
Abstract. Aim: Patients with scirrhous carcinoma of the
gastrointestinal tract frequently develop peritoneal
carcinomatosis–particularly of the peritoneal extension type
(PET), which has a bad prognosis. We developed a novel
animal model, suitable for testing treatments for PET.
Material and Methods: In order to develop the model, we
scraped the entire peritoneum of Fischer 344 rats with sterile
cotton swabs and injected 1×106 cells of the RCN-9 cell type
into the peritoneal cavity. Results: In the novel experimental
model, RCN-9 cells adhered only to the exposed basement
membrane. The submesothelial layer and fibroblasts in the
submesothelial layer grew and increased to a maximum at day
7, then decreased during late-phase peritoneal carcinomatosis.
At day 14, RCN-9 cells coated the peritoneum in a manner
similar to PET. Conclusion: We successfully established a
novel animal model of peritoneal carcinomatosis that mimics
clinicopathological features of PET. Fibroblasts in the
submesothelial layer potentially play an important role in
peritoneal carcinomatosis. 

The locoregional progression of gastrointestinal and ovarian
cancer frequently results in peritoneal carcinomatosis (PC),
which is associated with poor prognosis and a median survival
of less than six months (1, 2). Frequently, PC develops in
cases of scirrhous carcinoma (SC), leading to more pessimistic
prognoses (3, 4). In contrast to other macroscopic types, PC
that originates from the gastrointestinal tract SC frequently

occurs as peritoneal extension type (PET) (3, 5). Therefore,
the prognosis for PC of PET is worse compared with other
macroscopic types of PC (5).

PET is currently treated with systemic chemotherapy with
palliative, not curative intent (6), and a treatment modality
for PET is not yet established. Therefore, we developed an
animal model for testing the suitability of PET treatment
modalities. 

One requirement for an animal model of PET that we
considered, was the selection of cancer cells that would coat
the peritoneum in a manner similar to tumors. In earlier
experimental animal models of PC, including mouse and rat
models, PC lesions appeared as tumor nodules, which were
present in the omentum, liver hilum, mesentery, diaphragm
and the subcutaneous tissue, but not the peritoneum (7, 8).
Thus, these models were not appropriate for investigating
PET; development of a suitable experimental animal model
was warranted.

The colonic adenocarcinoma cell line RCN-9 is the
dimethylhydrazine-induced colon carcinoma of Fischer 344
rats (9). After RCN-9 cells were injected either
subcutaneously or into the cecal subserosa of Fisher 344 rats,
tumors reportedly exhibited progressive growth and
metastasized to the lung (63.6%) and liver (40.0%) (9);
treatment with both 5-fluorouracil and adriamycin gave an
in vivo antitumor effect against RCN-9 cells. Song et al. also
reported RCN-9 cells to be refractory to FS-7-associated-
surface antigen (Fas) receptor-mediated apoptosis (10).
These results show that the RCN-9 cell line is potentially
suitable both as a model to study the mechanisms of
metastasis and as a model for chemotherapeutic studies of
metastatic disease. Furthermore, RCN-9 cells injected into
peritoneal cavities of Fisher 344 rats grew exclusively on the
mesenterium to form a solid mass (11, 12). We therefore
chose the RCN-9 cell line to establish a suitable novel rat
model with clinicopathological features that mimic PET. 
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Materials and Methods

Animals. Adult male Fischer 344 rats (eight weeks of age, weighing
155-180 g) obtained from SLC Japan (Shizuoka, Japan) were
maintained at 22˚C under a 12:12-h light–dark cycle, and had access
to food and water ad libitum. All experiments were conducted with
the approval of the Institutional Animal Experimentation Committee
of Kinki University. 

Cells. The RCN-9 tumor cell line, which was established from
Fischer 344 rat colon carcinoma cells (9), was purchased from the
Riken Cell Bank (Tsukuba, Japan). The cells were cultured in
RPMI-160 medium (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% heat-inactivated fetal bovine serum at 37˚C
in 5% CO2. 

Development of model. Novel PC model: Rats were anesthetized by
intraperitoneal injection of pentobarbital (50 mg/kg). The abdominal
skin was cleaned and disinfected. A 1-cm midline incision starting
4.5 cm below the xiphoid was used to open the upper abdomen.
Using a mosquito clamp, the peritoneum was held gently and the
entire peritoneum was scraped twenty times using a sterile cotton
swab (Figure 1a). The abdomen was then closed with a single-layer
3-0 vicryl interrupted suture; 1×106 RCN-9 cells in 1 ml phosphate-
buffered saline were injected into the peritoneal cavity of each rat
using an 18-gauge needle.

Scrape model: In the scrape group, the scraping step described
above was performed without RCN-9 cell injection. 

Control model: In the control group, RCN-9 cells were injected
without the scraping step described above.

Experimental design. To clearly observe the progressive
development of PC, euthanasia was performed at 1, 3, 5, 7, 10, 12,
14, or 21 day(s) after surgery in each group (n=5 at each time point,
total n=120).

The abdomen was opened through a midline incision from the
xiphoid to the scrotal region. Right and left dorsal incisions were
made at the cranial and caudal edges, allowing the abdomen to be
opened in the manner of double doors. After inspecting the intra-
abdominal organs, the peritoneum was obtained (Figure 1b). 

Hematoxylin and eosin staining. The freshly-obtained peritonea
were fixed in 4% paraformaldehyde, dehydrated in graded alcohol,
and routinely embedded in paraffin. Four-micrometer sections were
processed for routine hematoxylin and eosin staining.

Measurement of tumor and submesothelial layer thickness. An
image of the measured area was captured using a CCD camera
(ACT-2U; Nikon Corporation, Tokyo, Japan), and the thickness of
tumor and the submesothelial layer in each image was traced and
measured by computer. RCN-9 tumor thickness was defined as the
distance between the surface and the deepest portion of the tumor.
The thickness of the submesothelial layer was defined as the
distance between the mesothelial cell layer and the outer layer of
the muscle. 

Statistical analyses. Statistical analyses were performed using Stat
View® (SAS Institute Inc., Cary, NC, USA). Student’s t-test was
used to analyze the difference between the novel PC model and the
scrape model. The Pearson product moment was used to analyze the

association between the thickness of RCN-9 cell layer and the
length of time following RCN-9 cell injection. A value of p<0.05
was considered significant.

Results

Macroscopic findings. Control model: At 1, 3, 5, 7, 10, and
12 day(s), no changes were observed in the peritoneum.
However, at 14 and 21 days, a small metastatic nodule was
observed only at the RCN-9 cell injection site in the
peritoneum. No other metastatic nodules were present in the
other sites (Figure 2a).

Scrape model: The scrape model showed no macroscopic
change at any time throughout our investigation.

Novel PC model: At days 1, 3, and 5, no changes were seen
in the peritoneum. However, at day 7, a thin peritoneal
membrane metastasis was observed (Figure. 2b). At 14 days,
the peritoneal metastasis had grown thicker, in a manner
similar to PC of PET (Figure 2c), and small metastatic nodules
were observed at the mesentery (Figure 2d). At day 21,
peritoneal metastases exhibited irregularly shaped formations;
we observed a peritoneum coated by tumor and bloody ascites.

Microscopic findings. Control model: In the control model,
no changes to the mesothelial cells or the sub-mesothelial
layer were observed at any time point (Figure 3a). At days
14 and 21, a small RCN-9 nodule was observed only at the
injection site.

Scrape model: At day 1, mesothelial cells appeared to peel-
off, exposing the basement membrane. Remnant mesothelial
cells exhibited a cuboidal cytoplasm and spherical nuclei with
mild atypism, thus appearing to be activated mesothelial cells.
Connective tissue was observed in the submesothelial layer
(Figure 3b). The submesothelial layer thickness was seen to
increase gradually from day 3, maximizing at day 10, and
subsequently decreasing (Figure 4a). 

Novel PC model: At day 1, we observed the same changes
as found in the scrape model in mesothelial cells and the
submesothelial layer (Figure 3c). However, in the
submesothelial layer, edematous changes and loose
fibroblasts were seen; the submesothelial layer had thickened
to an average of 44.1 μm (Figure 3c). RCN-9 cells were
adherent at day 1; growth was thus observed only on the
exposed basement membrane and not in the region of
mesothelial cells (Figure 3d). 

At day 3 and day 5, RCN-9 cells exhibited growth and the
submesothelial layer thickness increased. At day 7,
fibroblasts increased, and the submesothelial layer achieved
a maximum thickness of an average of 418.7 μm (Figure 4a
and 5a). RCN-9 cells grew to the peritoneal surface and
reached the muscle layer (Figure 5b). 

At day 21, RCN-9 cell thickness plateaued at a maximum
average diameter of 3512.3 μm and invaded muscle tissue
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(Figure 4b and 5c). However, the population of fibroblasts in
the submesothelial layer decreased; the submesothelial layer
was reduced to an average thickness of 53.4 μm; mesothelial
cells, as observed on day 1, appeared to be activated
mesothelial cells (Figure 4a and 5d). 

There was a significant positive correlation between the
thickness of the RCN-9 cell layer and the length of time after
RCN-9 cell injection (R2=0.898; p<0.01, Figure 4b). In
contrast, the submesothelial layer thickness maximized
during the early phase of RCN-9 cell growth and diminished
over the subsequent 10 days, in contrast to the increase in
RCN-9 cell layer thickness; at day 21, the submesothelial
layer was about as thick as the one observed at the start of
the experiment (Figure 4a). 

On each day, there was a significant difference between
the thickness of the submesothelial layer of the novel PC
model and the scrape model (Figure 4a, p<0.05).

Discussion 

Yashiro et al. investigated the relationships among carcinoma
cells, submesothelial layer and fibroblasts (13, 14). Yao et al.
and Suh et al. also described the effects of cytokine up-
regulation by myofibroblasts on mesothelial cells (15-17).
Although these studies were in vitro, in previously
established animal PC models, including mouse and rat
models, PC lesions appeared as tumor nodules, which were
not present in the peritoneum. The omentum and mesentery,
which easily form PC as tumor nodules, are thin membranes

in which changes in the submesothelial layer and fibroblasts
are difficult to investigate. Our novel animal model
establishes PC in the peritoneum. This is the first report of a
animal model of PC for PET.

Although previous studies described injecting 1×107

RCN-9 cells into peritoneal cavities, they did not report
RCN-9 cells growing on the peritoneum (11, 12). When we
injected 1×106 RCN-9 cells into the peritoneal cavity in the
present study, peritoneal metastasis occurred only at the
injection site in the control model. However, in the novel PC
model, which included localized cell scraping, metastasis
occurred in the peritoneum in an early phase, and RCN-9
cells coated the peritoneum in the late phase. Additionally,
we showed there to be a significant positive correlation
between the thickness of RCN-9 cell layer and the length of
time following RCN-9 cell injection. These results indicate
that RCN-9 cells are invasive to muscle, over a sufficient
length of time, similar to clinical experience, implying that
we successfully established a novel rat model for PET. By
peeling-off mesothelial cells, we potentially created an
environment that allowed for metastasis of RCN-9 cells on
the peritoneum to occur easily. 

The mechanism underlying mesothelial adhesion of cancer
cells has been widely investigated. Adhesion of cancer cells to
the mesothelial layer is mediated by several adhesion
molecules; many are also expressed by endothelial cells (18).
Therefore, mesothelial cells are thought to play an important
role in PC. From our findings, RCN-9 cells were not adherent
in the control model, and were adherent only in areas lacking
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Figure 1. Development of a rat peritoneal carcinomatosis model. a: Method for scraping of the peritoneum. The peritoneum was held with a mosquito
clamp and scraped with sterile cotton in a fan-like fashion. b: The abdomen was opened with two flaps, similar to double doors.



mesothelial cells in the novel PC model. Therefore, we
hypothesized that mesothelial cells act to prevent the adhesion
of cancer cells. Sharma et al. reported that pleural mesothelial
cells express a sialomucin complex to prevent the adherence
of ovarian cancer cells to the pleura (19). Heath et al. showed
FAS-dependent apoptosis of cultured human mesothelial cells
to be induced by AW480 colorectal tumor cells, and concluded
that mesothelial cells acted as a barrier to tumor cell adherence
to the submesothelial layer (20). Our data agree with these
observations. 

Additionally, thickening of the submesothelial layer occurred
at initial phases of the novel PC and scrape models–more so in

the novel PC model, in which the submesothelial layer
thickening grew particularly quickly at first. These results
underscore the relationship between fibroblasts, cancer invasion
and cancer stroma (21, 22). Although fibroblasts within the
stroma help to create an environment permissive for tumor
growth, angiogenesis, and invasion (22, 23), there are few
reports concerning fibroblasts in the submesothelial layer. We
have shown that the submesothelial layer thickness increases
in the initial phase following RCN-9 cell injection. 

An imageable fluorescent model of metastasis using tumor
cells injected into a living green fluorescent protein (GFP)
animal model would be very useful (24). However, to
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Figure 2. Macroscopic findings of control and novel peritoneal carcinomatosis model. a: Control model at day 1. No metastatic nodules were
observed in the mesentery. b: Novel PC model at day 7. Peritoneal metastasis was observed as a thin white membrane (dot enclosed). c: Novel PC
model at day 14. A mat of white, uneven peritoneal metastasis was observed in the peritoneum (dot enclosed). d: Novel PC model at day 14. A
small white nodule was observed in the mesentery (arrow). 
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Figure 3. Microscopic findings of control, scrape and novel peritoneal carcinomatosis. a: Control group at day 21. Flat mesothelial cells with small
nuclei were observed on the mesothelium (arrow). A thin, tight submesothelial layer was observed (double arrow). b: Scrape model, at day 1.
Mesothelial cells on the peritoneum exhibited cuboidal cytoplasm and spheroidal nuclei (arrow). In the submesothelial layer, connective tissue was
observed (double arrow). c: Novel PC model, at day 1. Mesothelial cells exhibited the same changes of the scrape model (arrow) and edematous
change were present in the submesothelial layer (double arrow). d: Novel PC model at day 1. RCN-9 cells (arrow) were adherent to the basement
membrane in the region in which mesothelial cells had peeled-off. 



investigate changes in the submesothelial layer and fibroblasts,
histological examination would be needed in order to obtain
material after sacrifice. Therefore, real-time optical imaging is
probably impossible.

While the role played by submesothelial layer fibroblasts
in the establishment of PC remains unclear, our study
indicates that it is potentially critical and warrants further
investigation. 
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Figure 4. Thickness of submesothelial layer and RCN-9 cell layer. a: Submesothelial cell layer thickness in the novel peritoneal carcinomatosis
model increased in the early phase (day 7) of tumor growth. In the late phase, the submesothelial cell layer thickness decreased to the level observed
at day 1. There were significant differences between the novel PC and scrape models at each time point. *p<0.05; **p<0.01; ***p<0.001; n=5. b:
RCN-9 cell layer thickness increased with time, and there was a positive correlation between the thickness and length of time after RCN-9 cell
injection (R2=0.898; p<0.001).
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Figure 5. Microscopic findings of the novel peritoneal carcinomatosis model at day 7 and 21. a: The thickness of the mesothelial layer reached a
maximum at day 7 in the novel PC model (double arrow). b: Day 7 in the novel PC model. RCN-9 tumor had grown, reaching the muscle layer. c: Day
21 in the novel PC model. The RCN-9 tumor cells had invaded the muscle tissue, and the thickness of the RCN-9 cell layer reached a maximum average
diameter of 3512.3 μm (double arrow). d: The thickness of the submesothelial layer decreased to an average of 53.4 μm (double arrow) and was similar
to that at day 1. Fibroblasts in the submesothelial layer decreased, and mesothelial cells exhibited the activated form (arrow, inset higher power).
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