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Chloride channels and endocytosis: ClC-5 makes a Dent
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Ion channels are ubiquitous pore-forming membrane proteins
found in virtually every cell of every living organism. In
mammals, a vast array of ion channel types participate in
numerous vital physiological processes such as membrane
excitability, cell volume regulation, signal transduction, secre-
tion, and absorption. Therefore, it is not surprising that
hereditary conditions can occur because of mutations in genes
which encode critical components of ion channel molecules
(1). Since 1989, more than 25 human disease entities have been
identified as ‘‘ion channelopathies.’’ Studies of ion channel
disease syndromes have contributed greatly to our understand-
ing of specific disease pathogenesis and, in some cases, have
revealed new insights into the relationship between ion chan-
nel structure and function (2–6).

In this issue of Proceedings, Günther, et al. study the cellular
localization of a kidney chloride channel (ClC-5) implicated in
the pathogenesis of X-linked hypercalciuric nephrolithiasis
(prototype syndrome, Dent’s disease) and infer the probable
function of this molecule (7). The ClC chloride channel family,
to which ClC-5 belongs, has been recognized only within the
past decade (8); yet one-third of all identified mammalian ClC
isoforms have been linked to human genetic diseases (Table 1)
(9–12). Soon after the first member of this gene family was
sequenced from Torpedo electric organ (ClC-0) (13), a mam-
malian homolog expressed exclusively in skeletal muscle
(ClC-1) was identified as the gene for myotonia congenita (9,
10, 14), an unusual syndrome associated with muscular stiff-
ness caused by delayed relaxation of muscle following volun-
tary contractions. The candidacy of ClC-1 was initially based
on solid physiological evidence of diminished sarcolemmal
chloride conductance in a curious animal model, the myotonic
or ‘‘fainting’’ goat (15). Another mammalian ClC isoform
expressed in the kidney (ClC-KB), was added recently to the list
of ClC ‘‘channelopathies’’ when mutations were discovered in
Bartter’s syndrome, a rare disorder associated with renal salt
wasting and hypokalemic alkalosis (12). This discovery pro-
vides evidence that ClC-KB is probably the basolateral chloride
channel in medullary thick ascending limb cells required for
transepithelial transport of Na1 and Cl2 ions. Dent’s disease
and a related form of X-linked hypercalciuric nephrolithiasis
were genetically mapped to Xp11.22, a region initially devoid
of logical candidate genes (16, 17). Subsequently, a microde-
letion in a single Dent’s disease family was found that deleted
a novel ClC sequence (ClC-5), and this finding helped pinpoint
the gene (18). Further analysis of ClC-5 has now established
that mutations in this gene may cause four related X-linked
syndromes of hypercalciuric nephrolithiasis (11).

Syndromes associated with ClC-5 mutations share the fol-
lowing phenotypic features: excessive urinary calcium excre-
tion (hypercalciuria), abnormally high urinary levels of low
molecular weight proteins, (low molecular weight proteinuria),
and either intrarenal calcification (nephrocalcinosis) or for-
mation of calcium kidney stones (nephrolithiasis). Although
Dent’s disease was first described in England, the clinical
presentation of the three related syndromes, X-linked reces-

sive nephrolithiasis (North America), X-linked hypophos-
phatemic rickets (Italy), and low molecular weight protein-
uriaynephrocalcinosis (Japan) has been related to the geo-
graphic location in which they were first described (19). At the
present time, there are many uncertainties about the mecha-
nism responsible for hypercalciuria in these syndromes, but the
presence of low molecular weight proteinuria in Dent’s disease
subjects has prompted consideration of a defect in absorptive
endocytosis involving the proximal tubule (20). Normally,
f luid produced by glomerular ultrafiltration is free of large
proteins, such as albumin, but smaller proteins (peptide hor-
mones, enzymes, and secretory and tissue proteins), which may
pass the glomerular barrier, are subsequently reabsorbed by
epithelial cells lining the proximal tubule. The process of low
molecular weight protein reabsorption is mediated by a type of
absorptive endocytosis that has been well characterized at both
the functional and ultrastructural level (21, 22). Ultimately,
proteins absorbed via this pathway are enzymatically degraded
in lysosomes. An important functional requirement for ab-
sorptive endocytosis and subsequent protein degradation is the
maintenance of an acidic intravesicular environment. Acidifi-
cation is primarily accomplished by the active transport of H1

by a vacuolar type H1-ATPase. Also, because active H1

transport is an electrogenic process, concurrent chloride move-
ment into endosomal compartments is required to maintain
electroneutrality (Fig. 1). Intracellular organelles are known to
possess Cl2 channels although their molecular identities have
been unclear (23).

Using ClC-5 specific antibodies, Günther et al. (7) now
demonstrate localization of ClC-5 to early endosomes in
proximal tubular cells of rat kidney. Immunostaining for ClC-5
was virtually absent in the apical membrane microvilli of the
proximal tubule where one would expect to find proteins that
participate in transepithelial ion movement. Rather, the stain-
ing pattern for ClC-5 coincides with that of the vacuolar
H1-ATPase in the subapical cytoplasm. This subcellular lo-
cation also overlaps the distribution of acutely reabsorbed
fluorescently tagged b2-microglobulin, a low molecular weight
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Table 1. Hereditary syndromes caused by ClC chloride
channel mutations

Gene* Ion Channel Disease(s)

CLCN1 (7q35) Muscle ClC-1
Thomsen’s disease

(myotonia congenita)
Recessive generalized

myotonia
CLCNKB (1p36) Kidney ClC-KB Bartter’s syndrome, type III
CLCN5 (Xp11.22) Kidney ClC-5 Dent’s disease

X-linked recessive
nephrolithiasis

X-linked recessive
hypophosphatemic rickets

LMWPynephrocalcinosis

*Human chromosomal location given in parenthesis.
LMWP, low molecular weight proteinuria.
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protein normally taken up by proximal tubular cells via
endocytosis. Similar findings were observed in ClC-5-
transfected COS-7 cells. To further demonstrate the localiza-
tion of ClC-5 in endosomes, the investigators cotransfected
ClC-5 with cDNA encoding a mutant rab5 protein, a small
GTPase critical for early endosome fusion (24). Expression of
mutant rab5 in COS-7 cells leads to formation of unusually
large endocytic vesicles that are associated with intense stain-
ing for ClC-5. The accumulation of ClC-5 is isoform-specific as
demonstrated by the failure of the homologous ClC-0 to target
to the abnormal endosomes. Taken together, the data pre-
sented by Günther et al. suggest that ClC-5 is a strong
candidate for the chloride channel of proximal tubular early
endosomes and that its disruption in Dent’s disease leads
directly to an impairment in the reabsorption of low molecular
weight proteins.

The pattern of ClC-5 localization in other nephron segments
suggests that it also may participate in transepithelial ion
transport processes. In this study, ClC-5 was localized to the
apical plasma membrane of medullary and cortical collecting
duct intercalated cells. In acid-secreting type A- (a) interca-
lated cells, ClC-5 colocalizes with the proton pump on the
apical membrane. By contrast in bicarbonate-secreting type B-
(b) intercalated cells, ClC-5 and vacuolar H1-ATPase localize
to opposite membranes with apical expression of ClC-5 and
basolateral expression of the proton pump. It is tempting to
speculate that ClC-5 is important for maintaining electroneu-
trality of apical acid secretion by a-intercalated cells, but its
role in b cells is less clear. It would be interesting to examine
whether changes in whole animal acid-base balance modulate
the polarity of expression of ClC-5 in intercalated cells, similar
to the phenomenon demonstrated for the vacuolar H1-
ATPase (25).

Although ClC-5 appears to be an endocytic chloride channel
in cells of the proximal tubule, the molecular identity of other
endocytic chloride channels in other regions of the nephron
and in other tissues that do not express ClC-5 remains unclear.
Previously, investigators have identified another intracellular
chloride channel, designated p64 (26), and subsequently dem-
onstrated its localization in secretory granules but not in
endocytic vesicles of rabbit proximal tubular cells (27). Simi-
larly, the cystic fibrosis transmembrane conductance regulator

(CFTR) is present and functional in intracellular compart-
ments (28, 29), and in addition to its clear physiological role in
epithelial chloride secretion, CFTR appears to have functional
importance in vesicular trafficking (30). However despite early
speculation, CFTR is probably not required for the acidifica-
tion of intracellular compartments (28, 29). Finally, other ClC
type chloride channels may turn out to be important for the
function of intracellular organelles. Recently, certain ClC-6
splice variants have been localized to the endoplasmic retic-
ulum of transfected cells (31), but studies in native tissues are
required before the significance of this finding is known.

In summary, the paper by Günther et al. provide evidence
that ClC-5 is an important, although highly localized, endocytic
chloride channel. This finding contributes to our understand-
ing of absorptive endocytosis in mammalian kidney and helps
to explain the low molecular weight proteinuria in Dent’s
disease. It remains unclear why ClC-5 mutations produce
hypercalciuria and other related manifestations of the X-
linked disorders listed in Table 1. It also is not completely clear
how the unique voltage-dependence of ClC-5 observed in
heterologous expression systems (32, 33) relates to its function
in vesicular acidification. Lastly, given the availability of
numerous cloned ClC subtypes, it would seem feasible to
address the question of which functional domains of ClC-5
target this molecule to endosomes. Clearly, we are just begin-
ning to appreciate the importance of ClC type chloride
channels in a wide variety of physiological and cellular pro-
cesses.
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FIG. 1. Illustration of absorptive endocytosis in a proximal renal tubular cell. Expanded view showing contributions of the H1ATPase and
chloride channel to acidification of the endocytic vesicle.
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