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Abstract

 

The mammalian genome encodes at least nine different
members of the ClC family of chloride channels. So far only
two of them could be localized on a cellular level in the kid-
ney. We now report on the precise intrarenal localization of
the mRNAs coding for the chloride channels ClC-2, ClC-3
and ClC-5. Expression of ClC-2 mRNA, encoding a swell-
ing-activated chloride channel, could be demonstrated in
the S3 segment of the proximal tubule. The chloride channel
ClC-3 mRNA and ClC-5 mRNA, coding for a chloride
channel mutated in kidney stone disease, were both ex-
pressed in intercalated cells of the connecting tubule and
collecting duct. Whereas ClC-3 mRNA expression was most
prominent in the cortex of rat kidneys, ClC-5 mRNA was
expressed from the cortex through the upper portion of the
inner medulla. A detailed analysis revealed that ClC-3 was
expressed by type B intercalated cells, whereas ClC-5 was
expressed by type A intercalated cells. These findings have
important implications for the pathogenesis of hereditary
kidney stone disease caused by mutations in the 

 

CLCN5

 

gene. (

 

J. Clin. Invest.

 

 1998. 101:635–642.) Key words: chlo-
ride channels 

 

•

 

 kidney 

 

•
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genetic disease

 

Introduction

 

Chloride channels have attracted a lot of attention in the func-
tional study of a variety of organs, in particular the brain, mus-
cle, and the kidney (for reviews on renal chloride channels see
references 1 and 2). They have been implicated in membrane
excitability and transepithelial transport. Therefore, it is not
surprising that chloride channels not only play an important
role in the normal physiology of those organs, but that muta-
tions in their genes have also been found in several diseases.
The mammalian genome contains at least nine members of the

 

CLCN

 

-family, encoding the chloride channels ClC-K1, ClC-
K2, and ClC-1 to ClC-7. By Northern blot analysis, ClC-K1

and ClC-K2 are expressed exclusively in the kidney (3, 4),
whereas ClC-2 (5), -3 (6), -4 (7, 8), -5 (9, 10), -6 (11) and -7
(11), besides their expression in the kidney, have also been
found in other organs. ClC-1 is exclusively expressed in muscle
(12) and mutations in the gene coding for ClC-1 are the cause
for myotonia congenita (13). Of the nine ClC chloride chan-
nels which have been cloned, only ClC-K1 and ClC-K2 could
be localized by immunohistochemistry in the kidney (14, 15).

This study describes the precise localization of the mRNAs
coding for three additional chloride channels: ClC-2, ClC-3
and ClC-5, in the adult rat kidney. Previous reports have
shown that the activity of the ClC-2 chloride channel can be
regulated by changes in the osmolality of the environment
(16). This feature is of particular interest in the kidney, where
profound changes of osmolality are known to occur. The ClC-3
chloride channel was identified by a homology-based PCR
cloning strategy; it is abundantly expressed in the brain and in
the kidney (6). Mutations in the 

 

CLCN5

 

 gene have been asso-
ciated with several syndromes displaying nephrolithiasis such
as Dent’s disease, X-linked recessive hypophosphatemic rick-
ets, and X-linked recessive nephrolithiasis (17), as well as a fa-
milial hypercalciuric Fanconi-like syndrome (18). The aim of
our study, therefore, was to localize the ClC-2, ClC-3, and ClC-5
chloride channels in the kidney.

 

Methods

 

Animals.

 

Male adult Sprague-Dawley rats (70–100 d old) were kept
under standard laboratory conditions in the Animal Care Facility in
Mannheim. Animals had free access to rat chow, containing 19% pro-
tein, and tap water.

 

Perfusion-fixation.

 

For optimal preservation of tissue morphol-
ogy and tissue RNA content, adult Sprague-Dawley rats were per-
fused retrogradely through the distal abdominal aorta. Perfusion was
conducted at a pressure level of 210–220 mmHg with 2% freshly dis-
solved paraformaldehyde (PFA) in PBS, pH 7.4, for 3 min and sub–
sequently with a 18% sucrose solution in PBS, adjusted to 800 mOs-
mol/kg, for another 3 min at the same pressure level. After removal,
kidneys were cut into slices, mounted quickly onto small pieces of
Styrofoam, and then snap-frozen in liquid nitrogen–cooled isopen-
tane. All tissues were stored at 

 

2

 

80

 

8

 

C until further use.

 

Preparation of riboprobes.

 

cDNA fragments of rat ClC-2 (1.8-
kbp fragment) (5), -3 (1.8-kbp fragment) (6), and -5 (3.0-kbp frag-
ment) (10) showing only limited homology to each other or other
chloride channels (no cross-reactivity was observed on Northern blots)
were subcloned into pBluescript (Stratagene GmbH, Heidelberg,
Germany).

To generate sense and antisense RNA probes for in situ hybrid-
ization experiments, the plasmids were restricted appropriately. In
vitro transcription was carried out according to the protocol supplied
by the manufacturer (Boehringer Mannheim, Mannheim, Germany).
The lengths of the digoxigenin-labeled riboprobes were checked on a
denaturing formaldehyde agarose gel stained with ethidium bromide.
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Transcripts were finally subjected to partial alkaline hydrolysis to ob-
tain fragments of a calculated average length of 250 nucleotides.

 

Nonradioactive in situ hybridization.

 

In situ hybridization was es-
sentially carried out as described previously (19). Cryostat sections
(5–7 

 

m

 

m thick) were transferred onto silane-coated glass slides. Sec-
tions were postfixed in 4% paraformaldehyde (in PBS, pH 7.4) for
20 min, rinsed three times in PBS, and washed in DEPC-treated,
bidestilled water for 10 min. In order to improve permeabilization, a
mild deproteinization step was performed by immersing slides in 0.1 M
HCl for 10 min, followed by two short rinses (5 min each) in PBS. To
reduce background, slides were acetylated for 20 min in 0.1 M tri-
ethanolamine, pH 8.0, containing 0.25% acetic anhydride, added im-
mediately before starting this step. After rinsing in PBS, slides were
dehydrated for 5 min each in 70, 80, and 95% ethanol, respectively,
and air-dried for 20 min. A prehybridization step was carried out by
incubating sections with prehybridization solution (50% deionized
formamide; 50 mM Tris-HCl, pH 7.6; 25 mM EDTA, pH 8.0; 20 mM
NaCl; 0.2% SDS; 0.25 mg/ml tRNA from yeast; and 2.5 

 

3 

 

Denhardt’s
solution). Sections were placed in a moist chamber and incubated at
42

 

8

 

C for 2 h. Meanwhile, hydrolyzed riboprobes were diluted in
deionized formamide, boiled for 2 min, and chilled on ice. Subse-
quently, the individual components of the hybridization mixture were
added and mixed vigorously (final concentrations were: 50% deion-
ized formamide; 20 mM Tris-HCl, pH 7.6; 1 mM EDTA, pH 8.0; 0.33
M NaCl; 0.2 M DTT; 0.5 mg/ml tRNA; 0.1 mg/ml sonicated, dena-
tured DNA from fish sperm; 1 

 

3 

 

Denhardt’s solution; and 10% dex-
tran sulfate). Concentration of labeled sense or antisense probe was

 

z 

 

10 ng per 

 

m

 

l hybridization mixture. After removal of prehybridization
solution, 25 

 

m

 

l of hybridization mixture were applied to each section
and carefully covered with a siliconized coverslip. Hybridization was
performed at 42

 

8

 

C in a moist chamber for 16 h. Washing procedures
included a first washing step in 2 

 

3 

 

SSC (1 

 

3 

 

SSC 

 

5 

 

150 mM NaCl;
15 mM sodium citrate, pH 7.0) at room temperature for 20 min, fol-
lowed by three stringent washes at 49

 

8

 

C (1 h each) in 1 

 

3 

 

SSC; 0.5 

 

3

 

SSC; and 0.1 

 

3 

 

SSC, each containing 50% formamide. Slides were
then rinsed at room temperature in 0.5 

 

3 

 

SSC for 15 min, again
rinsed in 0.2 

 

3 

 

SSC for 10 min and equilibrated twice for 5 min in
buffer I (100 mM Tris-HCl; 150 mM NaCl, pH 7.4).

Sections were then covered with blocking medium (buffer I con-
taining 1% blocking reagent [Boehringer Mannheim, Mannheim,
Germany] and 0.5% BSA) and incubated for 30 min at room temper-
ature in a moist chamber. Blocking solution was then drained from
the slides and a polyclonal alkaline phosphatase–coupled sheep anti–
digoxigenin antibody (diluted 1:500 in blocking medium) was applied
to the sections. After an incubation of 2 h at room temperature the
sections were incubated overnight at 4

 

8

 

C. The next morning sections
were washed twice for 15 min in buffer I and equilibrated for 2 min in
buffer II (100 mM Tris-HCl, pH 9.5; 100 mM NaCl; 50 mM MgCl

 

2

 

).
For signal development a substrate solution (buffer II containing
0.417 mM nitro blue tetrazolium chloride, NBT [predissolved in 70%
dimethylformamide]; 0.406 mM 5-bromo-4-chloro-3-indolyl-phos-
phate, 4-toluidine salt; BCIP or X-phosphate [predissolved in 100%
dimethylformamide]; and 1 mM levamisol [to inhibit remaining en-
dogenous alkaline phosphatase activity]) was freshly prepared. After
covering sections with large amounts of substrate solution, slides
were kept at 4

 

8

 

C in a moist chamber in the dark. Color reaction was
controlled under the microscope and terminated (usually after 12–24 h)
by immersing the slides twice for 5 min in buffer III (100 mM Tris-
HCl, 1 mM EDTA, pH 8.0). After rinsing in PBS, sections were
mounted in bicarbonate-buffered glycerol, pH 8.6.

 

Combined in situ hybridization and immunocytochemistry.

 

To iden-
tify specifically the sites of ClC-3 and ClC-5 mRNA expression, kid-
ney sections were first probed with the respective antisense RNA as
described in the regular in situ hybridization protocol and then sub-
jected to immunohistochemistry with the following antibodies: a guinea
pig polyclonal antibody against the basolateral Na

 

1

 

/Ca

 

2

 

1

 

-exchanger
was used as a marker for the connecting tubule (20), intercalated cells
were detected with a polyclonal antibody against the kidney-specific

56-kD subunit of the H

 

1

 

-ATPase (21), and principal cells in the col-
lecting duct were identified with a polyclonal antibody against aqua-
porin-2 (22).

After the color development to detect specific transcripts was
complete, the sections were washed in PBS and then blocked in PBS/
2% BSA/0.1% Triton X-100 for 30 min. Primary antibodies were di-
luted in PBS/2% BSA (1:200 in the case of the antibodies against the
Na

 

1

 

/Ca

 

2

 

1

 

-exchanger and H

 

1

 

-ATPase, and 1:50 in the case of the anti-
body against aquaporin-2). The sections were incubated with the pri-
mary antibodies overnight at room temperature and then rinsed twice
in PBS for 10 min each. The Cy3-coupled (Dianova, Hamburg, Ger-
many) and FITC-coupled (Sigma-Aldrich Chemie GmbH, Deisen-
hofen, Germany) secondary antibodies were applied for 1 h, after

Figure 1. Overview of the expression of ClC-5 mRNA in the adult rat 
kidney. The ClC-5 mRNA was detected with a digoxigenin-labeled 
antisense RNA by in situ hybridization. A section through the cortex 
shows labeling of dispersed cells in profiles representing collecting 
ducts and connecting tubules (a). A cross section through the upper 
third of the inner medulla (b) demonstrates numerous collecting 
ducts which contain cells with a strong expression of ClC-5 mRNA. a, 
360; b, 375.
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which the sections were rinsed and mounted in carbonate-buffered
glycerol. For simultaneous labeling with the antibodies against the
H

 

1

 

-ATPase and the Na

 

1

 

/Ca

 

2

 

1

 

-exchanger, both primary antibodies
were applied at the same time before being detected with Cy3- and
FITC-coupled secondary antibodies.

 

Controls. 

 

The specificity of the obtained in situ hybridization sig-
nal was verified by parallel incubation with antisense and sense ribo-
probes on alternate sections. Throughout all experiments sense
probes did not produce any detectable signal. As further negative
controls some sections were hybridized without antisense probe,
while others were processed by omission of anti-DIG antibody. Both
controls yielded completely negative results.

 

Results

 

The chloride channels ClC-3 and ClC-5 are located in interca-
lated cells of the adult rat kidney.

 

In order to learn more about
the possible pathogenetic mechanism underlying the forma-
tion of kidney stones, we carried out nonradioactive in situ hy-
bridization with digoxigenin-labeled ClC-5 antisense RNA. At
a low magnification, a very restricted staining pattern was no-
ticed in tubular profiles from the cortex through the upper
third of the inner medulla in the adult rat kidney (Fig. 1). As

 

will be outlined below, these profiles represent connecting
tubules and collecting ducts. The finding that only a portion
of cells in a given profile displayed a signal was consistent with
the notion that intercalated cells expressed ClC-5. To confirm
this hypothesis, the same sections were incubated with an anti-
body against the kidney-specific 56 kD subunit of H

 

1

 

-ATPase
subsequent to the in situ hybridization with ClC-5 antisense
RNA (this particular subunit of H

 

1

 

-ATPase is exclusively ex-
pressed in intercalated cells [21]). H

 

1

 

-ATPase immunoreac-
tivity and the in situ hybridization signal overlapped to a large
extent towards the inner medulla, but only to a minor extent in
the cortex (Fig. 2). Only those intercalated cells which showed
an apical staining with the anti-H

 

1

 

-ATPase antibody also ex-
pressed ClC-5 mRNA, thus identifying those cells as type A in-
tercalated cells, whereas type B intercalated cells did not ex-
press ClC-5 mRNA (Fig. 2). Principal cells, which were
identified with an antibody against aquaporin-2 (22), also were
devoid of an in situ hybridization signal (Fig. 3). The distribu-
tion of ClC-5 expressing cells is consistent with the fact that
type A intercalated cells are present from the cortex through
the upper portion of the inner medulla, whereas type B inter-
calated cells prevail in the cortex and are absent in the inner
stripe and inner medulla (23). Because coexpression of ClC-5

Figure 2. In situ hybridization with ClC-5 antisense RNA (a and c) and subsequent immunohistochemical staining of the same section with an 
antibody against the kidney-specific 56-kD subunit of H1-ATPase (b and d) (cortical collecting duct in a and b, inner medullary collecting duct 
profiles in c and d). As marked by arrowheads in a and b, ClC-5 mRNA is expressed by intercalated cells with an apical location of H1-ATPase, 
identifying those cells as type A intercalated cells. Type B intercalated cells with a basolateral or diffuse expression of H1-ATPase are negative 
for ClC-5 mRNA (arrow in a and b). This correlates well with the expression of ClC-5 mRNA in the upper portion of the inner medulla (c and 
d), because type B intercalated cells are not present in the inner medullary collecting duct of the rat (an example of a ClC-5 mRNA positive type 
A intercalated cell is highlighted with an arrowhead in c and d). a and b, 3465; c and d, 3670.



 

638

 

Obermüller et al.

 

mRNA and H

 

1

 

-ATPase was also seen in profiles which resem-
ble connecting tubules, sections probed with ClC-5 antisense
RNA were also stained with an antibody against the Na

 

1

 

/
Ca

 

2

 

1

 

-exchanger (the Na

 

1

 

/Ca

 

2

 

1

 

-exchanger is a marker for the
connecting tubule [20]). Fig. 4 illustrates that intercalated cells
of the connecting tubule, but not connecting tubule cells them-
selves expressed ClC-5 mRNA. Apart from its location in in-
tercalated cells, we could not detect a clear-cut in situ hybrid-
ization signal at other sites, although after a prolonged
exposure a faint signal could be seen in proximal tubules.

The chloride channel ClC-3 was identified by a homology-
based PCR cloning strategy (6). Although ClC-3 mRNA is

most strongly expressed in the central nervous system, there
also is a reasonable amount of ClC-3 mRNA in the kidney (6).
When sections from adult rat kidneys were probed with ClC-3
antisense RNA, a signal was seen in the cortex and the outer
stripe, but again only a subpopulation of cells in a given tubu-
lar profile expressed ClC-3 mRNA. The number of positive
cells was high in the cortex, but decreased in the outer stripe
(Fig. 5). No in situ hybridization signal could be demonstrated
in the inner stripe and inner medulla. Staining of the same sec-
tions with the antibody against the 56 kD subunit of H

 

1

 

-ATP-
ase revealed that intercalated cells expressed ClC-3 mRNA. In
contrast to our finding with ClC-5, however, those intercalated
cells which expressed ClC-3 mRNA were labeled basolaterally
or diffusely cytoplasmic, identifying them as type B interca-
lated cells (Fig. 6, 

 

a

 

 and 

 

b

 

). Principal cells did not express ClC-3
mRNA (Fig. 6, 

 

c

 

 and 

 

d

 

). Intercalated cells of connecting tu-
bules also expressed ClC-3 mRNA as demonstrated by stain-
ing of those tubular profiles with the antibody against the Na

 

1

 

/
Ca

 

2

 

1

 

-exchanger. Connecting tubule cells, which were identi-
fied by their expression of the Na

 

1

 

/Ca

 

2

 

1

 

-exchanger, did not ex-
press ClC-3 mRNA (Fig. 7).

 

The swelling-regulated chloride channel ClC-2 is expressed
in the S3 segment of the proximal tubule.

 

In the rat, the high-
est ClC-2 mRNA levels have been demonstrated in the brain
and kidney. Interestingly, ClC-2 channel activity can be reg-
ulated by changes in environmental osmolality (16). Nonra-
dioactive in situ hybridization with a ClC-2 antisense RNA
resulted in a labeling of the outer stripe and the deep por-
tions of medullary rays (Fig. 8 

 

a

 

). A high power micrograph
demonstrates that only those tubular profiles with a brush
border expressed ClC-2 mRNA, thus clearly identifying the
site of ClC-2 expression as the S3 segment of the proximal tu-
bule (Fig. 8 

 

b

 

).

 

Discussion

 

At least two types of intercalated cells can be discerned in the
connecting tubules and collecting ducts, the acid-secreting type
A intercalated cells and the bicarbonate-secreting type B inter-
calated cells (23). In the type A intercalated cell, an H

 

1

 

-ion is
secreted into the lumen and the remaining HCO

 

3

 

2

 

-anion is
transported via the HCO

 

3

 

2

 

/Cl

 

2

 

-exchanger into the intersti-
tium. These ion fluxes create an ion imbalance in the cell and
one, therefore, has to postulate that the incoming chloride ion
has to leave the cell again through a channel. The same holds
true for the type B intercalated cell, which secretes bicarbon-
ate through an as yet unidentified HCO

 

3

 

2

 

/Cl

 

2

 

-exchanger into
the lumen, whereas the H

 

1

 

-ion leaves the cell on the basolat-
eral side with the help of the proton pump. Previous studies
have identified chloride channels via patch-clamp techniques
in intercalated cells (24–26). We extend those electrophysio-
logical studies by demonstrating the expression of the mRNAs
encoding the ClC-3 and ClC-5 chloride channels in type B and
type A intercalated cells, respectively. Because our studies are
based on nonradioactive in situ hybridization, we do not know
the distribution of the proteins in the cell. It is tempting to
speculate, however, that the restricted expression pattern of
the mRNAs also is reflected by the sorting of the respective
proteins.

Recently, mutations in the 

 

CLCN5

 

 gene have been found
in various disorders characterized by kidney stone disease and

Figure 3. ClC-5 mRNA is not expressed in principal cells of the col-
lecting duct. Double labeling of the same section with digoxigenin-
labeled ClC-5 antisense RNA (a) and an antibody against aquapo-
rin-2, a marker for principal cells of the collecting duct (b), reveals 
the mutually exclusive expression of ClC-5 and aquaporin-2 in a cor-
tical collecting duct profile. An intercalated cell expressing ClC-5 
mRNA (arrow) is flanked by two principal cells which express aqua-
porin-2 but not ClC-5 mRNA (arrowheads). a and b,3520.

Figure 4. ClC-5 mRNA is also expressed in intercalated cells of the 
connecting tubule. The same section was first subjected to in situ hy-
bridization with a ClC-5 antisense RNA (a) and then examined 
immunohistochemically with an antibody against the Na1/Ca21-
exchanger, which labels connecting tubule cells (b). Those cells
expressing ClC-5 mRNA do not express the Na1/Ca21-exchanger
(arrows in a and b), which identifies them as intercalated cells of the 
connecting tubule. a and b, 3200.
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low molecular weight proteinuria (17, 18). The precise role of
ClC-5 in the pathogenesis of those disorders has so far re-
mained a matter of speculation. In our study, we could repro-
ducibly detect the ClC-5 mRNA only in type A intercalated
cells and only occasionally in the proximal tubule, which one
would expect as a site of ClC-5 expression because of the
symptom of low molecular weight proteinuria. The proximal
tubule is the nephron segment where the filtered peptides are
reabsorbed, so that it can be argued that a chloride channel is
part of the endocytotic vesicles (which are acidified by the H1-
ATPase) in order to provide a counterion for the transported
protons. A decreased flow of chloride ions into the endocytotic
vesicles would thus lead to a decreased acidification of those
vesicles and subsequently to inefficient reabsorption of low
molecular weight peptides. Intercalated cells on the other hand,
which express another isoform of the hydrogen ion transport
protein H1-ATPase, are responsible for the regulation of acid
secretion in connecting tubules and collecting ducts. A muta-
tion in the CLCN5 gene could lead to dysfunctional proton
secretion in type A intercalated cells because of the lack of ac-
companying flow of chloride ions. Patients with X-linked re-
cessive nephrolithiasis present with hyperphosphaturia (27), so
that kidney stone formation in those patients may be en-
hanced by the higher than usual protein concentration and a
higher local pH due to lower H1 secretion by type A interca-
lated cells (28).

The ClC-3 mRNA is strongly expressed in type B inter-
calated cells of the kidney, and the ClC-3 chloride channel
may therefore represent the functional correlate of ClC-5.
Similar to the situation encountered in type A intercalated
cells, ClC-3 may serve to counteract the ion imbalance caused
by the secretion of bicarbonate ions into the lumen. It will be
interesting to find out whether both channels are sorted to the
same side or to opposite sides of the cell membrane, and
whether any syndromes can be attributed to mutations in the
CLCN3 gene.

We could demonstrate that the mRNA encoding the swell-
ing-activated chloride channel ClC-2 is expressed in the S3 seg-
ment of the adult kidney. Our study extends the observation of
Murray et al. (29) who analyzed the expression of the ClC-2
protein in E19 and newborn rat kidneys. Previously, it has
been shown that ClC-2 activity increased after exposure of
cells to hypotonicity (16). Interestingly, the mRNA coding for
ROSIT, a putative renal osmotic stress-induced transporter
(30), and the mRNA coding for the taurine transporter (31)
also are expressed in the S3 segment of the proximal tubule.
The osmolality in the kidney increases at the border between
the cortex and the outer stripe, so that it can be assumed that
the distribution of the ClC-2 chloride channel, ROSIT and the
taurine transporter mirrors this change of osmolality. Future
studies are needed to address the specific functions of those
proteins.

Figure 5. Overview of the expression of ClC-3 mRNA in the adult rat 
kidney. Sections from the adult rat kidney were hybridized with a 
digoxigenin-labeled ClC-3 antisense RNA. Strong hybridization sig-
nals were found in numerous, yet dispersed cells in the cortex and the 
outer stripe. The number of positive cells decreased in the outer 
stripe, correlating with the known distribution of type B intercalated 
cells. 360.
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It has become clear from previous observations and from
this report, that ClC chloride channels such as ClC-K1 (14, 15)
and ClC-K2 (15) and non-ClC chloride channels such as CFTR
(29, 32) are expressed at diverse sites along the nephron and in
the collecting duct. These particular locations probably reflect
the different requirements for those channels in the kidney.
Further research will be needed in order to clarify how this

heterogeneity in expression translates into functional charac-
teristics.
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