
Abstract. Background: Adenomatous polyposis coli (APC)
are important in maintaining normal epithelial mucosa.
Intestinal tissues with mutations in Apc have disturbed cell
proliferation, differentiation and migration. Paneth and
enterochromaffin cells were studied in the intestine and
intestinal adenomas from Min-mice with heterozygote and
homozygote mutations in Apc, respectively. Materials and
Methods: The presence of Paneth and enterochromaffin cells
in normal intestine and adenomas from Min-mice was studied
in sections stained with lysozyme/PAS and connexin32.
Results: Min-mice intestinal adenomas had an increased
number of lysozyme-producing Paneth/goblet and non-Paneth
cells and a reduced number of enterochromaffin cells. The
large intestine had a significantly higher number of
enterochromaffin cells than the small intestine and more were
seen in the large intestine of Min- compared with wt-mice.
Conclusion: Altered cell differentiation in adenomas might be
caused by different response to Wnt-signalling, while an
increased number of enterochromaffin cells in the large
intestine is rather an effect of a heterozygous ApcMin mutation. 

Truncation mutations in adenomatous polyposis coli (APC)
are important in both sporadic and inherited (familial
adenomatous polyposis; FAP) colon cancer. Somatic APC
mutations have been observed in >80% of sporadic
adenomas and carcinomas (20). 

Both Apc genes are inactivated upon development of
intestinal adenomas. This is suggested to occur in two steps.
Following a truncation mutation as a first step, the
truncated Apc proteins could bind the wild-type (wt) Apc
protein. A consequence of such a dominant negative effect

could be to render the second normal Apc allele more
sensitive to alterations or to prevent the normal function of
the wt Apc protein (22, 24). In agreement with this, the
normal intestinal tissue of multiple intestinal neoplasia
(Min) mice, a FAP model with inherited heterozygous
ApcMin mutation, shows alterations in cellular functions,
such as adhesion, migration, differentiation and apoptosis
(10). Additionally, in cell lines with the same type of
heterozygous Apc mutation, a dominant effect on
proliferation, spindle checkpoint control, survival and
chromosome stability, as well as changes in microtubule
dynamics and connexin expression, have been found (4, 24). 

One of the key roles of Apc in normal intestinal tissue is its
participation in the Wnt-signalling pathway, where it,
together with other factors, controls degradation and nuclear
transport of the adhesion molecule and transcription factor,
‚-catenin (13). ‚-Catenin can, together with Tcf, turn on the
transcription of several genes (3). Increased cytoplasmic
levels and translocation of ‚-catenin to the nucleus is
observed in spontaneous and chemically induced intestinal
adenomas of Min-mice where both Apc alleles are inactivated
and the Wnt-signalling is constitutively active. 

Wnt-signalling has recently been found to be important in
maintaining the normal epithelial cell structure in the
intestine where it participates both in control of proliferation,
differentiation and migration (17). Tcf-4 is a necessary
participant in Wnt-signalling. In Tcf-4 knock-out mice, the
proliferating cells disappear completely and only fully
differentiated cells are seen (8). In addition Wnt-signalling
seems to be crucial for inducing maturation of Paneth cells
in the base of the small intestinal crypts (25). Innate immune
defence of the small intestine is mediated in part by secretion
of antimicrobial peptides, such as lysozyme and matrilysin
among others, from Paneth cells (1). In intestinal adenomas
from humans and mice where Wnt-signalling is constitutively
active, an increased expression of lysozyme and matrilysin are
found, indicating an increased stimuli in differentiating to
Paneth cells in intestinal adenomas (12, 19). Whether
activated Wnt-signalling directly influences the differentiation
of other epithelial cells like enterochromaffin and goblet cells
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is not known. However, there is a reduced number of
enterochromaffin cells in human adenocarcinomas from the
small intestine (9). 

In this study, the composition of differentiated epithelial
cells were further examined, both in normal intestinal
mucosa and adenomas of Min-mice, as a function of the
dominant effect of the heterozygous Apc mutation and total
loss of Apc wt function with constitutively active Wnt-
signalling.

Materials and Methods

Antibodies. Antibody against lysozyme (cat. no. A0099) and anti-
rabbit EnVision system were purchased from DAKO (Glostrup,
Denmark). Anti-chromogranin A (CGA) (cat. no. C21120) was
obtained from Transduction Laboratories (Lexington, KY, USA),
and anti-Cx32 (cat. no. 71-0600) was from Zymed Laboratories
(San Fransisco, CA, USA). Anti-rabbit Texas red was obtained
from Amersham (Buckinghamshire, UK) and anti-mouse-FITC
from Bio-Rad (Hercules, CA, USA).

Animals. The mice were bred at the Norwegian Institute of Public
Health, Oslo, Norway, from inbred mice originally purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). The
Min/+ pedigree was maintained by mating C57BL/6J-+/+ (wild-
type) females with C57BL/6J-Min/+ males, and procedures to
secure inbreeding were followed. The Min/+ mice were identified
by allele specific polymerase chain reaction on DNA isolation
from blood as described previously (21). Water and food were
given ad libitum. 

In order to increase the numbers of adenoma in the colon, Min-
mice were treated with azoxymethan (AOM). AOM from Sigma
was diluted in 0.9% NaCl and 5 mg/kg or 7.5 mg/kg was injected
(10 Ìl/g body weight) s.c. at 1 and 2 weeks after birth. The mice
were inspected weekly. The mice were sacrified by cervical
dislocation at 18-21 weeks of age. The intestines were fixed in 10%
formaldehyde for 24-48 h before they were subjected to
immunohistochemical analysis.

Immunohistochemistry. Paraffin-embedded formalin-fixed sections
were deparaffinized and rehydrated. Epitope demasking was
performed in a microwave oven for 12 min in Target Retrieval
Solution (DAKO, Glostrup, Denmark) pH 6.00-6.20 for anti-Cx32
and anti-CGA, and in Tris/EDTA solution pH 9.1 for anti-
lysozyme. Immunohistochemical staining for lysozyme was
performed with the Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, USA). To further characterize the lysozyme-
producing cells, lysozyme-stained sections were treated with
Periodic Acid Schiff (PAS) (VWR International, Wien, Austria)
solution to stain granules of Paneth and mucin vacuoles of goblet
cells. Immunohistochemistry with Cx32 antibody was performed
in a DAKO Autostainer system according to the manufacturer’s
instructions. 

Double immunofluorescence staining with anti-Cx32 and anti-
CGA was done manually. After blocking in normal goat serum for
20 min, the sections were incubated overnight at 4ÆC with anti-
Cx32 (1:200) and anti-CGA (1:50). Cx32 was visualized with anti-
rabbit Texas red (1:50) and CGA with anti-mouse-FITC (1:25) and
the nuclei were stained by Hoechst Dye. 

Counting of PAS/lysozyme-positive cells in adenomas. Fourteen
adenomas from three AOM-treated animals were analyzed for
lysozyme-positive cells. The lysozyme-positive cells were divided
into PAS-positive and PAS-negative cells. One to four pictures
from each adenoma taken with a 40 x objective were counted. PAS
stains both normal Paneth cells and goblet cells. Paneth cells
contain PAS-positive granules while goblet cells have large mucin-
containing vacuoles. Goblet cells are normally negative for
lysozyme. It was not possible to classify the PAS-positive cells
producing lysozyme as normal Paneth or goblet cells in the
adenomas, and they probably represent immature cells in their
early transition state to either Paneth or goblet cells, as reported
previously (26). Cells that were positive for both lysozyme and PAS
were regarded as Paneth/goblet cells, whereas cells that were
positive for only lysozyme were regarded as non-Paneth cells. 

Counting of enterochromaffin cells in normal intestinal tissue of Min-
and wt-mice. Four sections from the normal intestine of both 
Min-mice and wt-mice were counted for CGA-positive cells. Six
arbitrary fields of vision from each section taken with 20 x objective
were analyzed. 

Statistics. Statistical analyses were performed by a 2-way ANOVA
using SigmaStat. A p-value of ≤0.05 was designated as a significant
difference.

Results

Lysozyme-producing cells in adenomas of Min-mice.
Lysozyme-producing Paneth cells are normally located at
the bottom of the crypts in the small intestinal mucosa
(Figure 1A) and are not present in the large intestine
(Figure 1B). However, lysozyme was observed in cells of
adenomas from both the small and large intestine (Figure
1 C-F). Since Paneth cells contain both lysozyme- and
PAS-positive granules, the cells in the adenomas were
investigated by first treating tissue sections with lysozyme
antibody and thereafter with PAS. The vacuoles of the
goblet cells also stain for PAS, but the cells normally do
not produce lysozyme. However, it was not possible to
completely distinguish PAS-positive Paneth cells from
PAS-positive goblet cells since many of the cells lacked
distinctive granules and goblet cells in the adenomas
apparently also started producing lysozyme. Cells that
were both lysozyme- and PAS-positive were counted and
regarded as Paneth/goblet cells. Cells that were only
lysozyme-positive cells were regarded as non-Paneth cells.
We found that less than half of the lysozyme-producing
cells in the small intestinal adenomas of Min-mice were
also PAS-positive (Figure 2). This shows that non-Paneth
cells in the small intestinal adenomas also started to
produce lysozyme. Such cells were not found in the normal
mucosa. We also found lysozyme-producing Paneth/goblet
cells and non-Paneth cells in the large intestinal adenomas,
although Paneth cells are normally not located in the large
intestine. However, in the adenomas of the large intestine
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only half of the lysozyme-producing cells contained PAS-
positive material (Figure 2), indicating that adenomas
from both the small and large intestine of Min-mice
contain lysozyme-producing cells that have not
differentiated into Paneth cells. 

Enterochromaffin cells in normal intestine and adenomas of
Min-mice. Staining the intestinal mucosa with antibodies
against CGA is often used to visualize enterochromaffin

cells. All CGA-positive cells in mice also stain for Cx32
(Figure 3 A-D). Hence, Cx32 expression is also apparently
a marker for enterochromaffin cells (Figure 3 E-H). 

Adenomas of the small and large intestine showed a
nearly complete lack of Cx32 staining cells, in contrast to
the normal intestinal epithelium of the Min- and wt-mice
(Figure 3 E and G). This indicates that adenomas of the
Min-mice are completely depleted of fully-differentiated
enterochromaffin cells. 
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Figure 1. Double staining for lysozyme and PAS in normal intestine and intestinal adenomas. Vertical sections from normal small (A) and large (B)
intestine, and small (C and E) and large (D and F) intestinal adenomas of Min-mice treated with both anti-lysozyme (brown) and PAS (pink). Pictures
A, E and F were taken with a 40 x objective and the remaining pictures with a 10 x objective. Paneth/gobler cells (arrow) stain for lysozyme and PAS,
and non-Paneth cells (arrowhead) only stain for lysozyme.



The effect of a heterozygous Apc mutation on the
presence of enterochromaffin cells was subsequently
investigated by comparing Min- and wt-mice. Fewer
enterochromaffin cells were present in the small intestinal
mucosa than in the large intestine in both Min- and wt-mice
(Figure 3 F and H, and Figure 4). However, when
comparing the number of enterochromaffin cells in the
normal intestinal epithelium from Min-mice and wt-mice, a
significantly lower number of Cx32-positive cells was found
in the large intestine of Min-mice compared to the wt-mice
(Figure 4). In the normal tissue of the small intestine, no
statistical difference in the number of enterochromaffin
cells between the mice types was found (Figure 4).

Discussion

In the present study, it was shown that lysozyme in adenomas
from the small and large intestine of Min-mice was produced
both by differentiated Paneth cells and, to the same extent,
by goblet-like cells and non-Paneth cells. In addition, it was
shown that intestinal adenomas from Min-mice were
completely devoid of differentiated enterochromaffin cells.

It is well known that adenomas of the intestine contain a
complex composition of well- and less well-differentiated or
proliferating cells. Lysozyme-positive cells have previously
been observed both in adenomas from the small and large
intestine of rodents and humans (2, 12, 19), although Paneth
cells are not present in the normal tissue of the large intestine.
Even in very early lesions, aberrant crypt foci (ACF) from rat
colon PAS-positive Paneth cells were observed (2, 15).
Furthermore, 70-97% of human colorectal adenomas had
strongly increased production of lysozyme (19).

The Wnt-signalling pathway is shown to be essential for
the maintenance of normal epithelial cell structure in the
intestine. When Tcf-4, an important factor in activated Wnt-
signalling, was homozygous knocked-out, the neonatal mice
intestinal epithelium was composed entirely of differentiated
non-dividing villus cells (8). In support of these findings,
inhibition of the Wnt-signalling by transfecting mice with
Dickkodf1 also abolished the proliferating compartment in
the epithelia of the intestine (17). On the contrary, in 
Min-mice adenomas the Wnt-signalling is constitutively
active as a function of complete Apc inactivation, as shown
by the high level and nuclear localization of ‚-catenin (5, 16).
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Figure 2. The number of lysozyme/PAS-negative and lysozyme/PAS-
positive cells in adenomas from small (SI) and large (LI) intestine. Note
that less than half of the lysozyme-positive cells also stained for PAS.

Figure 3. Staining of enterochromaffin cells in normal intestine and
adenomas. Horizontal sections of small intestine from wt-mice treated with
antibodies against chromogranin A (CGA) (A), Cx32 (B) and Hoechst dye
(C). Merging (A), (B) and (C) showed co-localization of all Cx32-positive
cells with CGA (D). Vertical sections of small (E) and large (G) intestinal
adenomas and normal small (H) and large (F) intestine and from 
Min-mice treated with anti-Cx32 to visualize enterochromaffin cells.



We would, therefore, expect the adenoma to have high
proliferating activity and less differentiated cells. This is
indeed partly what was observed in the Min-mice adenomas,
which were completely devoid of enterochromaffin cells.
However, it appeared that the number of lysozyme-
producing cells was increased in the adenomas. Goblet-like
cells that produced lysozyme were also observed, making it
difficult to distinguish goblet cells from Paneth cells in the
adenomas. Recently, it was suggested that Wnt-signalling is
necessary for complete differentiation of Paneth cells in the
intestine, in contrast to other intestinal cell types that
respond by proliferation upon Wnt-signalling (25). This is in
agreement with our observations that Min-mice adenomas
have higher levels of lysozyme-producing cells. However, not
all of the lysozyme-producing cells seem to be Paneth/goblet
cells. It is tempting to speculate that these cells are partly
differentiated cells which might have become fully
differentiated Paneth cells upon further tumor growth. Even
in the adenomas of the large intestine Paneth/goblet cells
producing lysozyme were observed. This is probably due to
Wnt-signalling, making cells able to trans-differentiate. Even
embryonic lung tissue of mice start to express intestinal
Paneth cells and protein markers of Paneth cells when Wnt-
signalling is constitutively turned on (14). This can probably
also explain the problems in distinguishing Paneth from
goblet cells if the latter start to trans-differentiate to Paneth
cells when Wnt-signalling is active.

In addition to the abnormalities in the Paneth cell
expression and lack of enterochromaffin cells in

adenomas, it was also found that the normal epithelium
of the large intestine of Min-mice contained more
enterochromaffin cells than their normal littermates. A
similar tendency was seen in the small intestine, but this
was not statistically significant. With regard to Paneth
cells, the results of a recent study indicated no difference
between Min-mice and wt-mice in the number of Paneth
cells along the duodenal-to-colonic axes (6). Since
increased or altered ‚-catenin localization is not observed
in the normal intestinal epithelia of Min-mice and Wnt-
signalling is not activated in the normal intestine, we
believe that Wnt-signalling is not involved in this change
in number of enterochromaffin cells in Min-mice (7, 11).
Rather this change is caused by a dominant effect of the
truncated Apc Min protein present in the intestinal
epithelium of Min-mice. Whether this phenomenon has
any impact on tumor development in Min-mice is
questionable, since intestinal tumors of Min-mice show
nearly a full depletion of enterochromaffin cells. Human
colonic adenocarcinomas were also found to be devoid of
enterochromaffin cells (18, 23).

We conclude that the intestinal adenomas of Min-mice
have an increased number of lysozyme-producing
Paneth/goblet cells and non-Paneth cells and a strongly
reduced number of enterochromaffin cells. The altered
differentiation of both Paneth cells, goblet cells and
enterochromaffin cells in the adenoma might be the result
of a different response to increased Wnt-signalling. The
increased number of enterochromaffin cells in the normal
mucosa of Min-mice is a dominant effect of the
heterozygous ApcMin mutation.
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