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Abstract

The influence of electrolytes on the development of renal principal and inter-
calated collecting duct cells is unknown. Consequently embryonic collecting
duct epithelia were exposed to different electrolyte concentrations, and their
degree of differentiation was registered by immunohistochemical methods.
Embryonic collecting duct epithelia were 1solated from neonatal rabbit kid-
neys and placed on tissue carriers, The apical urine and the basal serum com-
partments were simulated in a gradient culture container. The two sides of the
epithelium were each constantly superfused with medium for 13 days. In con-
trols the medium on both apical and basal side was standard Iscove’s modified
Dulbecco’s Medium (IMDM) with 112 mmol/l Na* and 85 mmol/1 Cl-, In
experimental series the NaCl concentration at the basal side of the epithelium
was increased up to 137 mmol/l Nat* and 99 mmol/1 Cl- as found in the serum
of neonatal rabbits. Light microscopy revealed morphologically faultless epi-
thelia following gradient perfusion culture in standard and NaCl-adapted
IMDM. The development of principal and intercalated cell features was moni-
tored with the monoclonal antibodies 703, 503, Pcp?, and peanut lectin. Cells
immunopositive for monoclonal antibody 703, for example, increased from
less than 10% in controls to more than 80% in NaCl-adapted IMDM. It is a
new finding that the development of collecting duct cell features is influenced
by the extracellular electrolyte environment.
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tion, The shaft shows a clear-cut transition zone. Accord-
ing to morphological and immunohistochemical criteria,

We were interested in the development of principal (P)
and intercalated (IC) cell features within the collecting
duct (CD) of the neonatal rabbit kidney. The different cell
types arise from the embryonic CD ampulla which con-
sists of three different functional zones [1]. The ampullar
tip is embedded in the nephrogenic mesenchyme. As an
embryonic inducer, it triggers the development of all of
the nephron anlagen [2]. In the ampuliar neck, frequent
cell divisions are observed which lead to a tubular elonga-

here the first P and IC cells become visible [3, 4]. Their
function is to regulate the Na*/K* balance [5], the water
transport [6], and the acid-base status of the body fluid
[7]. The mechanisms by which different CD cell types
develop are still unknown. Possible mechanisms are sig-
nals from the extracellular matrix [8, 9] and the influence
of soluble growth factors or hormones [10-12].

We use the ampullar CD epithelium of the neonatal
rabbit kidney as a model to investigate the mechanisms
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Table 1. Analytical parameters of

neonatal rabbit serum, standard IMDM, Serum IMDM IMDM + IMDM +
IMDM plus NaCl, and IMDM plus 12 mmol/1 NaCt 12 mmol/l NaCl/
NaCl/Na-gluconate-adapted medium for 17 mmol/l Nagluconate
culturing embryonic CD epithelia '

Cal+ 1.66+£0.46 1.15+0.27 1.15£0.1 1.15£0.03

K* 6.04+1.7 425+£0.1 4.25+0.04 4.25+0.04

Cl- 99+5.8 85.1£1.0 98.7+1.4 98.5+1.2

Na+ 13757 112.3x1.6 126.4x1.7 136.9t1.0

n 17 40 31 32

Values expressed as millimoles per liter, mean values + half of range are shown.

13 days. The volume in the luminal and basal compartment of the
gradient container was 1 ml each, The container was placed on a
37°C heating plate (Medax, Kiel, Germany). The culture medium
was continuously perfused at a rate of 1 ml/h with an IPC N8 peri-
staltic pump (Ismatec, Wertheim, Germany). Antibiotic-antimycotic
solution (1 ml/100 ml) and aldosterone (1 x 10-7 mmol/1), both from
Sigma-Aldrich-Chemie (Deisenhofen, Germany), were added to all
culture media. Since the culture system runs outside an incubator, all
ol the media contained 75 mmol/l HEPES to maintain a constant pH
under laboratory air atmosphere.

Parameters of the Culture Medium

Commercially available IMDM [18] (Gibco BRL Life Technolog-
tes) was the standard medium. Culture parameters (pH, pCO:, pOs,
lactate, osmolarity) and electrolyte concentrations (Na*, K*, Cl-,
soluble and unbound Ca?*) of IMDM or neonatal rabbit serum speci-
mens were determined within an undiluted 200 ul sample by a Stat
Profile 9 Plus analyzer according to the manufacturer’s instructions
(Nova Biomedical, R6dermark, Germany; table 1). Solutions with
defined electrolyte concentrations served as controls. Samples of the
culture medium were taken from the inflow and outflow, and from
the luminal and basal sides of the gradient container. The perfusion
rate was controlled daily. Only sealing epithelia were harvested
which were grown under a continuous medium flow at the luminal
and basal sides.

Experimental Design

First series (fig. 3a): IMDM (table 1) was superfused at the lumi-
nal and basal side of the epithelia for the whole culture period of 13
days (fig. 3a).

Second series (fig. 4a); IMDM (table 1)} was superfused at the
luminal side of the epithelia for the whole culture period. At the basal
side of the epithelia IMDM was altered by the addition of 12 mmol/l
NaCl to give the parameters shown in table 1.

Third series (fig. 5a): IMDM (table 1} was superfused at the lumi-
nal side of the epithelia for the whole culture period. At the basal side
of the epithelia IMDM was altered by the addition of 12 mmol/1
NaCl and 17 mmol/l Na-gluconate to give the parameters shown in
table 1.

Fourth series - comparison of different electrolytes (fig. 6):
IMDM (table 1) was superfused at the luminal side of the epithelia
for the whole culture period. At the basal side standard IMDM with-
out additional electrolytes was used (fig. 6a). IMDM was altered by

416 Exp Nephrol 1997;5:414-422

the addition of 12 mmol/1 LiCl (fig. 6b), 12 mmol/l NaCl (fig. 6c), or
12 mmol/1 KC1{fig. 6d).

NaCl, LiCl, KCI, and Na-gluconate were obtained from Sigma-
Aldrich-Chemie.

Immunohistochemistry

The cultured tissues were taken out of the carriers, embedded in
Tissue Tec (Miles Inc., Elkhart, Ind., USA), and frozen in liquid
nitrogen. Then the tissue block had to be orientated so that exact
cross sections of the epithelium could be performed. For microscop-
ical examination of cultured epithelia and for immunohistochemical
detection of CD proteins, 7-um cryosections were prepared with a
Cryostat HM 500 (Microm, Walldorf, Germany). Sections were
stained with toluidine blue solution for control (fig. 2a). The follow-
ing antibodies were used for labeling: monoclonal antibody (mab)
703 recognizes P cells, while mab 503 detects IC cells, as shown in
earlier investigations [20]. Mab Pcp9 localizes a 32/39-kD protein on
all of the neonatal CD cells [21]. Immunolabeling was started by fix-
ing the cryosections for 10 min in ice-cold ethanol as described ear-
lier [22]. After several rinses with phosphate-buffered saline (PBS),
pH 7.2, the sections were incubated with a blocking solution (PBS)
containing 10% horse serum and 1% bovine serum albumin (BSA)
for 30 min in order to saturate unspecific binding sites. The primary
antibodies mab 703 and mab 503 (each of them diluted 1:100 in
blocking buffer) and mab Pcp9 (undituted hybridoma supernatant)
were incubated for 1.5 h. After several rinses with PBS/1% BSA, the
sections were treated for 45 min with a donkey-anti-mouse-TgG-fluo-
rescein-isothiocyanate (FITC)-conjugated secondary antibody (Jack-
son Immunoresearch Laboratories, West Grove, Pa., USA) diluted 1:
200 in blocking buffer. After being rinsed several times in PBS/1 %
BSA the specimens were coincubated for 45 min with a peanut agglu-
tinin (PNA)-rhodamine conjugate (Vector, Burlingame, Vt., USA)
diluted 1:2,000 in PBS to detect B-type IC cells [3]. In order to ensure
the specifity of the antibody labeling, different controls were in-
cluded in the experiments. Preimmune serum as well as irrelevant
primary antibodies were applied. Furthermore, control sections were
incubated with the detecting secondary antibody. None of the control
sections showed any positive reaction on the cultured CD epithelia.

To label the nuclei in the epithelium 4 pg/ml propidium iodide
(Sigma-Aldrich-Chemie, Deisenhofen, Germany) solution in PBS
was used. Following several washes with PBS, the sections were
embedded in FITC guard (Testoc, Chicago, Ill., USA) and examined
using an Axiovert 35 microscope (Zeiss, Oberkochen, Germany).
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rabbits. More than 50% of the cells showed an intensive
immunolabeling with mab 703 (fig. 5b) and more than
80% with mab 503 (fig. Sc). Again, PNA binding (fig. 5d)
and mab Pcp9 (fig. Se) immunolabeling was unchanged as
compared to the first (fig. 3) and second (fig. 4) experi-
mental setup. Thus, increasing concentrations of Nat did
not further increase the amount of mab 703, but the
amount of mab 503 positive cells.

The fourth set of experiments made clear whether the
primary development of CD cell features in the em-
bryonic epithelia is only caused by increased concentra-
tions of NaCl (fig. 4, 6¢) or whether also 12 mmol/l LiCl
{fig. 6b) or KCI (fig. 6d) had the same effect. Superfusion
of standard IMDM for control at the basal and apical
sides of the epithelia caused less than 10% mab 703, less
than 5% mab 503, and 100% mab P¢p9 positive cells
(fig. 6a). 80% of the cells showed PNA binding. Then at
the basal side IMDM was altered with additional 12
mmol/l LiCl (fig. 6b). As compared to controls (fig. 6a) the
epithelia showed more mab 703 and mab 503 positive
cells. 40% mab 703, 40% mab 503, and 100% mab Pcp?
labeled cells were observed. On 60% of the cells PNA
binding was found. In series with IMDM containing addi-
tional 12 mmol/l NaCl, 80% mab 703, 40% mab 503, and
100% mab Pcp9 positive cells could be observed (fig. 6c).
80% of the cells revealed a PNA binding. Replacement of
NaCl with 12 mmol/l KCl led to 90% mab 703 and 80%
mab 503 positive cells (fig. 6d). The amount of PNA-
binding cells was found to be decreased to 30%. The num-
ber of mab Pcp9-binding cells was not influenced. Thus,
the experiments showed that IMDM altered by additional
12 mmol/l NaCl, LiCl or KCI had an influence on the
development of cell features in embryonic CD epithelia.

Discussion

From Proliferation to Terminal Differentiation

Functional development of the embryonic CD starts in
the ampullar neck. The cells at this site proliferate, and
the tubule reaches its final length. Beyond this zone cell

Fig. 6. Electrolytes influence differentiation in embryonic CD
epithelium cultured in a gradient container for 13 days. a Control: on
the luminal and basal sides standard IMDM was used. b-d Fxperi-
mental series: on the luminal side standard IMDM and on the basal
side standard IMDM with additional 12 mmol/l LiCl (b), NaCl {e),
or KCl{d) was administered. Compared to controls (a) the most mab
703 and mab 503 positive cells were found after NaCl (¢) and KCl(d)
and not after LiCl (b) treatment.
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divisions become rare and terminal differentiation ap-
pears [1]. An epithelial barrier is formed. Tight junctions
are sealed, pumps and channels are synthesized. While
each of the nephron portions consists of a homogeneous
cell population, the renal CD develops into a heteroge-
neously composed epithelium consisting of P and differ-
ent types of IC cells [3, 4, 7]. We were interested in the
mechanism by which the different cell types arise. Be-
cause of the complexity of the kidney, we use an in vitro
model [15]. However, previous experiences with cultured
renal epithelia have shown that investigations are hin-
dered by cellular dedifferentiation [23, 24]. This fact
made it necessary to follow an innovative experimental
culture protocol [25]. We kept the embryonic epithelia on
tissue carriers and within gradient culture containers.
Fresh medium was permanently superfused on the apical
and basal sides of the embryonic epithelia (fig. 1).

Control of Differentiation at Different Cellular Levels

In general, differentiation of cultured epithelia can be
influenced not only by the extracellular matrix [8, 9, 26]
and by humoral factors [10, 12, 27], but alsc by a contin-
uous supply of nutrients or even by the permanent elimi-
nation of harmful metabolic products [28]. Previous ex-
periments have further shown that changes in the extra-
cellular environment modulate metabolic processes [29-
31] and stimulate proliferation [32-34] in adult cells.
Thus, the electrolyte environment may also have an
influence on the differentiation of embryonic cells. For
that reason we exposed embryonic CD epithelia to differ-
ent electrolyte environments and registered the primary
appearance of typical features (fig. 3—6). In the present
experiments we were able to show for the first time that
the electrolyte environment plays an important role in
embryonic CD differentiation.

Electrolvte Modulation Influences Facultative Protein

Expression

In previous [1, 14, 19] and in the present experiments
IMDM was used as the standard culture medium. It con-
tains 112 mmol/l Na* and 85 mmol/l Cl- (table 1) and
delivers excellent conditions for proliferating cells in cul-
ture [ 8]. In conventional cultures epithelia are exposed at
the luminal and basal sides to the same medium. How-
ever, our experimental interest was to exposc the em-
bryonic CD epithelia to a luminal-basal gradient during
culture. For that reason the embryonic CD epithelia were
exposed to standard IMDM at the luminal side and to an
electrolyte environment similar to the serum of neonatal
rabbits at the basal side (fig. 4-6, table 1). We found that

Electrolytes Modulate Differcntiation

modifying the luminal-basal electrolyte environment in-
fluences the primary protein expression in the embryonic
CD epithelia. As compared to controls (fig. 3), it was dem-
onstrated that it is not an overall upregulation of protein
expression. The expression of proteins recognized by the
monoclonal antibodies 703 or 503 is triggered by the
extracellular electrolyte environment (fig. 4-6). The de-
velopment of PNA binding is not influenced by IMDM
containing additional 12 mmol/l NaCl (fig. 4d, 5d), but
downregulated by IMDM with additional 12 mmol/1 LiCl
(fig. 6b) or KCl (fig. 6d). In contrast, the expression of the
CD protein Pep9 occurs independently and is not in-
fluenced by the electrolyte environment (fig. 3e, 4e, Se).

How Essential Might an Electrolvte Sensor Be for

Differentiation?

The presented results raise the question of which type
of an electrolyte sensor for cell differentiation exists in the
embryonic CD cells and influences the expression of indi-
vidual cell features. Such a sensor might act on the basis of
a specific influence such as the Na* or Cl- concentration
or a more unspecific signal such as the ratio of the intra-/
extracellular electrolytes. Culture experiments of the em-
bryonic CD epithelium in IMDM containing additional
12 mmol/1 LiCl, NaCl, or KCl (fig. 6} led to the conclusion
that the development is not influenced by a specific Na*
effect [36]. A hypothetical sensor may have a direct
influence on gene expression [37], or it may act through
an indirect pathway which first stimulates a second-mes-
senger system, In contrast to earlier investigations {32,
33], we found that the electrolyte environment does not
stimulate the mitotic activity of the embryonic CD ¢ells
{fig. 2¢) [35]. It remains to investigate whether there is a
coherence to previous described experiments with cul-
tured MDCK cells under pH variations and changes in
osmolarity [31, 38]. Originally we expected that increas-
ing concentrations of NaCl in the culture medium would
raise more P than IC cells, since abundant Na* increases
the number of Na channels during kidney development
[39]. However, we now know that both P and IC cell fea-
tures in the embryonic CD epithelia are influenced by
varying concentrations of electrolytes.
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