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Abstract

Claudin proteins are major constituents of epithelial and
endothelial tight junctions (TJs) that regulate paracellular
permeability to ions and solutes. Claudin 18, a member of the
large claudin family, is highly expressed in lung alveolar
epithelium. To elucidate the role of claudin 18 in alveolar epithelial
barrier function, we generated claudin 18 knockout (C18 KO)
mice. C18 KO mice exhibited increased solute permeability and
alveolar fluid clearance (AFC) compared with wild-type control
mice. IncreasedAFC inC18KOmicewas associatedwith increased
b-adrenergic receptor signaling together with activation of
cystic fibrosis transmembrane conductance regulator, higher
epithelial sodium channel, and Na-K-ATPase (Na pump) activity
and increased Na-K-ATPase b1 subunit expression. Consistent
with in vivo findings, C18 KO alveolar epithelial cell (AEC)
monolayers exhibited lower transepithelial electrical

resistance and increased solute and ion permeability with
unchanged ion selectivity. Claudin 3 and claudin 4 expression
was markedly increased in C18 KOmice, whereas claudin 5
expression was unchanged and occludin significantly decreased.
Microarray analysis revealed changes in cytoskeleton-
associated gene expression in C18 KO mice, consistent
with observed F-actin cytoskeletal rearrangement in
AEC monolayers. These findings demonstrate a crucial
nonredundant role for claudin 18 in the regulation of alveolar
epithelial TJ composition and permeability properties.
Increased AFC in C18 KOmice identifies a role for claudin 18 in
alveolar fluid homeostasis beyond its direct contributions to
barrier properties that may, at least in part, compensate for
increased permeability.
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In mammals, the alveolar epithelium
constitutes a unique interface between
air spaces and underlying lung tissue.
Lung alveolar epithelial cells (AECs)
interconnected by tight junctions (TJs)

regulate solute and water transport to
maintain alveolar fluid homeostasis, thereby
enabling normal gas exchange and
protecting the lung from inhaled hazardous
agents. TJs are located close to the apical cell

surface between adjacent AECs and seal
paracellular spaces. TJs are multiprotein
complexes that include transmembrane
proteins (e.g., claudins, occludin, and
junctional adhesion molecules) and
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intracellular accessory proteins (e.g., zonula
occludens [ZO] proteins), which link
claudins and occludin to the actin
cytoskeleton to stabilize TJs (1).

Claudins, constituting a family of
27 known members in the mouse, are
important regulators of TJ selectivity and
paracellular permeability to ions and solutes
(2, 3). The predominant claudins expressed
in alveolar epithelium are claudin 18,
claudin 3, and claudin 4 (4–6). Other
claudins, including claudin 5 and claudin 7,
are expressed by AECs at lower levels (4).
Different claudin family members have
distinct functions and tissue distribution
and interact with each other homotypically
(i.e., between identical claudins) and
heterotypically (i.e., between different
claudins) to regulate epithelial barrier
properties in a cell- and/or tissue-specific
fashion. In the lung, claudin 3 is expressed
primarily by alveolar epithelial type II
(AT2) cells, and higher expression of
claudin 3 was shown to decrease alveolar
epithelial barrier function as assessed by
transepithelial resistance (RT) and dye
flux measurements (5). Conversely,
overexpression of claudin 4 increased RT in
AEC monolayers compared with control
monolayers (5). Claudin 5 is highly
expressed in pulmonary endothelium,
whereas epithelial expression is low (7).
Claudin 5 has been suggested to contribute
to sealing between lung endothelial cells
(8); however, increased claudin 5
expression in AECs is associated with
leakier TJs (9). These studies highlight the
fact that individual claudin members
demonstrate properties that are highly
context dependent and that TJ properties
are determined by the precise composition
of claudin family members in a given
cell type.

High expression of claudin 18 (Cldn18)
has been described in lung and stomach
epithelium (10, 11), with lung-specific
(C18.1) and stomach-specific (C18.2)
isoforms of claudin 18 regulated by
alternative promoter usage. Deletion of
C18.2 in knockout (KO) mice was reported
to result in the loss of TJ strands and
increased paracellular H1 leak in the
stomach (12, 13). Recent studies of bone
formation in claudin 18 KO (C18 KO) mice
indicate a role for this gene as a negative
regulator of bone resorption and osteoclast
differentiation (14). Claudin 18 is
specifically expressed in lung epithelial cells,
whereas no expression is found in lung

endothelium (7). In distal lung, claudin
18 is expressed in alveolar epithelial type I
(AT1) and AT2 cells, with higher levels in
AT1 cells in rats (6). Although the specific
role of claudin 18 in alveolar epithelium
is unknown, increased claudin 18
localization to the cell membrane was
associated with higher RT in cultured
rat AECs (15). Given that AT1 cells
constitute . 95% of alveolar surface area
and express claudin 18 at high levels, these
findings imply a potentially important
role for this claudin in the regulation of
lung barrier function, although its specific
role in alveolar homeostasis has not been
evaluated in C18 KO mice.

To elucidate the role of claudin 18 in
alveolar epithelium, we generated mice
with ubiquitous KO of the Cldn18 gene
by crossing floxed claudin 18 mice to
a cytomegalovirus promoter-driven Cre
(CMV-Cre) deleter strain. Although C18
KO mice do not manifest respiratory
dysfunction at baseline, they demonstrate
increased alveolar epithelial permeability
and alveolar fluid clearance (AFC), whereas
AEC monolayers from C18 KO mice show
decreased RT and increased permeability
to ions and solutes, suggesting a central
nonredundant role for claudin 18 in the
regulation of alveolar barrier function and
fluid homeostasis.

Materials and Methods

Further details are provided in the online
supplement.

Generation of Cldn18 KO Mice
Mice harboring a floxed Cldn18 allele
(Cldn18F/F) were generated and crossed to
CMV-cre deleter mice, resulting in animals
with ubiquitous KO of Cldn18. Animal
protocols were approved by the
Institutional Animal Care and Use
Committee (IACUC) at the University of
Southern California.

Microarray Analysis of Human and
Mouse Gene Expression
Analysis of gene expression in human AEC
transdifferentiation was recently described
(16). Whole lung gene expression analysis
of wild-type (WT) versus C18 KO mice was
performed using the Illumina MouseRef8
v2 platform (Illumina, San Diego, CA).
Data are available in Table E3 in the online

supplement and under GEO record
GSE48443.

Mouse AT2 Cell Isolation and AEC
Monolayer Preparation
Primary AT2 cells were isolated from
mouse lungs, and mouse AEC monolayers
(MAECMs) were prepared and cultured
as previously described (17) with
modifications of laminin coating and
media serum concentration.

AFC
Mice were anesthetized and instilled
intratracheally with PBS with 5% BSA
(Sigma-Aldrich, Saint Louis, MO) and
0.25 mg/ml of BSA-Alexa Fluor 594
conjugate as tracer (Life Technologies,
Grand Island, NY). Alveolar fluid
was aspirated after 30 minutes, fluorescent
signals in instillate and aspirate were
measured, and AFC was calculated as the
ratio between signals in aspirate and
instillate.

MAECM Bioelectric Properties
RT (kV·cm2) and spontaneous potential
difference (PD, mV) were measured
between Days 4 and 6 in culture using
a volt-ohmmeter (EVOM; World Precision
Instruments, Sarasota, FL). Equivalent
short-circuit current (IEQ, mA/cm

2)
was calculated as IEQ = PD/RT. Ion
permeability was determined from
dilution and bi-ionic potentials measured
across MAECMs.

In Vitro and In Vivo Permeability Assays
In vitro MAECM permeability in the
apical-to-basolateral direction was
determined using 5-carboxyfluorescein
(molecular weight [MW] 376 Da) (Life
Technologies) and tetramethylrhodamine-
isothiocyanate-dextran (TRITC-dextran
[average MW, 155,000 Da]; Sigma-
Aldrich). Permeability in vivo was
determined by tail vein injection of
10 mg/kg of fluorescein-BSA (Life
Technologies), with measurements of
fluorescence in bronchoalveolar lavage
fluid (BALF) and serum 2 hours later.

RNA Isolation, RT-PCR, and qRT-PCR
Methods and primers are described in the
online supplement.
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Western Blot Analysis
Methods and antibodies are described in the
online supplement.

Immunofluorescence and
Confocal Microscopy
Methods and antibodies are described in the
online supplement.

ATPase Activity Assay of Whole
Lung Membranes
ATPase hydrolytic activity was determined
based on detection of inorganic phosphate
(Pi) using the Fiske method (18). Specific
Na-K-ATPase activity was calculated based
on ouabain-inhibitable activity. Activity
was corrected for initial protein amount
and expressed as mmol Pi/h/mg protein.
Details are provided in the online
supplement.

Ventilator-Induced Lung Injury
Details are provided in the online
supplement.

Statistical Analysis
Data are shown as means 6 SEM.
Significance (P, 0.05) for> 3 group means
was determined by one-way ANOVA,
followed by post hoc procedures based on
modified Student-Newman-Keuls tests. Two
group means were compared for significance
using Student’s t tests. Z-tests were used to
determine if ratiometric (i.e., normalized)
data were different from control.

Results

Generation and Verification of C18
KO Mice
We generated and verified ubiquitous C18
KO in C18 KO mice as described in detail in
the online supplement and as shown in
Figure E1.

Higher AFC in C18 KO Mice
AFC was 2.1 times greater in C18 KO mice
(48.4 6 4.5%/h; n = 5) than in WT mice

(23.1 6 1.9%/h; n = 5) at baseline (P ,
0.001) (Figure 1A, left columns). AFC
of WT and C18 KO mice decreased
significantly after administration of
amiloride (P , 0.05 for WT; P , 0.01 for
C18 KO), an inhibitor of epithelial sodium
channels (ENaCs) (Figure 1A, middle
columns). Although inhibition of AFC was
proportional between genotypes, amiloride-
sensitive AFC in absolute terms was
greater in C18 KO mice, suggesting
increased expression and/or activity of
ENaCs in KO lung. AFC of WT and C18
KO mice increased significantly with the
b2-adrenergic agonist terbutaline (P , 0.01
for WT; P , 0.001 for C18 KO) (Figure 1A,
right columns). Terbutaline stimulated AFC
proportionally in WT and C18 KO mice,
but the effect was larger in absolute terms
in the KOs. To further investigate the role
of b-adrenergic receptor (bAR) signaling in
mediating differences between genotypes,
we measured AFC in the presence of
propranolol, a bAR inhibitor. The

Figure 1. Increased alveolar fluid clearance (AFC) and lung permeability in claudin 18 knockout (C18 KO) mice. (A) AFC in C18 KO mice (n = 5) was about
2-fold higher than in wild-type (WT) mice (n = 5) at baseline (48.4 6 4.5%/h versus 23.1 6 1.9%/h; ***P , 0.001). Amiloride (0.3 mM) decreased
AFC significantly in WT (*P , 0.05) and C18 KO (**P , 0.01) mice compared with mice of the same genotype at baseline. Terbutaline (0.1 mM) increased
AFC significantly in WT (**P , 0.01) and C18 KO mice (***P , 0.001) compared with mice of the same genotype at baseline. (B) In a separate set of
experiments, AFC at baseline was 52.1 6 4.2%/h in C18 KO mice (n = 3) versus 31.6 6 1.6%/h in WT mice (n = 3) (***P , 0.001). In the presence of
the b-adrenergic receptor antagonist propranolol, there was no significant difference (NS) in AFC between C18 KO mice (24.6 6 0.8%/h; n = 3) versus
WT mice (19.2 6 1.6%/h; n = 3). CFTR(inh)-172 decreased AFC to 34.9 6 3.9%/h in C18 KO mice (n = 3) versus 30.7 6 2.7%/h in WT mice (n = 3),
a difference that was not significant. (C) In vivo permeability index of fluorescein-BSA from blood into alveolar spaces in C18 KO mice was
significantly higher (0.56 6 0.15; n = 9) than in WT mice (0.19 6 0.04; n = 6). *P , 0.05. (D) Wet-to-dry lung weight ratios of WT and C18 KO mice
were similar (4.63 6 0.54 [n = 34] in WT mice versus 4.48 6 0.23 [n = 33] in C18 KO mice; P = 0.14).
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Figure 2. Increased Na-K-ATPase activity and b1 subunit expression in C18 KO mice. (A) Ouabain-sensitive ATPase activity (attributed primarily to Na-K-
ATPase activity) was significantly higher (2.3-fold; **P , 0.01) in whole lung membranes from C18 KO (6.3 6 0.31; n = 3) versus WT mice (2.7 6 0.12;
n = 3). (B) Quantitative RT-PCR (qRT-PCR) analysis of WT and C18 KO whole lung demonstrates relative expression of Na pump subunits
(expression level of WT = 1.0). In C18 KO mice, expression of the b1 subunit increased by 61%, whereas a2, a3, and b2 subunits decreased by
56, 53, and 23%, respectively (*P , 0.05). Expression of a1 and b3 subunits remained unchanged. (C) qRT-PCR analysis of Na pump subunit gene
expression in freshly isolated AT2 cells from C18 KO mice demonstrates increased expression of b1 and a1 subunits of 30 and 14%, respectively,
whereas the a3 subunit was decreased (*P , 0.05) and a2, b2, and b3 subunits were unchanged compared with WT mice. (D) Western blot analysis
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difference in AFC between C18 KO and
WT mice was largely eliminated by
propranolol (Figure 1B), suggesting that
increased bAR signaling underlies higher
AFC in C18 KO mice. Previous studies
have provided evidence for a role of CFTR
in bAR-stimulated AFC (19, 20). To test for
involvement of CFTR, we measured AFC
in the presence of the inhibitor CFTR(inh)-
172, which had only a small effect on AFC
in WT mice (Figure 1B), consistent with
previous studies (21), but a significant effect
on AFC in C18 KO mice, which decreased
to levels similar to WT mice. These
CFTR inhibitor experiments suggest that
increased bAR signaling in C18 KO lungs
activates CFTR, resulting in higher ion
transport and AFC. We investigated if
increased bAR signaling is accompanied by
increased expression of the b2-adrenergic
receptor (b2AR) protein in C18 KO lungs.
Although there was a trend toward higher
levels of b2AR protein in C18 KO whole
lung samples, the difference did not achieve
statistical significance (Figure E3A),
suggesting that increased total b2AR
protein level was not the main cause for
elevated bAR signaling. Although Cftr
mRNA expression was increased in C18
KO lung 3.35-fold by microarray (Table E3)
and 5.88-fold by qRT-PCR (Figure E3B),
CFTR protein levels were not different
between genotypes (Figure E3C), suggesting
that increased CFTR activity in C18 KO
lung is the result of higher ion channel
activity in response to increased
b-adrenergic signaling.

Normal Wet-to-Dry Lung Weight
Ratios in C18 KO Mice Despite
Increased Solute Permeability
To measure lung permeability in vivo,
fluorescein-BSA was injected via tail vein
with subsequent measurement of
fluorescent signal levels in BALF. The
absence of claudin 18 resulted in a 2.9-fold
increase in lung permeability index in C18
KO versus WT mice (0.56 6 0.15 [n = 9]
versus 0.19 6 0.04 [n = 6], respectively;
P , 0.05) (Figure 1C). Despite higher
permeability in C18 KO lungs, no
difference between genotypes in wet-to-dry

lung weight ratios was found (Figure 1D),
likely due to higher AFC in KO mice.

Increased Na-K-ATPase Activity and
b1 Subunit Expression in C18
KO Mice
We observed a 2.3-fold increase (P , 0.01)
in ouabain-sensitive ATPase activity in
whole lung cell membrane preparations
from C18 KO versus WT mice, consistent
with increased Na-K-ATPase activity in
lungs of C18 KO mice (Figure 2A). By qRT-
PCR, the level of Na-K-ATPase b1 subunit
mRNA was significantly increased by
61% (P , 0.05) in C18 KO lungs, whereas
expression of a1 and b3 subunits was
unchanged (Figure 2B). The a2, a3, and b2
subunits were significantly decreased (P ,
0.05) in C18 KO lungs, although these
changes are likely of low functional
significance given the low lung expression
of these subunits. In isolated AT2 cells,
expression of b1 subunit was increased 30%
and a1 subunit by 14%, whereas a3 subunit
decreased (all P , 0.05) (Figure 2C).
Western blot analysis showed increased b1
subunit protein in whole lung (4.1-fold;
P , 0.001) (Figure 2D) and AT2 cell
membranes (2.4-fold; P , 0.001)
(Figure 2E). Higher Na pump expression
and activity most likely contributed to
increased AFC in C18 KO mice. In
contrast, analysis of b1 subunit mRNA and
protein expression in MAECMs revealed no
differences between C18 KO and
WT cells (Figures 2F and 2G).

Increased Ion and Solute Permeability
in MAECMs Derived from C18
KO Mice
We further characterized the role of claudin
18 in the permeability properties of alveolar
epithelium using MAECMs derived from
C18 KO versus WT mice. RT on Day 6 was
significantly lower in MAECMs from
C18 KO mice (Figure 3A), indicating
increased transepithelial ion permeability
in vitro. In contrast, active ion
transport was unchanged in monolayers
from C18 KO mice, as indicated by similar
IEQ in both genotypes (Figure 3B),
consistent with the observation of no

difference in b1 subunit expression
between C18 KO and WT MAECMs
(Figure 2F and 2G). We measured
permeability to solutes of two different
sizes, 5-carboxyfluorescein (MW, 376 Da)
and TRITC-dextran (average MW, 155,000
Da), in MAECMs from WT and C18 KO
mice. C18 KO monolayers exhibited
significantly higher permeability to
5-carboxyfluorescein and TRITC-dextran
(Figures 3C and 3D) compared with WT
monolayers. No differences between
genotypes were found in permeability ratios
for Na and Cl ions (PNa/PCl) and for Na
and K ions (PNa/PK) (Figures 3E and 3F).
However, calculated Na1, K1, and Cl2

permeabilities were higher across C18 KO
compared with WT MAECMs (Figure 3G),
consistent with decreased RT. These data
suggest a major role for claudin 18 in TJ
function in MAECMs.

Effects of C18 KO on Expression of
other Claudins and Occludin
Expression of claudin 3 mRNA in whole
lung was 1.8-fold higher (P , 0.05) in C18
KO versus WT mice (Figure 4A). Western
blot analysis demonstrated increased
expression of claudin 3 protein in C18 KO
mice in whole lung lysates (1.83-fold
increase [n = 4]; P, 0.001) (Figure 4B) and
in AT2 cell membrane fractions (1.75-fold
increase [n = 3]; P , 0.05) (Figure 4C).
Staining for claudin 3 in MAECMs (Day 6)
showed that loss of claudin 18 leads to
up-regulation of claudin 3 at the cell
membrane in AT1-like cells (Figure 4D).
Expression of claudin 4 mRNA was
increased in C18 KO lung (3.99-fold
increase [n = 3]; P , 0.05) (Figure 4E).
Claudin 4 protein levels in C18 KO lungs or
MAECMs were not determined due to
lack of specificity of all antibodies tested.
Claudin 5 protein levels in freshly isolated
AT2 cell membranes were unchanged in
C18 KO mice (Figure 4F). Expression of
occludin was 42% lower (P , 0.001) in C18
KO versus WT lung (Figure 4G), and
decreased occludin membrane localization
was observed in MAECMs (Figure 4H)
despite unchanged occludin mRNA (data
not shown).

Figure 2. (Continued). of whole lung for b1 Na pump subunit demonstrates about 4-fold greater protein levels in C18 KO versus WT mice. ***P , 0.001.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (E) Western blot analysis of AT2 cell membrane fractions shows significantly higher (2.4-fold)
b1 subunit expression in C18 KO versus WT mice. ***P , 0.001. (F) Analysis of b1 mRNA levels in mouse alveolar epithelial cell monolayers
(MAECMs) on Day 6 in culture shows no differences between genotypes. (G) Western blot analysis of whole cell lysates from Day 6 MAECMs
demonstrates that b1 protein level is unchanged in C18 KO versus WT mice.
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Figure 3. Decreased transepithelial electrical resistance (RT) and increased solute and ion permeability in MAECMs from C18 KO mice. (A) RT was
significantly lower across MAECMs from C18 KO mice (0.88 6 0.06 kV$cm2; n = 53) versus MAECMs from WT mice (1.86 6 0.10 kV$cm2; n = 51).
***P , 0.001. (B) There was no difference in IEQ between C18 KO (6.1 6 0.3 mA/cm2; n = 53) and WT (6.2 6 0.2 mA/cm2; n = 51) MAECMs. (C) In vitro

permeability (Papp) to 5-carboxyfluorescein of MAECMs from C18 KO mice (38 3 1028 6 1.3 3 1028 cm/s; n = 3) was significantly higher versus
MAECMs from WT mice (243 1028 6 0.53 1028 cm/s; n = 3). **P, 0.01. (D) In vitro tetramethylrhodamine-isothiocyanate (TRITC)-dextran permeability
(Papp) was significantly higher in MAECM from C18 KO mice (2.3 3 1028 6 0.03 3 1028 cm/s; n = 3) versus MAECM from WT mice (1.5 3 1028 6
0.15 3 1028 cm/s; n = 3). *P , 0.05. (E) PNa /PCl was not different between WT (1.37 6 0.06; n = 7) and C18 KO (1.52 6 0.04; n = 7) MAECM.
(F) No difference in PNa /PK was found between genotypes (1.01 6 0.01 versus 0.97 6 0.01 in WT [n = 7] and C18 KO [n = 7] MAECMs, respectively).
(G) Ion permeability was significantly higher in C18 KO compared with WT MAECMs (n = 7) for Na (***P , 0.001), Cl (*P , 0.05), and K (***P , 0.001).
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Figure 4. Increased claudin and decreased occludin expression in C18 KO lungs and alveolar epithelial cells. (A) qRT-PCR analysis of whole lung shows
that expression of claudin 3 mRNA is 1.8-fold higher in C18 KO versus WT mice. *P , 0.05. (B) Western blot analysis of whole lung demonstrates
significantly greater (z 2-fold) expression of claudin 3 protein in C18 KO versus WT mice. ***P , 0.001. (C) Western blot analysis shows significantly
greater (z 2-fold) expression of claudin 3 protein in freshly isolated AT2 cell membrane fractions derived from C18 KO versus WT mice. *P , 0.05. (D)
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Changes in other TJ-Associated
Proteins in C18 KO Mice
ZO-1 and ZO-2 are cytoplasmic TJ proteins
that directly bind transmembrane TJ
proteins (e.g., claudins and occludin),
adherens junction proteins, and the
cytoskeleton. No difference in expression of
ZO-1 or ZO-2 protein betweenWT and C18
KO mice was detected in whole lung or
whole lung membranes by Western blot
analysis (Figures 5A and 5B). We observed
increased separation of ZO-1 between
neighboring AECs of C18 KO mice (Figures
5C and E4). The separation distance in C18
KO mice was increased 77.0 6 1.2%
compared with WT mice (P , 0.05)
(Figure 5D). Increased separation of ZO-2
was also evident in C18 KO monolayers
(Figure E5). ZO-1 and claudin 3 were
colocalized, consistent with TJ separation
rather than with changes in subcellular
localization of ZO-1 or ZO-2 proteins
(Figure E6). These results suggest
alterations in TJ and intercellular adhesion
in monolayers formed by claudin
18–deficient AECs.

Cytoskeletal Changes in C18 KO
Lungs and AECs
We performed microarray gene expression
analysis of whole lung RNA from WT
and C18 KO mice, followed by Ingenuity
Pathway Analysis. Unsupervised
hierarchical clustering revealed that the
most variant genes allowed perfect
distinction between WT and C18 KO mice
(Figure E7). Differential gene expression
analysis between WT and C18 KO whole
lung revealed 145 genes (163 probes) with.
2-fold change in gene expression
(Figure 6A; Table E3). Pathway analysis of
the 145 genes by Ingenuity Pathway
Analysis revealed changes to a number of
cellular pathways in C18 KO lung. The
most significantly altered pathway in C18
KO lung was the actin cytoskeleton and
associated genes (Figure 6B); this finding is
potentially important because normal TJs
are stabilized by connection to the
cytoskeleton via intracellular accessory

proteins (mainly ZO proteins), which link
claudins and occludin to F-actin (1). Other
pathways significantly altered by claudin 18
depletion include cellular adhesion, Rho
signaling, and TJ signaling. We used
phalloidin staining to visualize F-actin in
MAECMs, noting increased phalloidin
staining intensity along the plasma
membrane of AECs from C18 KO mice
compared with WT control mice, with
lower cytoplasmic staining intensity
(Figure 6C). In some C18 KO cells, we
observed perinuclear actin aggregates from
which radial fibers projected toward and
connected with the cell plasma membrane
(Figure 6D), supporting the notion of
cytoskeletal rearrangements in C18
KO cells.

Lower Sensitivity to Ventilator-
Induced Lung Injury in C18 KO Mice
To investigate the consequences of acute
lung injury in mice deficient in claudin 18,
we subjected C18 KO and WT control
mice to ventilator-induced lung injury
(VILI). Total protein concentration in BALF
was used as a measure of injury after 3 hours
of volume-based VILI. There were no
differences between genotypes in BALF
protein levels in naive mice or in animals
ventilated under noninjurious conditions
(Figure 7A). In contrast, injurious
ventilation resulted in significantly lower
BALF protein levels in C18 KO mice
(0.53 6 0.06 mg/ml) compared with WT
mice (1.02 6 0.27 mg/ml), indicating that
C18 KO mice are less sensitive to VILI.
No significant differences in BAL cell
concentrations or in percent macrophages
were found between genotypes (data not
shown), which may be due to the short time
span (3 h) of ventilation. Pressure-based
VILI experiments yielded similar results
(data not shown). VILI has been shown to
be attenuated in Egr12/2 KO mice (22).
Our microarray analysis demonstrated that
expression of Egr1 was decreased 14.0-fold
in C18 KO mice (Table E3), and this
finding was confirmed by qRT-PCR, which
showed a 22.5-fold decrease in lungs of C18

KO mice (Figure 7B). These results suggest
that decreased Egr1 expression is likely an
important factor contributing to lower
sensitivity to VILI in C18 KO mice.

Discussion

We generated mice with KO of Cldn18,
a gene encoding the TJ protein claudin 18,
which is highly expressed in AECs,
particularly in AT1 cells (6). C18 KO mice
did not exhibit apparent respiratory
dysfunction at baseline. Despite increased
lung solute permeability, KO mice had
unchanged wet-to-dry weight ratios at
baseline. Absence of edema was most likely
due to the fact that AFC was substantially
increased in C18 KO mice, associated with
higher b-adrenergic signaling, increased
CFTR and ENaC activity, and elevated
ouabain-sensitive ATPase activity.
Expression of the Na-K-ATPase b1 subunit
in whole lung and AT2 cell membranes was
increased in C18 KO mice, whereas no
statistically significant changes in b2AR
and CFTR protein expression were found.
MAECMs lacking claudin 18 manifested
lower RT and higher transepithelial ion and
solute permeability. Changes in expression
of several components of the TJ
complex were detected in lungs of C18
KO mice, where expression of claudin
3 and claudin 4 increased and occludin
decreased, whereas ZO-1 and ZO-2 levels
were unchanged. Antibody staining of
C18 KO MAECMs for ZO-1 and ZO-2
showed increased distance between stained
domains in neighboring cells, the result
of increased TJ separation as evidenced
by claudin 3/ZO-1 double staining.
Microarray analysis revealed that the most
significantly altered pathway in C18 KO
lungs was the actin cytoskeleton, a result
supported by increased localization of
F-actin along cell membranes in C18 KO
MAECMs. These findings demonstrate
a crucial nonredundant role for claudin 18
in regulation of alveolar epithelial TJ
composition and alveolar fluid
homeostasis.

Figure 4. (Continued). Antibody staining for claudin 3 shows greater expression and membrane localization in C18 KO MAECM on Day 6 (confocal
micrographs). (E) qRT-PCR analysis demonstrates significantly higher (z 4-fold) claudin 4 mRNA expression in C18 KO versus WT lungs. *P , 0.05. (F)
Western blot analysis of claudin 5 expression in AT2 cell membranes demonstrates similar expression in WT and C18 KO mice. (G) Western blot analysis
of occludin protein expression shows a significant decrease in whole lung samples from C18 KO mice. ***P , 0.001. (H) Confocal microscopy
demonstrates lower levels of occludin localized at tight junctions in MAECMs derived from C18 KO mice.
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Increased Permeability of Alveolar
Epithelium in C18 KO Mice
C18 KO mice have higher permeability to
fluorescein-BSA, suggesting an important
barrier function for claudin 18 in vivo.
Claudin 18–deficient MAECMs exhibit
lower RT, higher ion permeability (K1,
Na1, and Cl2), and higher permeability to
small (5-carboxyfluorescein) and large
(TRITC-dextran) solutes compared with

MAECMs from WT mice. This alveolar
epithelial barrier dysfunction suggests
a unique role for claudin 18 in AEC TJ
formation and maintenance that is not
compensated by other claudins or TJ-
associated proteins. KO of the stomach-
specific form of claudin 18 (claudin 18.2)
led to increased H1, Na1, and Cl2

permeability (12), similar to the increase in
ion permeability found in AECs in this

study, although there was a slight increase
in Na1 versus Cl2 selectivity in stomach
epithelium that was not observed in AECs.
Permeability to solutes (biotin and 4 kDa
dextran) was unchanged in C18 KO
stomach epithelial cells, although we
observed increased permeability to small
and large solutes in MAECMs. These data
indicate context-dependent regulation of
TJ properties by claudin 18.

Figure 5. Zonula occludens (ZO)-1 and ZO-2 expression and localization in WT and C18 KO mice. (A and B) Western blot analysis of whole lung
membrane fractions for ZO-1 (A) and ZO-2 (B) shows similar expression levels in WT and C18 KO mice. (C) Immunofluorescence and confocal microscopy
reveal increased distance between ZO-1 localization in adjacent cells in MAECMs from C18 KO compared with WT mice on Day 10 (confocal
micrographs). Arrows indicate examples of gaps. (D) The distance between ZO-1 staining in adjacent alveolar epithelial cells was significantly higher in
C18 KO compared with WT MAECM. *P , 0.05.
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Increased AFC and b-Adrenergic
Signaling in C18 KO Mouse Lungs
C18 KO mice showed considerably higher
AFC than WT mice, reflecting increased
active ion transport in alveolar epithelium
despite increased permeability (23). The
increase in AFC in response to
b-adrenergic stimulation by terbutaline was
higher in C18 KO mice in absolute terms,
indicating a greater capacity to respond via
bAR. AFC in C18 KO mice was inhibited
by the bAR inhibitor propranolol, further
implicating bAR signaling in increased
AFC. Inhibition of CFTR largely eliminated
AFC differences between genotypes,
consistent with previous studies implicating
bAR signaling in the up-regulation of AFC
via activation of CFTR (19, 20). Although
Cftr mRNA expression was increased, we
did not find differences in CFTR protein
levels between genotypes, suggesting that
increased CFTR activity in C18 KO lung is
based on increased activity per channel.
This suggests a scenario whereby elevated
b-adrenergic signaling results in increased
levels of cAMP, activation of protein kinase
A, and phosphorylation/activation of
CFTR, leading to chloride absorption and
resultant increases in sodium and water
absorption. Amiloride-sensitive portions of
AFC were similar in C18 KO and WT
mice. However, because the rate of AFC is
higher in C18 KO mice, amiloride-sensitive
AFC is larger in absolute terms in the KO
mice, suggesting higher numbers and/or
increased activity (higher open probability)
of amiloride-sensitive ENaCs in C18 KO
lung. The importance of the Na pump in
AFC has been directly demonstrated by
increased AFC after overexpression of Na
pump subunits (24–28). b-Adrenergic
signaling has been reported to increase
transcription and translation of Na pump
subunit genes (29) and to mobilize
intracellular Na pumps for insertion into
the basolateral cell plasma membrane (30),
making b-adrenergic signaling a plausible
mechanism underlying increased
expression of Na pump subunit mRNA and
higher ouabain-sensitive ATPase activity
observed in C18 KO lungs. These results
suggest that elevated b2-adrenergic
signaling in C18 KO mice results in
increased CFTR, ENaC and Na pump
activity, and higher AFC. Increased Na
pump protein levels might also be related to
the observed cytoskeletal rearrangements in
C18 KO AECs. In this regard, plasma

Figure 6. (See figure legend on following page)
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membrane-associated proteins a-adducin
and ankyrin directly interact with Na
pumps (31–35) and are known to regulate
cytoskeletal dynamics (36, 37). Although
this possibility remains to be investigated,
alterations in expression or localization of
a-adducin and ankyrin as a result of
cytoskeletal rearrangements could affect Na
pump expression.

Mechanisms Underlying Increased
bAR Signaling and AFC
The fact that C18 KO mice were more
resistant to VILI makes it likely that
observed changes in AFC are more than just
compensatory to increased epithelial
permeability because compensatory
mechanisms would not be expected to
provide a protective advantage. Despite
higher AFC and increased ATPase activity
in lung membranes and higher expression of
the Na-K-ATPase b1 subunit in isolated
AT2 cells, no differences in IEQ or
expression of the b1 subunit were observed
between genotypes in MAECMs, likely
due to lack of catecholamines in our
serum-free culture conditions. In addition
to possible increases in circulating
catecholamines, observed cytoskeletal
changes could alter cellular responsiveness
to b-adrenergic signaling. In this regard,
an important function for the cytoskeleton
has been demonstrated during

internalization and recycling of the b2AR
protein (38). Although we did not
investigate increased expression of b1AR
protein in C18 KO lung, higher
b-adrenergic signaling via this receptor
remains possible (39).

Changes in Expression/Localization
of other TJs and TJ-Associated Proteins
Although decreased TJ localization of
claudin 18 could account for the observed
increases in epithelial permeability (40),
changes in other TJ and TJ-associated
proteins could contribute. Increased
expression of claudin 3 in TJs was recently
shown to decrease RT and to increase
permeability in rat AEC monolayers (5),
suggesting that the observed increase in
claudin 3 expression in MAECMs from our
C18 KO mice may have contributed to
compromised barrier properties. Analysis
of claudin 4 showed higher mRNA
expression in C18 KO lung. Although
claudin 4 has been suggested to decrease
ion permeability (5, 41, 42), this increase in
claudin 4 was unable to overcome the
effects of claudin 18 deficiency. Increased
expression of claudin 5 in rat AEC
monolayers has been associated with
higher epithelial permeability and lower
RT (9), but we did not observe changes
in claudin 5 expression in membrane
fractions from freshly isolated AT2 cells.

Expression of occludin, believed to be
important in regulating TJ solute
permeability (43), was significantly lower
in C18 KO lungs, and localization of
occludin at the cell membrane was
decreased in MAECMs, which may
also have contributed to increased
permeability in C18 KO lungs. Expression
of ZO-1 and ZO-2 protein in C18 KO
mice was similar to WT by Western blot
analysis. Antibody staining of MAECMs
for ZO-1 or ZO-2, as well as double
staining for ZO-1/claudin 3, revealed
increased separation between stained
domains in neighboring cells in C18
KO MAECMs, indicating disruption
of cell–cell interactions due to loss
of claudin 18. These results demonstrate
a nonredundant role for claudin 18 in
maintaining the structural and functional
integrity of TJs.

Links between TJs and Changes in
Rho Signaling, Cytoskeletal
Arrangement, and Permeability
The F-actin cytoskeleton is closely
associated with TJs and plays a critical role
in regulating structural and functional
properties of apical cell junctions (44).
Despite this known interdependence,
precise molecular interactions that serve
to stabilize the connection between the
cytoskeleton and TJ proteins are poorly
understood (37). MAECMs from C18 KO
mice demonstrated marked cytoskeletal
reorganization, as evidenced by increased
localization of F-actin along the cell
border as well as perinuclear aggregates
and radial F-actin fibers emanating from
these aggregates that appear to connect to
the plasma membrane. These findings are
similar to those observed in models of
calcium depletion leading to disassembly
of the apical junctional complex and
mediated by increased F-actin turnover
(45). This F-actin pattern also resembles
what has previously been reported in
podocytes subjected to experimental
mechanical stress and may be secondary
to disruption of TJ function as seen in

Figure 6. Cytoskeletal changes in C18 KO lungs and airway epithelial cells. (A) Log2 expression of genes in WT (x axis) versus C18 KO (y axis) mice.
Green = genes down-regulated > 2-fold; red = genes up-regulated > 2-fold in C18 KO lung. (B) Ingenuity Pathway Analysis. Length of bars in graph
indicates 2log10 of Benjamini-Hochburg (BH) corrected P value for enrichment of indicated pathway. The dotted line indicates the threshold border
of significance for enriched pathways. (C) Confocal micrographs show increased localization of F-actin to the plasma membrane in C18 KO MAECMs by
phalloidin staining. Areas magnified and shown in the lower panels are indicated by rectangles. Lower panels show z-stacks and distinct F-actin staining
close to the plasma membrane in C18 KO cells. (D) Z-max image (combined fluorescent signal in all z-planes) demonstrating perinuclear F-actin
aggregates (indicated by arrows) and radial fibers.

Figure 7. Decreased sensitivity of C18 KO mice to ventilator-induced lung injury. (A) Protein
concentration in bronchoalveolar lavage (BAL) fluid was measured in untreated (naive) mice and in
mice ventilated under noninjurious or injurious conditions. Under injurious conditions, BAL protein
concentration in WT mice was significantly (*P , 0.05) higher (1.02 6 0.27 mg/ml; n = 3)
compared with C18 KO mice (0.53 6 0.06 mg/ml; n = 3). (B) qRT-PCR analysis in whole lung
shows a 22.5-fold decrease in Egr1 mRNA expression levels in C18 KO mice (***P , 0.001).
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our KO mice (46). In that study, stress-
induced reorganization of F-actin was
prevented by Rho kinase inhibition,
suggesting a role for Rho activation in the
cytoskeletal changes observed in C18 KO
cells. Higher Rho activity affects the
cytoskeleton via Rho-associated
kinase–mediated phosphorylation of
cytoskeletal regulatory components (47),
which can result in increased paracellular
permeability (48). Rho activity is
regulated by guanine-exchange factors
(e.g., GEF-H1) that can be sequestered
by TJ proteins (e.g., cingulin) (49). TJs
can thereby negatively regulate Rho
activity and indirectly affect cytoskeletal
organization and paracellular
permeability. Changes in TJ composition
in C18 KO mice might therefore affect
the ability of TJs to sequester GEF-H1
and other factors involved in Rho
regulation. In addition, microarray
analysis indicated that pathways involving
the cytoskeleton, Rho and TJs signaling
were the most affected in C18 KO lung,
indicating important interactions
between TJs and the cytoskeleton at
a transcriptional level and through altered
protein–protein interactions. Further
analysis is needed to delineate how altered
gene expression in C18 KO lungs affects
cytoskeletal organization and TJ
composition.

Mechanisms Underlying Decreased
Sensitivity of C18 KO Mice to VILI
Despite higher lung permeability, C18 KO
mice are less sensitive to VILI compared
with WT mice as judged by lower BAL
protein concentrations. Microarray and
qRT-PCR gene expression analysis
revealed a large decrease in expression of
the transcription factor Egr-1 in C18 KO
lungs. EGR-1 activates expression of the
gene encoding prostaglandin E synthase,
an enzyme that increases synthesis of
prostaglandin E2, which exacerbates
inflammation and lung injury by
activating pulmonary prostaglandin E
receptor subtype 1 (22). Accordingly,
Egr-1 KO mice feature significantly lower
levels of injury in response to VILI (22),
suggesting that lower Egr-1 expression in
C18 KO mice is protective. Previous studies
have suggested that b-agonists enhance
adherens junctions and integrin-mediated cell
adhesion (50). Thus, increased b-adrenergic
signaling in C18 KO mice might result not
only in increased AFC but also in stabilization
of cell adhesion, which could contribute to
greater protection from stretch-induced lung
injury during VILI despite TJ-mediated
changes in ion and solute permeability.

Summary
Analysis of the lungs of mice lacking claudin
18 demonstrates a key nonredundant role
for this claudin in determining structural

and functional integrity of TJ in alveolar
epithelium. Together with increased
epithelial permeability and cytoskeletal
reorganization, C18 KO mice demonstrate
higher levels of AFC associated with
elevated bAR signaling and increases in
CFTR, ENaC, and Na-K-ATPase activities.
These studies indicate a major role for
claudin 18 in regulating alveolar epithelial
barrier properties and fluid homeostasis
and suggest that the mechanisms
underlying these roles involve interactions
with other claudins and TJ-associated
proteins as well as effects on cytoskeletal
arrangement and expression of
cytoskeleton-associated genes. n
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