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Abstract
Background & Aims—Inflammatory bowel disease (IBD) is a multifactorial disease thought to
be caused by alterations in epithelial function, innate and adaptive immunity, and luminal microbiota.
The specific role of epithelial barrier function remains undefined, although increased activity of
intestinal epithelial myosin light chain kinase (MLCK), which is the primary mechanism of tumor
necrosis factor (TNF)-induced barrier dysfunction, occurs in human IBD. We aimed to determine
whether in an intact epithelium, primary dysregulation of the intestinal epithelial barrier by
pathophysiologically relevant mechanisms can contribute to development of colitis.

Methods—We developed transgenic (Tg) mice that express constitutively-active MLCK (CA-
MLCK) specifically within intestinal epithelia. Their physiology, immune status, and susceptibility
to disease were assessed and compared to non-Tg littermate controls.

Results—CA-MLCK Tg mice demonstrated significant barrier loss, but grew and gained weight
normally and did not develop spontaneous disease. CA-MLCK Tg mice did, however, develop
mucosal immune activation demonstrated by increased numbers of lamina propria CD4+
lymphocytes, redistribution of CD11c+ cells, increased production of interferon (IFN)-γ and TNF,
as well as increased expression of epithelial MHC class I. When challenged with CD4+CD45+ Rbhi
lymphocytes, Tg mice developed an accelerated and more severe form of colitis and had shorter
survival times than non-Tg littermates.

Conclusions—Primary pathophysiologically relevant intestinal epithelial barrier dysfunction is
insufficient to cause experimental intestinal disease but can broadly activate mucosal immune
responses and accelerate the onset and severity of immune-mediated colitis.
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INTRODUCTION
Increased intestinal permeability, or barrier dysfunction, was recognized in patients with
Crohn’s disease (CD) over 25 years ago.1 The presence of barrier dysfunction in some first-
degree relatives of CD patients has caused some to suggest that barrier dysfunction may
contribute to disease.2–5 Given that permeability increases in CD relatives and patients with
quiescent disease are limited to small molecules,2, 4 are generally less than two-fold,2–4, 6
and are undetectable in some studies,7 there has been considerable controversy regarding the
significance of barrier defects in CD patients and their relatives. As permeability defects can
be induced by inflammation,8 the debate as to whether barrier dysfunction is a cause or effect
of disease continues.4, 9

Data from experimental models, such as the IL-10−/− mouse, demonstrate that primary immune
defects can cause barrier loss that precedes overt disease.10 Similarly, CD patients with
quiescent disease and increased intestinal permeability relapse at greater rates than quiescent
CD patients without increased permeability.11, 12 Thus, barrier loss may occur secondary to
clinically-inapparent immune dysfunction and predict disease onset in CD patients and
experimental models of disease. However, no studies have examined disease risk in healthy
CD relatives with increased permeability compared to healthy relatives without increased
permeability. Therefore, the role of increased intestinal permeability to small molecules in CD
pathogenesis remains controversial.

A landmark study of mosaic mice expressing dominant negative N-cadherin showed that
intestinal epithelial dysfunction can cause experimental inflammatory bowel disease (IBD).
13 Although barrier function was not measured in this model, it was almost certainly perturbed,
as dominant negative N-cadherin expression disrupted cell-cell and cell-matrix contacts as well
as enterocyte differentiation and polarization.13, 14 The conclusion that gross epithelial
dysfunction can cause intestinal disease is also demonstrated by the DSS model of colitis, in
which severe mucosal damage occurs prior to the onset of inflammation,15 as well as TNBS-
induced colitis, which requires gross epithelial disruption by ethanol.16 Thus, barrier
disruption in many disease models is secondary to severe damage that includes areas of
ulceration with nearly complete epithelial loss. Such barrier loss is quantitatively massive and
very different from the defined changes in paracellular permeability that occur in CD patients
and, more critically, their healthy first degree relatives. Thus, the barrier defects induced by
global epithelial dysfunction or damage do not address the significance of increased
paracellular permeability in CD patients and their relatives.

The principal determinant of paracellular permeability in an intact epithelium is the
intercellular tight junction. Unfortunately, no available experimental models target intestinal
epithelial tight junction barrier function without disrupting other critical cellular functions.
This deficit has limited our understanding of the role of barrier dysfunction in disease initiation
and perpetuation. The two primary pathways of tight junction regulation described in IBD
involve acute changes mediated by the cytoskeleton and more chronic changes induced by
modifications in claudin protein expression.17 Both mechanisms can be triggered by cytokines.
TNF-induced barrier loss is primarily due to myosin II regulatory light chain (MLC)
phosphorylation by MLCK, both in vitro and in vivo.18, 19 The presence of increased MLC
phosphorylation in IBD patients20 indicates that this mechanism is relevant to human disease.

To assess the role of barrier dysfunction in disease initiation and perpetuation, we developed
a transgenic (Tg) mouse expressing constitutively-active MLCK (CA-MLCK) within intestinal
epithelia. This CA-MLCK expression triggers MLC phosphorylation and increases intestinal
epithelial tight junction permeability. The increased permeability is qualitatively and
quantitatively similar to that observed in healthy relatives of CD patients, and therefore, these
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mice represent a targeted model to assess the effects of tight junction barrier dysfunction on
intestinal disease. CA-MLCK Tg animals are clinically normal. However, the targeted barrier
defects induced by epithelial CA-MLCK expression trigger increased production of
proinflammatory and immunoregulatory cytokines, expansion of lamina propria CD4+ T cells,
and redistribution of CD11c+ cells within the intestinal mucosa. Moreover, adoptive transfer
colitis develops more rapidly and disease severity is increased in CA-MLCK Tg mice. These
data, therefore, show that primary tight junction dysfunction can trigger subclinical mucosal
immune activation. Moreover, these events enhance disease progression when combined with
a second, non-epithelial defect, emphasizing the critical interplay between the epithelium and
immune system in maintaining intestinal homeostasis.

MATERIALS AND METHODS
Generation of CA-MLCK Tg mice

The constitutively-active MLCK construct21 was ligated into the p3xFLAG CMV10 vector
(Sigma) to place 3X FLAG at the N-terminus and introduced into a vector containing the
intestinal epithelial cell-specific 9kB villin promoter.22 Tg and wildtype (WT) mice were
maintained in an SPF facility and studied with IACUC approval.

Immunofluorescence
Frozen sections were fixed in 1% paraformaldehyde, blocked, and incubated with antibodies
against FLAG, phosphorylated MLC, BrdU, Ki-67, CD4, Gr-1, CD68, CD11c, junctional
adhesion molecule-A (JAM-A), claudin-1, occludin, ZO-1 (Abcam, AbD Serotec, BD
Biosciences, eBioscience, Invitrogen, Neomarkers) followed by appropriate Alexa dye-
conjugated secondary immune reagents, Alexa dye-conjugated phalloidin, and Hoechst 33342
(Invitrogen).18 Mice were injected intraperitoneally with 25mg/kg BrdU and sacrificed at
indicated times after injection. Sections were incubated for 15min with 2N HCl prior to
immunostaining. For morphometry, at least 10–15 fields or crypts from ≥3 mice were
examined.

Intestinal permeability
Jejunal permeability was determined as previously described.18 Colonic permeability was
assessed as sucralose and creatinine fractional recovery over 16h following gavage with 15mg
creatinine and 9mg sucralose.23, 24

Flow cytometry
Intraepithelial lymphocytes and lamina propria lymphocytes were isolated and stained as
described.25 Recovered cells were evaluated using a BD FACSCalibur (BD Biosciences). Data
were normalized to the mean values for WT mice.

Quantitative PCR
Minced proximal colon was sonicated in TRIzol and RNA extracted with chloroform,
precipitated, and further purified using an RNeasy mini kit (Qiagen). cDNA was synthesized
with reverse transcriptase (Invitrogen) and mRNA was quantified by SYBR green realtime
PCR (BioRad) using validated primers.

Serum endotoxin assay and microbiological culture
Serum endotoxin was measured by limulus amoebocyte lysate assay (Cape Cod Associates)
and was >4 U/ml in septic mice. Blood was cultured aerobically on Brucella agar (BD
Biosciences). Spleen and mesenteric lymph node homogenates were plated and cultured
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aerobically on brain-heart infusion and MacConkey agar and anaerobically on Brucella agar.
Numerous colonies were identified on all plates from septic controls.

CD4+CD45Rbhi colitis model
CD4+CD45Rbhi and CD4+CD45Rblo splenocytes were isolated using a MoFlo Cell Sorter
(Beckman Coulter) and 500,000 cells were injected intravenously into 6wk old mice. Sections
of proximal colon were processed routinely, stained by H&E, and were scored
semiquantitatively from 0 to 3 each for lymphoid infiltrates, polymorphonuclear infiltrates,
transmural inflammation, mucosal hyperplasia, epithelial mucin depletion, epithelial
apoptosis, erosions, and crypt architectural distortion. IFN-γ and TNF protein was assessed in
tissue lysates by ELISA (eBioscience).

Data analysis
All data are presented as mean ± SE. All experiments were performed with triplicate or greater
samples, and data shown are representative of 3 or more independent studies. P value was
determined by Student’s t-test, Fisher’s exact test, or the logrank test (survival) and considered
significant if less than 0.05.

RESULTS
To develop a model system in which intestinal tight junction permeability was increased via a
targeted, pathophysiologically-relevant mechanism, we established Tg mice expressing a CA-
MLCK expressed under control of the 9 kB villin promoter (Fig. 1A). CA-MLCK was
expressed strongly in small intestine and colon, but was only detected faintly in kidney (Fig.
1B). No CA-MLCK expression was detected in brain, lung, heart, or liver (Fig 1B).
Immunofluorescence microscopy confirmed that intestinal CA-MLCK expression was
exclusively epithelial (Fig. 1C). CA-MLCK expression in the kidney was below the level of
detection by immunofluorescence microscopy (data not shown).

CA-MLCK causes intestinal epithelial MLC phosphorylation and barrier regulation
In vitro CA-MLCK expression is sufficient for regulation of tight junction barrier function.
21 CA-MLCK Tg mice are far more complex and compensatory changes to prevent or correct
MLC phosphorylation induced by CA-MLCK may occur. We therefore assessed MLC
phosphorylation spatially and quantitatively. MLC phosphorylation was increased, primarily
within the perijunctional actomyosin ring, of jejunal and colonic epithelia in CA-MLCK Tg
mice (Fig. 2A). Quantitative analysis showed 76% and 51% increases in MLC phosphorylation
in isolated jejunal and colonic epithelia, respectively (Fig. 2B, C; P<0.01). These increases are
comparable to those observed following expression of CA-MLCK in cultured monolayers21
and to previously-reported in vitro and in vivo increases in MLC phosphorylation.18, 26 To
verify that the increased MLC phosphorylation was due to MLCK, jejunal and colonic
segments were perfused with the specific MLCK inhibitor PIK.19 This completely reversed
Tg-induced increases in MLC phosphorylation (Fig. 2B, C; P<0.05). Thus, increased MLC
phosphorylation observed in jejunal and colonic epithelia of CA-MLCK Tg mice is the result
of CA-MLCK enzymatic activity and not secondary compensatory changes.

To assess the effects of CA-MLCK Tg expression on jejunal paracellular permeability, an
established in vivo perfusion system was used.18 CA-MLCK Tg mice demonstrated a 65%
increase in paracellular flux, corresponding to an 0.11μg/cm/h increase in BSA efflux (Fig.
2D; P<0.01), similar to the 0.17μg/cm/h increase induced by 5 μg TNF.27 Inclusion of PIK in
the jejunal perfusion solution completely corrected the barrier defect in CA-MLCK mice (Fig.
2D; P<0.01), demonstrating that CA-MLCK enzymatic activity is the direct cause of increased
paracellular permeability.
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Technical limitations preclude analysis of colonic paracellular permeability by in vivo
perfusion. Instead, fractional urinary recovery of sucralose and creatinine was assessed in a
manner similar to the assay used in CD patients and relatives. Creatinine and sucralose recovery
in CA-MLCK Tg mice was 154% and 170% of WT mice, respectively (Fig. 2E; P<0.02). These
are comparable to the 139% increase in PEG-400 recovery reported in CD patients.2 Thus,
CA-MLCK expression causes increases in small intestinal and colonic paracellular
permeability that are quantitatively and qualitatively similar to those present in CD patients
and their relatives.

Tight junction morphology is intact in CA-MLCK Tg mice
We have previously reported that CA-MLCKexpression in cell monolayers causes only mild
alterations of tight junction structure.21 To assess this in vivo we examined the distributions
of claudin-1, occludin, ZO-1, and JAM-A in CA-MLCK Tg mice (Fig. 3). The localization of
these tight junction proteins in both crypt and surface epithelium of CA-MLCK Tg mice was
similar to that in WT littermates.

Chronically-increased paracellular permeability is insufficient to cause disease
CA-MLCK Tg pups were born in the expected Mendelian proportions and grew and gained
weight identically to gender-matched littermates (Fig. 4A) and were without histopathologic
disease as late as 52 weeks of age (Fig. 4B). To exclude accelerated epithelial turnover, Ki-67
expression was assessed and found to be limited to the crypt and transit-amplifying cell
populations (Fig. 4C, D). BrdU incorporation was used to independently assess epithelial
proliferation and migration and there was no difference between CA-MLCK Tg and WT mice
(Fig. 4E, F). Thus, CA-MLCK Tg mice are free of intestinal disease and represent a unique
opportunity to study the impact of pathophysiologically-relevant barrier dysfunction on
mucosal homeostasis.

Increased paracellular permeability alters lamina propria immune status
To assess the activation status of the mucosal immune system, intraepithelial and lamina
propria lymphocytes were isolated. Small increases in the fraction of CD69+ and CD62Llo

expressing cells were present among CD4+ intraepithelial lymphocytes and CD8+ lamina
propria lymphocytes, respectively (Fig. 5A, B; P<0.02). While statistically significant, these
changes are small and were only present in the minority T cell population in each compartment.
Thus, we sought to better assess absolute numbers of mucosal lymphocytes. A 40% increase
in numbers of lamina propria CD4+ lymphocytes was present in CA-MLCK Tg mice (Fig. 5C;
P<0.03), suggesting mucosal immune cell recruitment or proliferation secondary to barrier
dysfunction.

Further characterization of CA-MLCK Tg mice demonstrated a mild increase in numbers of
mucosal neutrophils, assessed by Gr-1 immunostaining, although this was not statistically
significant (Fig. 5D; P>0.1). There were also no differences in total numbers of mucosal
macrophages, detected by CD68 expression (Fig. 5E) or dendritic cells, assessed as CD11c+

cells (Fig. 5F). However, there was a striking redistribution of CD11c+ cells to the superficial
lamina propria of CA-MLCK Tg mice. Only 26% of mucosal CD11c+ cells were present in
the luminal half of the lamina propria in WT mice, while 58% of CD11c+ cells were present
in the superficial half of the lamina propria in CA-MLCK Tg mice (Fig 4F; P<0.01). Although
macrophages can express CD11c, the lack of change in the number and distribution of
CD68+ macrophages suggests that the differentially-distributed CD11c+ cells are dendritic
cells. Thus, epithelial CA-MLCK expression triggers mild mucosal immune activation.
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Subclinical mucosal immune activation is present in CA-MLCK Tg mice
To further characterize mucosal immune activation induced by CA-MLCK expression,
cytokine expression was assessed. At 3wks of age mucosal production of IFN-γ, TNF, IL-4,
IL-5, IL-10, IL-17, IL-23, and TGF-β transcripts was identical in Tg and littermate control
mice (Fig. 6A). By 6wks of age all mice displayed increases in mucosal transcripts for IFN-
γ, TNF, IL-10, and TGF-β relative to the levels measured at 3wks of age (P<0.05). While TGF-
β transcript increases were similar in CA-MLCK Tg mice and WT littermates, IFN-γ, TNF,
and IL-10 transcripts were significantly greater in 6wk old CA-MLCK Tg mice than WT
littermates (P<0.03). These differences persisted at 52wks of age. Increased numbers of lamina
propria CD4+ T lymphocytes in CA-MLCK Tg mice could not explain increased cytokine
transcripts, as the 40% increase in CD4+ lymphocytes is far less than the 2.6- to 13.6-fold
increases in transcripts. Moreover, differences in transcript expression remained significant
when normalized to CD3 or CD4 transcripts rather than GAPDH.

Elevated mucosal IFN-γ and TNF transcription suggests Th1 polarization, while the absence
of IL-17 or IL-23 increases suggests that Th17 expansion did not occur in CA-MLCK Tg mice.
To assess Th1:Th2 balance, the transcription factors T-bet and GATA-3, which drive CD4+ T
lymphocytes towards Th1 or Th2 differentiation pathways, respectively, were measured. The
T-bet:GATA-3 ratio of CA-MLCK Tg mice was similar to littermate controls at 3wks of age
(Fig. 6B). However, the T-bet:GATA-3 ratio of CA-MLCK Tg mice nearly doubled by 6wks
and similarly remained elevated at 52wks of age (P<0.02), consistent with lifelong Th1
polarization. We therefore asked if Foxp3+ Tregs might be expanded to prevent disease in CA-
MLCK Tg mice. Mucosal Foxp3 expression was not altered in response to CA-MLCK
expression in 3 or 6wk old mice, but a minor increase was present at 52wks (Fig. 6C).

The absence of clinical or histological disease in CA-MLCK Tg mice may reflect enhanced
regulatory input, as indicated by elevated mucosal expression of IL-10 and, in older mice,
Foxp3 transcripts. Alternatively, it may simply be that epithelial CA-MLCK expression
generates too small a stimulus to trigger disease, regardless of immunoregulatory responses.
We therefore asked if the observed changes were sufficient to affect epithelial expression of
the class I MHC, which can be stimulated by a variety of cytokines including IFN-γ.28
Immunoblot of isolated epithelia and immunofluorescence both demonstrated increased
epithelial H-2Kb expression within both surface and crypt epithelium of CA-MLCK Tg mice
(Fig. 6D). Thus, CD4+ lymphocyte expansion, altered trafficking of CD11c+ cells, Th1
polarization, and epithelial MHC expression all support the conclusion that subclinical mucosal
immune activation is present in CA-MLCK Tg mice. This is, therefore, the first demonstration
of a targeted, pathophysiologically-relevant disturbance of epithelial tight junction barrier
function leading to immune activation.

CA-MLCK-induced increases in paracellular permeability but do not result in transfer of
bacteria or endotoxin to serum or secondary lymphoid organs

To determine if increased bacterial translocation could explain the mucosal immune activation
observed in CA-MLCK Tg mice, we assayed serum endotoxin and cultured mesenteric lymph
nodes, spleen, and blood. Serum endotoxin was detectable in all mice, but was not different
between CA-MLCK Tg mice and WT littermates (Fig. 6E; P>0.2). No growth was observed
in most cases, and the number of samples from which colonies grew was similar when CA-
MLCK Tg and WT littermates were compared (n=7; P>0.2). Thus, neither increased systemic
circulation of microbial products nor increased bacterial translocation into secondary lymphoid
organs were observed in CA-MLCK Tg mice.
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Paracellular barrier defects accelerate onset and enhance severity of colitis
CA-MLCK Tg mice provide a unique opportunity to assess the relevance of increased
paracellular permeability to disease development. The data above show that, despite mild
mucosal immune activation, disease does not develop in CA-MLCK Tg mice housed under
specific pathogen-free conditions. However, it may be that the CA-MLCK Tg mice are more
susceptible to illness should an appropriate stimulus be provided. This is consistent with current
understanding of human IBD, which likely also involves perturbations of multiple, separate
processes.

To address disease susceptibility in CA-MLCK Tg mice we sought a pathophysiologically-
relevant colitis model that is not initiated by massive epithelial injury. We selected the well-
established CD4+CD45Rbhi adoptive transfer model of colitis, which has many similarities to
human IBD, including roles for IFN-γ and TNF.29 This model is ideal because i) disease can
be limited by transfer of Tregs,30 ii) disease is abrogated in the absence of MyD88-dependent
bacterial signaling,31 and iii) epithelial disruption is not required to cause disease.29

The CD4+CD45Rbhi adoptive transfer model requires immunodeficient recipients. RAG1−/−

mice expressing the CA-MLCK Tg were bred and showed similar CA-MLCK expression to
immunocompetent Tg mice. Moreover, mucosal IFN-γ, TNF, and IL-10 transcripts were
elevated in 6wk old CA-MLCK Tg, RAG1−/− mice, relative to RAG1−/− littermates (Fig. 7A;
P<0.01), indicating that the increased cytokine transcription observed is, at least partially,
derived from innate immune cells.

Six wk old CA-MLCK Tg, RAG1−/− mice and RAG1−/− littermates were adoptively transferred
with CD4+CD45Rbhi T lymphocytes from WT mice. CD4+CD45Rblo T lymphocytes, given
as a control, did not cause weight loss or other clinical evidence of disease (Fig. 7B).
RAG1−/− mice receiving CD4+CD45Rbhi T lymphocytes fell below their starting weight 19d
after adoptive transfer. CA-MLCK Tg, RAG1−/− mice began to lose weight much earlier and
fell below their initial weights after 12d. Thus, disease onset was significantly earlier in CA-
MLCK Tg mice (Fig. 7B; P<0.05).

Consistent with earlier clinical presentation in CA-MLCK Tg recipients, mucosal expression
of IFN-γ and TNF transcripts (P<0.03) and protein (P<0.04) was markedly increased at early
times after adoptive transfer (Fig. 7C). Even at later times, when all mice were clinically ill
and weight loss in Tg and non-Tg mice was similar, expression of IFN-γ and TNF transcripts
and protein remained significantly greater in CA-MLCK Tg mice (Fig. 7C).

Histopathology of disease was qualitatively similar in CA-MLCK Tg mice and littermate
controls, and was characterized by lymphoid and polymorphonuclear infiltrates, transmural
inflammation, mucosal hyperplasia, epithelial mucin depletion and apoptosis, erosions, and
crypt architectural distortion. However, severity of damage was far greater in CA-MLCK Tg
mice. This was true both at early times after adoptive transfer (Fig. 7D, E; P<0.01) and at later
times as disease progressed (P<0.03). Thus, when taken together, the increased cytokine
production and more severe mucosal disease induced in the presence of intestinal epithelial
CA-MLCK Tg expression suggest that overall disease is worsened by pathophysiologically-
relevant tight junction barrier dysfunction.

To further investigate disease severity, survival after CD4+CD45Rbhi T lymphocyte adoptive
transfer was assessed. Only 55% of CA-MLCK Tg mice were alive 42d after adoptive transfer
and 20% remained alive at 84d (Fig. 7F). In contrast, 88% of littermates were alive 42d after
adoptive transfer and 55% were alive after 84d (P<0.05). Thus, in addition to significantly
earlier disease onset, increased IFN-γ and TNF expression, and more severe histopathology,
survival of CA-MLCK Tg mice after CD4+CD45Rbhi lymphocyte transfer was significantly
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worse than that of their littermates. These data therefore show that targeted, epithelial-specific
CA-MLCK Tg expression accelerates disease onset, increases severity, and hastens mortality
due to colitis. Moreover, since the trigger for this colitis was adoptive transfer of naïve T cells,
these data show, for the first time, that pathophysiologically-relevant epithelial barrier
dysfunction, in the absence of epithelial damage, can synergize with immune defects to enhance
disease pathogenesis.

DISCUSSION
Increased intestinal permeability in CD patients and some of their healthy relatives suggests
that barrier defects may be an inciting factor in CD.2–4 This idea is consistent with the
hypothesis that barrier defects result in antigen leakage, mucosal immune activation, and
clinical disease. However, immune dysregulation can also cause barrier loss, supporting the
alternative hypothesis that observed permeability defects are secondary to immune signaling.
We sought to differentiate between primary barrier defects and those secondary to immune
activation by directly targeting the intestinal epithelium. We altered tight junction permeability
via MLCK activation because i) tight junction dysregulation is well-documented in IBD,17,
32 ii) MLCK activation is present in intestinal epithelia of IBD patients,20 iii) MLCK activation
is required for in vivo TNF-induced tight junction dysregulation,18 and iv) MLCK activation
is sufficient to regulate tight junctions in vitro.21 CA-MLCK Tg mice demonstrated increased
MLC phosphorylation and barrier defects similar to those in CD patients and a subset of their
healthy first-degree relatives.2–4 Moreover, mild immune activation is present in CA-MLCK
Tg mice. Thus, these data show that epithelial tight junction dysregulation similar to that seen
in healthy CD relatives with barrier defects can cause subclinical mucosal immune activation.

Both the design of the CA-MLCK Tg mouse and the results obtained differentiate this from
existing models of disease where barrier dysfunction has been observed in association with
defects that extend beyond the tight junction.13–16, 33–36 For example, although systemic
knockout of JAM-A does not result in spontaneous disease, DSS induces colitis of enhanced
severity in these mice,36 consistent with the contributions of JAM-A to epithelial and
endothelial barrier function and inflammatory cell migration.36 While mucosal immune status
of JAM-A−/− mice has not been examined, this would be of interest given our data showing
that targeted expression of CA-MLCK in intestinal epithelia does cause mucosal immune
activation.

No longitudinal studies correlating risk of developing disease with intestinal permeability in
healthy relatives of CD patients have been reported. Thus, the hypothesis that increased
intestinal permeability is a risk factor for disease development is untested. Even if barrier
defects are assumed to be an initiating event in CD, increased permeability may be present
many years before the onset of CD in human subjects.37 Thus, one or more additional
predisposing factors are likely present. The identity of these factors is unknown, but they are
likely to include immune dysregulation and altered luminal microbiota. CA-MLCK Tg mice
provide a targeted, pathophysiologically-relevant model of tight junction dysregulation for
direct analysis of the role of primary increases in paracellular permeability in intestinal disease.
We employed the well-characterized CD4+CD45Rbhi adoptive transfer model of immune-
mediated colitis,29 which has many similarities to human IBD and targets a pathway distinct
from epithelial barrier regulation, in lieu of the currently unidentified factors that trigger disease
onset in human patients. Onset of weight loss was accelerated in CA-MLCK Tg mice and
mucosal cytokine expression was higher, histopathology more severe, and survival poorer.
Thus, although insufficient to initiate disease, these data show that targeted,
pathophysiologically-relevant intestinal epithelial tight junction dysregulation can amplify the
cycle of inflammation and accelerate progression of immune-mediated colitis.
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The question remains, how does barrier dysfunction increase susceptibility to experimental
disease? Our analyses of healthy CA-MLCK Tg mice suggest that chronically-increased
paracellular permeability is sufficient to cause mucosal immune activation. This is amply
demonstrated by the mild increases in IFN-γ and TNF transcription and increased T-bet/
GATA-3 ratio detected as well as cellular changes, such as increased mucosal CD4+

lymphocytes and enhanced epithelial MHC class I expression. The data indicate that this
mucosal immune activation is associated with Th1 polarization. While the significance of
CD11c+ cell redistribution towards the lumen is not clear, it is interesting to note that
enrichment of dendritic cells at the superficial mucosa has been observed during the early stages
of Campylobacter colitis in human patients38 and that dendritic cell redistribution has also
been associated with NSAID-induced colitis in rats.39 One might also ask why CA-MLCK
Tg mice are not ill. While this will require further analysis, it may be that increased mucosal
IL-10 and, in elderly mice, Foxp3+ transcript expression reflects immunoregulatory
mechanisms that prevent disease. This is consistent with a recent report showing that transient
epithelial damage activates immunoregulatory responses.40

It has long been hypothesized that barrier dysfunction contributes to the development of colitis
secondary to increased translocation of luminal bacteria. To assess this, we asked if serum
endotoxin was elevated in CA-MLCK Tg mice, but it was not. Similarly, microbiological
culture of blood and secondary lymphoid organs demonstrated no difference between CA-
MLCK Tg mice and WT littermates. Thus, the systemic load of bacteria and bacterial products
was not increased in CA-MLCK Tg mice. However, these data do not exclude a role for
increased paracellular flux of luminal bacterial products in CA-MLCK Tg mice. Rather, they
suggest that the effect of increased tight junction permeability may be to allow local increases
in flux of bacterial products. Thus, it will be important to assess immune activation in antibiotic-
treated and germ-free CA-MLCK Tg mice, as well as those colonized with defined microbes,
in the future. Data from such studies will help to determine the potential impact of limited and
local mucosal immune responses on systemic disease.

In conclusion, these data are the first to demonstrate that targeted, pathophysiologically-
relevant regulation of intestinal epithelial tight junctions induces mucosal immune activation.
The novel and mechanistically-accurate model provided by the CA-MLCK Tg mice also
represents the only experimental model to recapitulate the observation in humans that isolated
increases in paracellular permeability are insufficient to cause disease. Finally, these data
demonstrate that increases in intestinal epithelial paracellular permeability can predispose and
contribute to pathogenesis and progression of colitis and suggest that the same may be true in
human IBD.
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Figure 1. Generation of CA-MLCK mice expressing constitutively-activate MLCK
(A) The CA-MLCK transgene construct. (B) Immunoblot of indicated organs from CA-MLCK
Tg mice. (C) CA-MLCK, detected via the FLAG epitope tag (green), in jejunal epithelium. F-
actin (red) and nuclei (blue) are shown. Bar, 10 μm.
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Figure 2. CA-MLCK expression causes increas ed intestinal epithelial MLC phosphorylation and
intestinal barrier loss
(A) Phosphorylated MLC (red) in jejunum and colon of WT and CA-MLCK Tg mice. Nuclei
are shown in blue. Bar, 10 μm. (B, C) Immunoblot of phosphorylated MLC (pMLC) and total
MLC and densitometric analysis of WT (red bars) and CA-MLCK Tg (yellow bars) after in
vivo perfusion with (hatched bars) or without (solid bars) PIK. n=4 for each condition. *,
P<0.01 vs. WT littermates; **, P<0.05 vs. CA-MLCK Tg mice without PIK. (D) Paracellular
BSA flux with or without PIK. n=4 for each condition. *, P<0.01 vs. WT; **, P<0.01 vs. Tg
without PIK.(E) In vivo measurement of colonic paracellular permeability in WT and CA-
MLCK Tg mice. *, P<0.02 vs. WT.
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Figure 3. CA-MLCK Tg mice do not display alterations in tight junction organization
Immunostains of tight junction-associated proteins in colonic mucosa of CA-MLCK Tg and
WT mice. Junctional proteins (claudin-1, occludin, ZO-1, JAM-A) are shown in red. Nuclei
are blue. F-actin is shown in green in the images of occludin, ZO-1, and JAM-A. Bar, 10 μm.
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Figure 4. CA-MLCK Tg mice grow normally and do not display histological disease
(A) Growth of CA-MLCK Tg (yellow symbols) and WT (red symbols) mice (male, squares;
female, circles). (B) Jejunum and proximal colon of CA-MLCK Tg and WT mice at 6 and 52
wks of age, respectively. Bar, 50 μm. (C, D) Ki-67 (green) in jejunum and proximal colon of
CA-MLCK Tg (yellow bars) and WT (red bars) mice. Bar, 30 μm. (E, F) BrdU (red)
incorporation and morphometry of CA-MLCK Tg (yellow bars) and WT (red bars) mice in
jejunum and proximal colon epithelium after 36h and 2h, respectively. Bar, 30 μm.
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Figure 5. Increased paracellular permeability modifies lamina propria immune cell recruitment
(A) Intraepithelial lymphocytes of WT (red bars) and CA-MLCK Tg (yellow bars) mice. *,
P<0.02 vs. WT.(B) Lamina propria lymphocytes we re harvested from colon of WT (red bars)
and CA-MLCK Tg (yellow bars) mice. *, P<0.02 vs. WT.(C) CD4 + cells (green) in the colonic
lamina propria of WT and CA-MLCK Tg mice. Morphometric analysis of WT (red bar) and
CA-MLCK Tg (yellow bar) mice is shown. Bar, 50 μm. *, P<0.03. (D) Gr-1+ cells (green) in
the colonic lamina propria of WT and CA-MLCK Tg mice. F-actin is shown in red.
Morphometric analysis is shown. Bar, 50 μm. (E) CD68+ cells (green) in the colonic lamina
propria of WT and CA-MLCK Tg mice. F-actin is shown in red. Morphometric analysis is
shown. Bar, 50 μm. (F) CD11c+ cells (green) in the colonic lamina propria of WT and CA-
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MLCK Tg mice. Morphometric analysis is shown right, separating superficial (hatched) and
basal (solid) sections of the lamina propria. Bar, 40 μm. *, P<0.01.
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Figure 6. Subclinical mucosal immune activation is present in CA-MLCK Tg mice
(A) Transcript content for indicated cytokines in proximal colon of WT (red symbols) and CA-
MLCK Tg (yellow symbols) mice. *, P<0.03. (B) T-bet/GATA-3 transcript ratios in WT (red
symbols) and CA-MLCK Tg (yellow symbols) mice at 3 wks, 6wks and 52 wks of age. *,
P<0.02. (C) Foxp3 transcript expression in WT and Tg *, P<0.02. (D) H2Kb expression was
assessed by SDS-PAGE and immunoblot in isolated colonic epithelial cells of WT and CA-
MLCK mice. Immunofluorescence detection of H2Kb expression (green) in colonic epithelium
of WT and CA-MLCK mice. Bar, 20 μm. (E) Endotoxin assay showed similar levels in serum
of WT (red symbols) and CA-MLCK Tg (yellow symbols) mice.
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Figure 7. Increased paracellular permeability accelerates immune-mediated colitis
(A) Transcript content in proximal colon of 6wk old RAG1−/− (red bars) and CA-MLCK Tg,
RAG1−/− (yellow bars) mice, prior to adoptive transfer. *, P<0.01. (B) Weight after adoptive
transfer of CD4+CD45Rbhi (triangles) and CD4+CD45Rblo (circles) T cells into RAG1−/− (red
symbols) and CA-MLCK Tg, RAG1−/− (yellow symbols) recipients. Weights were normalized
to weight prior to adoptive transfer. *, P<0.05 vs RAG1−/− recipients receiving
CD4+CD45Rbhi T cells. (C) Transcript content in proximal colon of RAG1−/− (red bars) and
CA-MLCK Tg, RAG1−/− (yellow bars) mice 12 d (early) or 19 d (late) after adoptive transfer.
*, P<0.03. Changes in IFN-γ and TNF protein expression were similar. *, P<0.04 (D) Colon
histology 12 d (early) and 19 d (late) after adoptive transfer. Bar, 100 μm. (E) Histology scores
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of the proximal colon sections of RAG1−/− (red bars) and CA-MLCK Tg, RAG1−/− (yellow
bars) mice 12 d (early) and 19 d (late) after adoptive transfer. Mice received either
CD4+CD45Rblo (hatched bars) or CD4+CD45Rbhi (solid bars) T cells. *, P<0.01 vs.
RAG1−/− recipients transferred with CD4+CD45Rbhi T cells, ** P<0.03 vs. RAG1−/−

recipients transferred with CD4+CD45Rbhi T cells. (F) Survival of RAG1−/− (red symbols)
and CA-MLCK Tg, RAG1−/− (yellow symbols) recipients after transfer of CD4+CD45Rbhi T
cells. *, P<0.05.
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