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The transport of anions across cellular membranes is crucial for various functions, including the control of electri-
cal excitability of muscle and nerve, transport of salt and water across epithelia, and the regulation of cell volume or 
the acidification and ionic homeostasis of intracellular organelles. Given this broad range of functions, it is perhaps 
not surprising that mutations in Cl– channels lead to a large spectrum of diseases. These diverse pathologies include 
the muscle disorder myotonia, cystic fibrosis, renal salt loss in Bartter syndrome, kidney stones, deafness, and the 
bone disease osteopetrosis. This review will focus on diseases related to transepithelial transport and on disorders 
involving vesicular Cl– channels.

Defects in transepithelial Cl– transport
As Cl– channels allow only for the passive, diffusional flux of Cl– down 
its electrochemical gradient, the difference between cytoplasmic and 
extracellular Cl– concentration ([Cl–]), together with the membrane 
voltage, determines whether the opening of a Cl– channel will lead to 
an influx or efflux of this ion. Whereas in adult neurons intracellular 
[Cl–] ([Cl–]i) is mostly below its equilibrium (predominantly because 
of the activity of the neuronal potassium chloride cotransporter 
KCC2; ref. 1), [Cl–]i in epithelial cells is often in the 30–40 mM range 
and thus above equilibrium at a voltage (–50 mV) typical for these 
cells. Several cotransporters may contribute to the relatively high 
cytoplasmic [Cl–]i in epithelia, most prominently NaK2Cl cotrans-
porters. Opening of epithelial Cl– channels will therefore lead mostly 
to an efflux of Cl–, and the localization of these channels will deter-
mine the transport direction (Figure 1). Hence, apical Cl– channels are 
involved in Cl– secretion (as shown in Figure 1B), whereas basolateral 
Cl– channels play a role in Cl– (and salt) (re)absorption (Figure 1D).

CFTR and cystic fibrosis
Cystic fibrosis is the most common and best-known genetic dis-
ease involving a defect in transepithelial Cl– transport. It affects 
several epithelial organs, i.e., the lungs, pancreas, and intestine, 
among others. The most serious cystic fibrosis symptoms are gen-
erally observed in the lungs, where the fluid covering the airway 
epithelia becomes viscous and susceptible to bacterial infection.

CFTR, the cystic fibrosis transmembrane conductance regulator 
(2), functions as a cAMP- and ATP-regulated Cl– channel. This dis-
covery came as a surprise, because CFTR belongs to the gene family 
of ABC transporters, which normally function as transport ATPases, 
but not as ion channels. However, the line separating ion channels 
from transporters may be thin, as recently demonstrated (3) by the 
2Cl–/H+ exchange activity of a bacterial homolog of mammalian Cl– 
channels of the CLC gene family. In addition to the well-established 
function of CFTR as a Cl– channel, many regulatory roles have been 
ascribed to it, but some of these remain controversial (4–6). CFTR 

may negatively regulate the epithelial Na+ channel ENaC, the acti-
vation of which may contribute to the cystic fibrosis lung pheno-
type (4, 7). However, the purported interaction of both channels 
was questioned by others (8). Recent data indicate that CFTR may 
directly activate the anion exchangers Slc26a3 (DRA, downregulat-
ed in adenoma) and Slc26a6 (PAT-1) (9). Certain CFTR mutations 
identified in patients may impair the Cl–/HCO3

– exchange activity of 
these transporters (9) and thus could result in decreased pancreatic 
HCO3

– secretion as is often observed in cystic fibrosis.
The role of CFTR in lung physiology is complex, and the cystic 

fibrosis lung pathology is not reproduced in mouse models. By con-
trast, the role of CFTR in colonic Cl– secretion is well understood 
(Figure 1B). In the colon, CFTR expression seems to be limited to 
crypts (10), which are the site of Cl– secretion (11). Like in other epi-
thelia and consistent with a secretory role, CFTR is present in the 
apical membrane of the crypt cells. The opening of CFTR Cl– chan-
nels, which is triggered by a rise in cAMP, leads to a passive efflux 
of Cl– because [Cl–]i is elevated above equilibrium by the activity 
of basolateral NKCC1 NaK2Cl cotransporters. K+ ions that are 
taken up together with Cl– in a stoichiometrically coupled process 
need to be recycled through basolateral K+ channels that are most 
likely heteromers of KCNQ1 and KCNE3 subunits (12), which 
are coexpressed in crypt cells (12, 13). As predicted by this model  
(Figure 1B), the disruption of CFTR in cystic fibrosis impairs colon-
ic Cl– and fluid secretion. This results in thick feces (meconium 
ileus) in a subset of infants suffering from cystic fibrosis. Similar 
intestinal problems are the major phenotype observed in CFTR 
mouse models (14). Conversely, inadequately strong activation of 
CFTR by the drastic increase in cAMP that is elicited by cholera 
toxin leads to severe diarrhea, which can be alleviated in animal 
models by blocking of the basolateral K+ conductance (12, 15).

CFTR and ClC-2: a lack of synergism
The cystic fibrosis phenotype may be modulated by the genetic 
background both in humans (16, 17) and in mice (18, 19). This has 
fueled speculations that other Cl– channels that are coexpressed in 
the same apical membranes as CFTR may partially compensate for 
its loss. In addition to putative Ca2+-activated Cl– channels (18, 20),  
the ubiquitously expressed ClC-2 Cl– channel has been widely spec-
ulated to play such a role (21–23). However, mice in which both 
CFTR and ClC-2 were disrupted survived slightly better than CFTR 
KO mice and displayed neither lung nor pancreatic pathology (24).  

Nonstandard abbreviations used: CFTR, cystic fibrosis transmembrane conduc-
tance regulator; [Cl–], Cl– concentration; [Cl–]i, intracellular [Cl–]; DRA, downregulated 
in adenoma; 1,25(OH)2-VitD3, 1,25-dihydroxyvitamin D3; PT, proximal tubule.
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Instead, they showed a superimposition of the intestinal pheno-
type of CFTR KO mice (14) with the retinal and testicular degener-
ation observed in ClC-2 KO mice (25). The degenerative phenotype 
in ClC-2 KO mice is thought to be due to defective Cl– recycling for 
Cl–/HCO3

– exchangers that may be needed to regulate the pH in 
the narrow extracellular clefts of these tissues, which depend heav-
ily on lactate transport (25).

The improved survival of double-KO over CFTR KO mice (24) 
might be explained by an increased Cl– secretion (or less Cl– absorp-
tion) in ClC-2 KO colon, compatible with a basolateral instead of 
an apical localization of ClC-2 (24) (Figure 1A). ClC-2 has been vari-
ably reported to be present in apical (26, 27) or basolateral (28, 29)  

membranes of lung and intestinal epithelia. In KO controlled 
immunocytochemistry, ClC-2 is exclusively detectable in basolat-
eral membranes of surface epithelia of mouse colon, suggesting 
that it may be involved in Cl– absorption. It is not significantly 
expressed in deeper sites of crypts, where CFTR is expressed (10). 
These findings, and in particular the CFTR/ClC-2 double-KO mice 
(24), should put an end to speculations that ClC-2 activation may 
ameliorate the cystic fibrosis phenotype.

Both ClC-2 (30) and CFTR (31) are also expressed in the kid-
ney, but their intrarenal expression pattern is poorly defined. No 
renal phenotype has been described for the ClC-2 KO mouse (25). 
Neither is there an overt renal pathology in cystic fibrosis (32), 

Figure 1
Diverse roles of Cl– channels in transepithelial transport. In colonic epithelia, cells at the luminal surface (A) express a Cl–/HCO3

– exchanger 
(which may be electrogenic) and the Na+/H+ exchanger NHE3 in their apical membrane, allowing for net NaCl reabsorption. Chloride probably 
crosses the basolateral membrane through ClC-2. Cells at the crypt base (B) secrete chloride, which is taken up by basolateral NKCC1, through 
apical CFTR channels. KCNQ1/KCNE3 heteromeric K+ channels are needed for K+ recycling. (C) Model for K+ secretion in the stria vascularis 
of the cochlea. K+ is taken up by the basolateral isoform of the NKCC cotransporter, NKCC1, and the Na,K-ATPase. Chloride is recycled by 
basolateral ClC-Ka and ClC-Kb/barttin channels. (D) Model for NaCl reabsorption in the thick ascending limb of Henle (TAL). NaCl is taken up 
by the apical NKCC2 transporter that needs the apical ROMK channel for K+ recycling. Cl– leaves the cell through basolateral ClC-Kb/barttin 
channels. (E) Model for intercalated cells of the collecting duct. α-Intercalated cells (α-IC) secrete protons using a proton ATPase, while basolat-
eral transport of acid equivalents is via the anion exchanger AE1. It is proposed that both KCC4 cotransporters (65) and ClC-K/barttin channels 
recycle Cl–. It is unknown whether ClC-K/barttin is involved in Cl– reabsorption in β-intercalated cells as shown below.
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although CFTR may interact with ROMK (Kir1.1) K+ channels and 
change their drug-sensitivity (33, 34) and was suggested to regu-
late ENaC in the kidney as well (35).

ClC-K/barttin: basolateral chloride channels in kidney  
and inner ear epithelia
The importance of the Cl– channels ClC-Ka/barttin (ClC-K1/bart-
tin in rodents) and ClC-Kb/barttin (ClC-K2/barttin in rodents) for 
the kidney, by contrast, is evident from their mutations in human 
genetic disease (36–38) and from a mouse model (39). Human loss-
of-function mutations in ClC-Kb lead to severe renal salt loss in 
Bartter syndrome type III (36), whereas the disruption of ClC-K1  
in mice causes a defect in urinary concentration (39). Human 
mutations in the common accessory β subunit barttin lead to 
Bartter syndrome type IV, which combines severe renal salt loss 
with congenital deafness (40).

Like ClC-2, ClC-Ka and ClC-Kb are members of the CLC family of 
Cl– channels (41). They are 90% identical in their primary structure. 
Their genes are separated by just a few kilobases of DNA, indicat-
ing recent gene duplication. Both proteins are expressed in the kid-
ney and the inner ear, as revealed by immunocytochemistry (42, 43)  
and the transgenic expression of a reporter gene driven by the ClC-Kb  
promoter (44, 45). This showed that ClC-Ka is expressed in the 
thin limb of Henle loop of the nephron, whereas ClC-Kb is present 
in the thick ascending limb of Henle loop and in the distal convo-
luted tubule, as well as in acid-transporting intercalated cells of 
the collecting duct. Also in the inner ear, ClC-Ka and ClC-Kb are 
expressed in epithelial cells. They are found in marginal cells of 
the stria vascularis and in dark cells of the vestibular organ, both 
of which probably coexpress these isoforms.

The high degree of amino acid identity between ClC-Ka and 
ClC-Kb makes it difficult to generate isoform-specific antibod-
ies, resulting in some uncertainty whether, for instance, the thick 
ascending limb or intercalated cells express both isoforms. The 
exclusive expression of ClC-K1 in the thin limb of Henle loop in the 
kidney, however, has been ascertained by the absence of staining 
in this segment in ClC-K1 KO mice (39). Immunocytochemistry 
suggests that ClC-K1 and ClC-K2 are expressed in basolateral 
membranes of renal (42, 43) and cochlear (37) epithelia. The only 
exception might be the thin limb of Henle loop, where ClC-K1 was 
reported to be present in both apical and basolateral membranes 
by 1 group (42) but was found only in basolateral membranes by 
others (43). The β subunit barttin was colocalized with ClC-K in 
every tissue examined, e.g., in the thick ascending limb, the distal 
convoluted tubule, and intercalated cells of the kidney, as well as in 
inner ear epithelia (37). As yet, no cell or tissue has been identified 
that expresses barttin without a ClC-K protein or vice versa.

Barttin, a rather small protein with 2 predicted transmem-
brane domains (40), is necessary for the functional expression of 
ClC-K currents (37). The only and enigmatic exception seems to 
be rat ClC-K1, which yields plasma membrane currents also with-
out barttin (46, 47). Coexpressing ClC-K1 with barttin, however, 
strongly increased currents (37) and diminished their sensitivity to 
extracellular Ca2+ (48). Barttin is necessary for the transport of ClC-K  
α subunits to the plasma membrane; this readily explains the 
stimulation of currents seen in coexpression (37). The cytoplasmic  
C-terminus of barttin contains a motif (PPYVRL) that is a potential 
site (PPY) for binding of WW domain–containing ubiquitin ligases, 
or that may serve as a tyrosine-based endocytosis signal (YVRL). 
Indeed, mutating the tyrosine led to a twofold increase in surface 

expression and currents (37). This is compatible with either hypoth-
esis, as PY-dependent ubiquitination may serve as a signal for endo-
cytosis as described for the epithelial Na+ channel ENaC (49, 50) or 
ClC-5 (51). It was reported that the ubiquitin ligase Nedd4-2 may 
mediate this effect (52). However, in contrast to findings for ClC-5 
(51) and ENaC (50), the expression of inactive forms of the WW 
domain–containing ubiquitin ligase did not increase ClC-K/bart-
tin currents (52). Taking into account the poor consensus sequence 
of the PY motif of barttin for WW domain binding, the reported 
interaction with Nedd4 should be viewed with caution.

ClC-K/barttin in salt reabsorption. The pathology of Bartter syn-
drome is easily understood in terms of a transport model for the 
thick ascending limb (Figure 1D), a nephron segment resorbing 
large amounts of NaCl. Powered by the Na+ gradient that is gener-
ated by the basolateral Na,K-ATPase, the apical NaK2Cl cotrans-
porter NKCC2 transports Cl– and K+ into the cytoplasm. This 
raises [Cl–]i above its electrochemical equilibrium, allowing for 
its diffusional, passive exit through basolateral ClC-Kb/barttin 
Cl– channels. Na+ ions are transported across the basolateral mem-
brane via the ATPase, while K+ is recycled over the apical mem-
brane via ROMK (Kir1.1) K+ channels. This model is impressively 
supported by genetic evidence: mutations in NKCC2 underlie Bart-
ter syndrome I (53); in ROMK, Bartter II (54); in ClC-Kb, Bartter III 
(36); and, finally, in barttin, Bartter IV (40).

ClC-K/barttin in inner ear K+ secretion. It is instructive to compare the 
renal thick ascending limb transport model (Figure 1D) with that of 
marginal cells of the cochlear stria vascularis (Figure 1C). The epithe-
lium of the stria secretes K+ into the fluid of the scala media of the 
cochlea. The exceptionally high K+ concentration (150 mM) and pos-
itive potential (+100 mV) of this compartment are needed to provide 
the driving force for the depolarizing influx of K+ through apical mech-
anosensitive ion channels of sensory hair cells and are hence essential 
for hearing (55). In marginal cells, the secretory, basolateral NaK2Cl-
cotransporter isoform NKCC1, together with the Na,K-ATPase,  
raises cellular [K+]. Potassium then leaves the cell through apical K+ 
channels that are assembled from KCNQ1 and KCNE1 subunits. 
The Na+ that is taken up together with K+ is extruded via the ATPase, 
while cotransported Cl– ions must be recycled across the basolateral 
membrane. This occurs through basolateral ClC-Ka/barttin and 
ClC-Kb/barttin Cl– channels, which are believed to be coexpressed 
in the stria (37). Again, this model is strongly supported by genetic 
evidence: mutations in either KCNQ1 (56) or KCNE1 (57) lead to deaf-
ness in Jervell and Lange-Nielsen syndrome. Disruption of NKCC1 in 
mice also causes deafness (58), as do mutations in barttin in Bartter 
syndrome type IV (37, 40). ClC-Kb mutations in Bartter III cause salt 
loss without deafness, because ClC-Kb/barttin channels are rate-lim-
iting in the thick ascending limb of the loop of Henle, but not in the 
stria, where their function can be replaced by ClC-Ka/barttin. Only 
the disruption of the common β subunit barttin results in a chloride-
recycling defect that lowers strial K+ secretion to pathogenic levels 
(37). This model has now been supported by the identification of 
a single family in which the disruption of both ClC-Ka and ClC-Kb 
results in a pathology indistinguishable from Bartter IV (59).

ClC-K/barttin: other potential roles. The function of ClC-K/barttin 
in intercalated cells of the collecting duct, where it is expressed in 
both acid-secreting α and base-secreting β cells (37), is less well 
understood. In α cells, it might serve to recycle Cl– for the baso-
lateral Cl–/HCO3

– exchanger AE1 (Figure 1E). This role is also per-
formed by the K-Cl cotransporter KCC4, the disruption of which 
leads to renal tubular acidosis in mice (60). In the presence of the 
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severe disturbance of renal salt handling in Bartter patients, an 
additional distal acidification defect may not be easily detectable.

Interestingly, there is a common polymorphism in the human 
gene encoding ClC-Kb. It exchanges a threonine for serine at posi-
tion 481 before helix P. T481S mutant channels show dramati-
cally increased currents when expressed in oocytes (61). If currents 
through ClC-Kb/barttin were rate-limiting for NaCl reabsorption 
in the thick ascending limb or distal convoluted tubule, this poly-
morphism could lead to increased salt reabsorption and possibly 
hypertension. Indeed, a statistical association of the T481S variant 
with hypertension was described (62). However, as with other asso-
ciation studies, firm conclusions may only be drawn after these 
results have been replicated in other cohorts (63). A recent study 
did not find a correlation between the T481S polymorphism and 
high blood pressure in the Japanese population, in which, however, 
the frequency of this polymorphism was only about 3% (64).

Human mutations in ClC-Ka alone have not yet been reported. 
The targeted disruption of the mouse homolog ClC-K1 leads to a 
diabetes insipidus–like phenotype (39). This mouse model dem-
onstrates that the large Cl– conductance in the thin limb, which is 
part of the countercurrent system, is essential for solute accumula-
tion in the inner renal medulla (65).

Vesicular chloride channels
Ion channels are present not only in the plasma membrane, but 
also in membranes of intracellular organelles like vesicles of the 
endocytotic or secretory pathways, synaptic vesicles, the endo-
plasmic and sarcoplasmic reticulum, or mitochondria. With the 
exception of intracellular Ca2+ channels or anion channels of 
mitochondria, they have received much less attention than plasma 
membrane channels. This is probably in part due to the experi-
mental difficulties involved in their study. Recent genetic evidence 
on the role of vesicular CLC gene family Cl– channels, however, has 
revealed their great physiological importance.

While ClC-1, -2, -Ka, and -Kb form the branch of CLC channels 
that reside predominantly in plasma membranes, ClC-3, -4, -5, -6, 
and -7 are located mainly in vesicles of the endocytotic and lysosom-
al pathway. As a word of caution, one should acknowledge the possi-
bility that some of these proteins might not be channels, but Cl–/H+ 
exchangers similar to the bacterial homolog ClC-e1 (3). Within this 
second group, ClC-3, -4, and -5 form a separate homology branch of 
closely related proteins displaying 80% sequence identity.

Most intracellular organelles on which CLC channels have been 
found are acidified by vesicular H+-ATPases. H+ transport unbalanced 
by a parallel Cl– current would generate a lumen-positive potential 
ultimately preventing further acidification. Hence, vesicular CLC 
proteins are thought to facilitate vesicular acidification (Figure 2A).

ClC-5, endocytosis, and Dent disease
Within this branch, the function of ClC-5 is best understood, as 
mutations in its gene cause a renal disorder, Dent disease (66). This 
rare X-linked disease is characterized by low–molecular weight 
proteinuria that is in most cases accompanied by hypercalciuria, 
nephrolithiasis, nephrocalcinosis, and sometimes renal failure 
(67). The link between chloride channel function and the complex 
disease pathology has been established mainly through the use of 
KO mouse models (68–70).

The kidney is the major site of ClC-5 expression, followed by the 
intestine (71, 72). ClC-5 is most prominently expressed in the proxi-
mal tubule (PT) and in intercalated cells of the collecting duct, with 
significantly lower levels also being present in other segments like 
the thick ascending limb (68–70). While the function of ClC-5 in 
acid-transporting intercalated cells is not yet clear, its role in PTs 
has been resolved in considerable detail. The PT is responsible for 
the endocytotic uptake of low–molecular weight proteins that have 
passed the glomerular filter. Immunofluorescence revealed a rim 
stained for ClC-5 right underneath the brush border of the proxi-
mal tubular cells that colocalized with the V-type ATPase (68, 70). 

Figure 2
General concept of vesicular acidification exemplified by ClC-7. (A) Vesicles of the endosomal and lysosomal pathway are acidified by  
H+-ATPases. Their current is neutralized by Cl– channels. In their absence, efficient proton pumping is prevented. (B) Model for the resorption 
lacuna acidification in osteoclasts. The H+-ATPase and ClC-7 are trafficked to the “ruffled border” membrane of osteoclasts. The acidification of 
the resorption lacuna is required for dissolving the mineral phase of bone, as well as for the enzymatic degradation of the organic bone matrix 
by lysosomal enzymes. It depends on the presence of both ClC-7 and the H+-ATPase in the ruffled border.
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Immune electron microscopy confirmed its presence in this subapi-
cal region that is packed with endocytotic vesicles (68). When the 
uptake of labeled protein into proximal tubular cells was analyzed, 
ClC-5 colocalized with the endocytosed material only at early time 
points, arguing for its presence on early endosomes (68). This sub-
cellular localization of ClC-5 points to an involvement in early endo-
cytosis, which is obviously consistent with the proteinuria observed 
in Dent disease. Endosomes are acidified by a V-type ATPase that 
needs a counter-ion flux for effective operation (Figure 2A). Other-
wise the electrogenic influx of protons into the vesicle would soon 

create a membrane potential that would hinder further proton 
pumping and thus prevent the creation of a large pH gradient. This 
counter-ion flux was suggested to be chloride. On the basis of these 
data, it was suggested that ClC-5, because it facilitated endosome 
acidification, was essential for renal endocytosis (68).

This hypothesis was fully confirmed by ClC-5 KO mouse models 
(68–70). The elimination of ClC-5 reproduced the low–molecular 
weight proteinuria observed in patients. The loss of ClC-5 drastical-
ly reduced apical fluid-phase and receptor-mediated endocytosis, as 
well as the retrieval of apical membrane proteins, in a cell-autono-

Figure 3
Model to explain hypercalciuria and hyperphosphaturia in Dent disease. (A) Alterations in vitamin D metabolism. Parathyroid hormone (PTH) 
is filtered into the primary urine from which it is normally cleared by megalin-mediated endocytosis and subsequent degradation. The impaired 
endocytosis due to a disruption of ClC-5 results in an increased luminal PTH concentration that leads to an enhanced activation of luminal PTH 
receptors (PTH-R). This stimulates the transcription of the mitochondrial enzyme 1α-hydroxylase (1α-HYD) that catalyzes the conversion of the 
vitamin D precursor 25(OH)-VitD3 into the active metabolite 1,25(OH)2-VitD3. Increased enzyme activity would be expected to lead to an increased 
production of 1,25(OH)2-VitD3 that in turn would indirectly cause hypercalciuria by stimulating intestinal Ca2+ reabsorption. However, 25(OH)-VitD3 
(bound to its binding protein DBP) is mainly taken up apically by megalin- and ClC-5–dependent endocytosis. Hence, the endocytosis defect 
in Dent disease leads to a decreased availability of the substrate for 1α-HYD. Thus there is a delicate balance between enzyme activation and 
precursor scarcity that can turn toward decreased as well as increased production of 1,25(OH)2-VitD3. Furthermore, the active hormone is also 
lost into the urine. This may account for the variability of hypercalciuria observed in Dent disease patients as well as in ClC-5 KO mouse models. 
(B) Mechanism causing phosphaturia. The apical Na phosphate cotransporter NaPi-2a is regulated by PTH, which causes its endocytosis and 
degradation. The increased stimulation of apical PTH receptors that is due to the increased luminal PTH concentration caused by an impaired 
endocytosis of PTH in the absence of ClC-5 leads to less NaPi-2a in the apical membrane, resulting in a urinary loss of phosphate.
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mous manner (73). The in vitro acidification of cortical renal endo-
somes prepared from ClC-5 KO animals was significantly reduced, 
which strongly supports the postulated role of ClC-5 in endosomal 
acidification (73, 74). Several studies have shown that interfering 
with endosomal acidification impairs endocytosis (75). A link 
between these processes might be provided by a pH-dependent 
association of regulatory proteins like Arf6 (76) with endosomes. 
However, this aspect has not been fully resolved yet, and other 
regulators of endocytosis such as rab GTPases were found to be 
unchanged in ClC-5 KO mice (77). The expression of the endocy-
totic receptor megalin was decreased in a cell-autonomous manner 
in PT cells lacking ClC-5; this suggests a defect in recycling megalin 
back to the surface (73). This was later confirmed by an electron 
microscopic study that also revealed a reduction of the corecep-
tor cubilin (77). The decrease of these endocytotic receptors, which 
show broad substrate specificity, is expected to lead to a further 
impairment of receptor-mediated endocytosis. The importance of 
megalin can be gleaned from megalin KO mice, whose renal pheno-
type resembles in many respects that of ClC-5 KO mice (78).

Hypercalciuria and hyperphosphaturia: a consequence of impaired endo-
cytosis. It is likely that the most important function of proximal 
tubular endocytosis is the conservation of essential vitamins like 
vitamin D or retinol (79) that are reabsorbed in the PT in a megalin-
dependent process together with their respective binding proteins. 
Whereas these binding proteins, like the vast majority of other 
endocytosed proteins, are degraded in lysosomes, the attached vita-
mins are recycled into the blood or are even processed to the active 
hormone in the PT (vitamin D). The disruption of ClC-5, like that 
of megalin (80, 81), led to a massive loss of retinol and vitamin D, 
as well as their binding proteins, into the urine (73, 74).

Both Dent disease patients and ClC-5 KO mice lose vitamin D 
and its metabolites into the urine. The situation is, however, com-
plex because of the influence of parathyroid hormone on vitamin 
D metabolism. Parathyroid hormone enhances the production of 
1,25-dihydroxyvitamin D3 [1,25(OH)2-VitD3] in proximal tubular 
cells by stimulating the transcription of the enzyme 1α-hydroxylase 
that converts the inactive precursor 25(OH)-VitD3 into the active 
hormone. Being a small-peptide hormone, parathyroid hormone is 
freely filtered into the urine from which it is normally endocytosed 
by proximal tubular cells in a megalin-dependent manner (82). As 
predicted, parathyroid hormone concentration is elevated in the 
urine of ClC-5 KO mice (73) and of patients with Dent disease (83). 
This implies that a disruption of ClC-5 causes an increase in the con-
centration of parathyroid hormone along the length of the PT (73). 
In proximal tubular cells, parathyroid hormone receptors are found 
not only in basolateral but also in apical membranes. The increased 
stimulation of apical receptors by the elevated parathyroid hormone 
concentration then stimulates the transcription of 1α-hydroxy-
lase and results in an increased ratio of serum 1,25(OH)2-VitD3 to 
25(OH)-VitD3 in the KO (73, 74) (Figure 3A). This, however, does not 
necessarily raise the absolute serum concentration of the active hor-
mone 1,25(OH)2-VitD3, because the lack of ClC-5 severely reduces the 
uptake of the precursor 25(OH)-VitD3 into proximal tubular cells. 
It seems that the balance between these 2 effects can turn in either 
direction, possibly depending on dietary or genetic factors. In most 
patients, serum vitamin D is slightly increased (67, 84), whereas it is 
consistently decreased in our KO mouse model (73). Elevated levels 
of 1,25(OH)2-VitD3 are expected to stimulate the intestinal absorp-
tion of calcium, which may then be excreted in increased amounts by 
the kidney, resulting in hypercalciuria. However, using a ClC-5 KO 

mouse model that displays hypercalciuria (85) and increased levels 
of serum 1,25(OH)2-VitD3, Silva et al. (86) suggest that the hypercal-
ciuria is rather of bone and renal origin instead of being caused by 
increased intestinal calcium absorption. This was in part supported 
by elevated bone-turnover markers in the KO mice.

The hyperphosphaturia found in Dent disease also appears to 
be a secondary effect of the increased urinary parathyroid hor-
mone concentration (Figure 3B). Phosphate reabsorption in the 
PT occurs mainly through NaPi-2a. This Na+ phosphate cotrans-
porter is downregulated by parathyroid hormone via endocytosis 
and lysosomal degradation (87). As expected from the increase 
in luminal parathyroid hormone, the amount of NaPi-2a was 
decreased in ClC-5 KO mice, and the protein was mainly found 
in intracellular vesicles (73). This fully explains the observed 
hyperphosphaturia in terms of a primary defect in endocytosis 
of parathyroid hormone.

More than 30 different human mutations in ClC-5 are known to 
cause Dent disease. When investigated in heterologous expression, 
most of them reduce or abolish ClC-5 currents (66, 88–90). Recent-
ly, it has been suggested that Dent disease might be genetically het-
erogeneous (91), and OCRL1 was identified as a second gene that 
is mutated in some Dent disease patients (92). This gene encodes 
phosphatidylinositol 4,5-bisphosphate-(PIP2)-5-phosphatase, 
which had been known to be mutated in the multisystem disease 
Lowe syndrome. This finding is consistent with a role of phospha-
tidylinositol metabolites in endocytotic trafficking.

ClC-3: disruption leads to neurodegeneration
No human disease with mutations in ClC-3 has been reported so 
far, but in mice, the disruption of this channel leads to a severe 
neurodegeneration with a dramatic loss of the hippocampus and 
the retina (93). ClC-3 is located on synaptic vesicles and endo-
somes (93). Its disruption impairs the acidification of these com-
partments (93–95).

ClC-7: role in osteopetrosis
A KO mouse model led to the discovery that another vesicular 
Cl– channel, ClC-7, is mutated in human osteopetrosis (96). ClC-7 
displays a very broad tissue distribution and is expressed in late 
endosomes and lysosomes. Its disruption in mice led to severely 
sick animals that died about 6 weeks after birth and displayed the 
typical hallmarks of osteopetrosis, as well as a rapidly progressing 
retinal degeneration (96). ClC-7 KO mice also display neurodegen-
eration in the CNS (97). In agreement with the lysosomal local-
ization of ClC-7, it displays characteristics typical for lysosomal 
storage diseases. Electron microscopy revealed storage material 
reminiscent of neuronal ceroid lipofuscinosis. Interestingly, stor-
age material was also observed in the PT, where protein turnover 
is high (97). Skeletal abnormalities included the loss of bone mar-
row cavities that were instead filled by bone material, as well as a 
failure of teeth to erupt. ClC-7 is highly expressed in osteoclasts 
(96), the cells involved in bone degradation. It localizes to the 
acid-secreting ruffled border, which is formed by the exocytotic 
insertion of H+-ATPase–containing vesicles of late endosomal/
lysosomal origin. It was suggested that ClC-7 is co-inserted with 
the H+-ATPase into this membrane and serves, like ClC-5 in endo-
somes, as a shunt for the acidification of the resorption lacuna 
(Figure 2B). This acidification is crucial for the chemical dissolu-
tion of inorganic bone material, as well as for the activity of cose-
creted lysosomal enzymes that degrade the organic bone matrix.  
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In a culture system, ClC-7 KO osteoclasts still attached to ivory 
but failed to acidify the resorption lacuna and were unable to 
degrade the bone surrogate (96).

The mouse pathology suggested that ClC-7 might also under-
lie recessive malignant infantile human osteopetrosis, and indeed 
ClC-7 mutations were identified in such patients (96). By now, 
about 30 human ClC-7 mutations are known to cause human 
osteopetrosis. Interestingly, this includes mutations found in auto-
somal dominant osteopetrosis of the Albers-Schönberg type (98). 
These mutations are present in a heterozygous state and presum-
ably exert a dominant-negative effect on the coexpressed product 
of the normal allele. The situation is thus similar to findings with 
the skeletal muscle chloride channel ClC-1, mutations in which 
can cause recessive or dominant myotonia (99, 100). Because of 
the dimeric structure of CLC channels, about 25% of normal chan-
nel function should be left upon a 1:1 coexpression of dominant-
negative and WT alleles. Hence, osteopetrosis in Albers-Schönberg 
disease is less severe, needs several years to decades to develop, and 
is usually not associated with blindness.

Conclusions
Our understanding of the physiological functions of chloride 
channels has been greatly advanced by mouse models and human 
diseases. The resulting pathologies have also yielded novel insights 
into vesicular chloride channels, disruption of which yields pathol-
ogies as diverse as proteinuria and osteopetrosis. This finally puts 
vesicular channels, which have received much less attention than 
plasma membrane channels, into the limelight.

Note added in proof. ClC-4 and ClC-5 were recently shown to be 
electrogenic Cl–/H+ antiporters rather than channels (101, 102). 
This very likely also applies to the highly homologous ClC-3. 
Such an exchange activity is also compatible with their role in 
vesicular acidification.
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