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Members of the claudin family of tight junction proteins are critical for establishing epithelial barriers and for the
regulation of paracellular transport. To understand their roles during kidney development, we first performed RT-PCR
analyses and determined that 23 claudin family members were expressed in embryonic day (E) 13.5 mouse kidneys.
Based on their developmental expression and phenotypes in mouse models, we hypothesized that 3 claudin members
could affect nephron formation during kidney development. Using whole mount in situ hybridization and
immunohistochemistry, we demonstrated that Claudin-7 (Cldn7) was expressed in the nephric duct, the emerging
ureteric bud, and in tubules derived from ureteric bud branching morphogenesis. In contrast, Claudin-16 (Cldn16) and
Claudin-19 (Cldn19) were expressed at later stages of kidney development in immature renal tubules that become the
Loop of Henle. To determine if a loss of these claudins would perturb kidney development, we examined newborn
kidneys from mutant mouse models lacking Cldn7 or Cldn16. In both models, we noted no evidence for any congenital
renal malformation and quantification of nephron number did not reveal a decrease in nephron number when
compared to wildtype littermates. In summary, Cldn7, Cldn16, and Cldn19 are expressed in different epithelial lineages
during kidney development. Mice lacking Cldn7 or Cldn16 do not have defects in de novo nephron formation, and this
suggests that these claudins primarily function to regulate paracellular transport in the mature nephron.

Introduction

Members of the claudin family of integral membrane proteins
are components of tight junctions: they connect adjacent epithe-
lial cells to one another in a narrow band just beneath the apical
surface to create an occluding seal.1-2 Claudin proteins have well-
established roles in renal, gastrointestinal, and lung physiology
based on their abilities to regulate paracellular transport. How-
ever, many claudins are expressed during embryogenesis, suggest-
ing that these proteins may also contribute to organ formation,
including kidney development, through direct effects on cell
adhesion, proliferation, and lumen formation.3

During mammalian kidney development, 2 primordial tissues,
the ureteric bud and the metanephric mesenchyme, undergo epi-
thelial morphogenesis to form the final metanephric kidney.4 The
kidneys and the ureters arise from 2 epithelial tubes that extend
along the length of the embryo, the mesonephric ducts. An

epithelial swelling emerges from the mesonephric duct at embry-
onic day (E) 10.5 during mouse embryonic development and is
known as the ureteric bud. The ureteric bud invades the adjacent
undifferentiated mesenchyme and induces the formation of the
metanephric mesenchyme. Reciprocal signaling between the ure-
teric bud and the metanephric mesenchyme induces the ureteric
bud to elongate and bifurcate in a process known as branching
morphogenesis that ultimately gives rise to the collecting duct sys-
tem of the adult kidney. The process of ureteric bud branching
morphogenesis is critical for kidney development: each ureteric
bud tip induces the adjacent metanephric mesenchyme to undergo
mesenchymal-to-epithelial transition and this determines the final
number of nephrons formed in utero. As part of mesenchymal-to-
epithelial transition, a number of intermediate structures form
including mesenchymal condensates, comma-shaped structures,
S-shaped structures, and early and late tubules that eventually give
rise to all of the nephron segments except the collecting duct.
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Data from microarray, SAGE expression profiling, RT-PCR
and immunohistochemical analyses of embryonic kidneys have
shown that a number of claudins are expressed during kidney
development in the mouse and in the rat.5-12 Gene expression
microarray analysis of mRNA isolated from ureteric bud and
metanephric mesenchyme of embryonic rats demonstrated that
Claudin-3 and -9 mRNA transcripts were strongly upregulated
in ureteric bud when compared to metanephric mesenchyme by
a factor of 12.5 and 19.1 fold, respectively.7 Similarly, Schwab
et al. observed that Claudin-3, -4, -7, and -8 were strongly upre-
gulated in E11.5 mouse ureteric bud when compared to meta-
nephric mesenchyme.6 Ohta demonstrated that a number of
claudins are expressed in the developing mouse kidney and
showed that Claudin-3, -4, and -8 appear to be expressed in col-
lecting duct tubules that are derived from the ureteric bud.9

The presence of claudins prior to the formation of a urinary
filtrate suggested that they could have specific roles during kidney
development not related to paracellular transport. In this study,
we confirmed by RT-PCR and sequencing that 23 members of
the claudin family are expressed in the E13.5 mouse kidney. We
then focused our analysis on Claudin-7, -16 and -19 to deter-
mine if they have a role during kidney development. Claudin-7
is highly expressed in the aldosterone-sensitive segments of the
distal nephron13 and when inactivated in the mouse, the mice
die at postnatal day 12 from severe dehydration from urinary salt
wasting such that a coincident defect in nephron formation could
be missed if not considered.14 Mutations in CLDN16 and 19
have been associated with a rare autosomal recessive syndrome
known as familial hypomagnesaemia with hypercalciuria and
nephrocalcinosis (FHHNC) characterized by renal calcium and
magnesium wasting that can lead to chronic renal failure in child-
hood or adolescence.15-17 The early onset of chronic renal failure
in childhood suggests that these patients might have a defect in
nephron formation during kidney development in addition to
possible loss of nephrons secondary to renal calcium deposition.
Here, we report a detailed expression analysis of Cldn7, Cldn16,
and Cldn19 during mouse kidney development and have exam-
ined mouse models lacking either Cldn7 or Cldn16 to determine
if there is evidence for a defect in kidney development.

Materials and Methods

Animal care. Timed-pregnant CD1 and non-pregnant adult
mice (Charles River Laboratories, St. Constant, QC) were eutha-
nized using CO2 inhalation followed by cervical dislocation at
embryonic day (E) 9.5, 11.0, 11.5, 12.5, 13.5, 16.5, postnatal
day (P) 1, or adulthood to retrieve embryonic, newborn, or adult
kidneys as previously described.11 Newborn pups were eutha-
nized using decapitation. Whole embryos or metanephric kid-
neys were dissected in PBS using an M5A stereomicroscope
(Wild Leitz, Willowdale, ON). All mice used in these studies
were housed in temperature-controlled animal facilities in indi-
vidual ventilated cages with ad libitum access to food and water.
Light cycles for all mice were maintained as 12 hours of light and
12 hours of darkness. The mouse studies were performed in

accordance with the rules and regulations of the Canadian Coun-
cil of Animal Care (AUP #4120) and the Office of Laboratory
Animal Welfare in the US. Department of Health and Human
Services (AUP#172b).

Cldn7 C/¡ heterozygous breeders on a C57BL/6J background
were used to derive P1 litters. The pups were euthanized and gen-
otyped as described.14 Transgenic Cldn16C/¡ knockdown mice
were derived using a lentiviral construct that contained the
pFUGW vector in which the snRNP U6 promoter drives overex-
pression of an siRNA directed to Cldn16 and the ubiquitin-C
promoter drives expression of green fluorescent protein (GFP).18

Transgenic Cldn16C/¡ knockdown males on a C57BL/6J back-
ground were crossed to C57BL/6J female to derive P1 litters. All
pups were euthanized, and transgenic progeny were identified by
direct observation of GFP fluorescence using a hand-held GFP
flashlight as previously reported.18

RT-PCR. Ten E11.5, 12.5, or 13.5 mouse kidneys were pooled
and RNA was extracted from 3 different pools using the RNeasy
kit (Qiagen). For E16.5 and P1 kidneys, 3 kidneys were pooled
for RNA extraction. RNA was treated with RNase-free DNase
(Ambion) to degrade any traces of DNA. RT-PCR was performed
using the One Step RT-PCR Kit (Qiagen). 2 negative controls
were included: in one there was no RNA template, and in the
other, the reverse transcriptase enzyme was inactivated. b¡actin
was used as a positive control for the quality of the RNA used in
these reactions. Gene specific primers designed to amplify individ-
ual claudin family members are shown in Table 1. RT-PCR
amplicons were sequenced to confirm their identity.

Whole mount in situ hybridization. In situ hybridization was per-
formed on whole E9.5 and 11.0 mouse embryos and on dissected
E12.5, 13.5, 16.5, and P1 mouse kidneys as described.19 Kidneys
from P1 mice were bisected prior to fixation and in situ hybridiza-
tion analysis. All samples were fixed overnight in 4% PFA in PBS at
4�C. cDNA clones forCldn7, Cldn16, Cldn19, and Retwere gener-
ated by RT-PCR amplification of the coding sequences using E15
mouse kidney total RNA as a template. The primers sequences
were (50 to 30): Cldn7 forward CCATGGGCCTGGAGATCA
CCG, Cldn7 reverse TCAGACGTAGTCCTTGCGGT, Cldn16
forward CATATGAAGGATCTTCTTCAGTACG, Cldn16
reverse TTATACTCTGGTGTCTACAGC, Cldn19 forward
CCATGGCCAACTCGGGCCTCCA, Cldn19 reverse TTACA-
CACCCAGGGGGCCCT and Ret9 forward GATTACAAG-
GATGACGAC and reverse TGAGGTAGACGGTGAGCA.
Amplified DNA fragments were sequenced to confirm their iden-
tity and then subcloned into vectors. To generate antisense ribop-
robes for in situ hybridization analysis, PCRII-TOPO vector
(Invitrogen, Camarillo, CA) encoding mouse Cldn7 was linearized
using BamHI while pSC-A vectors (Strataclone, Agilent Technolo-
gies, North Torrey Pines Road La Jolla, CA) encoding mouse
Cldn16 and Cldn19 were linearized with Sma1, and the mouse Ret
vector was linearized with BamHI respectively. Digoxigenin
(DIG)-labeled UTP probes were generated in vitro using SP6 RNA
polymerase for Cldn7 and T3 RNA polymerase for Cldn16,
Cldn19 and Ret. Anti-DIG antibody conjugated to alkaline
phosphatase was used to detect duplexes of DIG-labeled antisense
riboprobe hybridized to claudinmRNA sequences. Treated samples
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were developed using nitro blue tetrazolium chloride, 5-bromo-4-
chloro-3-indolyl phosphatase substrate in NTMT. All kidneys
were photographed and E16.5 and P1 kidneys were processed for
cryosectionning. 15 mm frozen sections from E16.5 and P1 mouse
kidneys were counterstained with eosin and coverslipped with glyc-
erol-gelatin aqueous mounting medium (Sigma-Aldrich) for imag-
ing, while earlier time points were imaged as whole mounts.

Immunohistochemistry and immunofluorescence. E16.5, P1, and
P28 kidneys from CD1 mice were dissected, fixed in 6:3:1 (etha-
nol:water:formaldehyde) and processed for paraffin sectioning or

cryosectioned for immunofluorescent studies. Mouse anti-
Calbindin-D-28K (C9848, Sigma-Aldrich), rabbit anti-Claudin
7 (E10590, Spring Biosciences), rabbit anti-Tamm Horsfall gly-
coprotein/Uromodulin (BT-590, Biomedical Technologies Inc.),
and rabbit anti-Claudin-16 (34–5400, Invitrogen) were used at a
1:200 dilution. Rabbit anti-Claudin-19 antibody was generated
by Dr. J. Hou20 and used at a 1:200 dilution. Hematoxylin QS
(Vector Laboratories) was used as a counterstain. Color develop-
ment was performed using the Vectastain ABC kit (Vector Labo-
ratories). For the immunofluorescent studies, mouse anti-ZO-1
(339100, Invitrogen), mouse anti-Occludin (331500, Invitro-
gen), rabbit anti-Claudin-16 (34-5400, Invitrogen), and rabbit
anti-Claudin-19 (Dr. J. Hou) were used, each at a dilution of
1:50. Alexa Fluor 555 goat anti-mouse (A21127, Invitrogen) and
Alexa Fluor 488 goat anti-rabbit ( A11008, Invitrogen) were
used as secondary antibodies at a concentration of 1:100.

Nephron number assessment. P1 kidneys were dissected from
pups derived from Cldn7C/¡ heterozygous matings and trans-
genic Cldn16C/¡ crosses, fixed in formalin, dehydrated and then
paraffin-embedded for sectioning. Total nephron counts were
obtained by counting every tenth section as we have done previ-
ously. 21 Each kidney was sectioned in its entirety and serial sec-
tions of 7 mm thickness were obtained and stained with
hematoxylin and eosin. The sections were analyzed using Image J

Table 1. Claudin Primer Sequences used in RT-PCR

Gene Size Name of primer Sequence (50 to 30)

Claudin1 636 bp mCldn1-`F CCATGGCCAACGCGGGGCTGC
mCldn1-R TCACACATAGTCTTTCCCAC

Claudin2 693 bp mCldn2-F CCATGGCCTCCCTTGGCGTCC
mCldn2-R CACACATACCCAGTCAGGCTG

Claudin3 657 bp mCldn3-F CATATGTCCATGGGCTGG
mCldn3-R TCAGACGTAGTCCTTGCGGT

Claudin4 633 bp mCldn4-F CCATGGCGTCTATGGGACTAC
mCldn4-R TTACACATAGTTGCTGGCGG

Claudin5 420 bp mCldn5-F CCATGGGGTCTGCAGCGTTGG
mCldn5-R GGCGAACCAGCAGAGCGGCAC

Claudin6 660 bp mCldn6-F CCATGGCCTCTACTGGTCTGC
mCldn6-R TCACACATAATTCTTGGTGG

Claudin7 689 bp mCldn7-F CCATGGCCAACTCGGGCCTGCAAC
mCldn7-R TCACACGTATTCCTTGGAGG

Claudin8 678 bp mCldn8-F CCATGGCAACCTACGCTCTTC
mCldn8-R CTACACATACTGACTTTTGG

Claudin9 654 bp mCldn9-F CCATGGCTTCCACTGGCCTTG
mCldn9-R TCACACATAGTCCCTCTTATC

Claudin10 689 bp mCldn10a-F CCATGTCCAGGGCACAGATCT
mCldn10b-F CCATGGGTAGCACGGCCTTGG

696 bp mCldn10-R TTAGACATAGGCATTTTTATC
Claudin11 624 bp mCldn11-F CCATGGTAGCCACTTGCCTTC

mCldn11-R TTAGACATGGGCACTCTTG
Claudin12 735 bp mCldn12-F CCATGGGCTGCCGAGATGTCC

mCldn12-R TTAAGTGCTGTGTGAGACTAC
Claudin13 636 bp mCldn13-F CCATGGTCGTCAGCAAACAAG

mCldn13-R TCAAACATCTAAGGTATCG
Claudin14 720 bp mCldn14-F CCATGGCCAGCACAGCGGTCC

mCldn14-R TCACACGTAGTCATTCAGCC
Claudin15 684 bp mCldn15-F CATATGTCGGTAGCTGTGGAGACC

mCldn15-R CTACACGTATGCGTTTTTGC
Claudin16 708 bp mCldn16-F CATATGAAGGATCTTCTTCAGTACG

mCldn16-R TTATACTCTGGTGTCTACAGC
Claudin17 675 bp mCldn17-F CCATGGCTTTTTATCCCTTAC

mCldn17-R TTAGACGTAGCTGGTGGAAG
Claudin18 150 bp mCldn18-F TTCATCATCTCCGGCATCTG

mCldn18-R CAAAGGTGTACCTGGTCTGA
Claudin19 675 bp mCldn19-F CCATGGCCAACTCGGGCCTCCA

mCldn19-R TTACACACCCAGGGGGCCCT
Claudin20 660 bp mCldn20-F ATGGCCTCGGCAGGTCTCC

mCldn20-R TTACATGTAATCCTTCAAGTTATG
Claudin22 663 bp mCldn22-F CCATGGGCTTAGTCTTCCGAAC

mCldn22-R TTAGATTTCTGGATTGGCT
Claudin23 891 bp mCldn23-F CATATGCGGACGCCGGTGGTGATGACG

mCldn23-R CTACAGGTCGGAGTCACAGG
Claudin24 663 bp mCldn24-F CCATGGCTTTCATCTTCAGAACG

mCldn24-R TTACACTTTAGGCTGTACAGTTCC
b-actin 336 bp mb-actin-F CACAGCTGAGAGGGAAATC

mb-actin-R TCAGCAATGCCTGGGTAC

Figure 1. Temporal Expression Analysis of Claudins during Mouse
Kidney Development. (A) RT-PCR analysis of all claudin family members
in E13.5 mouse kidneys. b-actin (b) was used as a positive control and
RT-PCR reactions without the addition of RNA (lane 1) or with inactivated
reverse transcriptase (‘—’; lanes 1 and 2) served as negative controls. The
claudin family member is listed above each lane. Cldn18 was not ampli-
fied (data not shown). All RT-PCR amplicons were sequenced to confirm
identity. (B) RT-PCR analysis of Cldn7, Cldn16, and Cldn19 at different
stages of kidney development. b-actin was amplified as an internal con-
trol. Cldn7 and Cldn19 mRNA transcripts are expressed from embryonic
day (E) 11.5 onwards, whereas Cldn16 mRNA transcripts are expressed
from E12.5 onwards.
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(v1.36b). Individual glomeruli were identified by the presence of
a glomerular tuft with an adjacent Bowman’s capsule and were
counted using the point selection tool and the auto measure func-
tion. Every tenth section was counted, therefore the total neph-
ron number for each kidney was calculated by multiplying this
value by 10. The Student’s t-test was used for statistical analysis
of the data.

Results

Multiple claudins are
expressed during mouse
kidney development

To determine which clau-
din family members are
expressed during kidney
development, we performed
RT-PCR analyses using RNA
that was extracted from a pool
of mouse embryonic kidneys
at E13.5, a time point at
which both ureteric bud
branching morphogenesis and
nephrogenesis are well under-
way. The identity of all PCR
products was confirmed by
Sanger sequencing. At E13.5,
23 mouse Claudin family
members were expressed,
including Cldn7, Cldn16, and
Cldn19 (Fig. 1A). Claudin-18
was the only member that was
not amplified at this time
point. A more detailed expres-
sion analysis was performed
for Cldn7, Cldn16, and
Cldn19 to track their tempo-
ral expression in the embry-
onic and postnatal kidney.
The analysis revealed that
Cldn7 and Cldn19 are
detected at E11.5, while
Cldn16 was not detected until
E12.5 (Fig. 1B).

Claudin-7, -16, and -19
are expressed in specific
lineages during kidney
development

We examined the spatial
expression patterns of Cldn7,
Cldn16, and Cldn19 using in
situ hybridization at critical
stages of kidney development
including E9.5 when the
nephric duct is well-delin-
eated, E11 when the ureteric

bud first emerges from the nephric duct and invades the meta-
nephric mesenchyme and branches, and E12.5 and E13.5, when
there is more extensive ureteric bud branching morphogenesis
and early nephron precursors are detected. We also examined
E16.5 when the glomerulus becomes vascularised and nephron
segments begin to differentiate22 and postnatal day 1 to complete
the developmental expression analysis.

Figure 2. Spatial Expression Analysis of Cldn7, Cldn16, and Cldn19 mRNA Transcripts during Mouse Kidney
Development. (A-B) Whole mount in situ hybridization was performed on whole embryos at embryonic day (E)
9.5 and E11.0, and on whole kidneys at E12.5, E13.5, E16.5, and P1 for Cldn7, Cldn16, Cldn19, and Ret. E16.5 and P1
kidneys were cryosectioned at 15 mm thickness and counterstained with eosin. Cldn7 expression is observed in
the nephric duct (nd) at E9.5 and in the ureteric bud (ub) at E11.0. At E11.0, E12.5, E13.5 and E16.5 Cldn7 is seen
in the ureteric bud trunks and the tips. At P1, Cldn7 is detected mostly in ureteric bud tips, similar to Ret expres-
sion at the same stage. Cldn16 and Cldn19 transcripts are first detected at E16.5. Cldn16 is predominantly
expressed in late tubular structures, while Cldn19 is expressed in both early and late tubular structures that will
eventually become the Loop of Henle. On the far right schematic patterns are shown indicating a ureteric bud tip
pattern (Cldn7 and Ret), a late tubule pattern (Cldn16), and a combined early and late tubule pattern (Cldn19) as
described.23
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Figure 3. Protein Expression of Claudin-7 during Mouse Kidney Development. Immunohistochemistry was performed on paraffin-embedded sec-
tions taken from mouse kidneys at embryonic day (E) 16.5, postnatal day (P) 1 and P28 as shown. Claudin-7 is expressed in ureteric bud trunks and tips
at E16.5 and in distal tubular segments as well at P1 and P28, based on its overlapping expression with Calbindin-D-28K and with Uromodulin. A higher
magnification of the boxed regions are shown to the right of each image. Scale bar D 50 mm.
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Cldn7 was highly expressed within the nephric duct, the
emerging ureteric bud, the ureteric bud trunks and the tips,
but by P1, it was mostly detected in the ureteric bud tips
(Fig. 2A,B). Whereas Ret was limited to the tips of the ureteric
bud branches from E12.5-16.5, Cldn7 was expressed more
broadly at the tips as well as in the adjacent ureteric bud
trunks. At P1, the expression patterns of Ret and Cldn7 looked
more similar with both highly concentrated in the ureteric
bud tips.

While Cldn16 and Cldn19 were detected by RT-PCR begin-
ning at E12.5 and E11.5 respectively (Fig. 1B), whole mount
in situ hybridization failed to detect any signal for either tran-
script before E16.5 (data not shown), suggesting that their
expression is low. At E16.5, both Cldn16 and Cldn19 mRNA
transcripts were expressed in late tubular structures, one of 8
discernible patterns recently used to define gene expression pro-
files during kidney development (Fig. 2B).23 While both tran-
scripts demonstrated this pattern, Cldn19 transcripts were
detected more broadly and were also apparent in early tubular
structures. These early and late tubular structures give rise to
the Loop of Henle that progresses from an anlage, to a primi-
tive loop, and then to an immature loop prior to its final differ-
entiation.24-25

Protein expression was examined by performing immunohis-
tochemistry on paraffin-embedded sections and immunofluores-
cence on cryosections (Figs. 3–6). At E16.5 and at P1, CLDN7
was detected in uroepithelial cells in ureteric bud trunks and tips
and appeared to be expressed both apically and basolaterally
(Figs. 3 and 6). Similar expression was noted at P28, but here
CLDN7 was predominantly detected in distal tubular segments
based on its overlapping expression with Calbindin-D-28K and
with Uromodulin.24 Calbindin-D-28K protein is expressed by
the distal convoluted tubule, the connecting tubule and the col-
lecting duct, while Tamm Horsfall or Uromodulin protein is
expressed by the thin and thick ascending limbs of the Loop of
Henle.24 CLDN16 and 19 were strongly expressed in both the
primitive and the mature Loop of Henle at E16, P1 and P28 and
showed overlapping expression with Uromodulin that also
demarcates the Loop of Henle24 (Figs. 4 and 5). CLDN19
showed more broad expression at all stages examined and over-
lapped with both Calbindin-D-28K and Uromodulin (Fig. 5),
while CLDN16 did not show overlapping expression with Cal-
bindin-D-28K (data not shown). By immunofluorescence, it
was evident that all 3 claudins co-localize with both ZO-1 and
with Occludin, confirming their expression in tight junctions
(Fig. 6).

Nephron number assessment in mouse models lacking
Claudin-7 and Claudin-16

Based on their expression patterns during kidney develop-
ment, we examined mutant mouse models lacking Claudin-7
and Claudin-16 to determine if these mice had defects in neph-
ron formation. Crosses were established between Cldn7C/¡

breeders14 and kidneys from the newborn pup offspring were
sectioned for histology and total nephron number assessment.
Kidney sections from all of the pups including the homozygous

2

Figure 4. Protein Expression of Claudin-16 during Mouse Kidney
Development. Immunohistochemistry was performed on paraffin-
embedded sections taken from mouse kidneys at E16.5, P1 and P28 as
shown. Claudin-16 is expressed in primitive and mature Loop of Henle
tubules as indicated by its overlapping expression with Uromodulin at all
stages. A higher magnification of the boxed regions are shown to the
right of each image. Scale bar D 50 mm.
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Figure 5. Protein Expression of Claudin-19 during Mouse Kidney Development. Immunohistochemistry was performed on paraffin-embedded sec-
tions taken from mouse kidneys at E16.5, P1 and P28 as shown. Claudin-19 is expressed in primitive and mature Loop of Henle tubules as indicated by
its overlapping expression with Uromodulin at all stages. Claudin-19 shows broader expression than Claudin-16 and also overlaps with Calbindin-D-28K.
A higher magnification of the boxed regions are shown to the right of each image and show regions of overlap with Uromodulin or Calbindin-D-28K.
Scale bar D 50 mm.
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and heterozygous mutants appeared
grossly normal with no defects noted in
the extent of ureteric bud branching mor-
phogenesis or in the organization of the
cortex and the medulla. There was no sig-
nificant difference in nephron number
noted in kidneys when comparing wild-
type to heterozygous or to homozygous
null pups (Fig. 7A, mean nephron num-
ber C/¡ SD; wt: 5160 § 872 vs. hetero-
zygous: 5099 § 1312 vs. null: 4648 §
656, n D 7 kidneys/group P > 0.05).

A similar analysis was performed on
transgenic Cldn16C/¡ knockdown new-
born pups that were derived using RNAi18

to determine if they exhibited any evidence
of a renal malformation. Kidney sections
from wildtype and transgenic Cldn16
knockdown pups appeared grossly normal.
Assessment of nephron number revealed
no differences when comparing wildtype
and transgenic knockdown pups (Fig. 7B,
mean nephron number C/¡ SD; wt: 5220
§ 1328 vs. knockdown: 5682 § 2011,
nD 8 kidneys/group P> 0.05).

Discussion

Our data demonstrate that 23 mouse
claudin family members are expressed
during embryonic kidney development
and that Claudin-7, -16, and -19 have
specific and distinct expression patterns.
Despite Claudin-7’s expression within
the ureteric bud lineage and Claudin-
16’s expression within renal tubules, we
noted that neither of the mouse models
lacking these claudins showed evidence
of renal maldevelopment nor did they

Figure 6. Claudin-7, 16, and -19 Co-Local-
ize with Tight Junction Markers. Immuno-
fluorescence was performed on cryosections
taken from mouse P1 kidneys using antibod-
ies to Claudin-7, -16, and -19 and co-localiza-
tion was performed using antibodies to 2
tight junction markers, Occludin (A), and ZO-
1 (B). Claudin-7 is expressed apically and
basolaterally in ureteric bud tubules and is
co-expressed with both ZO-1 and Occludin.
Claudin-16 is expressed apically in Loop of
Henle tubules and is co-expressed with ZO-1
and Occludin. Claudin-19 is expressed api-
cally in Loop of Henle tubules and is co-
expressed with ZO-1 and Occludin. Dotted
white lines outline tubule segments. Scale
bar D 10 mm.
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demonstrate a deficit in nephron number. We therefore specu-
late that other claudin family members can compensate for a
lack of Claudin-7 and Claudin-16 during kidney development.

During the emergence of the ureteric bud and the subse-
quent steps of branching morphogenesis, individual cells
undergo cell shape changes to elicit the formation of buds and
branch points, although the forces that lead to these changes
are not well-characterized.26 The purse-string hypothesis sug-
gests that constriction of actin filaments on one side of an epi-
thelial cell will change its shape from columnar to triangular or
wedge-shaped,27-28 and this has been proposed as a mechanism
by which buds and branch points might form during ureteric
bud branching morphogenesis.10 The claudin family of

proteins are expressed within epithelial tight junction com-
plexes and are sufficient for the formation of tight junction
strands when ectopically expressed in fibroblasts.29 The ureteric
bud and its derivatives have tight junctions based on electron
microscopic images.11 We therefore speculate that claudin pro-
teins that are expressed in the ureteric bud lineage, including
CLDN3, CLDN4, CLDN7, CLDN8, and CLDN9,10,11 may
influence cell shape change during ureteric bud branching mor-
phogenesis via their C-terminal tails that interact with PDZ
domain adaptor proteins, like ZO-1 and MUPP1, to link tight
junctions to the actin cytoskeleton.3

Claudin-16 and Claudin-19 are expressed at later stages of
renal development in tubular segments that arise when the meta-
nephric mesenchyme undergoes mesenchymal-to-epithelial tran-
sition. Their expression patterns resemble that of Pou3f3
(Brn1)25 and Uromodulin24 such that taken together they define
a molecular network that specifies the Loop of Henle. Claudin-
19 has a broader expression pattern than Claudin-16 showing
overlapping expression with both Calbindin-D-28K and Uromo-
dulin, suggesting that in addition to its expression in the Loop of
Henle, it is expressed within the distal convoluted tubule and the
connecting tubule. A similar expression pattern for Claudin-19
has been shown by Lee et al. using a different antibody raised to
amino acids 23–39.30

Our analysis of Claudin-7 and Claudin-16 deficient mouse
models suggests that these 2 members are not essential for kidney
development. These studies do not eliminate the possibility that
they participate in the development and differentiation of the
nephrons and the collecting duct network, however other claudin
family members may be able to compensate for their absence.
Remarkably, many of the single claudin loss-of-function mouse
models exhibit very subtle physiological phenotypes that are
more restricted than their expression domains.3 In fact, very few
claudin mutations lead to abnormal renal physiology, in spite of
the fact that most claudins are expressed within the adult neph-
ron.13,31,32 This strongly suggests that claudins may function in
combination with other claudins to exert their effects on paracel-
lular transport. There is evidence that claudins can both hetero-
merize and homomerize within tight junctions to influence
paracellular transport,33 but thus far a deeper understanding of
how this influences cell and tissue function remains elusive.

So the question remains, why are so many claudins expressed
in the embryonic kidney? While it is possible that their only func-
tion is to establish the paracellular barrier, we hypothesize that
they are required for MET and branching morphogenesis during
nephron differentiation and establishment of the collecting duct
network. We propose that the absence of a renal developmental
phenotype following removal of a single claudin is due to func-
tional redundancy. Therefore, future studies will need to consider
knockdown of multiple claudins in combination to begin to elu-
cidate their roles during renal development.
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Figure 7. Nephron Number in Mouse Models with Mutations in Clau-
din-7 and Claudin-16. P1 kidneys were paraffin-embedded and sec-
tioned and stained with hematoxylin and eosin for nephron number
counts. (A) Total nephron number for the right kidney for each pup was
calculated from 6 litters and mean values C/¡ SD are shown. Kidneys
from Cldn7 ¡/¡ pups do not have fewer nephrons (n D 11 kidneys; 4648
§ 656 nephrons/kidney) compared to kidneys from wildtype pups (n D
7; 5160 § 872 nephrons/kidney, p D 0.174) or when compared to kidneys
from heterozygous pups (n D 27 kidneys; 5099 § 1312 nephrons/kidney,
p D 0.287). (B) Total nephron number for both kidneys for each pup was
calculated from 1 litter and mean values C/¡ SD are shown. Kidneys
from Cldn-16 C/¡ knockdown pups do not have fewer nephrons (n D
14; 5682 § 2011 nephrons/kidney) compared to kidneys from wildtype
pups (n D 16 kidneys; 5220 § 1328 nephrons/kidney, p D 0.458).
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