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Disruption of the intestinal epithelial barrier occurs in many intestinal diseases, but neither the mecha-
nisms nor the contribution of barrier dysfunction to disease pathogenesis have been defined. We utilized a
murine model of T cell-mediated acute diarrhea to investigate the role of the epithelial barrier in diarrheal
disease. We show that epithelial barrier dysfunction is required for the development of diarrhea. This diar-
rhea is characterized by reversal of net water flux, from absorption to secretion; increased leak of serum
protein into the intestinal lumen; and altered tight junction structure. Phosphorylation of epithelial myosin
II regulatory light chain (MLC), which has been correlated with tight junction regulation in vitro, increased
abruptly after T cell activation and coincided with the development of diarrhea. Genetic knockout of long
myosin light chain kinase (MLCK) or treatment of wild-type mice with a highly specific peptide MLCK
inhibitor prevented epithelial MLC phosphorylation, tight junction disruption, protein leak, and diarrhea
following T cell activation. These data show that epithelial MLCK is essential for intestinal barrier dysfunc-
tion and that this barrier dysfunction is critical to pathogenesis of diarrheal disease. The data also indicate
that inhibition of epithelial MLCK may be an effective non-immunosuppressive therapy for treatment of

immune-mediated intestinal disease.

Introduction
The intestinal epithelium is positioned at a critical interface
between the interstitium and the harsh environment of the gut
lumen. Thus, the epithelium must form a selectively permeable
barrier that allows absorption of nutrients, electrolytes, and water
while preventing passage of noxious luminal contents. This bar-
rier is disrupted in many diseases, including inflammatory bowel
disease, graft versus host disease, and infectious enterocolitis (1-6).
While some have suggested that this barrier dysfunction is a central
component of disease pathogenesis (7-9), other work suggests that
barrier dysfunction may be a secondary event that does not contrib-
ute to disease progression (10). Thus, the relevance of barrier dys-
function to intestinal disease pathogenesis remains controversial.
The primary explanation for the controversy regarding the role
of barrier dysfunction in intestinal disease is the absence of spe-
cific means of restoring barrier function. In large part this lack of
barrier-restoring agents reflects the paucity of information regard-
ing in vivo mechanisms of barrier dysfunction. For example, it is
clear that TNF can disrupt the epithelial barrier in vivo and in vitro
(2,8, 11-15). Moreover, in vivo studies of humans with Crohn dis-
ease and mice with experimental graft versus host disease show
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that TNF antagonism results in restoration of intestinal barrier
function (2, 13). However, it is not clear whether this restoration of
barrier function is due to interruption of TNF signaling to the epi-
thelium or, alternatively, reflects overall suppression of immune
activation. Thus, although a correlation between mucosal cytokine
levels and epithelial barrier function has been established, neither
the mechanisms by which inflammatory processes disrupt in vivo
intestinal barrier function nor the relationship between barrier
disruption and disease evolution are understood.

In vitro studies have suggested a variety of mechanisms for
cytokine-dependent tight junction disruption, including downreg-
ulation of tight junction protein transcription (16, 17), decreased
Na*,K*-ATPase expression (18), epithelial apoptosis (19), and
cytoskeletal contraction (11, 20, 21). Of these, cytoskeletal con-
traction due to myosin II regulatory light chain (MLC) phosphor-
ylation has been demonstrated to be necessary for barrier disrup-
tion, as in vitro inhibition of myosin light chain kinase (MLCK)
restores barrier function after cytokine treatment (11, 20, 21).
A variety of in vitro analyses suggest that MLC phosphorylation
and subsequent cytoskeletal contraction constitute a common
mechanism of barrier regulation in response to physiological
and pathophysiological stimuli, including nutrient transport
(22) and parasitic and bacterial infection (1, 23), and that this
epithelial MLC phosphorylation is primarily accomplished by
long MLCK (11, 24). Despite these advances, in vitro studies of
cultured monolayers do not recreate the complex interactions
between epithelia and other cell types present in vivo nor do they
provide insight into the development of actual disease symptoms
such as diarrhea. Thus, a significant gap exists in our knowledge
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Anti-CD3 injection causes diarrhea associated with Th1 cytokine induction. (A) The weight-to-length ratio of the small intestine, an indicator of
tissue edema and luminal fluid accumulation, was increased after anti-CD3 injection. The weight-to-length ratio peaked 2—3 hours after injection
and returned to baseline within 5-6 hours after injection (n = 4 for each time point). (B) Mucosal IFN-y (blue line) and TNF-a. (red line) transcription
increased markedly after anti-CD3 injection, but returned to levels only slightly higher than baseline by 5 hours after injection (n = 3 for each time
point). (C) Examination of the serosa in control and anti-CD3-treated mice revealed classic signs of inflammation after anti-CD3 injection, including

vasodilation, edema, and erythema (scale bar, 0.5 mm).

of the role and mechanisms of pathologic barrier dysfunction in
the development of intestinal disease that cannot be adequately
addressed by cell culture models.

To define the role of barrier dysfunction in disease pathogenesis,
we sought an in vivo model of acute immune-mediated diarrheal
disease. Systemic T cell activation induced by administration of anti-
CD3 antibodies causes acute diarrhea in humans and mice (25-28)
that is associated with barrier dysfunction (14). This diarrhea is
accompanied by induction of IFN-y and TNF-a and can be blocked
by antagonism of either cytokine (26, 29). Thus, in addition to being
related to the acute syndrome seen in human patients treated with
T cell-activating OKT3 antibodies, this diarrhea may be mechanis-
tically related to graft versus host disease and inflammatory bowel
disease. We asked whether epithelial barrier dysfunction was neces-
sary for progression of this model disease and if reversal of barrier
dysfunction could lessen disease severity. The data show that MLCK-
mediated barrier dysfunction is required for diarrhea to occur after T
cell activation and further suggest that MLCK may be a viable target
for the treatment of immune-mediated diarrheal disease.

Results

Systemic T cell activation causes acute diarrbea independent of epithelial
apoptosis. The systemic T cell activation that is induced by injection
of anti-CD3 antibodies induces acute TNF-dependent diarrhea in
humans and mice (14, 27, 30). We quantified the development of
this diarrhea in mice using the small intestinal weight-to-length
ratio, a measure of luminal fluid accumulation and tissue edema
(14). Increases in weight-to-length ratio followed a highly repro-
ducible kinetic pattern peaking after 2 to 3 hours and resolving at
5 hours after intraperitoneal anti-CD3 injection (Figure 1A). Con-
sistent with previous reports (14, 28, 31), levels of mucosal IFN-y
and TNF-a (Figure 1B) transcripts increased markedly after anti-
CD3 injection but returned toward baseline levels by 5 hours after
injection. These anti-CD3-induced increases in weight-to-length
ratio and cytokine induction were also accompanied by gross evi-
dence of intestinal inflammation. The small intestinal serosa of
anti-CD3-treated animals revealed classic signs of inflammation,
including vasodilation, vascular injection, and edema (Figure 1C).
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Thus anti-CD3 injection is an effective means of inducing an
acute, self-limited, cytokine-mediated diarrhea in mice.

The proinflammatory cytokines produced after anti-CD3 injec-
tion, in particular TNF-a, are potent stimulators of apoptotic cell
death in many cell populations. Apoptotic death of epithelial cells
has been postulated to be a factor in the TNF-dependent epithelial
barrier dysfunction that occurs in vitro (19), although this idea is
controversial, as other in vitro studies have shown that apoptosis
is not involved in some models of cytokine-mediated barrier dys-
function (11, 15). Thus, we investigated in vivo epithelial apop-
tosis in anti-CD3-induced diarrhea. Macroscopic examination of
the intestinal mucosa 3 hours after anti-CD3 injection demon-
strated tissue edema, seen as a distortion of the normal mucosal
folds (Figure 2A), but no gross ulceration or tissue damage that
might be associated with massive epithelial apoptosis. Histological
examination confirmed that 3 hours after anti-CD3 treatment, no
ulceration or erosion was present (Figure 2B). Moreover, the ratio
of villus to total villus-crypt length (0.65 + 0.01 in controls versus
0.66 = 0.01 in anti-CD3-treated animals; P = 0.22) was unchanged
after anti-CD3 treatment. However anti-CD3 did cause morpho-
logically evident villous thickening that could be quantified as an
increase in villous width-to-height ratio (0.24 + 0.01 in controls
versus 0.40 + 0.02 after anti-CD3 treatment; P < 0.0001). This may
reflect lamina propria edema. Anti-CD3 treatment also caused an
increase in numbers of intraepithelial lymphocytes, from 5.1 + 0.2
to 7.9 £ 0.3 per 100 epithelial cells 3 hours after anti-CD3 injec-
tion (P < 0.0001). However, anti-CD3 treatment did not induce an
increase in the number of morphologically evident apoptotic epi-
thelial cells (Figure 2, C and D). There was also no biochemical evi-
dence of epithelial apoptosis. Immunoblots of lysates of epithelial
cellsisolated 3 hours after anti-CD3 injection revealed no increase
in conversion of caspase-3 to the cleaved (active) form (Figure 2E).
Together, these data show that epithelial apoptosis is not increased
in the first 3 hours after anti-CD3 injection, thus demonstrating
that the associated diarrhea is not due to epithelial apoptosis.

Systemic T cell activation induces a TNF-dependent net reversal of water
flow and leakage of serum proteins into the intestinal lumen. Changes
in intestinal transport and barrier function induced by anti-CD3
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Barrier function is assessed as
paracellular flux of intravenously
injected Alexa 488-conjugated BSA
into the perfused lumen. Analyses
using this method demonstrated
that T cell activation induced
reversal of water movement,
from net absorption in control
animals to net secretion in anti-
CD3-injected animals (Figure 3B,
left 2 bars), consistent with the
development of diarrhea. Further-
more, anti-CD3 injection induced
a more than 3-fold increase in
leakage of Alexa 488-conjugated
BSA from the bloodstream into
the lumen, indicating a marked
increase in paracellular perme-
ability (Figure 3C, left 2 bars).
Thus, this quantitative in vivo
assay demonstrates that systemic
T cell activation simultaneously
reverses net intestinal water flux
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tion. Injection of anti-TNF neu-
tralizing antibody with anti-CD3
effectively prevented net water
secretion (Figure 3B, right 2 bars)

Anti-CD3-induced diarrhea is associated with edema and increased numbers of intraepithelial lympho-
cytes but not ulceration or epithelial apoptosis. (A) Macroscopic examination of the small intestinal muco-
sae 3 hours after anti-CD3 injection showed distortion of the normal mucosal folds by edema and luminal
fluid accumulation. Notably, anti-CD3 injection did not result in mucosal ulceration or erosion (scale bar,
1 mm). (B) Microscopic examination of the small intestinal mucosae revealed mild villous thickening 3
hours after anti-CDS3 injection. An increase in the number of intraepithelial lymphocytes (arrows) was also
present (5.1 + 0.2 intraepithelial lymphocytes per 100 epithelial cells in control tissue vs. 7.9 + 0.3 intraepi-
thelial lymphocytes per 100 epithelial cells 3 hours after anti-CD3 injection; P < 0.0001), but there was no
apparent epithelial damage or ulceration (scale bar, 100 um). (C) Closer examination of the crypts showed
mitotic figures in both control and anti-CD3—treated jejunum, but apoptotic cells were rare both before and
3 hours after anti-CD3 treatment (scale bar, 10 um). (D) Quantitative analysis of apoptotic epithelial cells
revealed no significant increase in number 3 hours after anti-CD3 injection. (E) Immunoblots for caspase-
3 in isolated small intestinal epithelial cells 3 hours after vehicle or anti-CD3 injection detected only the
uncleaved (inactive) form of this protein, indicating minimal caspase-3 activation.

and reduced BSA flux (Figure 3C,
right 2 bars) associated with anti-
CD3 injection. Thus, the observed
changes in water flux and barrier
function are TNF-dependent.

T cell-dependent diarrbea and bar-
rier dysfunction are not mediated solely
by Cl secretion or Na* malabsorption.
Diarrhea is typically characterized
as being due to either ion secre-
tion, primarily Cl- secretion, or
malabsorption, such as inhibition

treatment were previously studied ex vivo using excised small
intestine mounted in Ussing chambers (14, 30). However, this pro-
cedure requires the tissue to be isolated from the body, thus inter-
rupting the neurovascular supply and removing important stim-
uli. Moreover, while Ussing chambers may be used to measure ion
transport and barrier function, they are less useful for measuring
net water movement, the hallmark of diarrhea. To measure water
movement and barrier function in vivo after T cell activation, we
adapted a method previously described for analysis of absorption
in rats (32) for analysis of water movement and barrier function in
mice (Figure 3A). In this in vivo system, a small loop of intestine in
an anesthetized mouse is cannulated at both ends and perfused in
a recirculating manner. Although the lumen is isolated from the
rest of the alimentary tract, this method maintains the vasculature
and innervation of the intestinal mucosa. The perfusion solution
contains the highly charged anion ferrocyanide, which is neither
absorbed nor secreted and can therefore be used to monitor the
movement of water into ot out of the perfused intestinal segment.
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of Na*-H* exchanger-mediated

(NHE-mediated) Na* absorption
(33-35). Although Ussing chamber analyses have suggested that
both of these processes may correlate with anti-CD3-induced diar-
rhea, the role of anion secretion in this diarrhea is controversial;
one study attributed the diarrhea to increased active anion secre-
tion (30), while another showed that cystic fibrosis transmembrane
conductance regulator-mediated (CFTR-mediated) Cl- secretion
was suppressed by anti-CD3 treatment (14). To determine whether
CFTR-mediated Cl- secretion was required for the net water secre-
tion and barrier defect observed after T cell activation, we assessed
anti-CD3-induced diarrhea in CFTRAF508 mice, which harbor the
most common human CFTR mutation (36). Anti-CD3 treatment of
CFTRAF508 mice induced net water secretion (Figure 3D, third bar)
and increased BSA paracellular flux (Figure 3E, third bar) that were
similar to those seen in wild-type animals treated with anti-CD3.
To inhibit Ca?*-activated chloride channels, mice were treated with
niflumic acid. This did not inhibit net water secretion (Figure 3D,
fourth bar) or increases in BSA flux (Figure 3E, fourth bar) after
anti-CD3 injection. Thus, neither CFTR- nor Ca?*-activated chlo-
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Figure 3

In vivo measurement of water movement and paracellular flux in anti-CD3-induced diarrhea. (A) An in vivo perfusion system was developed to
measure water movement and paracellular flux in a segment of intestine with an intact neurovascular supply. Water movement was determined via
changes in the concentration of ferrocyanide in the perfusate, while paracellular flux was measured by the movement of intravenously injected fluo-
rescent-tagged BSA into the perfusate. (B) In control mice, water was absorbed. Consistent with the development of diarrhea, anti-CD3 treatment
reversed net water flow, resulting in net secretion. These changes were prevented by injection of a TNF-neutralizing antibody (n = 4). (C) BSA flux
into the lumen of a perfused segment of small intestine, a measurement of paracellular macromolecular flux, was increased 340% + 35% after anti-
CD3 injection. Treatment with TNF-neutralizing antibody prevented 59% + 5% of this anti-CD3—induced increase in BSA flux (n = 4). (D) Net water
secretion occurred in anti-CD3—treated CFTRAF508 (AF508) mice or in wild-type mice perfused with 100 uM niflumic acid, indicating that CI- secre-
tion via CFTR or Ca2+-activated chloride channels is not necessary for water secretion after T cell activation. Inhibition of Na* absorption in control
animals using either Na+-free perfusate or the NHE inhibitors HOE694 (200 uM) and S3226 (10 uM) resulted in decreased absorption but did not
cause net secretion of water (n = 3). (E) Increased paracellular flux also occurred in anti-CD3-treated CFTRAF508 mice or mice treated with niflumic

acid but was not induced by perfusion with Na*-free perfusate or the NHE inhibitors HOE694 and S3226 without anti-CD3 treatment (n = 3).

ride channel-mediated Cl- secretion are necessary for development
of diarrhea or barrier defects following systemic T cell activation.
We also considered the possibility that the diarrhea observed
was due to inhibition of Na* absorption. This would be consistent
with previous Ussing chamber analyses demonstrating inhibition
of nearly 90% of NHE2- and NHE3-dependent Na* absorption 3
hours after anti-CD3 treatment. We used 2 different approaches to
block NHE2- and NHE3-dependent Na* absorption in the absence
anti-CD3 treatment. In the first approach, Na* was replaced by
N-methyl-D-glucamine in the luminal perfusate. Alternatively,
NHE2 and NHE3 were blocked with pharmacological inhibi-
tors S3326 and HOE694. In the standard slightly hypoosmotic
perfusion solution used in these studies, both of these approaches
reduced net water absorption (Figure 3D, right 2 bars), consistent
with induction of Na* malabsorption. However, neither treatment
actually reversed net water movement. This may be due to the
absorption-promoting nature of the hypoosmotic perfusion solu-
tion. Consistent with this, a similar study comparing hypoosmotic
and isoosmotic perfusion solutions was performed. This showed
that, in the presence of luminal Na*, less water absorption occurred
using the isoosmotic perfusion solution. Moreover, replacement
of Na* in the isoosmotic perfusion solution completely prevented
water absorption and allowed net water movement into the lumen
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(data not shown). Thus, although Na* malabsorption could disrupt
net absorption, Na" malabsorption alone was insufficient to induce
massive diarrhea similar to that seen after anti-CD3 injection.

We also asked whether Na* malabsorption alone was able to alter
paracellular permeability. Under either hypoosmotic (Figure 3E,
right 2 bars) or isoosmotic (data not shown) perfusion condi-
tions, induction of Na* malabsorption was insufficient to cause
increased paracellular flux of tagged BSA. Thus, although Na*
malabsorption can impact net water absorption, Na* malabsorp-
tion alone is insufficient to cause the diarrhea and barrier defects
associated with systemic T cell activation.

T cell activation disrupts tight junction structure. The data presented
above show that active Cl- secretion is not necessary and Na* malab-
sorption is not sufficient for anti-CD3-induced diarrhea to occur.
However, the increased passive paracellular flux that occurred also
correlated with development of diarrhea. This barrier dysfunction
was not due to mucosal ulceration or epithelial apoptosis, but rath-
er occurred in the presence of an intact epithelial cell layer. Thus, we
asked whether the intestinal epithelial tight junction, the primary
determinant of paracellular flux in intact epithelia, was disrupted
following systemic T cell activation. We first examined the distribu-
tion of several members of the claudin family of transmembrane
junctional proteins (Figure 4A). We found that, in mouse jejunal vil-
Volume 115 Number 10
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Figure 4

Changes in tight junction morphology after anti-CD3 treatment. (A) Immunofluorescent localization of the tight junction proteins claudin-1, clau-
din-4, claudin-5, and JAM-A in the small intestinal epithelium of wild-type mice demonstrates the localization of these proteins to the tight junction
before (left panels) and 3 hours after (right panels) anti-CD3 treatment. Claudin-1, claudin-4, and claudin-5 distributions were not affected by anti-
CD3 treatment. However, JAM-A demonstrated limited redistribution to intracellular sites after anti-CD3 treatment. (B) ZO-1 distribution appeared
unchanged in transverse sections, but when viewed in en face sections, ZO-1 adopted a thinner, more sinuous distribution in anti-CD3—treated
tissue. (C) Occludin was localized to the tight junction in control tissue, but after anti-CD3 treatment, occludin was internalized into intracellular
vesicles (arrows), visible in both transverse and en face sections. Scale bars in A—C, 5 um. (D) Detergent-insoluble subcellular fractions of jejunal
epithelial cells were isolated on isopycnic sucrose gradients (black line). Protein concentration was determined for each fraction of gradients
prepared from control (blue line) and anti-CD3-treated (red line) mice. A protein peak associated with the low-density, detergent-insoluble
membrane fraction was present (bracket). The arrow designates the insoluble high-density pellet (fraction 24). These fractions were assessed
by immunoblot. (E) Immunoblots for occludin in lysate (diluted), pellet, and low-density, detergent-insoluble membrane fractions showed loss of

occludin from the detergent-insoluble membrane fraction after anti-CD3 treatment.

lous enterocytes, claudin-1 was localized both to the tight junction
and along the lateral membranes. This distribution was not altered
by anti-CD3 treatment. Claudin-4 and claudin-5 were specifically
localized to the epithelial tight junction. As with claudin-1, there
was no detectable change in claudin-4 or -5 distribution following
anti-CD3 treatment (Figure 4A). Similar to previous studies (37),
we found claudin-2 within tight junctions of crypt, but not villous,
enterocytes. The distribution of claudin-2 in crypt epithelium was
not affected by anti-CD3 treatment (data not shown).
Examination of the tight junction protein junctional adhesion
molecule A (JAM-A) showed that it is localized to the tight junc-
tion in control tissues (Figure 4A). However, displacement from the
tight junction and internalization were seen in a minority of cells
following anti-CD3 treatment. This JAM-A redistribution occurred
predominantly within villous epithelium and was observed in
12% + 2% of epithelial cells in the upper half of villi after anti-CD3
treatment, compared with 1% + 1% in control tissue (P = 0.002).
Zonula occludens-1 (ZO-1), a cytoplasmic plaque tight junc-
tion protein, was only detected at the tight junction of jejunal vil-
2706
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lous enterocytes in both control and anti-CD3-treated animals,
and its appearance was similar when cells were viewed in cross-
section (Figure 4B). However, when viewed en face, ZO-1 dem-
onstrated an altered appearance after anti-CD3 treatment. In
untreated tissue, ZO-1 was found in a bright line at the tight junc-
tion, forming the classic “chicken wire” appearance (Figure 4B).
However, after anti-CD3 treatment, ZO-1 staining became thin-
ner and more sinuous (Figure 4B). No intracellular ZO-1 depos-
its were detected after anti-CD3 treatment.

The distribution of the transmembrane tight junction protein
occludin was grossly altered following anti-CD3 treatment. In con-
trol jejunal villous enterocytes, occludin was exclusively localized
to the tight junction. This was dramatically rearranged to include
intracellular occludin deposits as well as junction-associated occlu-
din after T cell activation (Figure 4C). This occludin redistribution
was even more striking when viewed en face (Figure 4C), where
the classic pattern of tight junction staining was nearly completely
lost after anti-CD3 treatment. Occludin internalization was most
widespread in the villous tips, where it was detectable in 39% + 7%
Volume 115
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of enterocytes in the upper half of the villi after anti-CD3 treat-
ment but only in 2% * 2% of villous enterocytes in control tissue
(P=0.001). This appearance is consistent with vesicular endocyto-
sis of occludin, which has been reported in cultured monolayers
after TNF-a exposure (15, 20) but has not previously been observed
in tissues responding to in vivo stimuli.

To examine this profound occludin redistribution biochemically,
we isolated low-density, detergent-insoluble glycolipid- and choles-
terol-rich membrane fractions. In cultured epithelia, these fractions
have been shown to be enriched in tight junction-derived membranes
(38). Subcellular fractions were separated on isopycnic density gra-
dients using jejunal epithelia isolated from control and anti-CD3-
treated mice (Figure 4D). Immunoblot of the low-density, detergent-
insoluble membrane fractions revealed a marked loss of occludin in
preparations from anti-CD3-treated mice relative to control mice
(Figure 4E). In contrast, total cellular occludin as well as occludin
recovery in the detergent-insoluble pellet were unchanged. Thus,
anti-CD3 treatment caused biochemical redistribution of occlu-
din out of the detergent-insoluble glycolipid- and cholesterol-rich
membrane fraction. This correlates with the occludin internaliza-
tion observed morphologically. Together, the immunofluorescence
microscopy and subcellular fractionation suggest that an ordered
rearrangement of tight junction architecture is induced following T
cell activation. This was characterized by occludin and, to a lesser
extent, JAM-A internalization and ZO-1 redistribution, while the dis-
tribution of claudin proteins remained intact.

GTP-binding proteins are not involved in the development of anti-CD3—
induced diarrbea. To identify the mechanism by which anti-CD3
treatment leads to intestinal barrier dysfunction and diarrhea,
we first investigated the potential role of Rho family GTPases in
the development of anti-CD3-induced diarrhea. These signaling
molecules are attractive candidates for this process, given that TNF
has been reported to activate Rho, Rac, and Cdc42 (39) and that
these proteins may regulate tight junction protein distribution and
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Figure 5

Small GTP-binding proteins are not involved in the development of anti-
CD3-induced water secretion or increased paracellular flux. (A) Net
water movement was measured in wild-type mice injected with 200 ug
of anti-CD3 and perfused with 10 uM Y27632, 100 uM NSC23766, or
20 uM AIF4~ as indicated. Neither the Rho kinase inhibitor Y27632 nor
the Rac1 inhibitor NSC23766 was able to prevent net water secre-
tion after anti-CD3 treatment, and perfusion with the GTPase activator
AlF 4~ did not induce net water secretion (n = 3). (B) Similarly, mea-
surement of paracellular flux in the same treatment groups shown in A
demonstrated that neither Y27632 nor NSC23766 was able to prevent
anti-CD3-induced increases in paracellular flux, while AlF,~ perfusion
did not stimulate increased flux (n = 3).

epithelial barrier function (40-43). To investigate the role of Rho
family GTPases, we included the Rho kinase inhibitor Y27632 (44)
or a Racl inhibitor, NSC23766 (45), in the perfusion solution of
control and anti-CD3-treated animals. Neither inhibitor caused
apparent toxicity, evident by retained water absorption and barrier
function in animals treated with drug without anti-CD3 (Figure S,
A and B) and the absence of morphological evidence of toxicity
(data not shown). Moreover, neither Rho kinase nor Rac1 inhibi-
tion prevented anti-CD3-induced diarrhea or BSA efflux (Figure 5,
A and B). These data suggest that neither Rho kinase nor Racl
activation are necessary for diarrhea and barrier defects that follow
anti-CD3 injection. To evaluate a potential role for other GTP-bind-
ing regulators of actin structure, AlF4, which triggers formation of
lamellipodia and membrane ruffles and protrusions (46, 47) and
can affect barrier function (42), was included in the perfusion solu-
tion. This did not result in net water secretion or increased para-
cellular BSA flux (Figure 5, A and B) without anti-CD3 treatment.
Therefore, these results demonstrate that Rho kinase, Racl, and
other GTP-binding regulators of actin structure are not involved in
the diarrhea that occurs following systemic T cell activation.

T cell activation induces phosphorylation of epithelial MLC. To more
closely examine the changes in tight junction morphology caused
by anti-CD3 treatment, we evaluated the ultrastructure of jejunal
villous enterocytes in control and anti-CD3-treated mice. Entero-
cytes from control mice demonstrated the characteristic kiss of
adjacent membranes that defines the tight junction (Figure 6A).
In contrast, this ordered appearance was disrupted in enterocytes
from anti-CD3-treated mice. Moreover, the cytoplasmic density
surrounding the tight junction was increased in a manner con-
sistent with cytoskeletal condensation (Figure 6A, arrow). Thus,
the alterations in barrier function induced by T cell activation are
accompanied by changes in the ultrastructural morphology of the
tight junction and the perijunctional cytoskeleton.

The actomyosin condensation around the tight junction
observed after T cell activation closely resembles the changes in
epithelial tight junction structure following initiation of Na*-glu-
cose cotransport (48), a process that is dependent on phosphory-
lation of MLC within the perijunctional actomyosin ring (22, 49).
Thus, we asked whether T cell activation was associated with
increased epithelial MLC phosphorylation. Immunofluorescence
detection of phosphorylated MLC 3 hours after anti-CD3 injec-
tion revealed a marked increase in MLC phosphorylation within
the perijunctional actomyosin ring of jejunal villous enterocytes
(Figure 6B). To further assess increases in MLC phosphorylation,
we measured MLC phosphorylation in isolated jejunal epithelial
cells. MLC phosphorylation was significantly increased 3 hours
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Systemic T cell activation increases intestinal epithelial MLC phosphorylation. (A) Electron micrographs of villous enterocytes from jejunum of

control and anti-CD3-treated mice demonstrate disruption of the tight ju

nction and marked perijunctional cytoskeletal condensation (arrow) after

T cell activation (scale bar, 250 nm). (B) Phosphorylated MLC (red) in control intestinal villi was localized to the perijunctional actomyosin ring

and demonstrates enhancement at cell junctions. Three hours after anti-

CD3 treatment, MLC phosphorylation was markedly increased. Matched

exposures are shown (scale bar, 5 um). (C) Intestinal epithelial MLC phosphorylation, determined by immunoblot for phosphorylated and total

MLC in isolated intestinal epithelial cells, revealed an increase in MLC

phosphorylation 3 hours after anti-CDS3 injection. This increase in MLC

phosphorylation was largely prevented by the TNF-neutralizing antibody. (D) Immunoblots of phosphorylated MLC at several time points after

anti-CD3 injection showed that epithelial MLC phosphorylation peaked
5 hours after anti-CD3 injection. (E) Quantitative analysis of the blots s

2-3 hours after anti-CD3 injection and returned to baseline levels within
howed that MLC phosphorylation (red line) increased and decreased in

parallel with changes in intestinal weight-to-length ratio (blue line) induced by T cell activation (n = 3).

after anti-CD3 injection (Figure 6C). This did not occur in mice
injected with anti-CD3 and the TNF-neutralizing antibody, indi-
cating that TNF-mediated signaling drives MLC phosphorylation
after anti-CD3 treatment (Figure 6C).

To determine the kinetics of epithelial MLC phosphorylation
after anti-CD3 treatment, we measured phosphorylation at inter-
vals after anti-CD3 injection (Figure 6D). Quantitative analysis
showed that MLC phosphorylation increased more than 3-fold at
2 and 3 hours after anti-CD3 injection (Figure 6E). MLC phos-
phorylation then fell to levels similar to those for control epithelia
within 5 hours after anti-CD3 injection (Figure 6E). This rise and
fall in MLC phosphorylation correlated with the development and
resolution of diarrhea measured as intestinal weight-to-length
ratio, suggesting that epithelial MLC phosphorylation is closely
linked to the development of overt symptoms of disease.

Mice lacking the 210-kDa MLCK are protected from T cell activation—
induced diarrhea. Total MLC phosphorylation is regulated by the
balance of several kinases and phosphatases (8, 50-53). In intesti-
nal epithelia the primary kinase that phosphorylates MLC is the
210-kDalong MLCK isoform (24, 54, 55). Thus, to evaluate the role
of epithelial MLCK in diarrhea induced by anti-CD3 injection, we
studied knockout mice lacking the 210-kDa MLCK (56). To first
determine whether this MLCK knockout attenuated local immune
responses generated by anti-CD3 injection, we examined cytokine
induction in these mice. Levels of mucosal IFN-y (Figure 7A)
and TNF-o (Figure 7B) mRNA transcripts were significantly
increased after anti-CD3 injection in both wild-type and long
2708
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MLCK-knockout animals. Consistent with this, examination of
the serosa after anti-CD3 treatment of long MLCK-knockout mice
demonstrated vascular injection and erythema similar to those
in wild-type mice. Thus, the 210-kDa MLCK is not required for
cytokine induction in response to anti-CD3.

Basal jejunal epithelial MLC phosphorylation was similar in
wild-type and long MLCK-knockout animals (Figure 7C), suggest-
ing that this kinase is not the only regulator of MLC phosphoryla-
tion in intestinal epithelia. Consistent with this, intestinal histol-
ogy, including villous height and ratio of villus to total villus-crypt
length were not altered in MLCK-knockout mice. However, jejunal
epithelial MLC phosphorylation did not increase after anti-CD3
injection in MLCK-knockout mice (Figure 7C). Thus, although the
210-kDa MLCK is not essential in the absence of stress, this MLCK
isoform is required for increased epithelial MLC phosphorylation
following systemic T cell activation.

Given that an immune response is generated in long MLCK-
knockout mice without increases in epithelial MLC phosphoryla-
tion, these mice represent an ideal model for determining which
aspects of anti-CD3-induced disease require epithelial MLC phos-
phorylation. Although MLCK-knockout animals treated with anti-
CD3 did exhibit outward evidence of immune activation after anti-
CD3 treatment, including mild piloerection and lethargy similar to
those in wild-type mice, there was no external evidence of diarrhea,
and little fluid accumulation was observed in the intestinal lumen.
This was confirmed by analysis of small intestinal weight-to-length
ratio 3 hours after anti-CD3 injection. In contrast to wild-type mice,
October 2005
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anti-CD3 injection did not cause a significant increase in weight-to-
length ratio in MLCK-knockout mice (Figure 8A).

To assess water movement and paracellular macromolecular
flux quantitatively in MLCK-knockout mice, we utilized the in
vivo perfusion system described above. In the absence of anti-CD3
treatment, net water absorption and paracellular BSA flux were
similar in wild-type and MLCK-knockout mice (Figure 8, B and C).
However, in contrast to wild-type mice, anti-CD3 injection did
not reverse the direction of water movement to net secretion in
MLCK-knockout mice (Figure 8B). Moreover, paracellular flux was
not increased after anti-CD3 treatment in MLCK-knockout mice
(Figure 8C). Thus, the long MLCK that is expressed in intesti-
nal epithelia and is necessary for MLC phosphorylation is also
required for development of diarrhea and barrier dysfunction fol-
lowing systemic T cell activation.

To determine whether long MLCK knockout also prevented
reorganization of the tight junction after anti-CD3 treatment,
we assessed the localization of occludin, whose redistribution to
intracellular structures was the most prominent change induced
by anti-CD3 treatment of wild-type mice. In contrast to wild-type
mice, occludin remained confined to the tight junction following
anti-CD3 treatment of long MLCK-knockout mice (Figure 8D).
Only 4% + 1% of villous enterocytes in long MLCK-knockout ani-
mals contained internalized occludin, significantly less than the
39% + 7% seen in control animals (P = 0.001). Thus, long MLCK
is necessary for both functional tight junction disruption (i.e.,
increased paracellular flux) and morphological tight junction
disruption following systemic T cell activation. This suggests that
these changes contribute directly to the diarrhea that occurs in
wild-type, but not long MLCK-knockout, mice.

Treatment with a membrane-permeant inhibitor of MLCK prevents
T cell activation—induced diarrbea. The striking protection of long
MLCK-knockout mice from anti-CD3-induced disease suggests
that intestinal epithelial MLCK may be a novel target for non-
immunosuppressive therapy of immune-mediated diarrhea. We
have recently described a membrane-permeant inhibitor of MLCK
(PIK) (11). This short peptide mimics the regulatory domain of
MLCK, which confers specificity, and also has sequence similar-
ity to protein transduction domains, e.g., of HIV-1 Tat, that allow
cytoplasmic access (57). When used in vitro, PIK reversed cytokine-
induced reductions in transepithelial electrical resistance, an indi-
cator of barrier function, in cultured epithelial monolayers (11).
However, the originally described PIK is unsuitable for use in vivo
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Figure 7

Mice lacking the 210-kDa MLCK demonstrate cytokine induction after
anti-CD3 treatment but do not increase epithelial MLC phosphoryla-
tion. (A) Mucosal IFN-y transcription was markedly increased 3 hours
after anti-CD3 injection in both wild-type and MLCK-- mice (n = 3). (B)
Mucosal TNF-a transcription was markedly increased 3 hours after
anti-CD3 injection in wild-type and MLCK~- mice (n = 3). (C) Western
blot analysis of MLC phosphorylation in isolated epithelial cells of wild-
type and MLCK-- mice 3 hours after anti-CD3 treatment showed a
large increase in MLC phosphorylation in wild-type mice that did not
occur in MLCK—=- mice.

due to its susceptibility to proteolysis in the intestinal lumen
(58). To overcome this limitation, we developed a stable PIK ana-
log that possessed the same membrane permeance and specific-
ity for MLCK as the parent compound but was approximately
4,000-fold more resistant to proteolysis (58). Because our previ-
ous in vitro work applied PIK only to the apical surface of cultured
monolayers, stable PIK was added directly to the perfusion solu-
tion in our in vivo permeability assay, a route of administration
analogous to oral delivery. To determine the distribution of stable
PIK delivered in this manner, the jejunal segment was perfused
with biotinylated PIK, which was then detected with fluoro-
chrome-conjugated streptavidin. Stable PIK was detected in intes-
tinal epithelia throughout the villus and crypt (Figure 9A). How-
ever, PIK was not detectable within lamina propria stromal cells or
underlying muscularis. This agrees with previous reports (59) that
protein transduction domains are not suitable for systemic deliv-
ery across epithelial-lined surfaces. In this case, that property is an
advantage, as it suggests failure of systemic delivery and therefore
implies that systemic toxicity should not limit therapeutic use of
stable PIK. Consistent with this, no systemic effects were noted
at perfused stable PIK concentrations as high as 250 uM. Gross
and histological examination of intestinal segments perfused with
250 uM stable PIK for 2 hours also failed to show any evidence of
toxicity (Figure 9B). Moreover, the selective delivery of stable PIK
to the epithelium did not affect the mucosal cytokine response to
anti-CD3, as induction of mucosal TNF-o and IFN-y transcription
after anti-CD3 injection were similar in PIK-treated and untreated
jejunum (Figure 9, C and D). Thus, stable PIK delivered luminally
accesses crypt and villous epithelia but not subepithelial compart-
ments and does not cause systemic toxicity.

To determine whether stable PIK is able to prevent epithelial
MLC phosphorylation after anti-CD3 treatment, epithelia were
isolated from perfused jejunal segments. Stable PIK completely
prevented increased phosphorylation after anti-CD3 injection
(Figure 9E). Thus, stable PIK applied in the perfusion solution is
targeted to the appropriate tissue compartment, the epithelium,
and accomplishes its desired biochemical action, prevention of
MLC phosphorylation.

To determine whether this inhibition of MLCK-mediated
MLC phosphorylation also prevented redistribution of tight
junction proteins, occludin localization was assessed in jejunal
segments perfused with 80 uM stable PIK. Treatment with PIK
significantly reduced occludin internalization after anti-CD3
treatment; only 5% + 2% of villous enterocytes in PIK-treated
mice contained internalized occludin, compared with 39% + 7%
of enterocytes in anti-CD3-treated mice without PIK (P =0.002;
Figure 10A). Thus, MLCK inhibition with stable PIK prevents
anti-CD3-mediated tight junction reorganization.
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Figure 8

210-kDa MLCK-- mice are protected from anti-CD3-induced diarrhea. (A) Intestinal weight-to-length ratio
did not increase in MLCK=- mice 3 hours after anti-CD3 treatment, while wild-type mice showed a large
increase in weight-to-length ratio (P = 0.52; n = 4) (B) Consistent with the lack of an increase in weight-
to-length ratio, perfused segments of small intestine in MLCK~- mice treated with anti-CD3 did not show
significant changes in water movement relative to untreated MLCK-- mice (P = 0.35; n = 4). (C) Paracel-
lular permeability, indicated by BSA efflux, did not increase in MLCK~- mice treated with anti-CD3 relative
to untreated MLCK~- mice (P = 0.12; n = 4). (D) Immunofluorescent detection of occludin in intestinal
epithelia of MLCK-- mice demonstrated that occludin remained confined to the tight junction 3 hours after
anti-CD3 treatment, without any evidence of internalization (scale bar, 5 um).

The results with the long MLCK-knockout mouse suggest
that epithelial MLC phosphorylation is critical for the diarrhea
induced by anti-CD3 treatment. However, long MLCK is also
expressed in nonepithelial cell types (54, 60, 61). Thus, it is pos-
sible that the protective effect of long MLCK knockout was due
to loss of MLCK function in nonepithelial cells. PIK overcomes
this limitation, since the similarity of stable PIK to the pseu-
dosubstrate domain of MLCK confers extremely high target
specificity, and the protein transduction domain present in PIK
results in its restriction to the epithelium after luminal applica-
tion. Thus, stable PIK represents a pharmacological approach to
specifically inhibit only intestinal epithelial MLCK. Stable PIK
prevented anti-CD3-induced increases in paracellular perme-
ability, as assessed by BSA flux (Figure 10B). This inhibition was
dose dependent over a concentration range consistent with the
ICso of stable PIK (58). At the highest dose tested, 250 uM, stable
PIK reduced paracellular permeability to the level observed in
control animals that were not treated with stable PIK or anti-
CD3. Thus, specific inhibition of intestinal epithelial MLCK
prevents barrier dysfunction induced by T cell activation.

Stable PIK did not affect net water absorption in mice not treated
with anti-CD3 (Figure 10C). In anti-CD3-treated mice, stable PIK
restored net water absorption in a dose-dependent manner that par-
alleled the effect on paracellular permeability (Figure 10C). Howev-
er, even at the maximal dose of stable PIK tested, water absorption in
anti-CD3-treated mice was less than that in control mice (P =0.03;
Figure 9C). This observation suggests that while MLCK-dependent
MLC phosphorylation is necessary for diarrhea to occur, it is not
the only mechanism of reduced absorption following T cell activa-
tion. Despite this, the data clearly show that inhibition of MLCK
2710
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permeability often accompanies
diarrhea in gastrointestinal dis-
eases, including inflammatory
bowel disease, graft versus host
disease, and infectious enterocoli-
tis (1-6). However, the role of per-
meability defects, or barrier dys-
function, in disease pathogenesis
in vivo remains poorly defined.
This is partly due to the absence
of specific agents that can restore
the epithelial barrier without
suppression of the overall inflam-
matory process. Our aims in this
study were to define the mecha-
nisms of epithelial barrier dys-
function in immune-mediated
diarrheal disease, to specifically
reverse that barrier dysfunction
without limiting immune activa-
tion, and therefore to determine
the role of barrier dysfunction in
disease pathogenesis. We studied a mouse model of acute immune-
mediated diarrhea that is similar to the TNF-dependent diarrhea
seen in patients treated with anti-CD3 monoclonal antibody OKT3
(25, 26). The data show that in vivo epithelial barrier dysfunction,
defined as both increased paracellular protein flux and tight junc-
tion disruption, is mediated by MLCK-dependent MLC phosphory-
lation. Both genetic and pharmacological MLCK inhibition prevent-
ed in vivo epithelial barrier dysfunction following systemic T cell
activation. Moreover, these same interventions prevented the diar-
rhea that occurred in wild-type mice. These studies therefore pro-
vide unequivocal evidence that MLCK regulates intestinal epithelial
paracellular permeability in vivo and are the first to our knowledge

Genotype: WT WT MLCK* MLCK
Anti-CD3: - + - +

to show the central role of this regulation in diarrhea disease.
Anti-CD3-induced T cell activation is a well-established model of
acute immune-mediated intestinal disease involving epithelial bar-
rier dysfunction and diarrhea. Previous reports have suggested both
epithelial apoptosis (62) and active ion secretion (30) as important
events in the development of these in vivo symptoms. In vitro stud-
ies also suggest that TNF can induce apoptosis of model intestinal
epithelia. For example, conductance scanning studies suggest that
apoptosis is responsible for approximately half of the TNF-mediated
barrier defect induced in HT-29 monolayers, with increases in tight
junction permeability accounting for the remainder (19). However, in
agreement with a previous study that reported apoptosis beginning
8-12 hours after anti-CD3 injection (62), we found no histological or
biochemical evidence of epithelial apoptosis 3 hours after anti-CD3
treatment, during the peak of anti-CD3-induced diarrhea. Thus,
while TNF-mediated epithelial apoptosis may be a long-term con-
sequence of systemic T cell activation, it does not contribute to the
acute diarrhea observed in the first hours after anti-CD3 injection.
Volume 115
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Treatment of intestinal epithelium with the MLCK inhibitor PIK. (A) The distribution of biotinylated stable PIK after perfusion of a segment of small
intestine was detected using fluorescently tagged streptavidin (red). F-actin (green) and DNA (blue) are superimposed in the right panel for orienta-
tion. Perfused PIK was present in villous (V) and crypt (C) epithelia but was not seen within the lamina propria, muscularis mucosa, or submucosa
(scale bars, 25 um). (B) H&E-stained section of anti-CD3—treated intestine with and without PIK treatment showed no evidence of toxicity related to
PIK treatment (scale bars, 100 um). (C) Mucosal IFN-y transcription was markedly increased 3 hours after anti-CD3 injection in both PIK-treated and
untreated mice (n = 3). (D) Mucosal TNF-a transcription was markedly increased 3 hours after anti-CD3 injection in both PIK-treated and untreated
mice (n = 3). (E) Western blot analysis of epithelial MLC phosphorylation revealed that the addition of 250 uM PIK to the luminal perfusate reduced
baseline epithelial MLC phosphorylation and also prevented the large increase in MLC phosphorylation induced 3 hours after anti-CD3 injection.

To assess the contribution of secretory pathways to the develop-
ment of anti-CD3-induced diarrhea, we attempted to prevent diar-
rhea by blocking either CFTR- or Ca?*-activated CI- channel-medi-
ated ClI- secretion. Neither mice carrying a mutant CFTR nor those
perfused luminally with niflumic acid, a Ca?*-activated Cl- channel
inhibitor, were protected from anti-CD3-induced diarrhea, indi-
cating that neither mechanism of Cl- secretion is necessary for the
barrier dysfunction or diarrhea to occur. Thus, although it remains
formally possible that another active ion secretory mechanism may
be involved in anti-CD3-induced diarrhea (30), neither CFTR- nor
Ca?*-activated Cl- channel-mediated Cl- secretion are required.

Studies of tissue excised from anti-CD3-treated animals have
also suggested that diarrhea is mediated by suppression of Na*-
dependent absorptive pathways (14). To test this in vivo, we inhib-
ited Na*-dependent absorption using pharmacological inhibitors
or by removing Na* from the luminal perfusate. Both of these
treatments caused malabsorption, evident as decreased net water
absorption. However, neither induced net water secretion or bar-
rier dysfunction in hypoosmolar perfusate. Thus, malabsorption
alone is insufficient to explain the net water secretion, barrier loss,
and massive acute diarrhea induced by systemic T cell activation.

Given that neither CI- secretion nor Na* malabsorption were
sufficient to explain the massive diarrhea or barrier dysfunction
that followed systemic T cell activation, we focused our atten-
tion on the mechanisms of barrier dysfunction. We found that
the development and resolution of diarrhea were closely corre-
lated with the level of epithelial MLC phosphorylation. We have
shown this to be a critical physiological regulator of barrier
function in cultured monolayers and isolated human intestine
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(22, 49). It is now clear from a variety of in vitro studies of cul-
tured monolayers that MLC phosphorylation is also responsible
for some portion of the barrier dysfunction induced by bacte-
ria (1, 11), parasites (23), and cytokines (11, 20, 21). However,
the role of MLC phosphorylation in intestinal disease has not
been previously studied in vivo. Our data demonstrate a strik-
ing correlation among epithelial MLC phosphorylation, barrier
dysfunction, and diarrhea.

Epithelial MLC phosphorylation was accompanied by ultra-
structurally evident tight junction reorganization as well as a
striking internalization of the transmembrane tight junction pro-
teins occludin and, to a lesser extent, JAM-A. Both occludin and
JAM-A internalization have been reported in cultured epithelial
monolayers treated with TNF-o. and IFN-y (15, 20). Similarly, occlu-
din internalization has been observed following extracellular Ca?*
chelation, where myosin motor function has been implicated in
tight junction protein endocytosis (63), and following actin depo-
lymerization, where caveolae-mediated endocytosis is required for
barrier dysfunction (64). Furthermore, TNF treatment of HT-29
monolayers has been reported to cause a decrease in tight junction
strand number in tandem with barrier dysfunction (65), which is
a potential consequence of internalization of transmembrane
tight junction proteins such as occludin and JAM-A. Despite this
abundant in vitro work, these changes have not been previously
observed in vivo. Moreover, as discussed below, MLCK inhibition
prevented both occludin internalization and barrier dysfunction,
suggesting that this tight junction protein internalization may be
an important mechanism of the in vivo epithelial barrier dysfunc-
tion observed in chronic intestinal disease (65, 66).
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with other kinase inhibitors. First, because of the pres-
ence of a protein transduction domain (57), luminal
PIK can enter but not cross epithelial cells. Thus, PIK
only accesses intestinal epithelial cells. This makes
inhibition of MLCK in other cell types irrelevant, an
advantage in terms of data interpretation as well as the
absence of systemic toxicity. Moreover, PIK is highly
specific (11, 58, 68). Thus, PIK overcomes the problems
of nonspecificity that have plagued studies using ML-7
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Treatment with the MLCK inhibitor PIK prevents anti-CD3—mediated tight junction
reorganization and diarrhea. (A) Immunofluorescence detection of occludin in the
intestinal epithelium of mice treated with anti-CD3 and/or PIK showed that PIK pre-
vents the internalization of occludin associated with anti-CD3 treatment (scale bar,
5 um). (B) Increases in paracellular BSA efflux induced by anti-CD3 treatment were
reduced by PIK perfusion in a dose-dependent manner (P = 0.015, 0 uM PIK with anti-
CD8 vs. 80 uM PIK with anti-CD3; n = 4). (C) Treatment with 80 uM PIK resulted in the
=4).

restoration of net water absorption in anti-CD3-treated mice (P = 0.006; n

In addition to preventing structural and functional tight junc-
tion disruption, MLCK inhibition prevented diarrhea. Thus, in
addition to being the first in vivo analysis of MLC phosphoryla-
tion-dependent tight junction regulation in intact intestine, these
data are the first to our knowledge to directly demonstrate a role
for paracellular barrier dysfunction in diarrheal disease. We used
both genetic and pharmacologic approaches to demonstrate this
essential role for MLCK. The genetic approach was aided by our
recent discovery that only the long isoform of MLCK is expressed
in intestinal epithelia (24). Thus, we were able to use mice with a
selective knockout of the long isoform (56). Unlike mice in which
long and short MLCK isoforms are knocked out (67), these long
MLCK-knockout mice are viable and phenotypically normal in the
absence of stress. These mice responded to anti-CD3 injection with
mucosal immune activation similar to that occurring in wild-type
mice but failed to phosphorylate intestinal epithelial MLC. The
long MLCK-knockout mice also failed to disrupt tight junction
structure or function or to develop diarrhea. Thus, long MLCK
expression is required for tight junction disruption and diarrhea
following systemic T cell activation.

The results using long MLCK-knockout mice are the first to our
knowledge to show that MLCK is necessary for acute immune-
mediated diarrhea to occur. However, this isoform is expressed in
other tissues. Thus, it is formally possible that loss of long MLCK
expression in nonepithelial cell types contributed to the protection
from acute immune-mediated diarrhea observed in these mice. We
therefore asked whether a specific MLCK inhibitor, PIK, was able to
prevent diarrhea. PIK has several unique features when compared
2712
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induce a Ca?* signal in intestinal epithelia (71). Thus,
although further investigation may be warranted,
TNEF-dependent MLCK activation in the intestinal
epithelium may be independent of Ca?" signaling.
We therefore considered alternative mechanisms of
MLCK activation. In cultured endothelial cells, cleav-
age by caspase-3 can lead to Ca?*-independent long
MLCK activation (72). We did not, however, observe
caspase-3 activation or long MLCK cleavage during
the development of anti-CD3-induced diarrhea. Thus, caspase-3-
mediated activation is unlikely to play a role here.

The long MLCK expressed in endothelia and intestinal epithelia
(24) differs from short MLCK in that it contains unique amino-ter-
minal domains (73). These include tyrosine residues at positions
464 and 471 that can be phosphorylated by Src family kinases (74).
While incompletely characterized, purified p605 can phosphory-
late tyrosine 464 and/or 471 of long MLCK-derived peptides (74),
which may also be targets for other kinases. In vitro, long MLCK
phosphorylation results in enhanced kinase activity at suboptimal
Ca?* concentrations (74). Thus, stimulation of intestinal epithe-
lial Src family kinases, for example, Brk/Sik (75), by TNF-a could
provide a Ca?*-independent mechanism of MLCK activation. This
model is consistent with in vitro studies showing that TNF-o can
activate Src kinase activity via TNF receptor 2 (76) and separate
observations that TNF receptor 2 mediates TNF-o-induced bar-
rier dysfunction (F. Wang and J.R. Turner, unpublished observa-
tions). Thus, it may be interesting to explore the possibility that
TNF-o-dependent MLCK activation occurs by a novel TNF recep-
tor 2/Src family kinase-dependent mechanism in future studies.

It is notable that, while PIK completely prevents loss of barrier
function, net water absorption is only partially restored. Similarly,
while long MLCK-knockout mice do not develop barrier dysfunc-
tion or diarrhea after anti-CD3 treatment, net water absorption is
decreased. Indeed, the net water absorption observed following T
cell activation in both long MLCK-knockout and PIK-treated mice
was similar to that which occurred when Na* malabsorption was
induced. Thus, while our data clearly show that intestinal epithelial
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MLCK is required for diarrhea to occur, they do not exclude the pos-
sibility that malabsorption is also a significant contributor to this
diarrhea. For example, it could be that MLCK-mediated barrier dys-
function is required to provide a route for fluid movement into the
intestinal lumen and that the osmotic driving force for this water
movement is provided by malabsorption. Future identification of
agents that selectively disrupt barrier function without altering ion
transport processes may allow this hypothesis to be tested.

In summary, the data show that T cell activation causes intesti-
nal epithelial barrier dysfunction characterized by increased para-
cellular protein flux, changes in tight junction morphology, and
increased MLC phosphorylation. This barrier dysfunction, which
is necessary for the development of anti-CD3-mediated diarrhea,
is regulated by long MLCK; both genetic knockout and pharma-
cological MLCK inhibition effectively prevent anti-CD3-induced
barrier dysfunction and diarrhea. Therefore, barrier dysfunction is
critical to the development of acute immune-mediated diarrheal
disease. Inhibition of MLCK may present a novel non-immuno-
modulatory therapeutic approach to treatment of such disease.

Methods

Mouse model. Seven- to 10-week-old wild-type CS7BL/6, 210-kDa MLCK 7/~
(56), or CFTRAFS08 (36) female mice were injected intraperitoneally with
200 ug anti-CD3 (clone 2C11) in 200 ul of PBS or vehicle alone. Mice were
then used for intestinal permeability assays or sacrificed for tissue har-
vest. Harvested tissues were snap-frozen in OCT for immunofluorescence,
placed in TRIzol (Invitrogen Corp.) for mRNA analysis, or used for epi-
thelial cell isolation, as described below. All animal experiments were car-
ried out in accordance with National Institutes of Health guidelines under
protocols approved by the Institutional Animal Care and Use Committee
at the University of Chicago.

Quantitative histopathology. Jejunal segments were fixed in neutral-buffered
formalin and embedded in paraffin using established protocols. Well-ori-
ented 5-iwm sections were stained with H&E and photographed using a light
microscope equipped with a MicroPublisher 5.0 RTV camera (QImaging).
For calculation of villous morphometry, the following measurements were
obtained from 20 representative well-oriented villus-crypt units per group
using Adobe Photoshop (Adobe Systems): distance from villus tip to the
bottom of the adjacent crypts; distance from villus tip to the villus-crypt
junction; and width of the villus at its midpoint. Ratios were calculated
and compared using the 2-tailed Student’s ¢ test. P values less than 0.05
were considered statistically significant.

Intestinal permeability assay. Intestinal permeability and water flux were
measured by adapting an in vivo assay previously used in rats (32). Seven- to
9-week-old female mice were fasted for 24 hours prior to each experiment.
Anesthesia was induced 1 hour after treatment with anti-CD3 or vehicle with
ketamine (75 mg/kg, intraperitoneal injection; Fort Dodge Animal Health)
and xylazine (25 mg/kg, intraperitoneal injection; Lloyd Laboratories). Mice
were injected intravenously with 250 ul of 1 mg/ml Alexa 488-conjugated
BSA (Invitrogen Corp.). The abdomen was opened by a midline incision, and
a 5-cm loop of jejunum was cannulated at the proximal and distal ends with
0.76-mm internal diameter polyethylene tubing. Flushing solution (140 mM
NaCl, 10 mM HEPES, pH 7.4) warmed to 37°C was first perfused through
the jejunal loop at 1 ml/min for 10 minutes using a peristaltic pump (Bio-Rad
Laboratories). This was followed by perfusion of 5 ml test solution (50 mM
NaCl, 5§ mM HEPES, 2 mM sodium ferrocyanide, 2.5 mM KCl, 20 mM glu-
cose, pH 7.4) in a recirculating manner at 1 ml/min for 3 hours, beginning
90 minutes after anti-CD3 or vehicle treatment. The abdominal cavity was
covered with moistened gauze, and body temperature, measured via rectal

thermometer, was maintained at 37°C using a heating lamp. In experiments
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using isoosmotic perfusate, the perfusion solution consisted of 100 mM
NaCl, 10 mM HEPES, 5 mM sodium ferrocyanide, 5 mM KCl, 20 mM glu-
cose, pH 7.4. For experiments involving Na*-free perfusate, N-methyl-pD-glu-
camine-Cl was substituted for NaCl. Alternatively, inhibitors were added to
the perfusate when required, including PIK (25-250 uM, as specified) (11),
HOE694 (200 uM) (77), $3226 (10 uM) (78), niflumic acid (100 uM), Y27632
(10 uM) (Calbiochem), Rac1 inhibitor NSC23766 (100 uM) (45), and 20 uM
AlF4 (Sigma-Aldrich). One-milliliter aliquots of test solution were removed
at the beginning and end of the perfusion. After perfusion, the animal was
sacrificed and the perfused jejunal segment excised and the length measured.
The excised intestinal loop was then snap-frozen in OCT or used for epithe-
lial cell isolation. Ferrocyanide concentration in the perfusate was measured
using a previously described colorimetric assay (79). In preliminary experi-
ments, 98% and 99% of perfused ferrocyanide was recovered from control
and anti-CD3-treated animals after 2 hours of perfusion, respectively, con-
firming that this inert probe is not absorbed. Alexa 488-conjugated BSA con-
centration was measured using a microplate reader (Synergy HT; Bio-Tek)
using an excitation wavelength of 485 nm and an emission wavelength of
528 nm. Preliminary quantitative SDS-PAGE analysis showed that Alexa 488
fluorescence accurately represented the content of intact BSA in the lumi-
nal perfusate. Probe clearance was calculated as Cyrobe = (CiVi - CeVe) /(CaygTL);
water flux was calculated as (V; - V5)/(TL). In these equations, C; represents
the measured initial probe concentration; C¢ represents the measured final
probe concentration; V; represents the measured initial perfusate volume;
Ve was calculated as Vi([ferrocyanide];/[ferrocyanide]r); Cayg was calculated
as (Ci - Cp)/In(Ci/Cy); T represents hours of perfusion; and L represents the
length of the perfused jejunal section in centimeters.

Immunofluorescence. Immunostaining was performed as previously
described (49). Briefly, 5-um frozen sections were collected on coated
slides, fixed in 1% paraformaldehyde, and washed 3 times with PBS, and
nonspecific binding was blocked with 1% normal goat serum in PBS. After
incubation with affinity-purified anti-serine-19-phosphorylated MLC-spe-
cific rabbit antibody (10 ug/ml) (49), rabbit anti-occludin (5 ug/ml; Zymed
Laboratories Inc.); rabbit anti-claudin-1, rabbit anti-claudin-5, and rabbit
anti-JAM-A (10 ug/ml; Zymed Laboratories Inc.); rabbit anti-claudin-2 and
rabbit anti-claudin-4 (5 ug/ml; Zymed Laboratories Inc.); or rabbit anti-
ZO-1 antibody (2.5 ug/ml; Zymed Laboratories Inc.), sections were washed
and incubated with Alexa 594-conjugated goat anti-rabbit antisera, Alexa
488-conjugated phalloidin, and Hoechst 33342 (Invitrogen Corp.). Sections
were imaged using a Leica DMLB epifluorescence microscope equipped
with an 88000 filter set (Chroma Technology Corp.) and a Coolsnap HQ
camera (Roper Scientific Inc.) controlled by MetaMorph 6 (Universal Imag-
ing Corp.). Tight junction protein internalization was quantified by count-
ing 500 villous enterocytes per group. The fractions of enterocytes with
internalized occludin or JAM-A were compared using Student’s ¢ test.

Epithelial isolation. We purified intestinal epithelial cells using a modifica-
tion of a previously published method (80). Briefly, a fresh section of intestine
was opened lengthwise and washed in 4°C Ca?"- and Mg'-free HBSS (CMF-
HBSS). The tissue was then transferred to CMF-HBSS containing 10 mM
dithiothreitol and 50 nM calyculin A (Calbiochem) and incubated for 30
minutes at 4°C. After incubation, the tube was shaken briefly and the tis-
sue transferred to a fresh tube containing CMF-HBSS with 1 mM EDTA
and 50 nM calyculin A. After incubation at 4°C for 1 hour, epithelial cells
were dislodged by vigorous shaking. Large pieces of tissue were removed
from the tube and discarded, and epithelial cells were harvested by cen-
trifugation at 500 g for 10 minutes.

Subcellular fractionation. Isolated intestinal epithelial cells were lysed in
2.5 ml of Tris-buffered saline (TBS) containing 1% Triton X-100. Two mil-
liliters of this lysate was combined with 2 ml of 80% sucrose (wt/vol) in
TBS. The lysate in 40% sucrose was layered over a 1-ml cushion of 50%
Volume 115 2713
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sucrose. Sucrose layers were then added over the lysate as follows: 2 ml
of 35% sucrose, 2 ml of 30% sucrose, 3 ml of 15% sucrose, and 1 ml of 5%
sucrose. Sucrose gradients were then centrifuged at 280,000 g for 18 hours
at 4°C. Fractions (0.5 ml) were collected and analyzed for sucrose concen-
tration, total protein using the DC Protein Assay (Bio-Rad Laboratories),
and SDS-PAGE immunoblot.

SDS-PAGE and immunoblot analysis. Isolated intestinal epithelial cells were
lysed in SDS sample buffer, sonicated on ice, and boiled for 5§ minutes.
These were separated by SDS-PAGE, transferred to PVDF, and probed
using primary antibodies against total MLC, phosphorylated MLC (49),
occludin (Zymed Laboratories Inc.), or caspase-3 (Cell Signaling Technol-
ogy). Following incubation with appropriate HRP-conjugated secondary
antibodies, signal was detected by chemiluminescence. Band intensity was
determined by densitometry using MetaMorph 6.

Analysis of cytokine transcription. Small pieces of intestine (~3 mm?) were
placed in TRIzol and sonicated briefly to disrupt the tissue. RNA was
extracted with chloroform, precipitated with isopropanol, and resus-
pended in diethyl pyrocarbonate-treated water. RNA was further puri-
fied using a RNeasy mini kit (QIAGEN). cDNA was generated from 2 ug
RNA using Thermoscript reverse transcriptase (Invitrogen Corp.) and
random hexamer primers in a 25-ul reaction. mRNA levels of TNF-o and
IFN-y were determined by SYBR green real-time PCR using the MyiQ
Real-Time PCR Detection System (Bio-Rad Laboratories) through 50
cycles. GAPDH was used as a reference. We used primers TCAAGTG-
GCATAGATGTGGAAGAA and TGGCTCTGCAGGATTTTCATG

for detection of TNF-a; CATCTTCTCAAAATTCGAGTGACAA and
TGGGAGTAGACAAGGTACAACCC for detection of IFN-y; and
CTTCACCACCATGGAGAAGGC and GGCATGGACTGTGGTCATGAG
for detection of GAPDH.
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