
Abstract. Background: Colorectal cancer (CRC) is one of
the more intensively studied human malignancies. For many
years, the general view has been that the vast majority of
CRCs in humans evolve from conventional (tubular or villous)
adenomas via the adenoma–carcinoma pathway. More
recently, serrated colorectal polyps (hyperplastic polyps,
sessile serrated polyps and traditional serrated adenomas)
have emerged as an alternative pathway of colorectal
carcinogenesis in humans. Archival sections from early
experiments in Sprague-Dawley (SD) rats injected with
dimethylhydrazine (DMH) were reviewed and the histology of
colonic neoplasias was re-evaluated. Out of 215 colonic
neoplasias, 9% were serrated adenomas and 6% serrated
carcinomas, 11% conventional adenomas, 39% highly
differentiated carcinomas, 21% gut-associated lymphoid tissue
(GALT) carcinomas, 13% signet-ring cell carcinomas, and 1%
villous carcinomas. In a more recent review of archived
sections from DMH-treated rats with colonic GALT follicles,
dysplastic crypts exhibiting asymmetrical bifurcations in
GALT mucosa were found in 49% and colonic GALT
carcinomas in 53% of 276 DMH-treated rats. Histology of the
146 colonic GALT-carcinomas revealed highly differentiated
carcinoma in 75%, signet-ring cell carcinoma in 20%,
mucinous carcinomas in 3% and mixed in the remaining 2%.
Highly differentiated carcinomas were seen to evolve from
dysplastic crypts with asymmetric bifurcations and from
adenomas and signet-ring cell carcinomas, and from non-
dysplastic crypts having goblet cells with marked anisocytosis.
It is apparent that DMH treatment in SD rats induced

conventional adenomas, conventional carcinomas, serrated
adenomas, serrated carcinomas and GALT carcinomas. The
paradigm permits to monitor in detail the early histological
steps that epitomize the three alternative pathways of colonic
carcinogenesis in SD rats. This model might be useful for
analyzing different molecular aberrations evolving during the
conventional adenoma–carcinoma pathway, the serrated
carcinoma pathway, and the GALT carcinoma pathway of
colonic carcinogenesis, under standard laboratory conditions. 

Colorectal cancer (CRC) is one of the more intensively
studied human malignancies. For many years, the general
view has been that the vast majority of CRCs in humans
evolve from conventional (tubular or villous) adenomas via
the adenoma–carcinoma pathway (1). More recently, serrated
colorectal polyps (hyperplastic polyps, sessile serrated
polyps and traditional serrated adenomas) have emerged as
an alternative pathway of colorectal carcinogenesis in
humans (2, 3). It has been estimated that about 30% of CRCs
in humans progress via the serrated pathway (3).

Colorectal Carcinogenesis in Rodents

While attempting to produce amyotropic lateral sclerosis by
feeding nuts of Cycas circinalis (a tropical fern from a family
of Cycadaceae), Laqueur et al. accidentally found that rats
developed colonic cancer (4). The same author subsequently
demonstrated that the active carcinogen in these nuts was
cycasin, a water-soluble α-glucoside of methylazoxymethanol
(5). This discovery lead Druckey et al. to administer a
structurally similar compound, 1,2-dimethylhydrazine (DMH)
(6) to induce colonic tumours in rats. DMH and its
carcinogenic metabolites [azoxymethane (AOM) and
naethylazoxymethanol] are the most commonly used
compounds to study morphology, pathogenesis, prevention and
treatment of experimentally induced colonic tumours (7-9).
Such tumours are predominantly found in the colon (10-18). 

In later years, a vast amount of literature on colorectal
neoplasias induced by different carcinogens, by genetic
engineering or by spontaneous mutations in mice and rats
has been published. A recent search in PUBMED
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(14/11/2016) using the key words “induced colonic cancer
in rats and mice” yielded 21,799 publications. This body of
literature is a testimony to the expectation that experimental
models might contribute to understanding the elusive process
of colorectal carcinogenesis in humans. 

The Conventional Adenoma–Carcinoma Pathway 
of Colonic Carcinogenesis in Rodents

Until recently, it was widely recognized that the administration
of colonotropic carcinogens to rodents induced conventional
(tubular or villous) adenomas that progressed to conventional
carcinomas. Several histological classifications have been
proposed to address the adenoma–carcinoma pathway in
rodents. Working with AOM-treated rats, van Kouwen et al.
classified colonic tumours into tubular, tubulovillous and
villous adenomas or carcinomas (12). Dysplasia was defined
according to the Vienna criteria applied to colonic neoplasias
as either low- or high-grade dysplasia (19). Perse and Cerar
also classified colonic tumours in DMH/AOM-treated rats into
tubular, villous, or tubulovillous adenomas or carcinomas (13).
Adenocarcinomas were classified into moderately
differentiated (tubular, tubulovillous, or villous), poorly
differentiated, mucinous, signet-ring cell, and undifferentiated.
Summarizing a Consensus Report and Recommendations for
the pathology of mouse models of intestinal cancer, Boivin et
al. classified adenomas into tubular, villous, or tubulovillous,
and adenocarcinomas into well-differentiated, moderately
differentiated, or poorly differentiated (14). The histological
carcinoma phenotypes were: tubular/tubulovillous/ villous
carcinoma; mucinous carcinoma, signet-ring cell carcinoma
(SRCC) and undifferentiated carcinoma. Ten years later,
Washington et al. (15) published a Progress Report and
Recommendations regarding the original article of Boivin et
al. (14). Based on the new knowledge regarding the serrated
pathway of colorectal carcinogenesis in humans, Washington
et al. wrote: “The morphologic characteristics of serrated
architecture have not been clearly defined in animal models,
and the Panel agreed that none of the models reviewed
developed neoplasms that were morphologically similar to
human serrated intestinal neoplasms” (15). In a more recent
review, Ward et al. postulated that adenomas in rodents often
develop stalks and intestinal adenocarcinomas often develop
de novo from flat lesions and not from adenomas (16).
Adenomas were not histologically classified. On the other
hand, adenocarcinomas were subdivided into scirrhous,
tubular, papillary, tubular–papillary, mucinous, signet ring,
solid, undifferentiated, and mixed types. Zalatnai et al.
classified colonic tumours in AOM-treated rats into adenomas
with severe dysplasia and adenocarcinomas (17). Finally,
Mełeń-Mucha and Niewiandomska divided adenomas into
three groups: adenoma with mild, moderate, and severe
dysplasia and adenocarcinomas into well, moderately, poorly

differentiated, and SRCCs (18). Thus, despite disparate
classifications of colonic adenomas and carcinomas in
carcinogen-treated rodents, the general view was that colonic
carcinomas evolved via the conventional adenoma (tubular or
villous) carcinoma pathway (Figure 1a and b).

Two Recently Described Alternative Pathways 
of Colonic Carcinogenesis in Rats

The serrated carcinoma pathway. In a recent review of
archival sections from early experiments (21-28), it was
found that out of the 215 colonic neoplasias evolving in
Sprague-Dawley (SD) rats injected with DMH, 9% were
serrated adenomas and 6% serrated carcinomas (20). In
addition, 11% were conventional adenomas, 39% highly
differentiated carcinomas, 21% gut-associated lymphoid
tissue (GALT) carcinomas, 13% signet-ring cell carcinomas,
and 1% villous carcinomas. It is apparent that DMH
treatment in SD rats induced conventional adenomas,
conventional carcinomas, serrated adenomas, serrated
carcinomas (Figure 1c and d), and GALT carcinomas (20). 

The GALT carcinoma pathway. The mucosa of the colon in
rats may be divided into two quantitatively different
domains. One domain, built with crypts exhibiting goblet
cells and columnar cells, occupies the vast majority of the
colorectal mucosa. The other domain, covering tiny
organized lymphoid follicles, is referred to as GALT
mucosa. The epithelium of the GALT mucosa is described
as lined with cuboidal cells, few or no goblet cells, and
scattered "M cells" (so-called because of broad
invaginations or microfolds) (28). M Cells have the
capacity to absorb luminal antigens, macromolecules and
microorganisms via clathrin-mediated endocytosis (28).
Luminal antigens, macromolecules and microorganisms are
subsequently hauled into antigen-presenting cells
(macrophages, B-cells and dendritics cells) from where
they are transferred to gut-indigenous, thymus-independent
lymphoid tissue for immediate immunological processing
(28). The constellation of M cells-lymphoid tissue builds a
lympho-epithelial immunological cross-talk unit, a relay
complex for gut recognition of antigens. On the other hand,
the function of the GALT-free mucosal domain is to protect
underlying structures, to absorb fluids, vitamins and some
nutrients, and to lubricate the faeces by virtue of its
production of mucus. 

When colectomy specimens from untreated rats removed
at autopsy were transilluminated in a translucent photography
light box, two lumps were seen in the proximal colon
(caecum), two in the transverse colon and two in the distal
colon (Figure 2a), near the rectal border. Histology of the six
colonic lumps revealed GALT follicles. Interspersed in the
cuboidal epithelium, colonic crypts were found (Figure 2b).
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Figure 1. Exemplary tissue sections from dimethylhydrazine-treated Sprague-Dawley rats. a: Conventional tubular adenoma. Note circumscribed
colonic non-invasive neoplasia built with crowded crypts lined with dysplastic cells, b: Conventional (tubular) invasive carcinoma. c: Serrated
adenoma. Note unlocked serrations lined with dysplastic cells, d: Serrated invasive carcinoma. Hematoxylin-eosin, ×10.

Figure 2. Exemplary tissue sections from dimethylhydrazine-treated Sprague-Dawley rats. a: Gross view of colectomy specimen subjected to trans-
illumination. In the distal colon, near the rectum, two lumps (at arrows) can be seen. Histology showed gut-associated lymphoid tissue (GALT)
mucosa. b: GALT mucosa in a control rat (hematoxylin-eosin, ×4). c: GALT carcinoma (hematoxylin-eosin, ×2), d: Detail from a GALT carcinoma
showing invasive carcinoma surrounded by lymphoid tissue (hematoxylin-eosin, ×10). 



Histological Aberrations in the GALT Mucosa 
of DMH-treated SD Rats 

In a previous review of archived sections from 276 DMH-
treated rats with colonic GALT follicles (29), non-dysplastic
crypts were found with structural anomalies such as
asymmetrical bifurcations and abnormalities in spatial
orientation interspersed in the cuboidal epithelium. These
non-dysplastic crypt aberrations were recorded in 20%
(n=56) of the 276 rats examined. The crypt epithelium was
usually eosinophilic with few or no goblet cells. In addition,
dysplastic crypts exhibiting asymmetrical bifurcations, or
anomalies in spatial orientation in GALT mucosa were found
in 49% (n=135) of the 276 DMH-treated rats. Dysplastic
crypts with structural aberrations were recorded in 7% of the
adenomas and in 53% of the GALT carcinomas (29). Twenty
adenomas (7%) were detected on top of the GALT mucosa
in the 276 DMH-treated rats. 

High Frequency of Colonic GALT Carcinomas 
in DMH-treated Rats

High frequency of GALT carcinomas in carcinogen-treated
rats was first reported by Deasy et al. (30), and later
confirmed by various authors (31-33).

In the aforementioned experiment (29), colonic GALT
carcinomas were aIso found (Figure 2c and d) in 53% of the
276 DMH-treated rats. Histology of the 146 colonic GALT
carcinomas revealed highly differentiated carcinoma (HDC)
in 75%, SRCC in 20%, mucinous carcinoma in 3% and
mixed in the remaining 2%. HDCs were seen to evolve from
dysplastic crypts with asymetric bifurcations and from
adenomas and SRCCs, and from non-dysplastic crypts
having goblet cells with marked anisocytosis. Invasive HDCs
was present in 80% (n=16) of the 20 adenomas (29).

Molecular Events in Colonic Crypts

In the normal colon, the crypts are close-packed, oriented with
the cryptal luminal axis perpendicular to the mucosal surface.
During crypt renewal, stem cells at the crypt bottom generate
amplifying daughter cells that proliferate and differentiate while
migrating upwards (34, 35). The adenomatous polyposis coli
(APC) gene normally down-regulates WNT signalling. The
APC concentration is low at the crypt bottom and high at the
top (the domain of differentiated cells). WNT signalling, in
contrast, is high at the bottom [where stem cells reside (36)] and
low at the top. Hence, WNT and APC gradients are important
in crypt formation and regulation. Since both APC and WNT
signalling components (e.g. survivin) are required for mitosis,
this mechanism establishes a zone in the lower crypt where
conditions are optimal for maximal cell division and mitosis
orientation (symmetric versus asymmetric) (34, 35). Mutations

in the APC gene are found in most CRCs, in both rodents and
humans. Mutation of the APC gene causes abnormal crypt
production, disorientation of the crypts, and increased crypt
production leading to colorectal adenomas. Thus, the
asymmetric fission of non-dysplastic crypts found in GALT
follicles, most likely, is tailored by mutations in the APC gene
generated by DMH. The asymmetric fission of non-dysplastic
crypts strongly suggests that crypt fission occurs before the cell
mutations that ultimately generate dysplastic crypts.

An Animal Model Without GALT Carcinomas

An important factor in the development of CRC in humans
is the lifestyle, especially dietary habits (37). In this context,
it should be mentioned that early experiments demonstrated
that extracts of scorched broiled fish and meat contained
highly mutagenic heterocyclic amines (38). Accordingly,
pyrrolate from scorched amino acids and proteins were
administered to rodents to study potential carcinogenesis
(38). Takayama et al., found that the oral administration of
2-amino-6-methyldipyrido[1,2-a:3',3'-d]imidazole (GLU-1)
isolated from a glutamic acid pyrrolate induced tumours in
the large and small intestine, liver, ear duct and clitoral gland
of F344 rats (39). In a later review of sections from an
experiment by Takayama et al., in 53 colonic neoplasias
evolving in 101 Fisher-344 (F-344) rats fed with GLU-1 for
24 months, it was found that 60% were tubular adenomas,
23% serrated adenomas, 2% villous adenomas, and 15%
highly differentiated (tubular) carcinomas (40). GALT
carcinomas were not found in GLU1-treated F-344 rats. One
possible explanation for these findings might be that the
chemical nature of the carcinogen administered is essential
for the induction of GALT carcinomas in rats.

Pathways of Colorectal Carcinogenesis in Humans

It is generally recognized that the vast majority of CRCs in
humans evolve in the GALT-free mucosal domain via the
conventional adenoma (tubular or villous)–carcinoma pathway
or the serrated adenoma–carcinoma pathway. Less frequently,
CRCs develop in the GALT mucosal domain, via the GALT
carcinoma pathway. In fact, a recent review indicates that only
21 GALT carcinomas have been reported in the literature on
humans (41). The cause for the low frequency of CRC in the
GALT mucosal domain in humans and the high frequency of
GALT carcinomas in DMH-treated SD rats remains
challenging and deserves to be further investigated.

Conclusion 

In the present survey, three different pathways of colorectal
carcinogenesis in DMH-treated SD rats are described. The
model permits monitoring in detail the early histological
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steps that epitomize the three alternative pathways of colonic
carcinogenesis in SD rats. This paradigm might be useful in
analysing different molecular aberrations evolving during the
conventional adenoma–carcinoma pathway, the serrated
carcinoma pathway, and the GALT carcinoma pathway of
colonic carcinogenesis, under the standard conditions of the
laboratory. 
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