliminate gas bubbles we developed a gas expander module (Fig. 3¢,d). The module consists
of 2 chambers. The medium rises a small reservoir, then drops down across a barrier before leaving the
container. During this process air bubbles are separated from the medium and collected at the top of the
container. Combining the newly developed bottle closures with a gas expander module we found that
the occurrence of gas bubbles in the culture medium could be drastically reduced (Fig. 6¢) compared to
media transport without these tools (Fig. 6d). Most important in this connection is, that reduction of gas
bubbles by the described method does not affect the content of oxygen in the medium.

3.5. Triggering epithelial development

We elucidate mechanisms triggering the development from an embryonic towards a functional rCD
epithelium in gradient culture experiments. Earlier experiments showed that the terminal differentiation
of rCD epithelia can be influenced by 2 very different stimuli. Administration of a steroidal hormone
such as aldosterone resulted in the upregulation of individual collecting duct proteins including the
functional tight sealing and the establishment of an amiloride sensitive Na transport [23]. It could be
shown that peanut lectin (PNA) binding was upregulated depending on aldosterone application [24].
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(Fig. 7b) positive cells within the epithelium. Addition of 6 mmol/l NaCl yielded 45% mab 703 (Fig. 7c)
and 30% mab 503 (Fig. 7d) positive cells. Most interestingly, when 12 mmol/l NaCl were added to the
luminal IMDM nearly all cells showed immunostaining after mab 703 incubation (Fig. 7e), while 60%
were positive for mab 503 (Fig. 7f). This experimental series shows a concentration-dependent effect
of altered culture medium. In contrast, markers for constitutive protein expression such as cytokeratine
19 or Na/K ATPase demonstrated in the experimental series that all cells within the rCD epithelium
remained positive. Important enzymes within the renal CD system are COX | and 2. All cells within
the cultured epithelium were also positive for COX | and COX 2 antibodies. Thus, the results with
constitutively expressed markers were obtained independent of low or physiological NaCl concentrations
added to the luminal cuiture medium (data not shown).

4. Conclusions

In the present experiments we used embryonic rCD epithelia as a model system to elaborate the cel-
lnlar differentiation profile during development in a gradient culture container. It is imaginable that a
variety of other complex epithelia such as the gastric mucosa, urothelium or endothelium can be cul-
tured for optimized biomaterial testing and tissue engineering under the gradient culture conditions de-
scribed [29,30]. As compared to earlier culture experiments [31] we had to apply advanced techniques
for an improved development of the tissue. The experiments showed the feasibility of culturing em-
bryonic epithelia in a permanent fluid gradient for extended periods of time necessary for biomaterial
testing. In individual series of experiments up to 80% epithelia with intact barrier function couid be
harvested. Performing all these experiments we obtained an unexpected amount of information about
epithelial tissue development growing in combination with different biomaterials. Before we could not
imagine how sensitive the tissue responds to the environment offered.
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