
Abstract The term Bartter syndrome encompasses a
heterogeneous group of autosomal recessive salt-losing
nephropathies that are caused by disturbed transepithe-
lial sodium chloride reabsorption in the distal nephron.
Mutations have been identified in the NKCC2 (Na+-K+-
2Cl–) cotransporter and ROMK potassium channel,
which cooperate in the process of apical sodium chloride
uptake, and ClC-Kb chloride channels, which mediate
basolateral chloride release. Recently, mutations in bart-
tin, a protein not related to any known ion transporter or
channel, were described in BSND, a variant of Bartter
syndrome associated with sensorineural deafness. Here
we show that barttin functions as an activator of ClC-K
chloride channels. Expression of barttin together with
ClC-K in Xenopus oocytes increased ClC-K current am-
plitude, changed ClC-K biophysical properties, and en-
hanced ClC-K abundance in the cell membrane. Co-im-
munoprecipitation revealed a direct interaction of barttin
with ClC-K. We performed in situ hybridization on rat
kidney slices and RT-PCR analysis on microdissected
nephron segments to prove co-expression of barttin,
ClC-K1 and ClC-K2 along the distal nephron. Functional
analysis of BSND-associated point mutations revealed
impaired ClC-K activation by barttin. The results dem-
onstrate regulation of a CLC chloride channel by an ac-
cessory protein and indicate that ClC-K activation by
barttin is required for adequate tubular salt reabsorption.
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Introduction

The diagnosis Bartter syndrome comprises a spectrum of
autosomal recessive salt-losing kidney disorders that
manifest with chronic hypokalemia and metabolic alka-
losis. Renal salt wasting is caused by impaired transepi-
thelial sodium chloride transport in the thick ascending
limb of Henle’s loop and more distal nephron segments.
In epithelial cells of the thick ascending limb (TAL) api-
cal sodium chloride uptake is driven by the sodium-po-
tassium-chloride co-transporter NKCC2. Potassium ions
recirculate into the tubular lumen via apical ROMK po-
tassium channels, while chloride is released basolaterally
through ClC-Kb chloride channels. Mutations associated
with the more severe antenatal variant of Bartter syn-
drome (also termed hyperprostaglandin E syndrome)
have been identified in the genes encoding for ROMK
and NKCC2 [15, 16], whereas the less severe classic
variant of Bartter syndrome is caused by mutations in
ClCNKB encoding for ClC-Kb [14]. Although this ge-
netic evidence convincingly suggests chloride channel
function for ClC-Kb, electrophysiological analysis of
ClC-Kb upon heterologous expression did not reveal
chloride currents [7, 23]. This also applies to ClC-Ka
[7], a highly related homologue whose involvement in
renal transepithelial chloride reabsorption is suggested
by reduced vectorial chloride transport along the thin as-
cending limb of Henle’s loop in a knock-out mouse mod-
el for ClC-K1 (the corresponding mouse orthologue) [8].
Thus, the existence of additional factors regulating ClC-
K channel activity has been postulated.

Recently, mutations in a new gene (BSND) were iden-
tified in a Bartter variant called BSND, which, in con-
trast to the other forms, is associated with sensorineural
deafness (SND) and renal failure [2]. The BSND-encod-
ed protein barttin shows no homology to any known pro-
tein. It has two predicted transmembrane domains and is
highly expressed in the distal nephron and in endo-
lymph-producing cells of the inner ear. The BSND phe-
notype together with the reported tissue distribution sug-
gested barttin as an attractive candidate for a regulatory
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ClC-K subunit. We therefore cloned barttin from a hu-
man kidney cDNA library and performed co-expression
studies with ClC-Kb and ClC-Ka in Xenopus oocytes.
Electrophysiological analysis indeed revealed activation
of ClC-Kb and ClC-Ka chloride currents. The biophysi-
cal properties of rat ClC-K1, the only ClC-K homologue
which by itself is amenable to functional expression in
Xenopus oocytes [19, 23], changed after co-expression
with barttin. Immunostaining demonstrated an increased
membrane abundance of epitope-tagged ClC-K con-
structs in the presence of barttin, which immunoprecipi-
tated ClC-K from oocyte lysates. Moreover, we deter-
mined the intracellular localization of the barttin C-ter-
minus, investigated co-localization of barttin with ClC-
K1 and ClC-K2 along the rat nephron, and analyzed the
effect of BSND-associated point mutations on ClC-K1
activation by barttin.

Materials and methods

Expression in Xenopus laevis oocytes and voltage-clamp analysis

Five nanograms of in-vitro-transcribed cRNA (mMessage mMa-
chine kit; Ambion, AMS Biotechnology, Wiesbaden, Germany)
for each construct was injected in defolliculated Xenopus oocytes,
which were kept at 16°C in ND96 solution containing 96 mM
NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES
(pH 7.4). Two to five days after injection, two-electrode voltage-
clamp measurements were performed at room temperature with a
GeneClamp 500 amplifier (Axon Instruments, Union City, USA).
Currents were recorded in ND96 solution. For anion replacement
experiments, 80 mM chloride was substituted by equivalent
amounts of the indicated anions. The extracellular calcium con-
centration was varied by adding calcium acetate to the ND96 solu-
tion. Data from at least two different batches of oocytes are
shown. Statistical analysis was performed on n oocytes derived
from one preparation. The error bars in the diagrams were calcu-
lated from the standard error of the mean (SEM). Site-directed
mutagenesis was performed with the QuickChange system (Strata-
gene, Amsterdam, The Netherlands) and the complete constructs
were sequenced to prove the desired nucleotide exchange and to
exclude any additional mutations.

Immunostaining and co-immunoprecipitation

MDCK cells transiently transfected with the indicated epitope-
tagged constructs were seeded on glass coverslips 24 h before fixa-
tion in 4% paraformaldehyde in PBS for 15 min. After the cells
were washed with PBS, blocking and permeabilization were per-
formed for 30 min in PBS containing 10% (v/v) normal goat serum
(Sigma, Taufkirchen, Germany), 0.2% (w/v) bovine serum albumin
(Sigma), and 0.3% (v/v) Triton X-100. The primary antibodies (rat
monoclonal anti-HA (Roche, Mannheim, Germany) and mouse
monoclonal anti-V5 (Invitrogen; Karlsruhe, Germany) were diluted
in the blocking solution (anti-HA 1/400, anti-V5 1/2000) and incu-
bated with the cells overnight at 4°C. After the cells were washed
with PBS, secondary Cy-2- or Cy-3-coupled antibodies (Amersham
Pharmacia Biotech, Freiburg, Germany) were added at the recom-
mended dilutions for 2 h at room temperature. Afterward the cells
were again washed with PBS and mounted with glycerol-gelatin
(Sigma). Epifluorescence microscopy was used to detect antibody
localization. A similar procedure was used for immunostaining of
5 µm cryosections of Xenopus oocytes, which were fixed over
night at 4°C in 4% paraformaldehyde/PBS prior to embedding
(Tissue-Tek, Miles, Plano W. Plannet, Wetzlar, Germany) and cut-
ting. Staining of non-permeabilized MDCK cells was achieved by

direct addition of the primary antibody to the cell culture medium
at room temperature for 2 h. After several washes with PBS, the
cells were fixed and processed as described above. For immuno-
precipitation oocytes were homogenized in lysis buffer containing
150 mM NaCl, 20 mM TRIS-Cl pH 7.6, 1% Triton X-100. Proteas-
es were inhibited with Complete (Roche) at the recommended con-
centration. Primary antibody (mouse monoclonal anti V5, Invitro-
gen) was added overnight at 4°C and subsequently bound to pro-
tein G agarose (Roche) at 4°C for 2 h. After several washes, the
agarose pellet was solubilized in sample buffer (60 mM TRIS-Cl,
2.3% SDS, 10% glycerol, 0.4% bromphenol-blue, 5% mercapto-
ethanol) and the supernatant was separated on 8% polyacrylamide
gel. Proteins were transferred to nitrocellulose membranes in ice-
cold transfer buffer (11.3 g/l glycine, 2.4 g/l TRIS) at 100 V for
90 min. For immunodetection, rat monoclonal anti-HA (1/1000)
was added to the blocking solution (5% non-fat milk powder in
TBS-Tween: 150 mM NaCl, 25 mM Tris pH 7.4, Tween 20 0.1%)
and incubated with the blot for 2 h at room temperature. Secondary
peroxidase-conjugated goat anti-rat IgG (1/2000; Jackson Immuno-
Research, Dianova, Hamburg, Germany) was used for luminescent
detection with ECL Plus (Amersham).

In situ hybridization

In situ hybridization was performed on 14 µm cryosections of rat
kidney using DIG-labeled rat barttin, ClC-K1, and ClC-K2 anti-
sense and sense cRNA probes (DIG-labeling system, Roche). To
preclude cross-reactivity, the ClC-K1 and ClC-K2 probes were di-
rected against the non-homologous 3′-untranslated regions of the
respective genes. For the generation of the rat barttin probe, the
complete rat barttin cDNA was cloned by homology PCR and 5′-
and 3′-RACE. The sequence was submitted to GenBank (Gen-
Bank Accession Number AJ421029).

Microdissection of nephron segments

Nephron segments for RT-PCR were obtained by a modified colla-
genase digestion protocol from freshly prepared rat kidney slices
[11]. At least 11 mm of each tubule segment was pooled and used
for RNA preparation. After cDNA synthesis, PCR was performed
on cDNA samples corresponding to 1 mm initial tubule length de-
rived from at least three different sets of nephron segments from
different animals. Parallel amplifications of marker genes
(NKCC2, AQP-1, AQP-4, PHrP-R) served as controls for the seg-
ment specificity of the preparation.

Results

When expressed alone, ClC-Ka-, ClC-Kb- and barttin-in-
duced currents were not significantly different from
those in non-injected oocytes. Expression of ClC-Ka to-
gether with barttin, however, resulted in large instanta-
neous currents with a reversal potential close to –20 mV,
which showed some voltage-dependent gating in the
negative voltage range below –80 mV (Fig. 1A, B).
Small but significant currents with voltage-dependent ac-
tivation in the positive voltage range and inactivation in
the negative voltage range were observed after expres-
sion of barttin with ClC-Kb (Fig. 1C, D).

Partial replacement of extracellular chloride by other
anions indicated a Cl–=Br–>NO3

–=I– conductance se-
quence for ClC-Ka+barttin currents, whereas ClC-
Kb+barttin currents showed a Cl–>Br–>NO3

–=I– conduc-
tance sequence (Fig. 2A, D). Comparable to rat ClC-K1-
currents, the amplitude of ClC-Ka+barttin and ClC-

412



Kb+barttin currents strongly decreased upon extracellu-
lar acidification and removal of extracellular calcium
(Fig. 2B, E). Compared with ClC-Ka+barttin, ClC-
Kb+barttin pH sensitivity was shifted in the alkaline di-
rection (Fig. 2C, F).

To investigate whether the barttin effect was limited
to ClC-K channels, we co-expressed barttin and ClC-5,
another chloride channel of the CLC-family predomi-
nantly expressed in the kidney. Similar to a previous re-
port [17], the expression of ClC-5 gave rise to outwardly
rectifying currents, which showed no apparent altera-
tions in the presence of barttin (682±76 nA versus
510±47 nA at +20 mV; n=6). Moreover, co-expression
of barttin and ROMK, another ion channel associated
with Bartter syndrome, did not reveal any differences
compared to inwardly rectifying potassium currents gen-
erated by ROMK alone (–7.4±0.9 µA and –6.9±0.8 µA

respectively at –20 mV and an extracellular KCl concen-
tration of 100 mM; n=6).

To test whether barttin changed the biophysical charac-
teristics of ClC-K currents in addition to increasing cur-
rent amplitude, we expressed barttin together with ClC-K1
and compared current properties with those previously de-
termined for ClC-K1 alone. Comparable to previous re-
ports [20, 23], voltage-clamp analysis of ClC-K1-express-
ing oocytes revealed small instantaneous chloride cur-
rents, which were absent in control oocytes or oocytes in-
jected with barttin cRNA (Fig. 3A, C). A dramatic in-
crease in current amplitude (about 20-fold) was observed
after expression of ClC-K1 together with barttin (Fig. 3B,
C). Biophysical properties previously reported for ClC-K1
chloride currents include a Cl–=Br–>NO3

–=I– anion per-
meability sequence and a strong dependence on extracel-
lular pH as well as extracellular calcium concentration
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Fig. 1A–D Activation of 
ClC-K currents by barttin.
Two-electrode voltage-clamp
traces of currents from Xeno-
pus oocytes injected with
cRNAs encoding barttin and
ClC-Ka (A) or ClC-Kb (C).
Voltage was clamped between
–120 and +40 mV and changed
in 20-mV steps. The gray cur-
rent trace in C was recorded at
+40 mV after replacement of
extracellular chloride by aspar-
tate. Averaged current/voltage
relationships for barttin 
(B, D; squares; n=8), ClC-Ka
(B; diamonds; n=8), ClC-Kb
(D; diamonds; n=9), ClC-
Ka+barttin (B; circles; n=8),
and ClC-Kb+barttin 
(D; circles; n=9)

Fig. 2A–F Characterization of
ClC-K+barttin channel proper-
ties. Current/voltage relation-
ships under control conditions
(Cl–) and after substitution of
80 mM chloride by the indicated
anions for ClC-Ka+barttin 
(A; n=7) and ClC-Kb+barttin
(D; n=7). Original recordings
showing the dependence on ex-
tracellular pH and calcium con-
centration of ClC-Ka+barttin (B)
and ClC-Kb+barttin (E). Cur-
rents were recorded during con-
tinuous 500-ms voltage steps
from –30 to 0 mV at 0.5 Hz. (co
Control condition at pH 7.4 and
1.8 mM extracellular calcium
concentration.) Relative pH ef-
fect on ClC-Ka+barttin (C; n=7)
and ClC-Kb+barttin (F; n=8)
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Fig. 3A–F Activation of ClC-K1 currents by barttin. Two-elec-
trode voltage-clamp traces of Xenopus oocytes injected with
cRNA encoding ClC-K1 (A), and ClCK1+barttin (B). Voltage was
clamped between –70 and +20 mV (A, inset). C Averaged cur-
rent/voltage relationships for barttin (squares), ClC-K1 (circles),
and ClC-K1+barttin (diamonds). Currents were averaged from
n=7 oocytes. A magnification of the low current range is provided
(C, inset). Characterization of ClC-K1+barttin. D Voltage trace at
different extracellular chloride concentrations (replacement of
chloride by aspartate; the remaining chloride concentration in mM
is indicated) and after replacement of 80 mM chloride by the indi-
cated anions. E Original tracing showing current amplitude during
extracellular acidification from pH 7.5 to 6.0 and removal of ex-
tracellular calcium (0 Ca). (co ND96 at pH 7.4.) Currents were re-
corded during continuous 500-ms voltage steps from –30 to 0 mV
at 0.5 Hz. F Relative inhibition of ClC-K1+barttin currents by ex-
tracellular acidification (n=7)

Fig. 4 Effect of extracellular calcium on ClC-K1 (A) and ClC-
K1+barttin (B). Original current recordings during continuous 500-
ms voltage steps from –30 to +20 mV at 0.5 Hz. C Relative effect
of extracellular calcium on ClC-K1 and ClC-K1+barttin current am-
plitude (n=7). D Co-immunoprecipitation of ClC-K isoforms by
barttin. The left panel shows anti-HA staining of lysates of oocytes
expressing V5 barttin (b), HA-ClC-Ka (Ka), and HA-ClC-Kb (Kb).
The right blot shows anti-HA staining of proteins precipitated by an
anti-V5 antibody from lysates of oocytes expressing HA-ClC-K1
(K1), HA-ClC-K1+V5-barttin (K1/b), the human isoforms HA-ClC-
Ka (Ka) and HA-ClC-Kb (Kb) with or without V5-barttin (b), and
V5 barttin alone (b). The arrow points to a ≅ 250-kDa band which is
only present in cells expressing CLC-K together with barttin. A pro-
tein band of similar size is visible in the lysates of HA-ClC-Ka- and
HA-ClC-Kb-expressing cells, but is absent in V5-barttin-expressing
cells, thus demonstrating specificity of the staining. A faint signal is
also observed without anti-V5 antibody after control immunoprecip-
itation of HA-ClC-Kb- and V5-barttin-expressing cells, thus reflect-
ing weak unspecific binding of HA-ClC-K to the precipitating pro-
tein G agarose (Kb/b–ab). The intense bands on the right blot at ≅ 80
and 50 kDa correspond to the heavy and light chains respectively of
the precipitating anti-V5 antibody



[20, 23]. In a first step, we determined the anion perme-
ability of oocytes co-injected with ClC-K1- and barttin
cRNA. As illustrated in Fig. 3D, extracellular replacement
of chloride by aspartate resulted in a positive shift of the
membrane voltage. This shift with an amplitude of about
50 mV per decade change of extracellular chloride con-
centration pointed to a selective chloride conductance. Re-
versal potential measurements after partial replacement of
chloride by other anions revealed a Cl–=Br–>NO3

–=I– per-
meability sequence identical to that reported for ClC-K1
(Fig. 3D). Again comparable to ClC-K1, ClC-K1+barttin-
induced currents rapidly and reversibly decreased upon
extracellular acidification (Fig. 3E, F) and removal of ex-
tracellular calcium (Fig. 3E). An increase in extracellular
calcium concentration to 6.8 and 11.8 mM strongly acti-
vated ClC-K1-induced currents (Fig. 4A, C). By contrast,
ClC-K1+barttin showed maximal current amplitudes un-
der control conditions (1.8 mM calcium) which could not
be further activated by an extracellular calcium increase
(Fig. 4B, C). This difference in calcium sensitivity sug-
gested a direct modification of ClC-K channels by barttin. 

To test for a direct interaction of barttin with ClC-K
proteins, we performed co-immunoprecipitation experi-
ments on lysates of oocytes injected with epitope-tagged

ClC-K and barttin constructs. Epitope tagging (N-termi-
nal HA epitope for ClC-K and C-terminal V5 epitope for
barttin) did not interfere with the described barttin effect
on ClC-K currents (data not shown). Comparable to a
previous report [23], the expression of HA-ClC-Ka and
HA-ClC-Kb gave rise to several protein bands ranging
between 75 and 250 kDa, which were absent in non-
injected and V5-barttin injected oocytes and may be ex-
plained by glycosylation or denaturation-resistant aggre-
gation of ClC-K proteins. As shown in Fig. 4D, the 250-
kDa ClC-K protein fraction selectively immunoprecipi-
tated with V5-barttin in lysates of oocytes co-expressing
ClC-K1, ClC-Ka, and ClC-Kb.

We used the same epitope-tagged constructs to investi-
gate the cellular distribution of ClC-K and barttin in Xeno-
pus oocytes. When expressed alone, barttin showed a pre-
dominant staining in the oocyte plasma membrane, whereas
ClC-Ka and ClC-Kb were detected exclusively in the cyto-
solic compartment (Fig. 5A). Expression of barttin together
with ClC-Ka or ClC-Kb led to faint ClC-K signals in the
plasma membrane, which – corresponding to the higher
current amplitudes – were more pronounced in ClC-Ka-co-
expressing oocytes. The barttin distribution pattern was not
changed by co-expression of ClC-Ka or ClC-Kb (Fig. 5A).

415

Fig. 5 Immunostaining of bart-
tin and ClC-K in Xenopus oo-
cytes (A) and localization of
the barttin C-terminus in
MDCK cells (B). Green stain-
ing in A corresponds to V5-
tagged barttin, whereas red
staining corresponds to 
HA-ClC-Ka or HA-ClC-Kb.
The arrows point to a surface
signal for ClC-Ka and ClC-Kb
in oocytes co-expressing bart-
tin. In B immunostaining for
epitope-tagged barttin, KCNQ1
and KCNE1 is shown before
and after permeabilization of
transiently transfected MDCK
cells. The position of the epi-
tope is marked by the circles in
the protein models. (e Extracel-
lular)



Algorithmic topology prediction suggested a short in-
tracellular N-terminus (eight amino acids), two trans-
membrane domains connected by a short linker (five
amino acids), and a long intracellular C-terminus (266
amino acids) for the barttin protein. In addition to hydro-
phobic interaction of the integral membrane part of bart-
tin with ClC-K proteins, the long C-terminal protein re-
gion could form a potential interaction domain. The in-
tracellular localization of the ClC-K N- and C-terminal
protein regions [12] would require a similar orientation
of the barttin C-terminus for protein–protein interaction.
We therefore determined the orientation of the barttin C-
terminus in MDCK cells transfected with the C-terminal
V5-tagged barttin construct. As shown in Fig. 5B, simi-
lar to the intracellularly tagged KCNQ1 protein [18],
staining of the C-terminal barttin V5-epitope was only
detected after permeabilization of the transfected MDCK
cells. By contrast, extracellularly tagged KCNE1 [18]
was also stained in non-permeabilized cells. This con-
firmed the predicted intracellular localization of the bart-
tin C-terminus.

As deduced from morphological studies, barttin and
ClC-K are expressed in the distal nephron. To substanti-
ate the co-expression of barttin and ClC-K transcripts,
we performed in situ hybridizations on rat kidney slices.
As illustrated in Fig. 6A, hybridization with a rat barttin
probe gave rise to distinct signals throughout the inner
medulla. A somewhat weaker staining was observed in
most of the tubular parts of the outer medulla and in
scattered tubule segments of the cortex. A similar distri-
bution pattern was found for ClC-K1 transcripts, where-
as ClC-K2 was absent in the inner medulla and only
faintly expressed in the inner stripe of the outer medulla.
Prominent expression of ClC-K2 was restricted to the
outer stripe of the outer medulla and to scattered cortical
tubule segments that most likely corresponded to those
positive for barttin and ClC-K1. In agreement with these
data, PCR experiments on microdissected nephron seg-
ments revealed the expression of ClC-K1 and barttin
throughout the distal nephron including tubule segments
of the inner medulla (thin limb of the loop of Henle and
inner medullary collecting duct). ClC-K2 expression was
limited to outer medullary nephron segments (medullary
thick ascending limb and outer medullary collecting
duct) and cortical parts of the distal nephron (cortical
thick ascending limb, distal convolute, connecting tu-
bule, and cortical collecting duct) (Fig. 6B).

The results reported here suggest that ClC-K activa-
tion by barttin forms the molecular basis of BSND.
BSND-associated point mutations hence should impair
the barttin effect on ClC-K. Mutational analysis of the
BSND gene revealed, in addition to several nonsense
mutations, three homozygous missense mutations affect-
ing amino acids 8 and 10 at the border to the first puta-
tive transmembrane domain [2]. We tested their func-
tional relevance by co-expression with ClC-K1 in Xeno-
pus oocytes. As expected, the R8L and R8W mutations
nearly completely abolished ClC-K1 activation by bart-
tin (Fig. 7). The barttin G10S mutant, however, still acti-
vated ClC-K1 to an extent similar to that of wild-type
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Fig. 6A, B Localization of barttin, ClC-K1, and ClC-K2 in the rat
kidney. A In situ hybridization on rat kidney cryosections. A posi-
tive hybridization signal is indicated by a dark precipitate. Hybrid-
ization with the corresponding sense cRNAs served as control.
The barttin sense control is shown. (im Inner medulla, om outer
medulla with is inner stripe, os outer stripe, co cortex.) B RT-PCR
experiments on microdissected tubule segments of rat kidney. The
arrowheads point to the amplification products of the expected
size. The positive signal in the glomerulus in the case of barttin
and ClC-K2 may derive from adherent structures of the distal con-
voluted tubule (juxtaglomerular apparatus). A nephron with the
corresponding tubule segments is shown schematically. (aTL As-
cending thin limb, CCD cortical collecting duct, CT connecting tu-
bule, cTAL cortical thick ascending limb, DCT distal convoluted
tubule, dTL descending thin limb, Glom glomerulus, IMCD inner
medullary collecting duct, mTAL medullary thick ascending limb,
OMCD outer medullary collecting duct, PCT proximal convoluted
tubule, PST proximal straight tubule)



barttin. Differences in cellular protein quality control
mechanisms or in protein targeting mechanisms between
the Xenopus oocyte and the native barttin-expressing
cells may explain this discrepancy.

Discussion

Our work describes the activation of ClC-K chloride
channels by an accessory protein, which increases ClC-K
abundance in the cell membrane. A similar observation
was recently published by another group [5]. Deduced
from compelling co-localization of barttin and ClC-K
proteins in the distal nephron and in endolymph-produc-
ing cells of the inner ear, the authors of that study postu-
lated a direct interaction of ClC-K and barttin in a het-
eromeric channel structure. The here-reported change in
ClC-K1 calcium sensitivity after co-expression with
barttin supports this hypothesis and indicates that in-
creased ClC-K surface expression is not the only mecha-
nism responsible for ClC-K current activation. However,
although enhanced surface expression and altered bio-
physical properties were reported to be indicators of the
heteromeric assembly of other ion channels [13, 25], al-
ternative mechanisms for barttin-mediated channel mod-
ulation could be imagined. Barttin, for example, could
act as a scaffolding protein directing endogenous pro-
teins to the cell membrane, which in turn could modify
ClC-K proteins. We therefore sought to directly demon-
strate an interaction between barttin and ClC-K in co-im-
munoprecipitation experiments, which indeed revealed
stable association of these proteins. Barttin hence forms
an integral part of the functional ClC-K channel. In view
of the unaffected anion selectivity, however, the direct
participation of barttin in the ClC-K pore structure seems
unlikely.

Barttin is localized in strial marginal cells of the co-
chlea and in vestibular dark cells [2, 5], which were also
shown to express ClC-K in their basolateral membranes
[5, 10]. The primary function of both cell types is to se-

crete potassium into the endolymph space. This process
requires in addition to an apical potassium conductance
(mediated by KCNQ1/KCNE1 channels) a large basolat-
eral chloride conductance, which recycles chloride taken
up by a parallel sodium-potassium-chloride co-transport
mechanism (mediated by the NKCC1 cotransporter).
Analogous to an insufficiency in endolymph secretion
after KCNQ1 [3], KCNE1 [22] or NKCC1 [4] gene dele-
tion in mouse models, impaired ClC-K activity in BSND
patients may disturb endolymph production and hence
lead to sensorineural deafness. A similar mechanism was
proposed for hearing loss of patients suffering from 
Jervell and Lange–Nielsen syndrome, which is caused by
loss of function mutations in KCNQ1 or KCNE1 [9].

In the kidney our in situ hybridization and RT-PCR
experiments revealed co-localization of barttin and ClC-
K1 throughout the distal nephron starting with the thin
limb of Henle’s loop. This agrees with the distribution
pattern of barttin mRNA described in the original clon-
ing report and with several ClC-K1 localization studies
based on microdissection techniques [7, 19, 21]. With an
immunofluorescence approach, ClC-K1 was detected on-
ly in the thin limb of Henle’s loop [20], which, however,
might be put down to different sensitivities of the ap-
plied techniques. In the case of ClC-K2, our localization
to outer medullary and cortical tubule segments of the
distal nephron confirms a previous expression study
[24]. Exclusive expression of barttin and ClC-K1 thus is
limited to the thin limb of Henle’s loop and the inner
medullary collecting duct, whereas in all other segments
of the distal nephron an overlapping expression is found
for ClC-K1, ClC-K2 and barttin. The distal nephrons are
the main site of transcellular chloride reabsorption. A se-
rial arrangement of apical and basolateral ClC-K1 chlo-
ride channels was implied in passive chloride reabsorp-
tion in the thin ascending limb. Transepithelial chloride
absorption in this nephron segment is an important com-
ponent of the countercurrent system and contributes to
the high inner medullary tonicity required for urinary
concentration. In support of this notion the targeted inac-
tivation of ClC-K1 in a mouse model was shown to re-
sult in a nephrogenic diabetes-insipidus-like phenotype
due to impaired inner medullary solute accumulation 
[1, 8]. By contrast, ClC-K2/Kb was suggested as the ba-
solateral chloride release pathway in the thick ascending
limb and in more distal tubule segments. Disturbances in
this part of the nephron are causally related to the tubular
salt wasting in Bartter syndrome. Therefore, in the case
of a mere impairment of ClC-K1/Ka activity by muta-
tions in barttin, one would expect an increase in water
diuresis rather than in salt diuresis. On the other hand, an
isolated impairment of ClC-Kb activity, as is the case in
classic Bartter syndrome (cBS), is associated with a rela-
tively mild phenotype with only partially disturbed urine
concentrating ability. The severe salt-losing phenotype
of BSND patients thus argues for a combined impair-
ment of ClC-Ka and ClC-Kb activity. Indeed, similar to
the cBS caused by mutations in ClC-Kb, BSND patients
escape nephrocalcinosis [6], a typical complication of
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Fig. 7 Effect of BSND-associated barttin mutations on ClC-K1
activation. Current/voltage relationships are shown for oocytes in-
jected with 1 ng ClC-K1 cRNA alone (filled diamonds; n=7) or to-
gether with 0.5 ng cRNA encoding barttin wild-type (WT, filled
circles; n=10), barttin G10S mutant (open circles; n=8), barttin
R8L mutant (open squares; n=7), and barttin R8W mutant (open
triangles; n=7)



the other Bartter variants. Moreover, the more severe
phenotype of BSND as compared to cBS argues for the
additional involvement of ClC-K1/Ka in the etiology of
the renal salt wasting.

In conclusion we have shown that barttin is an activa-
tor of ClC-K chloride channels. ClC-K activation by
barttin is associated with an increase in membrane abun-
dance and alteration of the extracellular calcium sensitiv-
ity of ClC-K channels. As deduced from the BSND phe-
notype, barttin-mediated ClC-K activation is a prerequi-
site for normal hearing, probably via the control of endo-
lymph homeostasis, and adequate chloride reabsorption
along the distal nephron. In addition to detailed insights
into the pathological mechanisms of a new variant of
Bartter syndrome, this study opens the field of CLC
channel regulation by accessory protein subunits.
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