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Claudin-2 is highly expressed in tight junctions of mouse renal prox-
imal tubules, which possess a leaky epitheliumwhose unique perme-
ability properties underlie their high rate of NaCl reabsorption. To
investigate the role of claudin-2 in paracellular NaCl transport in this
nephron segment, we generated knockout mice lacking claudin-2
(Cldn2−/−). The Cldn2−/− mice displayed normal appearance, activity,
growth, and behavior. Light microscopy revealed no gross histolog-
icalabnormalities in theCldn2−/−kidney.Ultrathinsectionandfreeze-
fracture replica electronmicroscopy revealed that, similar to those of
wild types, the proximal tubules of Cldn2−/−micewere characterized
bypoorly developed tight junctionswith oneor twocontinuous tight
junctionstrands. In contrast, studies in isolated,perfusedS2segments
of proximal tubules showed that net transepithelial reabsorption of
Na+, Cl–, and water was significantly decreased in Cldn2−/− mice and
that there was an increase in paracellular shunt resistance without
affecting the apical or basolateral membrane resistances. Moreover,
deletion of claudin-2 caused a loss of cation (Na+) selectivity and
therefore relative anion (Cl–) selectivity in the proximal tubule para-
cellular pathway. With free access to water and food, fractional Na+

andCl–excretions inCldn2−/−miceweresimilar to those inwild types,
but both were greater in Cldn2−/− mice after i.v. administration of
2% NaCl. We conclude that claudin-2 constitutes leaky and cation
(Na+)–selective paracellular channels within tight junctions of mouse
proximal tubules.

mouse proximal tubule | tight junction | paracellular transport | Na/Cl
transport | water transport

Tight junctions (TJs) are circumferential seals around cells that
selectively modulate paracellular permeability between extrac-

ellular compartments (1–3). On ultrathin-section electron micro-
scopy,TJsappearas fociwhere theplasmamembranesofneighboring
cells make complete contact (4). On freeze-fracture electron micro-
scopy, TJs appear as a continuous and anastomosing network of
intramembranous particle strands (TJ strands) (5). These strands are
mainly composedof linearlypolymerized integralmembraneproteins
called claudins with molecular masses of ∼23 kDa (2, 3, 6). The
claudin gene family containsmore than20members in humans and in
mice (2, 3, 7). The expression pattern of claudins varies considerably;
most cell types express more than two claudins in various combina-
tions to constitute mosaic TJ strands.
Through the formation of TJ strands, claudins are directly

involved in creating a primary barrier to the paracellular diffusion of
solutes andwater across epithelia (8). However, TJs are not a simple
barrier: the barrier varies in tightness, measured by the trans-
epithelial electrical resistance (RT), and charge selectivity. Furuse
et al. (9) reported that,when canine claudin-2 cDNAwas transfected
into high-resistance Madin-Darby canine kidney (MDCK) I cells
primarily expressing claudins-1 and -4, the RT decreased to a level
similar to that of low-resistance MDCK II cells expressing endoge-
nous claudins-1, -2, and -4. A similar claudin-2–induced decrease in

RT was attributed to an increase in the cation-selective permeability
of TJs (10). Furthermore, the overexpression of human claudin-4 in
MDCK II cells increased RT by selectively decreasing the para-
cellular permeability for Na+ without affecting that for Cl– or an
uncharged solute (11). Similarly, overexpression of claudin-8 in
MDCK II cells decreased paracellular permeability to cations but
not to anions or neutral solutes (12). The combination and ratios of
claudins may determine the tightness and charge selectivity of indi-
vidual TJ strands, and some claudin species may constitute charge-
selective paracellular channels within TJ strands (9, 11, 12). This
hypothesis was also proposed through analysis of human hereditary
hypomagnesemia caused by mutations in claudin-16 (13). However,
the results obtained from exogenous expression of claudins in cul-
tured epithelial cells are unclear: claudin function must be inves-
tigated without knowing the exact combination and ratios of en-
dogenous claudins, and it is not assured whether exogenous claudins
form TJ strands correctly without affecting endogenous claudins.
Mouse lines lacking the expression of several claudin species have
been generated (14–17), but the barrier functions of their TJs have
not always been evaluated by electrophysiology.
We focused on the function of claudin-2 in the kidney. Claudin-2

is highly expressed, together with other claudin isoforms such as
claudin-10, in the proximal tubule of the kidney (18, 19), which is
composed of a leaky epithelium (20). In the proximal tubule,
approximately one-third of the NaCl reabsorption is passive via
the paracellular pathway; the remainder is active via the trans-
cellular pathway. The movement of NaCl therefore results in
passive water reabsorption. In this tubule, the molecular mecha-
nisms behind the transcellular transport of NaCl and water have
been extensively evaluated, but it remains totally elusive how these
molecules are transported across TJs. In this study, we generated
claudin-2–deficient mice and examined whether claudin-2 is
involved in the paracellular transport of NaCl and water in vivo.

Results and Discussion
We produced mice unable to express claudin-2. Nucleotide
sequencing and restriction mapping identified one exon that cov-
ers the wholeORF of claudin-2.We constructed a targeting vector
to disrupt the claudin-2 gene by replacing part of the ORF (a.a. 1–
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111) of claudin-2 with the neomycin resistance gene (Fig. S1A).
Two lines of mice were generated from distinct ES cell clones in
which the claudin-2 gene was disrupted by homologous recombi-
nation. Southern blotting confirmed the expected disruption of the
claudin-2 gene (Fig. S1B).
Claudin-2 null [Cldn2−/−] mice were born in the expected

Mendelian ratios. Their growth rate, appearance, activity, and
behavior were normal. This enabled an examination of the struc-
ture and function of proximal tubules using male adult Cldn2−/−

mice and their wild-type littermates [Cldn2+/+]. The two lines of
Cldn2−/−mice showed the same phenotype, sowewill present data
obtained from one line of the two.
We first compared light microscopic images of H&E-stained

sections of paraffin-embedded kidneys from 8-week-old Cldn2+/+

andCldn2−/−mice (Fig. S2).Nogrossmorphologicalmalformations
were observed in the Cldn2−/− kidney. Ultrathin section electron
microscopy also identified no significant differences between
Cldn2+/+ and Cldn2−/− kidneys, including in proximal tubule cells
(Fig. 1A). Similar to Cldn2+/+ kidneys, epithelial cells delineating
Cldn2−/− proximal tubules were well polarized, bearing numerous
microvilli on their apical surfaces and TJs at the most apical region
of their lateralmembranes.As previously reported (21), theTJ area
was not well developed in the junctional complex in Cldn2+/+

proximal tubules, and contained only one or two “kissing points”
where plasma membranes of neighboring cells made complete
contact. Interestingly, in Cldn2−/− proximal tubules, all epithelial
cells observed also had one or two kissing points. Freeze-fracture
replica electron microscopy can also identify proximal tubules by
their characteristic morphology. The majority of epithelial cells of
proximal tubules in Cldn2+/+ mice possessed a single TJ strand/
groove that appeared to continuously seal the paracellular space
(Fig. 1B). All of the epithelial cells delineating Cldn2−/− proximal
tubules also bore at least one TJ strand (Fig. 1B).
Next, we investigated claudin expression in proximal tubules. In

our previous study (18), we reported the colocalization of claudin-2
with claudins-10 and -11 at TJs of mouse proximal tubules. How-
ever, because we now believe that our anti–claudin-11 pAb cross-
reacts with claudin-10 (Fig. S3), we have not studied claudin-11
here. By immunofluorescence, claudin-2 was not detected at TJs of

proximal tubules in Cldn2−/− kidneys, but the distribution of clau-
din-10wasnot significantly altered (Fig. 2A). To investigatewhether
other claudins were up-regulated to compensate for the lack of
claudin-2 in Cldn2−/− proximal tubules, we performed quantitative
real-time PCR using mRNA from isolated proximal tubules. The
amount of claudin-10a and -10b mRNA was not statistically dif-
ferent between the two groups (Fig. 2B). In Cldn2−/− proximal
tubules, we did not find any significant mRNA up-regulation of any
claudin expressed in nephron segments apart from the proximal
tubule, including -4, -8, and -16 (Fig. 2B). Furthermore, by immu-
nofluorescence in Cldn2−/− kidneys, the claudins that were report-
edly expressed in other nephron segments, including claudins-4, -8,
and -16, were still undetectable at TJs of their proximal tubules (Fig.
S4). In addition, ZO-1 and cingulin, proteins localized in the cyto-
plasmic region of TJs, colocalized with Lotus tetragonolobus agglu-
tinin (LTA), a proximal tubule marker (19, 22), inCldn2−/− kidneys
(Fig. S5). Therefore, claudin-2 appeared to be simply absent from
TJs of the proximal tubule in Cldn2−/− mice. Because Cldn2−/−

proximal tubule epithelial cells possess apparently normal TJ
strands, it is likely that claudin-10 replaces claudin-2, although this is
difficult to prove by immunofluorescence.
In contrast to the morphology, functional studies in Cldn2−/−

kidneys revealed striking differences from Cldn2+/+ kidneys. Net
transepithelial reabsorption of Na+, Cl– and water (JNa, JCl and Jv,
respectively) inCldn2−/−proximal tubules all significantly decreased
compared with that in Cldn2+/+ proximal tubules (71.9 ± 2.4 vs.
114.9 ± 1.8 peq/mm/min, 57.5 ± 1.6 vs. 75.4 ± 1.8 peq/mm/min and
0.56 ± 0.01 vs. 0.78 ± 0.02 nl/mm/min, respectively) (Fig. 3). These
findings indicate that claudin-2 is important for transepithelial
reabsorption of NaCl and water in mouse proximal tubules. To
determine whether the decreases in JNa and JCl inCldn2

−/− tubules

Fig. 1. Electron microscopic images of Cldn2+/+ and Cldn2−/− proximal tu-
bules. (A) Ultrathin section. Arrows indicate tight junctions (TJs). AJ, adherens
junction; MV, microvilli. (Bars, 100 nm.) (B) Freeze-fracture replica. Arrow-
heads indicate TJ strands. MV, microvilli. (Bars, 100 nm.)

Fig. 2. Expression of claudins in the proximal tubule of Cldn2+/+ and Cldn2−/−

mice. (A) Immunolocalization of claudins-2 and -10. One of each pair of serial
frozen sections was stained with anti–claudin-2 pAb (Left Column) and the
other was stained with anti–claudin-10 pAb (Center Column). The same sec-
tion as claudin-10 staining was also labeled with Lotus tetragonolobus
agglutinin (LTA), a marker for the proximal tubule (Right Column). Proximal
tubules were identified by LTA staining of their apical and basolateral
membranes (19). (Bars, 20 μm.) (B) Quantification of mRNA levels of claudins-
4, -8, -10a, -10b, and -16 relative to GADPH in isolated proximal tubules of
Cldn2+/+ and Cldn2−/− mice (n = 4 per group).
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were due to increased transcellular and/or paracellular electrical
resistances, we compared cable properties between the groups
(Table 1). When Cldn2+/+ proximal tubules were perfused with
symmetrical control NaCl solutions, RT averaged 11.3 ± 0.4 Ωcm2,
indicating that Cldn2+/+ proximal tubules are leaky epithelia. In
contrast, RT in Cldn2−/− tubules was significantly higher at 25.2 ±
1.0 Ωcm2. Fractional apical membrane resistance (fRA), trans-
epithelial voltage (VT), and basolateral membrane voltage (VB)
were not different between the groups. The paracellular shunt
resistance (RS) in Cldn2−/− tubules (29.3 ± 1.3 Ωcm2) reflected the
RT and significantly increased nearly 2.5-fold compared with that in
Cldn2+/+ tubules (11.6 ± 0.6 Ωcm2), without influencing either
apical or basolateralmembrane resistances (RAorRB, respectively)
(Fig. 4).Therefore,Cldn2−/−proximal tubules are indeed composed
of tighter epithelia than Cldn2+/+ proximal tubules. The decreases
in JNa and JCl in Cldn2−/− tubules are primarily attributable to im-
pairment of net paracellular reabsorption of Na+ and Cl–, and the
consequent inhibition of passive net paracellular water reabsorp-
tion. In theproximal tubule,most transepithelialwater reabsorption
likely occurs transcellularly via the aquaporin 1 channel. Thus,
reducedparacellularNaCl reabsorption in theCldn2−/− tubulesmay
lead to a commensurate reduction in osmotically driven trans-
cellular water reabsorption through aquaporin 1. However, in
aquaporin 1 knockoutmice, proximal tubule net water reabsorption
was reduced by only 50% (23), suggesting the existence of alter-
native pathways of water reabsorption. We found that proximal
tubule net water reabsorption in Cldn2−/− mice was decreased by
≈30% compared with that in Cldn2+/+ mice. Alternatively, there-
fore, in the proximal tubule, the claudin-2-dependent paracellular
pathway may potentially contribute to the non–aquaporin 1–
mediated fraction of net transepithelial water reabsorption. These
possibilities await further investigation.
To estimate Na+ permeability relative to Cl– (PNa/PCl) in proxi-

mal tubules, we observed changes in VT when both the luminal and

bathing solutions were initially a control NaCl solution, and only the
luminal solution was changed to a low NaCl solution. In Cldn2+/+

tubules, when the luminal perfusatewas abruptly changed to the low
NaCl solution, VT deflected toward the positive (Fig. 5A), and the
diffusion voltage (corrected for the liquid junction potential induced
by reducing luminal NaCl) was +0.54 ± 0.10 mV. The PNa/PCl in
Cldn2+/+ tubules averaged 1.10 ± 0.02 (Fig. 5B); this was sig-
nificantly (P < 0.001) greater than unity, indicating a higher Na+

permeability. In contrast, in Cldn2−/− tubules under the same con-
ditions, VT deflected markedly toward the negative (Fig. 5A); the
corrected diffusion voltage was –4.57 ± 0.37 mV, and PNa/PCl was
0.53±0.03 (Fig. 5B). These results indicate thatCldn2−/− tubules are

Fig. 3. Net transepithelial reabsorption of Na+, Cl–, and water (JNa, JCl, and Jv,
respectively) in isolated perfused S2 segments of proximal tubules from
Cldn2+/+andCldn2−/−kidneys. Eachdatapoint is fromone tubuleofonemouse.
Averageddata± SEMof eightCldn2+/+ andeightCldn2−/−proximal tubules are
shown at the left or right of each data set. *P < 0.001 vs. Cldn2+/+ tubules.

Table 1. Electrical properties in isolated perfused S2 segments
of proximal tubules from Cldn2+/+ and Cldn2−/− mice

+/+ −/−

No. of tubules 44 48
Tubular length, μm 772.4 ± 23.8 788.7 ± 20.4
Tubular radius, μm 13.0 ± 0.2 12.9 ± 0.2
RT, Ωcm2 11.3 ± 0.4 25.2 ± 1.0*
fRA 0.72 ± 0.01 0.73 ± 0.01
VT, mV −0.91 ± 0.13 −0.62 ± 0.13
VB, mV −65.1 ± 1.1 −66.4 ± 1.5

Values are mean ± SEM. fRA, fractional apical membrane resistance; RT,
transepithelial electrical resistance; VB, basolateral membrane voltage; VT,
transepithelial voltage.
*P < 0.001 vs. Cld2+/+ tubules.

Fig. 4. Paracellular shunt resistance (RS), apical membrane resistance (RA),
and basolateral membrane resistance (RB) in isolated perfused S2 segments
of proximal tubules from Cldn2+/+ and Cldn2−/− kidneys. Values are mean ±
SEM of 40 Cldn2+/+ proximal tubules and 41 Cldn2−/− proximal tubules. *P <
0.001 vs. Cldn2+/+ tubules.

Fig. 5. Relative permeability properties in isolated perfused S2 segments of
proximal tubules from Cldn2+/+ and Cldn2−/− kidneys. (A) Representative
tracings of the transepithelial voltage (VT) on reducing luminal NaCl. (B) Rel-
ative permeability of Na+ to Cl– (PNa/PCl). Values aremean± SEMof 76 Cldn2+/+

proximal tubules and 82 Cldn2−/− proximal tubules. *P < 0.001 vs. Cldn2+/+

tubules. (C) Relative permeabilities of cations and anions to Cl– (PX/PCl). Values
are mean ± SEM of 11 Cldn2+/+ proximal tubules and 10 Cldn2−/− proximal
tubules. *P < 0.001, †P < 0.05 vs. Cldn2+/+ tubules.
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relatively permeable to Cl–. We could clearly discriminate Cldn2−/−

from Cldn2+/+ mice by the VT response upon reducing luminal
NaCl concentration. Inhibiting the basolateral Na+ pump by addi-
tion of ouabain (100 μM) had no effect on PNa/PCl in either group
(Fig. S6), indicating a paracellular pathwayof the permeability ratio.
Theoretically, thedecrease inPNa/PCl inCldn2

−/− tubules represents
a decrease in PNa, an increase in PCl or a combination of both.
Because theRSwas significantly greater inCldn2

−/− tubules (Fig. 4),
the decrease inPNa/PClmust result primarily from a decrease in PNa.
When Na+ is transported, an anion, like Cl–, must accompany it so
that the electroneutrality of the fluid compartments is maintained.
Accordingly, in Cldn2−/− tubules, reduction of the net paracellular
Na+ reabsorption results in an inhibition of the net paracellular Cl–

reabsorption. TheCldn2+/+ tubules were also permeable to cations
other than Na+, and the sequence of their permeabilities relative to
Cl– was K+ > Rb+ > Na+ > Li+ > choline+ (Fig. 5C). This per-
meability sequence is similar to that reported for leaky epithelia such
as the rabbit gallbladder (24) and the rat gut (25). The Cldn2+/+

tubules were also permeable to anions other than Cl–, and the
sequence of their permeabilities relative to Cl– was Br– > I– > F– >
cyclamate– (Fig. 5C). InCldn2−/− tubules, the relativepermeabilities
of the other cations were also significantly lower than those in
Cldn2+/+ tubules, but the relative permeabilities of the other anions
were almost identical to those inCldn2+/+ tubules (Fig. 5C). These
results indicate that theCldn2−/− proximal tubules have significantly
less cation selectivity, and therefore that claudin-2 creates cation-
selective pores in the proximal tubule paracellular pathway with the
ranking of K+ > Rb+ > Na+ > Li+ > choline+. This metal cation
ranking corresponds to sequence IV or V of Eisenman’s 11 alkali
cation sequences (26). Similarly, in claudin-2–overexpressing
MDCK-C7 (10) andMDCK I (27) cells, the permeability sequence
wasNa+=K+>N-methyl-D-glucamine+> choline+>>Cl–=Br–

and K+ > Rb+ > Na+ > Li+ >> Cs+, respectively.
Next, we performed metabolic balance studies to examine

whether the decreases in JNa, JCl, and Jv inCldn2
−/−proximal tubules

influenced whole kidney electrolytes and water transport. With free
access to water and food, serum levels of Na+, K+, Cl–, Ca2+,Mg2+,
inorganic phosphate (P), creatinine, or osmolality did not differ
between the groups (Table S1). In addition, fractional excretions of
K+ (FEK),Mg2+ (FEMg), P (FEP), urine glucose, urine albumin, and
creatinine clearance (CCr)werenot different between the twogroups
(Table 2). In sharp contrast, it should be noted that the fractional
excretion of Ca2+ (FECa) was significantly greater in Cldn2−/− mice
(Table 2), indicating that theCldn2−/−micewere hypercalciuric. The

proximal tubule passively reabsorbs a large fraction of filtered Ca2+

by the paracellular route (20). Yu et al. (27) have shown that, in
MDCK I cells overexpressing claudin-2, Ca2+ passes through clau-
din-2 pores, with its permeability being approximately 4-fold lower
than that of Na+. Thus, the hypercalciuria observed in the Cldn2−/−

mice may result from impaired Ca2+ reabsorption through the
proximal tubule paracellular pathway. Therefore, claudin-2may also
form paracellular Ca2+ channels in the proximal tubule. Further
studies will be required to investigate this hypothesis. Systolic blood
pressure determined by tail-cuff plethysmography did not differ
between the groups (Table S1). We expected that the decreases in
JNa and JCl in Cldn2−/− proximal tubules would result in increased
delivery of NaCl-rich fluid into distal nephron segments and con-
sequently enhance urinary excretions ofNa+ andCl–. Unexpectedly,
however, neither FENa nor FECl in Cldn2−/− mice was increased
compared with those in Cldn2+/+ mice (Table 2). These findings
suggest that, with free access to water and food, the decreases in JNa
and JCl in the Cldn2−/− proximal tubules may be compensated for
more distally.We therefore carried out an NaCl challenge. After i.v.
administration of 2% NaCl at 20 mL/kg per hour, both FENa and
FECl, were significantly greater in Cldn2−/− mice (Fig. 6), although
inulin clearance inCldn2−/−mice (n= 6: 7.82 ± 0.37 μL/min/g body
weight and 635.1 ± 26.3 μL/min/g kidney weight) did not differ sig-
nificantly from that inCldn2+/+mice (n=6: 8.94± 0.41 μL/min per
gram body weight and 695.0± 39.5 μL/min per gram kidney weight).
Thus, Cldn2−/− mice exhibited an exaggerated urinary NaCl loss in
response to the NaCl challenge.
With free access to water and food, daily urine volume and

osmolality were significantly greater and less in Cldn2−/−mice than
inCldn2+/+mice, respectively, although daily water or food intake,
or body weight were not different between the groups (Table 2).
These results suggest that Cldn2−/− mice may be unable to con-
centrate urine effectively. Even if this is so, it is probably not a
consequence of proximal tubule dysfunction, because the decreases
in JNa and JCl in the Cldn2−/− proximal tubule were completely
compensated for more distally. The abnormality may instead result
from a dysfunction of the thin descending limb of Henle, because
claudin-2 is also expressed at TJs of this nephron segment (18),
which is composed of a leaky epithelium (28) and is important in the
concentration of urine (20). This will be clarified in future studies.
It had already been reported that overexpression of claudin-2 in

MDCK cells altered both tightness (9) and paracellular charge
selectivity (10). However, the role of claudin-2 in these barrier
functions had not been explored in intact epithelial cells. This
study now demonstrates that, when just one of claudins expressed
at TJs of the proximal tubule, claudin-2, was genetically disrupted
in mice, both electrical resistance and cation (Na+) selectivity in
the proximal tubule paracellular pathways were markedly affec-
ted. This resulted in an impairment of their net transepithelial
reabsorption of Na+, Cl–, and water, despite our electron micro-
scopy studies that showed no gross differences in TJ architecture.

Table 2. Metabolic balance data in Cldn2+/+ and Cldn2−/− mice

+/+ −/−

No. of animals 10 10
BW, g 28.2 ± 0.7 28.4 ± 0.4
Water intake, μL/24 h per gram BW 200.1 ± 28.0 248.8 ± 31.5
Food intake, μg/24 h per gram BW 155.8 ± 21.2 176.8 ± 16.7
Urine volune, μL/24 h per gram BW 58.1 ± 6.8 100.8 ± 17.9*
FENa, % 0.28 ± 0.03 0.32 ± 0.02
FEK, % 25.9 ± 3.9 24.6 ± 2.1
FECl, % 0.63 ± 0.07 0.58 ± 0.05
FEMg, % 4.5 ± 0.5 4.8 ± 0.7
FECa, % 0.13 ± 0.01 0.40 ± 0.04**
FEP, % 9.2 ± 1.0 11.5 ± 1.1
Urine glucose, mg/mg cr 1.43 ± 0.12 1.48 ± 0.34
Urine albumin, μg/mg cr 7.6 ± 1.4 7.1 ± 1.2
Urine osmolality, mOsm/kgH2O 2,499.1 ± 128.6 2,000.4 ± 125.4*
Ccr, mL/24 h per gram BW 21.5 ± 2.1 23.3 ± 1.7

Values are mean ± SEM. BW, body weight; Ccr, creatinine clearance; FE,
fractional excretion.
*P < 0.05, **P < 0.001 vs. Cldn2+/+ mice.

Fig. 6. Fractional excretions of Na+ and Cl– (FENa and FECl, respectively) in
Cldn2+/+ and Cldn2−/− mice given 2% NaCl solution i.v. at 20 mL/kg per hour.
Values are mean ± SEM of six Cldn2+/+ and six Cldn2−/− mice. †P < 0.05 vs.
Cldn2+/+ mice.
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These functional abnormalities do not result, therefore, fromgross
changes in TJ structure, but from the lack of claudin-2 itself. In
other words, we conclude that claudin-2 determines both tightness
and paracellular cation (Na+) selectivity in mouse proximal
tubules, and plays important roles in proximal tubule paracellular
NaCl and water reabsorption.

Materials and Methods
Generation of Claudin-2–Deficient Mice. The targeting vector is shown in Fig.
S1A. The diphtheria toxin A expression cassette (MC1pDT-A) was placed
outside the 3′ arm of homology for negative selection. J1 ES cells were
electroporated with the targeting vector and G418-resistant colonies were
screened by Southern blotting with the 3′ external probe (Fig. S1A). Cor-
rectly targeted ES cells were injected into C57BL/6 blastocysts, which were
transferred into BALB/c foster mothers to obtain chimeric mice. Male chi-
meras were mated with C57BL/6 females, and heterozygous mice were
present in the agouti offspring. The ethics of all animal experiments were
approved by the Animal Care and Use Committee of Jichi Medical University
and Kyoto University.

Separation of Proximal Tubule S2 Segments, RNA Extraction, and Real-Time
PCR. Single proximal tubule S2 segments were dissected from freshly killed–
mouse kidney with fine forceps under a stereomicroscope at 4–5 °C.
Approximately 50 tubules (length ∼0.5 mm) were pooled for each sample
and stored in RNAlater solution (Sigma). Total RNA was extracted from the
single S2 segments using a commercial kit (Qiagen). First-strand cDNA was
synthesized using an RNA PCR Kit (AMV) Ver. 3.0 (Takara) according to the
manufacturer’s instructions. Quantitative real-time PCR was performed
using an ABI PRISM 7000 real-time PCR system and SYBR Green master mix
(Applied Biosystems) with the primers for claudins-4, -8, -10a, -10b, and -16
and GAPDH indicated in Table S2. Expression levels were normalized to
GAPDH levels.

Morphological Analyses. Lightand immunofluorescencemicroscopy,ultrathin-
section electron microscopy, and freeze-fracture replica electron microcopy
were performed as described previously (15, 17).

In Vitro Microperfusion Studies of Isolated Proximal Tubule S2 Segments.
Isolation and perfusion of tubules. Proximal tubule S2 segments, which comprise
the late portion of the proximal convoluted tubule and the early portion of
the proximal straight tubule, were microdissected, mounted on glass pip-
ettes, and perfused in vitro in a rapid-exchange chamber at 37 °C as pre-
viouisly described (28–30). The control NaCl solution in the lumen and bath
comprised (in mM): 110 NaCl, 5 KCl, 25 NaHCO3, 0.8 Na2HPO4, 0.2 NaH2PO4,
10 sodium acetate, 1.8 CaCl2, 1.0 MgCl2, 8.3 d-glucose, and 5 L-alanine. For
flux studies, proximal tubules were perfused with an identical solution,
except that the bath solution contained neutral dextran (20 g/L). For esti-
mation of PNa/PCl, we prepared low NaCl solution, in which 50 mM NaCl was
replaced with equiosmolar sucrose (93 mM). All solutions were 285–295
mOsm/kg/H2O osmolality, and were equilibrated with 95% O2/5% CO2 to
adjust to pH 7.4 at 37 °C.

Measurements of JNa, JCl , and Jv . JNa, JCl, and Jv were measured in the isolated
perfused proximal tubules using standard techniques (31). The luminal flow
rate was adjusted to 8–9 nL/min by regulating the hydrostatic perfusion
pressure. Each net flux was measured three times and averaged.
Electrical measurements. To measure RT and fRA [fRA = RA/(RA + RB)], in isolated
perfused proximal tubules, we applied cable analysis as previously described
(28–30). The perfusion pipette was double-barreled: one barrel was used for
constant current injection (100 nA), whereas the second barrel was used for
measuring VT. Proximal tubule cells were impaled with conventional micro-
electrodes across the basolateral membrane to measure VB (28–30). In
accordance with Reuss and Finn (32), we also estimated RA, RB and RS by
measuring RT and fRA in the absence and presence of bath Ba2+ (1 mM), that
selectively inhibits K+ conductance (28–30, 33).
Measurements of relative permeabilities for Cl–. Relative permeabilities for Cl– in
the isolated perfused proximal tubules were calculated from the observed
transepithelial diffusion voltages according to the Goldman-Hodgkin-Katz
equation, as described previously (34). Substitution of 50 mM Na+ or Cl– of
the control NaCl solution in the lumen by other cations or anions produced
bi-ionic potentials from which the relative permeabilities were calculated.
The liquid junction potential induced by reducing luminal NaCl was cor-
rected with free-flowing 3 M KCl electrodes as described previously (30).

Metabolic Balance Studies. Mice were placed in metabolic cages for 24 h and
were provided a standard rodent chow and water ad libitum. We measured
daily water consumption, urine volume, and food intake. After urine sample
collection, blood was taken from the inferior vena cava. Urine and serum
chemistries were measured with an autoanalyzer (Hitachi-7600, Hitachi
Instruments). Osmolalities in serum and urine were measured by freezing-
point depression osmometry (One-Ten Osmometer, Fiske). Creatinine levels in
serum and urine were measured by an enzymatic method using an auto-
analyzer (Hitachi-7600). In this protocol, creatinine clearance was used as a
measure of the glomerular filtration rate (GFR).

NaCl Challenge Test. Mice were anesthetized with sodium pentobarbital (50
mg/kg), and were placed on a thermostatically controlled surgical table to
maintain body temperature at 38–40 °C. The tail vein was cannulated for
infusion of heparin (500 IU/kg), followed by continuous infusion of 2% (wt/
vol) NaCl solution containing 2.5% (wt/vol) inulin at 20 mL/kg per hour
throughout the experiment. After a 90-min equilibration period, urine was
collected from the bladder for 30 min, and blood was then taken from the
right ventricle. The concentrations of Na+ and Cl– were measured as above.
The concentration of inulin was measured with the Anthrone method (35).
Inulin clearance was used as a marker of GFR.

Data Analysis. Data are expressed as mean ± SEM. Statistical significance was
estimated with Student’s t tests. P values <0.05 were considered significant.
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