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Abstract
Kidney cysts in autosomal dominant polycystic kidney disease (ADPKD) undergo progressive
enlargement together with luminal fluid secretion. This involves active, uphill transcellular Cl−
transport which drives passive Na+ and water secretion. Implicit in this mechanism is the assumption
that the paracellular permeability of the cyst epithelium to Cl− must be very low. Claudins are tight
junction (TJ) transmembrane proteins that determine the ion selectivity of paracellular barriers. The
aim of this study was to determine the expression and localization of claudins within renal cysts in
a mouse hypomorphic model of ADPKD and in human patients. We found that the majority of cysts
were of collecting duct origin. Claudins normally expressed in collecting duct (3, 4, 7, 8 and 10) were
found in small cysts. However, only claudin-7 persisted at substantive levels in the dedifferentiated
epithelium of large, presumably late-stage cysts, where it was localized both at the TJ and
basolaterally. The constititutively expressed TJ proteins, ZO-1 and occludin, were also abundantly
expressed and correctly localized, suggesting that the basic infrastructure of the TJ is preserved. A
previous study suggested that claudin-7 may function as a paracellular Cl− barrier. We postulate that
the role of claudin-7 in ADPKD is to seal the paracellular route in Cl−-secreting cyst epithelium,
preventing backleak of Cl−, and that it thereby plays a permissive role in fluid secretion and cyst
growth.

INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD) affects 1 in 800 individuals and is
a major cause of cardiovascular morbidity and end-stage renal disease. The culprit genes
mutated in this disease, PKD1 and PKD2, encode membrane proteins, polycystin-1 and -2,
respectively, that function as ion channels and signalling proteins. In the kidneys these proteins
are predominantly expressed in tubular epithelia, occupying different subcellular localizations
including the primary cilia. In current models, it is postulated that the renal tubule cilia normally
sense luminal fluid flow, and initiate calcium and other signalling cascades that regulate
epithelial cell differentiation, proliferation, and orientation in the plane of the tissue layer
(reviewed in ref. [1]). Polycystic kidney disease mutations are thought to disrupt this
mechanism and lead to proliferation of epithelial cells and loss of differentiation, leading to
cyst formation.
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It has been estimated that approximately 70% of cysts are completely closed and not connected
to any renal tubule [2], so the pathogenesis of fluid accumulation within the cysts, and hence
cyst enlargement, must involve transepithelial fluid and solute secretion. Early studies
suggested that the Na-K-ATPase might be mislocalized to the apical membrane and hence
drive active Na+ secretion [3], but several subsequent studies have found that the Na-K-ATPase
is predominantly basolateral even in renal cysts [4;5], and that the transepithelial electrical
potential is lumen-negative suggesting that the actively secreted ion is more likely to be Cl−
[6]. Grantham and colleagues have suggested a model of active transcellular Cl− secretion
[6]. In the current version of this model, Cl− is actively taken up across the basolateral
membrane by the Na-K-2Cl cotransporter, NKCC1 [5;7], driven by the Na+ gradient from the
basolateral Na-K-ATPase, and effluxes apically through a cyclic AMP-stimulated cystic
fibrosis transmembrane regulator (CFTR) chloride channel [4;8]. Na+ presumably follows
passively, driven by the transepithelial potential, but the route for this is unknown. Active
accumulation of NaCl within the cyst lumen drives osmotic water secretion, likely via
aquaporin water channels, including AQP1 and AQP2 [9]. Implicit in this model for cyst fluid
secretion is the requirement that the paracellular pathway be impermeable to Cl−. If not, the
transepithelial Cl− gradient generated by active secretion would be dissipated by backleak of
Cl−, eliminating the driving force for Na+ and fluid secretion.

The paracellular barrier in epithelial sheets is sealed by the tight junction, which is composed
of a complex of interacting proteins, including scaffolding proteins such as ZO-1, and
transmembrane proteins such as occludin and members of the claudin family (reviewed in refs.
[10;11]). It is now believed that claudins are the major proteins responsible for determining
the selectivity of the barrier, at least to small ions [12]. There are 24 different claudin genes so
multiple isoforms with different selectivity profiles could potentially be generated.
Furthermore, claudins are expressed in a nephron segment-specific pattern along the renal
tubule [13–18], presumably accounting for the different paracellular permeability properties
of different segments.

There is already biochemical evidence that the adherens junction [19;20], and even
desmosomes [21;22], are abnormal in cystic diseases. Polycystin-1 normally forms a complex
at the adherens junction with E-cadherin and β-catenins [19]. This complex is disrupted in
ADPKD so that E-cadherin is sequestered internally and replaced at the surface by N-cadherin
[20]. E-cadherin is known to play a central role in initiating assembly of the junctional complex
[23;24]. Thus, disruption of normal adherens junction structure in ADPKD might be expected
to interfere with tight junction assembly.

Only limited analysis of tight junction structure and function in cystic kidney disease has been
undertaken to date. Ultrastructural studies have shown preservation of the lateral junctional
complex in cyst epithelium [5]. By contrast, Lee et al. found decreased expression and variable
localization of claudin-19 in human polycystic kidneys [25].

The aim of this study was to characterize the claudin isoforms expressed in renal cysts in a
mouse model of ADPKD, as well as in humans with ADPKD, with the goal of identifying
potential candidate proteins that might form the paracellular Cl− barrier and hence be
permissive for cyst fluid secretion and cyst growth.

MATERIALS AND METHODS
Tissue samples of normal and cystic kidneys

Mouse renal cystic tissue was isolated from a mouse model with hypomorphic Pkd1 alleles as
a result of the presence of a neomycin resistance marker in intron 1 (Pkd1nl/nl) [26]. These
mice, on mixed 129Ola and C57Bl6/J genetic background, develop polycystic kidney disease
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by 4 weeks of life, with the majority of cysts originating from collecting ducts. Healthy, wild-
type, age-matched mice were used as controls.

Human renal tissue from patients with ADPKD and end-stage renal failure was fixed in 4%
formalin and embedded in paraffin as described [27]. Control renal tissue was isolated from
donor kidneys intended for transplantation but not suitable for technical reasons. In total, two
human control renal tissue samples and four renal cystic tissue samples from ADPKD patients
(two known PKD1-patients and two with >85% probability of carrying a mutation in PKD1)
were analyzed. All human tissue samples were anonymized following procedures approved by
the ethical committee (institutional review board) of the Leiden University Medical Center.

Antibodies used for immunodetection
Polyclonal antisera against claudin-8 and -19 were raised in rabbit and affinity-purified (ref.
[17;28]). Antibodies to all the other claudin isoforms, occludin, β-catenin, and the mouse
monoclonal ZO-1 antibody were from Invitrogen, Carlsbad, CA. Neither the immunizing
peptide nor preimmune serum were available for the commercial antibodies. Rabbit anti-
claudin-7 immunofluorescence staining of renal tubule basolateral membranes was conpared
to staining with non-immune rabbit serum (Suppl. Fig. S1). Rabbit anti-actin (A2066) was
from Sigma-Aldrich, St. Louis, MO, mouse monoclonal anti-Na-K-ATPase α1 subunit
(C464.6)[29] was a gift from Dr. Alicia McDonough, and mouse monoclonal anti-H-ATPase
(E11) was a gift from Dr. Steve Gluck. Secondary antibodies were anti-rabbit, mouse, or rat
IgG, conjugated to Alexa Fluor 488 or 555 (Invitrogen) for immunofluorescence, or to
horseradish peroxidase (GE Healthcare Biosciences) for immunoblots.

Immunofluorescence staining
Mouse and human kidney sections were deparaffinized and washed with water. Microwave
antigen retrieval was performed by boiling in 1 mM EDTA, pH 8, for 10 min followed by
cooling for 20 min. Sections were then washed in phosphate-buffered saline and
immunostained as described previously [17]. Images were acquired at the USC Center for Liver
Diseases using a Nikon PCM confocal microscopy system with argon and helium-neon lasers.

Cyst stage was classified according to the scheme of Thomson et al. [5]: small cysts were
defined as having less than 50 cyst-lining epithelial cells per section, intermediate 51–200 cells,
and large if greater than 200 cells. For quantitation of claudin-7 signal intensity, multiple
random fields were acquired at the same exposure settings and the unprocessed images were
opened in ImageJ software (NIH). For each individual tubule or cyst, 5 different regions were
selected. The tight junction and basolateral membrane were traced by drawing a freehand line,
and the mean pixel intensity of the line was measured and the 5 measurements were averaged.
Differences in the mean intensity of claudin-7 staining between mice of different age, genotype
and cyst stage were compared for overall statistical significance by one-way ANOVA, and
post-hoc comparisons with Tukey’s test.

RESULTS
To determine the expression and localization of tight junction proteins in polycystic kidney
disease, we first performed immunofluorescence staining in kidney sections from a
hypomorphic Pkd1 mouse model (Pkd1nl/nl) and compared it to sections from control, wild-
type mice (Fig. 1, and summarized in Table 1). Because we observed that the staining pattern
of tight junction proteins varied depending on cyst size, we also compared staining between
cysts stratified according to their size. Small cysts had small lumens and cuboidal epithelium,
intermediate-stage cysts had larger lumens, and large cysts had very large lumens, flattened
epithelium and surrounding fibrosis. ZO-1, a ubiquitous tight junction plaque protein that is
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constitutively expressed in all epithelia, was detected at the tight junction at approximately
equal intensity in wild-type tubules, non-cystic tubules of Pkd1nl/nl mice, and in cysts of all
stages. Occludin, a tight junction membrane protein that is also likely constitutively expressed,
was similarly found to be expressed uniformly throughout epithelia of control and cystic
kidneys. By contrast, of the claudin isoforms that were detectable in cysts, most were expressed
predominantly in small cysts at levels similar to or lower than levels in normal tubule
epithelium, were progressively dowregulated in intermediate cysts, and were almost (claudin-3
and -4) or completely absent (claudin-10) in large cysts. The exception to this was claudin-7,
which appeared to be abundantly expressed in small and intermediate cysts at levels similar to
that of normal tubules, as well as in the majority of large cysts. This impression was confirmed
when we examined low-magnification digital images and quantitated the claudin-7 signal
intensity (Fig. 2), using objective criteria for cyst stage based on cell number.

Cyst epithelial cells are hypothesized to undergo progressive dedifferentiation as cysts enlarge,
and a good marker for this is the level of Na-K-ATPase expression [5;30]. In our Pkd1 nl/nl
mice, the α1 subunit of the Na-K-ATPase was strongly expressed at the basolateral membrane
in small cysts, but markedly downregulated in intermediate and large cysts (Fig. 3, top row).
By double-staining the same sections, claudin-7 expression was found to be maintained at high
levels even in intermediate and large cysts with low levels of Na-K-ATPase, suggesting that
claudin-7 expression is preferentially preserved despite cyst epithelial dedifferentiation.

In small and intermediate cysts, double-staining with segment-specific markers showed that
the majority of claudin-7-expressing cysts are of collecting duct origin. Fig. 3 (middle row)
shows vacuolar H+-ATPase at the apical membrane in a subset of claudin-7-expressing cells
within a small cyst, indicating the presence of collecting duct α-intercalated cells. This was
rarely observed in large cysts, presumably either because they are overgrown by other cells,
or because the intercalated cells undergo dedifferentiation. We also used the lectins, Lotus
tetraglonobulus agglutinin (LTA), and Dolichus biflorus agglutinin (DBA) to analyze the
segments of origin (Supplemental Fig. S4). LTA, which stains the brush border membranes of
proximal tubules in normal mouse kidney [31], was almost completely absent from Pkd1nl/nl

cysts, indicating that very few cysts are of proximal tubule origin. Rare cysts showed
intermittent cells with intracellular LTA staining, but the significance of this is unclear. DBA
is known to be a marker of the collecting duct in normal mice [31]. In our hands, it stained
basolaterally and intracellularly in principal cells of the collecting duct. In Pkd1nl/nl mice,
approximately half the cysts were positive for DBA. Furthermore, the majority of cysts
expressing claudin-7 were DBA-positive, confirming their collecting duct origin (Fig. 4).

As in normal collecting duct, claudin-7 within cyst epithelium is predominantly expressed at
the basolateral membrane, where it colocalizes with the Na-K-ATPase and β-catenin (Fig. 3,
middle row). In most cysts, just like in normal tubules, claudin-7 also extends apically into the
tight junction, as evidenced by colocalization with ZO-1 (Fig. 3, bottom row; see also
superimposed DIC images in Supplemental Fig. S3).

To determine if protein abundance was changed, we performed Western blots on whole kidney
lysates from control (wt/wt) mice, and from Pkd1 heterozygous (wt/nl) and homozygous (nl/
nl) mice (Supplemental Fig. S5). These showed that Na-K-ATPase, claudin-10 and claudin-14
protein were reduced in the nl/nl mice, compared to the other two groups. However, the
majority of proteins, including occludin, claudin-3, claudin-7 and ZO-1 appeared no different
in all the mice.

Although genetic mouse models provide a powerful system to test experimental hypotheses,
they do not necessarily fully reproduce the human disease. We therefore also examined human
nephrectomy specimens from patients with ADPKD (known or likely to be due to PKD1
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mutations) and from control transplant donors (Table 2). We found that Na-K-ATPase was
strikingly downregulated in cystic epithelium, compared to normal tubules, and was essentially
absent from large cysts, suggesting that the same process of dedifferentiation observed in
Pkd1 mice also occurs in humans. Similarly, expression of claudin-3, -4 and -8 were
downregulated; antibodies to other claudin isoforms did not work in human tissue. By contrast,
ZO-1, occludin and claudin-7 expression were very well-preserved in small and large cysts.
Fig. 5 shows examples of large cysts with strong expression of ZO-1 and claudin-7 but complete
absence of Na-K-ATPase. Unlike in the mice, our human ADPKD kidney sections also
occasionally included parts of very large cysts. These cysts, which we term "advanced cysts",
were surrounded by a thick circumferential layer of material, presumably basement membrane
and/or fibrosis, from which we were unable to discern a discrete epithelial layer. Advanced
cysts did not stain with any of our epithelial markers.

DISCUSSION
We examined, in ADPKD models, the expression of constitutive proteins in the epithelial cell
junctional complex and found that ZO-1, occludin, and β-catenin were abundantly expressed
in renal cysts, showed correct subcellular localization, and persisted even in large, and
presumably late-stage cysts. ZO-1 is constitutively expressed at the tight junction and functions
as a scaffolding protein, recruiting and stabilizing claudins, so that in their absence tight
junction strands fail to form [32]. Occludin is an integral membrane protein that is also
constitutively expressed at tight junctions but its function remains elusive. Mice with occludin
knockout [33;34] and renal epithelial cells with occludin knockdown [35] still form tight
junctions and show only subtle alterations in paracellular permeability. Thus, the significance
of occludin expression in advanced cysts is unclear. Nevertheless the preservation of both ZO-1
and occludin suggest that the basic biochemical infrastructure of the tight junction remains
intact even in late-stage cysts. Our findings are consistent with electron microscopy studies
showing that the lateral junctional complex is structurally preserved even in large cysts [5].
β-catenin is a key component of the adherens junction that anchors cadherins to the
cytoskeleton, but is also expressed along the basolateral membrane. Interestingly, polycystin-1
and -2 have been shown to exist in a complex with E-cadherin and β-catenin [19;20]. In
PKD1 cells, this complex is disrupted; E-cadherin is lost and compensated for by N-cadherin
expression while β-catenin is preserved, consistent with our finding that β-catenin is preserved
in large cysts. The integrity of the adherens junction is required to maintain an intact epithelial
monolayer lining the cyst.

We also performed a comprehensive survey of the expression of multiple members of the
claudin family, in renal cysts of mice and patients with ADPKD. We are confident that the
antibodies we used were specific for each claudin isoform. All of them were raised against
peptides from the C-terminus, which shares little or no homology between different claudin
isoforms. Furthermore, all of these claudin antibodies have had testing for specificity
documented in product data sheets (Invitrogen) and/or published research reports [13;16–18;
36;37].

In our study, most of the cysts appeared to be derived from the collecting duct, as evidenced
by staining for the vacuolar H+-ATPase and DBA. Consistent with this, most of the claudin
isoforms (3, 4, 7, 10, and 14) that are known to be expressed in the collecting duct [14;16–
18;37] were present in at least small cysts, except for claudin-14 which showed equivocal
staining. Claudin-2, which is normally expressed in the proximal tubule [13;14], was absent
from the cysts, as was LTA, consistent with the idea that renal cysts derived from proximal
nephron segments are rare [5].
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All of the claudins that were detectable in cysts stained in a predominantly basolateral pattern.
Data that we have previously published [17;18], as well as our current observations in wild-
type mice, indicate that all of these claudins are found basolaterally in at least some nephron
segments in normal tubules. We speculate that the role of basolateral claudins may be
interaction with the basement membrane, or represent an inactive pool in transit to the tight
junction. Importantly, we show clearly that claudin-7 expression extends apically into the tight
junction itself, thus supporting a role in the formation of the paracellular barrier.

The most provocative finding of our study is that claudin-7 is highly expressed in renal cysts,
and that its expression is well-preserved even in large and presumably late-stage cysts, in which
the epithelium is dedifferentiated (as evidenced by loss of Na-K-ATPase α1 subunit expression)
and other isoforms such as claudin-3, -4, and -10 are downregulated or absent (as determined
by immunofluorescence). Interestingly, the expression of claudin-7 appears to be
predominantly basal in normal tubules and becomes more lateral in location in cyst epithelium,
supporting a possible functional role in the paracellular barrier. Although our Western blots of
kidney lysates showed few gross changes in protein expression levels, this is hardly surprising
since these were done using whole kidney samples, which are therefore very insensitive to
subtle changes in regional protein expression in individual nephron segments or in
subpopulations of cysts.

Claudin-7 is normally expressed predominantly in the aldosterone-sensitive distal nephron
[17;37], which has a low permeability both to cations and anions. When overexpressed in LLC-
PK1 cells, claudin-7 augmented the Cl- permeability barrier [37]. A caveat to this is that a
recent study using RNA interference to knockdown claudin-7 in MDCK cells reached the
opposite conclusion about the role of claudin-7 [38]. If claudin-7 does indeed function to reduce
Cl− permeability, we postulate that the role of persistent expression of claudin-7 at the tight
junction of ADPKD renal cysts as they enlarge may be to maintain an intact paracellular Cl−
barrier. By preventing passive, paracellular backleak of Cl−, this would allow active
transcellular secretion of Cl− to generate a stable transepithelial Cl− and potential gradient,
thus providing the driving force for Na+ and water transport into the cyst lumen. Other claudins
such as claudin-3 and -4 may also be important during the earlier stages of cyst growth when
they are highly expressed, but their exact role is unclear. If our model is correct, then claudin-7
might be a good target for inhibitory drugs designed to retard cyst growth in ADPKD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Expression of tight junction proteins in Pkd1 nl/nl mouse kidney. Immunofluorescence staining
was performed on paraffin-embedded sections using antibodies against the indicated proteins,
and images acquired by confocal microscopy. Scale bar represents 30 µm. ZO-1: Tight junction
staining (arrowheads) of approximately equal intensity is observed in normal, non-cystic
tubules such as proximal tubules (PT), and in small (S) and large (L) cysts. Occludin: Occludin
is expressed in tight junctions of all cysts, similar to ZO-1. Claudin-1: The upper cyst is a rare
cyst staining basolaterally for claudin-1. Most cysts (like the lower cyst in this image) showed
no staining at all. Claudin-3: Weak basolateral staining was observed in most cysts, more in
small than in large cysts. By comparison, strong claudin-3 staining of a non-cystic thick
ascending limb (TALH) is shown. Claudin-4: Basolateral staining was observed in most cysts,
more in small than in large cysts. Claudin-7: All cysts showed strong staining for claudin-7,
even large cysts such as the one shown here. Note the flattened epithelium and distorted lateral
membrane. An intact collecting duct (CD) is also shown. Claudin-10: Occasional small cysts
showed weak basolateral claudin-10 staining (arrowheads). By comparison, adjacent non-
cystic tubules of the thick ascending limb showed much stronger staining. Claudin-14:
Apparent claudin-14 staining of uncertain specificity was observed at the apical membrane
(arrowhead) predominantly in very large cysts.
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Fig 2.
Relative claudin-7 expression in tubules and cysts. A. The images show low (left) and high
(right) magnification views of claudin-7 antibody staining in wild-type (wt/wt), and
homozygous (nl/nl) PKD1 hypomorphic mice. Claudin-7 is expressed on the basolateral
membrane. In wild-type renal tubules, this appears as a diffuse staining in the thick ascending
limb/distal tubule (arrowhead) due to extensive basal membrane invaginations in these
segments, and as a more discrete delineation of the base and sides of each cell in the collecting
ducts (arrow). The section of cystic kidney overall appears darker but this is simply due to the
large area occupied by fluid-filled cyst lumens. The cyst walls, particularly of the small and
intermediate cysts, in the nl/nl mice, stain similarly to the walls of normal tubules in the wt/wt
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mice. Scale bar represents 50 µm. B. Quantitation of claudin-7 immunofluorescence intensity
in tight junctions and basolateral membranes of tubule and cyst epithelium. Columns represent
mean ± S.E (n = 8 tubules or cysts) and is representative of two such experiments. The p value
for comparison between groups is non-significant by one-way ANOVA.
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Fig 3.
Double immunofluorescence localization of claudins in Pkd1 nl/nl mouse renal cysts. Scale
bars represent 30 µm. Upper row: Double staining for claudin-7 (green) and the α1 subunit of
Na-K-ATPase (red) show that both are expressed at the basolateral membrane. Note that the
expression of Na-K-ATPase is much lower in large cysts (L) compared to small cysts (S), while
claudin-7 expression is well-preserved. This is most obvious in the merged image, where the
color of the basolateral membrane in small cysts (orange) clearly differs from that of large
cysts (yellow-green). Middle row: Double staining for claudin-7 (green) and β-catenin (red)
also shows colocalization to the lateral membrane in cysts of varying size. The apparent
interstitial staining is due to non-specific binding of the anti-mouse IgG used as a secondary
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antibody to detect mouse anti-β-catenin. In the rightmost panel, claudin-7 (green) is
demonstrated in a small cyst in which a minority of cells stain at the apical membrane
(arrowhead) for H+-ATPase expression (red), representing α-intercalated cells of cortical
collecting duct origin. Bottom row: Double staining for claudin-7 (green) and ZO-1 (red)
shows that a subset of claudin-7 does localize at the tight junction (arrowheads).
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Fig 4.
Double fluorescence images of claudin-7 (left panel and green in merged image) and DBA
(right panel and red in merged image) staining. Claudin-7 is expressed at the basolateral
membrane of most cysts, many of which (asterisks) also stain with DBA, indicating that they
probably originated from principal cells of the collecting tubule. Scale bar represents 50 µm.
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Fig 5.
Double immunofluorescence localization of claudin-7 in kidney sections from normal human
adult transplant donors (WT) and ADPKD patients (PKD). Note that claudin-7 and ZO-1 are
present in cystic epithelium but Na-K-ATPase is absent. Scale bar represents 20 µm.

Yu et al. Page 15

J Pathol. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yu et al. Page 16
Ta

bl
e 

1
Pa

tte
rn

 o
f e

xp
re

ss
io

n 
of

 ti
gh

t j
un

ct
io

n 
pr

ot
ei

ns
 in

 n
or

m
al

 m
ou

se
 re

na
l t

ub
ul

e 
an

d 
in

 c
ys

ts
 o

f P
kd

1 
nl

/n
l m

ic
e

T
ig

ht
 ju

nc
tio

n1  p
ro

te
in

N
or

m
al

 w
t/w

t
Pk

d1
 n

l/n
l

T
ub

ul
e 

se
gm

en
ts

2
Su

bc
el

lu
la

r 
lo

ca
tio

n3
C

ys
t t

yp
e4

Su
bc

el
lu

la
r 

lo
ca

tio
n2

E
xp

re
ss

io
n 

le
ve

l5

ZO
-1

A
ll

TJ
S 

= 
I =

 L
TJ

2
O

cc
lu

di
n

A
ll

TJ
S 

= 
I =

 L
TJ

2
C

la
ud

in
-1

B
C

?
V

er
y 

ra
re

 L
B

l
2

C
la

ud
in

-2
PT

, u
TD

L
TJ

-
-

0
C

la
ud

in
-3

TA
LH

, D
C

T,
 C

D
B

l
S 

≫
 I

, L
B

l
+/
−

C
la

ud
in

-4
Th

A
L,

 C
D

TJ
S 

≫
 I

, L
B

l
1

C
la

ud
in

-7
lT

D
L,

 D
C

T,
 C

N
T,

 C
D

TJ
, B

l
S 

= 
I ≥

 L
B

l
2

C
la

ud
in

-1
0

PT
, T

A
LH

TJ
, B

l
Fe

w
 S

B
l

+/
−

C
la

ud
in

-1
4

C
D

TJ
L?

A
p?

1

1 A
nt

ib
od

ie
s t

o 
cl

au
di

ns
 8

, 1
1,

 1
6 

an
d 

19
 fa

ile
d 

to
 st

ai
n 

m
ou

se
 k

id
ne

y 
pa

ra
ff

in
 se

ct
io

ns
 sa

tis
fa

ct
or

ily
.

2 Tu
bu

le
 se

gm
en

t l
oc

al
iz

at
io

n 
in

 n
or

m
al

 k
id

ne
y:

 su
m

m
ar

y 
of

 d
at

a 
fr

om
 c

on
tro

l (
w

t/w
t) 

m
ic

e 
st

ai
ni

ng
 in

 th
is

 st
ud

y 
an

d 
fr

om
 p

ub
lis

he
d 

re
po

rts
 [1

3;
14

;1
6;

17
]. 

Fo
r e

xa
m

pl
es

 o
f c

la
ud

in
-7

 lo
ca

liz
at

io
n 

in
w

ild
-ty

pe
 m

ic
e,

 p
le

as
e 

re
fe

r t
o 

Su
pp

le
m

en
ta

l F
ig

. S
2 

B
C

, B
ow

m
an

's 
ca

ps
ul

e;
 P

T,
 p

ro
xi

m
al

 tu
bu

le
; u

TD
L,

 u
pp

er
 th

in
 d

es
ce

nd
in

g 
lim

b;
 lT

D
L,

 lo
w

er
 th

in
 d

es
ce

nd
in

g 
lim

b;
 T

hA
L,

 th
in

 a
sc

en
di

ng
 li

m
b;

TA
LH

, t
hi

ck
 a

sc
en

di
ng

 li
m

b;
 D

C
T,

 d
is

ta
l c

on
vo

lu
te

d 
tu

bu
le

; C
N

T,
 c

on
ne

ct
in

g 
tu

bu
le

; C
D

, c
ol

le
ct

in
g 

du
ct

.

3 TJ
, t

ig
ht

 ju
nc

tio
n;

 A
p,

 a
pi

ca
l p

la
sm

a 
m

em
br

an
e;

 B
l, 

ba
so

la
te

ra
l p

la
sm

a 
m

em
br

an
e

4 S,
 sm

al
l c

ys
t; 

I, 
in

te
rm

ed
ia

te
 c

ys
t; 

L,
 la

rg
e 

cy
st

5 C
om

pa
ris

on
 o

f s
ta

in
in

g 
in

te
ns

ity
 in

 p
os

iti
ve

 sm
al

l o
r i

nt
er

m
ed

ia
te

 c
ys

ts
 o

f n
l/n

l m
ic

e,
 re

la
tiv

e 
to

 tu
bu

le
s i

n 
w

ild
-ty

pe
 m

ic
e:

 2
, s

im
ila

r i
nt

en
si

ty
; 1

, s
lig

ht
ly

 w
ea

ke
r i

nt
en

si
ty

; +
/−

, m
uc

h 
w

ea
ke

r i
nt

en
si

ty
;

0,
 n

o 
st

ai
ni

ng
.

J Pathol. Author manuscript; available in PMC 2009 September 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yu et al. Page 17

Table 2
Summary of ADPKD human kidney tissue staining intensity

Normal tubules Cysts

Small Large Advanced

Claudin-3 1+ 1+ - -
Claudin-4 1+ 1+ +/− -
Claudin-7 2+ 2+ 2+ -
Claudin-8 +/− - - -
Na-K-ATPase 2+ +/− - -
ZO-1 1+ 1+ 1+ -
β-catenin 2+ 1+ 1+ -
Occludin 1+ 1+ 1+ -
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