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Abstract The renal collecting system (CS) is com-
posed of segment-speciWc (SS) and intercalated (IC)
cells. The latter comprise at least two subtypes (type A
and non-type A IC). The origin and maintenance of
cellular heterogeneity in the CS is unclear. Among
other hypotheses, it was proposed that one subtype of
IC cells represents a stem cell population from which
all cell types in the CS may arise. In the present study,
we tested this stem cell hypothesis for the adult kidney
by assessing DNA synthesis as a marker for cell repli-
cation. SS and IC cells were identiWed by their charac-
teristic expressions of sodium- (epithelial sodium
channel, Na–K-ATPase), water- (aquaporin-2) and
acid/base- (H+-ATPase, anion exchanger AE1) trans-
porting proteins. Immunostaining for bromodeoxyuri-
dine (BrdU) and for the proliferating cell nuclear
antigen (PCNA) was used to reveal DNA synthesis in
CS epithelium. BrdU- and PCNA-immunostaining as
well as mitotic Wgures were seen in all subtypes of CS
cells. Dividing cells retained the cell-type speciWc
expression of marker molecules. Treatment of mice
with bumetanide combined with a high oral salt intake,
which increases the tubular salt load in the CS, pro-
foundly increased the DNA-synthesis rate in SS and
non-type A IC cells, but reduced it in type A IC cells.

Thus, our data show that DNA synthesis and cell repli-
cation occur in each cell lineage of the CS and in diVer-
entiated cells. The replication rate in each cell type can
be diVerently modulated by functional stimulation.
Independent proliferation of each cell lineage might
contribute to maintain the cellular heterogeneity of the
CS of the adult kidney and may also add to the adapta-
tion of the CS to altered functional requirements.

Keywords Principal cells · Intercalated cells · 
DiVerentiation · H+-ATPase · ENaC

Introduction

The epithelium of the renal collecting system (CS), i.e.,
the connecting tubule (CNT) and the collecting duct
(CD), is formed by a heterogeneous cell population
comprising segment-speciWc (SS) CNT, CD cells1 and
intercalated (IC) cells (Brown and Breton 1996; Kim
et al. 1999; Wagner et al. 2004). SS cells control the Wne
tuning of renal Na+, K+ and water excretion via speciWc
apical Na+ (i.e., the epithelial sodium channel, ENaC),
K+ and water (i.e., aquaporin-2, AQP2) channels, while
IC cells are mainly involved in the renal control of
acid–base homeostasis. The IC cells are further subdi-
vided into at least two subtypes (type A and type B)
that diVer morphologically and functionally (Brown
and Breton 1996; Kim et al. 1999; Wagner et al. 2004).
Type A IC cells secrete protons into the urine via a
vacuolar H+-ATPase in the apical plasma membrane
and transport HCO3

¡  in exchange for Cl¡ into the
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1 The segment-speciWc cells of the collecting duct are also termed
principal cells.
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peritubular interstitium via a basolateral band 3 like
Cl¡/HCO3

¡  anion exchanger (AE1) (Drenckhahn
et al. 1985; Brown et al. 1988; Alper et al. 1989). Type
B IC cells exhibit a functional polarity that is inverse to
that of type A IC cells. Protons are transported into the
peritubular interstitium across the basolateral plasma
membrane via the H+-ATPase, while bicarbonate is
secreted into the urine by an apical Cl¡/HCO3

¡

exchanger that is likely pendrin (Royaux et al. 2001;
Wall et al. 2003; Wagner et al. 2004). A third type of IC
cells (non-A, non-B IC), which is AE1-negative and
co-expresses pendrin and H+-ATPase in the apical
plasma membrane, was described (Teng-umnuay et al.
1996; Kim et al. 1999; Wall et al. 2003), but the physio-
logical function of this cell-type is unclear and it is con-
ceivable that these cells represent modiWed subtypes of
type B IC cells. For the sake of simplicity, we will dis-
tinguish in the following only between AE1-positive
type A IC and AE1-negative non-type A IC.

Several studies aimed to identify the origin of the
cellular heterogeneity of the renal CS (e.g., Satlin and
Schwartz 1987; Minuth et al. 1989; Fejes-Toth and
Naray-Fejes-Toth 1992; Satlin et al. 1992; Yasoshima
et al. 1992; Kim et al. 1994, 1996; Verlander et al. 1994;
Matsumoto et al. 1996; Kloth et al. 1998; Schwartz
2001). Based on the morphological studies on develop-
ing rat kidneys, Madsen et al. concluded that type A
and non-type A IC cells develop independently from
undiVerentiated cells in the CNT and the medullary
CD (Kim et al. 1994). However, Brown et al. (1988,
1996) observed in the developing CDs of rats, con-
stantly few cells that express both the water channel
AQP2 (an SS cell marker) and AE1, suggesting that SS
and IC cells may arise from a common ancestor with SS
and IC characteristics (Sabolic et al. 1995). Consistent
with this hypothesis, recent studies on mice with tar-
geted inactivation of the forkhead transcription factor
Foxi1 revealed an impaired terminal diVerentiation of
the renal CS with a CS lined by a homogeneous cell
population co-expressing both SS and IC marker mole-
cules (Blomqvist et al. 2004).

The phenomenon of marked epithelium heterogene-
ity is relevant also to the CS of adult kidneys. Renal
epithelia are constantly renewed by a low basal level of
cell proliferation. Cell division may even rise to very
high levels following ischemic (Witzgall et al. 1994) or
toxic tubular injury (Nouwen et al. 1994) as well as dur-
ing renal adaptive growth after extensive ablation of
renal mass (Norman et al. 1988) or increased tubular
ion transport activity (LoYng et al. 1995). It remains
unclear how the cellular heterogeneity in the CS is
maintained under these conditions. Are all cell types in
the CS capable of cell proliferation or is cell replication

limited to a certain subtype of epithelial cells, which
then transform into other cell lineages? Indeed, previ-
ous in vitro studies suggested that type B IC cells may
represent a stem cell population that gives rise to all
cell subtypes in the CS (Fejes-Toth and Naray-Fejes-
Toth 1992). Moreover, there exists some uncertainty
about the degree of cellular diVerentiation of dividing
cells in the kidney and it is often assumed that cell divi-
sion is limited to less diVerentiated precursor cells (i.e.,
stem cells and transit amplifying cells) that do not
reach the same structural, molecular and antigenic
characteristics as that of their terminally diVerentiated
progeny (Alison et al. 2002; Anglani et al. 2004).

In our present study, we tested the hypothesis that
cell replication occurs in all cell subtypes of the CS of
the adult healthy kidney and in diVerentiated epithelial
cells. To reach these ends, we assessed DNA synthesis
in the SS and IC cells in the renal cortical CS (i.e., CNT
and CCD cells). SS CNT and CCD cells as well as IC
cells (type A and non-type A) were identiWed on
account of the expression of speciWc marker molecules.
The DNA synthesis rate for each cell type was deter-
mined by immunostaining of the proliferating cell
nuclear antigen (PCNA), a cofactor for DNA-poly-
merase delta, and of the thymidine analogue, bromo-
deoxyuridine (BrdU), that was incorporated in
replicating DNA during its application period (Die-
trich 1993; Iatropoulos and Williams 1996). Our data
reveal that in adult mice, all three cell types of the CS
can replicate DNA. Moreover, we found that the DNA
synthesis rate is diVerentially regulated between the
diVerent cellular subtypes in response to changes in the
tubular NaCl load. Cell replication originates from
fully diVerentiated cells, which show the same expres-
sion pattern of cell-type speciWc membrane proteins as
their non-dividing counterparts.

Methods

Experimental protocol

The experiments were performed on ten male NMRI
mice (BRL, Füllinsdorf, CH) of 8 weeks and of
30 § 2 g body weight. The mice were randomly divided
into two groups of Wve mice each that received either
vehicle or bumetanide. All mice were housed individu-
ally in standard cages with free access to standard lab
chow and two bottles of drinking solutions. One bottle
contained tap water and the other contained a salt solu-
tion (0.8% NaCl + 0.1% KCl). All mice received BrdU
(40 mg/kg per day), which was continuously applied via
osmotic minipumps (model 1003D; Alza Corp., Palo
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Alto, CA, USA) implanted subcutaneously in the neck
region under light anesthesia with MethoxyXurane
(Metofane®; Mallinckrodt Vet. Inc., Mundelein, IL,
USA). The BrdU was dissolved in a 3:1 solution of
polyethylene glycol 300 (PEG 300; Fluka Chemie,
Buchs, CH) and distilled water. In bumetanide-treated
mice, bumetanide (Wnal dose: 40 mg/kg per day) was
added to the BrdU solution. Prior to implantation, all
osmotic minipumps were primed for 4 h in 37°C warm
saline as recommended by the supplier. Simultaneously
with the implantation of the minipump, the experimen-
tal animals received by subcutaneous injection a load-
ing dose of bumetanide (40 mg/kg).

Tissue Wxation and processing

The animals were anesthetized by intraperitoneal
injection of 50 �l of a 3:1 mixture of ketamine (Narke-
tan® 10; Chassot AG, Belp, CH) and xylazine (Rom-
pun® 2% solution of xylazinhydrochloride; Bayer AG,
Leverkusen, D) 72 § 1 h after the implantation of the
minipumps, and the kidneys were Wxed by intravascu-
lar perfusion through the abdominal aorta. The Wxative
was 3% paraformaldehyde and 0.05% picric acid in a
6:4 mixture of 0.1 M cacodylate buVer (pH 7.4,
adjusted to 300 mOsm with sucrose) and 10% hydroxy-
ethyl starch in saline (HAES steril™; Fresenius AG,
D). The kidneys were removed, frozen in liquid pro-
pane, cooled with liquid nitrogen and stored at ¡80°C
until use. Cryosections (5 �m thick) were placed on a
chrome-alum gelatin-coated glass slide and processed
for immunohistochemistry.

Immunohistochemistry

Monoclonal antibodies against BrdU (Becton-Dickin-
son, San Jose, CA, USA), PCNA (Dakopatts, Glost-
rup, DK), vacuolar H+-ATPase [Mr = 31,000 subunit;
(Hemken et al. 1992); provided by Dr Gluck] and poly-
clonal antibodies against anion exchanger AE1 [amino
acids 917–929; (Ercolani et al. 1992); provided by
Dr Alper], �ENaC (Rubera et al. 2003; provided by
Dr Rossier), Na–K-ATPase (Feraille et al. 1999; pro-
vided by Dr Feraille) and AQP2 (Alomone, Jerusalem,
Israel) were used. Prior to the immunostaining, the sec-
tions were boiled in 0.01 M sodium citrate buVer (pH
6.0) for 10 min in a microwave oven (Shi et al. 1991).
For the detection of BrdU, the sections were addition-
ally pretreated with sodium dodecyl sulfate (SDS,
0.1%) for 2 min at room temperature, based on a pro-
tocol initially described by Brown et al. (1996).

Sections were pre-incubated with a 10% normal
goat serum in PBS for 10 min. Afterwards, monoclonal

antibodies against either BrdU (dilution 1/50) or
PCNA (dilution 1/50) were applied for at least 12 h at
4°C. Binding sites of the primary antibodies were
revealed with a Cy3™- or FITC-labeled goat-anti-
mouse-IgG antibodies (diluted 1:200 and 1:40, respec-
tively). Thereafter, mouse monoclonal antibodies
against H+-ATPase (diluted 1:2) and/or rabbit poly-
clonal antibodies against AE1 (diluted 1:750), �ENaC
(diluted 1:400), Na–K-ATPase (diluted 1:500) and
AQP2 (diluted 1/500) were applied. The binding sites
of these antibodies were detected by the use of FITC-
labeled goat-anti-mouse-IgG (diluted 1:40) and Cy3™-
labeled goat-anti-rabbit-IgG (diluted 1:1,000; all sec-
ondary antibodies from Jackson ImmunoResearch
Lab. Inc., West Grove, PA, USA). Incubations with
the Xuorescence-conjugated secondary antibodies took
place in a humidiWed chamber at room temperature for
1 h. The cell nuclei were stained with 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI; Boehringer,
Mannheim, D). The slides were mounted in DAKO-
glycergel (Dakopatts) containing 2.5% of 1,4-diazabi-
cyclo[2.2.2]-octane (DABCO; Sigma, St Louis, MO,
USA) as a fading retardant. For control of unspeciWc
binding of the antibodies, we performed incubations
with non-immune sera or by omitting the primary anti-
body. All control experiments were negative. In some
experiments, apoptotic cells were revealed by the use
of the TUNEL (terminal deoxynucleotidyl transferase
mediated dUTP Nick End Labeling) method (Apop-
Tag®; Chemicon; VWR International Dietikon, Swit-
zerland), which speciWcally labels the 3�-OH blunted
ends of the fragmented DNA. The kit was used as rec-
ommended by the supplier.

Evaluation of immunoXuorescence

The sections were studied by epiXuorescence (Polyvar
microscope; Reichert Jung, Vienna, A), images were
acquired with a Visicam CCD camera (Visitron Sys-
tems, Puching, D) and processed by Image-Pro® and
Photoshop® software. IC and SS cells were identiWed
according to previously described criteria (Alper et al.
1989). Type A IC cells were recognized by immunoXu-
orescent staining at the basolateral plasma membrane
for AE1, and for H+-ATPase at the apical plasma mem-
brane and/or in the apical cytoplasm. Non-type A IC
cells were AE1-negative and exhibited a strong immu-
noXuorescence for the H+-ATPase in the apical and/or
basolateral cytoplasma or within the whole cytoplasm.
The SS cells were AE1-negative, revealed only occa-
sionally (in the CNT) weak staining with the antibody
against H+-ATPase (Alper et al. 1989) and were char-
acterized by strong �ENaC, Na–K-ATPase and AQP2
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immunostaining. BrdU- or PCNA-positive nuclei were
usually stained by both of the applied FITC- and Cy3-
conjugated anti-mouse monoclonal antibodies.

Quantitative evaluations

The fraction of SS and IC (type A and non-type A) cells
in the epithelium of the CS was determined by counting
the cell nuclei. Chromatin staining was made with DAPI.
Tubular proWles of the CS were randomly selected and
the number of SS, type A and non-type A cell nuclei ver-
sus the total number of nuclei (at least 1,000 per seg-
ment) within the proWle were determined. The DNA-
synthesis rates were determined by the labeling index
(LI; labeled cells per 100 cells) for BrdU and PCNA,
respectively. At least 500 cells per cell type (A-ICc,
B-ICc and SSc) and per animal were counted. Five and
three mice per group were analyzed for BrdU-LI and
PCNA-LI, respectively. Quantitation did not distinguish
between CNT and CCD segments. Thus, data reXect the
LI for the respective cell types in the entire renal cortical
CS to which the CNT and CCD contribute about two-
thirds and one-third, respectively (LoYng et al. 2004).

Statistics

Data are given as mean § SEM. Statistical diVerences
between two groups were evaluated by the Student’s
t-test using standard computer software. DiVerences
were considered to be signiWcant when P < 0.05.

Results

EVect of bumetanide treatment and high NaCl intake 
on body weight and Xuid intake

As previously reported for rats (LoYng et al. 1995),
implantation of osmotic minipumps and continuous
BrdU application did not cause any clinical signs of ill-
ness. The body weight slightly increased in vehicle-
treated rats but decreased signiWcantly in bumetanide-
treated rats (Table 1). This bumetanide-induced loss of
body weight is likely explained by the potent diuretic
eVect of loop diuretics for which the mice apparently
could not fully compensate by a high oral intake of tap
water and salt solution (Table 1).

DNA synthesis occurs in SS cells, type A and non-type 
A IC cells

Up-regulation of PCNA in cell nuclei reveals that
the cell progresses in the cell cycle. Nuclear PCNA

expression becomes detectable in late G1, reaches very
high levels during transition from G1 to S, declines
during late S and returns to undetectable levels after
mitosis (Dietrich 1993). As in previous studies (LoYng
et al. 1995), only nuclei that displayed an intense
nuclear staining pattern were considered as being in
the early S-phase and counted in the quantitative eval-
uation. The majority of tubular cells were unstained. A
subportion of cells revealed weak to very strong immu-
nostainings. Strong PCNA staining was seen in SS, type
A and non-type A IC cells. IC cell subtypes were iden-
tiWed and distinguished from SS cells on account of
their typical binding of antibodies against H+-ATPase
and AE1 (Alper et al. 1989) (Fig. 1).

BrdU is incorporated into the DNA synthesized
during the period of BrdU application and can be
detected using anti-BrdU antibodies. The immuno-
detection requires antigen retrieval. Treatment of the
tissue sections with microwave and SDS-denaturation
yielded a strong labeling of a subset of nuclei with anti-
BrdU antibodies (Fig. 1), without any staining of other
tissue components and without apparent damage of the
tissue structure. Cells in various phases of mitosis were
apparent due to BrdU staining of chromosomes
(Fig. 2). Immunostaining for BrdU in nuclei as well as
in mitotic Wgures was detected in SS, type A, and non-
type A IC cells of the CS. This is evidence that all the
three cell types are capable of DNA synthesis and cell
division (Figs. 1, 2).

Remarkably, replicating cells revealed the same
characteristic expression and subcellular localization of
membrane proteins as their neighboring non-dividing
IC and SS cells, as evident by co-immunostainings of
PCNA with H+-ATPase and AE1 (Fig. 1) and co-
immunostainings of PCNA with �ENaC, Na–K-
ATPase and AQP2 (Fig. 3). Figures 1, 2 and 3 show
CNT proWles. Similar Wndings were made for CCD.
Thus, cell replication was similarly observed in SS and
IC cell types of both CNT and CCD segments. We did
not speciWcally analyze cell replication of IC cells in the
late distal convoluted tubule, which usually does also

Table 1 Change of body weight and Xuid intake during the last
24 h of either vehicle or bumetanide treatment

Data are mean § SEM, n = 5 per group

*DiVerences between groups are statistically signiWcant
(P > 0.05)

Group Change of body 
weight (g/24 h) 

Fluid intake (ml/24 h)

Tap 
water

Salt 
solution

Vehicle 0.4 § 0.1 5.3 § 0.5 3.0 § 0.5
Bumetanide ¡1.2 § 0.2* 14.2 § 2.0* 17.1 § 3.4*
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contain few IC cells (Kim et al. 1999), but we have no
evidence to believe that IC cells at this site behave
diVerently from IC cells in the CS.

DNA-synthesis rates are diVerent in the three studied 
cell types

Because all cell types in the CS are capable of DNA
synthesis, we wondered whether the DNA-synthesis
rate of the three cell types might be diVerentially regu-
lated. To address this question, we took advantage of a
previously well-characterized experimental model in
which enhanced tubular salt load aVects cell growth in
the CS (Kaissling and Stanton 1988; Ellison et al.

1989). In this model, treatment with loop diuretics
combined with a high dietary NaCl intake drastically
increases the salt delivery to the renal CS. Both, SS
(Kaissling and Stanton 1988; Ellison et al. 1989) and
type B IC (Kim et al. 1992) cells respond to this
enhanced tubular salt load by cellular hypertrophy
while the type A IC cells reveal reduction in cell size
(Kim et al. 1992). We analyzed now whether bumeta-
nide and high oral salt provokes corresponding eVects
on cellular DNA synthesis in the CS, and thus cell pro-
liferation. Therefore, we determined the LI for BrdU
and PCNA, respectively (see Methods) for each of the
three cell types. Both methods demonstrated that
DNA synthesis is indeed diVerently modulated in the

Fig. 1 Immunostainings for BrdU (upper panel) and PCNA
(lower panel) combined with immunostaining for H+-ATPase
(green Xuorescence) and AE1 (red Xuorescence) on cryostat sec-
tions of kidneys from control mice. PCNA- and BrdU-positive
cell nuclei (in red) are visible in segment-speciWc (SS) CNT cells

and in type A and non-type A intercalated (IC) cells. Type A IC
cells display H+-ATPase labeling in the apical plasma membrane
and AE1 in the basolateral plasma membrane, while non-type A
IC cells are AE1-negative and display H+-ATPase in the cyto-
plasm. SS cells are H+-ATPase and AE1-negative. Bar »10 �m

Fig. 2 Mitotic Wgures in segment-speciWc (SS) CNT cells, in type
A and non-type A intercalated (IC) cells of control mice. Immu-
noXuorescence on cryostat sections for BrdU (red), and H+-AT-
Pase (green) and AE1 (red); chromosomes are BrdU-labeled, the

type A IC displays H+-ATPase labeling in the apical plasma mem-
brane and AE1 in the basolateral plasma membrane; the non-type
A IC is AE1-negative and displays H+-ATPase in the cytoplasm.
The SS cell is H+-ATPase and AE1-negative. Bar »5 �m
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three cell types in response to bumetanide treatment
and salt loading (Fig. 4). Although PCNA and BrdU
immunostaining gave qualitatively identical results, the
BrdU-LI was higher than the PCNA-LI. This is
explained by the fact that incorporated BrdU is detect-
able in the progeny of dividing cells, and thus, the num-
ber of positive cells and the BrdU-LI, necessarily
increases with time in a cycling cell population. In con-
trast, PCNA depicts only those cells that are in S-phase
at the time of sacriWce of the animal.

The ratio of the diVerent cell types is not profoundly 
altered by the treatment

In order to see whether the altered DNA synthesis
aVected the ratio of the diVerent cell types in the CS
epithelium, we quantiWed the percentage of cell types in
the CS of vehicle and bumetanide-treated mice (Fig. 5).
The diVerences between groups were rather minor.
While in the bumetanide group the relative number of
SS cells was unaVected compared to vehicle, that of
type A IC cells was slightly decreased, and that of non-
type A IC cells was slightly increased. The rather con-
stant fractional abundance of the diVerent cell types
suggests that the altered DNA synthesis rate reXects
diVerences in cell turnover. Therefore we examined
whether, for example, tubular cell death might be

enhanced. However, we found no histological evidence
for tubular cell damage and the TUNEL method did
not reveal any apoptotic cell nuclei in kidneys of vehi-
cle- or bumetanide-treated mice. Kidneys from thia-
zide-treated rats, which served as positive control,
however, revealed numerous apoptotic cell nuclei in
distal tubule cells, as previously reported (LoYng et al.
1996). It is possible that in the analyzed mice, dying
cells were rapidly removed from the epithelium, for
example by shedding into the tubular lumen (Kim et al.
1996), and therefore escaped the detection by standard
histology and the TUNEL method.

Discussion

DNA synthesis is a prerequisite for cell proliferation.
In previous studies, we showed by using the immuno-
histochemical detection of the PCNA and of BrdU
incorporated in DNA that DNA synthesis occurs in
adult healthy rats in all analysed tubular segments,
though at diVerent rates (LoYng et al. 1995). While
proximal tubules, thick ascending limbs (TALs) and
most parts of the distal convoluted tubule are each
lined by a homogenous cell population, the segments
of the CS, the CNT and CD, are composed by SS cells
and IC cells. The proliferation kinetics of these diVer-

Fig. 3 Immunostainings for 
PCNA (shown in red) and 
�ENaC, Na–K-ATPase and 
AQP2 (shown in green) on 
cryostat sections of kidneys 
from control mice. CNT pro-
Wles are shown. Similar obser-
vations are made in CCD (not 
shown). PCNA-positive SS 
cells exhibit a similar expres-
sion and subcellular distribu-
tion of �ENaC, Na–K-
ATPase and AQP2 as PCNA-
negative SS cells. IC cells are 
not stained with the 
anti-�ENaC, Na–K-ATPase 
and AQP2 antibodies. 
Bar »10 �m
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ent cell types was not speciWcally addressed in our pre-
vious studies (LoYng et al. 1995). It remained
unresolved whether all or only a particular cell type

within the cortical CS are/is capable of proliferation.
By detection of cell-type speciWc marker molecules, we
now clearly show DNA synthesis and mitosis in all
analysed cell types of the CS. Remarkably, the cycling
cells apparently retain their speciWc expression of
marker molecules (ENaC and AQP2 for SS cells;
H+-ATPase and/or AE1 for IC cells) during cell repli-
cation. Likewise, Vogetseder et al. (2005) reported
recently that dividing proximal and distal convoluted
tubule cells maintain the expression of speciWc marker
molecules and display a similar level of diVerentiation
as non-dividing neighbouring cells supporting the idea
that epithelial cell renewing in the healthy kidney orig-
inates from diVerentiated tubular cells.

Based on the observation that during kidney devel-
opment the fraction of SS decreases in the CD while
the fraction of IC increases, Kim et al. (1994) con-
cluded that IC cells proliferate more rapidly than SS
cells. However, in the present study on adult mice we
found higher proliferation rates in SS than IC cells.
Among the latter, the non-type A cells proliferated
more than type A IC. The physiological meaning of
these distinct diVerences in cell replication rate are
unclear, but the rather Wxed ratio of SS, and type A and
non-type A IC cells in the normal, adult kidney sug-
gests that the pronounced variations in cell replication
likely reXect diVerences in cell-turnover. It is remark-
able that more than 27% of the SS cells incorporated
BrdU within 3 days of BrdU application and were
hence, renewed by cell proliferation during this short
period of time. In rats, we previously determined under
similar experimental conditions a BrdU-LI of about
7% for all SS cells (LoYng et al. 1995). Because the
age and sex of the analyzed mice and rats were similar,
these quantitative diVerences may reXect clear species
diVerences.

DNA synthesis and hence cell proliferation may not
only vary between cell types but also in response to
functional stimulation. In fact, we previously showed a
close link between ion transport rates of a particular
epithelium and its DNA synthesis rate (LoYng et al.
1995). The same link can be assumed for our present
experiments. Three days of bumetanide treatment
combined with a high salt intake stimulated DNA syn-
thesis in SS and non-type A IC while it decreased DNA
synthesis in type A IC cells. These diVerential eVects
on DNA synthesis are consistent with pervious mor-
phological observations which suggested increased
transport activity in SS and non-type A IC but reduced
ion transport in type A IC under chronic loop-diuretic
treatment combined with high salt intake (Kaissling
and Stanton 1988; Stanton and Kaissling 1988; Ellison
et al. 1989; Kim et al. 1992).

Fig. 4 BrdU labeling index (upper panel) and PCNA labeling in-
dex (lower panel) in SS-, type A IC and non-type A IC cells of un-
treated and bumetanide-salt treated mice. BrdU was applied
continuously over 3 days. Therefore, the BrdU-labeled fraction
of cells comprises the entire population of cells that underwent
DNA synthesis during these 3 days of BrdU treatment and is thus
higher than the PCNA-labeled fraction that comprises only those
cells, which were in the S-phase of the cell cycle at the moment of
killing the animals. Both CNT and CCD segments were included
in the analysis. Data mean § SEM, n = 5 per group for BrdU and
n = 3 per group for PCNA, *P < 0.05 versus control

Fig. 5 Fractions of SS-, type A IC and non-type A IC cells in the
collecting system of control and bumetanide salt-treated mice.
Both CNT and CCD segments were included in the analysis. Data
mean § SEM, n = 5 per group, *P < 0.05 versus control
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Our study used bumetanide and high oral salt intake
as a tool to modulate DNA synthesis. We did not aim
to analyze the underlying mechanism and we can only
speculate about them. Direct eVects of bumetanide on
the CS are unlikely, since loop diuretics speciWcally
inhibit salt transport in the TAL. However, transport
inhibition in TAL provokes a variety of secondary
eVects, which impact on ion transport in the renal CS.
Together with the high oral salt intake, it increases the
salt delivery to the CS, which is thought to stimulate
Na+ reabsorption via the apical sodium channel ENaC
in SS cells (Na et al. 2003) and Cl¡ reabsorption via
apical pendrin in the non-type A IC cells (Quentin
et al. 2004). Diuresis-induced extracellular volume con-
traction with hyperaldosteronemia may also contribute
to the activation of ion transport and DNA synthesis in
SS and non-type A IC cells. Aldosterone is known to
stimulate ENaC activity in SS cells (Verrey et al. 2003)
and was also suggested to regulate pendrin expression
in non-type A IC cells (Verlander et al. 2003). More-
over, loop-diuretic treatment is frequently associated
with metabolic alkalosis (Eiam-Ong et al. 1993; LoYng
et al. 1995; van de Ven et al. 1999) which stimulates the
bicarbonate-secreting non-type A IC cells but sup-
presses the activity of acid-secreting type A IC cells.

Given the pronounced and diVerential eVects of
bumetanide on the DNA synthesis rate of SS cells
(PCNA-LI 180% of control), non-type A IC cells
(PCNA-LI 440% of control) and type A IC cells
(PCNA-LI 13% of control), it is surprising that the rel-
ative abundance of these diVerent cell types was not
(SS cells) or only slightly (type A and non-type A IC
cells) aVected by the bumetanide treatment. This sug-
gests that the diVerential regulation of DNA synthesis
within the diVerent subpopulations of CS cells does not
lead to a major remodeling of the cellular composition
of the renal CS. Perhaps it more likely reXects a diVer-
ent cell turnover rate. It is conceivable that transport-
ing epithelial cells may age faster and have to be more
rapidly renewed than epithelial cells with low transport
activity. Recently, Christensen et al. (2006) reported a
pronounced remodeling of the medullary CDs of lith-
ium-treated rats leading to an increased fraction of IC
cells and a reduced fraction of prinicipal cells in the
CD. Interestingly, this severe epithelial remodeling
was accompanied mainly by enhanced proliferation of
principal and not IC cells. Thus, enhanced cell prolifer-
ation in one particular cell lineage need not necessarily
lead to a congenerous shift in the fractional contribu-
tion of one cell type to a heterogeneous cell popula-
tion. Whether altered cell proliferation rates may
contribute to the cellular remodeling of the CS epithe-
lium during changes in systemic acid/base homeostasis

(Yasoshima et al. 1992; Tsuruoka and Schwartz 1996)
or during carbonic anhydrase inhibition (Bagnis et al.
2001) remains to be analyzed. Some studies (Fejes-
Toth and Naray-Fejes-Toth 1992; Yasoshima et al.
1992; Schwartz et al. 2002) did also suggest that some
changes in the prevalence of a particular IC cell sub-
type might be related to the conversion of one cell type
to the other (e.g., from type A IC cells to non-type A
IC cells).

In summary, our study provides evidence that all
subtypes of cells within the adult renal CS are capable
of cell proliferation. Independent replication of each
cell subtype may help to maintain the cellular hetero-
geneity of the renal CS and may also contribute to the
functional adaptation of the epithelium to altered ion
transport requirements.
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