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Guan Y, Watson AJ, Marchiando AM, Bradford E, Shen L, Turner
JR, Montrose MH. Redistribution of the tight junction protein ZO-1 during
physiological shedding of mouse intestinal epithelial cells. Am J Physiol Cell
Physiol 300: C1404–C1414, 2011. First published February 23, 2011;
doi:10.1152/ajpcell.00270.2010.—We questioned how tight junctions
contribute to intestinal barrier function during the cell shedding that is
part of physiological cell renewal. Intravital confocal microscopy
studied the jejunal villus epithelium of mice expressing a fluorescent
zonula occludens 1 (ZO-1) fusion protein. Vital staining also visual-
ized the cell nucleus (Hoechst staining) or local permeability to
luminal constituents (Lucifer Yellow; LY). In a cell fated to be shed,
ZO-1 redistributes from the tight junction toward the apical and then
basolateral cell region. ZO-1 rearrangement occurs 15 � 6 min (n �
28) before movement of the cell nucleus from the epithelial layer.
During cell extrusion, permeation of luminal LY extends along the
lateral intercellular spaces of the shedding cell only as far as the
location of ZO-1. Within 3 min after detachment from the epithelial
layer, nuclear chromatin condenses. After cell loss, a residual patch
of ZO-1 remains in the space previously occupied by the departed
cell, and the size of the patch shrinks to 14 � 2% (n � 15) of the
original cell space over 20 min. The duration of cell shedding
measured by nucleus movement (14 � 1 min) is much less than the
total duration of ZO-1 redistribution at the same sites (45 � 2 min).
In about 15% of cell shedding cases, neighboring epithelial cells
also undergo extrusion with a delay of 5–10 min. With the use of
normal mice, ZO-1 immunofluorescent staining of fixed tissue
confirmed ZO-1 redistribution and the presence of ZO-1 patches
beneath shedding cells. Immunostaining also showed that redistri-
bution of ZO-1 occurred without corresponding mixing of apical
and basolateral membrane domains as marked by ezrin or E-
cadherin. ZO-1 redistribution is the earliest cellular event yet
identified as a herald of physiological cell shedding, and redistri-
bution of tight junction function along the lateral plasma mem-
brane sustains epithelial barrier during cell shedding.

jejunum; fluorescent protein; intestinal permeability; intravital mi-
croscopy; laser scanning confocal microscopy; multiphoton micros-
copy

THE EPITHELIUM of the small intestine functions as a selective
barrier, protecting the organism against penetration by harmful
agents (34). In part because of the intense and continuous
interactions between the epithelium and the luminal environ-
ment, the epithelium has evolved to undergo rapid turnover,
where cells are extruded frequently from the villus and re-
placed by others (14, 17, 23, 35). Cell extrusion successfully

maintains epithelial barrier function, even during cell loss, by
some mechanism that is still poorly understood (3, 10, 18–20,
35–37). This mechanism even appears to maintain barrier
function at transient discontinuities in the intestinal epithelium.
Such “gaps” (defined as a lack of an intravitally stained cell
nucleus in the epithelial layer) can result from cell shedding
and have also been observed in the steady-state census of cell
positions on the villus epithelium (3, 16, 35–37).

Tight junctions prevent diffusion of molecules between
adjacent epithelial cells and confer epithelial tightness, but
their role during physiological cell shedding is unclear. These
junctions are highly dynamic structures consisting of numerous
interacting proteins (28). Clearly, cell shedding requires alter-
ations in tight junction configuration. Electron microscopy has
suggested that the junctions rearrange beneath dividing and
shedding cells to maintain epithelial barrier function by con-
necting the cells neighboring an extruding cell (1, 3, 15, 37).
Studies in which cell renewal was stimulated experimentally
have provided some insight into the interplay between tight
junction proteins and the maintenance of epithelial barrier
function. Tumor necrosis factor-� (TNF-�) stimulates epithe-
lial cell shedding nearly 30-fold (16), enhances caveolin-1-
dependent endocytosis of the transmembrane tight junction
protein occludin, and compromises tight junction barrier func-
tion (20). In other studies, experimentally induced epithelial
wounds cause F-actin and myosin-II to accumulate at tight
junctions and form a “purse-string” that closes the wound to
restore epithelial barrier function (2, 5). Phosphorylated myo-
sin light chain has been observed at sites of physiological cell
shedding (3, 33) and in inflammatory bowel disease tissues (4,
26), suggesting that tight junction regulation is likely impacted
during cell extrusion. Intriguingly, the tight junction scaffold
protein, zonula occludens protein-1 (ZO-1), recently shown to
render structural firmness and impermeability to the junction,
is a link between occludin and the actin cytoskeleton (7, 8, 24).
Therefore, ZO-1 may play a role in physiological epithelial cell
extrusion and subsequent barrier maintenance.

Using a transgenic mouse expressing a fusion protein be-
tween monomeric red fluorescent protein (mRFP1) and ZO-1
(20), intravital staining (12, 16) and immunofluorescence, we
have examined the subcellular redistribution of ZO-1 while
directly visualizing physiological cell shedding without phar-
macological or mechanical stimulation. As a result, we here
report for the first time the three-dimensional and temporal
dynamics of physiological cell extrusion in relation to epithe-
lial barrier function in the intestine. Our observations support a
model where tight junction reorganization allows for intestinal
epithelial cell renewal without loss of barrier function.
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MATERIALS AND METHODS

Animals. We used wild-type mice or transgenic mice expressing a
fluorescent fusion protein (mRFP1 linked to the amino terminus of the
tight junction protein ZO-1, under the control of the 9-kb villin
promoter), on a C57BL/6 genetic background (for details, see Refs. 20
and 27). Breeding colonies in our Chicago and Cincinnati laboratories
were group-housed and kept on a 12:12 h light-dark cycle (lights off:
7:00 p.m.), with constant access to standard rodent diet and water.
Protocols were approved by the Animal Care and Use Committees at
the University of Chicago and the University of Cincinnati.

Surgical preparation. Mice (age �12 wk) were surgically prepared
for imaging of the exposed small intestinal villi, by modification of
previous procedures (12), as summarized below. They were anesthe-
tized by intraperitoneal injection of ketamine hydrochloride (50
mg/kg body wt; Ketaject, Phoenix Scientific, St. Joseph, MO) and
thiobutyl barbital (120 mg/kg body wt; Inactin; Sigma Chemical, St.
Louis, MO). The nuclear dyes Hoechst 33342 or Hoechst 33258 (2
mg/kg body wt; Invitrogen, Eugene, OR) were injected via the tail
vein. The abdomen was opened by a midline incision, and �1.5 cm of
jejunum was exteriorized. Peristalsis of the intestine was reduced by
topical application of �50 �l 2% xylazine (Ben Venue Laboratories,
Bedford, OH). The intestine was slit open at the anti-mesenteric side
by electrocauterization, and the gut segment was rinsed with saline.
The animal was placed in a dark, temperature-controlled (37°C) box
on the stage of an inverted LSM 510 NLO microscope (Carl Zeiss,
Jena, Germany), with the exposed mucosa facing the �40 objective
lens. The mucosal surface was constantly superfused at 0.2 ml/min
(KD Scientific push/pull syringe pump; Holliston, MA) with medium
containing (in mM) 130 NaCl, 5 KCl, 1 MgSO4, 2 CaCl2, 1 Na2HPO4,
20 HEPES, and 25 mannose; pH 7.4. In some studies, 50 �M Lucifer
Yellow (LY, CH lithium salt; Molecular Probes, Eugene, OR) was
added to the medium to monitor villus epithelial permeability.

In vivo imaging. Confocal fluorescence was recorded for mRFP1
[excitation (EX) 543 nm, emission (EM) 565–615 nm, optical section
thickness 2.1 �m] or for LY (EX 458 nm, EM 500–550 nm, optical
section thickness 1.2 �m). Nucleus staining with Hoechst was studied
by two-photon microscopy (EX 730 nm, EM 435–485 nm). In
time-course experiments, fluorescence images of epithelial cells were
recorded near the tip of small intestinal villi at 4-min intervals. At
each time point, a set of five XY-plane images were taken at 5-�m
focus intervals (1,024 � 1,024 pixels recording of 230 �m � 230 �m
tissue area in each image). For higher three-dimensional resolution of
more static structures, 20 XY-plane images were collected at 0.5-�m
focus intervals.

Immunocytochemistry. Immunostaining and imaging of stained sec-
tions were performed precisely as described before (32). Briefly, frozen
sections of normal mouse jejunum were fixed in 1% paraformaldehyde
and immunostained using anti-ZO-1 (rat or mouse monoclonal, Invitro-
gen), anti-�-actin, anti-ezrin (mouse monoclonal, Sigma), and anti-E-
cadherin (rat-anti-mouse, Invitrogen), followed by Alexa Fluor 594- or
488-conjugated secondary antisera (Invitrogen), respectively. Cell nuclei
were stained by incubating sections in Hoechst 33342 (37). Stained
sections were imaged with a �63, 1.32 numerical aperture oil immersion
objective on a DM4000 epifluorescence microscope (Leica, Wetzlar,
Germany) and a CoolSNAP HQ camera (Roper Industries, Houston,
TX). Z-stacks were collected at 0.2-�m intervals and deconvolved using
AutoDeblur (version X1; Media Cybernetics, Bethesda, MD) with 10
iterations.

Image analysis and statistics. Our confocal image collection strat-
egy was designed to compensate for tissue movement due to intestinal
smooth muscle contraction, which was minimized (but not fully
eliminated) by xylazine, and for heartbeat and breathing artifacts.
Lateral motion of tissue was compensated by examining a large image
area at high-pixel resolution, and movement along the focal axis was
compensated by selecting similar tissue regions from the multiple
planes of focus collected at each time point. In this way, we could

monitor the dynamic process of individual cell movement and shed-
ding for periods up to 2 h. Postacquisition image analysis was
performed with MetaMorph and ImageJ (NIH, Bethesda, MD)
software. Sizes of cells, their nuclei, and epithelial gaps were
characterized by measuring their diameter and perimeter. Fluores-
cence intensity of structures was assessed using background-
corrected 8-bit images by measuring the mean intensity value from
relevant areas and normalizing values to results from the same
structure at the start of experimentation. Data were expressed as
means � SE of multiple experiments. Means were compared with
Student’s t-test or analysis of variance (the latter including Bon-
ferroni’s post hoc test), as appropriate (Prism; GraphPad Software,
San Diego, CA) (� � 5%) (30).

RESULTS

Our goal was to determine how the rearrangement of tight
junctions affects tissue permeability during cell shedding that
mediates the physiological renewal of the small intestinal
epithelium. We used intravital confocal and two-photon mi-
croscopy to examine the jejunal villus epithelium at high
resolution in anesthetized mice, as described previously (11,
12). Four fluorescent markers, applied in suitable combina-
tions, were used to follow the process: Hoechst 33342 or
Hoechst 33258 to label the cell nucleus, a transgene expressing
an mRFP1-ZO-1 fusion protein to track the tight junction
protein ZO-1, and LY to label luminal perfusate and thereby
monitor local changes in epithelial permeability.

Dynamic ZO-1 redistribution before and during cell
shedding. Figure 1 shows in vivo images of the living villus
epithelium, in which animals expressing the mRFP1-ZO-1
fusion protein also had the cell nucleus labeled with Hoechst
33342. The figure presents a set of five images collected along
the focal axis at 5-�m intervals. The imaging area usually
included 2�4 cross-sectioned villi (V in Fig. 1A) and the
luminal intervillus space (L in Fig. 1A) between them. On
average, 2–8 cell shedding events could be observed in such an
area during 90 min. As shown, the highest expression of the
fluorescent ZO-1 is at the most luminal portion of epithelial
lateral plasma membranes, where tight junctions interconnect
epithelial cells. This can be observed in en face view at the
luminal surface of epithelial villus cells (Fig. 1A) as well as in
en profile view where cells are imaged directly along the
apical-to-basal axis (Fig. 1, B–E).

Figure 2A shows a representative time course of physiolog-
ical cell shedding in en profile images collected during intra-
vital imaging and highlighting a cell that undergoes extrusion
during observation (yellow circle). As the first sign of this
process, ZO-1 shows condensation at the tight junctions, and
part of the ZO-1 becomes detached from the junctions and
accumulates in the apical part of the epithelium (11 min). The
redistribution is not always detectable as the orientation of the
cell sometimes obscures the apical region (data not shown).
Subsequently (25 min), cellular ZO-1 migrates toward the
basal pole of the epithelial cell and forms a characteristic
funnel shape that can be seen most clearly in en profile view,
having a broad base directed toward the apical side of the cell
and pointing to its basal pole. In 28 experiments, 15 � 6 min
after the start of apical ZO-1 condensation, the nucleus starts
moving apically, to be eventually lost from the epithelium and
extruded into the intestinal lumen. This implies that ZO-1
redistribution is the earliest indicator of cell shedding yet
identified. Even after the shed nucleus is no longer present in
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the images (39–65 min), remaining ZO-1 still stays condensed
at the site of shedding.

Figure 3 provides en face views of the same process in a
different representative epithelium, displaying a shedding cell
(arrow) at multiple time points, and at two Z-axis focal depths.
During cell shedding (4–13 min), ZO-1 forms a continuous
perimeter encircling the nucleus (a so-called “purse string”),
which appeared as a funnel shape in en profile view. This
structure likely marks the lateral plasma membrane of the
dying cell. After extrusion of the nucleus (�18 min), ZO-1 is
still observed as an extended patch that marks the site of cell
loss and is visible even focusing into the epithelial layer. These
results identify ZO-1 as material that transiently seals the gap
that was previously occupied by the shed cell.

As shown in Fig. 3B, the average cell shedding time span
can be determined in two ways, with two different markers.
Judged by ZO-1 fluorescence, the time span from the initial
redistribution of ZO-1 until its condensation at the site of the
extruded cell is 45 � 2 min (n � 28). In contrast, the duration
reported by nucleus staining (Hoechst 33342) is much shorter
(14 � 1 min), as it begins with first detectable nucleus
displacement and ends with completion of cell extrusion into
the lumen. Results suggest that before and after a cell has been

extruded from the epithelium, rearrangement of ZO-1 is re-
quired.

ZO-1 distribution and gap formation after cell shedding.
After a cell has left the epithelium, the residual ZO-1 patch
shrinks over time. This is demonstrated qualitatively in Fig. 3
in the progression from 18 to 48 min and analyzed quantita-
tively in Fig. 4. Measurements were made at the apical bound-
ary of the epithelium (where neighboring cells express normal
tight junctions), directly after a cell nucleus detaches from the
epithelial layer (0 min) until 20 min later. Figure 4A shows
representative images of the ZO-1 patch and surrounding
control cells, directly after cell shedding at the site of the patch
(0 min) and 16 min later. As shown in the compiled data of Fig.
4B, randomly selected nearby (control) cells maintain a stable
size of their boundary with other cells. In contrast, the ZO-1
patch beneath an extruded nucleus initially has a similar size as
nonshedding neighbor cells in the monolayer but reduces its
size over time. At 16 min after shedding, the average perimeter
of the surface area of a ZO-1 patch is 14 � 2% of the original
value (3.5 � 0.6 vs. 25 � 1 �m; n � 15; P � 0.01).
Measurements of the perimeter of individual cell spaces during
the cell shedding process suggest that the cells neighboring the
extruding cell do not measurably change size, despite a dra-

Fig. 1. Confocal microscopy of villi (V) of the mouse jejunum, showing the distribution of the zonula occludens-1 (ZO-1) fusion protein (monomeric red
fluorescent protein, mRFP1, red) in the epithelial cell layer, and cell nuclei stained with Hoechst 33342 (blue). ZO-1 can be seen in both en face view (A), where
the epithelial cells are cross-sectioned at the surface of the villi, and en profile view (B–E), where the cells are observed from the side, at progressively deeper
focus levels, at 5-�m intervals along the Z-axis. L, intestinal lumen. Scale bar � 20 �m.
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matic change in circumference of the region occupied by the
shedding cell.

The imaging of ZO-1 during cell shedding enhanced com-
parison of the residual space (gap) left by a departing cell as
detected in both en profile and en face views. When imaging
cell shedding in either orientation, measurements of gaps could
be made by comparing the dimensions between the neighbor-
ing nuclei flanking a shedding cell. Although these dimensions
are predicted to be the same (as they should ideally be an
equivalent measure in orthogonal planes), Fig. 5A shows that
the outcomes were different between the two views. The en face
view resolved a modest expansion of the shedding cell space
during the shedding process (by 23.1%; 9.6 � 0.3 vs. 7.8 � 0.3
�m, n � 26; P � 0.01) and overall reported a larger physical
dimension of this space during all measured phases of cell
shedding compared with the en profile view. The small size of
gaps reported in en profile views (“after”) leads to difficulty in
resolving the presence of gaps in this viewing orientation. In both
en face and en profile viewing orientations, the space shrinks
considerably after cell extrusion by �40% (7.8 � 0.3 vs. 4.9 �
0.2 �m; n � 26; P � 0.001) or 65% (5.7 � 0.3 vs. 2.0 � 0.2
�m, n � 19; P � 0.001), respectively. Results are likely
explained by the variable angles of optical sectioning that are
all designated as “en profile.” En profile views that are even
modestly tangential (versus perfectly aligned along the
apical-to-basal axis) will incorrectly report smaller dimen-
sions. For example, see Fig. 5B. After the nucleus has
clearly been shed into the lumen (0 min, see inset highlight-
ing ZO-1 funnel in Fig. 5B), the remaining gap appears to be
small or undetectable at early times when en face viewing
reports a readily detected gap (Fig. 4).

Epithelial barrier function relative to ZO-1 during cell
extrusion. To test whether ZO-1 redistribution led to loss of
epithelial barrier function in the region of a shedding cell, we
applied LY to the luminal fluid and evaluated local access of
this �450-molecular weight hydrophilic dye near a shedding
cell. As shown in Fig. 6, LY does not penetrate the epithelium

and is excluded from viable cells. During cell shedding, the
limit for penetration of the dye was tightly correlated with the
location of the redistributed ZO-1. Especially in LY-only
images (Fig. 6, right) the dynamics of the progressive perme-
ation of LY in the intercellular space around a shedding cell
can be clearly appreciated at 27–50 min. It is noteworthy that
the permeation of LY into the intercellular space around a
shedding cell lags behind the basolateral migration of ZO-1.
These data suggest that the observed funnel-shaped (or “purse-
string”) ZO-1 configurations are faithful indicators of tight
junction location and not signs of dissociation of ZO-1 from an
immobile tight junction. Moreover, these observations confirm
that LY cannot progress beyond the condensed ZO-1 patch
underneath the shedding cell to invade the basolateral spaces of
the neighboring epithelium (Fig. 6, 38–50 min). It was ob-
served that �10 min after completion of cell shedding, LY was
taken up by shed cells (data not shown), suggesting their
membrane permeability became compromised as cell death
progressed.

Reaction of neighboring cells to cell shedding. When look-
ing at the experiment depicted in Fig. 6, we noted that the cell
neighboring the shedding cell also initiated ZO-1 redistribu-
tion. Following up on this observation, we observed that upon
extrusion of �15% (64 of 426) of the epithelial cells, their
neighboring epithelial cells also started to be extruded, with a
delay of �5–10 min. For example, in supplemental Fig. S1
(see AJP-Cell Physiology website for supplemental figures),
cell 1 initiates the extrusion process manifested by ZO-1
redistribution, purse-string formation, and displacement of the
nucleus from the baseline (dotted blue line along the adjacent
cell nuclei), eventually leading to cell extrusion by 26 min.
Nine minutes after this event, its neighbor cell 2 starts to shed.

ZO-1, polarized membrane markers, and cell shedding in
fixed tissue sections of normal mice. It is possible that the
fluorescent (overexpressed) ZO-1 fusion protein behaved ab-
normally compared with normal ZO-1. Therefore, we per-
formed ZO-1 immunocytochemistry on fixed sections of the

Fig. 2. En profile imaging of cell shedding and ZO-1 redistribution in vivo. A: time-course imaging of epithelial villus cell that undergoes extrusion (yellow
circle), visualizing mRFP1-ZO-1 (red) and Hoechst 33342 (blue) recorded in en profile view. Apical redistribution of ZO-1 is seen at 11 min, with funnel-shape
formation of ZO-1 migrating to the basal pole and engulfing the upward moving cell nucleus at 25 min. Eventually, the epithelial cell is extruded into the lumen,
leaving a “gap” behind (white arrow) while remaining ZO-1 appears condensed at the site of shedding (39–65 min). Scale bar � 10 �m. B: cell shedding time
span measured with Hoechst 33342 (between initiation of cell nucleus migration and extrusion) and ZO-1 (between initial accumulation in the apical cytoplasm
and the final apical retention after extrusion). Values are means � SE; #P � 0.001; n � 28 time courses in 18 mice.
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small intestine from normal mice. Although cell shedding
structures are not abundant in such sections (3), we identified
sites with shedding nuclei and found clear hallmarks of altered
ZO-1 distribution, similar to those reported in the transgenic
mouse studies. These included the appearance of a funnel-
shaped ZO-1 distribution associated with modestly displaced
nucleus position as must occur in early phases of shedding
(Fig. 7A) and a patch of ZO-1 remaining in the space vacated
by extruded cells (Fig. 7, C and D). Actin counterstaining
marks predominately cell membranes (apical membranes in
healthy cells and cells in early shedding phase) and helps
demonstrate that the ZO-1 patches (Fig. 7, B–D) fill the gap left
behind by the extruded cell. Diffuse and diminished ezrin posi-
tivity was noted at the apical boundary of shedding cells, but no
ezrin was detected in the basolateral membranes (Fig. 8A). Con-
versely, the E-cadherin at the basolateral membrane of shed-
ding cells colocalized with ZO-1 in the funnel shape but was
not observed in the apical membrane (Fig. 8B).

DISCUSSION

Renewal of the intestinal epithelium is a consequence of
the short lifetime and rapid production of intestinal epithe-
lial cells, resulting in frequent cell shedding from the

intestinal villus. This report evaluates physiological cell
shedding in the mouse jejunal epithelium, intentionally
avoiding pharmacological and mechanical manipulation, so
that the baseline events can be characterized before com-
parison with the stimulated cell shedding observed in dis-
ease (16, 20). As will be discussed below the results dem-
onstrate that redistribution of ZO-1 serves as an early
marker of cell shedding as well as a marker of the movement
of tight junctions that sustain continual epithelial barrier
function during cell extrusion.

Duration and progression of the cell shedding process.
Intravital confocal imaging of a fluorescent ZO-1 fusion pro-
tein shows that the process of cell shedding in the mouse
jejunum starts 15 min before any detectable motion of the cell
nucleus from the epithelial layer, and healing of the monolayer
continues at least 15 min after the cell is lost from the
epithelium. After initial redistribution of ZO-1, the cell extru-
sion process starts, lasting �13 min, while the nucleus appears
engulfed in a characteristic funnel cone of ZO-1 protein. Our
observations confirm that an epithelial cell destined to be shed
does not yet undergo nuclear chromatin condensation (35) but
reveal that this hallmark of apoptosis is visible directly after
cells leave the monolayer (supplemental Fig. S2), and we have

Fig. 3. En face imaging of cell shedding and ZO-1 redistribution in vivo. Time-course imaging of the fate of a shedding epithelial cell (arrow) in en face view
at multiple time points and at two Z-axis focal depths (0 and 5 �m), revealing shedding while ZO-1 encircles the nucleus (9–13 min) and residual ZO-1
accumulation is visible in the epithelial layer after cell extrusion (�18 min) as an extended patch that marks the site of cell loss. The ZO-1 patch shrinks over
time. Scale bar � 5 �m.
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reported previously such condensation is routinely observed in
dead cells within the intestinal lumen (35). Recently we
showed that TNF-�-induced shedding is inhibited by the
caspase inhibitor Q-VD-OPh (37). A similar use of inhibitors
in the current work would be extremely difficult due to the low
frequency of unstimulated shedding. Since chromatin conden-
sation occurs late in apoptosis, it remains unknown whether
earlier events in apoptosis (e.g., mitochondrial dysfunction,
caspase activation) start coincident with the early redistribution
of ZO-1 that starts in advance of cell extrusion (3). At present,
altered ZO-1 distribution provides the earliest and latest hall-
mark of cell shedding in the epithelial layer.

The tight junction may be an active participant in catalyzing
cell extrusion. Multicellular wounds heal by a variety of
different mechanisms, including circumferential contraction of
an actomyosin purse string resembling the funnel-shaped ZO-1
configuration seen in our preparations, which assembles
around wound borders and is dependent on the small GTPase
Rho (2, 25). Indeed, cell shedding is inhibited by genetic
deletion of myosin light chain kinase (37). Results in Figs. 4
and 5 suggest that changes in shape and size of shedding cells
are more prominent than any changes in surrounding cells
within the epithelial layer. The constancy of the cells neigh-
boring the extruding cell does not support the idea that the

Fig. 4. Time course of gap resolution after cell shedding.
A: representative images directly after cell shedding at 0
min, and 16 min later. Symbols mark site of the ZO-1
patch (open triangle), surrounding cells directly adjoining
the shedding site (X) and more distant control cell (open
circle). Scale bar � 5 �m. B: measurements from multiple
experiments at the apical boundary of the epithelium
(where neighboring cells express normal tight junctions).
Symbols are the same as in A. Time 0 is defined as the time
of losing a cell nucleus from the epithelial layer. ZO-1
patch is reduced in size over time (#P � 0.01 vs. adjacent
cells at same time point; n � 15).

Fig. 5. Comparison of en face and en profile measures of the space (gap) in the epithelial layer resulting from cell shedding. Cell nuclei were stained with Hoechst
33342. A: measurements made of the distance between the epithelial cell nuclei that are on either side flanking a shedding cell before, during, and after cell
extrusion. In en face views, measured as linear distance between nuclei averaging values from three lines each crossing the center of the shedding cell to intersect
a pair of nuclei in different flanking cells. In en profile view, measured as linear distance between the two nuclei flanking the shedding cell (as highlighted in
B). Comparisons to the “before” condition in the same viewing orientation: ns, not significant. #P � 0.001, comparisons between viewing orientation in same
time category; †P � 0.001. (n � 45 in total). B: yellow arrow identifies shedding cell in en profile view, and white lines and arrows demark distance between
flanking nuclei surrounding the shedding cell. Inset: highlight of ZO-1 funnel.
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neighboring cells produce local force to push the shedding cell
out, although this possibility cannot be fully ruled out on the
basis of our measurements. Alternatively, we speculate that the
ventrally migrated ZO-1 may be bound to both the basolateral
membrane and the epithelial cell cytoskeleton, and contraction
of the cytoskeletal elements in the shedding cell might produce
force that acts to pull up the cell and extrude it. This sequence

of events, as depicted as a model in supplemental Fig. S3,
awaits further experimental proof.

Detection and fate of gaps. The presence of discontinuities
in the intestinal epithelium was reported previously by us and
others (16, 21, 35–37), but the variable recognition and uncer-
tain fate of gaps have remained problematic. The variable
recognition may be largely due to the way gaps have been

Fig. 6. Testing local permeability at sites of cell shedding using luminal Lucifer Yellow (LY). Images of Hoechst 33342 (blue), ZO-1 (red), and LY fluorescence
(green) collected at indicated time points in a representative experiment. Each row of images are collected at a single time point. Left and middle, results
overlaying all fluorescent reporters at two Z-axis focal depths (0 and 3 �m, respectively). Right, LY fluorescence alone (0 �m). LY fills the luminal space between
villi, and the intercellular space progressing around the lateral sides of the shedding cell. Limit of LY permeation is always defined by site of condensed ZO-1
underneath the shedding cell. Scale bar � 5 �m.
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studied in the light microscope. Although gaps are readily seen
in en face view, gaps can be misidentified or hardly visible in
en profile view. Direct measurements after shedding suggest
that this is likely due to the variable viewing angle of en profile
evaluations. A second confounder is that static studies of the
epithelium (versus direct evaluation of a shedding cell) can be
deceiving. In prior work, some gaps were misidentified in static
images due to an unexpected resistance of some (goblet) cell
nuclei to vital staining by Hoechst 33258 compared with
Hoechst 33342 (likely because the latter stain has additional
ethyl groups that render it more lipophilic) (13). Examples of
this differential staining are shown in supplemental Fig. S4.
Directly comparing images from these two DNA stains indi-
cates that the previously reported �3% cell positions at the
villus tip being occupied by gaps in the steady state (35)
represented an overestimation by approximately fourfold (data
not shown).

Our observations with ZO-1, in a setting of only evaluating
the consequences of a confirmed cell extrusion event, show
that gaps are formed and are resolved shortly after cell shed-
ding. The gap resulting from shedding includes a patch of

residual ZO-1 remaining after cell extrusion, which shrinks in
size by about two-thirds within minutes after cell loss. The cell
source of the ZO-1 patch remains unknown but since the shed
cell is impermeable to extracellular LY at the time of shedding,
it is likely to be from the cells neighboring the shed cell. This
is difficult to resolve with the lack of cytoplasm found in gaps
defined by multiple vital stains (16, 35) and the open space
between the ZO-1 on lateral membranes of adjacent cells. In
his speculative working model of the cell extrusion process,
constructed on the basis of static pictures from freeze-fracture,
light, and electron microscope studies on villus tip extrusion
zones in rats and hamsters, Madara (18) proposed that newly
formed tight junction elements “zipper” the epithelium closed
as extrusion proceeds, thus preventing epithelial discontinuities
from occurring. As shown in supplemental Fig. 3, from our
in vivo studies, we hypothesize that protrusions with ZO-1
attachment are restricted to the area directly beneath the
shedding cell until the gap closes over 20 min postcell
extrusion.

ZO-1 redistribution in the normal mouse. We have studied
living tissue to be able to fully appreciate the temporal and

Fig. 7. Immunofluorescence staining of ZO-1
in shedding cells from normal mouse jeju-
num. As described in MATERIALS AND METH-
ODS, fixed tissue sections were stained for
ZO-1 (red), actin (green), and cell nucleus
(Hoechst, blue) and imaged by fluorescence
microscopy. The figure shows results from
four separate stages (A–D) in which a
Hoechst-stained cell nucleus was observed to
be displaced from neighbors in the process of
cell shedding. Each A–D panel shows a series
of images to highlight (from left to right) ZO-1,
Hoechst, ZO-1/Hoechst overlay, and ZO-1/
Hoechst/actin overlay. Scale bar � 10 �m.
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spatial aspects of cell shedding in a physiological setting. In
our study, transgenic mice overexpressing a ZO-1 fusion pro-
tein were used to learn by inference about the dynamics of
normal ZO-1 (20, 27). To address concerns about potential
artifacts due to overexpression of ZO-1 or use of the fluores-
cent protein tag, we performed immunofluorescence staining of
the normal mouse. Our previous studies using fixed tissue
sections of wild-type mice had proven to be inconclusive about
ZO-1 distribution in shedding cells. We previously obtained an
indication that ZO-1 might play a dynamic role in cell renewal,
as shedding cells were observed to be bounded by neighboring
cells contacting at the basal pole in a V-shaped formation, with
a spot of ZO-1 immunoreactivity at the base of the V (3, 35).
However, since this phenomenon was observed in only 9% of
identified shedding cells and the remaining cells had no de-
tectable points of ZO-1-immunoreactivity near the basement
membrane, we concluded that tight junctions formed by the
cells neighboring a shedding cell could only be used in a
fraction of instances to help reseal a breach in the epithelial
layer (35). In the present study, we used a more sensitive
immunofluorescence method to visualize ZO-1 in fixed tissue
sections versus our prior use of the peroxidase histochemical
detection system (3, 35). Although fixed tissue could not give
information about the temporal aspects of ZO-1 dynamics, it
did reveal ZO-1 spatial redistribution during phases of epithe-
lial cell shedding that could be recognized in fixed sections:
lateral formation around the cell nucleus in early shedding and
filling of the remaining gap at late phases of cell extrusion.
Therefore, there is a solid parallel between the data obtained
from both normal ZO-1 and from the fluorescent ZO-1 fusion
protein.

Epithelial barrier function is maintained during cell shedding.
The epithelial barrier function is sustained at the apical pole of
the intestinal epithelial layer despite apparent discontinuities in
this layer (18, 35). Here we have monitored epithelial barrier
function using the plasma-membrane impermeant LY and
related this in real-time to the process of cell extrusion and
ZO-1 redistribution. The results clearly show that epithelial
cell barrier function is maintained throughout the cell extrusion
process. Although LY starts modestly invading the lateral
intercellular spaces surrounding a shedding cell, LY does not
penetrate the epithelium nor enter the shedding cell itself. The
LY penetration data indicate that the epithelial barrier moves to
the lateral membranes of the epithelial cell during shedding,
suggesting that the redistributed ZO-1 is part of a larger
coordinated movement of multiple junctional proteins in both
a shedding cell and its neighbors. This is supported by the
independent observation that at least one component of the
adherens junction (E-cadherin) also colocalizes with the redis-
tributed ZO-1 during shedding. In TNF-�-induced shedding,
claudin 7 and 15, occludin, and E-cadherin are all redistributed
into a funnel during shedding (37). In this way, further pene-
tration of LY is prevented and the barrier function of the
epithelium maintained.

Results suggest alterations occur in both apical and basolat-
eral membrane structures during shedding but do not demon-
strate any mislocalization of (two tested) polarized proteins at
opposing membrane domains despite a broad redistribution of
ZO-1 (Fig. 8). This suggests that cell shedding does not lead to
gross mixing of apical and basolateral membrane proteins in
either shed cells or their immediate neighbors. Colocalization
of E-cadherin with the redistributed ZO-1 suggests that both

Fig. 8. Immunofluorescence staining of ezrin
(A) and E-cadherin (B) in shedding cells from
normal mouse jejunum. Fixed tissue sections
were stained for ZO-1 (red), ezrin or E-
cadherin (green), and Hoechst (blue) and im-
aged by fluorescence microscopy. *shedding
cell. Scale bar � 10 �m.
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adherens and tight junction proteins may be redistributed
during the cell shedding process.

Reaction of neighboring epithelial cells to cell shedding.
Irrespective the role of neighboring cells in sealing gaps and
pushing out of a shedding cell, these cells very soon become
shed themselves. Our finding that this secondary shedding
follows that of the initial shedding cell with a rather fixed delay
(�5–10 min) strongly suggests that shedding epithelial cells
induce the shedding of their neighbors by some kind of direct,
local communication. Clearly, this communication would seem
different from the signal a cell destined for apoptosis would
send to neighboring epithelial cells to start its own extrusion
process (25). The regulation of gap junctional intercellular
communication in the intestine is not well understood. Cyto-
kines produced by epithelial cells (31) are possible candidates,
whereas recently a novel physiological link was described
between Toll-like receptor TLR2 and gap junctional intercel-
lular communication through modulation of connexin-43 dur-
ing acute and chronic inflammatory injury of the intestinal
epithelial cell barrier (6). Whether TRL2 and connexin-34, in
addition to ZO-1, are involved in the presently described
shedding-induced neighboring cell extrusion and in a manner
compatible with the proposed dynamic model of proliferation
and differentiation in the intestinal crypt based on the secretion
of a hypothetical intraepithelial factor (9), remains to be
established.

Our results from high-resolution intravital three-dimensional
microscopy reveal linkage between two characteristics of phys-
iological cell shedding: redistribution of the tight junction
protein ZO-1 and cell extrusion from the epithelium. These
processes lead to the formation of an epithelial gap that is
resolved in the 20 min after cell extrusion. During all phases of
the cell extrusion and epithelial repair process, barrier function
is sustained. ZO-1 redistribution is the earliest event yet
identified as a herald of physiological epithelial cell shed-
ding, and sliding of tight junction function along the lateral
plasma membrane is an important aspect of sustaining
barrier function during epithelial cell renewal. Our study
provides the basis for future investigations where (aberrant)
ZO-1 redistribution may be a key event in diseases caused
by mechanical, inflammatory, or bacterial stresses (22) to
the mucosal epithelial barrier.
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