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a b s t r a c t

Objective: Given that locoregional recurrences developing from a tissue with potentially

malignant disorders (PMD) in oral mucosa are a frequent cause of therapeutic failure, and

that tissue with PMD is dose-limiting, the aim of the present study was to develop a model of

tissue with PMD to evaluate the long-term therapeutic/toxic effects of different therapeutic

modalities.

Materials and methods: We evaluated 5 carcinogenesis protocols based on topical application

of the carcinogen dimethyl-1,2-benzanthracene in the hamster cheek pouch, twice a week

for 4, 6, 7, and 8 weeks and the classical 3 times a week for 12 weeks.

Results: Long-term follow-up (8 months after protocol completion) was only possible with the

4- and 6-week carcinogenesis protocols. Tumour development increased progressively with

time and aggressiveness of the carcinogenesis protocols. The time at which tumours

developed in �90% of the animals was at protocol completion (T0) for the 12-week protocol,

1 month post-T0 for the 8-week protocol, 3 months post-T0 for the 7-week protocol and 4

months post-T0 for the 6-week protocol. <40% of the animals in the 4-week protocol

developed tumours within the 8 months follow-up period. DNA synthesis rose as a function

of time and protocol aggressiveness.

Conclusions: The 6-week carcinogenesis protocol was selected for long-term studies of

different therapeutic modalities in tissue with PMD because it permitted long-term fol-

low-up and guaranteed tumour development in �90% of the animals.
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1. Introduction

The search for new therapeutic strategies for head and neck

Squamous Cell Carcinoma (SCC) is warranted in view of the

relatively poor 5-year survival rate of 52% and the large tissue

defect caused by radical surgery.1 The Syrian golden hamster

cheek pouch oral carcinogenesis model is the best known

animal system that closely mimics events involved in the

development of premalignant and malignant human oral

lesions.2–4 Despite the remarkable success of Boron Neutron

Capture Therapy (BNCT) protocols employed in studies by our

group to treat the hamster cheek pouch tumours (65–93%

tumour control with no normal tissue radiotoxicity),5–8 a still

unresolved challenge lies in controlling tissue with potentially

malignant disorders (PMD).9,10 Second primary tumour locor-

egional recurrences that arise in field-cancerized tissue are a

frequent cause of therapeutic failure.11 Furthermore, oral

tissue with PMD (termed precancerous tissue in previous

studies) behaves as a dose-limiting tissue in our experimental

BNCT tumour control studies (e.g. [7]). Thus, therapeutic

strategies aimed at controlling tumour or tissue with PMD

must not exceed the tolerance of tissue with PMD. Within this

context, the hamster cheek pouch oral cancer model poses a

unique advantage in that tumours are induced by periodic,

topical application of the carcinogen dimethyl-1,2-benzan-

thracene (DMBA), a process that mimics the spontaneous

process of malignant transformation. Carcinogenesis proto-

cols lead to the development of what has been termed herein

tissue with PMD in keeping with Warnakulasuriya et al.9 and

Napier and Speight,10 which in turn gives rise to the formation

of tumours. Thus, this mode of tumour induction provides a

model of tumour surrounded by tissue with PMD,12,13 allowing

for the study of therapeutic and/or toxic effects in tissue with

PMD. Translational studies have been carried out by other

groups employing a variety of experimental tumour models

that do not give rise to the development of tissue with PMD

because they are based on the implantation of tumour cells in

normal tissue (e.g. [14]).

Our tumour control studies5–7 were performed employing

the classical carcinogenesis protocol that involves topical

application of DMBA in the hamster cheek pouch 3 times a

week for 12 weeks. Employing this standard carcinogenesis

protocol that we routinely employ for short-term tumour

control studies, we also analyzed the short-term effect of BNCT

on tissue with PMD around tumours.15 Although the results

were encouraging, the marked aggressiveness of this carci-

nogenesis protocol yields an oral cancer model that is

adequate for our short-term tumour control studies but is

inadequate for long-term studies of tissue with PMD.

The aim of the present study was to develop a model of

tissue with PMD that would serve to evaluate the long-term

therapeutic/toxic effect of BNCT or other therapeutic mod-

alities.
2. Materials and methods

We evaluated 5 carcinogenesis protocols based on the topical

application of 5% of the carcinogen dimethyl-1,2-benzanthra-

cene (DMBA) in mineral oil in the right cheek pouch of Syrian
hamsters twice a week for 4, 6, 7, and 8 weeks or 3 times a week

for 12 weeks. The 12-week protocol is the ‘‘classical’’ protocol

we use for our short-term BNCT tumour control studies. Local

and institutional guidelines were followed throughout to

ensure the ethics of the research and the welfare of the

animals.

Potential tumour development from tissue with PMD was

assessed weekly by visual inspection and tumour volume

assay (when pertinent) for 1–8 months after protocol comple-

tion, according to the clinical feasibility of follow-up for each

group. The clinical signs and body weight of the animals were

monitored regularly.

Tumour development from tissue with PMD was assessed

at T0 (1 week after completion of the carcinogenesis protocol)

and thereafter in terms of: percentage of animals that

developed tumours at different time-points; T50 (the time to

the development of tumours in 50% of the hamsters) and the

time to the development of tumours in�90% of the animals. In

addition, the percentage of animals with at least one large

tumour (�10 mm3) and the incidence of spontaneous remis-

sions were evaluated for each carcinogenesis protocol over the

follow-up period that was feasible in each case.

DNA synthesis was evaluated in tissue with PMD in terms

of 5-bromo-20-deoxyuridine (BrdU) incorporation at T0 for the

6- and 12-week protocols and at 8 months post-T0 for the 6-

week protocol (animals treated with the 12-week protocol

were not amenable to reliable follow-up after 30 days post-T0).

Thirty minutes prior to humane killing we administered 2 ml

of a 1% solution of BrdU in distilled water (approximately 0.2 g

BrdU/kg body weight) intraperitoneally (i.p.) to each hamster.

Tissue samples were removed and fixed in 10% buffered

formaline, paraffin embedded, sectioned at 5 mm and pro-

cessed for immunohistochemical demonstration of BrdU

employing the peroxidase–antiperoxidase technique.16 Fol-

lowing antigen retrieval with 0.1 M citrate buffer, pH 6, in a

microwave oven, we performed BrdU detection using a mouse

monoclonal anti-BrdU antibody (clon IIB5; Biogenex, San

Francisco, CA, USA) and the biotin-streptavidine-peroxidase

kit (Kit Multilink; Biogenex). Slides were counterstained with

haematoxylin and mounted. Nuclei with positive staining

exhibited brown diaminobenzidine deposits that contrasted

against unlabeled, blue, haematoxylin-stained nuclei. BrdU-

labeled nuclei were counted by light microscopy at 400�
magnification as the brown nuclei in all the epithelial strata

above a fixed length (300 mm) of basal layer employing a grid

fitted into the eyepiece, spanning the full length of the basal

layer available for each pouch section. Following the verifica-

tion that the known histological lesions present in the tissue

with PMD induced by the classical 12-week protocol were

consistently present in the tissue with PMD induced by the 6-

week protocol, the following 3 histological categories were

evaluated individually for both protocols: No Unusual Micro-

scopic Features (NUMF) or cancerized epithelium with no

morphological lesions as a model of early field cancerization,

hyperplasia and dysplasia.15 Eight to fourteen animals were

evaluated for each carcinogenesis protocol and time-point.

One pouch section was measured for each hamster. All the

areas corresponding to each of the histological categories

represented in each pouch section were counted. The number

of fields corresponding to each histological category varied



Table 1 – Number of topical applications of DMBA corresponding to each carcinogenesis protocol and the percentage of
animals that developed tumours from tissue with PMD at T0 and at representative time-points post-T0, for each of the
different carcinogenesis protocols.

Carcinogenesis protocol Number of topical applications Time

T0 1 month 2 months 3 months 8 months

12 weeks (n = 19) 36 90% 100%

8 weeks (n = 19) 16 47% 90% 95% 100%

7 weeks (n = 19) 14 32% 74% 79% 90%

6 weeks (n = 77) 12 9% 65% 78% 87% 97% (n = 38)a

4 weeks (n = 21) 8 0% 19% 33% 38% 38%

a The difference in ‘‘n’’ is due to the fact that an additional series of animals treated with the 6-week carcinogenesis protocol was followed for 3

months to increase the sample size for the earlier time-points.

a r c h i v e s o f o r a l b i o l o g y 5 5 ( 2 0 1 0 ) 4 6 – 5 148
from pouch to pouch. Hence, the difference in the number of

fields evaluated in each case.

Likewise, DNA synthesis was evaluated in tumour tissue

(when available) adjacent to tissue with PMD at 8 months post-

T0 for the 6-week protocol, and compared to values at T0 for

the 12-week protocol previously reported by Aromando et al.17

(at T0 the material available for histological analysis of

tumours corresponding to the 6-week protocol was overly

scarce and, as previously described, the 12-week protocol was

not amenable to prolonged follow-up). Software adapted from

a standard morphometric program was employed to count

brown and blue stained nuclei. Ten random 255 mm � 185 mm

fields were measured at 200�magnification on one section for

each tumour. Approximately, 200 � 100 tumour cells were

contained in each evaluated field. A proliferative index (PI) was

calculated as the percentage ratio between BrdU-positive cells

and total cells counted. The values corresponding to normal

(non-cancerized) pouch tissue were taken from a series of

contralateral, non-cancerized, normal pouches that served as

controls in a previous study by our group.15 In all cases,

adjacent, haematoxylin-eosin stained sections were

employed for histological observation.

The statistical significance of the differences in DNA

synthesis values between the different carcinogenesis proto-

cols and follow-up times was evaluated by Student’s unpaired

t-test. The statistical significance of the differences in DNA

synthesis values amongst the different histological categories

of tissue with PMD was evaluated by one-way ANOVA. Overall

level of significance was set at p = 0.05.
3. Results

Feasibility of follow-up varied with the aggressiveness of the

carcinogenesis protocols. As described above, the 12-week

protocol only allowed for a short-term follow-up (1 month post-

T0) due to the rapid development of large tumours that impair

feeding and compromise the quality of life of the animals. In

addition, numerous DMBA applications would cause liver

disorders such as enhanced oxidation of lipids and proteins

coupled to compromised antioxidant defenses,18 contributing

to animal decline when long follow-up periods are attempted.

Thus, the 12-week protocol is adequate to induce tumours for

use in our short-term tumour control studies but is not

amenable to long-term studies. Only the 4- and 6-week
protocols allowed for consistently long-term follow-up (8

months post-T0). The 7- and 8-week protocols allowed for

intermediate follow-up periods; in the present study follow-up

was discontinued at 3 months post-T0.

Table 1 shows the number of topical applications of DMBA

corresponding to each protocol (from 8 applications in the 4-

week protocol to 36 applications in the 12-week protocol) and

the percentage of animals that developed tumours from tissue

with PMD at T0 and at representative time-points post-T0 for

each of the carcinogenesis protocols. The percentage of

animals bearing tumours increased progressively with the

aggressiveness of the carcinogenesis protocols and time post-

T0. T50 decreased with increasing aggressiveness of the

carcinogenesis protocols, i.e. 21 days for the 6-week protocol,

14 days for the 7-week protocol and 3 days for the 8-week

protocol. In the case of the 12-week protocol, 90% of the

animals had already developed tumours by T0 whereas in the

case of the 4-week protocol, T50 was not reached within the

follow-up period of 8 months. The time at which tumours

developed in �90% of the animals was at T0 for the 12-week

protocol, 1 month post-T0 for the 8-week protocol, 3 months

post-T0 for the 7-week protocol and 4 months post-T0 for the

6-week protocol. <40% of the animals in the 4-week protocol

developed tumours within the 8 months follow-up period. The

failure of the 4-week protocol to guarantee tumour develop-

ment in the majority of the animals rendered it inadequate to

give rise to a model of tissue with PMD to study the potential

inhibitory effect of BNCT (or other therapeutic strategies) on

the development of tumours.

Table 2 shows the percentage of animals with at least one

large tumour (>10 mm3). This end-point shows that the

incidence of larger tumours increases with time and the

aggressiveness of the carcinogenesis protocols.

Spontaneous remissions ranged from 6 to 20% for the 4-, 6-

and 7-week protocols within the corresponding follow-up

period. The 8- and 12-week protocols did not exhibit any

spontaneous remissions within the corresponding follow-up

period.

The histological analysis of the tissue with PMD induced by

the 6-week protocol (Fig. 1) confirmed the existence of the same

histological categories that are known to exist in the tissue with

PMD induced by the classical 12-week protocol,15 i.e. NUMF (no

unusual microscopic features): an epithelium with no apparent

lesions but with subepithelial fibrosis; hyperplasia; dysplasia.

These areas coexist with tumours (Fig. 1A–C).



Table 2 – Percentage of animals available for evaluation
with at least one large tumour (>10 mm3) at representa-
tive time-points post-T0 for each of the different carci-
nogenesis protocols.

Carcinogenesis
protocols

Time post-T0 (months)

1 month 3 months 8 months

12 weeks (n = 19) 100% – –

8 weeks (n = 19) 26% 79% –

7 weeks (n = 19) 21% 26% –

6 weeks (n = 77) 5% 27% 33% (n = 18)a

4 weeks (n = 21) 0% 0% 0%

a The difference in ‘‘n’’ is due to the fact that an additional series of

animals treated with the 6-week carcinogenesis protocol was

followed for 3 months to increase the sample size for the earlier

time-points.
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Table 3 shows the number of BrdU-labeled nuclei/field in

each of the histological categories of tissue with PMD (NUMF,

hyperplasia and dysplasia) for the 6-week carcinogenesis

protocol at T0 and at 8 months post-T0, and for the 12-week

carcinogenesis protocol at T0. Overall, BrdU-labeled nuclei

increased progressively with time and protocol aggressive-

ness. The number of BrdU-labeled nuclei increased concomi-

tantly with the histological aggressiveness of the lesion, i.e.

NUMF < hyperplasia < dysplasia (p < 0.0001). Statistical ana-

lysis of the data showed that the values for the 6-week

protocol at T0 were significantly lower than the corresponding

values for the 12-week protocol at T0 (p < 0.002). Moreover,

even at 8 months post-T0 they did not reach the T0 values of

the 12-week protocol (p < 0.03). For the 6-week protocol, the

values for 8 months post-T0 were significantly higher than for

T0 in the case of hyperplasia and NUMF ( p < 0.0001). The

differences for dysplasia did not reach statistical significance

(p > 0.12). In virtually all cases corresponding to cancerized

tissue, the values were significantly higher (p < 0.0001) than

for normal (non-cancerized) pouch tissue (0.81 � 1.22 BrdU-

labeled nuclei/field). The only exception was the value for

NUMF at T0 for the 6-week protocol (0.7 � 1.2 BrdU-labeled

nuclei/field) that did not exhibit a statistically significant

difference with the corresponding value for normal tissue

(p > 0.2).

The proliferative index (PI) in tumour tissue was signifi-

cantly (p = 0.0001) higher at T0 for the 12-week protocol
Fig. 1 – Representative examples of epithelial alterations corres

epithelium in a non-cancerized pouch (H&E, 400T); (B) Transitio

hyperplastic and dysplastic epithelium in a cancerized pouch (H

corneum differentiation and atypia (H&E, 400T); (D) Immunohist

positive nuclei in DNA synthesis contrast against BrdU-negative

colour in this figure legend, the reader is referred to the web ve
(18.0 � 5.8%, n = 18 tumours) than at 8 months post-T0 for the

6-week protocol (6.0 � 4.1%, n = 6 tumours). A representative

example of a tumour area corresponding to the 6-week

carcinogenesis protocol and exhibiting BrdU-labeled nuclei is

shown in Fig. 1D.

The 6-week protocol allowed for a long-term follow-up (8

months post-T0) and exhibited tumour development in �90%

of the animals at 8 months.
4. Discussion

Control of tissue with PMD is pivotal in oncological therapy. Its

clinical relevance lies in the development of carcinomas from

multifocal areas of precancerous change,13 leading to locor-

egional recurrences that frequently jeopardize therapeutic

success.11,15,19 Within this context, although in previous

studies we achieved remarkable tumour control5–8 with no

normal tissue radiotoxicity in the hamster cheek pouch oral

cancer model, we still face the challenge of achieving and

demonstrating a long-term inhibitory effect on the develop-

ment of tumours from tissue with PMD without exceeding the

radiotolerance of this tissue. An adequate model to study the

potential long-term therapeutic/toxic effects of BNCT or other

therapeutic strategies was lacking.

Our goal was to develop a model of tissue with PMD in the

hamster cheek pouch that would allow for long-term studies of

therapeutic efficacy and toxicity. The carcinogenesis protocol

should be sufficiently aggressive to guarantee tumour devel-

opment post-completion of the carcinogenesis protocol in a

vast majority of the animals within the follow-up period, but

be sufficiently well-tolerated to allow for long-term follow-up.

We evaluated 5 potential carcinogenesis protocols in the

hamster cheek pouch. Follow-up time was determined for

each group based on the health status of the animals and the

extent of feeding impairment caused by tumour development

in the pouch. Tumour development after completion of the

carcinogenesis protocol was assessed in terms of a series of

quantitative parameters based on gross observations and

measurements. Likewise, DNA synthesis was evaluated in

tissue with PMD and tumour tissue for representative

protocols and time-points.

The accumulation of repeated carcinogen applications in

the hamster cheek pouch would conceivably lead to the
ponding to the 6-week carcinogenesis protocol. (A) Normal

n between NUMF (No Unusual Microscopic Features),

&E, 200T); (C) Tumour area exhibiting tumour cords with

ochemical labeling of BrdU in a tumour area. Brown, BrdU-

blue nuclei (1000T). (For interpretation of the references to

rsion of the article.)



Table 3 – Number of BrdU-labeled nuclei/field in normal (non-cancerized) epithelium and in each of the histological
categories of tissue with PMD for the 6-week carcinogenesis protocol at T0 and 8 months post-T0, and for the 12-week
carcinogenesis protocol at T0. The values are expressed as mean W S.D. ‘‘n’’ indicates the total number of fields measured
per protocol. NUMF: No Unusual Microscopic Features.

Carcinogenesis protocols T0 8 months post-T0

Dysplasia Hyperplasia NUMF Dysplasia Hyperplasia NUMF

12 weeks 18.0 � 9.5

(n = 79)

9.2 � 6.9

(n = 286)

4.0 � 3.6

(n = 618)

– – –

6 weeks 5.2 � 7.6

(n = 6)

1.6 � 2.1

(n = 186)

0.7 � 1.2

(n = 226)

10.6 � 4.6

(n = 8)

3.7 � 3.2

(n = 205)

1.7 � 1.7

(n = 248)

Normal (non-cancerized) epithelium:

0.8 � 1.2

(n = 758)
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progressive accumulation of genetic changes and develop-

ment of microenvironmental cues and selection pressure.20–22

As the number of carcinogen applications increases, the

probability of malignant transformation rises. The present

findings on feasibility of follow-up and tumour development

evidence a clear correlation amongst animal decline, tumour

yield and tumour size with the degree of aggressiveness of the

carcinogenesis protocols. The more aggressive protocols lead

to rapid tumour development, larger tumours, and the

constraint of shorter follow-up periods. The incidence of

tumour remissions was also related to the aggressiveness of

the carcinogenesis protocols. The influence of spontaneous

tumour regression, a rare but established phenomenon,20 is

taken into account in actual therapy/toxicity studies by

comparison with the untreated control group. In addition,

the values of DNA synthesis were higher for the more

aggressive 12-week carcinogenesis protocol than for the less

aggressive 6-week protocol. Even the 8 months values

corresponding to the 6-week protocol were lower than the

T0 values of the 12-week protocol. These findings illustrate

how proliferative capacity contributes to tumour develop-

ment. The only two protocols that enabled long-term follow-up

(8 months) were the 4-week protocol and the 6-week protocol.

However, the 4-week protocol did not guarantee tumour

development in a vast majority of the animals within the

follow-up period. Conversely, the 6-week protocol guaranteed

tumour development in �90% of the animals within the

follow-up period, a finding that was interpreted as proof of the

induction of tissue with PMD, the pre-requisite. In a previous

study, Feng and Wang23 developed a precancer model in the

hamster cheek pouch based on topical application of 0.5%

DMBA 3 times a week for 5 weeks (15 applications). That study

analyzed chemopreventive effects with only a 3.5 month

follow-up. Typically, there is a significant increase of

karyotypes demonstrating tetraploidy or near-tetraploidy by

the second week of DMBA treatment.24 By 5 weeks,

cells become strongly angiogenic.25 The 5-week DMBA

treatment (application 3 times a week yielding a total of

15 applications) may be regarded as the precancerous stage of

the oral carcinogenesis process.23 The 6-week protocol

(application twice a week yielding a total of 12 applications)

developed herein lies within this range but allows for an 8

months follow-up.

The aim of the present study was not to evaluate the broad

range of potential markers of precancer and cancer during the
process of carcinogenesis or the potential mechanisms

involved in the process of malignant transformation. Highly

contributory studies have addressed these issues at different

stages during the classical DMBA carcinogenesis protocol that

involves topical application 3 times a week for 12–16

weeks.4,25–34 However, information was lacking on actual

tumour development and follow-up feasibility at different

times after the completion of different carcinogenesis proto-

cols in the hamster cheek pouch. The present comparative

analysis of 5 carcinogenesis protocols for the longest possible

reproducible follow-up period showed that 12 DMBA applica-

tions as in the 6-week protocol are enough to reliably induce

tissue with PMD but preserve the animal and pouch enough to

allow for long-term follow-up. If intermediate follow-up times

were sufficient (3 months), the 7- and 8-week protocols would

be adequate to evaluate more aggressive tissue with PMD, an

issue of clinical relevance in terms of therapeutic effects and

tolerance.

The 6-week protocol was selected to evaluate the long-term

potential inhibitory effect of BNCT or other therapeutic

modalities on the development of second primary tumours

from tissue with PMD and assess concomitant potential long-

term toxicity in this tissue as a dose-limiting tissue.
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