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Chronic inflammation of the gastric epithelium is believed to induce mucosal changes that can eventually
develop into gastric cancer. In gastrin-deficient (G�/�) mice exhibiting chronic inflammation in the
hypochlorhydric stomach, we documented a prominent fundic mucous cell lineage sharing morphological
similarity with preneoplastic changes reported in Helicobacter-infected mice. To study the identity and origin of
this cell lineage, we screened for different gastric mucosal cell markers. The clusters of large, foamy cells
stained for trefoil factor 2 (TFF2/SP), MUC6 and the lectin Griffonia Simplicifolia II (GSII), but not for the
intestine-specific transcription factor Cdx2, suggested that they arise from gastric mucous neck cells. Ki67-
labeled GSII-positive neck cells in Helicobacter felis-infected, but not G�/� stomachs, suggested that mucous
neck cell proliferation accounted for expansion of this compartment in the H. felismodel of gastritis, but not the
G�/� model. Using RNase protection assays and quantitative PCR, we found that interferon gamma (IFNc) was
the most abundant proinflammatory cytokine in the G�/� stomach. We also found that this Th1 cytokine can
increase the abundance of mucous neck cells, since its infusion into mice recapitulated the appearance of these
cells as observed in both G�/� and H. felis-infected mice. Using the human gastric cell line NCI-N87, we showed
that IFNc induces the secretion of mucus and expression of MUC6, TFF2 and pepsinogen II, but not of
pepsinogen I and intrinsic factor. In conclusion, our results demonstrate that inflammation, specifically the
proinflammatory cytokine IFNc, induced expansion of the fundic mucous neck cell compartment, which likely
represents both increased mucus production and cell number.
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Gastric adenocarcinoma is the second leading cause
of cancer-death in the world.1,2 Helicobacter pylori
is believed to increase significantly the risk of
developing both intestinal and diffuse histological
variants of gastric adenocarcinoma.3 According to
widely accepted dogma, the sequence of events in
the development of intestinal-type cancer due to H.
pylori includes a progression from chronic gastritis,
to atrophic gastritis, intestinal metaplasia, and
finally to dysplasia and adenocarcinoma.1,4 In
addition to the direct effects from bacterial virulence
factors, this paradigm points to chronic inflamma-
tion as the initial step and the critical promoting
factor in gastric transformation from H. pylori
infection.4 However to date, the molecular mechan-

isms underlying this chain of events remains largely
unknown.2 To begin to define these mechanisms, it
is important to analyze the cellular changes in the
gastric mucosa that are consistently induced by
gastric inflammation and may subsequently evolve
into dysplasia and cancer.

Our previous studies have shown that gastrin-
deficient (G�/�) mice are hypochlorhydric, and
develop severe gastric inflammation from non-
Helicobacter bacterial colonization by 4 months
of age.5 A majority of these mice (60%) develop
intestinal gastric adenocarcinoma by 12 months
of age.6 Emergence of a prominent mucous cell
lineage (the so-called ‘mucous cell metaplasia’) was
found to be one of the earliest histological changes
in the fundic mucosa of these mice.5 Mucosal
changes bearing similar features have also been
reported in a variety of pathological processes in
human and mouse, which include H. pylori infec-
tion;7–9 loss of parietal cells upon chemical admin-
istration;10 treatment with a carcinogen,11 mutation
of the Kcnq1 gene encoding a potassium channel,12
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and constitutively active STAT3.13 This type of
mucosal change may therefore represent a common,
and possibly reversible10 response of the stomach, to
mucosal injury and tissue inflammation triggered by
various stimuli. Apart from G�/� mice, studies on
other animal models and human subjects further
indicate a strong association between the early
appearance of this mucous cell lineage and gastric
transformation.7,9,14

The appearance of these aberrant fundic mucous
cells has been described as metaplastic, primarily
due to their Brunner’s gland-like morphology featur-
ing clusters of large clear cells, which are not
obvious in normal gastric mucosa.7,9 These cells
have also been shown to be positive for spasmolytic
polypeptide (SP/TFF2), hence the name spasmolytic
polypeptide-expressing metaplasia (SPEM).7 In gen-
eral, ‘metaplasia’ is a descriptive, histopathological
term, which is not well defined at the molecular
level. The pathological definition of metaplasia is
the ‘conversion of one differentiated cell type to
another differentiated cell type in response to tissue
injury’.15 Despite the designation of SPEM to
describe the emergence of mucous cells in response
to gastric injury, there remains a lack of convincing
evidence to show either the origin of these cells or
what type of cell they become. This gap in our
knowledge hinders our understanding of how this
cell lineage might link gastric inflammation to
transformation.

G�/� mice provide us with the opportunity to
further characterize this mucous cell lineage, in the
context of chronic gastritis that progresses to distal
gastric cancer. In the present study, we focused on
early mucosal changes that occur within these mice
by 4 months of age and coincide with the presence
of chronic gastritis. Our aims were three-fold: first,
to identify markers of the mucous cells that emerge
in the fundus of the G�/� mice; second, to identify
the major proinflammatory cytokine(s) generated
in the gastric mucosa of the G�/� mice, and to
determine whether it can induce the appearance of
this cell type in vivo; third, to test directly whether
the cytokine induces mucous cell gene expression
in vitro.

Materials and methods

Animals

G�/� and strain-matched wild-type (WT) control
mice were maintained on a mixed 129/Sv-C57BL/6
background.16 The animals were housed in micro-
isolator, solid-bottomed polycarbonate cages in
nonbarrier mouse rooms (conventional housing).
Food and water were not autoclaved. The study
was performed with the approval of the University
of Michigan Animal Care and Use Committee,
which maintains an American Association for the
Assessment and Accreditation of Laboratory Animal
Care facility.

Interferon Gamma Infusion

Wild-type C57BL/6 mice were anesthetized at 2
months of age with xylazine (20mg/ml) and keta-
mine (100mg/ml) to insert the Alzet microosmotic
pump (Model 1002, Durect Corporation, Cupertino,
CA, USA) into the peritoneal cavity. The pump
delivered 250U/kg (15U per mouse per day) of
recombinant mouse interferon gamma (IFNg) (R&D
System) or PBS into the peritoneal cavity for 14
days, before the mice were killed for analysis. Three
separate experiments were performed using four
mice per experiment.

Helicobacter Felis Infection

The H. felis strain (ATCC 49197) was grown for 48h
at 371C under microaerobic conditions on 5% lysed
horse blood agar supplemented with antibiotics.
Bacteria were harvested immediately before inocu-
lation and adjusted to 1010 organisms/ml in brain–
heart infusion broth. Five mice were inoculated
with H. felis. The inoculum (0.2ml of H. felis) was
delivered by gastric intubation into each test mouse
three times at 2-day intervals using a sterile catheter.
Animals were killed at 2 months postinoculation.

Immunohistochemistry and Immunofluorescence

A longitudinal section of the stomach (spanning
both fundus and antrum) was fixed in 4% formalde-
hyde/PBS, paraffin-embedded, and 4mm sections
were prepared. Antigen retrieval was performed for
all antibodies (except for anti-intrinsic factor) by
microwaving the specimens in 10mM citrate buffer
(pH 6.0) for 10min. Sections were immunostained
with the following primary reagents at 41C over-
night: a rabbit antiserum against TFF2/SP (1:1000, a
gift from Dr Andy Giraud, University of Melbourne,
Melbourne, Australia); a rabbit antiserum against
intrinsic factor (IF) (1:1000, a gift from Dr David
Alpers, Washington University, St Louis); a predi-
luted monoclonal antibody against Cdx2 (BioGenex,
San Ramon, CA, USA); a polyclonal antibody
against IFNg (1:100, Santa Cruz Biotechnology, Santa
Cruz, CA, USA); a monoclonal antibody against
MUC6 used at a 1:200 (Novocastra Laboratories Ltd),
a monoclonal antibody against Ki67 (1:500, Phar-
mingen), and a plant lectin Griffonia Simplicifolia II
(GSII, which recognizes N-acetyl-D-glucosamine
(GlcNAc) at the end of O-glycosylated sugar
chains,17,18 1:1000; Vector Laboratories, Burlingame,
CA, USA). A 1:500 dilution of biotin-conjugated
secondary antibodies were then added for 30min at
251C and visualized with avidin–biotin complexes
using the Vectastain Elite ABC kit and diaminoben-
zidine (DAB) for the substrate (Vector Laboratories).
For imunofluorescence, fluorescein isothiocyanate
(FITC) or Texas Red-conjugated secondary anti-
bodies were added for 30min at 251C, before
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staining with 40,6-diamidino-2-phenylindole (DAPI)
and mounting with aqueous mounting medium
(Biomeda Corp, Foster City, CA, USA). Sections
were also stained with hematoxylin and eosin
(H&E).

Ribonuclease Protection Assay

Riboprobes were generated from antisense templates
for mCK-1 Multi-Probe Template Set (BD Pharmin-
gen). All riboprobes were prepared using MAXI-
script In vitro Transcription Kit (Ambion). Total
RNA was hybridized for 16h with riboprobes at
451C in hybridization buffer (1mM EDTA, 300mM
sodium acetate, pH 6.4, 100mM sodium citrate, pH
6.4, 80% deionized formamide). After hybridization,
the samples were digested at 371C for 30min in an
RNase A/T1 mixture containing 60U/ml RNase A,
250U RNase T1 (Ambion) in digestion buffer
(300mM NaCl, 10mM Tris, pH 7.4, 5mM EDTA).
Protected fragments were precipitated in isopropa-
nol, dissolved in loading buffer (95% formamide,
0.025% xylene cyanol, 0.025% bromphenol blue,
0.5mM EDTA, 0.025% SDS), then resolved on a 6%
polyacrylamide, 8M urea gel, and were visualized
on a PhosphorImager and normalized to L32 and
GAPDH mRNA levels.

Cell Culture and Treatment

The human gastric cancer cell line NCI-N87 was
purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) and grown in
Dulbecco’s modified Eagle’s medium (Life Techno-
logies, Inc.) containing 10% fetal calf serum, 100
mg/ml penicillin, and 100 mg/ml streptomycin in a
humidified atmosphere of 5% CO2 and 95% air at
371C. The cells (2� 106/ml) were plated on 60-mm
culture dishes and then stimulated with recombi-
nant mouse IFNg (R&D System, 10U/ml) for the
indicated time periods.

RT-PCR

Total RNA was isolated from gastric tissues or
cultured cells, using TRIzol Reagent (Gibco). Total
RNA (5 mg) was reverse transcribed into cDNA using
Oligo (dT)15 primers and Superscript II reverse
transcriptase (Life Technology). The following
primer pairs were used for PCR reactions: human
(h) MUC6 (forward: 50-GGCGCTGGACCCCCTCTC-30

and reverse: 50-GCAGCCCGCGTA ATCACAAGT-30);
hTFF2 (forward: 50-TGAGCCCCCATAACAGGACG
AAC-30 and reverse: 50-TGATGCCCGGGTAGCCA
CAGT-30); hPepsinogen I (PGA) (forward: 50-CAGC
GCCGATGACAAGAGT-30 and reverse: 50-AGGCTGC
TGATGGCT GAG-30); hPepsinogen II (PGC) (forward:
50-CACCGGCTTCTTTGGCTATGAC-30 and reverse:
50-CCCCGTGTACAGGCTGCTATCCA-30); hIntrinsic
factor (forward: 50-TGCCCCAGGTCACTTGTAG-30

and reverse: 50-CATTTTCCGC GATATTGTTGAT-30);
hActin forward: 50-ATGATATCGCCGCGCTCGTCGT
C-30 and reverse: 50-CTCGTCGCCCACATAGGAATC-
30); and mouse IFNg (forward: 50-TCAGCAACAGCA
AGGCGA AAAAG-30, reverse: 50-ACCCCGAATCAG
CAGCG ACTC-30). All of the primers were designed
to cross exon-intron borders, to exclude the ampli-
fication of genomic DNA. Human/mouse actin was
used to normalize the amount of mRNA amplified by
specific primers.

Quantitative RT-PCR

The PCR primer sequences for IFNg and actin were
as described above. The fluorogenic probe (100nM,
containing the reporter dye (FAM) covalently at-
tached to the 50-end, Research Genetics Inc., Hunts-
ville, AL, USA) was used in all quantitative PCR
amplifications. The reactions were carried out in
a total volume of 25ml in triplicate wells in a
Biorad-I Cycler (BioRad, Hercules, CA, USA). The
fold change for each G�/� mouse was calculated
as suggested by Livak and Schmittgen:19 2DDCT

¼ fold change and DDCT ¼ ðCT;Target � CT;ActinÞG�=��
ðCT;Target;�CT;ActinÞWT

, where CT¼ threshold cycle
and ðCT;Target;�CT;ActinÞWT

¼mean value for seven
WT mice.

Western Blotting

NCI-N87 cells with or without IFNg treatment were
scraped into M-per lysis buffer (Pierce) supplemen-
ted with protease inhibitors. The culture super-
natant was concentrated using Ultrafree Centrifugal
Filter (Millipore, Bedford, MA, USA). After centri-
fuging the lysate for 10min at 10 000 g to remove
nuclei, 30 mg of total cell extracts or concentrated
supernatant were subjected to SDS–PAGE (4–20%
(w/v), acrylamide) followed by electrotransfer onto
PVDF membranes. A monoclonal antibody (Novo-
castra Laboratories Ltd) was used to detect MUC6 at
1:200 dilution. Phosphorylated STAT1 was detected
by immunoblotting using Phospho-Stat1 (Tyr701)
antibody (Cell Signaling, Bedford, MA, USA). The
signals were visualized with an ECL detection
system (Amersham). The membrane was stripped
and reblotted with an antibody against STAT1
(Cell Signaling), and a monoclonal antibody against
GAPDH (Santa Cruz Biotechnology) to normalize the
input.

Flow Cytometry

NCI-N87 cells with or without IFNg (10U/ml)
treatment for 24 h were trypsinized and washed
twice in PBS/0.5% BSA buffer. Forward scatter was
measured using FACScan (Beckman Dickson). Data
were analyzed using CellQuest Software (Becton
Dickinson). The difference in the mean value of the
forward scatter between treated and untreated cells
was used to determine the difference in cell size.
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Statistical Analysis

The significance of the results was determined using
the unpaired t-test from a commercially avai-
lable software Prism 3 (GraphPad Software, San
Diego, CA, USA). A P-value o0.05 was considered
significant.

Results

Appearance of Fundic Mucous Cells Coincides with
an Inflammatory Infiltrate

At 16 weeks of age, clusters of mucous cells became
visible in the middle of the fundic mucosa of G�/�

mice (Figure 1). These cells had a foamy appearance
with abundant cytoplasm (Figure 1b), which mi-
micked the morphology of cells in the duodenal
Brunner’s glands (Figure 1c). These mucous cells
stained for neutral mucin with periodic acid-Schiff-
stain (PAS) (Figure 1e), as was also observed in cells
of the Brunner’s gland (Figure 1f). In the normal
fundic mucosa, PAS-positive mucous neck cells were
much less prominent (Figure 1d). There was little
evidence of acidic mucins (blue) in the stomach of
WT or G�/� mice (Figure 1d and e), which was
clearly present in epithelial cells of the duodenum
(Figure 1f). Gastric mucosal inflammation in the form
of lymphoid aggregates was found near the promi-
nent fundic mucous cells in G�/� mice (Figure 1b).

Figure 1 An inflammatory infiltrate accompanies the emergence of a prominent mucous cell lineage in the G�/� fundic mucosa.
Representative H&E and PAS/alcian blue-stained sections of stomachs from 4-month-old WT (a and d) and G�/� (b and e) mice. The
large foamy mucous cells in G�/� mice (b, arrowhead) morphologically resemble cells of the Brunner’s gland (c, arrowhead). Increasing
prominence of PAS-positive (Stains neutral mucin, open arrows) cells were seen in the neck region of the G�/� fundic mucosa (e), in
comparison with WT (d). Mucous cells in the Brunner’s gland are also PAS positive (f). Acidic mucins that stained intestinal goblet cells
blue (arrow) were not present in the fundus of WT (d) and G�/� (e) mice. An inflammatory infiltrate was observed at the bottom of
fundic glands in G�/� mice (b, arrows).
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The Prominent Mucous Cells in the Fundus of
G�/� Mice are Phenotypical Mucous Neck Cells

Since the mucous cell lineage described above was
one of the earliest histological changes in the gastric
mucosa of G�/� mice, it was of interest to identify
protein markers for these cells. Trefoil factor 2
(TFF2/SP) is known to mark a morphologically
similar mucous cell lineage called SPEM in the
fundic mucosa.7,9 Indeed, we also found that TFF2
antibody labeled the clusters of mucous cells in the
middle of G�/� fundic glands (Figure 2a and i). In
addition, the plant lectin GSII, (Figure 2e and i), and
an antibody to MUC6 (Figure 3a), stained the same
cell population. A similar distribution of the three
markers was also observed in fundic mucous neck
cells (Figure 2b, f and j; Figure 3b and e) of WT mice.
However, no difference in the distribution pattern

was detected in the pyloric gland of the G�/�
antrum at 4 months (Figure 2c, g and k), in
comparison to WT mice (data not shown). Collec-
tively, these results suggested that the prominent
mucous cells appearing in the G�/� fundus are
phenotypically related to the mucous neck cell
lineage. Interestingly, all three markers also recog-
nized cells in the Brunner’s glands of the duodenum
(Figure 2d, h and l; Figure 3c and f).

Fundic Mucous Cells in G�/� Mice do not Express
Cdx2

Since these emergent fundic mucous cells expressed
the same mucus-related proteins as the Brunner’s
glands, it raised the possibility that the gastric
lineage shares small intestinal characteristics. When

Figure 2 Distribution of TFF2 and GSII-positive cells in WT and G�/� mice. A polyclonal a-TFF2 antibody (a, Texas Red) and the
fluorescent-tagged plant lectin GSII (e, FITC) stained mucous neck cells in the fundic mucosa of G�/� mice with high specificity. Both
reagents also stained the mucous neck cells (b and f) and the Brunner’s gland (d and h) in WT mice, and pyloric gland cells (c and g) of
the G�/� antrum. Merging of images (i–l) showed overlap of TFF2 and GSII staining.
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we analyzed the distribution of the homeobox
protein Cdx2, a transcription factor capable of
inducing intestinal metaplasia in the stomach,20–22

we found strong nuclear Cdx2 staining in the
epithelial cells of the proximal small intestine as
well as cells of the Brunner’s glands (Figure 4a) as
previously reported.21 However, no Cdx2 protein
was detected in normal gastric mucosa (data not
shown), nor in the prominent fundic mucous cells of
the G�/� mice (Figure 4b), suggesting that these
cells maintain their gastric identity, instead of
acquiring an intestinal identity as the cells of the
Brunner’s gland.

Fundic Gland Mucous Cells in G�/� Mice do not
Express Chief Cell Markers

Since some SPEM cells have been found to coex-
press TFF2 and intrinsic factor (IF),11 a specific
secretory product of mouse chief cells, we examined

whether IF was also expressed in the expanded
fundic mucous cell compartment of the G�/� mice.
Using double-fluorescent labeling with GSII and
rabbit-a-IF, we found little overlap of GSII-positive
cells with IF-positive cells in either WT (Figure 4c)
or G�/� mice (Figure 4d). These results suggested
that the prominent mucous cell lineage, present in
the middle of fundic glands in G�/� mice, rarely
shares markers with the chief cell lineage. Overlap
between these two cell populations was not ob-
served in another mouse model during gastric
inflammation progressing to transformation, in
which STAT3 activity was increased.13

An Increase in Mucosal Proliferation in the Fundus
of G�/� and H. Felis-Infected Mice

The expansion of the mucous neck cell compart-
ment in G�/� mice may reflect hypertrophy,

Figure 3 Distribution of GSII and MUC6 in WT and G�/� mice. Immunohistochemical staining showed similar staining pattern in the
fundic mucosa and the Brunner’s gland in G�/� and WT mice, using a monoclonal a-MUC6 antibody (a and b) and a plant lectin GSII (d
and e). Both reagents recognized the metaplastic cells in G�/� mice with high specificity (c and f).
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hyperplasia or both. To help distinguish these
possible mechanisms, we double-labeled the gastric
mucosa of uninfected WT, G�/� and H. felis-

infected mice with GSII (to identify the mucous
neck cells) and with Ki67 (to show cell prolifera-
tion). An increase in the proliferation index was

Figure 4 Absence of intestinal and chief cell markers in the expanded mucous neck cell compartment in G�/� mice.
Immunohistochemical staining of Cdx2, an intestine-specific transcription factor, in the duodenum of WT mice (a), was absent in the
mucous cells of the G�/� fundus (b). Arrows indicate the nuclear location of Cdx2 in cells of the Brunner’s gland. Double
immunofluorescence showed the distribution of GSII (FITC)-positive mucous neck cells and IF (Texas Red)-positive chief cells in WT (c)
and G�/� (d) mice.

Gastric mucous neck cell hypertrophy
W Kang et al

708

Laboratory Investigation (2005) 85, 702–715



observed in the fundic glands of G�/� mice
compared to WT mice, although the difference was
not statistically significant (3.2570.54/gland vs
5.3770.72/gland, Figure 5a and b). Ki67-positive
cells (red, nuclear) were largely restricted to the
isthmus region of both the WT and G�/� fundi, and
were rarely observed to colocalize with either GSII-
positive cells (green, cytoplasmic label), or the lower
half of the fundic gland where the chief cells are
located. These results suggested that enhanced
proliferation occurring in stem cells, but not the
differentiating progenitors of mucous neck cells,
may be responsible for the expansion of this cell
lineage in young G�/� mice. In H. felis-infected
mice, the Ki67 label (17.8872.36/gland) was six-
fold than what was observed in WT mice (Po0.01)
(Figure 5c). In addition, proliferating cells were
detected not only in the isthmus but also colocalized
with GSII-staining cells in the lower half of the
hyperplastic glands. In contrast to G�/� mice, these
data indicated that in the Helicobacter-infected
fundic mucosa, a significant increase in prolifera-
tion occurred within the neck cell lineage, which
may explain the more profound expansion of the
neck cell-compartment observed in these mice.

IFNc Expression is Elevated in the Gastric Mucosa
of G�/� Mouse

In an effort to identify the molecular mechanisms
responsible for hypertrophy of mucous cells in the
G�/� stomach, we compared the cytokine profiles
from the gastric mucosa of WTand G�/� mice using
RNase protection assays (RPA). IFNg, the predomi-
nant cytokine generated in a Th1 immune response,
was the primary cytokine significantly elevated in
G�/� mice (Figure 6a). A slight increase in TNFa
mRNA was also detected. No detectable change in
signal intensity was found for the other cytokines
including TNFb, LTb, TGFb1, TGFb2, IL-6 and MIF.
Analysis using another set of probes also showed no
significant induction of IL-4, IL-5, IL-10, IL-13,
IL-15, IL-9, IL-2 and IL-6 in the gastric mucosa of
G�/� mice (data not shown).

Additional assays were performed to confirm the
findings of the RPA. Semiquantitative RT-PCR
demonstrated a marked increase in IFNg transcript
levels in G�/� stomachs as a function of the age of
the mice (Figure 6b). Real-time PCR quantification
confirmed a 7–12-fold increase in INFg gene expres-

Figure 5 Differential changes in gastric mucosal proliferation in
G�/� and H. felis-infected mice. Ki67-positive cells (Texas red)
were restricted to the isthmus region of the fundic mucosa,
primarily above the GSII-positive neck cells (FITC) in WT (a) and
in G�/� mice (b). Ki67-positive cells were present in the bottom
half of fundic glands, and colocalization with the GSII-positive
neck cells (arrows) was found in H. felis-infected mice (c). The
mean number7s.e.m. of Ki67-positive cells/gland in WT, G�/�
and H. felis-infected mice (n¼8) were counted and are shown in
the representative photographs. *Po0.01 vs WT.
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sion in 4- and 6-month old G�/� mice (Figure 6c).
No IFNg was detected in the gastric mucosa of WT
mice by immunostaining (Figure 6d). In contrast,
some lymphocytes infiltrating into the mucosa of
the G�/� gastric mice were IFNg-positive (Figure
6e), suggesting that the IFNg induced was from the
inflammatory cells.

IFNc Administration Recapitulates the Gastric
Phenotype of the G�/� and H. Felis-Infected Mice

To study the effect of IFNg alone on the gastric
mucosa, WT mice were infused with the cytokine

for 2 weeks. Hematoxylin and eosin (H&E) staining
revealed the presence of clusters of clear mucous
cells in the middle of the glandular mucosa (Figure
7d), similar to the prominent mucous cells that
emerged in the G�/� mice (Figure 7g). Immunohis-
tochemical staining confirmed that these cells were
positive for MUC6 (Figure 7e), TFF2 (Figure 7f) and
GSII (Figure 5c), consistent with the molecular
features detected in 4-month-old G�/� mice (Figure
7h and i) and mice infected with H. felis for 2
months (Figure 7k and l), as well as mucous neck
cells in WT mice (Figure 7b and c). However, the
mucous cell expansion in infected mucosa occupied

Figure 6 Induction of IFNg expression in the inflamed gastric mucosa of G�/� mice. (a) RNase protection assays (RPA) were used to
measure the mRNA expression of cytokines in the G�/� stomach. RNA from the gastric mucosa: lanes 1–3, WT; lanes 4–5: G�/� 4
months; lanes 6–7: G�/� 6 months. (b) Semiquantitative RT-PCR was performed on RNA extracted from the gastric mucosa of WT and
G�/� mice. Actin was used to normalize the amount of RNA from each sample. (c) Real-time PCR quantification of IFNg mRNA
expression. The mean7s.e.m. for seven mice in each group is shown. *Po 0.01 vs WT mice (unpaired t-test). Immunostaining of the
gastric tissue of WT (d) and G�/� (e) mice using an IFNg antibody, indicated IFNg-positive inflammatory cells (arrows) in the mucosal
compartment (inset, � 1000) in G�/� mice.

Figure 7 IFNg administration induces mucosal changes phenotypically similar to G�/� mice. H&E staining showed that IFNg infusion
for 14 days led to the emergence of large and clear mucous cells in the middle of the fundic glands in WT mice (d, arrows),
morphologically similar to the prominent mucous cells seen in 4-month-old G�/� mice (g, arrows) and mice infected with H. felis for 2
months (j, arrow), which were not present in the PBS-infused WT control mice (a). The clusters of enlarged mucous cells in the three
animal models were all stained positive for both MUC6 (e, h and k) and TFF2 (f, i and l), which also marked mucous neck cells in normal
gastric mucosa (b and c). An inflammatory infiltrate was observed at the bottom of gastric mucosa and in submucosa of H. felis-infected
mice (j, open arrows).
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a greater portion of the fundic glands including the
base of the gland, possibly due to the more extensive
tissue inflammation (Figure 7j). These data sug-
gested that IFNg infusion, and inflammation in
G�/� and H. felis-infected mice, all resulted in
enlargement of the mucous neck cell compartment,
although to different extents due to different
mechanisms (ie, hypertrophy vs hyperplasia).

IFNc Induces the Expression of MUC6 and TFF2, and
Hypertrophy

To more effectively study whether IFNg elicits a
direct effect on mucous neck cells, we performed
in vitro analysis on the human gastric cell line
NCI-N87. This cell line has been shown to exhibit a
mucopeptic phenotype, that is, producing MUC6
glycoprotein and pepsinogen.23 We demonstrated
IFNg induction of both TFF2 and MUC6 gene
expression in NCI-N87 cells (Figure 8a). A time
course study revealed that the TFF2 induction
occurred within 6h of IFNg treatment. This was not
surprising since TFF2 has been reported to be an
immediate-early gene, in response to EGF- or auto-
induction,24,25 but has not been shown to be regulated
by proinflammatory cytokines. Expression of the
pepsinogen II (PGC), pepsinogen I (PGA), intrinsic
factor and Hþ , Kþ -ATPase genes was also detected
in this gastric cancer cell line by RT-PCR (Figure 8a).
PGC, but not PGA, was induced by IFNg (Figure 8a).
Western blot analysis demonstrated a marked induc-
tion in phosphorylated STAT1, indicating STAT1
activation within 6h of IFNg treatment. A more
significant increase in the levels of STAT1 protein
and the secretion of MUC6 into the media induced by
IFNg was observed at 24h (Figure 8b). Consistent
with MUC6 release, an increase in mucus secretion
was also detected by immunocytochemical staining
for MUC6 (Figure 8c and d). Interestingly, we also
found that IFNg induction of mucus secretion, TFF2
and MUC6 expression, coincided with an increase in
the size of NCI-N87 cells relative to vehicle-treated
cells. Cell size was determined by analyzing the mean
value of forward scatter using flow cytometry (Figure
8e). An 1173.2% (n¼ 4) increase in cell size was
determined by this method (Figure 8f). This increase
in cell size was reminiscent of what we observed
in vivo in the G�/� and H. felis-infected mouse
models, showing hypertrophy of the mucous neck
cells.

Discussion

In the present study, we demonstrated that the
prominent mucous cell lineage that emerges in the
fundus of G�/� mice and H. felis-infected mice is
due to expansion of the mucous neck cell compart-
ment. This conclusion is based on the fact that three
mucous neck cell markers (TFF2/GSII/MUC6, as
shown here and previously26–29), but not Cdx2,

labeled this expanded compartment in both animal
models. Previously, gastric mucosal changes with
histological features of Brunner’s gland cells were
designated as metaplastic. Indeed, we demonstrate
that both the mucous neck and Brunner’s gland cells
produce TFF2 and MUC6 as well as stain for GSII.
However, the lack of intestine-specific transcription
factor Cdx2 in the expanded mucous neck cell
compartment, suggests that these cells retain a
distinct gastric phenotype rather than converting
to an intestinal lineage. Therefore histology alone,
and overlap in mucous secretory and PAS staining
patterns are not sufficient to determine whether one
differentiated cell type has converted to another.
This concept of an expanded mucous cell compart-
ment is consistent with two other previously
reported mouse models, the H. felis-infected and
mice with the Kcnq1 potassium channel locus
mutated. Both of these models exhibit a mucous
cell lineage morphologically similar to SPEM and
similar to the expanded mucous neck cell compart-
ment we observed in the G�/� mice.8,12

There are three possible mechanisms by which
the mucous neck cell compartment may expand.
Two of these mechanisms were observed in the
models examined in this study. First is an increase
in cell size without Ki67 labeling (hypertrophy),
observed in the middle of the fundic gland of G�/�
mice. Our in vitro study also showed the enlarge-
ment of a MUC6/TFF2-positive cell line, accompa-
nying the induction of mucus production. However,
we cannot exclude a second possibility that there is
an increased commitment of hyperplastic stem/
progenitor cells to this lineage, due to chronic
mucosal inflammation or injury. A third mechanism
is hyperplasia within the mucous neck cell compart-
ment, demonstrated by Ki67 labeling of GSII-
positive cells. This was observed in H. felis-infected
mice where the stomach exhibits a more extensive
inflammatory infiltrate. The present study of both
animal models, therefore, reaffirms that these ap-
parently aberrant mucous cells are not metaplastic
in the strict sense of the word, but instead represent
an increase in the size and/or number of the normal
mucous neck cell lineage.

When comparing the distribution of the enlarged
mucous neck cells in different mouse models, we
noticed its close relationship to the preservation of
chief cells, which occupy the bottom third of fundic
glands in the normal stomach. Although mucous
neck cells are thought to be a separate and distinct
cell lineage,30 based on the presence of hetero-
geneous granules in their cytoplasm, they have also
been proposed to be a transitional cell type emerging
from mucosal stem cells and terminally differentiat-
ing into chief cells.31–33 We detected basal orienta-
tion of the expanding neck cell compartment in
H. felis-infected mice, which was accompanied by
a profound loss of chief cells. Examples of basal-
oriented expansion of TFF2-expressing mucous
cells accompanying a severe loss of chief cells has
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also been reported for INS-GAS,34 DMP777-treated10

and H. felis-infected8 mice. Noticeably, hypergastri-
nemia and oxyntic atrophy are characteristic of all
three of these mouse models. By contrast, we show
here that the expanded mucous neck cell population
in G�/� mice is more centrally located. The loss of

chief cells was much less remarkable in G�/� mice,
even at 12 months of age (data not shown).
Comparison of these four mouse models therefore
suggests a possible connection between gastrin
levels and chief cell-differentiation, since hypergas-
trinemia is accompanied by a more dramatic loss of

Figure 8 IFNg stimulates MUC6 and TFF2 expression and hypertrophy of NCI-N87 cells. (a) RT-PCR analysis of mRNA expression for
MUC6, TFF2, pepsinogen I (PGA), pepsinogen II (PGC), intrinsic factor and HK-ATPase with or without IFNg (10U/ml) treatment. (b)
Western blot analysis of protein extracts from cells with or without IFNg, using antibodies against MUC6, STAT1, phospo-STAT1and
GAPDH. Immunostaining revealed an induction of mucous secretion containing MUC6 (d) from 24h IFNg-treated NCI-N87 cells, in
comparison to the vehicle-treated cells (c). This was accompanied by an increase in the cell size, represented by an increase in the mean
forward scatter value (MFV) (e) using flow cytometry, and quantified to be 11.673.2 (*Po0.05) (f).
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chief cells, whereas, the chief cells were better
preserved in the gastrin-deficient mice.

IFNg is the most predominant Th1 cytokine
produced in Helicobacter-infected stomachs.35,36 In
the present study, we showed that IFNg is one of the
primary cytokines in the inflamed gastric mucosa of
G�/� mice, and that IFNg infusion was sufficient to
stimulate the emergence of the mucosal phenotype
observed in the G�/� mice. These results suggest
that a Th1-predominant gastritis and subsequent
mucosal responses may not be specific for H. pylori,
but may be induced by other bacteria capable of
infecting the mouse stomach.5 IFNg is known to play
a pivotal role in both protection and tissue-dama-
ging gastritis.37,38 Apart from its effects on mucosal
immunity, IFNg has been suggested to stimulate
gastric epithelial cell apoptosis, by promoting the
production of nitric oxide (NO),39 or by enhancing
the attachment of bacteria to the gastric epithelia.40

Identification of the lineage specific markers, not
only provided us with clues regarding the origin of
the mucous cells even after they change morphology
in pathological conditions, but also allowed us to
study this mucosal response at the molecular level.
By demonstrating IFNg induction of mucous neck
cell-specific genes, such as mucus components
MUC6 and TFF2, we raised the potential for this
proinflammatory cytokine to elicit a protective
function, which can help eliminate the invading
bacteria and minimize mucosal cell injury. Indeed, a
recent microarray study supports our observation,
by showing that IFNg-regulated mucous cell specific
genes are induced following H. pylori infection.41

Mucous neck cells whose major known physio-
logical function is to secrete mucus are situated in a
critical location juxtaposed between the acid and
enzyme-secreting cells.30 It is now known that in
addition to the barrier-type protective properties
of mucus, mucus also contains biologically active
molecules including mucins,28 TFF226,27 and the
epidermal (EGF) growth factor family members.30

Mucus transports the zymogenic contents of chief
cells and acid away from parietal cells into the
gastric lumen, while simultaneously providing an
effective layer of protection to the surrounding cell
layer. Our previous study showed that maximizing
acid secretion may be a common response of the
gastric mucosa to bacterial colonization.5 Perhaps
not surprising, there is also an increase in the
production of mucus, in order to enhance cell
protection against potential injury from bacteria or
from the host immune response. TFF2/SP-deficient
mice confirmed an important role for this trefoil
peptide in promoting mucosal healing, through the
stimulation of proliferation and downregulation of
gastric acid secretion.42 Furthermore, O-glycans
linked to mucin glycoproteins, for example, MUC6,
have recently been shown to function as a natural
antibiotic, capable of protecting the host from H.
pylori infection.43 As demonstrated here, the expan-
sion of the mucous neck cell compartment under

pathological conditions, for example, proinflamma-
tory cytokines, initially represents an increase in
mucus production reflecting an enlargement of
individual cells filled with secretory granules.
Furthermore there are more mucous neck cells
perhaps due to an increasing number of proliferating
stem/progenitor cells that favor commitment to the
neck cell lineage at the price of parietal/chief cells.
Subsequently, imbalanced mucosal cell prolifera-
tion may in turn serve as a factor promoting gastric
transformation.
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