
Distinct Compartmentalization of NF-�B Activity in Crypt and
Crypt-Denuded Lamina Propria Precedes and Accompanies
Hyperplasia and/or Colitis following Bacterial Infection

Parthasarathy Chandrakesan,a Ishfaq Ahmed,a Anisha Chinthalapally,a Pomila Singh,b Shanjana Awasthi,c Shrikant Anant,d

and Shahid Umard

Department of Internal Medicine, Division of Digestive Diseases and Nutrition,a and Department of Pharmaceutical Sciences,c University of Oklahoma Health Sciences
Center, Oklahoma City, Oklahoma, USA; Department of Neuroscience and Cell Biology, University of Texas Medical Branch, Galveston, Texas, USAb; and Department of
Molecular and Integrative Physiology, University of Kansas Medical Center, Kansas City, Kansas, USAd

Citrobacter rodentium induces transmissible murine colonic hyperplasia (TMCH) and variable degrees of inflammation and
necrosis depending upon the genetic background. Utilizing C. rodentium-induced TMCH in C3H/HeNHsd inbred mice, we ob-
served significant crypt hyperplasia on days 3 and 7 preceding active colitis. NF-�B activity in the crypt-denuded lamina propria
(CLP) increased within 24 h postinfection, followed by its activation in the crypts at day 3, which peaked by day 7. Increases in
interleukin-�1 (IL-1�), IL-12(p40), and macrophage inflammatory protein 1� (MIP-1�) paralleled NF-�B activation, while in-
creases in IL-1�/�, IL-6/IL-12(p40)/granulocyte colony-stimulating factor (G-CSF)/keratinocyte-derived chemokine (KC)/
monocyte chemotactic protein 1 (MCP-1), and MIP-1� followed NF-�B activation leading to significant recruitment of neutro-
phils to the colonic mucosa and increased colonic myeloperoxidase (MPO) activity. Phosphorylation of the crypt cellular and
nuclear p65 subunit at serines 276 and 536 led to functional NF-�B activation that facilitated expression of its downstream tar-
get, CXCL-1/KC, during TMCH. Distinct compartmentalization of phosphorylated extracellular signal-regulated kinase 1 and 2
([ERK1/2] Thr180/Tyr182) and p38 (Thr202/Tyr204) in the CLP preceded increases in the crypts. Inhibition of ERK1/2 and p38 sup-
pressed NF-�B activity in both crypts and the CLP. Dietary administration of 6% pectin or 4% curcumin in C. rodentium-
infected mice also inhibited NF-�B activity and blocked CD3, F4/80, IL-1�/�, G-CSF/MCP-1/KC, and MPO activity in the CLP
while not affecting NF-�B activity in the crypts. Thus, distinct compartmentalization of NF-�B activity in the crypts and the CLP
regulates crypt hyperplasia and/or colitis, and dietary intervention may be a novel strategy to modulate NF-�B-dependent pro-
tective immunity to facilitate crypt regeneration following C. rodentium-induced pathogenesis.

The intestinal epithelium provides a physical barrier that sepa-
rates trillions of commensal bacteria in the intestinal lumen

from the underlying lamina propria and deeper intestinal layers.
In the colon, the epithelial cell homeostasis is tightly regulated;
minor perturbations can lead to colitis or neoplasia (25). The hu-
man intestine is the site of an extraordinarily complex and dy-
namic environmentally transmitted interaction of the local im-
mune system with nutrients and microbial products (19). A
network of regulatory genes links signals provided by luminal an-
tigens (Ags) to immune and inflammatory cells. In this context the
regulation of resident intestinal macrophages by the recognition
of conserved pathogen-associated molecular patterns by Toll-like
receptors (TLRs) and intracellular sensors such as nucleotide-
binding oligomerization domains is critical for understanding the
homeostasis of gut-associated immunity. Deciphering the path-
ways involved in the regulation of intestinal macrophages prom-
ises to provide new host targets for treating diseases such as in-
flammatory bowel disease (IBD) in which a dysregulation of
innate immunity plays a role (28).

Nuclear factor kappa B (NF-�B) is a family of ubiquitously
expressed transcription factors that are widely believed to trigger
both the onset and the resolution of inflammation. NF-�B also
governs the expression of genes encoding proteins essential in
control of stress response, maintenance of intercellular commu-
nications, and regulation of cellular proliferation and apoptosis.
NF-�B is sequestered in the cytoplasm by its inhibitor, I�B, which
in response to inflammatory stimuli is phosphorylated and tar-

geted for degradation by the proteasome (9). Phosphorylation of
the p65 subunit in one of two of its transactivation domains (39)
has been shown to be essential for NF-�B-dependent transcrip-
tional activation. The role of the NF-�B pathway in intestinal ep-
ithelial cells, as reported recently using I�B kinase (IKK) subunit
knockout mice (10, 17), is critical for intestinal immune homeo-
stasis. However, it is not clear how distinct compartmentalization
of NF-�B activity in the epithelium and cells of the lamina propria
following infection by enteric pathogens affects hyperplasia
and/or colitis. We therefore hypothesized that distinct compart-
mentalization of NF-�B activity in the crypts and crypt-denuded
lamina propria (CLP) will regulate hyperplasia and/or colitis fol-
lowing bacterial infection. This hypothesis was tested in an in vivo
model of hyperproliferation/hyperplasia of the colonic crypts.

Citrobacter rodentium is a natural noninvasive bacterial patho-
gen which infects the distal colon of mice. It uses the same molec-
ular mechanisms of type III secretion as human enteropathogenic
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and enterohemorrhagic Escherichia coli (EPEC and EHEC, respec-
tively) to colonize the epithelial cells of the gut. Given the difficulty
of infecting laboratory mice with these diarrhea-causing E. coli
pathogens, infection with C. rodentium provides a robust in vivo
model system to study host-bacterial pathogen interactions in real
time (7, 21). Transmissible murine colonic hyperplasia (TMCH)
caused by C. rodentium is characterized by significant hyperplasia,
accompanied by expansion of the proliferative compartment
throughout the longitudinal crypt axis (26). Hyperplasia is char-
acteristic of gut inflammation in inflammatory bowel disease and
celiac disease as well. Because hyperplasia is observed in infectious
and noninfectious intestinal inflammation, it has been predicted
to be secondary to the production of inflammatory cytokines,
which can act as growth factors for specific cell types. Interestingly,
unlike human conditions, TMCH is self-limiting, leading to dis-
ease resolution and protective immunity. In contrast to outbred
NIH/Swiss mice that develop colonic hyperplasia with little in-
flammation, inbred strains of mice, including C3H/HeNSd
(C3H), FVB/N, and C57BL/6, develop colitis when infected with
C. rodentium (2, 8, 36).

Utilizing the C. rodentium-infected NIH/Swiss outbred mice,
which do not exhibit an inflammatory axis, we showed previously
that NF-�B activation in the colonic crypts followed both the ca-
nonical and atypical pathways (11, 38). Moreover, sustained acti-
vation was observed despite a lack of bacterial attachment to the
colonic mucosa beyond peak hyperplasia (12 days after C. roden-
tium infection) (11, 38). We have also shown that a pectin diet
inhibits increases in both �-catenin levels and NF-�B activity,
thereby abrogating hyperplasia of colonic crypts in response to C.
rodentium infection in the NIH/Swiss mice (29, 11). In the current
study, we systematically analyzed distinct compartmentalization
of NF-�B activity in the epithelium and cells of the lamina propria
constituting the stroma following C. rodentium infection and in-
vestigated how signaling via extracellular signal-regulated kinase
(ERK) and p38 mitogen-activated protein kinases (MAPKs) mod-
ulates functional NF-�B activity in various cell types in the distal
colons of C3H inbred mice. We also examined how dietary inter-
vention modulates NF-�B activity in vivo, thereby affecting epi-
thelial regeneration following a pathogenic insult.

MATERIALS AND METHODS
TMCH, inhibitor studies, and diets. This study was carried out in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. All animal
work was approved by the University of Oklahoma Institutional Animal
Care and Use Committee. TMCH was induced in 5- to 6-week old
Helicobacter-free C3H/HeNHsd mice (Harlan Laboratories, Inc., India-
napolis, IN) by oral inoculation with a 16-h culture of C. rodentium (26,
29–35, 38). Age- and sex-matched control mice received sterile culture
medium only. To investigate the role of ERK1 and ERK2 (ERK1/2) and
p38 MAPKs in the regulation of NF-�B activity in vivo, highly selective
ERK1/2 (PD98059 [PD]) and p38 (SB203580 [SB]) inhibitors were used.
PD98059 and SB203580 (5 mg/kg of body weight) or vehicle (1% di-
methyl sulfoxide [DMSO]) was administered intraperitoneally for 5 days
starting at 2 days postinfection with C. rodentium. At 2 h following the last
injection, mice were euthanized, and distal colons were removed. For
dietary intervention, mice were randomized to receive either a control
AIN-93 diet (29) or a 6% pectin, synthesized by Harlan Teklad (Madison,
WI), and 4% curcumin diet. Animals were euthanized at 1, 3, 5, and 7 days
postinfection, and distal colons were removed. Animals under various
dietary regimens were killed at 9 days postinfection, and their colons were
harvested. Histology scoring (0 to 4) to determine the effect of dietary

intervention on inflammation and/or colitis was done by blindly assessing
the degree of lamina propria mononuclear cell (LPMC) infiltration, crypt
hyperplasia, goblet cell depletion, and architectural distortion in hema-
toxylin and eosin (H&E)-stained sections as described by Berg et al. (3). A
score of 0 to 1 was regarded as no inflammation, 1 to 2 indicated mild
inflammation, 2 to 3 indicated moderate inflammation, and 3 to 4 indi-
cated severe inflammation. Distal colonic crypts or crypt-denuded lamina
propria from various groups were prepared for biochemical assays as de-
scribed previously (26, 29–35, 38).

Cell culture, DNA binding assay, and NF-�B reporter activity.
Crypt-denuded mucosal tissues after crypt removal were chopped into
small pieces, washed with medium, and plated for monolayer formation
at 37°C. After two passages, the stromal cells were trypsinized and plated
into 96-well plates for 24 h. To start the coculture, YAMC cells, main-
tained at 33°C, were layered onto the stromal cells at a 1:1 ratio and
incubated at 37°C. At 24 h after the coculture, cells were infected with C.
rodentium at a multiplicity of infection (MOI) of 90 for 3 h. Cells were
then washed to remove bacteria and incubated at 37°C for 48 h. NF-�B
activity was measured using a TransAM p65 NF-�B Chemi Transcription
Factor assay kit from Active Motif (Carlsbad, CA). Both YAMC and
JAWSII dendritic cell (DC) lines were maintained as described previously
(11). To measure the reporter activity, both YAMC and JAWSII cells were
transiently transfected with an NF-�B–luciferase reporter plasmid
[pGL4.32(luc2P/NF-�B-RE/hygro)] from Promega (Madison, WI) using
LipoD293 transfection reagent (SignaGen Laboratories, Ijamsville, MD).
At 36 h after the transfection, cells were infected with C. rodentium at an
MOI of 90 for 3 h. Cells were then washed to remove bacteria and incu-
bated at 37°C for 48 h, and the luciferase activity was measured using a
Bright-Glo luciferase assay system (Promega, Madison, WI).

RNA isolation and real-time quantitative reverse transcription-
PCR (RT-PCR). Total RNA was extracted from uninfected control crypts
and crypts from days 3 to 7 or from crypts isolated from the distal colons
of C3H mice treated with vehicle or PD98059 and SB203580 using an
RNA Isolation Kit from Qiagen. To measure expression levels of CXCL-
1/keratinocyte-derived chemokine (KC) in the colonic crypts or CLP,
total RNA samples were subjected to real-time PCR by SYBR chemistry
(SYBR green I; Molecular Probes, Eugene, OR) using gene-specific prim-
ers and Jumpstart Taq DNA polymerase (Sigma-Aldrich, St. Louis, MO).
The crossing threshold value assessed by real-time PCR was noted for the
transcripts and normalized with �-actin mRNA. The changes in mRNA
were expressed as fold change relative to control � the standard error of
the mean (SEM).

Western blotting. Cellular or nuclear extracts prepared from crypts or
crypt-denuded lamina propria (30 to 100 �g protein/lane) were subjected
to SDS-PAGE and electrotransferred to nitrocellulose membrane. The
efficiency of electrotransfer was checked by back-staining gels with Coo-
massie blue and/or by reversible staining of the electrotransferred protein
directly on the nitrocellulose membrane with Ponceau S solution. No
variability in transfer was noted. Destained membranes were blocked with
5% nonfat dried milk in Tris-buffered saline ([TBS] 20 mm Tris-HCl and
137 mm NaCl [pH 7.5]) for 1 h at room temperature and then overnight
at 4°C. Immuno-antigenicity was detected by incubating the membranes
for 1 to 2 h with the appropriate primary antibodies (0.5 to 1.0 �g/ml in
TBS containing 0.1% Tween 20 [TBS-Tween]) (Sigma). After membranes
were washed, they were incubated with horseradish peroxidase (HRP)-
conjugated anti-mouse or anti-rabbit secondary antibodies and devel-
oped using an ECL detection system (Amersham Corp., Arlington
Heights, IL) according to the manufacturer’s instructions.

Measurement of colonic cytokines/chemokines. For cytokine/
chemokine measurement, distal colons were collected from uninfected
and C. rodentium-infected C3H mice with or without dietary interven-
tions, washed with saline, and homogenized in phosphate-buffered saline
(PBS). Protein concentration was assessed using a detergent-compatible
(DC) protein assay kit (Bio-Rad). The cytokine/chemokine concentration
in the colonic extracts was measured in triplicate using a Bio-Plex Pro
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Mouse Cytokine 23-Plex Assay kit (Bio-Rad, Hercules, CA) according to
the manufacturer’s protocol.

Measurement of MPO activity. Myeloperoxidase (MPO) activity, an
index of neutrophil recruitment, was measured in colon tissue homoge-
nates by a modification of the method of Grisham (15). Briefly, colon
homogenate was sonicated in 1% hexadecyltrimethyl-ammonium bro-
mide buffer and subjected to centrifugation at 12,000 revolutions/min at
4°C for 20 min. MPO activity in the homogenates was measured in trip-
licate using a Fluoro MPO detection kit (Cell Technology, Inc., CA) ac-
cording to the manufacturer’s protocol.

IHC. Immunohistochemistry (IHC) for Ki-67, CD3, F4/80, and p65
phosphorylated at Ser-276 (p65276) was performed on 5-�m-thick
paraffin-embedded sections from distal colons of uninfected, C.
rodentium-infected, C. rodentium-infected and MAPK inhibitor-treated,
and C. rodentium-infected and diet-treated mouse distal colons utilizing
HRP-labeled polymer conjugated to secondary antibody using an Envi-
sion� System-HRP (diaminobenzidine [DAB]; DakoCytomation,
Carpinteria, CA) with microwave accentuation as described previously
(11, 29–33). Slides were washed and incubated with 4=,6=-diamidino-2-
phenylindole for 5 min at room temperature to stain the nuclei. The
visualization was carried out via either fluorescent or light microscopy.
Controls included either omission of primary antibody or detection of
endogenous IgG staining patterns with goat anti-mouse or anti-rabbit IgG
(Calbiochem, San Diego, CA).

RESULTS

Within 7 days following C. rodentium infection, there was gross
thickening of the distal colon of C3H mice, accompanied by hy-
perplasia and a 3-fold increase in crypt length (Fig. 1A). In 9-day-
postinfection mice, however, we observed significant colitis asso-
ciated with crypt abscess and necrosis (Fig. 1A). To determine if
these increases in crypt length were due to increased proliferation
of colonic epithelial cells, we next stained the paraffin-embedded
sections for Ki-67. In normally proliferating crypts, only cells at
the base exhibited nuclear staining (Fig. 1B). During TMCH,
however, there was a gradual increase in Ki-67-positive cells at
days 3 and 7 compared to levels in the uninfected control, and the
level remained elevated at day 9 (Fig. 1B). These changes corre-
lated well with increased crypt length at day 7 and crypt abscess at
day 9 of TMCH (Fig. 1A).

We next determined the kinetics of NF-�B activity in the co-
lonic crypts of C3H mice in response to C. rodentium infection.
Nuclear NF-�B activity increased within day 1 postinfection, but
the activation was much more significant after day 5 of TMCH
(Fig. 2A). This coincided with hyperplasia of the colonic crypts.
These changes in NF-�B activity also correlated with CXCL-1
mRNA expression as determined by real-time PCR (Fig. 2B).
CXCL-1 is a downstream target of NF-�B and a cognate ligand for
the CXC-chemokine receptor CXCR-2. We have shown previ-
ously that NF-�B activation by C. rodentium induces both the
canonical pathway involving phosphorylation of cellular IKK�/�
and phosphorylation and degradation of I�B� at peak hyperplasia
and the pathway of NF-�B activation, which was independent of
I�B� degradation (11, 38). In the current study, while we detected
presence of I�B�, -�, and -� and p105 along with IKK�/� in the
colonic crypts, the changes observed did not correlate with NF-�B
activation (data not shown), suggesting involvement of a complex
regulatory mechanism for NF-�B activation in the colonic crypts
of C3H mice following C. rodentium infection. Since functional
NF-�B activation is associated with critical phosphorylation
events at consensus phosphorylation sites in the p65 subunit, we
instead concentrated on delineating the presence or absence of the

phosphorylated subunit in various compartments of the colonic
mucosa in order to understand the functional role of NF-�B fol-
lowing a bacterial infection.

We have recently shown that NF-�B activation during both
progression and regression phases of hyperplasia in NIH/Swiss
mice is associated with phosphorylation and acetylation of the p65
subunit and is independent of I�B� degradation, particularly dur-
ing regression (11). Utilizing antibodies specific for detecting
phosphorylation of the p65 subunit at Ser-276 (p65276) and Ser-
536 (p65536), respectively, we probed both crypt cellular and nu-
clear extracts during the time course of TMCH. As shown in Fig.
2C, cellular and nuclear levels of p65276 and p65536 along with total
p65 increased significantly at days 5 and 7, thereby correlating
with increases in NF-�B activity at these time points (see Fig. 2A).
Interestingly, we observed significantly more phosphorylation of
p65 at Ser-276 than at Ser-536, particularly in the nuclear fraction
relative to total p65, suggesting a relatively more important role
for p65276 in the functional activation of NF-�B in the crypts.
When tissue sections prepared from mouse distal colons of unin-
fected mice and of mice at days 3 and 7 after C. rodentium infection
were stained with antibody for p65276, we observed diffuse cyto-
plasmic and nuclear staining at day 3 but significant nuclear stain-
ing at day 7 (Fig. 2D), thereby coinciding with NF-�B activation
kinetics. In addition to crypt immunoreactivity, however, we also
observed significant staining of p65276 in the subepithelial region,
suggesting compartmentalization in the stroma. These immuno-
histochemical stainings were specific as control experiments with
either rabbit IgG or involving omission of primary antibody did
not exhibit any nonspecific staining (see Fig. S1 in the supplemen-
tal material). To implicate stroma in NF-�B activation, we next
performed a study involving isolation of crypts and CLP from
uninfected mice and from mice at various days after C. rodentium
infection as described previously (11) and used them for histology
or immunohistochemistry while cellular/nuclear extracts were
prepared for biochemical assays. As shown in Fig. 3A (upper
panel), H&E-stained sections from uninfected or C. rodentium-
infected distal colons were completely devoid of crypts, reflecting
the efficiency of the crypt isolation procedure. Interestingly, sig-
nificant recruitment of polymorphonuclear neutrophils (PMNs)
and other myeloid/immune cells was recorded in CLP at days 5
and 7 compared to levels in uninfected controls, suggesting
inflammation-associated changes at these time points. When
these sections were stained for Ki-67, significant increases in pro-
liferation of various immune cells were recorded at days 5 and 7
compared to levels in uninfected controls (Fig. 3A, lower panel).
This is the first demonstration of changes observed in the stroma
of a bacterial infection-induced colitis model. Next, we deter-
mined NF-�B activity both in the crypts and in the CLP. As shown
in Fig. 3B, a sequential increase in NF-�B activity starting at day 1
with continued increase until day 7 was observed in the CLP.
Interestingly, when NF-�B activity was measured in the crypts, the
early kinetics at days 1 and 3 were exact replicas of those recorded
in the CLP (Fig. 3B). At day 5 and particularly at day 7, however,
we observed significant enhancement of NF-�B activity in the
crypts over that recorded in the CLP (Fig. 3B). Similar to findings
in crypts, no appreciable change in I�B� phosphorylation or deg-
radation was recorded in CLP (data not shown). To determine the
phosphorylation status of the p65 subunit in the two preparations,
both crypts and CLP cellular and nuclear extracts were blotted for
Ser-276 and Ser-536 moieties, respectively. As expected, cellular
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FIG 1 Hyperplasia precedes inflammation in an inbred mouse strain genetically susceptible to inflammation and/or colitis. (A) H&E staining in the
paraffin-embedded sections prepared from the distal colons of uninfected healthy (N, for normal) and C. rodentium (CR)-infected (days 3 to 9 [D3 to D9])
C3H inbred mice. Scale bar, 75 �m. (B) Crypt hyperplasia as measured by immunohistochemical labeling of Ki-67 as a marker of proliferation in the
paraffin-embedded sections prepared from the distal colons of uninfected and C. rodentium-infected (days 3 to 9) C3H mice. Scale bar, 75 �m (n � 3
independent experiments).
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FIG 2 Crypt hyperplasia in C3H mice in response to C. rodentium infection correlates with increases in NF-�B activity and subunit expression. (A) Nuclear
extracts were prepared from the isolated crypts of uninfected healthy (N) mice and of mice at days 1 to 7 postinfection and assayed for NF-�B activity via a
TransAM NF-�B-p65 Chemi Transcriptional Factor assay kit from Active Motif (n � 3; �, P � 0.05 versus control). (B) Real-time RT-PCR. Expression of
CXCL-1/KC mRNA isolated from the crypts of the animals described for panel A was measured as a readout for NF-�B activity via real-time RT-PCR. †�, P �
0.05 versus control (†) (n � 3 independent experiments). (C) Phosphorylation status of the p65 subunit in vivo. Relative levels of cellular and nuclear p65 subunit
phosphorylated at Ser-276 and -536 (p65276/p65536) along with the total p65 subunit were determined in the colonic crypt extracts prepared from uninfected
healthy (N) mice and from mice at days 1 to 7 postinfection by Western blotting (n � 3 independent experiments). (D) Immunohistochemical staining of the
p65 subunit phosphorylated at Ser-276 in vivo. Paraffin-embedded sections prepared from mouse distal colons of uninfected healthy (N) mice and of mice at days
3 to 7 postinfection were stained with antibody specific for NF-�B p65 phosphorylated at Ser-276 (pp65276) and were analyzed with light microscopy.
Magnifications, �200 (D3 to D7) and �400 (D7i to D7iii showing crypt and stromal staining). n � 3 independent experiments.
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and nuclear p65276, despite exhibiting a lack of significant change
in abundance in CLP, was at least detectable in both cellular and
nuclear fractions at days 1 and 3, in contrast to the inability to
detect this moiety in the crypts (Fig. 3C and D). This is consistent
with crypt data reported in Fig. 2. At day 5 however, p65276 in-
creased significantly in the CLP in both fractions (Fig. 3C and D).
Interestingly, nuclear levels of p65276 declined at day 7 in the CLP,

unlike levels recorded in the crypts (Fig. 3C and D). When the
status of p65536 was examined in the CLP and crypts, we observed
dramatic increases in p65536 levels in the CLP at day 3 in both
cellular and nuclear fractions, with sustained levels at days 5 and 7
of TMCH (Fig. 3C and D). In the crypts, on the other hand, p65536

was undetectable at days 1 and 3 and barely detectable at day 5 in
either the cellular or nuclear fraction (Fig. 3C and D). At day 7,

FIG 3 Separation of crypts and CLP from the distal colons of C3H mice. (A) H&E staining (upper panel) of the CLP prepared from the distal colons of uninfected
healthy (N) and C. rodentium-infected (days 1 to 7) C3H mice. Scale bar, 100 �m; n � 3. The lower panel shows immunohistochemical labeling of Ki-67 as a
marker of proliferation in the paraffin-embedded sections prepared from the distal colons of CLP of uninfected healthy (N) and C. rodentium-infected (days 1
to 7) C3H mice. Scale bar, 100 �m. (B) NF-�B activities measured in the CLP and crypts via a DNA binding assay. NF-�B p65 activities in the nuclear extracts
of crypts and CLP from uninfected healthy (N) C3H mice and mice at days 1 to 7 postinfection were examined by utilizing a TransAM NF-�B p65 Chemi
Transcriptional Factor assay kit from Active Motif. †�, P � 0.05 versus control (�); n � 3. OD, optical density (C and D) Kinetics of p65 phosphorylation at
Ser-276 and -536 in the two compartments in vivo. Relative levels of phosphorylated (p65276/p65536) and total p65 subunit in the cellular (C) and nuclear (D)
extracts prepared from isolated crypts and CLP of uninfected healthy (N) C3H mice and mice at days 1 to 7 postinfection were determined by Western blotting.
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however, a significant increase in p65536 was observed in both
crypt cellular and nuclear fractions, and, similar to p65276, p65536

also exhibited sustained increases at this time point (Fig. 3C and
D). Unlike levels in the crypts, however, Ser-536 exhibited signif-
icantly more phosphorylation than Ser-276, suggesting that
p65536 may be more relevant in regulating NF-�B activity in the
CLP. These studies further implicate stromal-epithelial compo-
nents in the regulation of NF-�B activity following C. rodentium
infection.

To clearly understand the cell types in CLP with the activated
form of p65, we next stained CLP sections with antibody for
p65276. As shown in Fig. S2 in the supplemental material, CLP
from uninfected animals did not exhibit any significant staining
for p65276. Between days 1 and 5, we observed dramatic increases
in p65276 staining, mostly in regions denuded for crypts (see Fig.
S2). At day 7, however, staining was mostly restricted to the basal
lamina and submucosal regions (see Fig. S2). The majority of the
staining for p65276 at days 5 and 7 was observed either in lympho-
cytes or macrophages while infiltrating granulocytes (mostly neu-
trophils), metamyelocytes, and rare eosinophils also stained pos-
itive for p65276 (see Fig. S3). The presence of lymphocytes and
macrophages was further confirmed by staining of CLP sections
with antibodies for CD3 and F4/80, respectively (see Fig. S4A and
B). As readout for changes in NF-�B activity, we next examined
the cytokine/chemokine profile in the colonic extracts to further
dissect the contribution of the epithelium and the stroma in reg-
ulating hyperplasia and/or colitis during TMCH. Our results re-
vealed that interleukin-12p40 (IL-12p40), a subunit of IL-12 fam-
ily of cytokines which are upregulated in the Th1-mediated
models of IBD (24), exhibited cyclical expression, with expression
increasing initially at day 1 and particularly at day 3 before declin-
ing at day 5 (Fig. 4A); at days 7 and 9, however, we again observed
a gradual increase in its expression (Fig. 4A). IL-12p40 is predom-
inantly expressed by macrophages and dendritic cells (DCs) in
addition to monocytes, neutrophils, and keratinocytes, suggesting
that the lamina propria representing the stroma may have been
activated following C. rodentium infection. Other cytokines or
chemokines with significant increases recorded during TMCH
were IL-1�/�, IL-6, IL-9, granulocyte colony-stimulating factor
(G-CSF), macrophage inflammatory protein 1� (MIP-1�),
monocyte chemotactic protein 1 (MCP-1), and KC, which may be
a result of NF-�B activation in response to C. rodentium infection.
Since intestinal dendritic cells sample bacteria and are recruited
within the lamina propria following pathogenic insult, we per-
formed an NF-�B reporter assay using a dendritic cell line
(JAWSII) to determine if NF-�B is indeed activated in response to
C. rodentium infection in parallel with YAMC cells, a simian virus
40 (SV40)-immortalized epithelial cell line for comparison.
YAMC and JAWSII cells exhibited 3.5- and 2.2-fold increases in
reporter activity, respectively, following C. rodentium infection
compared to levels in uninfected controls (Fig. 4B). Next, we per-
formed a coculture study to definitively implicate stromal-
epithelial interactions in the regulation of NF-�B activity in re-
sponse to C. rodentium infection. As shown in Fig. 4Ci, while
YAMC cells were epithelial, CLP cells exhibited a fibroblast-like
appearance, as determined by staining for �-smooth muscle actin
(�-SMA) and vimentin (data not shown). When YAMC and CLP
cells were cocultured in the absence of C. rodentium infection, we
did not observe any increase in NF-�B activity over that recorded
in YAMC or CLP cells alone (Fig. 4Cii). In response to C. roden-

tium infection, we observed a 2-fold increase in NF-�B activity in
coculture of YAMC and CLP (YAMC�CLP) cells compared to
YAMC�CLP alone (Fig. 4Cii). This increase in NF-�B activity in
the C. rodentium-infected YAMC�CLP group was still higher
than that recorded in either the C. rodentium-infected YAMC or
C. rodentium-infected CLP. Thus, both crypt and the CLP appar-
ently act in tandem to regulate NF-�B activation following C.
rodentium infection. Since upregulation of chemokines such as
MCP-1 and CXCL-1/KC is primarily associated with recruitment
of neutrophils and other leukocytes to the colonic mucosa, we
next measured MPO activity as the global marker of leukocyte
accumulation. Compared to the uninfected control, a sequential
increase in MPO activity was recorded (Fig. 4D) at time points
which coincided with increases in KC and MCP-1 levels (Fig. 4A),
suggesting that MCP-1 and KC may be the major players in regu-
lating leukocyte recruitment and propagation of inflammation in
C3H mice in response to C. rodentium infection.

We have recently shown that the MEK/ERK/p38 pathway is
involved in NF-�B activation during progression and regression
phases of hyperplasia in NIH/Swiss outbred mice (11). MAPK
cascades cooperate in the orchestration of inflammatory re-
sponses during IBD (37) and p38-MAPK has recently been shown
to contribute toward the immune responses against enteric infec-
tion (16). We therefore examined changes in these kinases in both
crypts and CLP to further study how C. rodentium infection affects
signaling via these kinases in the two compartments. As shown in
Fig. 5, we did not observe any measurable increase in either cellu-
lar or nuclear phospho-p38 (pp38) or phospho-p44/42 (pp44/42)
at days 1 and 3 in the crypts. At days 5 and 7, however, dramatic
increases in both cellular and nuclear pp38 and pp44/42 were
observed in the crypts (Fig. 5A), which correlated with increases in
both p65276 and p65536 as well as with NF-�B activity at these time
points. These findings were confirmed by immunohistochemical
staining of paraffin-embedded sections, where diffuse crypt label-
ing mostly restricted to the crypt surface in either uninfected
crypts or at day 1 was followed by more nuclear staining extending
along the length of the colonic crypts at days 5 and 7 (Fig. 5B). In
the CLP, in contrast, early kinetics for activation of these kinases at
days 1, 3, and 5 were observed in both cellular and nuclear frac-
tions, followed by a significant decline to baseline at day 7 (Fig.
5C). These biochemical findings were confirmed by immunohis-
tochemical staining of the CLP with antibodies specific for pp38
and pp44/42, as shown in Fig. 5D. To further assess the role of
p44/42-MAPK and p38 MAPK in the regulation of NF-�B activity
in the two compartments, both uninfected (data not shown) and
C. rodentium-infected C3H mice were treated with inhibitors spe-
cific for ERK-1/2 (PD98059 [PD]) and p38 (SB203580 [SB]) for 5
days starting at 2 days post-C. rodentium infection, as described in
Materials and Methods. Both PD and SB significantly blocked
increases in relative levels of p44/42 and p38 MAPKs in the crypts
(Fig. 6A). In the CLP, however, while p38 inhibition was more
effective than p44/42 (Fig. 6A), the inhibitory effect of SB was less
prominent in the CLP than in the crypts. Next, a series of experi-
ments investigated the effect of MAPK inhibitors on cell prolifer-
ation, NF-�B activity, and CXCL-1 mRNA expression in the two
compartments. Both PD and SB significantly reduced crypt cell
proliferation, as revealed by Ki-67 staining, compared to C. roden-
tium infection alone (Fig. 6B). This could be due to decreases in
NF-�B activity as both PD and SB significantly inhibited NF-�B
activity in the two compartments (Fig. 6C and D). Interestingly,

Epithelial-Stromal Compartmentalization of NF-�B

February 2012 Volume 80 Number 2 iai.asm.org 759

http://iai.asm.org


FIG 4 Distinct cytokine/chemokine expression and stromal-epithelial interaction in the regulation of NF-�B activity in vivo. (A) Expression of proinflammatory
cytokines and chemokines in the distal colonic homogenates of uninfected healthy (N) and C. rodentium-infected (days 1 to 9) mice were measured using a
Bio-Plex Cytokine assay kit as described by the manufacturer. Samples were analyzed on a Bio-Rad 96-well plate reader using a Bio-Plex array system and Bio-Plex
Manager software. Each bar represents mean � standard deviation. �, P � 0.05 versus control; †�, P � 0.05 versus the control (†) (n � 3). (B) Luciferase reporter
assay to measure relative activation of NF-�B in response to C. rodentium infection. Both YAMC and JAWSII cell lines were transfected with pGL4.32(luc2P/
NF-�B-RE/Hygro) vector for 36 h. The transfected cells were treated with or without C. rodentium for 3 h, washed to remove bacteria, and processed for
measuring the relative levels of luciferase. The NF-�B activity changes are presented as percent change in luciferase units (n � 3 independent experiments). (C)
Growth of YAMC and CLP cells in vitro (i) Both YAMC and CLP cells were propagated in appropriate medium at 33 and 37°C, respectively. For coculture studies,
YAMC cells were layered onto CLP at a ratio of 1:1, and cocultures were incubated at 37°C for 24 h. Untreated or C. rodentium-infected cells were used to measure
NF-�B activity via a TransAM NF-�B-p65 Chemi Transcriptional Factor assay from Active Motif (ii). †�, P � 0.05 versus control (†); †�, P � 0.05 versus control
(†), ��Œ, P � 0.05 versus C. rodentium-infected CLP (CLP�CR) or C. rodentium-infected YAMC (YAMC�CR) (†� or †�, respectively) (n � 3 independent
experiments). (D) Measurement of MPO as a readout for assaying the extent of neutrophil recruitment to the colonic mucosa. MPO activity was measured in the
colonic homogenates of uninfected healthy (N) and C. rodentium-infected (days 1 to 9) mice using a Fluoro MPO detection kit (Cell Technology, Inc., CA)
according to the manufacturer’s protocol. Each bar represents mean � standard deviation (�, P � 0.05; n � 3 independent experiments).
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FIG 5 Biochemical and immunohistochemical measurement of changes in the relative levels of p38-MAPK and p44/42-ERK during TMCH. Cellular and
nuclear extracts (A and C) prepared from the crypts and CLP from the distal colons of uninfected healthy (N) mice of mice at days 1 to 7 postinfection were
analyzed for the relative abundance of p38 and p44/42-ERK proteins by Western blot analysis (n � 3 independent experiments). (B and D) Immunohistochem-
ical staining for pp38 and pp44/42 in the paraffin-embedded sections prepared from either whole distal colons (B) or CLP (D) of uninfected healthy (N) and C.
rodentium-infected (days 1 to 7) C3H mice. Scale bar, 25 �m; n � 3 independent experiments.
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FIG 6 Effect of p44/42-ERK1/2 and p38 inhibition on cell proliferation and NF-�B activity in vivo. Uninfected or C. rodentium-infected-infected C3H mice were
injected once a day for 10 days with either vehicle or inhibitors specific for ERK1/2 (PD) or p38 (SB). At 2 h after the last injection, colonic crypts and CLP were
isolated. (A) Representative Western blots showing total ERK1/2 and p38 in the two compartments. (B) Representative photomicrographs of paraffin-embedded
sections stained with antibody to Ki-67: N, uninfected healthy mice; CR, C. rodentium-infected mice; CR�PD or CR�SB, C. rodentium-infected mice treated
with specific ERK1/2 or p38 inhibitor. Scale bar � 50 �m (n � 3 independent experiments). (C and D) NF-�B activities measured via DNA binding assay in the
crypts and CLP. Each bar represents mean � standard deviation. †�, P � 0.05 versus control (†); ��, P � 0.05 versus CR (†�) (n � 3). (E) Real-time RT-PCR.
CXCL-1 expression in the crypts and CLP were measured via real-time RT-PCR. †�, P � 0.05 versus control (†); ��, P � 0.05 versus C. rodentium-infected,
vehicle-treated mice (CR�V; †�) (n � 3 independent experiments). (F and G) Crypts and CLP cellular and nuclear extracts prepared from the distal colons of
the above group of animals were analyzed by Western blotting with antibodies specific for total p65 or the p65 subunit phosphorylated at Ser 276 (p65276) or Ser
536 (p65536). Actin or lamin B was the loading control, respectively (n � 3 independent experiments). (H) Representative photomicrographs of paraffin-
embedded sections stained with antibody specific for phosphorylated p65276 (pp65276): N, uninfected healthy; CR, C. rodentium-infected; Veh, C. rodentium-
infected and vehicle-treated; CR�PD or CR�SB, C. rodentium-infected and treated with specific ERK1/2 or p38 inhibitor, respectively. Scale bar � 30 �m (n �
3 independent experiments).
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p38 inhibition was more effective than p44/42 in either reducing
proliferation or NF-�B activity in either compartment (Fig. 6B to
D). The blocking of NF-�B activities by the two inhibitors also
affected expression of its downstream target as SB blocked
CXCL-1 mRNA expression almost completely in the crypts and to
a significant extent in the CLP (Fig. 6E) while PD was equally
effective in both the compartments (Fig. 6E). To examine how
these interventions affected the NF-�B p65 subunit, we next
probed the crypts and CLP cellular and nuclear fractions with
antibodies to total protein and the p65 subunit phosphorylated at
Ser-276 and -536. Both the total protein and phosphorylated p65
subunit were blocked by PD and SB in the crypts and CLP. More-
over, SB was more effective than PD in blocking increases in either
p65276 or p65536, and inhibition of p65536, particularly in the CLP,
was more profound than that of p65276 (Fig. 6F and G). These
results suggest that while both phosphorylated moieties may have
contributed toward functional NF-�B activation in the two com-
partments, p65276 may be more relevant in regulating NF-�B ac-
tivity in the crypts while p65536 may be more important in the
CLP. These results were also confirmed by immunochemical
staining of the p65276 subunit in the two compartments. As shown
in Fig. 6H, significant staining for p65276 was recorded in both C.
rodentium-infected and C. rodentium-infected, vehicle-treated
sections compared to staining in uninfected controls. Both PD
and SB significantly blocked increases in p65276 in the crypts even
though SB was relatively more effective than PD (Fig. 6H). In the
CLP, however, PD was more effective than SB, despite some resid-
ual staining observed for p65276 in both PD- and SB-treated CLP
(Fig. 6H). To clearly understand if inhibition of NF-�B activities
in the two compartments affected the recruitment of infiltrating
cells in the mucosa, we next stained sections from the same group
of animals with antibodies for CD3 and F4/80 to detect T cells and
macrophages, respectively. Both PD and SB significantly blocked
increases in either CD3� T cells or F4/80-positive (F4/80�) mac-
rophages either in the stroma or along the length of the colonic
crypts (see Fig. S5 in the supplemental material), suggesting that
early targeting of the NF-�B-dependent processes can help ame-
liorate inflammatory cascades.

We have shown previously that diet containing 6% soluble
fiber pectin completely blocked increases in �-catenin levels and
NF-�B activity, thereby abrogating C. rodentium-induced hyper-
plasia in NIH/Swiss outbred mice (29, 11). In the current study,
we hypothesized that both pectin and curcumin, the principal
curcuminoid of the popular Indian spice turmeric, will ameliorate
inflammation and minimize morbidity and mortality in geneti-
cally susceptible C3H mice in response to C. rodentium infection.
As is shown in Fig. S6A and B in the supplemental material, C.
rodentium infection of C3H mice for 9 days induced significant
expansion of CD3� T cells and recruitment of F4/80� macro-
phages in the stroma compared to levels in uninfected controls.
Both a 6% pectin and 4% curcumin diet significantly blocked
increases in these molecules (see Fig. S6A and B). At the same
time, mucosal inflammation and infiltration of polymorphonu-
clear cells in the C. rodentium-infected group was significantly
attenuated by both pectin and curcumin, as revealed by measuring
the histology scores following hematoxylin and eosin (H&E)
staining of colonic sections (Fig. 7A; see also Fig. S6C). Interest-
ingly, we observed significant crypt hyperplasia in both pectin-
and curcumin-treated animals, suggesting that these dietary inter-
ventions, while being anti-inflammatory, may be promoting crypt

recovery following the colitic insult. To confirm that these diets
were indeed promoting proliferation, colonic sections were
stained with antibody for Ki-67. As shown in Fig. 7B, we observed
dramatic increases in Ki-67 staining in sections prepared from both
pectin- and curcumin-treated animals compared to staining in un-
treated mice, thereby correlating with increases in crypt lengths. At
the same time, when a terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay to mea-
sure apoptosis was performed, there was a significant reduction in
the number of cells undergoing inflammation-induced apoptosis
in sections from treated versus untreated animals (Fig. 7C). To
understand the mechanistic basis of increases in crypt hyperplasia
in response to dietary intervention, we next investigated changes
in NF-�B activity in the crypts from various groups. As shown in
Fig. 7D, NF-�B activity, measured via a DNA binding assay, in-
creased reproducibly in colonic crypts from C. rodentium-infected
mice compared to activity in uninfected controls. Interestingly,
NF-�B activity was either equal to (with 6% pectin) or even
greater (with 6% curcumin) than that recorded with infection
alone (Fig. 7D). To correlate changes in NF-�B activity with pres-
ence/absence of phosphorylated p65 NF-�B subunit in the nu-
cleus, we next stained colonic sections from various groups with
antibody to p65276. As shown in Fig. 7E, p65276 nuclear staining
increased significantly at day 9 compared to uninfected control
while neither pectin nor curcumin abrogated nuclear localization
of p65276, which correlated with the lack of inhibitory effect of
these diets on NF-�B activity in the crypts (Fig. 7D). When the
effect of dietary intervention on cytokine/chemokine expression
in the colon of C3H mice was investigated, both the pectin and
curcumin diets significantly blocked increases in IL-1�/�, G-CSF,
MCP-1, and CXCL-1/KC (see Fig. S7A in the supplemental mate-
rial), leading to significant decreases in MPO activity in treated
versus untreated mice (see Fig. S7B). We have further observed
that none of these diets had any inhibitory effect on either bacte-
rial binding or infectivity (see Fig. S8).

DISCUSSION

Bacterial pathogens are endowed with the ability to colonize host
cells, ultimately leading to cellular damage (14). Following pene-
tration into a susceptible host, pathogens must elude host immu-
nological responses, on one hand, and successfully compete with
the commensal population, on the other. Thus, multiplication of
bacterial pathogens in the host may depend on survival strategies
which will determine the success of the infectious process. Infec-
tion of laboratory mice with C. rodentium provides a useful in vivo
strategy to investigate the pathogenesis of human idiopathic in-
flammatory bowel disease (IBD) and for preclinical evaluation of
candidate preventive and therapeutic agents (7).

The biological functions of colonic crypt cells under intestinal
inflammatory conditions vary significantly depending upon sev-
eral factors, such as the phase of colitis (acute versus recovery
versus chronic) and the fundamental mechanism of colitis devel-
opment (Th1 versus Th2 contributions) (20). The proliferation of
these cells is controlled by several signaling molecules. NF-�B sig-
naling has been implicated in the pathogenesis of acquired
immune-mediated colitis (22) and dextran sodium sulfate (DSS)-
induced intestinal injury (27). Given the double-edged function-
ing of various signaling cascades in colitis, it is imperative that we
clearly understand the cell population that is being targeted when
we consider the activation or inhibition of NF-�B in response to
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FIG 7 Anti-inflammatory and proproliferatory properties of pectin and curcumin diets. Paraffin-embedded sections prepared from the distal colons of
uninfected healthy (N) mice, C. rodentium-infected mice at day 9 postinfection (D9), and C. rodentium-infected mice at day 9 treated with 6% pectin or 4%
curcumin diets (D9�P or D9�Cur, respectively) were stained with H&E (A), stained for Ki-67 (B), or examined for apoptosis via TUNEL assay (C). Scale bar,
50 �m; n � 3. In panel B, please note significant increases in Ki-67 staining demonstrating proproliferatory activities of both pectin and curcumin. In panel C,
please note significant inhibition of apoptosis in treated samples. (D) Both the pectin and curcumin diets promote NF-�B activity in the crypts. Colonic crypt
NF-�B p65 activity in the nuclear extracts prepared from uninfected healthy (N) mice, C. rodentium-infected mice, and C. rodentium-infected mice treated with
6% pectin (P) or 4% curcumin (Cur) was measured by utilizing a TransAM NF-�B p65 Chemi Transcriptional Factor assay kit from Active Motif. �, P � 0.05
versus control (n � 3). (E) Staining for p65 phosphorylated at Ser-276 (pp65276) in the diet-treated samples. Panels show immunohistochemical staining of p65
phosphorylated at Ser-276 (pp65276) in the paraffin-embedded sections prepared from the distal colons of uninfected healthy (N) mice, C. rodentium-infected
mice at day 9, or C. rodentium-infected mice treated with a 6% pectin (D9�P) or 4% curcumin (D9�C) diet, respectively (scale bar, 75 �m; n � 3).
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bacterial infection. Utilizing the C. rodentium-induced TMCH in
NIH/Swiss mice, we recently characterized NF-�B activation dur-
ing progression and regression phases of colonic crypt hyperplasia
(11). In the current study, we have investigated in detail distinct
compartmentalization of NF-�B activity in the crypts and CLP of
C3H mice that exhibit extreme sensitivity to C. rodentium infec-
tion. The rationale for using C3H mice as opposed to either
BALB/c or C57BL/6 mice was twofold: (i) C3H mice develop an
overly aggressive response to C. rodentium infection and therefore
exhibit an IBD-like phenotype; (ii) we wanted to determine if
these mice, despite being genetically more susceptible, would re-
spond to chemical or dietary interventions. Following C. roden-
tium infection, we observed a biphasic response of hyperplasia
preceding inflammation. Measurement of NF-�B activation ki-
netics also revealed an early and a relatively delayed response in
the CLP and crypts, respectively. Specifically, NF-�B activity in the
CLP (mostly in lymphocytes and infiltrating granulocytes) in-
creased as early as day 1 postinfection, consistent with NF-�B
being a latent transcription factor, while its activation in the crypts
did not increase to any significant level until day 3 before peaking
by day 7. During measurement of cytokines/chemokines in the
inflamed colon, increases in IL-1�, IL-12(p40), and MIP-1� par-
alleled NF-�B activation while increases in IL-1�/�, IL-6, IL-
12(p40), G-CSF, KC, MCP-1, and MIP-1� followed NF-�B acti-
vation. Since the majority of these proinflammatory cytokines or
chemokines are expressed by cells of the lamina propria and the
epithelium, NF-�B activation at these sites following C. rodentium
infection may reflect the bidirectional signaling across the base-
ment membrane, which may be integral to regulating hyperplasia
and/or colitis in these mice. Indeed, the coculture studies involv-
ing both YAMC epithelial and CLP stromal cells revealed a signif-
icant additive effect on NF-�B activity. In a recent study, Boquoi et
al. (6), using transgenic mice overexpressing vascular endothelial
growth factor (VEGF) in the epithelial cells, showed that
epithelial-mesenchymal cross talk regulates proliferation of nor-
mal and neoplastic epithelium. Similarly, Maaser et al. (18)
showed in an in vitro coculture system that the epithelial-
endothelial cell cross talk regulates expression of various adhesion
molecules in an NF-�B-dependent manner. Since stromal/epithe-
lial cross talk is required and is fundamental to regulating gut
homoeostasis, our results corroborate well with previous studies
and provide direct evidence of stromal-epithelial interaction in
the regulation of NF-�B activity following a pathogenic insult.

We have recently shown that NF-�B activation in the colonic
crypts of NIH/Swiss mice involved both canonical (during pro-
gression) and atypical (during regression) pathways (11). Since it
is well documented that NF-�B can be activated in the absence of
I�B�, I�B�, or I�B� degradation (5, 13), we focused mainly on
how phosphorylation of the NF-�B p65 subunit at Ser-276 and
Ser-536 instead contributed toward functional NF-�B activation
in the two compartments. Results of our study clearly show that
phosphorylation of p65, particularly at Ser-276, was observed in
not only the crypts but also the CLP. Interestingly, most of the
staining for p65276 in CLP was detected either in CD3�

T-lymphocytes or F4/80� macrophages, which would have set the
stage for distinct compartmentalization of NF-�B activity in the
stroma (early increases in p65276/p65536 in the CLP) followed by
NF-�B activation in the epithelium (delayed increase in p65276/
p65536 in the crypts). Another interesting discovery was the extent
to which p65 was phosphorylated at serine-276 or -536 in the two

compartments. We found that p65 phosphorylation at Ser-276
was higher in the crypts, while a higher level of phosphoryla-
tion for Ser-536 than total p65 was recorded in the CLP. These
findings indicate that p65536 and not necessarily p65276 may be
regulating functional NF-�B activation in the CLP but that
both moieties may be working in tandem to fully activate
NF-�B in the CLP.

Major biological responses to inflammatory stimuli are inte-
grated and conveyed by specific intracellular signals. Luminal bac-
teria and/or bacterial products enter the gastrointestinal wall and
activate resident macrophages and epithelial cells of the crypts,
inducing phosphorylation of MAPK (ERK1/2, Jun N-terminal
protein kinase [JNK], and p38), thereby activating intracellular
transcription factors such as NF-�B, STAT-3, and Egr-1, etc. (1).
To further substantiate if signaling cascades involving ERK1/2 and
p38 in addition to NF-�B are also compartmentalized in the crypt
and crypt-denuded lamina propria following C. rodentium infec-
tion and to directly link changes in these MAPKs to NF-�B activ-
ity, we again utilized our expertise to systematically separate the
two compartments for biochemical and immunohistochemical
assays. It was interesting that the kinetics related to cellular and
nuclear accumulation of phosphorylated ERK-1/2 and p38 coin-
cided with those of p65276 and p65536 and suggested that these
proteins may be the prime suspect in priming the inflammatory
cascades in the mucosa by regulating NF-�B activation in the two
compartments. Indeed, in vivo inhibition of both ERK1/2 and p38
with specific inhibitors not only interfered with p65 phosphoryla-
tion and NF-�B activity in the two compartments leading to ab-
rogation of crypt hyperplasia but also reduced inflammation by
preventing recruitment of immune and inflammatory cells to the
mucosa. It has been shown recently by Docena et al. (12) that
inflamed mucosa of IBD patients was associated with higher levels
of phospho-p38� than those found in controls, and both mucosal
biopsy specimens and LPMCs when incubated with selective p38�
inhibitors exhibited significant blockade of p38� phosphorylation
and expression of tumor necrosis factor alpha (TNF-�), IL-1�,
and IL-6. Similarly, p38� has recently been shown to be a critical
regulator of immune cell recruitment in the colonic mucosa (16).
However, a systematic approach to link changes in intracellular
signaling to the regulation of NF-�B activity in vivo in the mucosa
following bacterial infection is lacking. Results of our study not
only reiterate the significance of separating the lamina propria
from the crypts in order to clearly understand how various cell
types respond to a particular intervention but also suggest that the
stroma, unless targeted early, presents a formidable challenge to a
successful therapeutic intervention.

C. rodentium-induced TMCH, in addition to being an excel-
lent in vivo model to study host-pathogen interactions under
physiological conditions, also provides an opportunity to evaluate
therapeutic interventions. Prior studies in our lab have shown that
the TMCH model is diet sensitive and that dietary pectin (6%)
blocks both �-catenin and NF-�B in the colonic crypts, thereby
abrogating hyperplasia in NIH/Swiss mice (11, 29). However, it is
not known if dietary intervention will be equally effective in ame-
liorating inflammation and/or colitis in genetically susceptible in-
bred strains. The aim of the present study was to examine the
efficacy of 6% pectin and 4% curcumin diets in ameliorating the
intestinal disease associated with C. rodentium infection in vivo
and to determine whether their ameliorating effects are due in part
to their action on NF-�B activity.
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During the investigation, we discovered that both pectin and the
curcumin diet significantly ameliorated colitis by (i) blocking in-
creases in CD3� T cells, M�s, and PMNs (mostly neutrophils), as
reflected in a significant reduction in MPO activity in the treated
animals, and (ii) by blocking increases in proinflammatory cyto-
kines/chemokines in the treated animals. At the same time, however,
both pectin and curcumin promoted crypt hyperplasia and inhibi-
tion of apoptosis in the crypts due primarily to a lack of an inhibitory
effect on NF-�B activity (Fig. 7). None of these effects was due to
interference with the C. rodentium’s infection process as the bacterial
counts from treated animals were not significantly different from
those untreated animals. This apparent paradox not only suggests
that both pectin and curcumin are anti-inflammatory but also illus-
trates a novel observation that they may be proproliferatory, which
may facilitate restoration of crypt integrity following an inflamma-
tory insult. Utilizing SAMP1/YitFc (SAMP) mice with chronic
Crohn’s disease-like ileitis, Pagnini et al. (23) recently showed that
pretreatment of SAMP mice with probiotic VSL#3 for 6 weeks before
the onset of ileitis prevented the occurrence of intestinal inflamma-
tion through a mechanism involving stimulation of TNF-� in the
intestinal epithelium and restitution of normal barrier function, sug-

gesting that probiotics promote gut health through stimulation
rather than suppression of the innate immune system. In another
study, Bhattacharyya et al. (4) showed that curcumin prevented
tumor-induced thymic atrophy by restoring NF-�B activity in thy-
mic T cells, suggesting an immunomodulatory role in vivo. Since
NF-�B is an important component of the epithelial innate immunity,
it is tempting to speculate that dietary modulation of its activity in the
crypts through pectin, a prebiotic, and curcumin may be associated
with promoting the protective immunity and restoring the barrier
function, thereby ameliorating colitis in C3H mice. Indeed, we
showed in a recently concluded study that both curcumin and an
herbal product, Aegle marmelos, significantly blocked increases in
paracellular permeability and replenished the mucus layer, thereby
ameliorating C. rodentium/dibenzazepine-induced colitis in NIH/
Swiss mice (data not shown). Thus, dietary modulation of NF-�B
activity in vivo may increase mucosal regeneration following injury to
the gut by therapeutically targeting cell death in inflammatory bowel
disease in an effort to promote cell survival and favor more effective
healing for active inflammation. Figure 8 represents a proposed
model depicting the sequence of events related to hyperplasia and/or
colitis following C. rodentium infection in C3H mice. The TMCH

FIG 8 Proposed mechanism of NF-�B’s role in hyperplasia and/or inflammation in response to C. rodentium infection. Following isolation of crypts and CLP
from uninfected (N) or C. rodentium-infected (I) distal colons of C3H mice (A), p38 and p44/42 MAPKs may be activated in the CLP, leading to NF-�B-induced
recruitment of immune and inflammatory cells in association with release of proinflammatory cytokines/chemokines. This may facilitate NF-�B activation in the
crypts (dotted lines; steps B and C), resulting in crypt hyperplasia. The combined paracrine/autocrine effort may eventually prime the mucosa toward inflam-
mation and/or colitis (D). Both p38 (SB203580) and p44/42 (PD98059) inhibitors along with dietary interventions may significantly affect the infection outcome
by modulating NF-�B activity in the two compartments.
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model therefore offers an excellent template to study mucosal remod-
eling following bacterial infection.
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