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Abstract The tight junction (TJ) is the major determinant of
paracellular permeability, which in the gut protects the body
from entry of harmful substances such as microbial compo-
nents. In cystic fibrosis (CF), there is increased permeability
of the small intestine both in humans and in CF mice. To gain
insight into the mechanisms of increased intestinal permeabil-
ity in CF, I analyze the composition of the TJ in a cystic
fibrosis transmembrane conductance regulator (Cftr ) knock-
out mouse model. Significant changes in TJ gene expression
in the CF intestine were found for Cldn1 , Cldn7 , Cldn8 and
Pmp22 , which were expressed at lower levels and Cldn2 that
was expressed at a higher level. Protein levels of claudin-2
were increased in the CF intestine as compared to wild-type,
while other TJ proteins were not significantly different. In the
villus epithelium of the CF intestine, all TJ components ana-
lyzed were mislocalized to the basal cytoplasm and showed
varying degrees of loss from the TJ and apico-lateral surfaces.
The pore-forming claudin-2 in the CF intestine showed more
intense staining but was correctly localized to the TJ, princi-
pally in the crypts that are enlarged in CF. The cytokine
TNFα, known to affect TJ, was elevated to 160 % of wild-
type in the CF intestine. In summary, there is a dramatic
redistribution of claudin proteins from the TJ/lateral mem-
brane to the basal cytoplasm of the villus epithelium in the
CF intestine. These changes in TJ protein localization in CF
are likely to be involved in the increased permeability of the
CF small intestine to macromolecules and TNFα may be a
causative factor.
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Introduction

In the autosomal recessive genetic disease cystic fibrosis (CF),
the small intestine is affected in numerous ways that contribute
to impaired nutrition (De Lisle and Borowitz 2013), which in
turn affects the decline in airway function that is lethal in this
disease (Stallings et al. 2008). The CF gene product, the cystic
fibrosis transmembrane conductance regulator (CFTR), is a
cAMP-regulated anion channel required for adequate NaCl/
fluid and bicarbonate secretion. Loss of CFTR function results
in an acidic poorly-hydrated intestinal environment (De Lisle
and Borowitz 2013). This is believed to cause accumulation of
mucus in the intestine that becomes colonized and overgrown
by bacteria and leads to an inflammatory response (Norkina
et al. 2004a; De Lisle and Borowitz 2013).

The epithelium of the small intestine is a single cell layer
thick and is the key structure that separates the intestinal
lumen from the body proper. This epithelium is a selective
barrier that mediates uptake of digested nutrients but normally
excludes bacteria and their inflammatory components (e.g.,
lipopolysaccharide) (Camilleri et al. 2012). Specific trans-
porters in the enterocyte plasma membrane accomplish nutri-
ent uptake and electrolyte transport across the epithelium (e.g.,
Na+-coupled solute absorption, NaCl secretion and absorp-
tion) (Drozdowski and Thomson 2006), whereas the
paracellular pathway between neighboring epithelial cells is
a selective barrier controlling passage of macromolecules
(e.g., bacterial products) as well as electrolytes (especially
Na+) (Anderson and Van Itallie 2009).

The tight junction (TJ or zonula occludens) is the major
structural barrier to passage of materials through the
paracellular pathway (Anderson and Van Itallie 2009). Prop-
erties of the TJ are characteristic of specific epithelia and
reflect their particular functions. In the small intestine, the
epithelium has a relatively low electrical resistance (Markov
et al. 2010), which is probably involved in the small intestine’s
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nutrient absorptive functions (Wada et al. 2012). The compo-
nents of the tight junction are numerous, including occludin,
tricellulin (enriched at tricellular junctions and encoded by the
Marveld2 gene) (Ikenouchi et al. 2005), the junctional adhe-
sion molecule (JAM) proteins (Laukoetter et al. 2007) and the
large claudin family of which there are 24–27 members in
mammalian genomes (Gunzel and Yu 2013). The claudins are
the major determinant of electrolyte permeability through the
paracellular pathway (Gunzel and Yu 2013). Increased mac-
romolecule permeability is suggested to be caused by disrup-
tion of the TJ structure (Anderson and Van Itallie 2009). An
alternative hypothesis is that the tricellular junction where
three epithelial cells meet is the major route of macromolecule
permeation and that modulation of this junction controls such
passage (Krug et al. 2009), with a central role for the junc-
tional protein tricellulin (Ikenouchi et al. 2005).

The TJ is dynamic and alterations in its composition can
increase permeability of the epithelium and thus regulate
paracellular passage of electrolytes andmacromolecules. Such
changes can be acute, such as occur during intestinal absorp-
tion of monosaccharides (Berglund et al. 2001) or more
chronic such as occur in pathological states like inflammatory
bowel disease (Lameris et al. 2013; Suzuki et al. 2011). In
general, inflammation of the intestine causes increased per-
meability to macromolecules through the paracellular path-
way (John et al. 2011). This is controlled by several cytokines
(Suzuki et al. 2011; Al-Sadi et al. 2011; Mashukova et al.
2011; Beaurepaire et al. 2009) as well as by bacterial proteins,
including some enterotoxins, which affect the cytoskeleton or
components of the TJ (Guttman and Finlay 2009; Camilleri
et al. 2012; Takahashi et al. 2005). Changes associated with
increased permeability include altered expression of TJ com-
ponent genes (Lameris et al. 2013), often accompanied by
altered levels of TJ proteins (Zeissig et al. 2007) internaliza-
tion of some proteins away from the TJ (Bruewer et al. 2003).

Patients with CF exhibit intestinal inflammation (De Lisle
and Borowitz 2013; Werlin et al. 2010) and intestinal perme-
ability is also increased (Hallberg et al. 1997; van Elburg et al.
1996). My laboratory has shown that increased intestinal
permeability also occurs in the widely used mouse model of
CF, the Cftr knockout mouse (CF mouse) (De Lisle et al.
2011). These mice have bacterial overgrowth (Norkina et al.
2004a) and a mild inflammation (Norkina et al. 2004b). We
observed increased serum albumin (66 kDa) in the CF mouse
intestinal lumen and increased concentrations of fluorescent
dextran in the blood after gavage into the gastrointestinal tract
of CF mice, as compared to wild-type mice (De Lisle et al.
2011). The relative increase in fluorescence in the blood of CF
as compared to wild-type mice was greater using a large
(70 kDa) versus small (4 kDa) dextran, consistent with altered
paracellular permeability rather than transcellular transport
(Watson et al. 2001). To gain insight into the mechanisms of
increased intestinal macromolecule permeability in CF, I

investigated the expression at mRNA and protein levels and
the localization of components of the TJ in the CF mouse
small intestine.

Materials and methods

Mice

Mice heterozygous for a targeted null mutation in the Cftr
gene (Cftr tm1UNC; originally obtained from Jackson Labs, Bar
Harbor, ME, USA) (Snouwaert et al. 1992) congenic on the
C57BL/6 J background (generation 32) were bred to obtain
Cftr null (CF) and wild-type (WT) mice. Genotyping was by
tail snip DNA according to the protocol from Jackson Labs
(www.jax.org). All mice, including WT, were fed a liquid diet
to prevent lethal intestinal obstruction in CF mice (Eckman
et al. 1995). Mice were killed between 6 and 12 weeks of age
and both genders were used.

qRT-PCR

Total RNAwas isolated from the entire small intestine using
TRIzol reagent (www.invitrogen.com). Approximately 5 ng
of total RNAwas used as a template for a SYBR green-based
one-tube quantitative reverse transcription polymerase chain
reaction (qRT-PCR) (www.qiagen.com) in a Bio-Rad iCycler
(www.bio-rad.com). The housekeeping gene ribosomal
protein L26 (Rpl26 ) was used for normalization, the ΔΔCt

method with correction for differential PCR efficiencies was
used (28) and CF values are presented relative to WT values
set to unity. Primers used are given in Table 1. All primer pairs
were tested by serial dilution to determine PCR efficiency
and expected product size was verified by agarose gel
electrophoresis.

Western blot

Intestinal tissue was homogenized in 10 mMTris, pH 7.0 plus
HALT protease inhibitors (www.pierce.com) at a ratio of
10 mL/g tissue. Intestinal proteins were separated on SDS-
PAGE and transferred to PVDF membranes. The DNA con-
centration of the tissue homogenates, as determined using a
fluorometric assay for DNA (Cesarone et al. 1979), was used
to load equal amounts of samples. Blots were blocked in 5 %
dry milk solution, probed with the indicated primary antibody
followed by an alkaline phosphatase secondary antibody and
color developed using 5-bromo-4-chloro-3-indolyl phosphate
and nitroblue tetrazolium. The blots were then reprobed for β-
actin. Developed blots were dried and scanned with an HP
(www.hp.com) flatbed scanner and intensities quantified
using Optiquant software (Kodak, Rochester, NY, USA).
The staining intensity of each specific antibody was
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normalized to that for β-actin. The antibodies used were
against: occludin (www.invitrogen.com, #71-1500), claudin-
1 (www.abcam.com, #ab15098), claudin-2 (www.bioworlde.
com, #BS1066), claudin-3 (www.invitrogen.com, #34-1700),
claudin-5 (www.millipore.com, #ABT45), claudin-7 (www.
invitrogen.com, #34-9100), claudin-8 (www.invitrogen.com,
#40-0700), claudin-15 (www.invitrogen.com, #38-9200) and
β-actin (www.sigmaaldrich.com, #A-2066). It should be
noted that the antibodies against claudin-1 and claudin-3 were
both raised against C-terminal domains and these two claudins
share the last four amino acids. Therefore, there could be some
cross-reactivity between these antibodies and the other
claudin. An antibody against claudin-1 certified to not be
claudin-3 cross-reactive (www.invitrogen.com, #51-900) did
not work for western blot of mouse intestine (data not shown).
Similarly, the antibody to claudin-5 could also cross-react with
the related claudin-6; however, the mRNA abundance of
Cldn5 is about 80-fold greater than that for Cldn6 , based on
comparing Ct values from the qRT-PCR analysis (Table 1).

Indirect immunofluorescence

Intestinal samples from the proximal ileum (70 % of the
distance from the stomach to cecum) were fixed in 4 %
formaldehyde freshly prepared from paraformaldehyde,
cryoprotected in a graded sucrose series (Barthel and
Raymond 1990) and cryosections were prepared and collected
on gelatin chrome–alum-coated slides. Primary antibodies
(see above) were diluted in 2 % normal donkey serum and
applied for 1 h at 37 °C, followed by donkey FITC conjugated
secondary antibody plus 4′-6-diamidino-2-phenylindole
(DAPI) to label nuclei and Texas Red-phalloidin to label the
cortical F-actin cytoskeleton. Images were obtained using a

SPOT II digital camera (http://www.spotimaging.com) on a
Nikon Eclipse TE300 fluorescence microscope (www.
nikoninstruments.com).

Cytokine assay

Intestinal samples were homogenized in T-Per solution plus
HALT protease inhibitors (www.pierce.com). Protein
concentrations were determined using a micro-BCA assay
(www.pierce.com). Cytokines were measured using a
Luminex assay, performed by the Inflammatory Mediator
Core laboratory at Case Western Reserve University (http://
cf.case.edu/cores.html).

Statistics

Data are presented as means ± standard error of the means.
Values were compared by t test and P <0.05 was considered
significant.

Results

As an initial step to analyze the TJ in the CF mouse small
intestine, I interrogated our previously published
transcriptome analysis of CF compared to wild (WT) mouse
small intestine (dataset GSE765 at http://www.ncbi.nlm.nih.
gov/gds) (Norkina et al. 2004b) for tight junction genes. In the
microarray data of the CF intestine compared to WT, there
was a significant decrease in expression of Cldn8 , which is
expressed in the ileum (Fujita et al. 2006) and is a barrier-
forming claudin (Amasheh et al. 2009); a decrease in the
claudin family member peripheral myelin protein 22

Table 1 qRT-PCR Primers

Ct values are from primer charac-
terizations using ∼10 ng of total
RNA in the qRT-PCR reaction
and indicate relative mRNA ex-
pression levels in the WT small
intestine

mRNA Forward Reverse Ct bp

Ocln TCCGTGAGGCCTTTTGAA GGTGCATAATGATTGGGTTTG 31.3 68

Tjp1 CGCGGAGAGAGACAAGATGT AGCGTCACTGTGTGCTGTTC 17.8 93

Cldn1 CTTGACCCCCATCAATGC CACCTCCCAGAAGGCAGA 29.7 86

Cldn2 TGAACACGGACCACTGAAAG TTAGCAGGAAGCTGGGTCAG 21.5 61

Cldn3 GCAAGCAGACTGTGTGTCGT TACCGTCACCACTACCAGCA 24.0 110

Cldn4 GAGGGCTGGGGACCTAGA GCAAGACAGTGCGGAAAAG 27.6 60

Cldn5 ACGGGAGGAGCGCTTTAC GTTGGCGAACCAGCAGAG 23.1 66

Cldn6 TATCCTGTCCCAGTCCCAAG GTGCGTCTGTCCTGTGAGTTAC 29.4 62

Cldn7 GCTAAGAAGCCCAACACCAG TGCAAAATGTACGACTCGGT 20.8 92

Cldn8 GTGGATGTGGCCCTAAAGC CGCTGTGGTCCAGCCTAT 27.7 60

Cldn10 TGATCCTCTTTATATGGAGCAAAAG AGAAGCTCCTGCCCATCC 28.8 70

Cldn15 CCTAGAAAGAGGCCCAGGAA ACTGCTGGGACTTTCCGTC 23.3 106

Tricellulin
(Marveld2)

TTCCAGAAACGAAGGGTCAT AGGCTCCCACATCATTCTGA 26.7 99

Pmp22 AGCTGTCCCTTTGAACTGAAAC CCCCAACAAGAGTAGGAGCA 19.7 84

Rpl26 AATGGCACAACCGTCCAC CTTGTCGGGACTTGGCTTT 18.4 112

Cell Tissue Res (2014) 355:131–142 133

http://www.invitrogen.com/
http://www.abcam.com/
http://www.bioworlde.com/
http://www.bioworlde.com/
http://www.invitrogen.com/
http://www.millipore.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.sigmaaldrich.com/
http://www.invitrogen.com/
http://www.spotimaging.com/
http://www.nikoninstruments.com/
http://www.nikoninstruments.com/
http://www.pierce.com/
http://www.pierce.com/
http://cf.case.edu/cores.html
http://cf.case.edu/cores.html
http://www.ncbi.nlm.nih.gov/gds
http://www.ncbi.nlm.nih.gov/gds


(Pmp22 ), which is best known for its role in demyelinating
neuropathies but is also a component of epithelial TJs
(Notterpek et al. 2001) and affects paracellular permeability,
growth and migration of epithelial cells (Roux et al. 2005);
and a significant increase in expression of claudin-2 (Cldn2),
which is a Na+-selective pore-forming claudin (Amasheh et al.
2002) that is often upregulated in intestinal inflammation
(Denizot et al. 2012).

In addition to the genes changed on the microarrays of the
CF small intestine, other common TJ components and those
that have been reported to be altered in intestinal disease states
were analyzed by qRT-PCR to compare expression levels in
WT and CF mouse small intestine. These mRNAs include
Cldn1 , whose expression is increased in intestinal cell culture
by TNFα and which was associated with increased
paracellular permeability (Poritz et al. 2011); Cldn3 , whose
expression is associated with decreased permeability of the
intestine during postnatal maturation (Patel et al. 2012) and
with decreased permeability when transfected into a kidney
cell line (Milatz et al. 2010) and is also a target of Clostridium
perfringens enterotoxin (Takahashi et al. 2005), a bacterium
that is increased in the CF mouse small intestine (Norkina
et al. 2004a); Cldn4 , another target of C.perfringens entero-
toxin (Takahashi et al. 2005); Cldn5 , which is downregulated
and lost from TJs in Crohn’s inflammatory bowel disease
(Zeissig et al. 2007); Cldn6 , which is a barrier-forming
claudin associated with decreased cation permeability
(Gunzel and Yu 2013); Cldn7 , which is strongly expressed
in the gastrointestinal tract (Fujita et al. 2006) and in Cldn7 -
deficient mice there is disruption of the mucosa and inflam-
mation (Ding et al. 2012); Cldn10 , a pore-forming claudin
(Gunzel and Yu 2013); Cldn15 , which along with Cldn2 , is
crucial in supplying Na+ to the intestinal lumen to support
Na+-dependent nutrient uptake in the small intestine (Tamura
et al. 2008; Wada et al. 2012); tricellulin (Marveld2 gene),
which is the most abundant component of tricellular junctions,
which are proposed to have a major role in paracellular
macromolecule permeability (Krug et al. 2009; Ikenouchi
et al. 2005); Ocln , the earliest discovered TJ transmembrane
protein (Furuse et al. 1993); and Tjp1 , which encodes zonula
occludens 1 (ZO-1), an adaptor connecting transmembrane TJ
proteins to the actin cytoskeleton (Fanning et al. 1998;
Stevenson et al. 1986). The primers used and the Ct values
obtained for each using the same amount of input total RNA
from a WT intestine sample, as an estimate of relative tran-
script abundances, are listed in Table 1.

qRT-PCR analysis confirmed significantly increased
Cldn2 mRNA levels (Fig. 1b; P=0.005) and significantly
decreased Cldn8 (Fig. 1h; P=0.0009) and Pmp22 (Fig. 1m;
P=0.0028) mRNA levels. In addition by qRT-PCR, there was
also significantly less claudin-1 (Cldn1 ) expression (Fig. 1a;
P=0.005); Cldn1 was represented on the microarrays but the
signal strength was very low and the ‘call’ from the GCOS

software (www.affymetrix.com) was ‘Absent’, suggesting the
probe set on the microarray was not optimal for this mRNA.
Also by qRT-PCR, there was a significant decrease of ∼30 %
in Cldn7 (Fig. 1g; P=0.0077) expression but no changes in
mRNA levels of Cldn3 (Fig. 1c; P=0.658), Clnd4 (Fig. 1d;
P=0.562), Clnd5 (Fig. 1e; P=0.693), Cldn6 (Fig. 1f; P=0.
245), Cldn10 (Fig. 1i; 0.137), Cldn15 (Fig. 1j; P=0.065),
tricellulin (Fig. 1k; P=0.186), occludin (Ocln ; Fig. 1l; P=0.
481), or zonula occludens 1 (ZO-1 or tight junction protein 1,
Tjp1 ; Fig. 1n; P=0.522).

Next, selected TJ protein levels were measured by western
blot comparing CF to WT. Preliminary studies to see where
along the small intestine changes in TJ protein expression was
maximal showed that the proximal ileum (70% of the distance
from duodenum to terminal ileum) had the biggest differences
comparing CF to WT intestine (not shown). Therefore, the
proximal ileum of CF and WT intestines was used for subse-
quent analysis.

In the CF proximal ileum, there was not a statistically signif-
icant difference in the amount of occludin as compared to WT
(Fig. 2a, a', a"; P=0.256). In contrast, there was a marked and
significant increase in claudin-2 protein in theCF proximal ileum
(Fig. 2c, c', c"; P=0.0058). In contrast to the expression data,
there was not a significant change in the amount of claudin-1
protein by western blot (Fig. 2b, b', b"; P=0.337), or claudin-8
(Fig. 2g, g', g"; P=0.819). Also, there were not significant
differences for claudin-3 (Fig. 2d, d', d"; P=0.337), claudin-5
(Fig. 2e, e', e"; P=0.267), claudin-7 (Fig. 2f, f', f"; P=0.392), or
claudin-15 (Fig. 2h. h', h";P=0.342). Reliable antibodies against
Pmp22 could not be found, so the decrease in Pmp22 mRNA
expression in the CF intestine could not be confirmed at the
protein level. Also, a good commercially available antibody to
tricellulin was not identified so this TJ component was also not
further analyzed in the CF intestine. With the exception of
claudin-2, there were no significant changes in protein levels of
TJ components examined. Therefore, it was important to exam-
ine the localization of TJ proteins in the CF intestinal epithelium.

Indirect immunofluorescence was used to determine if
localization of TJ components was altered in the CF small
intestine. As expected, TJ proteins in the WT proximal ileum
were localized to the apico-lateral surface of the villus
enterocytes (Figs. 3, 4). As shown in the WT proximal ileum,
claudin-1 co-localizes with the F-actin cortical cytoskeleton
(stained with Texas Red phalloidin) as well as being along the
lateral plasma membrane surface (Fig. 3a, a', a"). In contrast,
in the CF proximal ileum, claudin-1 was largely absent from
the apico-lateral surface and instead there was immunoreac-
tivity in the basal cytoplasm of villus enterocytes (Fig. 3b, b',
b"). The F-actin cortical cytoskeleton was not noticeably
different in the CF proximal ileum villus epithelium (Figs. 3,
4). Localization of claudin-3 in the CF proximal ileum
displayed some loss of apico-lateral staining (Fig. 3d, d', d")
as compared toWT (Fig. 3c, c', c"), as well as accumulation in
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the basal portion of the enterocytes in the CF tissue (Fig. 3d,
d', d"). Localization of claudin-5 was strong at the TJ region
and with some lateral membrane staining in WT proximal
ileum (Fig. 3e, e', e"). In contrast, in the CF tissue most
staining for claudin-5 was in the basal cytoplasm (Fig. 3f, f',
f"). Localization of claudin-7 in WT proximal ileum was
mostly at the apical surface with some basal cytoplasmic
staining (Fig. 4a, a', a"). In contrast to WT, in the CF ileum,
there was very little apical claudin-7 localization and strong
staining in the basal cytoplasm (Fig. 4b, b', b"). Claudin-8 in
the WT tissue was strong at the apical surface with little basal
cytoplasm staining (Fig. 4c, c', c"), whereas localization of
claudin-8 in the CF ileum was strong in the basal cytoplasm
(Fig. 4d, d', d"). For occludin, in the WT tissue labeling was
strong at the TJ region as well as along the apico-lateral
surfaces (Fig. 4e, e', e"). In the CF proximal ileum, there
was still TJ labeling for occludin observed but there was less

lateral membrane signal and strong basal cytoplasmic immu-
noreactivity (Fig. 4f, f', f"), which was distinct from the WT
pattern.

In accordance with previous reports (Rahner et al. 2001),
claudin-2 was largely expressed in the crypt epithelium and
localized mainly to the apical surface in the WT ileum
(Fig. 5a, a', a"). Claudin-2 was normally localized in the CF
crypts to the apical surface (Fig. 5b, b', b") but the intensity of
labeling appeared greater and there was also more pronounced
staining of the lateral membranes. As previously reported
(Durie et al. 2004; De Lisle et al. 2007), the CF crypts were
noticeably larger than in the WT tissue (Fig. 5b and a,
respectively).

Finally, a Luminex multiplex enzyme immunoassay was
performed on homogenates of proximal ileum to measure
cytokines known to be involved in inflammation and in al-
tered TJ function. In the CF proximal ileum, there was a

Fig. 1 Gene expression levels of
TJ components in CF as
compared to WT small intestine.
Total RNA from the entire small
intestine of WT and CF mice was
used for quantitative RT-PCR (see
“Materials and methods” and
Table 1). a Cldn1 ; b Cldn2; c
Cldn3; d Cldn4 ; e Cldn5 ; f
Cldn6; g Cldn7 ; h Cldn8; i
Cldn10 ; j Cldn15; k Tricellulin
(Marveld2); l Ocln ;m Pmp22; n
Tjp1 (ZO-1). Data were
normalized to the mRNA for
Rpl26 (ribosomal protein 26),
fold changes were calculated by
the ΔΔCt method and data were
corrected for differential PCR
efficiencies. The data are
expressed relative to WT set to
unity. (*P <0.05) (n =10 WT and
10 CF samples)
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significant increase in TNFα (Fig. 6a; P=0.021), which is
known to alter TJs and increase permeability in cultured cells
(Poritz et al. 2011) and in the inflamed intestine (Mazzon and

Cuzzocrea 2008). On the other hand, IFNγ, also known to
increase TJ permeability (Watson et al. 2005), was significant-
ly decreased in the CF proximal ileum (Fig. 6b; P=0.0047).
The anti-inflammatory cytokine, IL-10, which indirectly de-
creases TJ permeability (Sun et al. 2008; Camilleri et al.
2012), was significantly decreased in the CF proximal ileum
(Fig. 6c; P=0.0431). And there was not a significant change
in IL-1β or IL-6 in the CF proximal ileum (Fig. 6d, P=0.467;
and 6e; P=0.0797, respectively).

Discussion

It is known that permeability is increased in the intestines of
people with CF and in CF mice. It was not known what is the
cause of this increased permeability. Recent wireless capsule
endoscopic results show that the small intestines of most
patients with CF have macroscopic evidence of inflammation
(Werlin et al. 2010). Some of the observed changes included
mucosal breaks and frank ulcerations, which would increase
mucosal permeability; however, whether these pathologies are
the sole source of increased permeability in CF is not known.
Also, in the CF mouse, with the exception of dramatic accu-
mulation of secreted mucus, the mucosa appears fairly normal
and mucosal breaks or ulcerations have not been reported
(Norkina et al. 2004a, b; Durie et al. 2004). Therefore, in this
work, I investigated whether the components of the tight
junction in the CF mouse small intestine were perturbed.

The results showed that, although mRNA levels of several
of the analyzed TJ genes had altered expression in the CF
intestine, the only change confirmed at the protein level was
the strong increase in claudin-2 protein in the CF proximal
ileum. Overall, the western blot data indicate that protein
levels of the abundant TJ components are not altered in the
CF proximal ileum, with the exception of claudin-2 that was
dramatically increased.

A TJ component whose mRNA was decreased in the CF
intestine is Pmp22. Pmp22 (peripheral myelin protein 22) is a
member of the PMP22/EMP/MP20/claudin, or pfam00822,
superfamily (Van Itallie and Anderson 2006) and a major
component of myelin in peripheral nerve fibers. It is synthe-
sized by Schwann cells and mutation or duplication of this
gene causes demyelinating neuropathy, most notably Charcot-
Marie-Tooth disease (Timmerman et al. 1992). Interestingly,
PMP22 is also expressed in epithelia (Notterpek et al. 2001)
and expression of Pmp22 in cultured kidney cells increases
macromolecule permeability while at the same time increasing
transepithelial resistance (Roux et al. 2005). The contrary
effects of Pmp22 on macromolecule and electrolyte perme-
ability have not yet been explained.While our microarray data
and qRT-PCR show that this gene is strongly expressed in the
WTmouse (Table 1) and significantly less so in the CFmouse
small intestine (Fig. 1m), we were unable to find a suitable

Fig. 2 Western blot quantification of TJ proteins in the proximal ileum of
the CF as compared to WT small intestine. Homogenates of proximal
ileum were separated on SDS-PAGE, transferred to PVDF membranes
and probed with antibodies against the indicated TJ proteins followed by
β-actin. Dried blots were scanned to measure intensity levels to calculate
TJ protein levels relative to β-actin (a"–h" ). a , a' Occludin; b , b'
Claudin-1; c , c' Claudin-2; d , d' Claudin-3; e , e' Claudin-5; f , f'
Claudin-7; g , g' Claudin-8; h , h' Claudin-15. (*P<0.05; n =4 WT and
4 CF samples)
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antibody to confirm this at the protein level or to investigate
whether localization of Pmp22 was altered in CF.

The most important changes observed in the CF ileum was
that immunolocalization of TJ proteins in the villus epithelium
showed a loss of claudins at the TJ/lateral membrane and the
appearance of immunoreactivity in the basal cytoplasm of the
CF villus enterocytes. Occludin was correctly localized to the
TJ in the CF intestine but there was loss of lateral membrane
localization and the appearance of increased basal cytoplasmic
immunostaining similar to that for the various claudins inves-
tigated. These data indicate that TJs in the CF intestine are
structurally abnormal with an accumulation of claudins and
occludin in the cytoplasm.

The prevailing view is that the claudin composition of a
tight junction creates pore-like structures that determine per-
meability to small (<4 Å) charged molecules, especially elec-
trolytes (Anderson and Van Itallie 2009). Paracellular passage

of macromolecules (>4 Å) is proposed to occur through
breaks in the structure of tight junctions (Anderson and Van
Itallie 2009). Nonselective flux of larger molecules can be
enhanced by cytokines without affecting the smaller pore-like
pathway (Watson et al. 2005). There is also evidence that this
nonselective pathway is controlled by the cytoskeleton, par-
ticularly the cortical F-actin that underlies the apical plasma
membrane and is attached to the junctional complex (Fanning
et al. 2012). There was no evident change in the F-actin
cortical cytoskeleton in the CF mouse intestine. However, in
other studies, interactions of CFTR protein with the PDZ
domain protein, NHERF1, have been shown to increase mu-
cosal barrier function, which was associated with reorganiza-
tion of the actin cytoskeleton in cultured airway cells
(Castellani et al. 2012). Therefore, analysis of PDZ domain
proteins (Rodgers et al. 2013) that link the TJ to the cytoskel-
eton deserves further attention in the future.

Fig. 3 Localization of claudin-1,
claudin-3 and claudin-5 proteins
in CF as compared to WT
proximal ileum by indirect
immunofluorescence.
Cryosections (5 μm) of proximal
ileum were stained using the
indicated antibodies against TJ
proteins followed by FITC-
secondary antibody (green, a–f),
plus Texas Red phalloidin for the
F-actin cortical cytoskeleton (red ,
a′–f′) and DAPI for nuclei (blue
in the merged panels a″–f″). a , c ,
e WT; b , d , f CF. a , b Claudin-1;
c , d Claudin-3; e , f Claudin-5.
The imaged areas are in the villus
epithelium. Representative of 4
WT and 4 CF mice. Arrowheads
indicate the apical surface
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An alternative hypothesis to the idea that disruption of the
tight junctions between two adjacent epithelial cells (bicellular
junctions) is responsible for paracellular macromolecule per-
meability is that the junctions formed where three epithelial
cells meet (tricellular junctions) control such passage (Krug
et al. 2009, 2013). The major component of the tricellular
junction is tricellulin (Ikenouchi et al. 2005). In the mouse
small intestine, by qRT-PCR, tricellulin (encoded by the
Marveld2 gene) was expressed at moderate levels (Table 1)
and the level of its expression was not different in the CF
mouse intestine (Fig. 1k). Unfortunately, a suitable antibody
was not obtained so neither levels of tricellulin protein expres-
sion nor localization could be investigated in the CF intestine.

In contrast to the cytoplasmic relocalization of TJ compo-
nents in the villus epithelium, the crypt epithelium in the CF
intestine had increased claudin-2 immunolocalization at the
TJ/lateral membrane. It is known that the crypts are
hypertrophied in the CF intestine (Durie et al. 2004; De
Lisle et al. 2007) and the increase in claudin-2 protein levels

may be partly explained by this hypertrophy. Claudin-2 is
considered a pore-forming claudin with high permeability to
Na+ (Amasheh et al. 2002). Importantly, luminal Na+ is re-
quired for efficient absorption of digested nutrients from the
intestinal lumen into the enterocyte (Wada et al. 2012). This is
because the uptake of most monosaccharides, amino acids and
peptides is Na+-dependent. Also, intestinal absorption of bile
acids for their enterohepatic recirculation is Na+-dependent
and bile acids are required for efficient fat assimilation. There-
fore, paracellular recycling of Na+ back into the intestinal
lumen is required for efficient intestinal nutrient absorptive
function. This is clearly demonstrated by the fact that mice
lacking both the Na+-selective pore-forming claudins 2 and 15
in the intestine die of malnutrition (Wada et al. 2012). While
nutritional deficits are common in patients with CF as well as
in CF mice, they are not fully understood (De Lisle and
Borowitz 2013). Because paracellular secretion of Na+ into
the gut lumen is dependent on Cl- transport through CFTR on
enterocyte apical membranes (Gawenis et al. 2004), there will

Fig. 4 Localization of claudin-7
claudin-8 and occludin proteins
in CF as compared to WT
proximal ileum by indirect
immunofluorescence.
Cryosections (5 μm) of proximal
ileum were stained using the
indicated antibodies against TJ
proteins followed by FITC-
secondary antibody (green, a–f),
plus Texas Red phalloidin for the
F-actin cortical cytoskeleton (red ,
a′–f′) and DAPI for nuclei (blue
in the merged panels a″–f″). a , c ,
e WT; b , d , f CF. a , b Claudin-7;
c , d Claudin-8; e , f Occludin.
The imaged areas are in the villus
epithelium. Representative of 4
WT and 4 CF mice. Arrowheads
indicate the apical surface
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be a deficiency in luminal Na+ in the CF small intestine. It
may be that upregulation of claudin-2 expression is a com-
pensatory response in CF to enhance paracellular Na+ flux
into the lumen.

Several mechanisms have been identified that can lead to
increased intestinal permeability, the major ones being various
cytokines produced during inflammation and substances produced
by the intestinal microbiota that can directly affect TJs and the
cortical actin cytoskeleton of the epithelium (Camilleri et al. 2012).
In the CF mouse intestine, inflammation results from microbial
dysbiosis (De Lisle et al. 2006; Norkina et al. 2004a), which is
defined as a change in the composition of the intestinal microbiota
from the normal healthy state. Microbial dysbiosis in the CF
mouse small intestine takes the form of bacterial overgrowth and
is characterized by loss of species richness and diversity, with
enrichment of bacterial families including Bacteroidaceae,
Mycobacteriaceae and Pseudonocardiaceae (Lynch et al. 2013).
These bacterial families are associated with gastrointestinal infec-
tion and with effects on the immune system.

Examination of cytokines known to influence paracellular
permeability revealed significantly elevated levels of the pro-
inflammatory TNFα and decreased levels of the anti-
inflammatory IL-10 in the CF mouse intestine. Anti-TNF
antibodies are an effective therapy for various inflammatory
conditions such as rheumatoid arthritis (Vinay and Kwon

Fig. 5 Localization of claudin-2
protein in CF as compared to WT
proximal ileum by indirect
immunofluorescence.
Cryosections (5 μm) of proximal
ileum were stained using the
indicated antibodies against TJ
proteins followed by FITC-
secondary antibody (green, a , b),
plus Texas Red phalloidin for the
F-actin cortical cytoskeleton (red ,
a′ , b′) and DAPI for nuclei (blue
in the merged panels a″ , b″). a
WT; b CF. The imaged areas are
in the crypt epithelium.
Representative of 4 WT and 4 CF
mice

Fig. 6 Measurement of cytokine levels in CF as compared to WT small
intestine. Tissue homogenates were prepared and processed for Luminex
analysis of the indicated cytokines (see “Materials and methods”). a
TNFα; b IFNγ; c IL-10; d IL-1β; e IL-6. (n =6 WT and 7 CF samples;
*P<0.05)
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2012) and inflammatory bowel disease (Hering and Schulzke
2009). The use of anti-TNF therapy in CF is not routine and in
fact there are only three case reports in the literature. In all
three reports, anti-TNF therapy was used in patients with CF
to treat comorbidities rather than CF itself. Two case reports
were of patients with CF who also had rheumatoid arthritis
(Visser et al. 2012; Casserly and Donat 2009) and one report
was of a patient that also had Crohn’s disease (Vincenzi et al.
2010). In all three patients, in addition to improving the
targeted problem, airway function was also stabilized or im-
proved and there was a decrease in the frequency of airway
exacerbations. Remission was achieved for the patient with
Crohn’s disease but whether intestinal permeability was also
improved in these patients was not addressed. The interpreta-
tion of the airway benefits of anti-TNF therapy in CF is that
TNF is greatly increased in the infected CF airways and this
cytokine has a major role in recruiting neutrophils, which is
one of the major pathogenic mechanisms of airway tissue
damage. In any case, because of the role of TNF in inflam-
mation and increased intestinal permeability, anti-TNF thera-
py may improve the intestinal barrier and have multifaceted
benefits in patients with CF.

Whether microbial dysbiosis in the CF intestine causes
increased permeability solely via inflammatory cytokines, or
also includes effects of microbial substances from dysbiosis,
such asC.perfringens enterotoxin (Takahashi et al. 2005), will
require further investigation to determine.

It is increasingly being recognized that the intestinal barrier
has a strong influence on systemic immunity and impaired
barrier function can contribute to pathologies distant from the
gut (Ivanov et al. 2009; Penders et al. 2007). Because there is
microbial dysbiosis and increased permeability in the CF intes-
tine, pro-inflammatory microbial products (e.g., lipopolysaccha-
ride) may become systemic and contribute to airway inflamma-
tion, which is the most serious pathology in CF. Therefore,
therapies targeted to improving the mucosal barrier of the intes-
tine may lead to overall health improvement in patients with CF.
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