
The hamster cheek pouch model
for field cancerization studies
ANDREA MONTI-HUGHES, ROMINA F. AROMANDO, MIGUEL A. P �EREZ, AMANDA

E. SCHWINT & MARIA E. ITOIZ

Oral cancer accounts for 7% of all new cancer cases
worldwide, around 270,000 cases annually. In devel-
oping countries, it is the fifth most common cancer in
men and the seventh most common in women (60,
93, 136). Oral cancer has high morbidity, with a 5-year
survival rate of 34–56% (16, 76, 84).

Although the oral cavity is highly visible, most cases
of oral cancer are diagnosed at an advanced stage.
This is one reason for the poor survival rate (55). An
interesting study performed in the province of C�ordo-
ba, Argentina, revealed that patients and dentists
share equally the responsibility of late diagnosis.
Patients delay consultation for an early lesion and
dentists fail to identify lesions that warrant referral to
a specialist (83).

More than 90% of oral cancers are squamous cell
carcinomas, and tobacco use and excessive alcohol
consumption, as risk factors, are estimated to
account for 75% of all oral cancers in the western
hemisphere (48, 135). The particular action of these
carcinogens, which exert their effect on the surface of
the mucosa, induces the phenomenon known as
‘field cancerization’. This concept was introduced by
Slaughter et al. (116) to explain the increased risk of
malignant transformation in large areas of the epithe-
lial lining of the upper aerodigestive tract. This
hypothesis was based on the high incidence of sec-
ond primary tumors or multifocal cancer, and the
concept was later unequivocally supported by the
demonstration of molecular changes in the clinically
healthy oral mucosa of tumor-bearing patients (10,
125) and in the apparently normal mucosa of smok-
ing patients (10, 12). Furthermore, the sequential or
simultaneous development of oral premalignant and
malignant lesions in a single patient is the result of
progressive genotypic and phenotypic alterations
associated with field cancerization (124). Field
cancerization has been described in the oral cavity,
oropharynx and larynx (10, 24), lung (37), esophagus

(100), vulva (104), cervix (21), colon (61), breast (36)
and skin (121).

The clinical manifestation of a carcinoma is often
preceded by nontumoral lesions of the oral mucosa
that are associatedwith awide range of clinical andhis-
tological features. These lesions have been shown, epi-
demiologically, to have a higher statistical probability
of malignant transformation (73). These clinical enti-
ties have been classically termed ‘precancerous lesions’
and,more recently, have been grouped under themore
appropriate term ‘potentially malignant disorders’
(109, 134). Amongst them, the lesions of greatest preva-
lence and highest risk of malignant transformation are
erythroplasia, leukoplakia, some forms of lichenplanus
andfibrosis of the submucosa (18, 131).

Histologically, precancerous lesions exhibit epithe-
lial features that can be associated with natural pro-
gression to carcinoma (i.e. hyperplasia, slight
dysplasia, moderate dysplasia, severe dysplasia and
carcinoma in situ). The severity of epithelial altera-
tions is directly associated with the risk of malignant
transformation. Carcinoma in situ is virtually irrevers-
ible without appropriate treatment.

It is not yet possible to determine whether a can-
cerized field will inevitably lead to the development
of a carcinoma or whether a dysplastic lesion will pro-
gress to malignancy (90). However, the increased risk
of development of malignant tumors from a prema-
lignant lesion/condition has been demonstrated epi-
demiologically.

The search for markers of field cancerization before
the appearance of premalignant clinical or histologi-
cal alterations is relevant in terms of the early diagno-
sis and prevention of oral cancer (57, 131). Within this
context, histochemical markers that can be demon-
strated in routine biopsies processed for histopatho-
logical diagnosis are of particular significance
because detection of a cancerized field may encour-
age a dentist to perform a closer follow up of those
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patients and might constitute an element of persua-
sion for patients with harmful habits to adopt preven-
tive measures.

The efficacy of early markers of field cancerization
must be tested in a model of cancerized mucosa with
histological features that resemble those of normal
mucosa. Clinically normal areas of the oral mucosa of
patients who have already developed tumors have
been used as a model of field cancerization to test bi-
omarkers. In a clinical scenario, it is not easy to
obtain this type of sample for ethical reasons. Hence,
most studies have been performed on surgical speci-
mens, on the histologically normal mucosa adjacent
to tumors (39, 43, 69). However, it has been argued
that the malignant tumor can result in paracrine
effects on the mucosa, inducing metabolic changes
that reflect the influence of the tumor rather than the
actual status of field cancerization (23).

The use of animal models enables the evaluation of
significant amounts of samples, improves reproduc-
ibility and avoids the widespread variations known to
exist in human entities. Our laboratory has exten-
sively studied the model of chemical cancerization in
the hamster cheek pouch in different experimental
conditions, including evaluation of histochemical
markers of field cancerization.

The hamster cheek pouch model

The model of chemical cancerization in the hamster
cheek pouch is the most widely accepted experimental

model of oral cancer (20). It was originally developed
by Salley, in 1954 (108), and later standardized by
Morris, in 1961 (85), to guarantee the reproducibility
of the lesions. It is currently the most widely used
model for basic biological studies, assessment of ther-
apeutic modalities and chemoprevention (9, 30, 67,
68, 72, 87, 88, 95, 114, 130). The golden hamster, Mes-
ocricetus auratus, has an anatomic feature that can
be used to advantage (i.e. a pocket within the thick-
ness of the cheek on each side, which only communi-
cates with the oral cavity at the corners of the mouth
and is lined with stratified squamous epithelium
which resembles that of the oral cavity) (Fig. 1).

The wall of the pouch is separated from the cheek
mucosa and the skin by adventitious tissue, a loose
connective tissue that allows the pouch to be easily
everted (Fig. 2). This is an asset for macroscopic fol-
low up of the tissue response during the experimental
period. In addition, certain experimental procedures
can be carried out with ease, such as wound induc-
tion (94) or local irradiation (111, 113). Furthermore,
the pouch is easily accessible in situ, allowing for the
topical application of chemical carcinogens (Fig. 3).

The model is highly reproducible. It is based on the
topical application of subthreshold doses of the com-
plete carcinogen, 7,12-dimethylbenz[a]anthracene.
The induced tumors are, in theory, the result of the
combined capacities of the carcinogen as an initiator
and a promoter. The most widely used protocol
involves the topical application of a 0.5% solution of
7,12-dimethylbenz[a]anthracene in mineral oil, three
times a week. Exophytic and endophytic tumors begin

Fig. 1. Localization of the cheek
pouch. Microphotograph of a cross-
section of a half-head of a hamster.
Hematoxylin and eosin stain.
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to appear at about week 14 (20, 115). Exophytic
tumors grow toward the pouch lumen and resemble
human oral verrucous carcinomas in terms of hyperk-
eratinization and growth pattern. However, from the
start, these tumors exhibit a large number of cell aty-
pias. Endophytic tumors appear later and infiltrate
the thickness of the pouch wall. Histologically, they
resemble human squamous cell carcinomas, exhibit-
ing different grades of atypia and differentiation. Exo-
phytic carcinomas are macroscopically the most
visible tumors and their growth can be objectively
monitored by tumor volume assays in everted
pouches. Hence, exophytic tumors are the most
widely used tumors in experimental protocols (Fig. 4).

In addition, the model of cancerization in the ham-
ster cheek pouch allows investigation of areas that
subsequently develop tumors. These areas have been
much less exploited than the tumor tissue in experi-
mental studies. The mode of cancerization in this
model, in which the solution of the carcinogen is
spread over the whole mucosa, mimics the mode of
action of tobacco and alcohol, the two most recog-
nized oral carcinogens (88). However, experimental
cancerization is more aggressive than development of
human oral cancer because of the concentration and

the amount of carcinogen required to guarantee
reproducibility of the lesions within the relatively
short experimental time-period of the studies. Experi-
mental cancerization induces observable alterations
in the oral mucosa within the first week following
application of the carcinogen. At that time, a marked
desmoplasia is the first change observed underlying
the cancerized epithelium, long before abnormal
morphologic epithelial lesions occur. The relationship
between fibrosis and oral cancer is markedly evident
in the occurrence of fibrosis of the submucosa, the
well-known precancerous lesion that is highly preva-
lent in India (96, 97, 119, 120) as a result of the habit
of chewing betel. In the hamster model, cancerized
oral mucosa with no epithelial alterations constitutes
an excellent model of early field cancerization. We
have termed this epithelial entity ‘no unusual micro-
scopic findings epithelium’.

From the second week of cancerization, premalig-
nant macroscopic and microscopic lesions become
evident. The severity of these lesions increases pro-
gressively with time. It is possible to establish a

A B

Fig. 2. Access to the hamster cheek
pouch (A). Cheek pouch, everted (B).

Fig. 3. Topical application of a carcinogen in the hamster
cheek pouch.

Fig. 4. Exophytic carcinoma in the hamster cheek pouch.
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sequence of lesions, beginning with hyperplasia and
hyperkeratosis (very similar to premalignant leuko-
plakia of the oral mucosa) that predominate in the
early stages. These alterations are followed by differ-
ent degrees of dysplasia, carcinoma in situ, microin-
vasive carcinomas and tumors (Fig. 5). The time
point of cancerization and the type of lesion are not
strictly correlated (i.e. pouch areas exhibiting differ-
ent ‘lesions’ or ‘stages’ of cancerization can coexist)
(Fig. 6). This feature constitutes an additional similar-
ity between the hamster model and spontaneous
cancerization in the human oral cavity.

Histochemical markers of field
cancerization demonstrable in
routine biopsies

Silver staining for nucleolar organizer
regions

Nucleolar organizer regions are regions of chromo-
somal DNA containing genes that code for several
ribosomal RNAs. Transcriptionally active nucleolar
organizer regions are associated with specific, nonhis-

A B

C D

E F

Fig. 5. Progression to carcinoma in
the hamster cheek pouch model. (A)
Noncancerized, normal epithelium.
(B) No unusual microscopic features.
(C) Hyperplasia. (D) Severe dyspla-
sia. (E) Microinfiltrating carcinoma.
(F) Infiltrating carcinoma. Hematox-
ylin and eosin stain.

Fig. 6. Panoramic microphotograph of a histological sec-
tion of a cheek pouch treated topically, for 16 weeks, with
the carcinogen 7,12-dimethylbenz[a]anthracene. The
pouch was everted and folded in half. When the pouch is
everted, the epithelium remains on the surface and the
opposite walls are joined by their adventitious tissue (A).

The epithelial surface exhibits different stages of the pro-
cess of carcinogenesis: no unusual microscopic features,
with no histological alterations (N), hyperplastic lesions
and potentially malignant dysplastic lesions (P), exophytic
carcinomas (Ca Ex) and endophytic carcinomas (Ca En).
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tone, acidic, argyrophilic proteins (29, 70, 98) that are
selectively identified by a silver colloid staining tech-
nique (28) and are visualized as dark brown intranu-
clear dots at the optical level (Fig. 7). Variations in the
normal pattern of silver-stained nucleolar organizer
regions indicate qualitative and quantitative changes
in protein synthesis (132). An increase in the number
of silver-stained nucleolar organizer regions in inter-
phase nuclei indicates hyperactivity, and, in turn,
indicates, for different pathological conditions, an
increased cell proliferation rate, changes in differenti-
ation processes and secretory activity. These changes
usually occur in cells undergoing malignant transfor-
mation (27, 28, 58). The silver colloid staining tech-
nique can be applied to formalin-fixed, paraffin-
embedded tissues and involves a single step of
immersion in a solution of gelatin and silver nitrate
(56). The simplicity of the staining procedure has led
to its widespread application in discriminating
between malignant and benign lesions and different
degrees of malignancy of some entities in tumor
pathology (29, 31, 76, 103). We have reported a sensi-
tive technique (based on the image-analysis evalua-
tion of the parameters of silver-stained nucleolar
organizer regions, related to volume and shape) that
allows us to detect changes in the silver-stained
nucleolar organizer regions which cannot be identi-
fied by standard enumeration of silver-stained nucle-
olar organizer regions. We showed that this method
can detect variations in the silver staining of nucleolar
organizer regions between different strata of normal
epithelium and between human oral papillomas and

squamous cell carcinomas (14), and very early cellular
alterations, in a model of experimental irradiation of
squamous epithelium (112). We then showed the effi-
cacy of the technique to detect changes in the transi-
tional area between normal oral mucosa and
squamous cell carcinoma in human biopsies (113). As
described above, within certain constraints, this area
can be considered a model of early cancerization.
Finally, we examined the value of this technique to
mark epithelial foci in malignant transformation in
the hamster cheek pouch model (111).

7,12-Dimethylbenz[a]anthracene-cancerized pou-
ches and control pouches, which were treated with
vehicle (mineral oil) alone, were routinely embedded
in paraffin, sectioned and stained by immersion in
gelatin–silver nitrate solution. We introduced a rapid
pretreatment with nitric acid to reduce background
staining and thus improved the accuracy of image
analysis (91). Morphometric evaluation of silver-
stained nucleolar organizer regions was performed
on the following predetermined areas: control epithe-
lium from mineral oil-treated pouches; 7,12-dimeth-
ylbenz[a]anthracene-treated epithelium with no
unusual microscopic features; epithelia with visible
alterations, ranging from hyperplasia to carcinoma in
situ, which were grouped under the term ‘dysplasia’;
exophytic tumors; and endophytic carcinomas.

The following morphometric parameters were eval-
uated: number of silver-stained nucleolar organizer
regions per nucleus; the volume of single silver-
stained nucleolar organizer regions; the total volume
of silver-stained nucleolar organizer regions per
nucleus; the proportion of the nuclear volume occu-
pied by silver-stained nucleolar organizer regions;
and the shape index of silver-stained nucleolar orga-
nizer regions (perimeter/√area), which is an expres-
sion of shape irregularities (the minimum value of
3.54 corresponds to a perfect circle).

Enumeration of silver-stained nucleolar organizer
regions, the parameter classically considered in the
literature, revealed the expected statistically signifi-
cant difference between the control tissue and carci-
nomas, in keeping with findings in human lesions
(27, 56, 70). Changes in the parameters volume and
shape reflected an increase in silver-stained material
and a tendency for silver-stained nucleolar organizer
regions to adopt irregular shapes with the process of
carcinogenesis. Interestingly, there were no signifi-
cant differences in silver-stained nucleolar organizer
region counts between control epithelium and epi-
thelium with no unusual microscopic features, but
there were significant increases in the single and total
volumes of silver-stained nucleolar organizer regions,

Fig. 7. Nucleolar organizer regions, visualized as intranu-
clear brown dots of silver precipitate.
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and alterations in shape were also evidenced
(Table 1).

The discriminative value of silver-stained nucleolar
organizer region-related parameters in the identifica-
tion of individual cases of epithelia that fail to exhibit
histological alterations (i.e. no unusual microscopic
findings) is evident when values from each of the
cases are plotted as scattergrams (Fig. 8). These
results reveal that morphometric evaluation of silver-
stained nucleolar organizer regions is a simple, extre-
mely sensitive technique for detecting incipient cellu-
lar alterations of field cancerization that are not
evident in routine preparations.

Ploidy analysis

It is widely accepted that accumulation of different
genetic alterations is necessary for malignant pro-
gression. Among them, mutations affecting normal
chromosome segregation may lead to abnormal
DNA nuclear content or aneuploidy (41). Cells are
generally called aneuploid when their DNA content
does not reach the normal diploid value (2c) or,
much more commonly, when it exceeds the tetra-
ploid value. Most human malignant tumors exhibit
different grades of aneuploidy that correlate with
histopathology findings and clinical behavior. This
knowledge was mainly obtained by applying ploidy
analysis with cytophotometric techniques. Quantita-
tive evaluation of nuclear DNA by cytophotometry
is less sensitive than molecular cytogenetic or

karyotypic analysis and does not provide informa-
tion on specific chromosomal aberrations. How-
ever, as it can be easily performed on fixed
histopathology specimens, it has become a useful
tool in the diagnosis and prognosis of solid malig-
nant tumors in general and of oral cancer in par-
ticular (1, 74, 105, 110, 129). When abnormal
amounts of DNA reach certain levels, they can be
detected by cytophotometry. This technique has
been applied to the study of oral leukoplakia and
has shown an association between aneuploidy and
histological dysplasia and the risk of malignant
transformation (26, 106, 107, 122). The detection of
aneuploidy in nondysplastic leukoplakia has been
of even greater significance (123), suggesting that
aneuploidy is a cause, rather than a consequence,
of malignant transformation.

Our studies went on to demonstrate the existence of
ploidy alterations in the cancerized field, even before
the microscopic manifestation of any morphologic
changes, using the hamster cheek pouchmodel of oral
cancer (101). We used Syrian hamsters that were trea-
ted with the standard carcinogenesis protocol over a
4-month period, as described above. The control
group was composed of hamsters treated with vehicle
(mineral oil) alone. Pouches were routinely processed
for histopathology. Hematoxylin-and-eosin-stained
sections were employed to identify the following his-
tological categories: carcinoma, carcinoma in situ,
dysplasia, hyperplasia and epithelial areas with no
unusual microscopic features. Control areas were

Table 1. Number, volume and shape parameters of silver-stained nucleolar organizer regions in different epithelial
conditions

Epithelial condition

Biological parameter Control Cancerized
epithelium
with no unusual
microscopic features

Dysplasia Exophytic
carcinoma

Endophytic
carcinoma

Number of silver-stained nucleolar organizer
regions

2.26 � 0.46 1.91 � 0.39 2.09 � 0.33 3.49 � 0.36* 3.80 � 0.54*

Volume of a single silver-stained nucleolar
organizer region

2.04 � 0.57 3.86 � 1.11* 2.82 � 0.71* 2.71 � 0.92 1.72 � 0.21

Total volume of silver-stained nucleolar
organizer regions per nucleus

4.43 � 0.84 7.15 � 1.48* 5.91 � 1.78* 9.26 � 2.59* 6.48 � 0.71*

Total volume of silver-stained nucleolar
organizer regions per nucleus/nuclear
volume

0.12 � 0.02 0.15 � 0.02* 0.13 � 0.03 0.20 � 0.03* 0.16 � 0.02*

Contour index (perimeter/√area) 3.96 � 0.05 4.11 � 0.08* 4.01 � 0.12 4.04 � 0.09 4.15 � 0.09*

Values are given as mean � standard deviation.
*Significant differences with control values (P < 0.05).
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taken from cheek pouches treated with vehicle alone.
Sections adjacent to hematoxylin-and-eosin-stained
sections were processed for Feulgen staining (32). Acid
(5N HCl) hydrolysis was performed for 90 min, the
time period previously identified on the hydrolysis
curve for this material. The areas previously selected
on the hematoxylin-and-eosin-stained sections were
identified on projections of the Feulgen-stained sec-
tions. Ploidy evaluation was performed on each of
these areas by employing an image analyzer and DNA
measurement software. The DNA content of lympho-
cytes contained in the section was taken as the diploid
(2c) reference value. Additional ad hoc software was
developed by our group to correct errors in measure-
ments resulting from possible differences in section
thickness (11, 13). The software calculates the values
of total optical density of each nucleus, equivalent to
the value of DNA content. In addition, it calculates the
mean ploidy value from the mean ratio of total optical
density and the total optical density value of the lym-
phocytes (control 2c diploid value).

Ploidy histograms (indicating the frequency of
occurrence of individual cell ploidy values) were con-
structed for each histological category. Aneuploidy
was objectively computed on the basis of the algo-

rithm defined by B€ocking et al. (6, 7) as the 5c exceed-
ing rate or the aneuploidy index. The 5c exceeding
rate is defined as the percentage of cells with a DNA
content of more than 5c.

Ploidy histograms showed a skew to the right from
the diploid value in all the histological categories. The
skew increased in relation to the severity of lesions
under study. Figure 9 shows an example of character-
istic histograms. Interestingly, histologically normal
epithelia (regions with no unusual microscopic find-
ings) evidenced a peak with a small deviation within
the 2c–4e region and some events exceeded the tetra-
ploid value.

Mean ploidy and 5c exceeding rate values are
shown in Table 2. As expected, carcinomas and carci-
nomas in situ exhibited a statistically significant
increase compared with the control. Mean ploidy val-
ues were near the tetraploid range. However, a con-
siderable number of cells exhibited an aneuploid
DNA content. The results for preneoplastic areas and
histologically normal areas (no unusual microscopic
findings) were striking. Mean ploidy was significantly
higher than for the control, and aneuploid cells
were detected in all of the regions with no unusual
microscopic features.

A B

C
D

Fig. 8. Bar charts and scattergrams
of the total volume of silver-stained
nucleolar organizer regions per
nucleus (TVNOR) (A, B) and the vol-
ume of a single silver-stained nucle-
olar organizer region (VNOR) (C, D).
The scattergrams of control epithe-
lium and cancerized epithelium with
no unusual microscopic features
(NUMF) show cut-off values of
6 lm2 for the total volume of silver-
stained nucleolar organizer regions
per nucleus (B) and 3 lm2 for the
volume of a single silver-stained
nucleolar organizer region (D).
EnCa, endophytic carcinoma; ExCa,
exophytic carcinoma.
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A 5c exceeding rate index of 10 (i.e. 10% of cells with
a DNA content in excess of 5c) is taken to represent
installed malignancy. Percentages ranging between
2% and 4% should be taken to indicate an increased
risk of malignant transformation (6, 8, 75, 122). The

values of 5.7 � 1.02 found by us in the no unusual
microscopic finding areas of the cheek pouch model
reveal that many of these areas exhibit more than five
aneuploid events for every 100 epithelial cells.

Most biomarkers that can be used in routine biopsy
material, such as those described in this article, can
detect changes in biological activity associated with
the process of malignant transformation, but are not
malignancy-specific markers. Other processes that
can give rise to these changes, the most frequent of
which is the process of inflammation, must be ruled
out when evaluating the risk of malignant transfor-
mation. Conversely, the presence of aneuploidy in
oral mucosa epithelial cells reveals genetic alterations
that are inherent to transformed cells. Ploidy analysis
by static cytophotometry on histological sections is a
technique that is easy to perform, but requires
sophisticated equipment. Provided that access to the
equipment is guaranteed, this method is a valu-
able diagnostic aid in view of the fact that the detec-
tion of aneuploid cells is an unequivocal sign of
cancerization.

Fibroblast growth factor-2

Epithelium–connective tissue interactions are essen-
tial for preserving the structure and function of oral
mucosa. Characterization of the changes in the inter-
actions that occur during the development of epithe-
lial neoplasia is important in terms of the basic
knowledge of the process and the potential implica-
tions of these changes in the control and prevention
of malignant transformation (46). Fibrosis and sub-
epithelial vascularization are known to be induced by
epithelial factors during tumor development. Using
the hamster cheek pouch oral cancer model, we ana-
lyzed how early these changes do, in fact, occur. In
particular, we focused on the association between
these alterations and field cancerization. Within this
context, expression of fibroblast growth factor-2 and
its receptors, fibroblast growth factor receptor-2 and
fibroblast growth factor receptor-3, was assessed by
immunohistochemistry at different stages of the car-
cinogenesis protocol (102).

Fibroblast growth factors are involved in the trans-
mission of signals between the epithelium and
connective tissue and influence growth and differen-
tiation of a wide variety of tissues, including epithelia
(5). The fibroblast growth factor-2, is one of the proto-
types of the large family of growth factors that bind
heparin. It is expressed in different tissues and has a
wide scope of biologic activities (137). It binds to low-
affinity heparin sulfate proteoglycans that are

A B
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Fig. 9. An example of ploidy histograms for the different
histological categories: (A) control epithelium, (B) cancer-
ized epithelium with no unusual microscopic features, (C)
hyperplasia, (D) dysplasia, (E) carcinoma in situ and (F)
carcinoma. Dashed lines indicate the 2c value. Note the
skew to the right and the aneuploid events in the epithe-
lium with no unusual microscopic features.

Table 2. Ploidy analysis in the different stages of carci-
nogenesis

Histological categories Ploidy 5c exceeding rate
(aneuploidy index)

Control 2.22 � 0.10 0.33 � 0.51

Cancerized epithelia
with no unusual
microscopic features

2.69 � 0.08a 5.70 � 1.02a

Hyperplasia 2.97 � 0.12a 7.14 � 1.60a,f

Dysplasia 2.93 � 0.15a 7.08 � 1.67a,f

Carcinoma in situ 2.56 � 0.33a 13.01 � 3.98a,b

Carcinoma 4.35 � 0.14a 12.93 � 1.92a,b,c,d,e

Data are expressed as mean � standard deviation.
Significance on analysis of variance was followed by post-hoc testing using
Duncan’s test after significant ANOVA (P = 0.001): a, compared with control;
b, compared with cancerized epithelia with no unusual microscopic features;
c, compared with hyperplasia; d, compared with dysplasia; e, compared with
carcinoma in situ; f, compared with carcinoma.
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involved in the interaction with high-affinity recep-
tors that, in turn, mediate the cellular response to
fibroblast growth factor-2 (25, 66). The fibroblast
growth factor receptor family consists of four mem-
bers that have 55–72% amino acid homology (42).

In the hamster cheek pouch, normal epithelium
(without any treatment) expresses fibroblast growth
factor-2 in the basal layer. The receptors fibroblast
growth factor receptor-2 and fibroblast growth factor
receptor-3 are present in all epithelial cells, fibro-
blasts and endothelia. This finding reveals that, simi-
larly to other tissues, fibroblast growth factor-2 is
involved in normal epithelial growth and in the main-
tenance of connective tissue structures and of the
vascular network.

Pouches that had been cancerized for 6–9 weeks
exhibited marked increase in the expression of fibro-
blast growth factor-2. Both the basal cells and the
keratinocytes of all the epithelial layers participate in
increased synthesis of this factor in areas of epithe-
lium with no unusual microscopic findings, which
represents the earliest stage of a cancerized field (dis-
cussed in the description of the model given earlier)
(Fig. 10).

Seeking to assess this process quantitatively, we
calculated the suprabasal labeling index, defined as
the number of positive suprabasal cells divided by the
total number of suprabasal cells in each selected area.
Evaluation was performed using an image analyzer
IBAS (Kontron, Jena, Germany). The suprabasal label-
ing index value peaked at 7 weeks for areas of no
unusual microscopic findings, concomitant with the
expression of receptors in fibroblasts and endothelia.
By this time an intense subepithelial fibrosis had
developed (Fig. 11).

Once the epithelial premalignant lesions appear,
the number of suprabasal cells expressing fibroblast
growth factor-2 continues to rise (Fig. 12). Wakulich
et al. (133) reported a similar pattern of behavior in

human oral dysplasia. Most of the carcinomas fail to
express fibroblast growth factor-2, and, when they do,
the labeling is faint and heterogeneous. These varia-

A B

Fig. 10. Immunohistochemical
expression of fibroblast growth fac-
tor-2. (A) Normal mucosa: the posi-
tive reaction is restricted to the basal
layer. (B) Epithelium with no unu-
sual microscopic features at 7 weeks
of cancerization, showing labeling in
all areas of epithelial thickness.

Fig. 11. Quantitative evaluation of the immunohistochem-
ical expression of fibroblast growth factor-2 using the su-
prabasal labeling index as the end point at intermediate
cancerization times (weeks 6–10) for histologically normal
epithelia (areas with no unusual microscopic features).
*P < 0.05 vs. control (post-hoc analysis using the New-
man–Keuls test).

Fig. 12. Immunohistochemical expression of fibroblast
growth factor-2 in a dysplastic preneoplastic lesion area.
Inhomogeneous expression in basal and suprabasal layers.
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tions in labeling are in keeping with the data reported
by Janot et al. (59) for human carcinomas.

Taken as a whole, the behavior of fibroblast growth
factor-2 in the cheek pouch model is in agreement
with the data reported on its expression in carcino-
mas and potentially malignant lesions of the human
oral mucosa. In addition, we found that the increase
in fibroblast growth factor-2 activity is most marked
during the early stages of epithelial malignant trans-
formation, before there is evidence of clinical or his-
tological alterations.

Epithelial proliferation

Epithelial basal cells of the oral mucosa proliferate by
mitosis. Each cell that enters the cell cycle gives rise
to two cells that inherit the genetic material from the
progenitor cell. Entry into the cell cycle is strictly con-
trolled by signaling, resulting from the interaction
with neighboring cells. This interaction occurs in nor-
mal conditions (e.g. for replacement of desquamating
cells) or in pathological conditions, such as inflam-
mation or wound healing. Malignant cells, trans-
formed by genetic mutations, are able to replicate,
regardless of control mechanisms. Even cells with
early genetic alterations (initiated cells) can escape
the normal control mechanisms of the cell cycle.
When these mutated cells continue to proliferate,
new mutations arise that confer progressively more
growth benefits on the tissue and lead to the develop-
ment of a malignant tumor.

Cancerization of the hamster cheek pouch provides
an excellent model for studying the variations in pro-
liferation in morphologically normal, cancerized tis-
sue areas. These areas that we have called no unusual
microscopic findings (see description of the model
above) are lined by an epithelium with no histological
alterations that, in turn, lines a desmoplastic connec-
tive tissue with no congestion or inflammatory infil-
trate. Hence, during this period, the action of
substances, in the microenvironment, that induce
proliferation is minimal.

One technique that is easy to apply to the study of
proliferation in experimental material is the counting
of cells labeled immunohistochemically following the
incorporation of 5-bromo-20-deoxyuridine. The tech-
nique is based on the incorporation of this nucleoside
(a structural analogue of thymidine) by cell DNA dur-
ing the phase of synthesis needed for duplication. 5-
Bromo-20-deoxyuridine is injected into the animal
30 min before it is killed. During this time, the com-
pound is incorporated by the cells that are synthesiz-
ing DNA. The availability of 5-bromo-20-deoxyuridine

exceeds, by far, the availability of constitutive thymi-
dine. Following death of the animal, and sampling
and histological processing of the material, the cells
that have incorporated 5-bromo-20-deoxyuridine into
their genetic material can be labeled using a specific
anti-(5-bromo-20-deoxyuridine) serum (Fig. 13).

As part of a more extensive study of the effects of
boron neutron capture therapy on field cancerized
tissue (discussed later; 50) we studied the proliferative
activity of normal and potentially malignant tissue of
the hamster cheek pouch. 5-Bromo-20-deoxyuridine-
labeled cells were counted by light microscopy at
4009 magnification as marked nuclei above a fixed
length (300 lm) of basal layer, employing a grid fitted
into the eyepiece.

The number of epithelial cells synthesizing DNA
increases significantly in cancerized epithelium
before the appearance of histological changes
(Fig. 14) and increases progressively with the progres-
sive development of epithelial alterations (Table 3).

An increase in the counts of labeled cells in appar-
ently normal oral mucosa without signs of inflamma-
tion suggest the existence of transformed cells with
the ability to undergo uncontrolled proliferation. This
finding is in keeping with the demonstration of aneu-
ploid cells in these tissues (discussed earlier in the
section on ploidy studies).

These data can be extrapolated to a clinical sce-
nario as an additional tool to identify field cancerized
tissue. Obviously, 5-bromo-20-deoxyuridine labeling
cannot be used in human biopsies because the tech-
nique requires prior injection of large amounts of the
nucleoside. However, this technique can be replaced
by labeling with endogenous markers related to the
cell cycle, such as nuclear antigens (Ki-67) or nuclear
proteins associated with polymerases (e.g. proliferat-
ing cell nuclear antigen).

Fig. 13. Immunolabeling of nuclei synthesizing DNA:
uptake and subsequent immunohistochemical demonstra-
tion of 5-bromo-20-deoxyuridine. Background staining
with hematoxylin shows the nuclei of quiescent cells in
blue.
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Indicators of angiogenesis

Preneoplastic cells release pro-angiogenic media-
tors. We currently know that angiogenesis precedes
tumor development (33, 34, 44), in which pretumoral
tissue induces the formation of blood vessels for its
own supply and the subsequent nutrition of tumor
tissue.

The time at which the quiescent tumor vasculature
is activated to produce new capillaries has been
termed the angiogenic switch (4, 17, 47). The angio-
genic switch depends on the balance between pro-
and anti-angiogenic signals and can occur in different
pretumoral stages for different neoplasms. The sig-
nals that trigger the angiogenic switch include meta-
bolic stress induced by hypoxia, genetic mutations
that activate oncogenes or inactivate tumor suppres-
sor genes (3) and, mainly, the rise in mediators such
as fibroblast growth factor and, more importantly,
vascular endothelial growth factor, a major pro-
angiogenic factor well documented to induce vascular
endothelial cell proliferation and vascular sprouting.

Seeking to assess variations in angiogenesis in
pretumoral stages of the hamster cheek pouch oral
cancerization model and to determine the angiogenic

switch, we evaluated vascular endothelial growth
factor activity, endothelial cell proliferation, vascular
density and changes in vascular morphology in epi-
thelia with potentially malignant lesions.

The variations in the levels of the pro-angiogenic
factor, vascular endothelial growth factor, were evalu-
ated by immunohistochemical labeling with anti-
human vascular endothelial growth factor serum
(Santa Cruz Biotechnology, Dallas, TX, USA) and scor-
ing of the intensity of the reaction from 0 to 2, as fol-
lows: 0, negative, or less intense than a standardized
kidney control mounted on each slide; 1, moderate,
or equal to the control; 2, intense, or stronger than
the control. Analysis of the proliferation rate of
endothelial cells was performed by intraperitoneal
injection and subsequent detection of 5-bromo-20-
deoxyuridine, using the method described earlier, in
the section entitled ‘Epithelial proliferation’. Analyses
of vascular density and of changes in the shape of
vascular sections were performed by immunolabeling
vascular walls using anti-FVIII serum (126) and by
evaluation of vascular sections. The evaluation of vas-
cular morphology involved image analysis, using appro-
priate software, of digital images of immunolabeled

A B

Fig. 14. Proliferating nuclei in untreated epithelium (A)
and in epithelium with no histological changes (i.e. areas
with no unusual microscopic features) at 7 weeks of canc-
erization (B). The areas with no unusual microscopic fea-

tures exhibited an increase in nuclei synthesizing DNA.
Proliferating nuclei were labeled immunohistochemically
with anti-(5-bromo-20-deoxyuridine) serum.

Table 3. Number of 5-bromo-20-deoxyuridine-labeled nuclei/field for normal cheek pouch epithelium and after
14 weeks of cancerization with 7,12-dimethylbenz[a]anthracene

Tissue type Number of 5-bromo-20-deoxyuridine-
labeled nuclei/field (mean � standard deviation)

Total number of fields measured

Normal epithelium 0.81 � 1.22 758

Potentially malignant tissue

Cancerized epithelia with no
unusual microscopic findings

4.0 � 3.6* 618

Hyperplasia 9.2 � 6.9* 286

Dysplasia 18.0 � 9.5* 79

*Statistically significant difference vs. the normal value (P < 0.001).
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vascular sections (45, 92). The end-points area,
perimeter and circularity were evaluated for each vas-
cular section. According to Padera et al. (92), the
parameter, circularity, is considered to be an indica-
tor of vascular compression. A value of circularity of
1.0 corresponds to a perfect circle, hypothetically rep-
resentative of a normal blood vessel, free from com-
pressive forces and with optimal perfusion. The
circularity value progressively nears 0.0 as the shape
of the vascular section becomes an elongated polygon
owing to an increase in the difference between diam-
eters. This change would indicate that the blood
vessel is undergoing greater compression and con-
comitant alterations in perfusion.

The results show that expression of vascular
endothelial growth factor in the normal cheek
pouch epithelium is very low or absent altogether
(score 0). Expression of vascular endothelial growth
factor is higher in cancerized epithelium in areas of
no unusual microscopic features and in areas of
hyperplasia and dysplasia (potentially malignant
lesions) all of which score between 1 and 2, with no
differences in the staining between the three areas
(Fig. 15). The influence of pro-angiogenic factors
secreted by the epithelium is evident histologically
in the underlying connective tissue when dysplastic
lesions have already developed. Uptake of 5-bromo-
20-deoxyuridine by endothelial cells indicates their
proliferative status. The 5-bromo-20-deoxyuridine-
positive cell count was 5.46 + 9.67 per mm2 (number
of animals = 11), whereas, in normal cheek pouch,
epithelial capillary proliferation is virtually absent
(i.e. 5-bromo-20-deoxyuridine-positive cell count = 0).
Vascular density decreases in areas of no unusual
microscopic findings, probably because of the pres-
ence of fibrosis. Conversely, it increases significantly
in areas lined by hyperplastic and dysplastic epithe-
lium (Table 4, Fig. 16). Furthermore, in these areas,
the blood vessels are dilated and exhibit changes
in shape (Fig. 17), indicating that vascular compres-
sion begins in the early stages of malignant
transformation.

The hamster cheek pouch model for
boron neutron capture therapy studies:
response of field cancerized tissue

As previously described, the hamster cheek pouch
oral cancer model poses a unique advantage in that
the carcinogenesis protocol mimics the spontaneous
process of malignant transformation, leading to the
development of tissue with potentially malignant

A B

Fig. 15. Expression of vascular
endothelial growth factor. (A) Nor-
mal oral mucosa. (B) Potentially
malignant epithelium: a stronger im-
munolabeling reaction is observed in
this tissue.

Fig. 16. Angiogenic switch in the connective tissue under-
lying dysplastic epithelium. The arrows indicate numerous
capillaries immunostained with anti-FVIII Ig.

Table 4. Number of blood vessels/mm2 of subepithelial
connective tissue underlying different tissue areas

Tissue area Number of blood vessels/mm2

(mean � standard deviation)

Normal epithelium 85.08 � 48.32

Cancerized epithelia
with no unusual
microscopic findings

58.08 � 25.00

Hyperplasia 108.63 � 96.11

Dysplasia 182.63 � 104.80***

Tumor 68.43 � 64.43

***P < 0.05 (dysplasia vs. normal epithelium).
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disorders from which tumors arise (50). Thus, the
model allows for the study of both tumors and field-
cancerized tissue (10, 89), unlike implanted tumor
models. In addition, it is an accepted model of muco-
sitis and enables assessment of the side effects of
radiotherapy and chemotherapy (9).

The relevance of field cancerization in head and
neck cancer lies in the frequent occurrence of second
primary tumors after treatment (40). There is a risk of
approximately 20% for second primary tumors based
on continued exposure to risk factors (54). In addi-
tion, in head and neck cancer, the incidence of recur-
rent disease may be as high as 30–50% after
radiotherapy (e.g. 35). Within this context, recurrent
and/or second primary tumors are a therapeutic
challenge in head and neck cancer. In addition, the
constraints imposed on therapeutic protocols by the
dose-limiting nature of tissue with potentially malig-
nant disorders must be assessed. In a clinical sce-
nario, confluent oral mucositis is a frequent, dose-
limiting side effect during conventional radiotherapy
for advanced head and neck tumors (117, 118), affect-
ing approximately 80% of patients (118).

Given the relatively poor overall 5-year survival rate
for malignancies of the oral cavity (76), and in view of
the fact that radical surgery causes large tissue defects
(64), there is a need for more effective and selective
therapies. Within this context, boron neutron capture
therapy has been proposed for the treatment of head
and neck cancer (e.g. 62, 63). Boron neutron capture
therapy is a binary treatment that combines the
administration of boron carriers (which are taken up
preferentially by neoplastic tissue) with irradiation
with a thermal/epithermal neutron beam. The high

linear energy transfer a-particles and recoiling 7Li
nuclei emitted during the capture of a thermal neu-
tron by a 10B nucleus have a high relative biological
effectiveness (e.g. 22, 38). Their short range (6–10 lm)
in tissue limits the damage largely to cells containing
10B. In this way, boron neutron capture therapy tar-
gets neoplastic tissue selectively, sparing normal tis-
sue. However, the interaction of the neutrons with
nitrogen and hydrogen in tissue, and the gamma
component of the beam, will deliver an unavoidable
and nonspecific background dose (22, 128). Boron
neutron capture therapy protocols are designed to
maximize the boron component of the dose and to
minimize background dose. As boron neutron cap-
ture therapy is based on biological, rather than geo-
metric, targeting, it would be suited to treat
undetectable micrometastases (15) and foci of malig-
nant transformation in field-cancerized tissue (80,
81).

The hamster cheek pouch model of oral cancer was
proposed and validated by our group for boron neu-
tron capture therapy studies to explore new applica-
tions of boron neutron capture therapy, study its
radiobiology and improve its therapeutic efficacy (67,
68). Our first experimental studies preceded the first
clinical trial of boron neutron capture therapy for
head and neck malignancies (65). We evidenced the
therapeutic efficacy of boron neutron capture ther-
apy, mediated by the boron compounds borono-
phenylalanine and/or decahydrodecaborate, to treat
oral cancer in this experimental model with no nor-
mal tissue radiotoxicity, and slight/moderate mucosi-
tis in dose-limiting tissue with potentially malignant
disorders surrounding tumors (2, 49, 50, 53, 67, 68, 77,

A B

C D

Fig. 17. Vascular changes. (A) Area
underlying normal epithelium. (B)
Area underlying dysplastic epithe-
lium. There was a progressive
increase in vessel area (C) and
perimeter (D) in areas underlying
dysplastic epithelium and in tumor
stroma compared with vessels in
control pouches. Each bar indicates
the mean value with standard devia-
tion. *P < 0.05.
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78, 79, 99, 127, 128). Despite the success of the boron
neutron capture therapy protocols employed in these
studies to treat tumors, the inhibition of tumor devel-
opment in tissue with potentially malignant disorders
remains an unresolved challenge. We showed that
boron neutron capture therapy induces a drastic fall
of DNA synthesis in tissue with potentially malignant
disorders, associated with a short-term lag in the
development of recurrent and/or second primary
tumors (50). However, the aggressiveness of the
model, as employed in tumor control studies (e.g. 67,
99, 78, 127, 128), precludes the long-term follow-up
(19) needed to evaluate the effect of boron neutron
capture therapy on tissue with potentially malignant
disorders in terms of the development of recurrent
and/or secondary primary tumors. Therefore, we
developed a model of oral precancer in the hamster
cheek pouch that can be used for long-term studies
(i.e. is amenable to long-term (8 months) follow-up,
but, if left untreated, guarantees tumor development
in ≥90% of the animals) (52). Being less aggressive, it
mimics human oral carcinogenesis more closely than
the standard carcinogenesis protocol (86). This carci-
nogenesis protocol involves the topical application of
7,12-dimethylbenz[a]anthracene, twice a week, for
6 weeks. Long-term follow-up is favored as it reduces
the number of applications of 7,12-dimethylbenz[a]
anthracene, which is known to cause liver disorders,
such as enhanced oxidation of lipids and proteins,
and, coupled with compromised antioxidant defenses
(71) contributes to the decline of test animals.

Employing this model of oral precancer for long-
term follow-up, we first performed boron biodistribu-
tion studies employing different administration pro-
tocols of boron compounds and showed the
therapeutic potential of these administration proto-
cols (80). Boron biodistribution studies are performed
to determine the concentration of boron in tissue and

blood, on which the dose calculations are based, and
to select the optimal time point, postadministration,
for performing neutron irradiation. This time point is
selected to maximize the ratio of boron concentration
between target and normal tissue and target tissue
and blood (e.g. 51). We then demonstrated the partial
inhibitory effect vs. control (cancerized, untreated
pouches) on the development of tumors in tissue
with potentially malignant disorders of a single appli-
cation of boron neutron capture therapy mediated
by the boron compounds borono-phenylalanine
(SBPA-BNCT), decahydrodecaborate (SGB-10-BNCT)
or decahydrodecaborate + borono-phenylalanine
(S(GB-10+BPA)-BNCT) at 4 Gy absorbed dose, pre-
scribed for tissue with potentially malignant disor-
ders, with no normal tissue radiotoxicity and without
severe dose-limiting mucositis in tissue with poten-
tially malignant disorders (80). All three boron neu-
tron capture therapy protocols induced a statistically
significant reduction in tumor development in tissue
with potentially malignant disorders, reaching a max-
imal inhibition of 77–100%. The inhibitory effect of
borono-phenylalanine–boron neutron capture ther-
apy and decahydrodecaborate + borono-phenylala-
nine–boron neutron capture therapy persisted at 51%
at the end of follow up (8 months), whereas the
inhibitory effect of decahydrodecaborate–boron neu-
tron capture therapy showed a marked decrease after
2 months (Fig. 18). At 8 months post-treatment with
borono-phenylalanine-boron neutron capture ther-
apy and decahydrodecaborate + borono-phenylala-
nine-boron neutron capture therapy, the tissue with
potentially malignant disorders that did not give rise
to tumor development had regained the macroscopic
and histological appearance of normal (noncancer-
ized) pouches (Fig. 19). We then demonstrated that a
double application, 6 weeks apart, of borono-phenyl-
alanine-boron neutron capture therapy and deca-

Fig. 18. Accumulated percentage of
animals that develop ‘new’ tumors
from tissue with potentially malig-
nant disorders at representative time
points post-treatment. S(GB-10 +
BPA)-BNCT, Single application of
Boron Neutron Capture Therapy
(BNCT) mediated by the boron com-
pounds GB-10 and BPA; SBeam only,
Single application of Beam only;
SBPA-BNCT, Single application of
BNCT mediated by the boron com-
pound BPA; SGB-10-BNCT, Single
application of BNCT mediated by the
boron compound GB-10.
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hydrodecaborate + borono-phenylalanine-boron
neutron capture therapy, at 8 Gy total absorbed dose,
could be used therapeutically, at no additional cost in
terms of radiotoxicity, in normal tissue and in the tis-
sue with potentially malignant disorders (80). The
animals were irradiated at the RA-3 thermal facility,
employing a lithium-6 carbonate shield to protect the
body of the animal with the cheek pouch everted out
of the enclosure onto a protruding shelf for exposure

(99) (Fig. 20). The mean thermal neutron flux at the
center of the shelf was 7.49 9 109 � 1.6 9 109 n/cm2.s
and the mean gamma dose rate at the irradiation
position was 6.08 � 0.61 Gy/h.

Seeking to optimize boron neutron capture therapy
in terms of improving therapeutic efficacy and reduc-
ing radiotoxicity, we evaluated new boron neutron
capture therapy protocols, in which tumor develop-
ment was inhibited and radiotoxicity minimized, in

A B C

Fig. 19. Representative macroscopic views of: (A) control
(cancerized, not treated) field-cancerized pouch with
tumors; (B) a field-cancerized pouch treated with Single
application of boron neutron capture therapy mediated by
the boron compound BPA (SBPA-BNCT) that had not devel-
oped tumors 8 months post-treatment; and (C) a normal

pouch (noncancerized). Below the macroscopic views we
show, for each case, the corresponding characteristic light
microscopy images (hematoxylin and eosin stain). Note
that the field-cancerized pouch treated with SBPA-BNCT
has the macroscopic and histological appearances of a nor-
mal (noncancerized, not treated) pouch.

A B

C D

Fig. 20. (A) External view of the RA-3
nuclear reactor thermal neutron
facility. (B) External view of the
space for sample insertion (circle).
The samples are then moved to the
irradiation position near the reactor
core. (C) Animals ready for irradia-
tion: lithium-6 carbonate shielding
is used to protect the body of the ani-
mal (the enclosure is shown without
its lid). The cheek pouch is everted
out of the enclosure onto a protrud-
ing shelf for exposure. (D) Lithium-6
carbonate shielding to protect the
body of the animal (the enclosure is
shown with its lid).
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the hamster cheek pouch model of oral precancer
for long-term studies. We showed that a double appli-
cation (4 weeks apart) of decahydrodecaborate +
borono-phenylalanine-boron neutron capture ther-
apy, at a total dose of 10 Gy, rendered the best thera-
peutic advantage (i.e. 63–100% inhibition of tumor
development with only slight mucositis in 67% of
cases) (82).

Issues such as dose levels and dose fractionation,
interval between applications and choice of boron
compounds are pivotal in conveying the optimal
therapeutic advantage and must be tailored for a par-
ticular pathology and anatomic site. Within this con-
text, the hamster cheek pouch model of oral cancer
and precancer for long-term studies can be employed
in radiobiological boron neutron capture therapy
studies to determine treatment conditions that would
provide an optimal protocol of boron neutron cap-
ture therapy and that would warrant cautious assess-
ment in a clinical scenario.
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