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ascending limb impairs paracellular sodium permeability and
leads to hypermagnesemia and nephrocalcinosis,” by Tilman
Breiderhoff, Nina Himmerkus, Marchel Stuiver, Kerim Mutig,
Constanze Will, Iwan C. Meij, Sebastian Bachmann, Markus
Bleich, Thomas E. Willnow, and Dominik Miiller, which ap-
peared in issue 35, August 28, 2012, of Proc Natl Acad Sci USA
(109:14241-14246; first published August 13, 2012; 10.1073/
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The authors note that, due to a printer’s error, Table 1 ap-
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In the kidney, tight junction proteins contribute to segment specific
selectivity and permeability of paracellular ion transport. In the
thick ascending limb (TAL) of Henle’s loop, chloride is reabsorbed
transcellularly, whereas sodium reabsorption takes transcellular
and paracellular routes. TAL salt transport maintains the concentrat-
ing ability of the kidney and generates a transepithelial voltage that
drives the reabsorption of calcium and magnesium. Thus, function-
ality of TAL ion transport depends strongly on the properties of the
paracellular pathway. To elucidate the role of the tight junction
protein claudin-10 in TAL function, we generated mice with a de-
letion of Cldn10 in this segment. We show that claudin-10 deter-
mines paracellular sodium permeability, and that its loss leads to
hypermagnesemia and nephrocalcinosis. In isolated perfused TAL
tubules of claudin-10-deficient mice, paracellular permeability of
sodium is decreased, and the relative permeability of calcium and
magnesium is increased. Moreover, furosemide-inhibitable transe-
pithelial voltage is increased, leading to a shift from paracellular
sodium transport to paracellular hyperabsorption of calcium and
magnesium. These data identify claudin-10 as a key factor in control
of cation selectivity and transport in the TAL, and deficiency in this
pathway as a cause of nephrocalcinosis.

Renal ion reabsorption is vital for bodily functions. Whereas
regulation of transporters and channels involved in trans-
cellular ion transport has been characterized in much detail, the
functional and molecular determinants of paracellular ion trans-
port in the kidney remain incompletely understood.

In the thick ascending limb (TAL) of Henle’s loop, both trans-
cellular and paracellular ion transport pathways contribute to
reabsorption of Na*, CI~, Mg?", and Ca®>*. Na®™ and CI~ are
reabsorbed mostly transcellularly by the concerted action of chan-
nels and transporters. Mutations in five of the genes involved lead
to Bartter syndrome, a disorder characterized by salt wasting and
polyuria (1). Whereas CI™ is transported excluswely transcellularly,
~50% of the Na™ load, as well as Ca®* and Mg?*, are reabsorbed
via paracellular pathways. In the TAL, this paracellular route is
highly cation-selective (2). The paracellular passage is largely
controlled by the tight junction (TJ), a supramolecular structure of
membrane-spanning proteins, their intracellular adapters, and
scaffolding proteins (3). Claudins, a family comprising 27 members
(4), are the main components of the TJ defining the permeability
properties. They interact via their extracellular loops with corre-
sponding claudins of the neighboring cell to allow or restrict pas-
sage of specific solutes (5, 6). In the kidney, their expression pattern
is closely related to the corresponding segment-specific solute
reabsorption profile. Several claudins are expressed in the TAL,
including claudin-16, -19, -10, -3, and -18 (7-10). The importance of
claudin-16 and -19 in this tissue is documented by mutations in
CLDN16 and CLDNI19, which cause familial hypomagnesemia,
hypercalciuria, and nephrocalcinosis, an autosomal recessive dis-
order that leads to end-stage renal disease (8, 11) The relevance of
CLDNI16 for paracellular reabsorption of Mg** and Ca®* was
confirmed in mouse models with targeted gene disruption (12-14).
In addition, claudin-14, expressed in the TAL of mice on a high-
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calcium diet, was identified as negative regulator of claudin-16
function (15), and sequence variants in CLDNI4 have been asso-
ciated with human kidney stone disease (16).

The functional significance of claudin-10, which is also ex-
pressed in the TAL, remains unclear. This TJ protein is expressed
in two isoforms, claudin-10a and claudin-10b, which differ in their
first extracellular loop (9, 17). In cultured epithelial cells, heter-
ologous expression of claudin-10a increases paracellular anion
transport, whereas claudin-10b expression increases paracellular
cation transport. Both isoforms are expressed differentially along
the nephron, with claudin-10a found predominantly in cortical
segments, whereas claudin-10b is enriched in the medullary region
(9, 17, 18).

In the present study we generated a mouse model with a TAL-
specific Cldn10 gene defect to query the role of this protein in
renal paracellular in transport in vivo. We found that claudin-10
is crucial to paracellular Na™ handling in the TAL, and that its
absence leads to a shift from paracellular sodrum transport to
paracellular hyperreabsorption of Ca®* and Mg?*

Results

Generation of Mice with Deletion of Cldn10 in the TAL. Using ho-
mologous recombination in murine embryonic stem cells, we in-
troduced loxP sites into the mouse genome flanking exons 2 and 3
of Cldn10, the gene encoding claudin-10 (Fig. S1). These exons are
present in the splice variants Cldn10a and Cldn10b (9, 17) and their
deletion is predicted to result in an premature stop codon in all
encoded isoforms. Mice carrying the floxed allele were bred to
mice expressing Cre recombinase under the control of the murine
kidney-specific cadherin-16 promoter (ksp-cret), resulting in
recombinase activity in the TAL and more distal nephron seg-
ments (19). Mice homozygous for the floxed CldnI0 allele
(Cldn10™") and expressing Cre (Cldn10™ kspcre™), termed “cKO”
herein, were born at normal Mendelian ratio. They were Vlable and
fertile, and exhibited no obvious growth defect. Cldn10*" kspcre™®
and Cldn10™" kspcre™ mice, termed “controls” herein, were phe-
notypically mdlstlngulshable from Cldn10*'* animals, excluding
confounding effects of the Cre transgene or the insertion of loxP
sites on renal functions.

Western blot analysis of kidney membrane extracts confirmed
an almost complete absence of claudin-10 in this tissue of cKO
mice (Fig. 14). Loss of Cldn10 expression in the TAL of cKOs
was confirmed by quantitative PCR (qPCR) using cDNA gen-
erated from isolated nephron segments (Fig. 1B). In control
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Fig. 1. Analysis of claudin-10 expression in the kidney. (A) Western blot
analysis of kidney membrane extracts from control (ctr) and cKO mice. A
dramatic reduction in claudin-10 protein can be seen in kidneys of cKO mice.
Levels of the TJ marker occludin are unchanged. (B) Gene expression analysis
of Cldn10 variants on cDNA from isolated segments of the nephron. (C)
Immunohistological detection of claudin-10 and markers for PCT (NHE3) and
TAL (NKCC2) on sections from control mice (ctr) and cKO mice demonstrates
no difference in the signal for claudin-10 in the PCT between WT and cKO.
Claudin-10 is expressed in TAL tubules positive for NKCC2. No specific clau-
din-10 staining is evident in the TAL of cKO mice. Claudin-10 is detected in
TJs positive for ZO-1. This signal is absent in cKO mice, whereas ZO-1 staining
is unchanged. (Scale bar: 25 pm.)

animals, Cldnl0Oa transcripts were abundant in the proximal
convoluted tubule (PCT), whereas Cldn10b predominated in the
TAL. In cKO mice, levels of Cldn10a transcripts were unchanged
in the PCT, but Cldnl0b transcripts were virtually absent from
the TAL. To confirm successful ablation of claudin-10 expression
in the TAL (but not in other nephron segments), we analyzed the
protein by immunofluorescence microscopy.

In control animals, claudin-10 is located mainly in the TAL, as
documented by coimmunostaining with the Na*K*2Cl~ cotrans-
porter (NKCC2) (Fig. 1C). In this segment, a large portion of the
claudin-10 immunofluorescence signal is located outside of the TJ;
however, claudin-10 is present in the TJ, as demonstrated by
colocalization with the TJ protein ZO-1. PCTs positive for the
sodium-proton exchanger NHE-3 showed a considerably weaker
signal restricted to the TJ area. Claudin-10 immunoreactivity was
virtually absent in NKCC2-positive tubules of cKO mice, in line
with the activity of Cre recombinase in this cell type. The immu-
noreactivity of claudin-10 in PCTs of cKOs remained unchanged,
however. ZO-1 staining in TAL sections of cKOs was unchanged
compared with controls, indicating no unspecific effect on TJ
structures. The TJ localization of claudin-16 and claudin-19 in
medullary rays was similar in cKOs and controls (Fig. S2).

Nephrocalcinosis in Claudin-10-Deficient Mice. To investigate the
phenotypic consequences of renal claudin-10 deficiency, we per-
formed a histological examination of the kidneys of 10-wk-old
cKO mice and their respective controls. Kidneys from cKO mice
contained extensive medullary calcium deposits, as revealed by
von Kossa and alizarin red S staining (Fig. 2 4, B, and D). The
deposits were found along the outer stripe, of the outer medulla
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and in the inner stripe of the outer medulla at the transition to the
inner medulla. Calcification was observed in all Cldn10™" kspcre™
mice analyzed (n >10), but was not in control animals (n >10).

Hypermagnesemia in Claudin-10-Deficient Mice. The detection of
extensive calcification suggests alterations in renal ion homeostasis
in mice deficient for claudin-10. We confirmed this assumption by
analysis of urine and serum parameters. cKO mice exhibited
moderate polyuria and polydipsia (Table 1), with increased urinary
volume paralleled by decreased urine osmolality. In addition, the
urine of cKO mice was more acidic than that of controls (urine
[H*]: 0.5 pmol/L in controls vs. 3.2 pmol/L in cKO mice). Serum
phosphate concentration was 28% higher and serum Mg** con-
centration was almost twofold higher in cKO mice compared with
controls (Table 1). Correspondingly, in the cKO mice, the urinary
fractional excretion (FE) of Mg** was only 52% of the control
values. In addition, FE¢,** was slightly decreased in the cKO mice,
although this effect was not reflected in hypercalcemia (Table 1);
on the contrary, the cKO animals had slightly decreased serum Ca®*
levels. The cKO mice had a 1.4-fold higher serum urea concen-
tration and a 1.4-fold lower FE of urea. Claudin-10 deficiency also
interfered with renal K* handling via an increase in respective
FE values compared with controls (Table 1). Serum Na* and Cl~
levels and their renal FE excretion rates were not different be-
tween genotypes. In addition, serum creatinine and glomerular
filtration rate (Tablel) were not altered compared with controls.
Taken together, these findings indicate that calcium deposition does
not nonpecifically affect overall glomerular or tubular function.

Fig. 2. Histological analysis of kidneys revealing nephrocalcinosis in claudin-
10-deficient kidneys (A, B, and D) compared with kidneys from control mice
(C and E). Von Kossa (A-C) and alizarin red S (D and E) staining show
a characteristic calcification pattern in both stripes of the outer medulla in
cKO kidney sections. (Scale bars: 1 mm in A-C; 0.4 mm in D and E.)
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Table 1. Serum and urine parameters in cKO and control mice
Controls cKO n (control/cKO)

Serum parameters
Na®, mM/L 147.8 + 1.1 1484 + 1.2 30/30
K*, mM/L 6.1 + 0.1 59+0.1 30/30
ClI7, mM/L 1069 +0.8 1064 + 1.1 30/30
Ca**, mM/L 23+00 2.1 + 0.0%** 29/30
Mg”, mM/L 1.1+ 0.0 2.0 + 0.1%** 26/30
Phosphate, mM/L 2.8 +0.1 3.6 + 0.2** 9/8
Urea, mM/L 22.7 + 0.6 31.9 + 1.0*** 7/9
Creatinine, mM/L 0.015 + 0.001 0.017 + 0.001 16/17

Urine parameters
FEna') % 0.4 +0.0 0.5+ 0.0 16/17
FEc*, % 14.8 + 0.7 17.4 + 0.9* 16/17
FEc-, % 0.8 + 0.1 0.7 + 0.0 16/17
FEc.2*, % 0.3+0.0 0.2 + 0.0* 16/17
FEmg2*, % 8.9+ 09 4.5 + 0.3*** 13/17
FEphosphates %0 13.7 £ 0.8 150 £ 1.5 9/8
FEyrear % 41.8 + 4.1 29.9 + 2.0* 7/9
pH 6.3 + 0.0 5.5 + 0.0%** 17117
Osmolality, mOsm/kg 793 + 44 419 + 271%%* 9/8
Urine volume, mL 2.6 +0.2 5.2 + 0.2%** 30/30
Glomerular filtration 8.9 + 0.6 93 +05 1717

rate, yl/min/g

Drinking volume, mL 1.3 + 0.2 3.2 + 0.5%* 1717

cKO animals are characterized by hypermagnesemia accompanied by re-
duced FE of Mg?* and diuresis. Data are shown as mean + SEM. n, number of
experiments for control/cKO mice. *P < 0.05; **P < 0.01; ***P < 0.001.

Claudin-10 Deficiency in the TAL Alters Paracellular Permeability of
Monovalent and Divalent Cations. The expression pattern of clau-
din-10 and the observed changes in urine and plasma electrolyte
concentrations prompted us to test the electrophysiological
properties of the TAL in freshly isolated tubules (Fig. 3). TALSs of
both genotypes showed typical lumen-positive, furosemide-
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inhibitable transepithelial voltage (Vi) (Fig. 34). The 1.6-fold
increase in Vi, in cKO mice was accompanied by a 1.3-fold in-
crease in transepithelial resistance (R), with no significant dif-
ference in short-circuit currents (I's.) (Fig. 3B). To gain further
insight into the permeability properties of the TJs, we performed
dilution potential and bi-ionic diffusion potential measurements
in the continuous presence of furosemide (Fig. 3 C and D). The
Na(l dilution potential was dramatically diminished in cKO mice
(Fig. 3C, Left: —4.2 + 1.7 mV in ¢cKO mice vs. —23.2 + 1.3 mV in
controls). In addition, the bi-ionic diffusion potentials (luminal
Na* against basolateral Mg®* or Ca**) changed polarity in cKO
tubules compared with controls (Fig. 3C, Right : 49 = 1.0 mV in
¢KO mice vs. =7.4 + 1.1 mV in controls for Mg?>* and 11 + 1.5 mV
in ¢cKO mice vs. —0.7 + 1.2 mV in controls for Ca*"). The calcu-
lated relative permeabilities showed a decrease in Pn./Pc ac-
companied by strong increases in Py/Pna and Pc./Pna (P
permeability of the respective ion) (Fig. 3D). These findings sug-
gest that the absence of claudin-10 alters the permeability se-
quence for different cations from monovalent to divalent.

Altered Renal Expression of Claudins and Distal lon Transporters in
Cldn10-Deficient Mice. Based on the hypermagnesemia and in-
creased tubular absorption of Ca®* and Mg”™ seen in Cldnl0-
deficient mice, we hypothesized that the defect of claudin-10 in the
TAL might trigger compensatory reactions in the regulation of salt
and water transport. The nephron segments distal to the TAL are
of particular interest in the expression of genes involved in these
compensatory mechanisms. Thus, we used qPCR to investigate
expression changes of other renal claudins. We found that levels of
Cldn16 and Cldn19 transcripts were increased by 1.6-fold and 1.7-
fold, respectively (Fig. 44). Remarkably, Cldni4 transcript levels
were dramatically increased, by more than 20-fold, in kidneys of
cKO mice. In addition, expression of Cldn 11 (the renal function of
which remains unknown) was reduced by 75%. The levels of Cldn3
and Cldnl8 were similar in cKO mice and controls. We also
detected changes in gene expression of distal nephron proteins
involved in renal electrolyte and water transport (Fig. 4 and Table
S1). Expression of genes involved in distal convoluted tubule
(DCT) reabsorption of Ca** [Calbl (calbindin-D28k), S100g

Fig. 3. Electrophysiological properties and perme-
ability ratios of isolated perfused TAL in control and
cKO mice. (A) Original chart recordings of furose-
mide-inhibitable lumen-positive Vi (continuous
1 line). Voltage deflections are caused by current
injections for the measurement of Ri. In the pres-
ence of luminal furosemide (furo), Ve drops to vir-
tually 0 mV (dashed line). The respective change in
Ve is larger in cKO TAL compared with control TAL.
(B) Summarized data of Vi, Rie, and equivalent I’y
under control conditions and in the presence of
furosemide. cKO tubules exhibit higher voltage,
wxe higher resistance, and equal transport current. (C)
Original traces of NaCl dilution potentials (Left) and
bi-ionic diffusion potentials (Right), shown by the
continuous line. Voltage deflections are caused by
current injections. (Box) Schematic drawing in-
dicating ion gradients across the tubular epithelium
(luminal and basolateral ion activities, in mmol/L).
The dashed line represents Vi at full inhibition of
transcellular transport without paracellular ion
gradients. cKO tubules show lower diffusion voltage
and a strong shift of Vi to more positive values
compared with control. (D) Relative ion permeabilities
calculated from diffusion voltages. Absence of clau-
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Fig. 4. Gene expression analysis of renal claudins (A) and representative renal
ion transporters and channels (B) by real-time PCR. Cldn10 deficiency results in
differential gene expression of several genes. Values from cKO animals are
shown relative to control mice (mean + SEM). Wnk1, Wnk1-KS, Kcnj1, and
Trpmé, n = 5/4; all other genes, n = 10/10. *P < 0.05; **P < 0.01; ***P < 0.001.

(calbindin-D9k), and Slc8al (Na*—Ca®* exchanger)] and Mg**
(Trpm6) was decreased in kidneys deficient in claudin-10. In turn,
transcripts for aquaporin-2 (Agp2), which promotes water con-
servation in the collecting ducts, and the p and y subunits of epi-
thelial sodium channel ENaC (Scnnlb and Scnnlg), responsible
for electrogenic Na™ absorption in the connectmg tubules and
collecting ducts, were expressed at higher levels in cKO mice. In
contrast, the thiazide-sensitive NaCl cotransporter NCC
(Slc12a3), the protein involved in NaCl absorption in the DCT,
and the respective inhibitory, kidney-specific kinase-defective KS-
WNKI1 were expressed at lower levels in the cKO mice. Taken
together, these data suggest specific compensatory alterations in
components of both paracellular and transcellular renal ion
transport mechanisms in mice deficient in claudin-10 in the TAL.

Phenotype in Claudin-10 Deficiency Originates from TAL Dysfunction.
To test whether the observed phenotype of cKO mice originated
from impaired transport processes in the TAL, we analyzed serum
and urine parameters in mice given furosemide (Table 2). Analysis
of the respective control and cKO mice without furosemide
treatment confirmed the phenotype of hypermagnesemia and in-
creased renal Mg?* reabsorption in the cKO mice. In addition,
urinary acidification, lower urine osmolality, increased FEg.,
hyperphosphatemia, and slight hypocalcemia appeared to be ro-
bust phenotypic features in cKO mice (Tables 1 and 2). Both cKO
and control mice responded to i.p. injection of furosemide with
impaired salt absorption in the TAL and increased urine pro-
ductlon In serum, furosemide treatment negated the differences
in Ca* level, whereas hypermagnesemia remained unchanged.
In contrast, urinalysis demonstrated that the inhibition of TAL
tubular transport by furosemlde resulted in a completely differ-
ent pattern of tubular Ca** and Mg** handling that identifies
the TAL as the major nephron segment affected by claudln 10
deficiency. The lower or equal FEs of Mg®* and Ca’* in cKO
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mice compared with controls without furosemide became higher
FE values in the presence of furosemide, revealing the com-
pensatory state of the nephron in cKO mice (Table 2).

Modest polyuria, as seen in the claudin-10-deficient mice, sug-
gests a problem of urine concentration. We thus deprived animals
of water to challenge their concentrating abilities (Table 3). In-
deed, whereas control animals responded to water deprivation by
producing significantly more concentrated urine, the cKO animals
did not demonstrate an appropriate increase in urine concentra-
tion. Consequently, the serum levels of all measured electrolytes
increased, owing to volume depletion. As shown previously, anal-
ysis of treatment groups without water deprivation has conﬁrmed
the phenotype of hypermagnesemia, increased renal Mg** reab-
sorption, urine acidification, lower urine osmolality, and hypocal-
cemia in cKO mice compared with controls.

Discussion

In contrast to channels and transporters involved in transcellular
transports of ions in the TAL, the molecular components of the
paracellular pathway in this tissue have not yet been characterized in
full detail. In the present study, mice lacking claudin-10 in the TAL
presented with disturbances in the homeostasis of Ca** and Mg**
homeostasis, as evidenced by hypocalcemia, hypermagnesemia,
hyperphosphatemia, and nephrocalcinosis. Based on our data and
that of others, the claudin-10 isoform expressed in this nephron
segment is claudin-10b (9, 17, 18). Accordingly, using the ksp-cre
mouse line, we specifically ablated claudin-10b expression in the
TAL, but did not alter expression of claudin-10a in the PCT, as
demonstrated by immunohistology and qPCR (Fig. 1). Therefore,
our cKO mouse line represents a unique model for investigating
the specific functions of claudin-10 in TAL. We cannot rule out the
possibility that claudin-10 is involved in transport processes in the
other segments as well.

TAL salt transport is the driving force behind the urinary
countercurrent concentrating system, generating the cortico-
medullary osmolarity gradient and energizing accumulation of urea
in the renal medulla. Based on data identifying claudin-10 as a TJ
protein serving in paracellular Na* transport (9, 17), we hypothe-
sized that renal sodium reabsorption in the TAL of cKO mice might
be disturbed. Indeed, the permeability for Na* in isolated TAL
tubules was reduced fourfold. Given that transcellular transport in
TAL, reflected by the equivalent short-circuit current, did not differ
between genotypes, the impeded paracellular Na* passage led to
an increased furosemide-inhibitable V.. This effect was demon-
strated by the almost twofold increased Vi, in the TAL of cKO mlce
compared with controls. A potentially reduced uptake of Na*
the TAL did not result in sodium loss, possibly owing to compen—
satory mechanisms in distal parts of the nephron. This assumption
is supported by evidence indicating stimulation of salt and water
absorption through enhanced expression of ENaC subunit tran-
scripts, urine acidification, and increased renal K* excretion.
Moreover, expression of qu2 transcripts was enhanced and urea
excretion was decreased, whereas serum values increased. In con-
trast, NaCl reabsorptlon in the DCT via the thiazide-sensitive
protein NCC was down-regulated, reflecting the need for Na*
reabsorption independent of CI™. But this compensation was not
sufficient to counterbalance the water loss owing to the CKO’s
limited concentrating ability. Of note, CI” excretion tended to be
decreased in the cKO mlce indicating an apparent reciprocal effect
on reabsorption of Na* and CI™. The concentrating defect became
more prominent after water deprivation, which led to a hypo-
volemia in the cKO mice. An alternative explanation for the water
loss in ¢cKO mice is that nephrocalcinosis might have non-
specifically affected the concentrating ability of the claudin-10-
deficient kidney.

The elevated Vi in the TAL resulted in an increased driving
force for paracellular transport 0 of cations in the TAL and increased
reabsorption of Ca** and Mg?* at the given TJ selectivity in cKO
mice, which in turn led to hypermagnesemia and nephrocalcinosis.
These alterations led to increased expression of Cldn 14, which was
identified as a negative regulator of the permeability formed by
claudin-16 and claudin-19 in vitro and expressed under high
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Without furosemide

Table 2. Serum and urine parameters of control and cKO mice with and without furosemide treatment

With furosemide

Urine parameters

Control KO Control KO
Serum parameters

Na*, mM/L 152.3 + 0.5 155.5 + 0.9* 149.5 + 0.50 151.1 + 0.8

K*, mM/L 5.0+ 0.1 4.8 +0.2 49 + 0.14 5.0+0.2

Cl~, mM/L 112.0 £ 0.5 1113+ 09 100.5 + 0.71 97.9 + 0.8*
Ca**, mMI/L 2.3 +0.03 2.2 +0.02* 2.5+ 0.04 2.5 +0.03
Mgz*, mM/L 1.1 £ 0.03 1.9 + 0.06*** 1.3 +0.03 1.7 £ 0.04***
Phosphate,mM/L 25+ 0.1 3.0 + 0.1* 3.1+0.2 33+0.0
Creatinine, mM/L 0.015 + 0.001 0.018 + 0.001** 0.025 + 0.001 0.031 + 0.000**

FEnat, % 1.5+ 0.1 2.0 +0.2* 10.1 + 0.60 14.7 = 3.1
FEk., % 216 + 2.4 38.6 + 4.0** 80.8 + 7.76 156.6 + 22.5*
FEci-, % 24 +0.2 3.0+0.3 17.7 + 1.08 28.0 +5.7
FEcazs % 0.5 + 0.1 0.5 + 0.1 3.0 + 0.40 15.6 + 3.2%*
FEmg2+ % 126+ 1.4 8.9+ 0.7* 26.1 + 2.00 62.3 + 9.5%*
FEphosphates %0 77 £ 1.4 10.8 + 1.5 22.6 + 3.67 60.5 + 7.8**
pH 7.2+0.2 5.9 + 0.1** 6.9 + 0.19 6.3 + 0.1*
Osmolality, mOsm/kg 1,087 + 53 536 + 6** 478 + 22 402 + 6*
Urine volume, mL 0.6 + 0.0 1.0 £ 0.1** 1.5 + 0.16 2.2 +0.2*
Drinking volume, mL 05+0.2 0.8 +0.2 0.8 + 0.20 1.0 + 0.1

Furosemide inhibits transcellular NaCl transport in TAL and thereby attenuates the driving force for paracellular cation reabsorption.
The differential effect of furosemide in cKO mice unmasks hyperreabsorption of Ca?* and Mg?* in the TAL. Data are shown as mean +
SEM for n = 5-6 (without furosemide) and n = 5-8 (with furosemide) samples.*P < 0.05;**P < 0.01;***P < 0.001.

calcium loads (15). Interestingly, the different effects on plasma
Mg?* and Ca®* levels reflect the different major reabsorption sites
of these ions. Some 60% of the filtered Mg?* is reabsorbed in the
TAL, compared with only 20% of the filtered Ca** load (20). Ca**
hyperreabsorption in TAL seems to be balanced by reduced
(proximal and) distal tubular Ca** transport. This view is sup-
ported by the reduced expression of several genes involved in distal
tubular transport of divalent cations. To our surprise, cKO mice
had slightly but consistently lower serum Ca®* concentrations. Ca**
and Mg?* act on the calcium-sensing receptor in the parathyroid
gland (21), controlling the release of parathyroid hormone (PTH)
(22). PTH in turn controls Ca®*, phosphate, and vitamin D

metabolism to appropriately stabilize plasma Ca* levels. In
a state of hypermagnesemia in cKO mice, this regulatory pathway
may be stimulated by Mg®* via the calcium-sensing receptor,
preventing appropriate control of PTH release, a progressive
decrease in serum phosphate, and normalization of serum Ca?*.

The down-regulation of these alternative Mg®* and Ca?* uptake
pathways became obvious when the TAL transport was blocked by
furosemide. Furosemide treatment led to fivefold greater Ca**
excretion and twofold greater Mg?* excretion in cKO mice com-
pared with furosemide-treated control mice. This phenotype may
be related to the low expression of the genes involved in the distal
reabsorption of divalent cations, which cannot be acutely restored

Table 3. Serum and urine parameters of control and cKO mice with and without access to water for 16 h

PHYSIOLOGY

Water No water
Control KO Control cKO
Serum parameters
Na*, mM/L 152.8 + 0.5 152.8 + 0.6 154.2 + 0.4 174.8 £ 1.1**
K*, mM/L 4.6 + 0.1 4.6 + 0.1 45 + 0.1 5.4 + 0.2*
ClI=, mM/L 1145 + 2.0 113.0 + 0.9 113.0 + 0.9 132.6 £ 1.7**
Ca®*, mMI/L 2.4 +0.01 2.1 + 0.03** 24 +0.01 2.3 +0.03
Mg>*, mMI/L 1.2 + 0.06 2.0 +£ 0.12** 1.1 + 0.06 2.8 £ 0.21**
Phosphate, mM/L 25+ 0.1 2.8 +0.1* 27 +03 49 + 0.5*
Creatinine, mM/L 0.017 + 0.0 0.019 + 0.0* 0.017 + 0.0 0.031 + 0.0*
Urine parameters
FEnat+, % 0.5+ 0.0 0.6 + 0.0 0.4 + 0.0 0.6 + 0.1
FEx+, % 235+23 286 +1.9 253 + 2.1 441 + 6.3
FEc-, % 0.9 + 0.1 0.8 + 0.0 0.9 + 0.1 1.0 +0.2
FEc.2t, % 04 +0.2 0.1+ 0.0 0.1+ 0.0 0.1 +0.0
FEmg2+ % 12.0 + 0.9 5.6 + 0.4** 10.1 £ 1.5 43 + 0.6*
FEphosphates %0 19.2 + 1.7 21.8 +2.4 20.3 + 3.3 17.1 £ 0.9
pH 5.8 + 0.1 5.0 + 0.0** 54 + 0.1 5.0 + 0.1*
Osmolality, mOsm 860 + 15 514 + 18** 1610 + 163 618 + 13**
Urine volume, mL 2.1+ 0.1 3.6 +0.7 1.1 +0.7 2.8 + 0.2*
Drinking volume, mL 1:4:+:0.2 2.7 £0.7

Data are shown as mean + SEM for n'>4 in each group.*P < 0.05;**P < 0.01.
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within the limited time of furosemide application. In contrast, fu-
rosemide has a very rapid effect on PTH secretion, possibly
explaining the observed increase in FE of phosphate (23) The
most prominent indicator of the elevated reabsorption of Ca** i
TAL and hyperphosphatemia is the extensive nephrocalc1nos1s
observed in cKO mice. The deposits are seen along the outer stripe
of the outer medulla and in the inner stripe of the outer medulla at
the transition to the inner medulla, in which the TAL is located and
the hyperreabsorption of Ca>" takes place.

The hyperreabsorption of divalent cations in mice deficient in
claudin-10 is in opposition to the loss of divalent cations seen in
mouse models of claudin-16 deficiency and in human patients with
mutation in CLDN16 or CLDN19 (8, 11-14). This finding indicates
that claudins in the TAL have functions that differentially affect
paracellular cation transport in this segment. Mice deficient for
claudin-10b in the TAL exhibit decreased permeablhty for Na™*
and increased permeability for Ca®* and Mg>*, whereas in mice
with claudin-16 or claudin-19 deficiency, decreased sodium per-
meablhty in the TAL is paralleled by decreased reabsorption of
Ca** and Mg®* (24). Currently, we can only speculate on the
molecular and biophysical implications of this finding. Recently,
the presence of two pores of high and low capacity in the TAL has
been suggested (25, 26). The function of the pore impaired by
deletion of Cldni10 would then medlate paracellular flux of Na™
whereas the pore for Ca?* and Mg”* would be dependent on the
presence of other claudins. However, claudins can form hetero-
dimers, and the absence of one protein species may impact the
expression of another (10). Moreover, claudins that are considered
non-pore-forming may influence pore properties of renal TJs, as
in the case of claudin-14. The increased expression of Cldni4 in
Cldn10 cKO mice is in line with the recently proposed regulation
of paracellular tranport of divalent cations. Thus, functional elu-
cidation of the TJ complexes in the kidney remains a challenge.
Clearly, mouse models with targeted disruption of components of
the TJ, such as the model for claudin-10 described here, are critical
to resolving the molecular mechanism underlying paracellular ion
transport and its relevance for renal (patho)physiology.

Materials and Methods

Antibodies. Primary antibodies were rabbit anti-claudin-10, mouse anti-
occludin, mouse anti-ZO-1 (Life Technologies), guinea pig anti-NKCC2, mouse
anti-NHE3 (Chemicon), rabbit anti-claudin-16, rabbit anti-claudin-19 (15),
and rabbit anti-actin (Sigma-Aldrich). Secondary antibodies were coupled to
Alexa Fluor 488, Alexa Fluor 555 (Life Technologies), or HRP (Sigma-Aldrich).
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Physiology. All experimental procedures in mice were approved by the In-
stitutional Animal Care and Use Committee of the Max Delbrueck Center
(Berlin) and conducted in accordance with guidelines for proper conduct of
animal experiments. Urine samples were collected from mice placed in meta-
bolic cages for 17 h. Blood sampling was performed by retro-orbital puncture.
lon concentrations in urine and serum were measured using standard clinical
analysis or colorimetric detection (Quantichrom Magnesium Assay Kit; Gentaur).

Furosemide (Sigma-Aldrich) was dissolved in DMSO, diluted in saline, and
injected i.p. at a dose of 40 mg/kg. Mice were immediately placed in metabolic
cages, and urine was collected for 4 h. Mice were killed after blood sampling.

For the water-deprivation studies, water supply was removed from the
cages in the morning. After 8 h, the mice were placed in metabolic cages, and
urine was collected overnight. After 17 h, blood sampling was performed,
after which the mice were killed.

Renal Tubule Perfusion. Perfusion and transepithelial measurements in freshly
isolated mouse TAL segments were performed as described previously (2).
Tubules were isolated mechanically and transferred into the bath on
a heated microscope stage. Tubules were held and perfused using a con-
centric glass pipette system. The perfusion pipette was double-barreled,
with an outer diameter of 10-12 pm. Barrel 1 was used for perfusion, fluid
exchange, and voltage measurement, and barrel 2 was used for constant
current injection (13 nA). Cable equations as described previously (2) were
used to calculate transepithelial resistance, Ri. Equivalent short-circuit cur-
rent I, was calculated from Rye and Vi according to Ohm’s law. Perfusion
rates were 10-20 nL/min. The bath was thermostat-controlled at 37 °C, and
continuous bath perfusion at 3-5 mL/min was maintained by gravity per-
fusion. The compositions of the solutions used are specified in Table S2.

Transcellular transport was measured under symmetrical luminal and
basolateral perfusion with control solution (Ctrl) and after luminal applica-
tion of 50 pmol/L of furosemide in Ctrl. In the continuous presence of luminal
furosemide, basolateral and/or luminal fluids were replaced by modified
solutions. For the dilution potential and the calculation of Py4/Pc, NaCl was
diluted isosmotically at the basolateral side (30 Na). Considering different
activity coefficients for monovalent and divalent ions, 55 Na was applied
luminally for bi-ionic diffusion potential measurements. Bi-ionic diffusion
potentials were then measured after basolateral application of 72.5 Mg and
72.5 Ca, respectively. Permeability ratios were calculated according to the
method of Glnzel et al. (17)
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