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Abstract

Claudins are tight junction membrane proteins that regulate paracellular permeability of renal
epithelia to small ions, solutes and water. Claudins interact within the cell membrane and between
neighboring cells to form tight junction strands and constitute both the paracellular barrier and
pore. The first extracellular domain of claudins is thought to be the pore-lining domain and
contains the determinants of charge selectivity. Multiple claudins are expressed in different
nephron segments and this likely determines the permeability properties of each segment. Recent
evidence has identified claudin-2 as constituting the cation-reabsorptive pathway in the proximal
tubule, claudin-14, -16 and -19 as forming a complex that regulates calcium transport in the thick
ascending limb of the loop of Henle, and claudin-4, -7 and -8 as determinants of collecting duct
choride permeability. Mutations in claudin-16 and -19 cause familial hypercalciuric
hypomagnesemia. The roles of other claudins in kidney diseases remain to be fully elucidated.
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INTRODUCTION

Epithelial cells in the glomerulus and renal tubule of the kidney play critical roles in
determining their permeability to solutes and water and hence in the homeostasis of
extracellular fluid composition. Transepithelial transport can occur via the transcellular or
paracellular route. Paracellular transport, which refers to transport in between cells, is
restricted by the tight junction, which is the most apical structure of the intercellular
junctional complex. The tight junction is composed of a large number of different proteins,
which include membrane proteins, cytoplasmic scaffolding proteins, and signalling proteins.
Of these, the membrane proteins are likely to play the major role in determining paracellular
permeability because their extracellular domains protrude into the paracellular space and are
therefore ideally situated to influence paracellular solute movement.

The claudins are members of a large family of tight junction membrane proteins that were
first identified in 1998 by Furuse et al. (1). In 1999, Simon et al. identified a new member of
this family, claudin-16 or paracellin, that was mutated in familial hypercalciuric
hypomagnesemia with nephrocalcinosis (FHHNC) (2). Because FHHNC appeared to be due
to defective thick ascending limb paracellular Ca and Mg reaborption, this was the first
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indication that perhaps claudin-16, and by inference claudins in general, might play an
important role in paracellular solute permeability in the kidney. We now know from
overexpression, knockdown/knockout and mutagenesis experiments that claudins are the
major determinants of paracellular permeability to small solutes and act both as the barrier
and pore.

CLAUDIN TAXONOMY AND STRUCTURE

Claudins are tetraspan proteins consisting of a family of at least 26 members in mammals
(3-5). They are characterized by a common motif (GLWCC; PROSITE ID: PS01346) in the
first extracellular loop (ECL1) (6). Phylogenetic analyses show that the claudin proteins
(1-24, except 12 and 16) cluster closely to each other compared with the outgroup protein,
PMP22 (peripheral myelin protein 22) (Figure 1). Claudins 1-10, 14, 15, 17 and 19 share
sequence homology and functional similarity, and are often known as the classic claudins
(7). Claudin-12 and -16 are closely related to the CLP24 (claudin-like protein-24; also
known as TMEM204) molecule that is localized in the adherens junction but not in the TJ
(8). Two novel claudins (25 and 26, also known as CLDND1 [claudin domain containing 1]
and TMEM114 [transmembrane protein 114] respectively) (4) are positioned at the outer
portion of the clade of previously identified claudin family members. A recent database
search has identified a potentially novel claudin, designated as claudin-27 (also known as
LOC283999) which, however, is not localized in the TJ and thus is excluded from this
review (4).

Claudins are 21–28 kD proteins and consist of four transmembrane domains, two
extracellular loops, amino- and carboxy-terminal cytoplasmic domains, and a short
cytoplasmic turn (Figure 2A). The ECL1 of claudin consists of ~50 amino acids with the
common GLWCC motif (7) and negatively (9, 10) and positively (6, 11) charged residues
that contribute to paracellular ion selectivity. The GLWCC motif in claudin-1 is critical for
hepatitis C virus entry (12). The charges in ECL1 regulate paracellular ion selectivity
through electrostatic effects. The second extracellular loop (ECL2) consists of ~25 amino
acids with a predicted helix–turn–helix motif (13) that mediate trans-claudin interactions and
claudin interactions with the Clostridium perfringens enterotoxin (CPE) (14). The carboxy-
terminal domain of claudin contains a PDZ (postsynaptic density 95/discs large/zonula
occludens-1) binding motif (YV) that is critical for interaction with the submembrane
scaffold proteins ZO-1, -2 and -3, and MUPP-1 (15, 16). However, this motif is not required
for the correct localization of claudins in the TJ (17-20) and its function is unknown. The
YV motif is conserved among classic claudins, whereas non-classic claudins show greater
variations (H/S/Y/D/E/R–V/L) in their PDZ binding domain and have different affinities for
ZO-1 (21). Post-translational modifications such as palmitoylation and phosphorylation
occur in the cytoplasmic domain of claudin. Claudins have membrane-proximal cysteines in
the CxxC motif near the ends of the second and fourth transmembrane domains. Mutation in
any of these cysteines in claudin-14 prevented its palmitoylation and reduced the efficiency
of TJ localization (22). Claudin phosphorylation contributes to its ion selectivity. WNK4, a
gene mutated in pseudohypoaldosteronism type II (PHAII), has been suggested to
phosphorylate the carboxy terminus of claudin-4 and alter paracellular Cl− permeability in
cultured MDCK cells (23). Claudin-16 is phosphorylated at the S217 residue of carboxy
terminus by PKA; phosphorylation is required for claudin-16 mediated Mg2+ transport (24).

Claudins associate by cis interactions within the plasma membrane of the same cell into
dimers, or higher oligomeric states (25, 26), and by trans interactions between claudins in
adjacent cells. Additional cis interactions likely assemble claudin oligomers into TJ strands.
The cis interaction can involve a single type of claudin (homomeric interaction) or different
types of claudins (heteromeric interaction); the trans interaction can occur in homotypic or
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heterotypic mode (27)(Figure 2B). Claudin-16 and claudin-19, for example, interact in cis to
generate a cation-selective channel (28). Although there are few data available
demonstrating the critical loci for cis interaction within claudin molecule, the extracellular
loops (ECL1 and ECL2) appear not to be involved (26). The heteromeric interaction
between claudin-16 and claudin-19 is not affected by mutations in ECL1 of either claudin
(26), and the homomeric interaction of claudin-5 is not affected by amino acid exchange in
ECL2 (29). In contrast, trans claudin interactions do depend upon the ECL2 domain. While
claudin-5 heterotypically interacts with claudin-3, but not with claudin-4, chimeras
exchanging the ECL2 of claudin-4 with claudin-3 confer the ability to bind to claudin-5
(30). Mutagenesis has identified a locus of amino acids in ECL2 (F147, Y148, Y158) critical
for homotypic claudin-5 interaction (13).

TJ strand formation requires both cis and trans claudin interactions. Genetic ablation of
either claudin-16 or claudin-19 prevents the assembly of both claudins into TJ strands (31),
ostensibly due to the loss of cis interaction. Preliminary biochemical studies of claudin-4 in
insect Sf9 cells (25) and claudin-5 in human fibroblast NIH/3T3 cells (32) suggest that
claudins preferentially form hexamers via cis interaction. By contrast, the loss of trans
interaction between claudin-5 in neighboring cells reduced the TJ strand density even
though cis interaction remained intact (13).

GENERAL PROPERTIES OF CLAUDINS

Barrier vs. pore claudins

Several studies have shown that claudins are responsible for the size- and charge-selective
conductance properties of the paracellular pathway. Expressing exogenous claudins in
cultured epithelial cells significantly changes their transepithelial resistance (TER) (1, 33,
34). Claudins are loosely classified as barrier or pore claudins based on whether their
expression increases or decreases TER. For example, over-expression of claudin-4, in low
resistance Madin Darby canine kidney II (MDCK II) epithelial cells tripled the
transepithelial resistance; thus claudin-4 is classified as a barrier claudin (34). Conversely,
exogenous expression of a pore claudin, claudin-2, in high resistance MDCK I cell sheets
decreased TER by 20-fold (1). Several over-expression studies have categorized claudin-1,
-4, -5, -6, -8, -9, -11, -15 and -19 as barrier claudins (34-40) while claudin-2, -10 and 16 are
thought to be predominantly pore claudins (10, 41, 42), though this is also quite dependent
on the background permeability of the cell line (see below). Furthermore, in the nephron,
pore claudins have been observed to be associated with leakier tubule segments while barrier
claudins are expressed in tighter tubule segments. For example, the pore claudin, claudin-2,
is localized to the leakier proximal tubule (43) while a barrier claudin, claudin-8, is
expressed in the tighter distal nephron (44).

Charge selectivity of claudins

Claudins can selectively increase the the paracellular permeability of cations over anions
and vice versa. For example, over-expression of the barrier claudin, claudin-4, in low
resistance MDCK II cells, selectively decreases the permeability of Na+ over Cl− (34).
Conversely, over-expression of the pore claudin, claudin-2, in high resistance MDCK II or
C7 cells preferentially increases the permeability of Na+ over Cl− (41, 45, 46). Table 1
summarizes current knowledge of the properties of claudin isoforms. Several claudins (e.g.
4, 8, 11, 15) behave differently depending on the background permeability and selectivity of
the cell line in which they are expressed, but retain their overall charge selectivity. Other
claudins (e.g. 7, 16, 19) show markedly different properties in different studies that are
currently difficult to reconcile.
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The molecular basis for paracellular charge selectivity is now known to be encoded in the
ECL1 of claudins. This was shown in 2003 by Colegio et al. in a series of elegant molecular
chimera studies, in which the ECL1 of claudins 2 and 4 were swapped (9). Furthermore,
Van Itallie et al. found a correlation between the net charge of all residues in the second half
of the ECL1 and the charge selectivity of the claudin (39). Claudins with a more negative
ECL1 (claudin 2, claudin 15, claudin 10a) seem to be cation-selective while claudins with a
net positively charged ECL1 (claudin 10b, claudin 17) are anion-selective (Figure 3) (7).

Consistent with the idea that electrostatic potential in the ECL1 determines charge
selectivity of ion permeation, substituting certain charged residues in the ECL1 with
oppositely charged residues can reverse the charge selectivity of the claudin (47). For
example, substituting a negative amino acid for the positive amino acid at position 65 in
claudin-4 increased its permeability to Na+ (47). Conversely, mutating an aspartic acid at the
homologous position in claudin-2 to neutralize its charge markedly reduced its cation
selectivity (46). These studies indicate that the charge selectivity of claudins is regulated by
the electrostatic interaction between partially dehydrated permeating ions and discrete
charged pore-lining residues.

Angelow et al. (48) have gone on to identify additional pore-lining residues by mutating
ECL1 amino acid residues to cysteines and then testing the accessibility of these mutated
residues to sulfhydryl-reactive reagents, like methanethiosulfonates (MTS). Sites that were
accessible to covalent modification by MTS and consequent block of the paracellular pore
were then categorized as being pore-lining residues (48).

Size selectivity of claudins

An early study by van Os et al. in 1974 (49) showed that rabbit gall bladder epithelium has a
large paracellular permeability to small electrolytes and hydrophilic molecules up to 8 Å in
diameter (the size of glycerol). In addition, they also observed a smaller but significant flux
of very large uncharged solutes, such as dextran and inulin. Since then, paracellular
pathways have been shown to also allow passage of polyethylene glycol tracers (PEGs) of
varying diameters up to 15 Å (50) (51). These studies suggest that there are two distinct
paracellular pathways: (a) a high capacity, size-selective pore pathway that allows passage
of small uncharged solutes (up to 8-9 Å in diameter), and (b) a non-selective leak pathway
that allows a small flux of large solutes. Claudins mediate the size-selective pore pathway.
Van Itallie et al. (51) measured the paracellular flux of PEGs (50) and showed that changes
in the expression of claudin-2 altered the permeability of a size-selective pore with an
apparent diameter of 8 Å but did not have any effect on the flux of larger molecules (51)
(Figure 4). Similarly, Yu et al. measured permeability to a series of organic cation probes
and showed that claudin-2 functioned as a size-selective cation pore of about 6.5-7 Å in
diameter (46).

Role of background in phenotype of claudin

The study of claudin function and phenotype has primarily been carried out by over-
expression studies where exogenous claudins are expressed in cell lines or by RNA
interference (RNAi) studies in which endogenously expressed claudins are knocked down.
In such studies, the apparent phenotype of the claudins has been found to be dependent on
the background of the cell lines in which they are expressed (39). For example, when pore-
forming claudin-2 was over-expressed in low-resistance MDCK-II cells (9), there was a
small increase in TER, but when it was over-expressed in high resistance MDCK-I cells it
caused a large decrease in TER (41). This has also been observed with charge selectivity of
claudins. In the anion-selective LLC-PK1 cells, over-expression of the anion-selective
claudin-4 had no effect on paracellular permeability while claudin-2 (cation-selective
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claudin) over-expression reversed the charge selectivity, making the paracellular barrier
more cation-selective. Conversely, over-expression of claudin-4 in the cation-permeable
MDCK-II cell line significantly decreased PNa and made it less cation-selective (9).

LOCALIZATION, FUNCTION AND REGULATION OF RENAL CLAUDINS

A variety of claudins are expressed in the kidney. Here we focus on those that are expressed
along the nephron (listed in Table 2).

a. Glomerulus

The parietal epithelium that lines Bowman’s capsule acts as a barrier to macromolecules
(52). In glomerulonephritis, this barrier is disrupted and macromolecules (and presumably
albumin) that gain access to Bowman’s space are able to leak into the space between the
parietal epithelium and the basement membrane as well as into the extraglomerular space.
Claudin-1 is expressed uniquely at the tight junction of parietal epithelial cells (53, 54). In
vitro, claudin-1 functions as a barrier to ion conductance and to permeation of 4-40 kDa
dextran (33, 35), suggesting that it may be responsible for the barrier function of Bowman’s
capsule.

In the adult glomerulus, visceral epithelial cells (podocytes) form a specialized intercellular
junction, the slit diaphragm. True tight junctions do form between immature podocytes in
the fetal glomerulus and are of uncertain functional significance (55, 56). These disappear
during development, but can reappear during nephrotic states, coincident with effacement of
the foot processes and obliteration of the slit pore (57-59). Claudin-5 is expressed
throughout the plasma membrane of podocytes (60), while claudin-6 is found at the basal
membrane, and the base of the slit diaphragm (61). In experimental nephrosis induced by
puromycin, claudin-6 is upregulated and concentrated, together with claudin-5, at the newly
formed tight junctions between podocytes, but their functions are unknown.

b. Proximal tubule

The adult proximal tubule is a leaky epithelium that is known to reabsorb up to two-thirds of
the filtered Cl− load (62) as well as two-thirds of the volume of the ultrafiltrate (63). Almost
half of the NaCl is reabsorbed through paracellular pathways (64). The early proximal
tubule reabsorbs Na+ and HCO3

− preferentially over Cl− (65). This makes the peritubular
fluid delivered to the mid-late proximal tubule lower in bicarbonate and higher in Cl−

concentration than the plasma (65). Here, the paracellular pathway is preferentially
permeable to Cl− which is reabsorbed by passive diffusion down its concentration gradient,
and in turn generates a lumen-positive potential (66). This electrical gradient then drives
paracellular reabsorption of Na+ (Figure 5).

Claudin-2, which has been shown to act as a paracellular cation pore (41, 45, 46) (67), is
highly expressed in the proximal tubule as well as the upper segment of the thin descending
limb of long loops of Henle, with the levels of expression showing an axial increase (43,
53). Claudin-2 has also been shown to be able to transport K+ and Ca2+ (46). The properties
of claudin-2 make it an excellent candidate for the cation-reabsorbing paracellular pore in
the proximal tubule. This was confirmed in 2010 by Muto et al (68). They generated a
claudin-2 knockout mouse which had decreased cation permeability and reduced NaCl and
water reabsorption when measured in isolated perfused proximal tubules. In whole animal
balance studies, the fractional excretions of Na+ and Cl− were comparable to the values for
wild-type mice under normal conditions. However, they were significantly elevated when
mice were placed on a high salt diet (68). These mice did not have any overt change in K+

metabolism but they were hypercalciuric, raising the possibility that claudin-2 also mediates
Ca2+ reabsorption.
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Another important function of the proximal tubule is the reabsorption of water. The osmotic
gradient established by the reabsorption of salt is thought to drive water transport, much of
which occurs through aquaporin-1 (69). Rosenthal et al. (70) measured transepithelial water
flux in cells over-expressing claudin-2 and found that claudin-2 increased water reabsorption
driven either by an osmotic gradient or a NaCl concentration gradient (70). These data
suggest that claudin-2 can mediate water transport and could account for that part of water
reabsorption in the proximal tubules that is not mediated by aquaporin-1 (70, 71).

In addition to claudin-2, proximal tubules have also been shown to express claudins 10a (42,
72) (68), 12 (73) and 17 (74). Claudins 10a and 17 (74) can function as anion-selective
pores, and could potentially be responsible for paracellular Cl-reabsorption in the proximal
tubule. In intestinal epithelium, claudin-12 is upregulated by vitamin D and functions as a
Ca2+-selective pore (75). It is interesting to speculate that it may play a similar role, perhaps
in concert with claudin-2, in Ca2+ reabsorption in the proximal tubule.

c. Thick ascending limb of Henle

The thick ascending limb (TAL) of the loop of Henle is responsible for reabsorbing 25–40%
of filtered Na+ (76), 50–60% of filtered Mg2+ (77) and 30–35% of filtered Ca2+ (78). The
TAL actively transports Na+ and Cl− via the transcellular route, and provides a paracellular
pathway for the selective absorption of Mg2+ and Ca2+ (79, 80). Na+, K+ and Cl− enter the
cell through the Na+-K+-2Cl− cotransporter (NKCC2) in the luminal membrane. Na+ exits
the cell through the Na+/K+-ATPase, in exchange for K+ entry. K+ is secreted into the lumen
through the renal outer medullary potassium channel. Cl− leaves the cell through a
basolateral Cl− channel. Mg2+ and Ca2+ are passively reabsorbed through the paracellular
pathway, driven by a lumen-positive transepithelial voltage (Vte). The generation of this
lumen-positive Vte can be attributed to two mechanisms: (I) the active transport Vte due to
apical K+ secretion and basolateral Cl− exit; and (II) the diffusion Vte generated because of
the transepithelial NaCl concentration gradient and the cation selectivity of the paracellular
pathway of TAL (81). This second component is therefore dependent on the high
permeability ratio between Na and Cl (PNa/PCl). Both components are present in parallel
along the TAL (Figure 6); however, their contributions vary at different parts of TAL. At the
beginning of the TAL segment, it is the first mechanism that provides a voltage around +8
mV. There is minimal contribution of diffusion potential at this stage since the concentration
gradient has not yet been built up (Figure 6A). With continuous NaCl reabsorption along the
axis of the TAL, the lumen fluid is diluted and a large NaCl gradient is generated at the end
of the TAL. Because the paracellular permeability of the TAL is cation-selective, the
diffusion Vte is superimposed onto the active transport Vte and becomes the major source of
the lumen-positive Vte, which now increases substantially - estimated to be over +30 mV
(Figure 6B).

The molecular basis for TAL divalent cation reabsorption remained unknown until the
discovery of mutations in claudin-16 and -19 as the cause of the rare autosomal recessive
renal disorder, FHHNC, either without ocular involvement (OMIM#248250) (2) or with
ocular involvement (OMIM#248190) (82), respectively. FHHNC is characterized by renal
wasting of Mg2+ and Ca2+, and is thought to be due to a defect in the TALH. Thus, the
identification of claudin-16 and 19 as the culprit genes implicated them in the mechanism
for paracellular divalent cation transport in this nephron segment.

It was initially hypothesized that claudin-16 might form the selective paracellular Mg2+ and
Ca2+ channel itself, and this was tested in a number of in vitro studies. Ikari et al (24)
transfected the low-resistance MDCK II cells with claudin-16 and reported increased Ca2+

permeability that appeared to be unidirectional. Kausalya et al. (83) transfected the high-
resistance MDCK-C7 cells but only found a modest increase in transepithelial Mg2+ flux.
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However, Hou et al (10) transfected a model cell line, LLC-PK1, that has low endogenous
paracellular cation permeability and found that claudin-16 profoundly increased
transepithelial Na+ permeability (PNa) accompanied by an only moderately enhanced Mg2+

permeability (PMg). PNa was greatly reduced or completely disappeared in all FHHNC
disease mutants of claudin-16, suggesting that changes in Na+ permeability, rather than Ca2+

or Mg2+ permeability, might be pathogenic for this disease. Claudin-16 deficient
knockdown (KD) mice showed significantly reduced plasma Mg2+ levels and increased
urinary excretion of Mg2+ and Ca2+, and nephrocalcinosis (84). This phenotype was very
similar to FHHNC, suggesting that FHHNC might be due to loss of claudin-16 function.
Consistent with the hypothesis that claudin-16 acts primarily as a Na+ permeability pathway,
when TAL segments were isolated and perfused ex vivo, the paracellular ion selectivity
(PNa/PCl) of the TAL was significantly reduced in claudin-16 KD mice (84). Since the
component of the lumen-positive Vte due to the NaCl diffusion potential (mechanism II) is
dependent on a high PNa/PCl, this suggests that claudin-16 facilitates TAL Ca2+ transport by
increasing PNa and hence increasing the electrical driving force for paracellular divalent
cation reabsorption.

Some of the mutations in claudin-16 cause FHHNC due to protein trafficking defects (83,
85). This is important because pharmacological chaperones could rescue some of these
trafficking defects in claudin-16 (83), suggesting a potential therapeutic approach to this
disease.

The other main cause of FHHNC is mutations in claudin-19. Hou et al (28) found that
claudin-19 profoundly decreased the Cl− permeability (PCl) and functioned as a Cl− barrier
when expressed in LLC-PK1 cells. The FHHNC mutations from human patients either
partially or completely abolished the claudin-19 effects on PCl. Coexpression of claudin-16
and claudin-19 in LLC-PK1 cells resulted in the simultaneous upregulation of PNa and
downregulation of PCl, and hence a large increase in PNa/PCl, generating a highly cation-
selective paracellular pathway (28). Thus, it was hypothesized that claudin-16 and -19 work
together in the TAL to facilitate the generation of the NaCl diffusion potential.

Claudin-19 KD animals phenocopied claudin-16 KD and develop the FHHNC
manifestations of reduced plasma Mg++ levels and excessive renal wasting of Mg2+ and
Ca2+ (31). The phenotypic similarities of claudin-19 KD with claudin-16 KD can be
explained by the cis heteromeric interaction between the two claudins (28). Several FHHNC
mutations in claudin-16 and claudin-19 were shown to disrupt this interaction, and also
abolished their cation selectivity when coexpressed in LLC-PK1 cells, suggesting a role for
claudin interaction in the development of FHHNC (28).

High extracellular Ca2+ is known to inhibit Ca2+ and Mg2+ reabsorption in the TAL, thus
providing a homeostatic mechanism to excrete excess Ca2+. This is mediated by a Ca2+-
sensing receptor (CaSR) in the TAL (86). CaSR activation works in part via the transcellular
pathway to inhibit the apical NKCC2 transporter (87, 88) and the ROMK channel (89), but
there is also evidence that activation of the CaSR can directly inhibit paracellular Ca2+

permeability in the TAL (90, 91). Interestingly, Motoyama noted that activation of the CaSR
reduced the NaCl diffusion potential in TAL perfused with an asymmetric salt solution,
suggesting that the driving force for Ca2+ reabsorption was also reduced (91), although the
molecular basis was not known at the time.

A recent genome-wide association study identified claudin-14 as a major risk gene for
hypercalciuric nephrolithiasis, making it another candidate protein involved in TAL divalent
cation transport (92). The role of claudin-14 has now been investigated by Gong et al. (93).
The renal localization of claudin-14 was found predominantly in the TAL (93), and to a
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lesser extent in the proximal tubules (94). Claudin-14 proteins were observed to interact
with claudin-16 but not claudin-19. In transfected LLC-PK1 cells, claudin-14 diminished the
cation permeability of the claudin-16 channel (93). This suggested that claudin-14 might
physiologically bind to the claudin-16/19 complex to act as a negative regulator of divalent
cation reabsorption in the TAL.

Consistent with this, claudin-14 knockout mice developed hypermagnesemia,
hypomagnesiuria and hypocalciuria on a high Ca2+ diet (93), exactly the opposite phenotype
to that of claudin-16 KD mice (84). The mechanism by which Ca2+ regulates claudin-14 was
found to be through a microRNA-based suppression of claudin-14 gene expression. The
microRNA molecules, miR-9 and miR-374, recognize partially complementary binding sites
located in 3′-UTRs of claudin-14 transcript, suppress its protein translation and induce its
mRNA decay. Extracellular Ca2+, via activation of the CaSR, reduced expression of these
microRNAs, thereby activating claudin-14 and inhibiting claudin-16/19-facilitated divalent
cation reabsorption.

d. Collecting duct

The aldosterone-sensitive distal nephron (ASDN) is responsible for the reabsorption of 2-3%
filtered NaCl, and plays a vital role in the regulation of extracellular fluid volume and blood
pressure control (95, 96). Na+ reabsorption in the collecting duct is driven by basolateral
efflux through the Na+/K+-ATPase and apical entry through the epithelial sodium channel
(ENaC) in the principal cell (97) and is responsible for generating the lumen-negative
transepithelial potential. This creates the electrical driving force for reabsorption Cl−, which
can be transported by both paracellular and transcellular pathways. Collecting ducts are
known to have a significant passive Cl− conductance that is presumed to be paracellular
(98-100). Defects in paracellular Cl– shunt would be expected to increase the magnitude of
Vte, depolarize the luminal membrane, and consequently inhibit ENaC.

Several claudins are expressed in the collecting duct, including claudin-3, -4, -7 and -8 (53)
(44, 101). The first collecting duct claudin to be investigated functionally was claudin-4,
which was transfected into MDCK II cells and decreased PNa (34). Because MDCK II cells
are quite leaky and express a high level of claudin-2, they may have been a poor model for
the collecting duct. Hou et al (102) used two collecting duct cell lines, M-1 and mIMCD3, to
study claudin-4 function. They showed that knockdown of claudin-4 significantly decreased
paracellular anion permeabilities, including that of Cl−, in the collecting duct cells.
Furthermore, aldosterone was shown to phosphorylate claudin-4 and increase paracellular
Cl− conductance in cultured rat cortical collecting duct cells (103). Thus, claudin-4 provides
a potential molecular mechanism for coupling Cl− transport to Na+ reabsorption in the
collecting duct both at baseline and in response to aldosterone stimulation.

Claudin-8 also plays a potentially important role in collecting duct Cl− permeability. In both
M-1 and mIMCD3 cells, claudin-8 KD was found to decrease the Cl− permeability (PCl) to a
similar level as in claudin-4 KD (104). The observed claudin-8 effects depended upon its cis
interaction with claudin-4. Claudin-8 was shown to interact with claudin-4 in cell
membranes by several criteria: (i) a positive yeast two-hybrid assay; (ii)
coimmunoprecipitation in epithelial cells; (iii) co-trafficking and co-localization in epithelial
cells; and (iv) claudin-8 recruitment of claudin-4 to TJs (104). Without claudin-8, claudin-4
was confined to the endoplasmic reticulum and the Golgi apparatus, suggesting that their
interaction is required for claudin-4 protein to pass the endoplasmic reticulum quality
control checkpoint (104).

One of the unanswered questions regarding claudin-8 function in collecting duct function is
the nature of the paracellular channel formed by claudin-8. Removal of claudin-8 depleted
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both claudin-4 and claudin-8 at the level of the TJ, but the reduction in PCl was no greater
than with deletion of claudin-4 alone (104). This suggested that claudin-8 does not form an
additional Cl− channel by itself. Consistent with this, when expressed alone in MDCK cells,
claudin-8 reduced PNa without affecting PCl (105). Aldosterone was shown to upregulate the
transcription of claudin-8 in the distal colon (106). If claudin-8 gene expression is regulated
similarly in ASDN as in the distal colon, aldosterone would be expected to upregulate
claudin-8 and increase paracellular Cl− conductance.

To determine the role of claudin-3 and claudin-7, Hou et al (104) knocked down their
expression in the collecting duct M-1 and mIMCD3 cells. While claudin-3 KD showed no
significant effect on PNa or PCl, claudin-7 KD resulted in a 30% decrease in TER with no
significant change in ion selectivity. This suggested that claudin-7 acts as a non-selective ion
barrier in the collecting duct. Consistent with this, claudin-7 knockout mice exhibited severe
renal wasting of Na+, K+, Cl−, and water, accompanied by a surge of aldosterone synthesis,
and died within 12 days after birth. The loss of Na+ and Cl− is consistent with the loss of a
non-selective paracellular ion barrier leading to backleak of reabsorbed NaCl in the
collecting duct. The consequent volume loss would be expected to lead to secondary
hyperaldosteronism, which might be the cause of the K+ wasting. The TJ localization of
claudin-4 or claudin-8 was not affected in claudin-7 knockout mice, ruling out the
possibility that claudin-7 is part of the paracellular Cl− channel complex.

A potential role for a paracellular Cl− channel in the distal nephron in blood pressure
regulation has been implicated by several studies. WNK1 and WNK4, two genes associated
with the inherited hypertensive disorder, PHAII, have been suggested to phosphorylate
claudins 1-4 and/or 7 and to induce a concomitant increase of PCl in cultured epithelial cells
(23, 107-109). Mutations that cause PHAII appeared to augment PCl and so would be
predicted to increase collecting duct NaCl reabsorption and reduce Vte, leading to
hypertension and hyperkalemia. However, another study did not find any effect of WNK4
on claudin-4 phosphorylation (110). Furthermore, transgenic mice harboring the PHAII
mutations in WNK4 revealed no difference in the paracellular Cl− permeability of the
collecting duct (111). Thus, the validity of the hypothesis that WNK kinases regulate
paracellular Cl- permeability is currently uncertain.

CLAUDINS AND KIDNEY DISEASE

Claudins play potentially important pathogenic roles in kidney diseases. As described above,
mutations in claudin-16 and -19 cause FHHNC (2, 82), while polymorphisms in claudin-14
have been strongly associated with the development of kidney stones and low bone mineral
density, suggesting that they are associated with hypercalciuria (82). Regulation of claudin-
mediated Cl- permeability in the ASDN may contribute to the pathogenesis of PHAII (23,
107-109). In polycystic kidney disease, cyst growth is due in part to secretion of fluid into
cyst lumens, driven by transcellular Cl− secretion (112). It is predicted that the tight junction
in cyst epithelia will be relatively impermeable to Cl− and highly permeable to Na+.
Claudin-7 has been found to be disproportionately expressed in autosomal dominant
polycystic kidney disease cyst epithelia (113). The role of claudins in other kidney disorders
remains largely unexplored.
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ACRONYMS AND DEFINITIONS

FHHNC Familial hypercalciuric hypomagnesemia with nephrocalcinosis, an
autosomal recessive disorder characterized by renal Ca2+ and Mg2+

wasting.

ECL1 The first extracellular loop of claudins which is thought to be the
paracellular pore-lining domain.

ECL2 The second extracellular loop of claudins, which participates in trans
interactions and can potentially bind C. perfringens enterotoxin.

PDZ
binding
motif

Motif that binds to PDZ domains, named after the first three proteins
(PSD95, Dlg1 and ZO-1) that were discovered to share this domain.

TER Transepithelial electrical resistance, a measure of the permeability of an
epithelium to small ions.

MDCK Madin-Darby Canine Kidney, a renal tubule epithelial cell line commonly
used for cell biology and transport studies. Several strains exist with
different properties.

Diffusion
potential

Equilibrium voltage generated across an epithelium by bathing in
solutions of different ionic composition on apical and basolateral sides.

TAL Thick ascending limb of the loop of Henle.

CaSR Ca2+ sensing receptor, a G-protein-coupled plasma membrane receptor
found in parathyroid gland and kidney.

ASDN Aldosterone-sensitive distal nephron, which encompasses the distal
convoluted tubule, connecting tubule, and collecting duct.

PHAII Pseudohypoaldosteronism type II, also known as Gordon’s syndrome, a
disorder characterized by hypertension and hyperkalemia.
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SUMMARY POINTS

1. Claudins constitute a family of at least 26 genes that encode tight junction
membrane proteins with four transmembrane domains.

2. Claudins interact with each other both in the same cell (in cis) and across
adjacent cells (in trans) to form tight junction strands.

3. The first extracellular domains of claudins regulate paracellular permeability to
small ions of less than ~8 Å diameter, forming both barriers and pores in the
tight junction.

4. Claudins are expressed in a nephron segment-specific manner along the renal
tubule, with each cell expressing multiple different claudins.

5. The complement of claudins in each nephron segment determines its
paracellular permeability and hence ability to reabsorb or secrete solutes and
water.

6. Mutations, polymorphisms and acquired abnormalities in renal claudins
contribute to the pathogenesis of familial hypercalciuric hypomagnesemia,
kidney stones and polycystic kidney disease.
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FUTURE ISSUES

1. The tertiary and quaternary structure of claudins remains unknown. Elucidating
this will be important to truly understand at the molecular level how claudin
molecules interact in cis and in trans, and how pore and barrier structures are
formed.

2. The single channel activity of a paracellular pore has never been visualized.
Whether it gates at all, and what the unitary conductance of a claudin might be,
is unknown. The ability to patch clamp the paracellular pathway in the future
would constitute a major technical advance.

3. The C-terminal cytoplasmic tail of most claudins contains multiple
phosphorylation sites. It remains to be determined what is the physiological
function of most of these sites.

4. There is likely much to be learned about functions of claudins other than
regulation of paracellular permeability. For example, many claudins are found
along the lateral membrane and likely play roles in cell-matrix interactions.

5. The role of the more distantly related claudins (21 and above) remain undefined
and it is uncertain whether they also regulate paracellular permeability.
Likewise, it is unclear if there are other members of the PMP-22/EMP/MP20
superfamily that have claudin-like functions.

6. It is likely that as reagents for studying claudins (antibodies, genetically
modified mouse models) become widely available, claudins will be found to be
important in the pathogenesis of a wide variety of kidney and particularly renal
tubular diseases.

7. Finally, no drugs have yet been developed that modulate claudin function and
whether claudin proteins are even “druggable” is unknown. This may open up
new avenues for treatment of disorders of the renal tubule and of extracellular
fluid volume and composition.
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WNK (With No Lysine) kinases are a family of proteins that seem to play major roles in
orchestrating electrolyte transport in the renal tubule and other epithelia. WNK1 and
WNK4 are, along with Kelch-like 3 and cullin-3, mutated in pseudohypoaldosteronism
type II or Gordon’s syndrome, an autosomal dominant disorder characterized by
hypertension and hyperkalemia and thought to be due to excessive Cl− reabsorption in
the distal nephron. A major role for WNK1, 3 and 4 is to form a signaling network that
regulates the thiazide-sensitive NaCl cotransporter, NCC. However, WNK3 and WNK4
are specifically localized to the tight junction suggesting the intriguing possibility that
they may also regulate paracellular Cl− permeability, either directly, by phosphorylating
claudins, or by indirect effects on the tight junction.
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Figure 1.
Phylogenetic tree of the mouse claudin family. The tree was constructed by the neighbor-
joining method. The scale bar indicates the rate of amino acid substitutions per site.
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Figure 2.
Structure and function of claudin. (A) Schematic presentation of the topology of claudin
monomer. The model depicts the conserved structural features of claudin and the known
interactions and modifications. ECL1 and ECL2 denote the extracellular loops 1 and 2,
respectively. The transmembrane domains 1 to 4 (TM1-TM4) and the regions important for
hepatitis C virus (HCV) entry, paracellular ion selectivity, Clostridium perfringens
enterotoxin (CPE) binding, palmitoylation, phosphorylation and ZO-1 binding are shown.
Modified from Figure 1 in Hou, J. (121). (B) Schematic presentation of interaction
possibilities between claudin molecules. The cis interaction includes homomeric or
heteromeric interaction; the trans interaction includes homotypic or heterotypic interaction.
Modified from Figure 3 in Hou, J. (121).
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Figure 3.
Alignment of the first extracellular loop of claudins. The predicted amino acid residues that
comprise the first extracellular loop of human claudins 1-27 were obtained using the
TMHMM2 program. These sequences were then aligned using a pairwise alignment
algorithm (Clustalw2). Residues are color coded by their side-chain composition and
properties as follows. Acidic, red; basic, dark blue; amido, light blue; hydroxyl, pink;
hydrophobic, grey; aromatic, orange; sulfur, yellow; proline, green.
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Figure 4.
Size selectivity of claudins. Claudin-2 was inducibly overexpressed in MDCK-II cells and
the relative permeability to polyethylene glycols of different diameters in uninduced (solid
circles) and induced ( open circles) cell monolayers was compared. Overexpression of
claudin-2 in MDCK-II cells increased paracellular flux of smaller PEGs ( radius < 3.5 Å)
but not of larger PEGs. This suggests that claudins form a size-selective barrier in epithelial
monolayers. Modified with permission from Van Itallie et al. (51).
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Figure 5.
Sodium, chloride, and fluid reabsorption in the proximal tubule. In the initial portion of the
proximal tubule there is reabsorption of both Na+ and bicarbonate via the Na+/H+ exchanger
on the apical membrane and a Na+-bicarbonate co-transporter on the basolateral membrane.
This increases the Cl− concentration in late proximal luminal fluid, driving passive
paracellular Cl− reabsorption down its chemical gradient, through as-yet unidentified anion-
selective claudin(s). Paracellular Cl− reabsorption then creates a slightly lumen-positive
voltage which then drives the claudin-2-mediated reabsorption of Na+. With the
reabsorption of salt, amino acids and glucose occurring in the proximal tubule, there is a
significant osmotic gratdient generated that drives reabsorption of water, mostly
transcellularly through aquaporin-1, but also in part paracellularly via claudin-2.
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Figure 6.
Transepithelial ion transport in the thick ascending limb. (A) When similar salt
concentrations are present at the luminal and basolateral sides, the luminal spontaneous
potential Vte of +8mV is generated by the concerted action of luminal K+ channels,
basolateral Cl− channels, the Na+2Cl−K+ cotransporter, and the Na+,K+-ATPase. Vte drives
Na+ absorption through the paracellular pathway. (B) When a dilute luminal fluid is present
after NaCl absorption along the water-tight TAL, the luminal potential Vte of +30mV is now
generated as a diffusion voltage by the ‘backleak’ of Na+. The diffusion voltage depends on
the permselectivity of the tight junction. The membrane voltage (Vm) trace depicts the
virtual measurement by an electrode that is pushed from the basolateral side through the cell
to the luminal side. Modified from Figure 1 in Hou and Goodenough (2009).
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Figure 7.
Ion transport mechanism in the collecting duct. The membrane voltage (Vm) trace depicts
the virtual measurement by an electrode that is pushed from the basolateral side through the
cell to the luminal side. In this example, the basolateral membrane voltage is −70 mV and
the luminal membrane voltage is −45 mV, resulting in a transepithelial Vte of −25 mV with
respect to the basolateral side. Vte drives Cl− transport through the paracellular channel.
Modified from Figure 1 in Hou, J. (93).
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Table 1

Ion permeability and selectivity of claudinisoformsa

Cation-selective claudins

Predominantly cation pore-forming

Claudin-2 (41, 45, 46)

Claudin-10b (72)

Claudin-16b (10, 83, 114)(42)

Predominantly anion barrier-forming

Claudin-7b (11, 101)

Claudin-19b (28)

Potential to form cation pore or anion barrier

Claudin-15 (47, 115-117)

Anion-selective claudins

Predominantly anion pore-forming

Claudin-7b (67)

Claudin-10a (72)

Claudin-17 (74)

Predominantly cation barrier-forming

Claudin-1 (33, 35)

Claudin-3 (118)

Claudin-5 (36)

Claudin-6 (38)

Claudin-9 (38)

Claudin-14 (119)

Claudin-18-2 (120)

Claudin-19b (40)

Potential to form anion pore or cation barrier

Claudin-4 (34, 67, 102)

Claudin-8 (40, 44)

Claudin-11 (119)

a
Based on in vitro overexpression or knockdown studies in cultured cell lines. We assume that permeability and selectivity are properties intrinsic

to individual claudin isoforms, and ignore the possible confounding effect of heteromeric interactions between isoforms. Pore-forming claudins
refer to those that predominantly decrease TER or increase solute permeability, while barrier-forming claudins refer to those that predominantly
increase TER or decrease solute permeability. The distinction is somewhat arbitrary since most claudins probably have some finite permeability to
most solutes, and the observable phenotype is highly dependent on the properties of the host cell line ((40, 119)). References are listed in the right
column.
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b
The properties of claudin-7, -16 and -19 are somewhat controversial. Published studies disagree on their permeability and selectivity in ways that

are not easily reconciled.
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Table 2

Localization of claudins in the mammalian nephron

Nephron segment Claudin(s) References

Glomerular parietal epithelium 1 (53, 54)

Podocytes 5, 6 (60)(61)

Proximal tubule 2, 10a, 17 (53)(43)(42, 74)

Thin descending limb of Henle’s
loop

2, 7, 8 (43, 44)

Thin ascending limb of Henle’s
loop

3, 4, 10, 16, 17, 18,
19

(6, 40, 53, 74)

Thick ascending limb of Henle’s
loop

3, 10, 14, 16, 18, 19 (2, 6, 31, 40, 53, 82)

Distal convoluted tubule 3, 7, 8 (44, 53, 101)

Collecting duct 3, 4, 7, 8, 18 (31, 44, 53, 101, 102)
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