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Abstract

Claudin-10b is an important componentof the tight junction in the thick ascending limb

(TAL) ofHenle’s loop and allows paracellular sodium transport. In immunofluorescence

stainings, claudin-10b–positive cells exhibited extensive extra staining of basolateral,

column-like structures. The precise localization and function have so far remained elu-

sive. In isolated cortical TAL segments fromC57BL/6Jmice, kidney-specific claudin-10

knockoutmice (cKO), and respective littermates (WT),we investigated the localization

andprotein expression and function by fluorescencemicroscopy and electrophysiolog-

ical measurements. Ultrastructural analysis of TAL in kidney sections was performed

by electron microscopy. Claudin-10b colocalized with the basolateral Na+-K+ ATPase

and the Cl– channel subunit barttin, but the lack of claudin-10b did not influence the

localization or abundance of these proteins. However, the accessibility of the basolat-

eral infolded extracellular space to ouabain or fluoresceinwas increased by basolateral

Ca2+ removal and in the absence of claudin-10b. Ultrastructural analysis by elec-

tron microscopy revealed a widening of basolateral membrane infoldings in cKO in

comparison to WT. We hypothesize that claudin-10b shapes neighboring membrane

invaginations by trans interaction to stabilize and facilitate high-flux salt transport in a

water-tight epithelium.
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INTRODUCTION

The thick ascending limb (TAL) of Henle’s loop has a critical role in

salt transport and urine concentration. It is responsible for the reab-

sorption of approximately 30% of the filtered sodium chloride and is

essential to calcium and magnesium homeostasis.1 The basic transcel-

lular transport mechanisms in the TAL involve the cotransport of Na+,

K+, and 2 Cl− across the luminal membrane by NKCC2. The luminal

renal outer medullary K+ channel is required for the recycling of K+
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and sustains the activity of NKCC2.2,3 Na+ is pumped out of the cell

through the basolateral Na+-K+ ATPase (NKA).4,5 In parallel, Cl− exits

by the basolateral Cl− channel ClC-Ka/b with its subunit barttin.6 The

separation of luminal and basolateral ion transport properties gener-

ates a lumen-positive potential that drives the paracellular transport

of Na+, Ca2+, andMg2+ (Ref. 2).

The paracellular pathway is built by tight junctions (TJs). The major

components of the TJ strands are claudins and the different com-

position in claudins determines TJ permeability or barrier function.
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Claudins are tetraspan transmembrane proteins with two extracellu-

lar loops and intracellular N- andC-termini.7 Claudins interact through

their extracellular loops and form cis-interaction with claudins in the

membrane of the same cell or trans interactions with claudins of the

neighboring cell.7 Claudins can form charge- and ion-selective pores

in the lateral space.7,8 The major claudins expressed in the TAL are

claudin-3, -10, -14, -16, and -19.7–9 In the case of claudin-10, only iso-

formb is localized in the TJs of the TAL and forms awater-impermeable

cation-selective channel.10 Claudin-10b is lost in the TAL of kidney-

specific cadherin-16 Cre (Ksp-Cre) claudin-10 knockout mice.11 As a

phenotypic consequence, mice display hypermagnesemia and nephro-

calcinosis which can be explained by the impaired Na+ permeability,

which is replaced by an increased Ca2+ and Mg2+ permeability and

reabsorption. In addition, these mice showed modest polyuria.11,12

Also inhumans, “claudinopathies” causedby claudin-10mutationshave

been described, with nearly all patients displaying renal dysfunction

withhypermagnesemia, hypokalemia, andhypocalciuria, besides exter-

nal manifestations due to claudin-10 being localized in other epithelia

(salivary, sweat, and lacrimal glands).13,14 Interestingly, claudin-10b

does not interact with other members of the claudin family in the

TAL. This is reflected by a mosaic pattern in the cortical TAL segment

(cTAL) TJ, where TJs either exclusively express claudin-10b or the other

claudins, with the tricellular junction as the switching point.15

Another peculiar feature of claudin-10b is its ability to localize

in membranes outside the TJ. This has been observed after overex-

pression in cell cultures.16 Also, claudin-10b is localized basolaterally

in the native TAL.11 Electron microscopy of TAL cells shows that

the basolateral membrane possesses invaginations reaching deep into

the cell body, almost up to the lumen membrane.17 Mainly mito-

chondria are situated between these infoldings, and this alternating

pattern of cell membranes, mitochondria, and fluidic spaces leads to

basolateral stripes similar to the ones observed in proximal tubule

(PT).18 However, the interdigitations between neighboring cells as

seen in PT, where cells are highly interlaced, are less distinctive and

occur only in boundary areas.19 Similar to distal convoluted tubule

(DCT),4,18-21 TAL infoldings increase basolateral membrane surface

and allow a close colocalization of the mitochondrial energy source

with theNa+-K+ ATPase to fuel transcellular transport. In addition, the

architectureof the infolded spaces allows thedevelopmentof a specific

microenvironment and fluid composition.18

Several members of the claudin family have been identified out-

side the TJs; however, so far, little is known about their role.22 It has

been hypothesized that extra-junctional claudin expression may func-

tion as a pool of proteins that can be recruited to the TJs.22-25 It may

also function as an additional permeability barrier. In the stomach,

where paracellular H+ diffusion must be hindered sufficiently, there

are highly packed TJ strands followed by a broader belt of a more

loosely composed TJ network.26 Claudin-1, -2, -3, and -4 have been

localized in the nucleus of several cancer cells, which suggests regu-

lation of gene transcription.22 Claudin-3 in bronchial epithelial cells

can translocate to the nucleus after transfroming growth factor beta

(TGF-β) induction.27 Recently, we could show that claudins can local-

ize in the luminal membrane and that phosphorylated claudin-16

in the DCT acts as a regulator of a luminal cation channel, while

unphosphorylated claudin-16 is found only in the TAL.28

These yet rather random findings might indicate that there is much

more behind claudins than suggested by their classical localization

to the TJ.22,25 In this study, we investigate the role of claudin-10b

in basolateral membrane infoldings of the TAL using histological and

functional approaches in wild-type and Ksp-Cre claudin-10 knockout

mice.

METHODS

Animals

Animal experiments were approved by the Institutional Animal

Research and Care Committee (V312-72241.121-2). Male and female

C57BL/6J aswell as kidney-specific (Ksp-Cre) claudin-10knockout ani-

mals (Cldn10fl/fl ksp cre+, abbreviated as cKO) and their litter mates

(Cldn10fl/fl, here abbreviated as WT, C57BL/6N background)11 were

used for the experiments. Animals were fed ad libitum and housed

under a 12-h light cycle at room temperature and standard humidity.

Enzymatic tubule dissection

Mice were euthanized and kidneys were quickly removed and sliced to

obtain enzymatic tubule suspension as described in Ref. 29. Incubation

solution for tubules: 140mMNaCl, 0.4mMKH2PO4, 1.6mMK2HPO4,

1 mM MgSO4, 10 mM Na-acetate, 1 mM α-ketoglutarate, 1.3 mM

calcium gluconate, 25 mg/L DNase I, 375 mg/L glycine, and 48 mg/L

trypsin inhibitor. Collagenase II (2 mg/ml) and a thermomixer (Eppen-

dorf, 850 rpm, 37◦C) were used for dissociation. For tubular sorting,

the incubation solution was supplemented with 500 mg/L albumins.

Tubules (nephron segments) were isolated at 4◦C, according to their

morphological characteristics.29 Tubuleswere either placeddirectly on

microscope slides (polylysine adhesion slides, ThermoScientific) or col-

lected on ice and supplemented with 5× Laemmli buffer and stored

at −20◦C for western blot analysis (approximately: 100 glomeruli (G),

20 proximal convoluted tubules (PCTs), 20 proximal straight tubules

(PSTs), 80 cTALs, 50 DCTs, and 30–40 collecting ducts (CDs)).

Immunofluorescence

An antigen retrieval protocol called “slow cooking” (see below)

was established to allow immunofluorescence staining of basolat-

eral infolding proteins. cTALs were fixed on microscope slides with

4% paraformaldehyde for 7 min. Afterward, tubules were washed

with PBS-T (0.3% Triton X-100 in phosphate-buffered saline) and

incubated with 10 mM sodium citrate (pH 6) for 3 h at 70◦C.

Tubules were washed with PBS-T and exposed to primary antibody

(Table S1) in PBS-T + 5% BSA overnight at 4◦C. Secondary anti-

body (Table S1) was incubated for 1–2 h after extensive washing with
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PBS-T. Confocal, Airyscan, and stimulated emission depletion (STED)

images were acquired using Zeiss LSM 780 and LSM 880 confocal

laser-scanning microscopes (excitation laser: 488, 594, and 633 nm),

both equipped with an Airyscan unit; and with Abberior STEDYCON

and Expert Line microscopes (laser: 775 nm; excitation laser: 488 and

640 nm), respectively. Image J software (National Institutes of Health)

was used to determine the approximate claudin-10b–positive cTAL

proportion by dividing claudin-10b–positive length regions by the total

outer length of middle sections of cTAL images (Figure S2A). The NKA

intensity ratio [positive cells/negative cells] was calculated for individ-

ual cTAL images by measuring and dividing the mean of the integrated

intensities of NKA staining of several either claudin-10b–positive or

–negative regions (Figure S2A).

Western blot analysis

Segments of the nephronwere analyzed after denaturation at 95◦C for

5minbyelectrophoresis on6.5%stacking, 10or12.5%separatingSDS-

polyacrylamide gels and transferred to a nitrocellulose membrane.

The membranes were blocked with a 5% BSA solution in PBS-Tween

(0.1%) and incubated with the primary antibody (Table S1) overnight

at 4◦C. The blot was then incubated with the horseradish peroxidase

(HRP)-conjugated anti-rabbit IgG and anti-mouse IgG for 1 h at room

temperature (Table S1). A chemiluminescent kit (GE Healthcare) was

used for protein detection with the ChemiDoc MP (Bio-Rad Labora-

tories). Bands were analyzed using Image Lab software (Version 5.0,

Bio-Rad Laboratories).

Ouabain inhibition experiments

Manually isolated cTAL segments were dissected and microp-

erfused using a double-barreled perfusion pipette as described

previously.12,30,31 All measurements were performed at 37◦C. The

length and diameter of cTAL were obtained from digitized images. The

cTALs were placed in control solution (in mM): 145 mM NaCl, 0.4 mM

KH2PO4, 1.6 mM K2HPO4, 1 mM MgCl2, 1.3 mM calcium gluconate,

5 mM glucose, pH 7.4, and perfused with control solution. The first

barrel was used for fluid exchange and voltage measurement, and

the second barrel for constant current injection (13 nA) via the silver

wire electrode. The transepithelial resistance was estimated using the

cable equation and the equivalent short-circuit current was calculated

according to Ohm’s law. For concentration-response experiments,

ouabain was applied in increasing concentrations (10, 30, 100, and

300 μM) at the basolateral side, and furosemide was applied luminally

(50 μM) after wash-out to fully inhibit transepithelial transport. For

relative inhibition speed measurements, a canyon-shaped bath with a

high flow rate was used to allow laminar flow and fast bath exchange

rates. After stabilization of the lumen positive potential, a current

injection was interrupted and chart recorder speed was increased

(from 0.2 to 0.5 mm/s) to precisely visualize voltage changes after

ouabain application. After reaching a plateau of inhibition, ouabain

was removed, the chart recorder speed turned back to 0.2 mm/s, and

the current injection continued. Wash-out and viability of cTAL were

checked by transepithelial voltage (Vte), transepithelial resistance

Rte, and equivalent short-circuit current I’sc.
30 Relative inhibition

rates of ouabain inhibition (wash-in) and disinhibition (wash-out)

were measured from the slope of linear voltage change (mV/min). To

normalize for the differences in Vte between cTAL, this value was then

divided by themaximal inhibition in the presence of 100 μMouabain in

mV, indicated as Vte (inhib.).

Fluorescein diffusion measurements

Manually dissected cTALs were transferred into the bath chamber

on the stage of a Zeiss LSM 510 Meta microscope and perfused by a

glass pipette perfusion systemwith one barrel used for fluid exchange,

using a control solution (see above) on both sides. The perfused cTALs

were stained by incubation with MitoTracker Deep Red FM (100 nM;

Thermofisher Scientific) for 10 min in the control solution. After

staining, the cTALs were washed to remove the nonretained dye. For

subsequent fluorescein diffusion experiments, different basolateral

solutions (control and Ca2+-free solutions) were applied and the

response was recorded by a Zeiss LSM 510 Meta. For the Ca2+ deple-

tion experiment, the cTALswere superfused for 2minwith 5mMEGTA

(ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N″-tetraacetic acid);

Ca2+ chelator) replacing calcium gluconate in the control solution.

As fluorescence values were too high and the wash-in and wash-out

phases too fast to be recorded, the remaining fluorescence 2 min after

return to fluorescein-free solutions was determined as a measure

of basolateral extracellular fluorescein trapping. In Protocol 1, the

remaining fluorescein was compared between control and Ca2+-free

conditions in bothWTand cKOcTALs. In Protocol 2, Ca2+ was readded

to the basolateral solution prior to fluorescein wash-out to potentially

“trap” the fluorescein in the basolateral space.

Electron microscopy

For morphological evaluation of TALs, kidneys of WT and claudin-

10–deficient mice (n = 3 each) were fixed by in vivo perfusion under

pentobarbital sodiumanesthesia (LAGESOpermissionG0220/12). The

perfusion was performed retrogradely through the abdominal aorta

using PBS adjusted to 330 mOsm with sucrose (pH 7.4, for 30 s) fol-

lowed by 3% paraformaldehyde in PBS (for 5 min). The kidneys were

removed, cut into slices, and processed for embedding in Epon. After

contrasting, ultrathin sections from outermedullary zones were evalu-

ated by transmission electron microscopy using a Zeiss LEO 906, and

TAL profiles were compared between the two genotypes by taking

electronmicroscope TAL images.

Statistics

Statistical analysis was performed using GraphPad Prism 7.05

and 8.4.3 software (GraphPad Software, San Diego, CA, USA,

 17496632, 2022, 1, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14882 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ANNALSOF THENEWYORKACADEMYOF SCIENCES 269

F IGURE 1 Expression of claudin-10. (A) Overview of isolatedmurine cTAL tubule that was stained with claudin-10 antibody and acquired by
STEDmicroscopy. (B,C) Detailed images of claudin-10 expression in the TJ strands and intracellular compartments. (B) Claudin-10 localizes to the
TJs in a broad band of several parallel strands (black arrowhead) or more individual strands (white arrowhead). (C) Expression of claudin-10 along
the infoldings of the basolateral membrane (dotted line) can be traced from the basolateral membrane almost reaching the lumen.
(D) Immunofluorescence of NKA (yellow), claudin-10 (magenta), and NKCC2 (cyan) was obtained by STED confocal microscopy. Claudin-10 and
NKAwere identified in the same structures, but not always colocalizing. Nevertheless, it was possible to recognize that the infoldings went deep
into the cell, almost reaching the luminal surface where NKCC2was localized in the luminal membrane. NKCC2, due to the collapse of the lumen,
was observed as a sheet. (E) Sketch representing a collapsed tubule seen in the horizontal plane with the NKCC2 sheet (blue).

www.graphpad.com). cTALs were used as technical replicates and

a nested t-test was used to compare between two groups. For multiple

testing (four groups, ouabain-relative inhibition speed), nested one-

way ANOVA with Sidak’s multiple comparisons test was performed.

For western blot analysis, an unpaired t-test was performed between

WT and cKO. Data are shown as scatter plots with all data points (all

cTALs) withmean± SEM.

RESULTS

Localization of claudin-10b in cTAL

cTAL was analyzed for the expression of claudin-10b in isolated sin-

gle tubules by immunofluorescence. Figure 1A shows an overview of

a STED image of claudin-10b in the cTAL. In the TJ, it marks the typi-

calmeanderingpatterndescribed for highly transporting epithelia.11,15

In addition, claudin-10b was also localized to extra-junctional struc-

tures. As depicted in detail in Figure 1B, claudin-10b TJs are presented

in a broadband (black arrowhead). This result agrees with previous

freeze-fracture studies of the TAL TJs that showed that the TJ is com-

posed of several strands in parallel, with a total network depth of

0.1 μm (estimated by Kottra and Frömter, 1983).32 The resolution of

the STED images (20 nm) was still not high enough to resolve these

highly packed bands representing most likely up to 10 parallel single

strands.32 Occasionally, separated strands and branching were visible

(white arrowhead). Outside of the TJ, claudin-10b staining revealed

a dotted pattern organized in column shape (dotted line; Figure 1C)

that could be followed from the basement membrane toward the

luminal side, therefore, most likely situated in basolateral membrane

infoldings. Both NKA and claudin-10b displayed a dotted but not com-

pletely overlapping pattern along the infolding membrane (Figure 1D).
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The additionally performed NKCC2 staining in the collapsed tubule

was partially in close proximity to the infoldings and was observed as

a sheet as the TAL lumenwas collapsed (Figure 1D,E).

Colocalization of claudin-10b with Na+-K+-ATPase
and barttin in the cTAL

To further analyze the extra-junctional localization of claudin-10b,

triple immunofluorescence was performed with known proteins of

the basolateral membrane. We confirmed claudin-10b localization in

the TJs and in the invaginated basolateral membrane along straight

column-like structures where it colocalized with NKA and barttin

(Figure2A).Whereas claudin-10bandbarttin seemed tobeequally dis-

tributed along the infolded membranes, NKA, although present along

the entire basolateral membrane, was predominant in the outer rim,

comprising about 30% of the cell height. Barttin as well as NKA stain-

ing almost reached the luminal cell membrane. Only claudin-10b itself

was expressed in the TJs (Figure 2B). As cTAL cells show a mosaic

pattern of claudin-10b,15 some cells (Figure 2C, *) did not express

claudin-10b (Figure S2B). The absence of claudin-10b in these cells

did not lead to obvious differences in NKA and barttin localization.

For NKA, we analyzed this in more detail. Comparing NKA stain-

ing intensity between claudin-10b–positive and claudin-10b–negative

regions within the same stained tubule, there was no difference found.

cKO cTAL showed a mirror image of the claudin-10b–negative mosaic

cell since in stretches of cells (approx. 15–20%) Ksp-Cre failed to

excise claudin-10b (Figure 2D, #; Figure S2B). Claudin-10b presence or

absence again did not change the NKA staining pattern or immunoflu-

orescence intensity (Figure 2C–E). Western blot analysis for NKA

protein showed no differences in protein expression levels between

WT and cKO (Figure 2F). Western blot analysis of ion transport pro-

teins along the nephron revealed particularly high expression of NKA

and claudin-10 in TAL in comparison to PT (Figure S1, forNKA in accor-

dance to Katz et al.33). Data on claudin-10 and barttin expression in

WT compared to cKO are shown in Figure S2. Also, barttin expression

did not depend on the presence of claudin-10. In cKO, claudin-16 (only

expressed in TJs) and claudin-19 (also some extra-junctional expres-

sion) occupy TJs of claudin-10b–negative cells.11 Hence, we checked

for claudin-19 expression in WT and cKO (Figure S3). Claudin-19

immunofluorescence in infoldingswasweak or even absent. Neverthe-

less, inWT and cKO tubules, infoldings were visible in their basolateral

column-like appearance, indicating that claudin-19 might be involved

but was not excluded by claudin-10b.Western blot analysis showed no

difference in protein abundance, excluding a quantitative replacement

of claudin-10b by claudin-19 (Figure S3E).

Morphology of infoldings

Transmission electron microscopy was performed on ultra-thin sec-

tions of WT and cKO kidneys. Images of the inner stripe of outer

medulla (ISOM) TALs were taken due to the absence of the claudin-

16/-10 mosaic.15 In WT, we observed several extensive infoldings

(Figure 3A, arrow) of the basolateral plasma membrane along with

mitochondria. In cKO mice, the infoldings looked less structured, with

wider extracellular space between them (Figure 3B, arrow; Figure S6).

Ouabain inhibition of NKA

As an absence of claudin-10b did not alter the expression pattern of

the other basolateral proteins, and since electron microscopy (EM)

indicated a difference in the morphology of the infoldings, we hypoth-

esized, that claudin-10b may have a role in the accessibility of the

infoldings. We adapted technique34 which is used for the opening of

TJs and other protein interaction–dependent cell adhesion complexes

by depleting extracellular Ca2+ with EGTA. To this end, we perfused

manually isolated cTALs of C57BL/6 mice and measured the transep-

ithelial membrane voltage under control and basolateral Ca2+-free

solution. The luminal solution still containedCa2+ ions to protect theTJ

itself, which was not the target of this treatment. Basolateral adhesion

complexes directly beneath the TJs might, therefore, have not been

targeted. The Ca2+-free solution showed no significant impact on the

transepithelial voltage (Vte), resistance (Rte), or the equivalent short-

circuit current (I’sc) when compared to a control group (Figure 4A)

and only a minor short-term effect on Vte directly after application

(Figure S4). To further investigate the accessibility of the infoldings, we

used the drug ouabain which has to enter the infoldings for effective

inhibition of NKA. Initially, we determined the half maximal inhibitory

concentration of ouabain in cTALs (IC50; original traces in Figure 4B,C),

again with no differences between control and Ca2+-free solution.

Consequently, the working concentration chosen was 100 μM. To

test the accessibility to NKA, we evaluated the initial speed at which

the NKA inhibition took place (change of Vte per time, Figure 4D).

Under control conditions, cTALs of BL/6 mice displayed a Vte change

of about −9 mV/min, summarized as relative inhibition speed normal-

ized by the inhibited proportion of Vte (0.82 ± 0.05 1/min; Figure 4E);

chelating the Ca2+ increased the speed of inhibition to approx.

−13 mV/min and a relative inhibition speed of 1.02 ± 0.06 1/min

(Figure 4E). Interestingly, relative inhibition speed at wash-out was

independent of basolateral Ca2+ and slower, indicating a dependence

on drug dilution and dissociation from the NKA instead of accessibility

(Figure 4E).

As already described,11 cTALs of cKOmice showed an increasedVte

under control conditions when compared to WT (Figure 5A). As cKO

also exhibited higher Rte values, I’sc remained unaltered, that is, tran-

scellular transportwas the samebut TJ propertieswere altered by cKO

(Figure S5). For both WT and cKO, Ca2+-free conditions or time con-

trol did not lead to a change in Vte (Figure 5B). For ouabain inhibition,

the same pattern was observed for both, WT and cKO, with varying

inhibition for single individual tubules, resulting in a mean inhibition

of ∼50% (Figure 4C). The speed of inhibition in claudin-10 cKO cTALs

was strikingly higher than inWT cTAL, especially before normalization

to the inhibited voltage (original traces in Figure 5D,E), but still visi-

ble after normalization (Figure 5F). The speed of ouabainwash-outwas

 17496632, 2022, 1, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14882 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ANNALSOF THENEWYORKACADEMYOF SCIENCES 271

F IGURE 2 Localization and expression of Na+-K+ ATPase (NKA) in isolatedmouse cTAL tubules. (A) Airyscan colocalization pattern of barttin
(magenta), claudin-10 (red), and NKA (green) in the infoldings of the TAL. (B) 3D reconstruction of a collapsed triple-stained cTAL: barttin (blue)
andNKAwere observed deep into the infoldings, almost up to the TJs. (C,D) Immunofluorescence of claudin-10 andNKA in the cTAL ofWT (C) and
cKO (D) mice. InWT, some cells did not express claudin-10 (indicated by *). In cKO, claudin-10 staining was rarely detected (indicated by #; due to
failure of Ksp-Cre). In both cases, the pattern and intensity of NKA staining did not change. (E) NKA intensity given by the ratio between
positive/negative claudin-10 cells inWT and cKOmice was equal. cTALs= 21 and 10 of 7 and 8mice, respectively. (F) Quantification of NKA
protein expression in cTAL samples of n= 11WT and 12 cKOmice; normalization to GAPDH expression did not show any difference.
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F IGURE 3 Electronmicrograph of ISOMTAL from ultra-thin kidney sections. Lowermagnification (left) and a detailed picture (right).
The ultrastructure of the ISOMTAL epithelia is characterized by extensive basolateral infoldings and the presence of numerous elongated
mitochondria. (A)WTwith deep, tightly packed basolateral infoldings parallel to themitochondria that extend almost to the luminal membrane
(n= 3). (B) Claudin-10 cKO revealed deep infoldings; however, the structures did not present the same density pattern as for theWT and displayed
a wider space between infolding structures (n= 3). Scale bar left: 5 μm; right: 500 nm.

again not different between the genotype or under Ca2+-free solution

(Figure 5F, right).

Fluorescein diffusion into the cTAL infoldings

Considering that claudin-10b might have an influence on the width of

the infoldings and that ouabain accessibility was different in WT and

cKO,we tested the freediffusionof fluorescein into the infolding space.

MitoTracker dye was used to stain mitochondria and it did not colo-

calize with fluorescein (Figure 6A). In order to open the infoldings, we

used again an extracellular Ca2+-free solution.We hypothesized that if

claudin-10bbridges the infoldings for stabilization, this bridging should

be opened by chelation of Ca2+. The kinetics of the in- and outflow of

the fluorescein was too fast for the measuring approach. So, we mea-

sured remaining fluorescein after wash-out (fluorescein trapping) in

the presence or absence of Ca2+ in a paired experimental approach,

as shown in Figure 6B (Protocol 1). In both WT and cKO, residual

fluorescein at 2 min after wash-out was low and independent of baso-

lateral removal of Ca2+ (Figure 6C). As Protocol 1 did not distinguish

between high and low diffusion rates for loading and wash-out, we

applied Protocol 2. We observed that the readdition of Ca2+, that is,

closing the infoldings before wash-out (Figure 6B, Protocol 2), led to

substantial trapping of fluorescein in WT (Figure 6D), significantly

increasing the fluorescein values measured 2 min after wash-out. This

observation was dependent on claudin-10b since Ca2+-dependent flu-

orescein trapping was attenuated in claudin-10 cKOmice (Figure 6D).

DISCUSSION

We show that claudin-10b is expressed in the infoldings of the cTAL

along with other important and abundant transport proteins. The

absence of claudin-10b did not alter the expression level and overall

distribution of these proteins, neither in claudin-10b negative cells in

WT, nor after Ksp-Cre–driven deletion of claudin-10b. In functional

studies, we tried to separate claudin-10b TJ function11,12,15 from

its putative function in the basolateral membrane. Ca2+ chelation,
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F IGURE 4 Effect of basolateral Ca2+ depletion on cTAL ion transport and effect of ouabain in BL/6mice. (A) Transepithelial transport
parameters were not compromised by Ca2+-free solution, n= 12 and 13. (B) The original recording of ouabain inhibition and luminal furosemide
(F) application (voltage deflections are caused by current injection tomeasure Rte) (C) Concentration-response curve. IC50 on Vte under control
and Ca2+-free solution, cTAL= 5 and 7 of n= 3 and 5mice, respectively. (D) The original recording of inhibition kinetics (injection currents partially
reduced). The slope of the onset of inhibition was accelerated at low basolateral Ca2+. Slope triangle (Vte/time) andmaximal voltage change
(Vte(inhib) by 100 μMouabain) were used for the calculation of normalized relative inhibition speed. (E) Normalized relative inhibition speed by
ouabain. The wash-in phase was accelerated by Ca2+-free solution, while the wash-out remained slow and unaffected, cTAL= 12 and 13 of n= 5
and 6mice; *p< 0.05.

normally used to disrupt cell–cell contacts, including TJs, was used

in this case only from the basolateral side to “unbutton” cell contacts

in the infoldings. This procedure increased the speed by which the

NKA inhibitor ouabain was able to inhibit transcellular cTAL trans-

port. The speed was higher in the absence of claudin-10b and not

further increased by the Ca2+-chelating treatment. To address this

phenomenonwith an alternative and independentmethod, we flooded

the infoldings with fluorescein and were able to trap the fluorescent

molecules within the infoldings when readding Ca2+ before the

wash-out. This trapping was largely attenuated in the absence of

claudin-10b. In electron microscopy, the basolateral infoldings in cKO

appeared wider and less structured when compared to WT mice.

Previous studies by Zampighi and Kreman as early as 1985 showed

with a more sophisticated EM approach that there are indeed bridges

between infolding membranes that might correlate to the claudin-10b

“buttons.”18

Claudin-10b has a prominent role in TAL paracellular function aswe

described inRefs. 11 and12. Lack of claudin-10b leads to the loss of the

 17496632, 2022, 1, D
ow

nloaded from
 https://nyaspubs.onlinelibrary.w

iley.com
/doi/10.1111/nyas.14882 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



274 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 5 Effect of claudin-10 cKO and basolateral Ca2+ depletion on cTAL ion transport and ouabain inhibition of ion transport. (A) Vte

under control conditions was higher in cKO compared toWT; 79WT cTALs and 64 cKO cTALs of n= 17WT and 15 cKOmice, respectively.
****p< 0.0001. (B) Vte did not changewith time or by basolateral Ca2+-free treatment in eitherWT or cKO. (C) 100 μMouabain finally inhibited
Vte in all groups to a similar extent. (D,E) Original chart recordings. Inhibition kinetics was accelerated inWT by Ca2+-free treatment. In cKO, it was
higher than inWT but independent of Ca2+-free treatment. Slope triangle (Vte/time) andmaximal voltage change (Vte(inhib) by 100 μMouabain)
were used for the calculation of normalized relative inhibition speed. (F) Summary of the normalized relative inhibition speed.Wash-out kinetics
was slower and remained unaffected by genotype or lowCa2+ treatment. (A,F) *p< 0.05; ***p< 0.001. (B,C,F) Data are presented as cTAL
(between 29 and 40) of 15–17mice.
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F IGURE 6 Fluorescein trapping in the basolateral infoldings of isolated perfused cTALs. (A) Fluorescein labeling of the extracellular space
formed by basolateral infoldings was separate but in close proximity tomitochondrial staining of the intracellular compartment (MitoTracker, red).
(B) Experimental protocols with basolateral incubation solutions. Triangles indicate the time of fluorescein intensity measurements. (C)
Fluorescein fluorescence intensity (Protocol 1) after 2minwash-out was not influenced by Ca2+-free treatment inWT and cKO; data represent 11
and 14 cTALs of n= 9 and 10mice, respectively. (D) In Protocol 2, fluorescein was trapped in the infoldings after Ca2+-free treatment by readdition
of Ca2+. The effect was larger inWTwhen compared to cKO; data represent 13 and 19 cTALs of n= 9WT and 10 cKOmice, respectively. *p< 0.05
and ***p< 0.001.

TJ mosaic, that is, the side-by-side pattern of a Na+-selective (claudin-

10b) and a more divalent-selective (claudin-16, -19) TJ.15 We did not

measure paracellular selectivity again but could recapitulate that the

NaCl transport current (I’sc) was unaltered in cKO (based on the

increased transepithelial resistance Rte by removal of a highly perme-

able paracellular pore and the consequently increased transepithelial

voltage Vte). From these electrophysiological data, we had no strong

indication for a direct functional impact of basolateral claudin-10b on

furosemide-inhibitable transcellular transport.

For extra-junctional claudin-19, recruitment to the TJ could be

shown in collecting duct cell culture,23 suggesting a role for basolateral

claudin-10b also as a TJ reserve. However, we previously investigated

the effect of antidiuretic hormone (ADH) on ISOM TAL and could find

increased claudin-10b function in the TJ but no shift in claudin-10b

localization or reduction in basolateral staining.35 We, therefore, con-

clude that claudin-10b in the infoldings does not serve as a protein pool

for the TJs but fulfills an independent task.

Claudin-10 is a tetraspanin in its molecular design (four trans-

membrane regions, two extracellular loops, the ability to interact

in cis, ability to bind bridging or cytoskeletal proteins).36,37 There-

fore, another hypothesis was that claudin-10 could be involved in the

recruitment and positioning of membrane transport platforms simi-

lar to the so-called tetraspanin web.36,37 NKA has been described to

be organized and regulated in lipid rafts;38 however, we did not see a

change in localization and protein amount in the absence of claudin-10.

We further hypothesized that, instead of cis interaction as in

tetraspanin webs, claudin-10b might interact between infolded mem-

branes in the trans position to stabilize the width of the invaginated

extracellular space. To separate TJ and infolding function, we adapted

the Ca2+ switch approach, which is rather unspecific in combination

with the available cKOmousemodel. Ouabain concentration response

was comparable to that indicated in the literature for mouse kidney,39

and IC50 was unaltered between genotypes and also not affected by

basolateral Ca2+ removal. Differences in speed of inhibition indicated

better accessibility of the pump proteins under Ca2+-free conditions

and in the absence of claudin-10b. Interestingly, the wash-out of the

inhibitor from the restricted spaces was not affected. We speculate

that the kinetics of wash-out is dominated by the time constants of
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F IGURE 7 Schema of three adjacent cTAL cells with TJs and
extensive infoldings of the basolateral membrane. All cells express
claudin-16/19, and the two cells on the right express claudin-10.
Hence, the TJ on the left prefers divalent cations, while the TJ on the
right is formed by claudin-10 and prefers Na+. The central
claudin-10–positive cell shows claudin-10 in trans interaction between
the infoldedmembranes. Thesemembranes are equippedwith NKA,
the chloride channel, and barttin. Na+ and Cl− enter the cell via
Na+−2Cl−-K+ cotransporter under K+ recycling. Both, the luminal
membrane and the tight junctions, are watertight. Therefore, the
luminal fluid is dilute, while the fluid in deeply invaginated infoldings
or lateral spaces becomes hyperosmotic by continuous NaCl transport
(osmolality indicated by color saturation). The basolateral interstitium
is isotonic (renal cortex).We hypothesize that claudin-10 stabilizes
the infoldings, hindering basolateral water influx.

receptor dissociation and dilution. Due to this observation, we fur-

ther studied the ability of the infoldings to allow fluorescein diffusion

inside this narrow space. The presence of claudin-10b in the infold-

ing membrane acted as a diffusion hindrance to fluorescein, with a

higher fluorescence intensity under the trapping protocol (depletion

and readdition of Ca2+) in theWT.

Whywould the TAL need a basolateralmembrane-infolding stabiliz-

ing system?One explanation could be its apical water tightness.1 In the

PT, salt andwater are transported almost iso-osmotically,40 whereas in

the TAL, luminal water does not follow the solutes.41 Ions must pass

transcellularly with basal outflow. Or, as the infoldings almost reach

the luminal membrane, they allow a short-cut of ions from the NKCC2

import directly to the basolateral extracellular space (via Cl− chan-

nel and pump), facilitating the continuous outflow of ions through the

entire basolateral membrane.42,43 However, this should be accompa-

nied by increasing osmotic pressure in this extracellular subdomain. As

a direct effect, this osmotic pressure would drive water from the baso-

lateral side into this narrow space and potentially disturb continuous

ion flux and basolateral architecture. A claudin-10b–based stabilizing

system would help keep the infoldings architecture and facilitate a

high flux of the reabsorbed salt directed to the basal interstitium. This

hypothesis is summarized in Figure 7.

At this stage, we cannot answer the question of whether other

claudins partially substitute for the function of claudin-10 in the cKO

and in claudin-10–negativemosaic TALcells. Yet, therewasno substan-

tial take-over of the infoldings by claudin-19 although claudin-16, -19,

and -3 occupied the TJs in the claudin-10 cKO. Claudin-3 or claudin-19

immunofluorescence showedextra-junctional staining of both claudins

but without the distinct column-like infolding pattern.15,44 Others

found claudin-19 exclusively in TJs.45 In isolated cTALs, we showed

some claudin-10b–negative cells with claudin-19 in the infoldingmem-

brane, but not in an amount visible in overall protein expression. Our

investigation of claudin-10b in the infoldings required amodified treat-

ment of samples for immunofluorescence by slow cooking. This might

have compromised theextra-junctional quantificationofother claudins

but allowed the staining of the infoldings in striking loops. EM fixa-

tion processes, on the other hand, might have facilitated the discovery

of the widening of the infoldings (our findings) but also hindered the

already described intercellular bridges.18,46

We propose a new function of claudin-10b in the basolateral infold-

ings of the water-tight TAL epithelium. Claudin-10b trans interaction

between membrane invaginations of the same cell serves as a stabiliz-

ing system for the intense transcellular osmotic pressure generated by

high electrolyte flow. Future investigations may reveal if the observed

urine concentration defect in cKO11 is partially due to the loss of this

function; and will also show how this new claudin-10b function can be

integrated into the growing data about TAL cell heterogeneity.15,46,47
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