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The Epithelial Barrier Is Maintained by In Vivo Tight Junction Expansion
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BACKGROUND & AIMS: Tumor necrosis factor (TNF)
increases intestinal epithelial cell shedding and apoptosis,
potentially challenging the barrier between the gastrointes-
tinal lumen and internal tissues. We investigated the mech-
anism of tight junction remodeling and barrier mainte-
nance as well as the roles of cytoskeletal regulatory
molecules during TNF-induced shedding. METHODS: We
studied wild-type and transgenic mice that express the flu-
orescent-tagged proteins enhanced green fluorescent pro-
tein-occludin  or monomeric red fluorescent protein
1-ZO-1. After injection of high doses of TNF (7.5 ug intra-
peritoneally), laparotomies were performed and segments of
small intestine were opened to visualize the mucosa by
video confocal microscopy. Pharmacologic inhibitors and
knockout mice were used to determine the roles of caspase
activation, actomyosin, and microtubule remodeling and
membrane trafficking in epithelial shedding. RESULTS:
Changes detected included redistribution of the tight junc-
tion proteins ZO-1 and occludin to lateral membranes of
shedding cells. These proteins ultimately formed a funnel
around the shedding cell that defined the site of barrier
preservation. Claudins, E-cadherin, F-actin, myosin II, Rho-
associated kinase (ROCK), and myosin light chain kinase
(MLCK) were also recruited to lateral membranes. Caspase
activity, myosin motor activity, and microtubules were re-
quired to initiate shedding, whereas completion of the pro-
cess required microfilament remodeling and ROCK, MLCK,
and dynamin II activities. CONCLUSIONS: Maintenance
of the epithelial barrier during TNF-induced cell shed-
ding is a complex process that involves integration of
microtubules, microfilaments, and membrane traffic to
remove apoptotic cells. This process is accompanied by
redistribution of apical junctional complex proteins to
form intercellular barriers between lateral membranes
and maintain mucosal function.

Keywords: Barrier Function; Cell Shedding; Occludin;
EGFP; mRFP.

n essential function of the intestine is to maintain a
barrier between the gut lumen and internal tissues.
A single layer of epithelial cells creates this barrier, and

the space between adjacent epithelial cells is sealed by the
tight junction, the principal determinant of barrier func-
tion, and the subjacent adherens junction.!? The contin-
ual renewal of the surface epithelium, which requires cell
shedding, represents a potential site of barrier loss. Al-
though barrier function is maintained during physio-
logic cell shedding,?® the risk of gross barrier loss is
compounded in inflammatory disease, where epithelial
proliferation and turnover are accelerated. Consistent
with this, increased tight junction permeability is associ-
ated with intestinal disease?*® and electrical conductance
is enhanced directly over sites of epithelial apoptosis.®
However, although gross barrier function is maintained
during shedding,” the mechanisms that regulate this pro-
cess during epithelial turnover are poorly understood.

One mechanism of epithelial cell extrusion that has
been proposed on the basis of static images of in vivo
intestinal epithelial shedding events involves extension of
cytoplasmic processes from adjacent cells beneath the
shedding cell.? This was suggested to allow adjacent cells
to join and seal, like a zipper, from bottom to top during
extrusion.® Alternatively, in vitro studies of renal epithe-
lia suggest that adjacent cells may simply constrict
around an apoptotic cell by mechanisms that involve
microfilaments and microtubules as well as rho-associ-
ated kinase (ROCK), myosin light chain kinase (MLCK),
and pl11S RhoGEF.”# The roles of these cytoskeletal
structures and regulatory proteins in epithelial extrusion
have not been assessed in vivo.

We hypothesized that reorganization of tight junction
proteins might be an essential component of epithelial
extrusion and barrier maintenance. To assess this, we
used the pathophysiologically relevant model of intesti-
nal epithelial cell shedding induced by administration of
high-dose tumor necrosis factor (TNF) and in vivo im-

Abbreviations used in this paper: EGFP, enhanced green fluorescent
protein; MLC, myosin light chain; MLCK, myosin light chain kinase;
mRFP1, monomeric red fluorescent protein 1; ROCK, Rho-associated
kinase; TNF, tumor necrosis factor.
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aging of mice expressing fluorescent-tagged tight junc-
tion proteins.* Redistribution of ZO-1 and occludin from
the apical junctional complex to lateral membranes was
the first detectable event in TNF-induced shedding. Pro-
gression of extrusion was characterized by luminal move-
ment and constriction of this funnel, which defined the
site of barrier preservation. Other tight and adherens
junction proteins, actin, myosin, and the critical regula-
tors ROCK and MLCK were also recruited to lateral
membrane funnels. Shedding could be largely blocked by
inhibition of caspase cleavage, microfilament and micro-
tubule remodeling, myosin II motor activity, ROCK,
MLCK, or dynamin. However, these agents affected dif-
ferent stages of extrusion, indicating that each has spe-
cific roles in this process. These data show that apoptotic
shedding involves redistribution of junctional proteins
along lateral membranes by a process that requires cyto-
skeletal remodeling and membrane trafficking events to
complete extrusion and maintain barrier function.

Materials and Methods
Animals

Seven- to 10-week old C57BL/6 wild-type, trans-
genic, and 210-kilodaltcon MLCK ™/~ mice were housed in
an Association for Assessment and Accreditation of Lab-
oratory Animal Care-accredited facility using Institu-
tional Animal Care and Use Committee-approved proce-
dures, as described.*?

Live Animal Imaging

Imaging of anesthetized animals was performed
as previously described (Supplementary Materials and
Methods).#1° Inhibitors were perfused luminally for 1
hour before imaging.

Immunofluorescence

Images of immunostained sections were obtained,
and deconvolved z-stacks were used to assess the number
of shedding cells (Supplementary Materials and Meth-
ods). Twenty fields from each of 2 mice were counted for
each condition. Results were normalized to the length of
basement membrane, and at least 60,000 um was exam-
ined for each condition.

Statistical Analysis

Data are presented as means * SEM for at least 3
independent experiments.

Results

Barrier Function Is Maintained During
TNF-Induced Cell Shedding

To visualize shedding in intact epithelia, in vivo
imaging of wild-type mice was performed as described
previously.#!! Only rare shedding events followed admin-
istration of low-dose (5 mg) TNF, which causes tight
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junction barrier loss and water secretion.*® In contrast,
high-dose (7.5 mg) TNF induced abundant epithelial
shedding beginning 90 minutes after administration (6.2
X 1073 £ 4.7 X 1073 events/mm basement membrane at
120 minutes). Neighboring cells shed in rapid succession
in some areas, and this continued to the end of the
experiment (180 minutes after TNF) (Figure 14 and Sup-
plementary Video 1). However, the barrier to small hy-
drophilic solutes was maintained (Figure 1A and B). Ex-
tracellular calcium chelation confirmed sensitivity of the
barrier detection method and requirement for adherens
and tight junctions in barrier maintenance (Figure 1C).

Morphologic changes typical of apoptosis were not
apparent until the nucleus of the shedding cell had
moved above the nuclei of adjacent cells, at which point
chromatin fragmentation and condensation began (Fig-
ure 1A and B). Only apically oriented shedding was de-
tected in more than 1500 events; basally oriented shed-
ding was not observed.

Perijunctional Actin Is Remodeled During
Cell Shedding

Extrusion of apoptotic cells requires actin polym-
erization as well as ROCK and MLCK activity in vitro.”
To preliminarily assess the role of actomyosin during in
vivo epithelial extrusion, sections were harvested 120
minutes after administration of high-dose TNF and la-
beled to detect F-actin and nuclei. Comparison with live
imaging data permitted identification of shedding cells
and 3 patterns of microfilament reorganization associ-
ated with this process (Figure 1D). Microfilaments ex-
tended along basolateral membranes of some cells to
outline a saccular epithelial shape. In other cases, lateral
membranes were more rigid, consistent with the devel-
opment of tension, and formed a funnel that surrounded
the extruding cell. Finally, microfilaments formed a “V”
shape, sometimes with an extended apex, surrounding
cells in which the nucleus was significantly displaced
above those of adjacent cells.

ZO-1 and Occludin Are Actively Redistributed
During Epithelial Shedding

To determine whether ZO-1 is redistributed dur-
ing in vivo extrusion, neurovascularly intact jejunal mu-
cosa of transgenic mice expressing either enhanced green
fluorescent protein (EGFP)-occludin or monomeric red
fluorescent protein 1 (mRFP1)-ZO-1 fusion proteins
within intestinal epithelia* were studied between 90 and
180 minutes after administration of 7.5 ug TNF (Figure
2). In these mice, mRFP1-ZO-1 is specifically associated
with the tight junction, whereas overexpression causes
EGFP-occludin to be distributed at the tight junction
and along lateral membranes.* Approximately 2 minutes
before the nucleus began to move apically, ZO-1 mi-
grated downward along lateral membranes, completely
covering the basolateral surface (Figure 24 and B). Con-
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Figure 1. High-dose TNF increases cell shedding but does not compromise barrier function. (A, upper panel) In vivo imaging of cell shedding in
wild-type mice. Low-magnification time-lapse images at indicated times after administration of 7.5 ug TNF. Bar = 20 um. Time after administration
of TNF (in minutes) is indicated on the images. Nuclei were labeled with Hoechst 33342. Alexa 633 (1 ng/mL) was used as a luminal permeability
marker (red). (A, lower panel) Zoomed views show a time lapse of shedding events. Bar = 10 um. (B) High-magnification time-lapse images of a single
shedding event. Bar = 10 um. (C) High-magnification time-lapse images of a single shedding event after administration of EDTA. Bar = 10 um. (D)
Fixed tissue sections of jejunum from wild-type mice 120 minutes after administration of 7.5 ug TNF; F-actin (red) and nuclei (blue). Bar = 10 um.

sistent with the microfilament redistribution detected in
fixed tissues, this initially defined a loose saccular shape
(Figure 2B, 5 minutes after commencement of cell shed-
ding). Coincident with apical nuclear movement, the
lateral membranes became rigid and formed a funnel
(Figure 2B, 7.5 minutes). Further contraction allowed
this funnel to be converted to a “V” shape (Figure 2B, 10
minutes). Ultimately, the monolayer was entirely repaired

(Figure 2B, 20 minutes), with complete expulsion of the
shed nucleus into the lumen, movement of adjacent
nuclei to fill the vacated position within the monolayer,
and removal of basolateral membrane-associated mRFP1-
ZO-1 (Supplementary Video 2). The entire process re-
quired 20 minutes or less in 86% of cases (n = 137
shedding events). EGFP-occludin was similarly redistrib-
uted during epithelial shedding (Figure 24 and C and
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Figure 2. Tight junction proteins are remodeled during cell shedding. (A) In vivo imaging of EGFP-occludin and mRFP1-ZO-1 during cell shedding
in transgenic mice after administration of 7.5 ug TNF. Bar = 20 wm; zoomed views bar = 10 um. (B and C) High-magnification time-lapse images
of (B) mRFP1-Z0O-1 (red) and (C) EGFP-occludin (green) redistribution during a single shedding event. The luminal dye is 1 ug/mL Alexa 633. Bars =
10 wm.
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Supplementary Video 3). Moreover, similar redistribution
of endogenous ZO-1 and occludin was identified by im-
munofluorescence of tissues from TNF-treated wild-type
mice (not shown), showing that the events observed are
not artifacts of protein overexpression or the fluorescent
tag.

The live imaging data indicate that the epithelial bar-
rier is maintained during TNF-induced shedding. Fur-
ther examination indicated that the apical limit of
mRFP1-ZO-1 and EGFP-occludin, which colocalized
with one another (Figure 24), also marked the site of the
barrier to luminal solute permeation (Figure 2A-C).
Thus, together with the demonstration that disruption
of tight junctions by calcium chelation'? induced para-
cellular dye leakage (Figure 1C), these data suggest the
tight junction contributes to barrier maintenance during
epithelial extrusion.

The Apical Junctional Complex Is Remodeled
During Epithelial Shedding

ZO-1 and occludin are important to tight junc-
tion assembly and maintenance,»'>'# but claudin pro-
teins are required for paracellular barrier function.!s
Consistent with ZO-1 and occludin reorganization, clau-
din-7 and claudin-15 were redistributed over lateral
membranes as shedding occurred (Figure 3A4). Similarly,
although E-cadherin is normally present at the lateral
membrane, this pool was enriched along lateral mem-
branes of shedding cells (Figure 3A, untreated tissue;
Supplementary Figure 1).

Recent work has shown a critical role for vesicular
traffic during in vivo tight junction regulation by TNF.#
We therefore hypothesized that membrane traffic might
facilitate cell shedding and redistribution of tight junc-
tion proteins. To assess this, jejuna were perfused with
dynasore, a specific dynamin inhibitor.’® Dynasore pre-
vented 65% of shedding events (P < .01) (Figure 3B),
suggesting a role for dynamin II-dependent membrane
traffic during in vivo epithelial shedding. Moreover, in
vivo imaging showed, after initiation, that shedding
events froze and the funnels observed were maintained
without progression for up to 90 minutes (not shown).

Microfilaments and Microtubules Both
Contribute to Epithelial Shedding In Vivo

The apical junctional complex is structurally and
functionally linked to the perijunctional actomyosin
ring. To preliminarily determine whether actin regulatory
proteins contribute to shedding, distributions of ROCK
and MLCK, as well as myosin II heavy chains and ser-
ine-19 phosphorylated myosin II regulatory light chain
(MLC), were assessed (Figure 3A, untreated tissue; Sup-
plementary Figure 1). ROCK is normally present through-
out the cytoplasm but was concentrated at lateral mem-
branes during shedding. Similarly, MLCK, which
normally localizes to the perijunctional actomyosin ring,
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extended to lateral membranes of shedding cells. Consis-
tent with the activities of these kinases,!” extrusion was
associated with increased MLC phosphorylation along
rigid, but not saccular, lateral membranes. Whereas my-
osins ITA, IIB, and IIC are all expressed in cancer-derived
intestinal epithelial cell lines,'® only IIA and IIC were
detected in jejunal villous enterocytes (Figure 3A and
Supplementary Figure 1). Myosin IIA was normally dis-
tributed in punctate foci throughout the cytoplasm but
was also found in punctate along the lateral membranes
of shedding cells. In contrast, myosin IIC was predomi-
nantly localized to the perijunctional actomyosin ring,
suggesting that, in contrast to in vitro studies,'® this
isoform may regulate the apical junction complex in vivo.
Consistent with that hypothesis, myosin IIC was redis-
tributed along lateral membranes of shedding cells.

As a whole, these data suggest that microfilaments and
their regulators contribute significantly to epithelial
shedding in vivo. To explore this further, inhibitors of
actomyosin function were perfused through jejuna of
mice treated with high-dose TNF. Consistent with in
vitro data, cytochalasin D potently inhibited in vivo ep-
ithelial shedding, preventing 60% of shedding events (P <
.01) (Figure 3B). Similarly, the myosin II motor inhibitor
blebbistatin'® and the rho kinase inhibitor Y2763220
strongly inhibited in vivo epithelial shedding, preventing
86% and 67% of shedding events (P < .01), respectively
(Figure 3B). Shedding was also assessed in long MLCK ™/~
mice, the only isoform expressed in intestinal epithe-
lia.>2t TNF-induced shedding was reduced by 87% in
these mice (P < .01) (Figure 3B). In vivo analysis showed
that cytochalasin D, blebbistatin, Y27632, and long
MLCK™/~ slowed, but did not prevent, progression of
shedding events (not shown), suggesting the existence of
escape pathways.

A recent report has indicated a significant role of tubulin
in defining the polarity of apoptotic cell shedding in vitro.?
Consistent with a role for microtubules during in vivo
shedding, tubulin was distributed continuously along lat-
eral membranes of shedding cells in a manner similar to
actin and other proteins (Figure 34). Moreover, colcemid
prevented 85% of shedding events (Figure 3B). However,
even in colcemid-treated mice, only apically oriented fun-
nels and cell extrusion were observed.

Epithelial Shedding Requires Caspase
Cleavage

The relative roles of apoptosis and anoikis in
intestinal epithelial shedding are unclear.!%22.23 Immu-
nofluorescent staining showed a punctate distribution
of cleaved caspase-3 within the cytoplasm of shedding
cells, suggestive of activation around mitochondria,
but this was only detectable after other features of cell
shedding were evident (Figure 3A). To test whether
caspase cleavage is required for the initiation of TNF-
induced cell shedding, jejuna of TNF-treated mice were
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Figure 3. Proteins are remodeled in shedding cells. (A) Jejunum was harvested from wild-type mice 120 minutes after intraperitoneal injection
of 7.5 ug TNF and labeled for claudin-15, claudin-7, E-cadherin, ROCK, MLCK, phosphorylated MLC (pMLC), myosin IlA, myosin IIB, myosin
IIC, cleaved caspase 3, tubulin (green), F-actin (red), and nuclei (blue). Arrows indicate the nucleus of shedding cell. Bar = 10 um. (B) Wild-type
mice were injected with 7.5 ug TNF, and a segment of jejunum was perfused with 50 umol/L dynasore, 40 wmol/L cytochalasin D, 500 wmol/L
blebbistatin, 400 wmol/L Y27632, 400 wmol/L colcemid, 50 wmol/L Q-VD-OPH, or isotonic solution. MLCK =/~ mice were injected with 7.5 ug
TNF and a segment of jejunum perfused with isotonic solution. Jejunum was harvested 120 minutes after TNF and labeled for ZO-1 (green),
F-actin (red), and nuclei (blue). The number of shedding events was counted in at least 60,000 wm of basement membrane per condition.

perfused with Q-VD-OPh, a potent, broad-spectrum
caspase inhibitor.>* This blocked 93% (P < .01) of
shedding events. These data suggest that caspase cleav-
age is necessary for TNF-induced cell shedding to
occur. However, because MLC phosphorylation oc-
curred normally in the few events that did occur after
Q-VD-OPh perfusion (Figure 3B and Supplementary
Figure 2), the results indicate that either caspase inhi-
bition was incomplete or escape mechanisms that do
not require caspase cleavage exist.

Cell Shedding Occurs via an Ordered Series of

Events

Live imaging suggests that TNF-induced shedding
occurs in a reproducible, stepwise process (Figure 4). To
understand this better, tissues were examined by transmis-
sion electron microscopy (Figure 4A). The first recognizable
event was reorganization of ZO-1, occludin, and F-actin
along the lateral membranes (Figure 4B). This was accom-
panied by partial microvillus vesiculation and intracellular
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actin nuclei

Figure 4. Cell shedding can be defined by early, middle, and late
stages. (A) Electron micrographs of aldehyde-fixed, plastic-embedded
jejunum harvested from wild-type mice 120 minutes after TNF injection.
As shedding progressed, organelles broke down (arrow in i and i), cells
assumed a funnel shape (arrow indicates lateral membrane of shedding
cellin if), and microvilli vesiculated (arrow in iii). Nuclei of shedding cells
condensed and fragmented (arrow in v), and the nuclear envelope be-
came indistinct (arrow in iv). Neighboring cells filled the space left by the
shedding cell from beneath (arrows in vi). (B-D) Jejunum was harvested
from wild-type, mRFP1-ZO-1, or EGFP-occludin mice 120 minutes
after administration of 7.5 ug TNF intraperitoneally and labeled for ZO-1
(red) and F-actin (green) or occludin (green) and F-actin (red). Nuclei are
blue. (B) Early-stage cell shedding. (C) Middle-stage cell shedding. (D)
Late-stage cell shedding. Bar = 10 um.
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organelle breakdown (Figure 4A). This progressed to an
intermediate stage within 5 minutes and was characterized
by rigidity of lateral membranes (Figure 4C), complete ve-
siculation of microvilli, early nuclear condensation, and
nuclear envelope fragmentation (Figure 4A). Terminal con-
traction of surrounding epithelia completed extrusion, and
the monolayer was resealed during the final stage (Figure
4D).

Apoptotic, Cytoskeletal, and Membrane
Traffic Inhibition Interfere With Distinct
Stages of Epithelial Shedding

To determine the stage at which inhibitors
blocked shedding, the proportion of identified events in

GASTROENTEROLOGY Vol. 140, No. 4

each stage was assessed. Without inhibitors, 89% of de-
tected shedding events were late stage and only 11% were
early or middle stage (Figure SA). In contrast, 28% and
29% of events were early or middle stage, respectively,
after Q-VD-OPH treatment (Figure SA and B). Together
with the overall inhibition of shedding, these data sug-
gest that caspase activation is required for initiation and
progression of this process.

Microtubule polymerization also appeared to be essen-
tial for early stages of shedding and subsequent extrusion
(Figure SA and B). After colcemid treatment, 52% of
detected shedding events were early stage and only 35%
were late stage. However, events that were initiated were
ultimately completed, indicating that either alternative
mechanisms or residual colcemid-resistant microtubules
can compensate, albeit inefficiently, for generalized mi-
crotubule loss.

The myosin II motor inhibitor blebbistatin markedly
inhibited progression of cell shedding, with 66% of ob-
served events in the earliest stages (Figure SA and B). This
suggests that actomyosin contraction is required for de-
velopment of tension along lateral membranes and for
progression from early to middle stages. Actin depoly-
merization, ROCK inhibition, and long MLCK knockout
also increased the proportion of shedding events in early
stages, as well as those in middle stages to 47% after
cytochalasin D treatment, 48% after Y27632 treatment,
and 54% in MLCK™/~ mice, respectively (Figure SA and
B). Moreover, when late-stage events were identified in
these conditions, they tended to be arrested. This was
most obvious in Y27632-treated tissues (Figure 5B).

Dynasore had the most profound effect on TNF-in-
duced epithelial shedding. Many partially extruded cells
accumulated (Figure 5C) and persisted for up to 60
minutes, with the majority (66%) trapped in early or
middle stages of shedding (Figure 5A and B). Despite this
paralysis, the barrier was maintained at these sites (Figure
5C). Thus, dynamin plays a critical role in progression of
the shedding process from early to middle as well as
middle to late stages but is not required for barrier
maintenance.

Discussion

Epithelial extrusion occurs millions of times each
day in the mammalian intestine. The frequency of such
events is further amplified in inflammatory disease,
where epithelial turnover occurs at significantly increased
rates. Barrier defects associated with epithelial extrusion
have been implicated as a cause of the barrier dysfunction
associated with enterocolitis in experimental models and
patients with inflammatory bowel disease®?> and may
even be sites of pathogen entry.26 Despite these defects,
the epithelial barrier remains largely intact, even in the
face of extensive shedding. The goal of these studies was
to identify the mechanisms that maintain the epithelial
barrier during pathologic cell shedding.
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Figure 5. Extrusion of apoptotic shedding cells requires cytoskeletal elements and membrane traffic. (A) Wild-type mice were injected with 7.5 ug
TNF, and a segment of jejunum was perfused with 50 umol/L Q-VD-OPH, 400 umol/L colcemid, 500 ,umoI/L blebbistatin, 40 wmol/L cytochalasin
D, 400 wmol/L Y27632, 50 wmol/L dynasore, or isotonic solution. MLCK =/~ mice were injected with 7.5 ug TNF, and a segment of jejunum was
perfused with isotonic solution. Jejunum was harvested 120 minutes after administration of TNF and labeled for ZO-1 (green), F-actin (red), and nuclei
(blue). At least 60,000 wm of basement membrane was examined per condition. The stages of cell shedding were determined by F-actin and ZO-1
staining as in Figure 4B-D. The percentage of events observed in each stage of shedding varied between the inhibitors used. (B) Remodeling of ZO-1
(green) and F-actin (red) along lateral membranes of shedding cells in wild-type mice after perfusion with Q-VD-OPH, colcemid, blebbistatin,
cytochalasin D, Y27632, and dynasore and in MLCK~/~ mice. Arrows indicate nucleus of shedding cell. (C) A segment of jejunum was perfused with
50 wm dynasore for 60 minutes before injection of 7.5 ug TNF. Tissue was harvested 120 minutes after TNF injection and labeled for F-actin (red)
and nuclei (blue). Low-magnification images show an accumulation of partially extruded cells (arrows). Bar = 10 um.

Increased rates of intestinal epithelial shedding are show that tight and adherens junction-like structures
commonly associated with increased mucosal TNF pro- assemble over the lateral membranes to maintain the
duction and can be reduced by TNF neutralization.?” barrier between shedding and adjacent healthy epithelial
This suggests that TNF-induced cell shedding is a patho- cells.
physiologically relevant model of accelerated cell turn- Although our data are the first to examine tight junc-
over. We took advantage of recently developed techniques tion reorganization during pathologic cell shedding in
and transgenic mice to study in vivo shedding by video vivo, an elegant 1990 study by Madara reported prolifer-
confocal microscopy. The data reveal a remarkable redis- ation of tight junction-like strands along lateral mem-
tribution of ZO-1 and occludin, from the tight junction branes of small intestinal epithelia undergoing sponta-
to basolateral membranes, where they define the site of = neous, homeostatic shedding.? The presence of strands at
barrier maintenance. Claudins, E-cadherin, tubulin, F-ac- these sites is consistent with our observation that claudin
tin, ROCK, and MLCK are also recruited to basolateral proteins are recruited to basolateral membranes. More-
membranes, where contraction results in development of ~ over, although the available technology limited the pre-
a funnel that appears to expel the apoptotic cell. We vious study to static images of shedding events, Madara
further showed essential roles for actomyosin contrac- was able to show that diffusion of a soluble luminal
tion, microtubule remodeling, intracellular cytoskeletal tracer, horseradish peroxidase, was restricted at the apical
regulators, and dynamin II. Taken as a whole, the data site at which these irregular junctional strands were

[

3
II—
v
ag
Qa2
[T7)
=
-
<




>
=
2
m
4
%
=<
2
0
-

1216 MARCHIANDO ET AL

found. Thus, although the methods used were very dif-
ferent, the previous ultrastructural data and our live
imaging data are comparable in their demonstration of
widespread tight junction assembly along lateral mem-
branes of shedding intestinal epithelial cells. Although
the limitation of static images prevented Madara from
measuring the rate at which these structures formed and
sealed potential gaps left by cells being shed spontane-
ously, we were able to determine that, in the majority of
cases, TNF-induced shedding and resealing required less
than 20 minutes. This is also consistent with our recent
data (Guan et al, manuscript in submission) showing
that discontinuities, or gaps,!®!! left after spontaneous
shedding resolve rapidly (<10 minutes), with the epithe-
lium returning to basal state within 20 minutes.

There has been considerable debate as to whether in-
testinal epithelial shedding is initiated by apoptosis or,
alternatively, apoptosis is triggered by shedding (ie, anoi-
kis) in vivo.10:22.23.28 We found that caspase-3 was unde-
tectable until after other features of cell shedding were
evident (Figure 3A). This suggests that caspase-3, an
essential element of both intrinsic and extrinsic apoptotic
pathways, may be activated after initiation of cell shed-
ding and is consistent with the observation that the less
specific, and more toxic, caspase inhibitor ZVAD-fmk
does not prevent in vitro shedding.” However, we were
able to inhibit in vivo shedding with the general caspase
inhibitor Q-VD-OPh (Figure 3B).>* Furthermore, the few
cells that started to shed in the presence of Q-VD-OPh
were in early or middle stages, whereas an overwhelming
majority of events were of late stage in the absence of
Q-VD-OPH (Figure 5A and B). Consistent with this ob-
servation, caspase inhibition did not prevent MLC phos-
phorylation, suggesting that caspases are acting distal to
events that activate MLC phosphorylation, that MLC
phosphorylation and caspase cleavage are on separate
pathways, or that there is an escape mechanism that can
overcome caspase inhibition. These data also suggest that
caspase cleavage precedes shedding and that our failure
to detect caspase-3 cleavage until after shedding reflects
limited sensitivity of the approach. Alternatively, the ef-
fect of Q-VD-OPH may partly reflect inhibition of other
caspases, because caspase-3 activation is normally a late
event in apoptosis. In either case, these data argue
strongly that TNF-induced cell shedding is triggered by
caspase activation rather than epithelial detachment, in-
dicating that the process is one of apoptosis and not
anoikis.

In contrast to previous studies of spontaneous shed-
ding, we did not identify long-lived gaps after TNF-
induced shedding. This suggests that, despite similarities,
physiologic and pathologic cell shedding are distinct
processes. This conclusion is further supported by the
observation that TNF-induced shedding is markedly de-
creased in long MLCK™/~ mice. Because basal intestinal
morphology is unremarkable in these mice, spontaneous,
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or homeostatic, shedding must proceed normally by a
long MLCK-independent mechanism in these mice. This
does not, however, exclude a role for MLC phosphoryla-
tion and actomyosin contraction in spontaneous shed-
ding, because basal intestinal epithelial MLC phosphor-
ylation is similar in long MLCK ™/~ and wild-type mice.”
This mechanism may also be responsible for the ineffi-
cient completion of TNF-induced cell shedding in
MLCK™/~ mice. Moreover, as long MLCK ™/~ mice fail to
internalize occludin and develop barrier defects following
treatment with low-dose TNF?® (high-dose TNF does in-
duce some shedding), TNF-induced tight junction regu-
lation and epithelial shedding are distinct, separable pro-
cesses. Although not addressed here, these stark differences
between low-dose and high-dose TNF may relate to difter-
ing affinities of the 2 TNF receptors. TNFR2, which regu-
lates tight junction permeability,>® has a high affinity for
TNF (ie, is activated by low doses),?® whereas TNFR1 re-
quires higher TNF concentrations to induce epithelial
apoptosis.3!

It is not surprising that actomyosin contraction con-
tributes to in vivo shedding, because actin remodeling,
ROCK, and MLCK are involved in MDCK cell extrusion.”
Moreover, microtubules have been previously implicated
in MDCK cell shedding” and closure of plasma mem-
brane wounds,3? perhaps because microtubules can serve
to organize microfilament assembly and recruit myosin I
to wound edges. However, despite recent data suggesting
that microtubules determine the polarity of MDCK cell
extrusion in vitro,® we did not find any examples of basal
extrusion, even in the presence of colcemid. This may
reflect anatomic differences between in vitro and in vivo
situations, such as the presence of a basement membrane
in the latter.

The rapidity with which occludin, claudins, and
E-cadherin, all of which are transmembrane proteins,
spread over basolateral membranes is remarkable. Al-
though vesicular traffic could be responsible for this
redistribution, membrane traffic has not been previously
implicated in epithelial shedding, in vitro or in vivo. We
found that dynasore, a specific inhibitor of dynamin,
markedly inhibited shedding. Moreover, the few shed-
ding events present were trapped in early and middle
stages. This may reflect other roles of dynamin, including
interactions mediated by Tuba,?* a Cdc42 GEF that can
regulate microfilament assembly and stability in nonepi-
thelial cells. However, the markedly different effects of
cytochalasin and dynasore argue that the latter is more
likely to reflect inhibition of vesicular traffic. Thus, al-
though further analysis is necessary, these data are the
first to indicate a potential role for dynamin II-depen-
dent membrane traffic in epithelial shedding.

Overall, the data suggest a model for the process of in
vivo TNF-induced cell shedding in which epithelial apopto-
sis is initiated before morphologically recognizable changes
(Figure 6). This proceeds to early stages of shedding in
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Figure 6. A model for the mechanism of TNF-induced intestinal epithelial
extrusion. Caspase cleavage is required to initiate the process, with addi-
tional contributions from MLCK and myosin adenosine triphosphatase ac-
tivity as well as microtubule-dependent events. This is followed by redistri-
bution of cytoskeletal, tight junction, and adherens junction proteins along
lateral membranes of cell that will be shed. Myosin adenosine triphospha-
tase activity and both microtubule- and dynamin-dependent events are
required for development of tension along lateral membranes and pro-
gression of extrusion. Finally, adjacent cells move into, and beneath, the
space left by the shedding cell. This resolution requires actin reorgani-
zation, ROCK, MLCK, and dynamin.

which tight and adherens junction and cytoskeletal proteins
reorganize along basolateral membranes to expand the
scope of the paracellular barrier. Myosin II motor activity
and microtubule remodeling cause contraction of the shed-
ding cell and its neighbors, resulting in development of
tension along the lateral membranes. In contrast to previ-
ous models in which adjacent cells migrate beneath the
shedding cell,® our data suggest that attachments between
shedding and adjacent cells are maintained during extru-
sion as a result of the expanded distribution of junctions
along basolateral membranes. ROCK, MCLK, and dynamin
II direct further contraction and membrane flow until ex-
trusion is complete. New junctions are formed between
adjacent cells as the shedding cell leaves the monolayer,
possibly by mechanisms that involve ROCK, MCLK, and
dynamin IL
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In summary, these observations suggest that the remark-
able plasticity of tight junction structure that we have re-
cently described*3* is essential for barrier maintenance dur-
ing epithelial shedding. Although the cues that direct the
observed junctional proliferation remain to be defined, the
data suggest that they may be useful therapeutic targets for
barrier maintenance in disease.

Supplementary Material

Note: To access the supplementary material
accompanying this article visit the online version of
Gastroenterology at www.gastrojournal.org and at doi:
10.1053/j.gastro.2011.01.004.
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Supplementary Materials and Methods

Live Animal Imaging

EGFP was imaged using an Argon laser with a
spectral emission range of 490 to 568 nm, mRFP1 was
imaged using a DPSS 561 laser with a spectral emission
range of 577 to 679 nm, and Alexa 633 was imaged using
an HeNe 633 laser; a pinhole of 200 um was used for all
3 fluorophores.!3 Hoechst dye was imaged using a multi-
photon laser with a spectral emission range of 400 to 492
nm and pinhole of 600 wm. Line scanning was performed
at 200 or 700 Hz. Postacquisition image analysis was
performed using MetaMorph 7 (Molecular Devices,
Sunnyvale, CA).

Immunofluorescence

Mouse jejunum was snap frozen in OCT and
stored at —80°C. Frozen sections (10 wm) were fixed in
1% paraformaldehyde and immunostained as described
previously using primary rabbit anti-[CE]-claudin-15
(Invitrogen, Carlsbad, CA), rat anti-E-cadherin (Invitro-
gen), monoclonal rat anti-ZO-1,* mouse monoclonal anti-
occludin (Invitrogen), rabbit anti-ROCK (Cell Signaling
Technology, Danvers, MA), rabbit anti-myosin IIA (Cell
Signaling Technology), rabbit anti-myosin IIB (Cell Sig-
naling Technology), rabbit anti-myosin IIC (Cell Signal-
ing Technology), affinity-purified rabbit anti-phosphory-
lated MLC,’ rabbit anti-cleaved caspase-3 (Cell Signaling
Technology), mouse anti-tubulin (Zymed, San Francisco,
CA), or mouse anti-MLCK (Sigma, St Louis, MO) primary
antibodies and Alexa Fluor 488 or 594 conjugated sec-
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ondary antibodies (Invitrogen) along with Alexa Fluor
488 or 594 conjugated phalloidin (Invitrogen) and
Hoechst 33342 (Invitrogen). Sections were mounted in
Prolong Gold (Invitrogen), and imaging was performed
using a DM4000 epifluorescence microscope (Leica Mi-
crosystems, Bannockburn, IL) equipped with 4',6-di-
amidino-2-phenylindole, Endow GFP, and Texas Red
zero pixel shift filter sets (Chroma Technology Corp,
Bellows Falls, VT), 63X 1.32 NA oil immersion objective
or 20X 0.7 NA objective, and a Coolsnap HQ camera
(Roper Scientific, Sarasota, FL) controlled by MetaMorph
7. Z-stacks were collected at 0.2-um or 1-um intervals
and deconvolved using Autodeblur X2 (Media Cybernet-
ics, Bethesda, MD) for 10 iterations.
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Supplementary Figure 1. Immunohistochemistry of claudin-15, claudin-7, E-cadherin, MLCK, phosphorylated MLC, tubulin, myosin llA, myosin
IIB, and myosin lIC (all in green) in jejunal enterocytes of untreated wild-type mice. Nuclei (blue) are shown for orientation.
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Supplementary Figure 2. Wild-type mice were injected with 7.5 ug TNF, and a segment of jejunum was perfused with 50 pmol/L Q-VD-OPH and

labeled for phosphorylated MLC (pMLC; green), actin (red), and nuclei (blue).
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