
Gastric mucus is an important factor for protecting the
gastric mucosal epithelium against digestive juices. The
cDNAs of the human mucin core peptides have been partially
or fully cloned, and MUC1—8 has been detected in various
organs.1—9) Mucins are classified according to their biochem-
ical characteristics as membrane-associated and secreted
types. The secreted mucins are further classified as gel-form-
ing and soluble types. MUC5AC and MUC6 are mainly
found in the stomach, and are produced in surface mucous
and mucous neck cells, respectively.10,11) However, the ex-
pression of these genes in rat gastric mucosa is not well un-
derstood.

Pepsinogen C (PgC) and F (PgF) mRNA expression in-
creases and decreases, respectively during the weaning pe-
riod.12) After this period, MUC5AC that is a secretory gel-
forming mucin plays an important role as the gastric barrier
to protect gastric mucosal epithelial cells from acid, pepsin
and food. On the other hand, glucocorticoid induces remark-
able changes in the infant rat stomach, namely a simultane-
ous increase in the potential peptic activity of pepsinogen
and a change from the infant to the adult pepsinogen
isozyme.13,14)

The present study clarifies the postnatal changes and ef-
fects of hydrocortisone treatment in rat gastric MUC5AC
mRNA expression by reverse transcription polymerase chain
reaction (RT-PCR) and in situ hybridization. We also com-
pared the regulation of MUC5AC, PgC, and PgF mRNA ex-
pression in the infant rat stomach.

MATERIALS AND METHODS

Chemicals Hydrocortisone acetate and proteinase K
were purchased from Wako Pure Chemical Industries
(Osaka, Japan). Sense and antisense primers were customize
synthesized by Proligo Japan KK (Kyoto, Japan). RNase-free
DNase and pGEM®-T Easy Vector Systems were obtained
from Promega Co. (Madison, WI, U.S.A.). M-MLV Reverse

Transcriptase, Oligo-(dT)12—18 Primer, RNase inhibitor,
dNTP Set, and Taq DNA Polymerase, recombinant were
from Invitrogen Corp. (Carlsbad, CA, U.S.A.). T7 and SP6
RNA Polymerase, DIG RNA Labeling Mix, Blocking
Reagent, Anti-Digoxigenin-AP Fab fragments, Nitroblue
tetrazolium chloride, and 5-bromo-4-chloro-3-indolyl-phos-
phate, 4-toluidine salt were obtained from Roche Diagnostics
GmbH (Mannheim, Germany). All other reagents were of the
highest commercial quality available.

Animals, Hydrocortisone Treatment and Tissues
Male and female Wistar rats purchased from Tokyo Labora-
tory Animals, Inc. (Tokyo Japan) were mated and housed
under controlled conditions (temperature, 23 °C; light from
0800 to 2000 h) and provided with standard rat chow and
water.

Newborn rat pups were sacrificed under ether anesthesia at
0, 5, 10, 15, 20, 25, and 30 d after birth. Adult rats (8 weeks
after birth) served as controls. Five doses of hydrocortisone
(1, 5, 10, 25, 50 mg/kg) and vehicle (olive oil) were subcuta-
neously injected into the 5-d-old rats. After 2 d (7-d-old), the
animals were sacrificed under ether anesthesia.

The stomach was fixed immediately after removal in 4%
paraformaldehyde in 50 mM diethylpyrocarbonate (DEPC)-
treated phosphate buffer (PB), pH 7.4, and then placed in
30% sucrose in 50 mM DEPC-treated PB. The stomach was
transferred into Tissue-Tek O.C.T. Compound (Sakura
Finetech U.S.A., Inc., Torrance, CA, U.S.A.), gradually
frozen in liquid nitrogen and stored at 280 °C for in situ hy-
bridization. The glandular portion of the stomach was imme-
diately frozen in liquid nitrogen and stored at 280 °C for
RNA isolation using acid guanidinium thiocyanate phenol
chloroform.15)

Reverse Transcription Polymerase Chain Reaction (RT-
PCR) Total RNA treated with RNase-free DNase for
30 min at 37 °C was denatured and reverse transcribed to sin-
gle-stranded cDNA by an incubation for 60 min at 37 °C with
reaction mixture (100 U of Moloney murine leukemia virus
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reverse transcriptase, 0.5 mg oligo-(dT)12—18 primer, 0.5 U
RNase inhibitor, 0.5 mM of each dNTP, 10 mM dithiothreitol,
75 mM KCl, and 3 mM MgCl2 in 50 mM Tris–HCl buffer, pH
8.3. Rat sense and antisense primer sequences were designed
based on GenBank entries (rat MUC5AC (product size: 534):
sense, 59-GGCCAATGCGGCACTTGTACCAAT-39; anti-
sense, 59-GTCATCTGGACAGAAGCAGCCCTC-39; rat
PgC (product size: 421): sense, 59-CCAACCTGTGGGT-
GTCTTCT-39; antisense, 59-TAGAGGTTCTTGTCCACG-
CC-39; rat PgF (product size: 462): sense, 59-GATCATTG-
CCTGTGATGGTG-39; antisense, 59-GGTCAGCTTCCTG-
GATGAAA-39; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (product size: 306): sense 59-AGCCTTCTCCA-
TGGTGGTGAAGAC-39; antisense, 59-CGGAGTCAACG-
GATTTGGTCGTAT-39). PCR conditions consisted of denat-
uration at 95 °C for 3 min followed by cycles of 95 °C, 45 s;
55 °C, 30 s; 72 °C, 1 min (MUC5AC, 24 or 27 cycles; PgC,
21 or 24 cycles; PgF, 20 cycles; GAPDH, 23 cycles). The
PCR reaction mixture contained 0.2 mM of each dNTP,
0.5 mM of each primer, 0.25 U of Taq polymerase, 50 mM

KCl, and 1.5 mM MgCl2 in 20 mM Tris–HCl buffer, pH 8.3.
PCR products were resolved by electrophoresis on 2%
agarose gels containing ethidium bromide, and visualized
under UV light. Images obtained using a digital camera were
analyzed by NIH Image software.

In Situ Hybridization of MUC5AC Frozen sections
were washed in DEPC-treated phosphate buffered saline
(PBS), pH 7.3 twice for 15 s, digested with 1.0 mg/ml pro-
teinase K for 30 min at 37 °C and fixed with 4%
paraformaldehyde in 50 mM DEPC-treated PB, pH 7.4. After
washing with PBS for 1 min, the sections were incubated
with 0.2 M HCl in DEPC-treated water and then washed in
PBS for 1 min. The sections were immersed in 0.1 M tri-
ethanolamine-HCl, pH 8.0 for 1 min followed by 0.25%
acetic anhydride in 0.1 M triethanolamine for 10 min, washed
in PBS for 1 min, and then immersed in a graded ethanol se-
ries (70, 80, 90%) for 15 s each. The sections were immersed
in 100% ethanol for 15 s twice and dried for 20 min. The
MUC5AC PCR product was subcloned into a vector and se-
quenced using T7 and M13 promoters to confirm the
MUC5AC sequence. Finally, 1 ng/m l digoxigenin (DIG)-la-
beled anti-sense and sense RNA probes were synthesized
using T7 and SP6 RNA polymerases, and DIG RNA Label-
ing Mix, then diluted in hybridization buffer and dropped
onto the tissue sections. The sense RNA probe was the nega-

tive control. The sections were covered with Parafilm and in-
cubated for 16 h at 60 °C in a humid chamber. The covers
were removed by soaking the slides in 53SSC (13SSC;
16.6 mM sodium chloride, 16.6 mM sodium citrate) at 60 °C.
The sections were immersed in 23SSC containing 50% 
formamide for 30 min at 60 °C, washed with 23SSC for
20 min and then with 0.23SSC for 20 min at 60 °C twice
each. The sections were incubated for 5 min in buffer-1
(100 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.01% Tween 20),
immersed in 1.5% blocking reagent in buffer-1 for 1 h at
37 °C and then washed in buffer-1 for 5 min. Thereafter, the
sections were incubated with alkaline phosphatase-conju-
gated anti-DIG antibody diluted 1 : 1000 in buffer-1 for 16 h
at 4 °C. The sections were washed in buffer-1 for 15 min
twice and in buffer-2 (100 mM Tris–HCl, pH 9.5, 100 mM

NaCl, 50 mM MgCl2) for 3 min. A color reagent (330 mg/ml
Nitroblue tetrazolium chloride, 175 mg/ml 5-bromo-4-chloro-
3-indolyl-phosphate in buffer-2) was added, and the sections
were incubated until a signal was visible. The reaction was
stopped by adding 10 mM Tris–HCl, pH 7.6, 1 mM EDTA,
and the sections were dehydrated with an ethanol series,
cleared in xylene, mounted, and viewed under a light micro-
scope.

Statistical Analysis The results are expressed as
means6S.E. The statistical significance of the differences in
the dose–response was determined by analysis of variance.

RESULTS

Developmental Changes in MUC5AC, PgC and PgF
mRNA Expression Levels in the Rat Stomach The ex-
pression levels of MUC5AC, PgC and PgF mRNA in the
stomach of 0- to 30-d-old and 8-week-old (adult) rats were
evaluated by RT-PCR (Fig. 1) and the distribution of cells ex-
pressing MUC5AC mRNA was determined by in situ hy-
bridization (Fig. 2). MUC5AC mRNA expression was con-
firmed in gastric surface mucous cells by in situ hybridiza-
tion from 5 d of age. MUC5AC mRNA expression gradually
increased until 10 d of age. MUC5AC mRNA expression in-
creased the most from 10 d of age, which was about one
week earlier than that of PgC mRNA. The values of
MUC5AC and PgC mRNA expression were 50% maximal at
about 18.5 and 25.5 d, respectively. PgF mRNA expression
decreased as that of PgC increased. The findings of
MUC5AC mRNA expression closely correlated between RT-
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Fig. 1. Developmental Changes MUC5AC, PgC and PgF mRNA Expression Levels in the Rat Stomach

MUC5AC (closed circles), PgC (open circles) and PgF (open triangles) mRNA levels are shown as a ratio (%) of the maximal value at the ratio to GAPDH. Right panels show
representative results of RT-PCR of MUC5AC, PgC, PgF and GAPDH in the rat stomach. Each value is mean6S.E. of 3 experiments.



PCR and in situ hybridization.
Effects of Hydrocortisone on MUC5AC, PgC and PgF

mRNA Expression Levels in the Infant Rat Stomach
Hydrocortisone (0, 1, 5, 10, 25, 50 mg/kg) was subcuta-
neously injected into 5-d-old rats. After 2 d (7-d-old),
MUC5AC, PgC and PgF mRNA expression levels were eval-
uated by RT-PCR (Fig. 3). Hydrocortisone significantly and
dose dependently increased PgC mRNA expression. How-
ever, levels of MUC5AC and PgF mRNA expression were
significantly decreased by hydrocortisone. Figure 4 shows in
situ hybridization microphotographs of MUC5AC mRNA ex-

pression. Injected hydrocortisone (50 mg/kg) decreased the
number of cells expressing MUC5AC mRNA in the infant
rat stomach, and the cells were light in color.

DISCUSSION

Mucin genes that have completely or partially character-
ized have a central tandem repeat. In situ hybridization and
RNA analysis are used to quantify and localize mucin gene
expression. High levels of MUC5AC mRNA expression in
the stomach are suggesting that this mucin plays an impor-
tant role in forming the mucous barrier.10,11) However, little is
known about the expression of its gene. We examined the de-
velopmental changes in rat gastric MUC5AC mRNA expres-
sion and the effects of hydrocortisone.

The weaning period alters conditions in the gastrointesti-
nal tract. That is, not only does the source of nutrition change
from mother’s milk to solid food, but pepsinogen also
switches from fetal type (PgF) to adult type (PgC).12) PgC
and F mRNA expression levels and weaning are correlated in
the same way as enzymes lactase and sucrase activities in je-
junal mucosa.16) We speculated that MUC5AC mRNA ex-
pression is also regulated by various factors during weaning.
However, we confirmed that MUC5AC mRNA is expressed
in 5-d-old infant rats, and that it obviously increases from
10 d of age. The MUC5AC mRNA expression was about 1
week earlier than PgC mRNA expression. Therefore, it
seems likely that mucus gel is formed before weaning to pro-
tect the gastric mucosa epithelium from solid food, acid and
peptic digestion.

Glucocorticoid is not only essential for gastrointestinal
maturation during development, but also has an ulcerogenic
side effect on the gastric mucosa.17,18) Moreover, glucocorti-
coid triggers the appearance of gastrin receptors in the rat
gastric mucosa and a significant increase in antral gastrin.19)

Glucocorticoid stimulates the maturation of H,K-ATPase in
the infant rat stomach.20) Therefore, we compared the effects
of hydrocortisone on the expression of MUC5AC and PgC
mRNA in the rat gastric mucosa. Hydrocortisone signifi-
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Fig. 3. Effects of Hydrocortisone on MUC5AC, PgC and PgF mRNA Ex-
pression in Infant Rat Stomach

Hydrocortisone (0, 1, 5, 10, 25, 50 mg/kg; s.c.) was injected into 5-d-old rats.
MUC5AC (closed circles), PgC (open circles) and PgF (open triangles) mRNA levels
are shown as a ratio (%) of the maximal value at the ratio to GAPDH. Right panels
show representative results of RT-PCR of MUC5AC, PgC, PgF and GAPDH in the rat
stomach. Each value is mean6S.E. of 3 experiments. ∗ p,0.05, ∗∗ p,0.01 (vs
0 mg/kg) (ANOVA).

Fig. 4. Microphotographs of Infant Rat Glandular Stomach Treated with
Hydrocortisone

Cells expressing MUC5AC mRNA were detected by in situ hybridization.
Bars5100 mm.

Fig. 2. Microphotographs of Growing Rat Glandular Stomach

Cells expressing MUC5AC mRNA were detected by in situ hybridization.
Bars5100 mm.



cantly and dose-dependently increased PgC mRNA and de-
creased MUC5AC and PgF mRNA expression in the infant
rats. These results indicate that switching from PgF to PgC
induced by hydrocortisone stimulates gastric maturation. The
decrease in MUC5AC mRNA expression suggests direct hy-
drocortisone suppression in gastric surface mucosal cells,
which is further supported by our previous report.20) These
results suggest that the developmental changes of rMUC5AC
mRNA expression differ from that of PgC and PgF, and that
they are not induced by glucocorticoid.
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