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Diseases of gut inflammation such as neonatal necro-
tizing enterocolitis (NEC) result after an injury to the
mucosal lining of the intestine, leading to translocation
of bacteria and endotoxin (lipopolysaccharide). Intesti-
nal mucosal defects are repaired by the process of intes-
tinal restitution, during which enterocytes migrate
from healthy areas to sites of injury. In an animal model
of NEC, we determined that intestinal restitution was
significantly impaired compared with control animals.
We therefore sought to determine the mechanisms gov-
erning enterocyte migration under basal conditions and
after an endotoxin challenge. Here we show that the
cytoskeletal reorganization and stress fiber formation
required for migration in IEC-6 enterocytes requires
RhoA. Enterocytes were found to express the endotoxin
receptor Toll-like receptor 4, which served to bind and
internalize lipopolysaccharide. Strikingly, endotoxin
treatment significantly inhibited intestinal restitution,
as measured by impaired IEC-6 cell migration across a
scraped wound. Lipopolysaccharide was found to in-
crease RhoA activity in a phosphatidylinositol 3-kinase-
dependent manner, leading to an increase in phospho-
rylation of focal adhesion kinase and an enhanced
number of focal adhesions. Importantly, endotoxin
caused a progressive, RhoA-dependent increase in cell
matrix tension/contractility, which correlated with the
observed impairment in enterocyte migration. We there-
fore conclude that endotoxin inhibits enterocyte migra-
tion through a RhoA-dependent increase in focal adhe-
sions and enhanced cell adhesiveness, which may
participate in the impaired restitution observed in ex-
perimental NEC.

Necrotizing enterocolitis (NEC)! is the leading cause of death
from gastrointestinal disease in neonates and is second to
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respiratory disease as the overall leading cause of morbidity
and mortality in this population (1-3). Clinical manifestations
of NEC include abdominal distention, feeding intolerance, and
systemic sepsis, which result from the destruction of the intes-
tinal barrier (4, 5). Mucosal breakdown may occur as a result of
a perinatal insult, such as hypoxia, which allows bacteria and
bacterial by-products to breach the normally impermeable mu-
cosal barrier and initiate a local and systemic inflammatory
response (4, 6, 7, 9). This causes the release of proinflammatory
cytokines, including tumor necrosis factor, platelet-activating
factor, nitric oxide, and endotoxin, which lead to further epi-
thelial injury (10-13). Following mucosal damage, healing oc-
curs initially through the process of epithelial restitution, in
which healthy enterocytes adjacent to the sites of injury mi-
grate toward the denuded mucosa to bridge the defect (14-18).
We hypothesize that the intestinal barrier defect in NEC does
not result from epithelial injury alone but also from impaired
restitution. This paper focuses specifically on the process of
enterocyte migration, which is the sine qua non of epithelial
restitution and mucosal healing.

Although a variety of cytokines may be important in the
initiation and propagation of the intestinal injury, endotoxin
(lipopolysaccharide (LPS)) is likely to act at one of the earliest
time points. LPS is one of the most abundant proinflammatory
stimuli in the gastrointestinal tract, and a break in the mucosal
barrier leads to translocation of LPS and a sustained LPS
challenge (19, 20). This has direct local effects on the mucosal
cells, including activation of the enterocytes (21-24), as well as
systemic effects with activation of immune cells (25, 26). Sus-
tained inhibition of epithelial restitution by LPS would lead to
further bacterial translocation, potentiation of the inflamma-
tory response, and further epithelial injury. Importantly, the
effects of LPS on enterocyte migration and epithelial restitu-
tion remain largely unexplored.

The mechanisms governing enterocyte migration under ba-
sal conditions remain largely undefined. In other mammalian
cells, migration is regulated by RhoA-GTPase, a member of the
RhoA family of small molecular weight GTPases (27). Activa-
tion of RhoA leads to the subsequent activation of Rho kinase,
leading to the formation of stress fibers that contract to pull the
cell along the extracellular matrix (28). Although a role for
RhoA in enterocyte migration has been postulated, its precise
role in mediating enterocyte movement has not been defini-
tively established, and the effects of endotoxin on RhoA activity
in enterocytes remain unknown (29). Moreover, the ability of
enterocytes to migrate during conditions of high endotoxin
exposure, as would be expected during the systemic endotox-
emia of NEC, remains unknown. A requirement for enterocytes
to respond to endotoxin is the presence of the LPS receptor,
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Toll-like receptor 4 (TLR4) (30, 31). Although TLR4 was re-
cently found to be expressed by an enterocyte cell line (32), no
direct role for enterocyte Toll proteins has been established,
and a link between TLR4 and intestinal restitution remains to
be examined.

In the current study, we show that intestinal restitution is
impaired in an experimental model of necrotizing enterocolitis.
We demonstrate that enterocytes express functional TLR4 and
demonstrate that stress fiber formation, cell matrix adhesion,
and migration in enterocytes require the activity of RhoA.
Subsequently, we determine that LPS inhibits enterocyte mi-
gration by increased focal adhesion formation and enhanced
cell matrix adhesion.

MATERIALS AND METHODS

Cell Culture, Transfection, and Treatment—IEC-6 and J774 cells
were obtained from ATCC and maintained as described (33, 34). Where
indicated, cells were treated with LPS (0.1-50 ug/ml for 6 h; Cell
Science (Norwood, MA)) in the presence of LPS-binding protein (10
ng/ml; Cell Science). Control experiments showed that addition of LPS-
binding protein alone had no effect on RhoA activation, cell migration,
cell matrix tension, or cell morphology. To inhibit RhoA, cells were
pretreated with C3 exotoxin from Clostridium botulinum (1 pug/ml; List
Biological Inc., Campbell, CA) using LipofectAMINE 2000 (Invitrogen)
as a carrier molecule 24 h prior to cell harvest, as described (35).
Transient transfection of IEC-6 cells with GFP-tagged constructs of
RhoA was performed using Lipofect AMINE 2000 according to the man-
ufacturer’s protocol. Cells were used in all cases 24 h after transfection.
Rabbit polyclonal antibodies to FAK and phospho-FAK were from Bio-
source (Camarillo, CA), anti-paxillin was from Upstate (Waltham, MA),
and TLR4 was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Lysophosphatidic acid (LPA, 100 um), Y27632 (10 uM), and 1.Y294002
(100 um) were from Calbiochem. Alexa Fluor 488-conjugated LPS from
Escherichia coli 055:B5 was from Molecular Probes, Inc. (Eugene, OR).
Cell viability was measured using trypan blue exclusion. GFP-tagged
constructs encoding dominant negative, wild type, and constitutively
active RhoA were the generous gifts of Dr. Guillermo Rimero (Univer-
sity of Pittsburgh), Dr. Joseph T. Barbieri (Medical College of
Wisconsin), and Dr. Michael S. Kolodney (UCLA School of Medicine).

To measure RhoA activation, we used the rhotekin binding domain
affinity precipitation assay for RhoA-GTP according to the manufactur-
er’s protocol (Cytoskeleton, Denver, CO) as described (36, 37). SDS-
PAGE was performed as described (38). To assess TLR4 expression in
intestine, fresh samples of either the terminal ileum or the ascending
colon were obtained immediately after rats were sacrificed after 4 days
of breast feeding (see animal model, below). After irrigation of the bowel
to remove luminal contents, the mucosa was separated from the under-
lying connective tissue under a dissecting microscope and placed in cold
lysis buffer (62.5 mm Tris, pH 6.6, 10% glycerol, 1% SDS, 0.5 mMm
phenylmethylsulfonyl fluoride, 2 ug/ml aprotinin, and 10 ug/ml leupep-
tin), homogenized, and boiled for 1 min. Histologic evaluation of scraped
tissue confirms that it is composed predominantly of enterocytes, with
small numbers of contaminating lymphocytes (data not shown). Bands
were detected with enhanced chemiluminescense (ECL-Super Signal,
Pierce), and images on radiographic film were quantified using a GS700
Bio-Rad densitometer and QuantityOne analysis software (Hercules,
CA). For immunofluorescence, cells or tissue were processed as de-
scribed (39, 40), and fluorescent images were captured using an Olym-
pus Fluoview500 confocal microscope under a 60X oil immersion objec-
tive using standard filter sets. To assess the subcellular distribution of
GFP-tagged RhoA constructs, transfected cells were fixed as above,
mounted, and viewed under fluorescein isothiocyanate filter sets. To
evaluate the uptake of LPS, IEC-6 cells were incubated with Alexa
Fluor 488-labeled LPS (fLPS) (1 ng/ml) for 1 h at 37 °C. To block TLR4,
TEC-6 cells were pretreated with anti-TLR4 (1:50) for 1 h at 4 °C prior
to treatment with fLLPS. In parallel, IEC-6 cells were pretreated with
Alexa Fluor 488-conjugated human transferrin (5 pg/ml, 2 h, 37 °C;
Molecular Probes) in the presence and absence of anti-TLR4. Where
indicated, the location of the nuclei in fixed, permeabilized cells or
tissue was demonstrated using TOPRO-3 (1:1000, Molecular Probes).
Digital images were prepared and labeled using Adobe Photoshop®
7.0 software.

Determination of Enterocyte Migration and Intestinal Restitution—
TIEC-6 cells were grown on glass coverslips to 100% confluence then
serum-starved for 12 h, scraped with a cell scraper, and then trans-
ferred to the stage of an Olympus 1X71 inverted microscope (Melville,
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NY) and perfused with Dulbecco’s modified Eagle’s medium plus 10 mm
Hepes, pH 7.4, at 0.5 ml/h. Images were taken every 5 min for 18 h and
analyzed using Metamorph software (Universal Imaging Corp., Down-
ingtown, PA). A calibration scale was obtained, and the migration rate
was determined by measuring the mean distance traveled by 15 cells/
field over the course of the experiment. Measurements were obtained
from cells that were selected both at the leading edge and several
rows back.

For measurements of intestinal restitution, the experimental proto-
col was approved by the Animal Research and Care Committee of the
Children’s Hospital of Pittsburgh. Necrotizing enterocolitis was induced
in newborn rat pups by administration of enteral formula and induction
of hypoxia (5% oxygen for 10 min prior to each feeding) three times daily
as in Ref. 41. Animals were sacrificed on day 4, and samples of the
terminal ileum revealed inflammatory characteristics of necrotizing
enterocolitis, including neutrophil infiltration, edema of the lamina
propria, and mucosal ulceration (41). Control animals remained with
their mothers and received breast milk. To measure enterocyte migra-
tion, animals with established NEC or controls were injected with
bromodeoxyuridine (50 mg/kg 5’-BrdUrd; Sigma) intraperitoneally and
then sacrificed either 1 or 18 h later. Samples of terminal ileum were
then immunostained using anti-BrdUrd antibodies as described (42).
Enterocyte migration was expressed by 1) measuring the distance from
the bottom of the crypt to the foremost labeled enterocyte and
2) expressing the distance as a percentage of total villus height.

Assessment of Cell Matrix Tension—Two techniques were utilized to
measure cell matrix tension. The first is based upon the methodology of
Grinnell et al. (43). IEC-6 cells (2 X 10°) were plated on top of collagen
matrices that were formed in 6-well plates (~98% bovine collagen type
I; Cohesion Technologies Inc.), 0.1 m NaOH, and 10X phosphate-buff-
ered saline mixed together in an 8:1:1 ratio). After 24 h at 37 °C,
collagen discs were gently lifted from the wells using a scraper (¢ = 0 h)
and treated with fresh media and LPA (100 um), LPS (50 ug/ml), or C3
exotoxin (1 pg/ml) for 24 h to allow contraction to occur (¢ = 24 h).
Contraction was determined by measuring the change in diameter of
the gel over the 24-h period using a ruler by two independent observers.
The second technique utilized a culture force monitor system, as de-
scribed by Campbell et al. (44). Briefly, enterocyte-collagen matrices
were prepared as above, and the solution was pipetted into silicon
dishes in the presence of LPA (100 um), LPS (50 pg/ml), or LPA plus
Y27632 (10 um). As the enterocytes exerted tension, they contracted the
collagen gel, which displaced a detector attached to a semiconductor
strain gauge. The resulting change in voltage was recorded using the
Labview software program for 10 s, every 10 min where each data point
corresponded to the average of 100 samples. In all cases, no tension was
generated in the absence of enterocytes, and equal numbers of IEC-6
cells were used in each group (2 X 10°).

Statistics—Data presented are mean *= S.E. Comparisons are by
two-tailed Student’s ¢ test, with statistical significance accepted for p <
0.05.

RESULTS

Intestinal Restitution Is Impaired in Experimental Necrotiz-
ing Enterocolitis—We hypothesized that NEC is associated
with impaired epithelial restitution. To measure this directly,
we examined the rate and extent of intestinal restitution in a
neonatal rat model of gut inflammation that resembles human
NEC (41). The combination of hypoxia and enteral formula
consistently caused severe morphologic changes in the small
intestine. Compared with the pink, healthy small intestine of
control animals (Fig. 1A), animals with experimental NEC
developed patchy intestinal necrosis, edema, and marked fria-
bility of the intestinal wall (Fig. 1B). To determine whether
these changes were associated with impaired enterocyte migra-
tion, rats were injected in both groups with an intraperitoneal
bolus of 50 mg/kg BrdUrd at 1 or 18 h before death. An analysis
of over 50 serial sections at 1 h indicated that the percentage of
labeled crypt cells was similar in both groups (percentage of
BrdUrd-positive crypt cells compared with control: 10 *= 3%
versus NEC, 12 * 5%, not significant). The majority of the
BrdUrd uptake in control animals at 1 h is localized to the
crypts (see the arrows in Fig. 1C), whereas by 18 h a significant
proportion of the staining had traveled along the villus and
even reached the tips in some cases (Fig. 1D, arrows). By
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Fic. 1. Epithelial restitution is im-
paired in experimental necrotizing
enterocolitis. Necrotizing enterocolitis
was induced in newborn rats that were
subjected to 4 days of enteric formula and
systemic hypoxia three times daily. Con-
trol animals remained with their mothers
and were breast-fed. Compared with the
appearance of the small intestine of con-
trol animals (A), this treatment caused
intestinal inflammation, edema, and ne-
crosis similar to that observed in human
necrotizing enterocolitis. B, to assess en-
terocyte migration along the crypt-villus
axis, control (C-E) and NEC animals (F)
were injected with BrdUrd 1 h (C) and
18 h (D-F) prior to sacrifice and then im-
munostained for BrdUrd (the arrows in-
dicate position of peroxidase staining). At
1 h following injection, most of the uptake
is observed in the intestinal crypts (C, the
arrows show BrdUrd-positive cells),
whereas at 18 h, most has accumulated at
varying positions along the villi (D, ar-
rows). The specificity of the staining is
confirmed by the lack of staining when
secondary antibody alone is used (E). In
NEC animals, the majority of the BrdUrd
uptake remains in the crypts (), demon-
strating a significant impairment in mi-
gration. The rate of migration and the
percentage of the maximal crypt height
achieved by migrating enterocytes is sig-
nificantly decreased in NEC animals com-
pared with controls (G). Data are
means * S.E. of three experiments. A
minimum of 100 cells was counted per
experiment.

contrast, in animals with NEC, the majority of the staining
remained in the crypts even by 18 h (Fig. 1F, arrows). Both the
rate and extent of intestinal restitution (enterocyte migration)
were significantly reduced in rats with NEC compared with
control animals (Fig. 1G). The impaired intestinal restitution
in NEC occurred independent of the degree of mucosal defor-
mation by the inflammatory process (note the lack of progres-
sion of BrdUrd-positive enterocytes in both villi in Fig. 1F).
Together, these data indicate that NEC is associated with
significant impairment in intestinal restitution and enterocyte
migration along the crypt-villus axis.

Enterocytes Express the LPS Receptor TLR4, Which Mediates
the Binding of Endotoxin—In order to assess the effects of
endotoxin (LPS) on enterocyte migration, we examined the
expression of the LPS receptor TLR4 in enterocytes. As is
shown in Fig. 2A, IEC-6 enterocytes were found to express
TLR4 by SDS-PAGE, at a molecular weight similar to that of
the TLR4 expressed in J774 macrophages. To ensure that
TLR4 expression was not solely a feature of the IEC-6 cell line,
we next sought to determine whether primary enterocytes ex-
press TLR4. Because primary enterocyte cell lines are difficult
to establish, we used a method of mucosal dissection to prepare
enterocytes from the intestine of newborn rats on day 4 of life.
The resulting tissue is composed predominantly of enterocytes,
with a very small number of contaminating intraepithelial
lymphocytes (data not shown). As shown in Fig. 24, enterocytes
from both the terminal ileum and ascending colon were found
to express TLR4. The subcellular distribution of TLR4 in IEC-6
cells as evaluated by indirect immunofluorescence and confocal
microscopy is shown in Fig. 2B. The specificity of the antibody
staining in these studies is supported by studies performed in
two cell lines that are TLR4-deficient (cortical collecting duct
cells and human embryonic kidney cells (45)) in which there
was no detectable TLR4 staining (data not shown). To investi-
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gate whether TLR4 could function in the binding of LPS by
enterocytes, IEC-6 cells were incubated with fluorescein-conju-
gated LPS in the presence and absence of anti-TLR4 antibodies
or an irrelevant IgG. In control cells, LPS appeared both at the
plasma membrane and within the cytoplasm (Fig. 2, C and D).
By contrast, pretreatment of cells for 1 h with anti-TLR4 anti-
bodies completely prevented LPS uptake (Fig. 2, E and F).
Pretreatment with an irrelevant antibody had no effect (data
not shown). Anti-TLR4 antibodies were not acting to nonspe-
cifically inhibit endocytosis, since there was no effect on the
uptake of Alexa Fluor 488-conjugated human transferrin by
enterocytes (Fig. 2, G and H). Finally, to assess the expression
of TLR4 in the intestinal mucosa histologically, samples of
terminal ileum were obtained from 6-week-old rats, immuno-
stained with anti-TLR4 antibodies, and assessed by confocal
microscopy. TLR4 was detected on the enterocytes (Fig. 21, see
inset for higher magnification, in which the arrows point to the
TLR4 expression). Treatment of tissue with secondary antibody
alone revealed no staining, highlighting the specificity of these
findings (Fig. 2H). Together, these data indicate that entero-
cytes express TLR4 and that this receptor may participate in
LPS binding.

Lipopolysaccharide Significantly Impairs Enterocyte Migra-
tion—We next investigated the effects of LPS on enterocyte
migration in vitro by assessing the ability of confluent IEC-6
cells to reconstitute a scraped wound. Representative digital
micrographs from a typical migration experiment with control
(Fig. 3, A and B) and LPS-treated (Fig. 3, C and D) cells are
shown. In control cells, the wound was completely closed by
12 h (Fig. 3B). By contrast, LPS-treated cells revealed a signif-
icant inhibition in the rate of migration and a consistent in-
ability to close the wound at any time point (Fig. 3, C and D).
There was no effect of LPS on cellular viability after 12 h of
treatment (percentage viability in control: 80 * 10% versus
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Fic. 2. Enterocytes express the endotoxin receptor, TLR4,
which mediates LPS binding and uptake. A, lysates were prepared
from J774 macrophages, IEC-6 enterocytes, and mucosal scrapings
from the ileum and colon of newborn rats and then separated by
SDS-PAGE on a 10% gel, transferred to polyvinylidene difluoride, and
probed by immunoblotting with affinity-purified polyclonal antibodies
to TLR4. Identical amounts of protein (20 pg) were used in all lanes.
Two blots are shown; the arrows indicate the location of the 97-kDa
molecular mass standard. Results are representative of four similar de-
terminations. B, IEC-6 cells were fixed, permeabilized, blocked, and then
immunostained with anti-TLR4 primary antibodies followed by Alexa
Fluor 488 anti-rabbit secondary antibody and the nuclear stain TOPRO-3.
The subcellular distribution of TLR4 was determined using fluorescence
confocal microscopy. A representative grayscale image of a cell showing
the merged TOPRO-3 staining and TLR4 staining is shown. C-F, IEC-6
cells were incubated with fLPS and then analyzed by differential inter-
ference contrast (C) and fluorescence confocal microscopy (D), revealing
uptake of fL.PS. IEC-6 cells were pretreated with anti-TLR4 antibodies for
1 h at 4°C and then treated with fLPS and analyzed by differential
interference contrast (£) and fluorescence confocal microscopy (F), reveal-
ing inhibition of fLPS uptake. Images are representative of three similar
experiments. G and H, IEC-6 cells were allowed to internalize Alexa Fluor
488-conjugated human transferrin in the absence (G) or presence (H) of
pretreatment with anti-TLR4 antibodies, and the distribution of trans-
ferrin is shown by confocal microscopy. I, distal ileum was harvested from
newborn rats and immunostained with anti-TLR4 (red) and TOPRO-3
(blue). Size bar, 100 um. At higher magnification, the distribution of TLR4
is seen (inset, arrows). <J, terminal ileum treated as in I without the
addition of the primary antibody, revealing nuclear staining alone.

LPS, 75 *= 5%, n = 10, not significant). The rates of migration
and the effects of increasing doses of LPS are summarized in
Fig. 3E. Together, these data indicate that LPS significantly
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impairs enterocyte migration in vitro.

RhoA Is Required for Formation of Stress Fibers in Entero-
cytes—We next sought to understand the mechanisms govern-
ing intestinal restitution by enterocyte migration. In many
mammalian cells, migration requires actin stress fibers that
form in response to activation of RhoA (46). Transfection of
IEC-6 cells with wild-type RhoA caused no change in stress
fiber morphology (Fig. 4, A and B), whereas transfection with
dominant negative mutants caused a significant disruption in
stress fibers (Fig. 4, C and D; arrows point to transfected cells).
Treatment of cells with the RhoA inhibitor C3 exotoxin (Fig.
4F) and the Rho kinase inhibitor Y27632 (Fig. 4F) both caused
a marked disruption in stress fibers. These data indicate that
RhoA is required for stress fiber formation in enterocytes and
suggest a potential role for RhoA in enterocyte migration. To
test this further, we examined whether pharmacologic activa-
tion of RhoA would affect the rate or extent of enterocyte
migration. Confluent, serum-starved IEC-6 cells were treated
with LPA, which activates RhoA, and then assessed for their
ability to migrate. As is shown in Fig. 3E, LPA treatment
significantly decreased enterocyte migration compared with
control cells. These data demonstrate that stress fiber forma-
tion requires RhoA activity in enterocytes and that RhoA acti-
vation is associated with impaired enterocyte migration. We
therefore next sought to assess the effects of LPS on RhoA
activity.

LPS Increases RhoA Activity in a PI3K-dependent Manner in
Enterocytes—RhoA activity in enterocytes after endotoxin
treatment was assessed using a pull-down assay as described
(36, 37). To assess the proportion of “active” (i.e. GTP-bound)
RhoA, TEC-6 cell lysates were incubated with glutathione
beads that had been conjugated to rhotekin, a molecule that
selectively binds to active RhoA (Active Rho in Fig. 5, A and C).
Analysis of the proportion of RhoA bound to the beads com-
pared with the total cellular content of RhoA by SDS-PAGE
(Total Rho in Fig. 5, A and C) provides a measure of the
percentage of activated RhoA in the cell. To validate this assay,
IEC-6 cells were treated with the RhoA activator LPA, which
caused an increase in RhoA activity (Fig. 5, A and B). As a
positive control for rhotekin binding to GTP-RhoA, lysates were
treated with GTPyS (0.2 mM, 1 h), which yielded a band of
maximal intensity compared with all other treatment groups
(Fig. 5, A and C). Strikingly, LPS treatment of IEC-6 cells
resulted in a significant increase in activated RhoA compared
with untreated cells (Fig. 5, A and B). The specificity of the
assay was confirmed by pretreating IEC-6 cells with C3 exo-
toxin. This significantly decreased RhoA activity and blocked
the LPS-induced increase in RhoA activation (Fig. 5, C and D).

We next sought to understand the molecular pathway lead-
ing to the activation of RhoA by LPS in enterocytes. Because
RhoA activation has been shown to require PI3K in other cells
(47), we next investigated whether PISK was required for the
endotoxin-induced activation of RhoA in enterocytes. In a se-
ries of preliminary experiments, we determined the effective
concentration of the PI3K inhibitor 1.Y294002 in IEC-6 cells by
showing that a concentration of 100 uMm was required to prevent
the activation of AKT by epidermal growth factor (data not
shown). Pretreatment of IEC-6 cells with LY294002 did not
influence the expression of total cellular RhoA, yet it signifi-
cantly inhibited the activation of RhoA by LPS (Fig. 5, A and
B). RhoA becomes membrane-associated in the activated state,
and the degree to which this occurs correlates with the extent
of its activation. To further validate the LPS responsiveness of
enterocytes (48, 49), we sought to confirm that endotoxin ac-
tives RhoA in IEC-6 cells by investigating the subcellular dis-
tribution of RhoA in the presence or absence of LPS. RhoA was
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FiG. 3. Lipopolysaccharide significantly impairs enterocyte migration. Confluent IEC-6 cells were plated on glass coverslips, scraped
with a cell scraper, and then mounted on the stage of an Olympus 1X71 inverted microscope warmed to 37 °C. Fresh medium was continuously
perfused across the cells in the presence or absence of LPS and LPS-binding protein at the indicated concentration. Differential interference contrast
images were obtained every 5 min. Shown are images from a typical experiment of the migration of control IEC-6 cells, where the dotted line indicates
the position of the cells at the edge of the scraped wound. Digital images were obtained in control cells at# = 0 (A) and ¢ = 12 h (B), revealing complete
wound closure and in LPS (50 pg/ml)-treated IEC-6 cells at ¢ = 0 (C) and ¢ = 12 h (D), revealing inhibited wound closure as a result of impaired
migration. E, quantification of migration rate, calculated as the mean distance traveled by 50 individual cells in an orientation perpendicular to the axis
of the scrape over the time course of the experiment. Data are means + S.E. of 10 experiments. *, p < 0.05 compared with no LPS.
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Fic. 4. RhoA is required for stress fiber formation in entero-
cytes. A-D, IEC-6 cells were transiently transfected with GFP-wild
type RhoA (A and B) or GFP-N17 (dominant negative) RhoA (C and D)
24 h before analysis, and F-actin distribution was assessed by rhodam-
ine-phalloidin staining. Cells were then visualized by fluorescence con-
focal microscopy. A and C, GFP staining; B and D, phalloidin staining.
The arrows indicate transfected cells. Note the inhibition of stress fibers
by dominant negative but not wild type RhoA. E and F, IEC-6 cells were
treated with C3 exotoxin (E) or the Rho kinase inhibitor Y27632 () and
then stained with rhodamine-phalloidin. Note the loss of stress fibers. A
representative cell is displayed under each condition. All experiments
were repeated at least five times.

detected in serum-starved control IEC-6 cells in a diffuse, cy-
toplasmic pattern (see Fig. 6A for a representative cell). By
contrast, treatment of cells with LPS caused a redistribution of
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Fic. 5. Lipopolysaccharide increases the activity of RhoA in
enterocytes. A, whole cell lysates were purified from serum-starved
IEC-6 cells that had been treated as described under “Materials and
Methods”: Ctrl, LPA, LPS+ly, and GTP (as a positive control for RhoA-
GTPase activation, lysates were incubated with 0.2 mm GTPyS for 1 h
at 37 °C). Lysates were then subjected to the rhotekin pull-down assay
described under “Materials and Methods.” The GST-rhotekin beads
(Active RhoA), which reflect the total activated RhoA in the cell lysates,
and 20 pg of the whole cell lysates (Total Rho) in each group were then
separated by SDS-PAGE, transferred to polyvinylidene difluoride mem-
branes, and immunoblotted with anti-RhoA antibodies. B, densitometry
data from ECL preparations in A expressed in integrated optical den-
sity units of RhoA-GTP/total RhoA as a percentage of control for each
experiment (¥, p < 0.05 compared with control; **, p < 0.05 compared
with LPS, n = 8 separate experiments). C, lysates were prepared as in
A above but were treated under the following conditions as described
under “Materials and Methods”: LPS, LPS+C3, C3, and GTP. D, den-
sitometry data from C, where the ordinate indicates band density
relative to control. *, p < 0.05 compared with control; ** p < 0.05
compared with LPS, n = 7 separate experiments. Representative blots
are displayed.

RhoA to a perinuclear location (Fig. 6B), which closely resem-
bled the pattern obtained after treatment with LPA (Fig. 6C).
To confirm that the extent of RhoA activation influences its
subcellular distribution, we examined the localization of GFP-
constitutively active RhoA in IEC-6 cells in comparison with
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Fic. 6. LPS treatment of enterocytes results in a shift in the subcellular distribution of RhoA from a cytosolic to a perinuclear
compartment. A-C, serum-starved IEC-6 cells were treated with LPA or LPS as described under “Materials and Methods” and then immuno-
stained for RhoA and examined by fluorescence confocal microscopy. Representative samples from five separate experiments are displayed. A,
control cells; B, LPS-treated cells (inset B’ shows cell treated with LPS + LY294002); C, LPA-treated cells, showing accumulation of RhoA in a
perinuclear pattern after RhoA activation (inset C' shows the effect of LY294002 alone). D-F, IEC-6 cells were transiently transfected with
GFP-tagged constitutively active, dominant negative N19RhoA or constitutively active V14RhoA constructs, fixed in paraformaldehyde, and then
examined for GFP fluorescence using confocal microscopy. D, representative wild type RhoA-transfected cell; E, representative dominant negative
RhoA-transfected cell; F, representative constitutive active RhoA-transfected cell revealing the perinuclear accumulation of active GFP-RhoA.

both wild-type (GFP-V14RhoA) and dominant-negative (GFP-
N19RhoA) constructs. Both wild-type and dominant negative
RhoA constructs were detected in a diffuse pattern within the
cytoplasm, similar to that of endogenous RhoA in control IEC-6
cells (see Fig. 6, D and E, for representative cells). By contrast,
constitutively active GFP-V14RhoA appeared in a perinuclear
distribution (Fig. 6F). This appearance was comparable with
that of endogenous RhoA in the presence of LPS or LPA (Fig. 6,
compare F'with B and C). Importantly, treatment of IEC-6 cells
with LPS in the presence of LY294003 completely prevented
the redistribution of RhoA, which remained in a diffuse, cyto-
plasmic pattern (see Fig. 6B’). LY294002 treatment alone had
no effect on RhoA activation (see Fig. 6C’). Taken together,
these data indicate that LPS activates RhoA in a PISK-depend-
ent manner in enterocytes.

Lipopolysaccharide Causes an Increase in Focal Adhesion
Formation in Enterocytes—For cells to migrate, they must first
“loosen” their attachments with the underlying matrix (50).
Cell attachment requires the formation of stress fibers and is
mediated through focal adhesions. These are protein complexes
that include paxillin and focal adhesion kinase, which is phos-
phorylated when activated (27, 51). Having shown that RhoA is
required for stress fiber formation in enterocytes and is acti-
vated by LPS, we next sought to establish whether LPS in-
creases focal adhesion formation. In control cells, phospho-FAK
was detected at discrete focal adhesions that localized to the
tips of actin stress fibers (Fig. 7A, i-iii). LPS treatment caused
an increase in the density of phospho-FAK staining within the
cell, which was found to colocalize with actin stress fibers (Fig.
7A, iv-vi), indicating an increase in focal adhesion formation. A
similar effect was observed after LPA, further implying that
the effects could be obtained by activating RhoA (Fig. 7A,
vii-ix). Importantly, the effects of LPS on focal adhesion for-
mation could be blocked by preincubation of cells with the PI3K

inhibitor L.Y294002 (Fig. 7A, x—xii). By SDS-PAGE, phospho-
FAK (pFAK) expression was significantly increased after LPS
treatment compared with untreated controls, with no effect on
total FAK expression. Similar results were obtained after LPA
treatment (Fig. 7B). Pretreatment of IEC-6 cells with anti-
TLR4 antibodies prevented the LPS-mediated effects on phos-
pho-FAK, indicating a requirement for TLR4 signaling (Fig.
7C). To confirm that focal adhesion formation was affected,
LPS significantly increased paxillin density, and this effect was
inhibited by LY294002 (Fig. 7D). Importantly, RhoA inhibition
blocked the LPS-induced increase in phospho-FAK expression
and decreased overall phospho-FAK immunostaining (Fig. 7E).
Together, these findings indicate that LPS results in an in-
crease in focal adhesion formation in enterocytes in a RhoA-
and PI3K-dependent fashion. These data raise the possibility
that the impairment in migration by LPS occurs as a result of
exaggerated cell matrix adhesion.

LPS Impairs Enterocyte Migration by Increasing Enterocyte
Adhesion to the Underlying Cell Matrix—Having shown that
LPS treatment causes a marked increase in the distribution
and extent of focal adhesions in enterocytes, we next investi-
gated whether this was associated with an increase in the
strength with which the enterocytes were attached to the un-
derlying matrix, which could impair their ability to migrate.
Direct measurements of cell matrix tension using two related
techniques in which enterocytes were plated on collagen mat-
rices are displayed in Fig. 8. Twenty-four hours after LPS or
LPA treatment, there was a consistent decrease in the diame-
ter of the gels, which reflects that cell matrix tension had been
generated during the 24-h interval (Fig. 8, A and B). The
change in diameter could be blocked by pretreating cells with
C3 exotoxin, indicating the requirement of RhoA for this proc-
ess (Fig. 8C). We next quantified the magnitude of the force
generated by enterocytes as they interacted with the underly-
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Fic. 7. LPS increases focal adhesion formation in enterocytes.
A, serum-starved IEC-6 cells were treated in the absence (i-iii) or
presence of LPS (iv-vi), LPA (vii-ix), or LPS + LY294002 (x—xii) and
then immunostained for phospho-FAK (green) and actin (red) with the
nuclear stain TOPRO-3 (purple). Cells were then analyzed by fluores-
cence confocal microscopy. Corresponding green and red/purple images
were then overlaid (merge), such that sites at which phospho-FAK and
actin labeling colocalize (i.e. focal adhesions) appear bright orange. B,
whole cell lysates were obtained from serum-starved IEC-6 cells in the
absence (Ctrl) or presence of LPA or LPS and then immunoblotted
against phospho-FAK (20 ug/lane). Blots were then stripped and rep-
robed for total FAK and then total actin. C, serum-starved IEC-6 cells
were either untreated (i) or treated with LPS in the absence (ii) or
presence (ii7) of anti-TLR4 antibodies, immunostatined with anti-phos-
pho-FAK antibodies, and assessed by confocal microscopy. D, serum-
starved IEC-6 cells were either untreated (i) or treated with LPS (ii) or
LPS + Y27632 (iii) and then immunostained for paxillin (green) and
actin using rhodamine phalloidin (red) and TOPRO-3 (purple). Corre-
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Fic. 8. Effect of LPS on cell matrix tension in enterocytes. A-C,
2 X 108 IEC-6 cells were plated on the surface of collagen disks that
were formed within 6-well plates. After 24 h at 37 °C to allow for cell
matrix adhesion, disks were removed and placed in fresh medium in
6-well plates with the indicated treatment. Measurements of the diam-
eter of the disks were taken at the time of placement into the new wells
(t = 0) (A) and 24 h later (¢ = 24) (B), using a ruler. Shown is a
representative image with LPS-treated cells where a 3-mm change in
diameter was detected. C, quantification of gel contraction in control
cells (Ctl) or in cells treated with LPA (LPA), LPS (LPS), or C3 exotoxin
(C3). The ordinate represents the difference in millimeters between the
diameter of the collagen disks at # = 0 h and ¢ = 24 h. *, p < 0.05
compared with control cells. D-F, 2 X 10° IEC-6 cells were placed
within collagen gels and transferred to a contraction measurement
device as described under “Materials and Methods.” Continuous meas-
urements were recorded of the contraction generated by the cells in the
absence (control) or presence of LPA, LPS, or LPS + Y27632, and data
were graphed hourly. Representative images showing the appearance of
the gels at the start of the experiment (¢ = 0 h) (D) and after 24 h of
contraction in E. The arrows denote points at which the cell contraction
has resulted in a deformation in the shape of the gel, which was
quantified in F, where the ordinate represents the force generated in
dynes over time. Results are representative of more than 10 separate
experiments.

ing matrix and the role of RhoA in this process (Fig. 8, D-F). A
representative image depicting the appearance of the entero-
cyte-containing gels at the beginning (Fig. 8D) and at the end
(Fig. 8E) of the gel contraction is shown. Gel contraction was
most prominent across the midportion of the gels, resulting in
the acquisition of an “hourglass” shape, where regions of max-
imal gel contraction are highlighted by the arrows in Fig. 8E.
As quantified in Fig. 8F, maximal force was generated after
treatment with the Rho-GTPase activator LPA. Strikingly,
LPS treatment generated significant force compared with un-
treated cells. Treatment of IEC-6 cells with LPS in the presence

sponding green and red/purple images were then overlaid, and colocal-
ization of paxillin and F-actin appears bright orange in the merged
image. E, serum-starved IEC-6 cells were transfected with GFP-domi-
nant negative RhoA 24 h prior to be treatment with LPS and then
stained for phospho-FAK. Cells were analyzed by fluorescence confocal
microscopy to display the GFP (i) and phospho-FAK (ii) staining. Three
cells are displayed, two of which are transfected with GFP-DN RhoA
and one of which is untransfected. Representative images from at least
five separate experiments are displayed in each case.
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of the Rho kinase inhibitor Y27632 completely prevented force
generation, confirming that the generated force was Rho-de-
pendent. Based upon these data, we conclude that endotoxin
inhibits enterocyte migration by increasing the strength of the
adhesiveness between the cells and the underlying cell matrix,
in a RhoA-dependent manner.

DISCUSSION

Injury to the neonatal intestinal barrier, such as may occur
after a hypoxic insult, leads to bacterial translocation and the
development of necrotizing enterocolitis (33). The causal rela-
tionship between bacterial colonization of the intestine and the
development of NEC is strong. NEC develops only after bacte-
rial colonization of the gut has occurred and may be prevented
through the use of prophylactic enteric antibiotics (53-55). This
suggests that the interplay between bacteria and a damaged
mucosal barrier is critical for the development of NEC. Follow-
ing the translocation of bacteria and endotoxin, proinflamma-
tory cytokines, including platelet-activating factor and nitric
oxide, are released, leading to further mucosal injury (10, 12).
The effects of either endotoxin or proinflammatory cytokines on
the extent of intestinal restitution remain largely unexplored.
We now show that LPS directly impairs mucosal healing by
impairing enterocyte migration (Fig. 3). Other proinflamma-
tory cytokines may act to impair enterocyte migration as well,?
suggesting that the combined effects of the proinflammatory
milieu adversely affect intestinal restitution. The current study
focuses on the specific role of endotoxin, since it is expected to
act much earlier than the other cytokines and is likely to be
present at very high levels after bacterial translocation has
occurred. Together, these findings broaden our understanding
of the pathogenesis of intestinal injury by revealing that endo-
toxin and cytokines may not merely disrupt the intestinal
barrier through cytotoxic effects but may also directly impair
its capacity to heal. This notion is supported by previous ex-
periments that demonstrate that endotoxin impairs enterocyte
proliferation, which is required at later stages of mucosal heal-
ing (33).

It is noteworthy that the current data indicate that entero-
cytes are responsive to LPS (Figs. 5 and 6), which appears
initially to contradict other studies that have concluded that
enterocytes are unresponsive to endotoxin (48, 56, 57). This
apparent conflict may be resolved by assessing the molecular
pathways that have been examined. For instance, others have
shown that LPS does not cause NF-«B gene expression (48, 57)
or interleukin-8 production (49) in enterocytes, which are
known effectors of TLR4 activation in monocytic cells (58, 59).
However, these effects probably occur at later time points and
under the regulation of signaling pathways different from Rho-
GTPase activation, which may be very rapid (60). We postulate
that the activation of a variety of signaling pathways by endo-
toxin determines the overall responsiveness of the enterocyte,
and it is the precise control of these pathways that determines
the ultimate effect of LPS after bacterial translocation has
occurred.

The current study provides insights into how RhoA activa-
tion by LPS could inhibit intestinal epithelial restitution. Cell
migration reflects the dynamic interaction between adhesion
and deadhesion (61). Failure of cells to attach to the matrix
results in lack of movement, whereas cells that attach too
tightly cannot be released from the matrix and remain station-
ary (50). Sites of adherence occur through focal adhesions,
which form in response to the activity of focal adhesion kinase
under the regulation of RhoA (27, 51). Cell migration therefore
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requires the down-regulation of RhoA, leading to the break-
down of stress fibers and loss of focal adhesions (8, 52, 62). In
the current studies, we have shown that LPS increases RhoA
activation in enterocytes, which leads to an increase in phos-
pho-FAK expression and enhanced focal adhesions, as manifest
by increased distribution of the focal adhesion protein paxillin
(Fig. 7). This would effectively shift the balance toward en-
hanced cell contraction/adhesion and prevent cell movement.
In support of this, we determined that enterocyte contraction is
increased after LPS treatment compared with controls (Fig. 8)
and could be reduced by inhibition of RhoA signaling using the
Rho kinase inhibitor Y27632. Although this assay may be in-
terpreted to reflect processes other than increased contraction,
such as impaired release from the substratum or the genera-
tion of forces exerted by cell shape changes or intercellular
adhesions, the results provide evidence that enterocytes adhere
tighter to the matrix after LPS treatment (44). This could
conceivably explain the impaired migration of enterocytes ob-
served in response to LPS. This conclusion is further supported
by evidence that endotoxin increases surface expression of in-
tegrins in enterocytes, which serve to directly enhance the
enterocyte interaction with the underlying matrix.?

In summary, we have shown that epithelial restitution is
impaired during experimental NEC, which provides insights
into the pathogenesis of this disease. We have also demon-
strated that endotoxin impairs enterocyte migration through
the activation of RhoA, increased phospho-FAK expression,
and enhanced cell matrix adhesion. This suggests that thera-
peutic approaches that target intestinal restitution, potentially
by modulation of TLR4-mediated RhoA signaling, may provide
a therapeutic approach for diseases of intestinal inflammation
like NEC.
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