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Investigation of Musashi-1 Expressing Cells

in the Murine Model of Dextran Sodium

Sulfate-Induced Colitis
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Musashi-1 (Msi-1), an RNA-binding protein, had been proposed to be a specific marker for neural
stem/precursor cells. Msi-1 expressing cells in the intestinal epithelium are also strongly considered
as potential stem/precursor cells. To clarify the behavior of those cells in the injury or regener-
ation phase, we investigated Msi-1 expressing cells of intestinal mucosa in the murine model of
dextran sodium sulfate (DSS)-induced colitis. Immunohistochemically, Msi-1-positive cells were
found in the area just along the layer of Paneth’s cells in the small intestine and in the bottom
layer of crypts in the large intestine. During DSS administration, the number of PCNA-positive
cells in the large intestine increased markedly. In contrast, the number of Msi-1-positive cells de-
creased slightly with DSS but returned to normal after DSS administration was stopped. The level
of mRNA for Msi-1 was consistent with the result of immunohistochemical examinations. Con-
clusively, we could describe the behavior of intestinal stem/precursor cells during inflammation
using Msi-1.
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Stem cells play roles in mucosal cell homeostasis and
repair (1). Potten et al. have reported the location and
characteristics of stem cells in the gastrointestinal epithe-
lium (2–4). However, specific markers for stem cells in
the intestine have not been elucidated. Okano and his col-
leagues have reported that Msi-1 is a marker for neural
stem cells (5). In Drosophila, Msi-1 controls cell differ-
entiation in external sensory organs through regulation
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of the activity of the Numb protein during development
(5–8). It has also been reported in mice and humans that
Msi-1 can be used as a marker for neural stem cells in em-
bryos as well as in adults (9, 10). In addition, our group
showed that Msi-1 is expressed in the hepatic cells of
embryos (11).

Recently, Msi-1 had been reported as a strong candidate
maker for intestinal stem/precursor cells. Kayahara et al.
(12) described Msi-1-positive cells in the mouse small in-
testine, and Nishimura et al. (13) did in the human colon.
The location of intestinal stem/precursor cells has been
revealed, but the behavior of those cells in inflamed ep-
ithelium has not been precisely analyzed. In this study,
we immunohistochemically detected Msi-1-positive cells
in mouse intestinal epithelium and investigated the be-
havior of Msi-1 expressing cells in the colonic mucosa
damaged by administration of dextran sodium sulfate
(DSS).
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METHODS

Animals. Pregnant BALB/c mice at day 12.5 were purchased
from CLEA Japan (Tokyo) and sacrificed at day 17.5. Anesthesia
was carried out by intraperitoneal injection of pentobarbital, 30–
40 mg/kg body weight, after inhalation of diethyl ether. Embryos
were taken out through an abdominal incision, immersed in 10%
(v/v) buffered formalin for 1 day, and embedded in paraffin after
a vertical incision was made at their center. Adult female mice,
20 g in body weight, were similarly anesthetized with diethyl
ether and pentobarbital, and the small and large intestines were
collected and immersed in cold saline. The proximal one-third of
the total length of the small intestine, representing the jejunum,
was dissected into four portions, each of which was 0.5 cm long,
and then fixed with 10% buffered formalin. The total length of
the large intestine was also dissected into four portions, each of
which was 0.5 cm long, and was fixed with 10% buffered forma-
lin. The formalin-fixed specimens were embedded in paraffin in
such a way that the intestine could later be sliced longitudinally
along its long axis. The rest of the small and large intestine was
placed on glass on ice, and its muscles and serosa were quickly
removed. The remaining mucosa was frozen in liquid nitrogen
to extract RNA.

DSS-Induced Colitis Model. To observe the intestinal mu-
cosaduring mucosal inflammation and repair, colitis was induced
in female BALB/c mice of ∼20-g body weight by oral adminis-
tration of 5% (w/v) DSS (MW ∼54,000, 19.1% S content; Meito
Sangyo, Tokyo) in drinking water (14). DSS was administered
for 5 days. Specimens of the small and large intestines were col-
lected at day 5 (DSS[+]). As controls, specimens of the intestine
from mice not given DSS were also examined (CR). After the
administration, specimens of the intestine were obtained at day 3
(day 3[–]), day 7 (day 7[–]), and day 14 (day 14[–]). Anesthesia,
specimen collection, and fixation were carried out as described
above for normal adult mice. Specimens of the intestine from 14
mice were collected for hematoxylin–eosin staining, and speci-
mens from 8 of the 14 mice were also used for immunostaining.
Mucosa was also prepared as described above for normal adult
mice in order to extract RNA. The severity of DSS colitis was
evaluated on the basis of the histologic colitis scoring method
developed by Williams et al. (14).

Immunohistochemistry. Sliced specimens embedded in
paraffin, 4 μm thick, were stained with anti-Msi-1 antibody
using ABC kits (Vector Laboratories, Burlingame, CA). Af-
ter the paraffin was removed, the sliced specimens were im-
mersed in methanol containing 0.3% (v/v) H2O2 for 30 min to
inactivate intrinsic peroxidase and were then heated in 0.01 M
citric acid buffer, pH 6.0, for 20 min using an 800-W mi-
crowave. The slices were blocked in skim milk for 10 min and
then probed with rat anti-Msi-1 monoclonal antibody (1:5000
dilution; a gift from Prof. Okano, Keio University, Tokyo)
overnight at 4◦C. The slices were then washed with PBS,
incubated with biotinylated rabbit anti-rat antibody (Vectas-
tain ABC Elite; Vector Laboratories) for 120 min, washed
again with PBS, incubated with avidin-conjugated peroxidase
(Vectastain ABC Elite) for 30 min, and then incubated with
DAB for 3 min in a dark room. The specimens were in-
cubated with hematoxylin for nuclear staining, dehydrated
with ethanol, and then sealed with Entellan after washing
with xylene. The tissues were also stained with a PCNA
kit (DAKO Japan, Tokyo) and with rabbit anti-chromogranin-
A and -B polyclonal antibodies (1:100 dilution; PROGEN

Biotechnik, Heidelberg, Germany) using ABC kits (Vectastain
ABC Elite).

Msi-1 mRNA Expression. For total RNA extraction, Isogen
kits (Wako Pure Chemical Industries, Tokyo) were used. Mucosa
from the small or large intestine, 50–100 mg, was homogenized
with 1 ml of Isogen solution. After centrifugation at 12,000g for
15 min at 4◦C, supernatant was mixed with 0.5 ml of isopropanol
and kept for 10 min at room temperature. After centrifugation at
12,000g for 15 min at 4◦C, the supernatant was mixed with 1 ml
of 75% (v/v) aqueous ethanol. The pellets collected by centrifu-
gation at 7500gfor 5 min at 4◦C were dried under vacuum, dis-
solved in DEPC-treated H2O, and then heated for 15 min at 60◦C.

The total RNA prepared above was annealed with random
hexamers (Life Technologies, Rockville, MD) by heating for
10 min at 70◦C followed by cooling in ice. To the annealed so-
lution, fivefold concentrated reverse transcription buffer (Life
Technologies), dNTP mixtures, and DTT were added, and the
mixture was incubated for 5 min at 25◦C. MMLV reverse tran-
scriptase (Life Technologies) was added to the mixture, which
was then sequentially incubated for 10 min at 25◦C, for 50 min
at 42◦C, and for 15 min at 70◦C. The reaction was terminated by
placing the reaction tubes on ice.

To detect Msi-1 mRNA, nested polymerase chain reac-
tion (PCR) was performed using the following oligonucleotide
primers designed from the human Msi-1 nucleotide sequence
deposited in the DDBJ GenBank (accession no. AB012851):
outside primers, 5′-GTA CCC ATT GGT GAA GGC TGT GGC
A-3′ (sense strand) and 5′-CAA GAT GTT CAT CGG GGG ACT
CAG TT-3′ (antisense strand); and inside primers, 5′-GGC TTC
GTC ACT TTC ATG GAC CAG GCG-3′ (sense strand) and 5′-
GGG AAC TGG TAG GTG TAA C-3′ (antisense strand). As a
positive control, ß-actin mRNA was also amplified by RT-PCR
using the primers 5′-GTC GAC AAC GGC TCC GGC ATG TGC
A-3′ (sense strand) and 5’-GGA TCT TCA TGA GGT AGT CAG
TCA G-3′ (antisense strand) (15). Using the synthesized cDNA
as template, PCR was carried out in PCR buffer (TAKARA
BIO, Shiga, Japan) containing dNTPs, primers, and Taq DNA
polymerase (TAKARA BIO). Using the outside primers, Msi-1
cDNA was amplified through 40 reaction cycles, each of which
consisted of incubation for 1 min at 94◦C, for 2 min at 58◦C,
and for 1 min at 72◦C, followed by a final extension reaction
for 7 min at 72◦C. Using the resulting PCR products as tem-
plates, the same reaction conditions were used for PCR using
the inside primers. ß-Actin mRNA was detected by 30 cycles
of PCR, each of which consisted of incubation for 1 min at
94◦C, for 2 min at 58◦C, and for 1 min at 72◦C, followed by
a final extension for 7 min at 72◦C. The PCR products were
observed under a UV lamp after separation by 3% agarose gel
electrophoresis and staining with 0.5 μg/ml ethidium bromide
for 30 min.

Statistical Analysis. Data are expressed as the mean ± SD.
Friedman’s test and Mann-Whitney’s U -test were used for sta-
tistical analysis of data, and differences with P < 0.05 were
considered to be statistically significant.

RESULTS

Msi-1-Positive Cells in the Intestine
of Embryonic Mice

As a positive control, the neural cells in the spinal cord
and the area surrounding the cerebral ventricle of day 17.5
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Fig 1. Msi-1-positive cells in the intestine of embryonic mice at day 17.5. (a–c) Msi-1-positive

cell in the intestine. Note that the positive cells shown by arrows were present in a portion of

the crypts but not in the villi. (c, d) Double staining with anti-Msi-1 and anti-PCNA antibodies.

Note that there is no proper proliferative zone in the intestinal crypts of embryonic mice and that

most of the cells in the intestinal epithelium are positive to anti-PCNA antibody and a fraction

of cells at the bottom of crypts is stained with anti-Msi-1 antibody, as shown by arrows.

embryos were successfully stained with anti-Msi-1 anti-
body. In the same slides, Msi-1-positive cells were also
observed in the intestinal epithelium (Figures 1a–c). The
multiple cells stained were observed in crypts but not in
villi. On the other hand, almost all the cells of the mu-
cosal epithelium were positively stained by immunostain-
ing with anti-PCNA antibody (Figures 1d and e).

Msi-1-Positive Cells in the Intestine of Adult Mice

Localization of Msi-1-Positive Cells in the Small Intestine.

Several Msi-1 expressing cells were observed in the bot-
tom area of the crypt in the small intestinal epithelium.
Msi-1 was positive in the cytoplasm, but not in the nu-
cleus. Paneth’s cells were Msi-1-negative. Cells of which
the cytoplasm was most strongly stained were present in
the upper layers. No positive cells were observed in the up-
per end of crypts or in villi. In the small intestine, the mean
number of Msi-1-positive cells per crypt was 6.1 ± 0.41
(range, 3 to 14) (Figures 2 and 3a).

Localization of Msi-1-Positive Cells in the Large Intes-

tine. A markedly smaller number of positive cells was
observed in the large intestine than in the small intes-

tine. Not all crypts contained Msi-1-positive cells. Even
in the positive crypts, only one or two Msi-1-positive
cells were present at the bottom cell layers. The mean
number of Msi-1-positive cells per crypt was 0.21 ± 0.41

Fig 2. Number of Msi-1-positive cells in the normal intestine of em-

bryonic mice.The numbers of Msi-1-positive cells in the small and large

intestine were 6.1 ± 2.6/crypt (n = 8) and 0.21 ± 0.41/crypt (n = 8),

respectively. Note the clear difference in the number of positive cells.
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Fig 3. Immunohistological staining of the intestine from adult mice with anti-Msi-1 antibody. (a) Msi-1-positive cells in the small intestine. Note

the positive cells right or just above Paneth’s cells. (b) Msi-1-positive cells in the large intestine. Note the positive cells at the bottom of crypts as a

result of the lack of Paneth’s cells.

(range, 0 to 2) (Figures 2 and 3b). Double staining with
anti-chromogranin-A/B antibodies and with anti-Msi-
1 antibody revealed that the Msi-1-positive cells were
clearly different from chromogranin-A/B-positive cells
(Figure 4).

Detection of Msi-1 mRNA Expression in the Intestine
of Adult Mice

By nested PCR, expression of Msi-1 mRNA was de-
tected in both the small and the large intestinal epithelia
(Figure 5). The expression level of mRNA in the small
intestine was higher than that in the large intestine. This
is consistent with the results observed by immunohisto-
chemical staining.

Msi-1-Positive Cells in DSS-Induced Colitis

Histologic Colitis Scoring Model. On the basis of the his-
tologic colitis scoring method (14), scores of DSS-induced
colitis were as follows: 19.2 ± 1.3 at day 5 (DSS[+]),
16.1 ± 1.3 at day 3 after halting DSS administration (day

3[–]), 9.7 ± 2.0 at day 7(–), and 11.4 ± 1.2 at day 14(–).
The highest score was observed during DSS administra-
tion, and the scores gradually decreased after DSS was dis-
continued (Figure 6). In the small intestine, the numbers
of Msi-1- or PCNA-positive cells in mice with colitis were
not significantly different from those in control mice. By
double staining with anti-Msi-1 and anti-PCNA antibod-
ies, Msi-1-positive cells were present in deeper cell layers
than those where PCNA-positive cells resided (Figure 7).
However, Msi-1-positive cells existed within the range of
PCNA-positive cells.

Msi-1- and PCNA-Positive Cells in DSS-Induced Colitis.

The number of Msi-1-positive cells was 0.29 ± 0.48/crypt
in the control (CR), 0.067 ± 0.25/crypt at DSS(+), 0.23 ±
0.47/crypt at day 3(−), 0.31 ± 0.52/crypt at day 7(−), and
0.26 ± 0.46/crypt at day 14(−). Compared with the con-
trol, the number of Msi-1-positive cells decreased signifi-
cantly during administration of DSS (DSS[+]). However,
the number of Msi-1-positive cells returned to the con-
trol level by 3 days after stopping DSS administration
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Fig 4. Immunohistological staining of the intestine with anti-Msi-1 and anti-chromogranin-A and -B

antibodies.Msi-1-positive cells (arrow) and chromogranin-A- and -B-positive cells (arrowhead). Note

that the two antibodies stained different cell types. Msi-1-positive cells and chromogranin-positive cells

are clearly different.

(Figure 8a). The number of PCNA-positive cells was
8.1 ± 3.2/crypt in the control (CR), 16.4 ± 3.5/crypt at
DSS(+), 14.9 ± 6.9/crypt at day 3(−), 6.7 ± 3.0/crypt at
day 7(–), and 8.9 ± 4.0/crypt at day 14(−). The number of
PCNA-positive cells was significantly increased by DSS
administration and remained increased at 3 days after stop-
ping DSS, but a significant difference was not observed at
day 7(−) compared with the control (Figure 8b). These
results indicate that Msi-1-positive and PCNA-positive
cells behave differently during DSS-induced colitis and
mucosal repair.

Msi-1 mRNA in DSS-Induced Colitis. Nested PCR was
used to detect Msi-1 mRNA in the large intestine of mice
with DSS-induced colitis. A cDNA fragment, 542 bp long,
corresponding to Msi-1 mRNA was amplified from RNA

Fig 5. Detection of Msi-1 mRNA in the intestine of normal adult mice.

Nested PCR was used to detect cDNA, 542 bp in size, corresponding

to Msi-1 mRNA. RT-PCR was used to detect cDNA, 551 bp in length,

derived from β-actin mRNA as a positive control.

prepared from the intestine during and after DSS admin-
istration. The expression level of Msi-1 mRNA decreased
in the intestine with mucosal lesions, and the expression
level returned to normal after administration of DSS was
halted (Figure 9). This result is consistent with the obser-
vation that the number of Msi-1-positive cells decreased
during the administration of DSS.

Fig 6. Histologic score of DSS-induced colitis. Histologic scores were

significantly decreased at all stages examined (n = 14; *P < 0.05).
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Fig 7. Double staining of the small intestine with anti-Msi-1 and anti-PCNA antibodies. When the entire

cell layers of crypts were observed, Msi-1-positive cells were localized in the bottom cell layers. In

contrast, most of the PCNA-positive cells were localized in the proliferative zone.

DISCUSSION

Studies on neural stem cells have recently become pop-
ular, and Msi-1, an RNA-binding protein, has been demon-
strated by Okano and his colleagues to be a specific marker
for neural precursor cells, including stem cells (5, 16, 17).
The neural stem/precursor cells reside in area surrounding

Fig 8. Numbers of Msi-1- or PCNA-positive cells in the intestine of mice with DSS-induced colitis. (a) The number of Msi-1-

positive cells (n = 8; *P < 0.05). Note that there is no statistically significant difference in the number of positive cells at all colitis

stages, even during mucosal healing, except for DSS(+). (b) The number of PCNA-positive cells (n = 8; *P < 0.05). Note that

the number of positive cells is statistically significantly increased at DSS(+) and day 3(−) but returns to the normal level at day

14 (−).

the ventricle and spinal cord of embryonic and adult mice
(9, 18). The Notch signaling pathway regulates asymmet-
ric cell division of the stem/precursor cells (19–28), and
the Msi-1 protein is involved in this pathway by interacting
with the Numb protein (29–31). Numb regulates Notch re-
ceptor activity through binding to the intracellular domain
of Notch (32, 33). Drosophila lacking Msi-1 have a defect
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Fig 9. Detection of Msi-1 mRNA in the intestine of mice with DSS-

induced colitis. Msi-1 mRNA was detected by nested PCR, as described

under Materials and Methods, in the intestine of mice during the develop-

ment of the lesion as well as during healing of the lesion after stopping

administration of DSS. RT-PCR of β-actin mRNA is also shown as a

positive control.

in differentiation of external sense organs such as hair and
socket cells (5, 6). It is thought that Msi-1 also plays a role
in asymmetric cell division, since the protein functions in
the upstream process of Numb (29, 31). Kaneko et al. have
reported that cultured neural stem cells are Msi-1-positive
but that fully differentiated neurons are negative (9). Thus,
Msi-1 seems to function in the asymmetric cell division of
neural stem/precursor cells and can be used as a specific
marker for these cells.

Stem cells are indispensable for the mucosal repair of
the gastrointestinal tract and play important roles in mu-
cosal homeostasis (34). Numerous studies on cell renewal
and mucosal repair in the gastrointestinal tract have been
published previously (35–39). Through asymmetric cell
division, stem cells in the gastrointestinal epithelium pro-
duce precursor cells that differentiate into Paneth’s, epithe-
lial, neuroendocrine, and goblet cells (4, 41). It is thought
that there is a proliferative zone at the bottom of crypts
where cells divide asymmetrically or symmetrically and
form cell layers (2). By observing proliferating cells in
crypts after ionizing radiation, Potten et al. have reported
the cell positions of the stem cells that are present (41,
42). They have also reported that Paneth’s cells exist in the
bottom three cell layers, that stem cells occupy the fourth
layer, and that precursor cells occupy the fifth through sev-
enth layers in crypts. In crypts of the large intestine, stem
cells are present in the bottom cell layers because of the
absence of Paneth’s cells.

It has become apparent that every crypt cell is derived
from a single stem cell. Furthermore, by observing crypts
deficient in glucose-6-phosphate dehydrogenase because
of gene mutation, Griffith et al. have found that all the
cells of a crypt derive from a single stem cell through
monoclonal cell proliferation (43, 44). Since all the cells
in the gastrointestinal epithelium, particularly in the small
intestine, are renewed in a very short time, 3–5 days, it
is thought that precursor cells, not stem cells, in the pro-
liferative zone produce a large number of mature cells in
a short time. Indeed, Potten et al. have proposed that the
proliferative zone has a pyramid-like structure, consisting

of various cell layers with stem cells on top, and that the
number of stem cells produced through asymmetric cell
division is very small (2).

In the present study, we first verified that Msi-1-positive
cells are found in the intestine of mice and these cells oc-
cupy positions similar to those where Potten et al. have
proposed stem cells to reside (4). We used brain and in-
testine of embryonic mice as positive controls for careful
investigation. Then, on double staining with anti-Msi-1
and anti-chromogranin-A and -B antibodies, it appeared
that the Msi-1-positive cells are not neuroendocrine cells.
Comparing small and large intestine, the mean number of
cells expressing Msi-1 in the large intestine was 0.21 per
crypt, much lower than in the small intestine. This is pre-
sumably due to the slower turnover of cells in the large
intestine compared with the small intestine. We could
not find Msi-1 expressing cells in every crypt. If we
were able to observe isolated whole crypts by confocal
laser microscopy, every crypt would have Msi-1-positive
cells in the bottom area. Nishimura et al. (13) described
19.0 ± 7.53 Msi-1-positive cells per crypt of human colon.

Activated cell division in the intestine has previously
been observed during mucosal repair (45). In our study,
the number of PCNA-positive cells increased signifi-
cantly during DSS-induced inflammation and, thereafter,
returned to normal. This behavior of PCNA-positive cells
is consistent with their roles in reproducing epithelial cells
during the process of mucosal repair. In contrast, the num-
ber of Msi-1-positive cells temporarily decreased during
DSS-induced inflammation, and then returned to levels
similar to the control after DSS administration stopped.
This indicates that, unlike PCNA-positive cells, Msi-1-
positive cells do not proliferate during inflammation and
the recovery phase. If the Msi-1-positive cells were stem
cells and/or their close relatives, it would be reasonable
that these cells would halt cell division to minimize gene
mutations and chromosomal rearrangement during severe
inflammatory mucosal damage. Instead, matured prolifer-
ating cells may quickly produce numerous epithelial cells
to repair the mucosal injury. This may be an asymmet-
ric and PCNA-positive process. As previously proposed
(46), the cell reproduction system may have a pyramid-like
structure, with ancestor stem cells on top, and may con-
sist of cell layers in which precursor cells occupy several
layers. It is thought that cells more mature than precursor
cells may be responsible for the production of epithelial
cells for repair processes in colitis.

Lower doses of radiation cause apoptosis of smaller
numbers of cells of many types, including mature cells,
than do higher doses. It has been reported that lower doses
of radiation cause apoptosis of cells located in layers above
those where Paneth’s cells reside, in an area where stem
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cells seem to be located (47, 48). Furthermore, although
continuous administration of a carcinogenic agent, 1,2-
dimethylhydrazine, induces cell proliferation, it also in-
duces apoptosis of cells in the proliferative zone as well
as at the bottom of crypts (49–51). Thus, minor lesions
of the intestine induce apoptosis of stem/precursor cells,
which may be a self-protecting mechanism that prevents
production of tumor cells by DNA damage. It is, therefore,
reasonable that the Msi-1-positive cells detected in this
study may indeed be intestinal stem/precursor cells and
that DSS-induced colitis may induce apoptosis of these
Msi-1-positive cells. Further investigation is under way in
our laboratory.

Msi-1-positive cells were localized at the place in the
intestine where stem/precursor cells have previously been
proposed to reside. In the DSS-induced colitis model, the
number of PCNA-positive cells increased and the num-
ber of Msi-1-positive cells temporarily decreased during
DSS administration, then returned to normal after admin-
istration of DSS was stopped. In conclusion, using Msi-1
as a marker for intestinal stem/precursor cells, we could
describe the behavior of intestinal stem/precursor cells
during inflammation.
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