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Mast cell (MC) activation in the hamster cheek pouch cancerization model is associated with the increase
in tumor cell proliferation, mediated in turn by tryptase, a protease released from mast cell granules after
activation. Tryptase induces tumor cell proliferation through the activation of PAR-2 (protease activated
receptor-2) on the plasma membrane of carcinoma cells. The therapeutic success of boron neutron cap-
ture therapy mediated by boronophenylalanine (BPA–BNCT) in tumor control in the hamster cheek pouch
oral cancer model has been previously reported by our laboratory. Early effects of BPA–BNCT on tumors
of the hamster cheek pouch include a reduction in DNA-synthesis with the concomitant decrease in the
proliferation of malignant cells. The aim of the present study was to investigate the early histological
changes in mast cells after BPA–BNCT in tumors and premalignant tissue of the hamster cheek pouch.
Tumor-bearing pouches were treated with BPA–BNCT or beam only (neutron irradiation without prior
administration of the boron compound) and sacrificed 1 day after treatment. The samples were fixed
in Carnoy fixative and stained with alcian blue–safranin to identify all the populations of mast cells. Total,
active and inactive mast cells (MC) were counted in the connective tissue and the adventitious tissue
underlying the pouch wall and at the base of the tumors in pouches treated with BPA–BNCT, in keeping
with a previously described technique. BPA–BNCT induced a marked reduction in the total number of
mast cells in the pouch (p < 0.05). This reduction in the total number of mast cells was due to a reduction
in mast cells at the base of the tumor (p < 0.005) and it occurred at the expense of the active mast cells
(p < 0.05). A slight reduction that did not reach statistical significance also occurred in the amount of mast
cells in the pouch wall (that corresponds to the premalignant tissue in tumor-bearing pouches), and in
the adventitious tissue. In this case the reduction was seen in the inactive population. Both BPA–BNCT
and beam only elicited a qualitative change in the secretion modality of the granule content. Although
further studies are needed to evaluate the subcellular effect of BNCT on mast cell granule secretion,
the reduction in cell proliferation induced by BPA–BNCT would be partially due to the decrease in total
mast cells in the hamster check pouch.

� 2010 Elsevier Ltd. All rights reserved.
Introduction

Boron neutron capture therapy (BNCT) is a two-component
treatment modality that involves the selective accumulation of a
10B compound in tumors followed by irradiation with a thermal
or epithermal neutron beam. The 10B accumulated in the tumor cell
absorbs a thermal neutron and releases two high linear energy
ll rights reserved.
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transfer (LET) particles, an a particle and a recoiling 7Li nuclei.1,2

These high LET particles, have a range of approximately 5–9 lm
in tissue and are known to have a high relative biological effective-
ness (RBE).3 Within this context, BNCT would potentially target tu-
mor tissue selectively, mostly sparing normal tissue.4 The basic
requirements for a therapeutic advantage for BNCT are a high de-
gree of selectivity for the accumulation of 10B in tumor relative
to the surrounding normal tissues and a sufficiently high absolute
concentration of 10B in tumor tissue.5 Boronophenylalanine (BPA)
is one of the boron compounds actually in use for BNCT
studies.6–8 BPA is transported across the cell membrane by the
L-AMINO-ACID transport system.9 Thus, BPA uptake would depend on
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metabolic status, and preferential accumulation in tumor tissue
would rely on the comparatively high metabolic activity of tumor
cells compared to normal cells.10 Clinical trials of BNCT for the
treatment of glioblastoma multiforme, melanoma and tumors of
the head and neck have been performed and/or are currently in
progress in the US, the Netherlands, Finland, Sweden, The Czech
Republic, Argentina and Japan.6,7,11–14 Our laboratory has studied
different aspects of BNCT in the treatment of experimental oral
cancer.10,15–23 These BNCT studies were performed in hamster
cheek pouch tumors induced by the carcinogen dimethyl-1,2-
benzanthracene (DMBA), the most widely accepted model of oral
cancer.24 This model closely mimics tumor development in human
oral mucosa exposed to chemical field cancerization by tobacco
and alcohol.25–28

Employing this model we demonstrated that certain BNCT pro-
tocols effectively control tumors, inducing partial and complete
remissions and/or growth inhibition with no normal tissue radio-
toxicity.16,21,29 One of the effects of BNCT mediated by BPA (BPA–
BNCT) is the early inhibition of tumor cell proliferation.22 In previ-
ous studies carried out to further characterize the hamster cheek
pouch oral cancer model, we studied mast cell (MC) kinetics in nor-
mal and cancerized pouches and found that MC activation is asso-
ciated to an increase in tumor cell proliferation, in keeping with
findings in a colon cancer model.30,31 Tryptase, a protease released
from mast cell granules after activation, induces tumor cell prolifer-
ation through the activation of PAR-2 receptor (protease activated
receptor type 2) on the plasma membrane of carcinoma cells.30

The aim of the present study was to evaluate the effect of BPA–
BNCT on mast cells and analyze whether this effect could contrib-
ute to the tumor growth inhibition and partial and complete tumor
remission observed in our previous tumor control studies.
Materials and methods

Tumor induction and in vivo BNCT

The right cheek pouch of non-inbred young (6 weeks old) Syrian
hamsters was subjected to topical application of 0.5% dimethyl-
1,2-benzanthracene (DMBA) in mineral oil three times a week for
14 weeks in keeping with the standard hamster cheek pouch carci-
nogenesis protocol.24 The treated pouch was periodically everted
under light intraperitoneal (i.p.) ketamine (70 mg/kg), xylazine
(10.5 mg/kg) anesthesia and examined to monitor tumor develop-
ment. Once the exophytic tumors had developed, the animals were
used for in vivo BNCT studies. Tumor-bearing hamsters were
divided into three groups: (1) control group: tumor-bearing ham-
sters, no treatment; (2) BPA–BNCT group: tumor-bearing hamsters,
treated with neutron irradiation following administration of BPA
and (3) beam only group: tumor-bearing hamsters irradiated with
the neutron beam without prior administration of BPA.
BNCT procedures

BPA–BNCT
BPA (L-enantiomer, >98% 10B enriched; Boron Biologicals, Inc.,

Raleigh, NC, USA) containing 4.9% 10B by weight was used as the
boron delivery agent. Solutions of the BPA–fructose complex were
prepared in keeping with the procedures published previously.32

Hamsters in the BPA–BNCT group were administered BPA as an
i.p. bolus injection at a dose of 15.5 mg 10B/kg b.wt. (300 mg BPA/
kg b.wt.). Three hours after the injection of BPA the animals were
irradiated for 5.0 ± 0.1 min in the RA-3 nuclear reactor thermal
neutron facility. The animals were placed in a lithium carbonate
(95% enriched in lithium-6) shield to protect the body of the ani-
mal from the thermal neutron flux while exposing the cheek pouch
that is everted out of the enclosure onto a protruding shelf.
The thermal neutron flux at the position of the pouch was
6.5 � 109 neutrons cm�2 sec�1. The gamma dose rate in air at the
irradiation location was 4.8 ± 0.5 Gy h�1. Dose calculations were
based on previously reported biodistribution data for BPA in this
model.16 The total physical absorbed dose was 5.6 ± 2.5 Gy in tu-
mor and 3.7 ± 0.9 Gy in precancerous tissue.

Beam only
Hamsters were irradiated as described above (no prior adminis-

tration of BPA) with a total physical absorbed tumor dose of
1.5 ± 0.1 Gy.

Sample processing

Hamsters were killed humanely 1 day after treatment and a
specimen of the right cheek containing the pouch in situ was ob-
tained to preserve the integrity of the loose adventitious tissue
which surrounds the pouch wall, as previously described.31 The
adventitious tissue contains most of the mast cell population of
the pouch, so this procedure was employed to avoid deformations
that might result from everting the cheek pouch as in standard
studies of this model. Specimens were fixed in Carnoy fixative (eth-
anol–chloroform–acetic acid) 33,34 to guarantee the preservation of
the different types of granules corresponding to the different mast
cell phenotypes.

Histochemical staining

Samples were embedded in paraffin and serially sectioned at a
thickness of 7 lm. To visualize heparin-sulphoconjugates, samples
were stained with alcian blue 86Y–safranin35 and counterstained
with 5% methanol yellow (Holblon and Sohne, LEIPZIG, Germany)
for 5 min. Alcian blue stains low sulphated-glycosaminoglycans
blue while safranin stains highly sulphated-glycosaminoglycans
red. The staining was followed by dehydration, clearing and
mounting with synthetic balsam. Adjacent sections were stained
with hematoxylin–eosin.

Mast cell counts

Mast cell counts were performed according to the categories of
Dimitriadou et al.36 as described previously.31

Briefly, mast cells were classified into two categories: active and
inactive mast cells. Mast cells that stained uniformly red with saf-
ranin but did not stain with alcian blue were considered inactive;
those that stained with alcian blue or exhibited mixed alcian blue–
safranin staining were considered active. Mast cell counts were
performed in situ by dividing the pouch into three areas: (1) tumor
stroma, (2) base of the tumor (connective tissue immediately be-
low the exophytic tumor); (3) connective and muscle tissue under-
lying the cancerized epithelium (pouch wall) and (4) adventitious
tissue underlying the pouch wall. Mast cells were evaluated by di-
rect counting at 200� magnification in 0.23 mm2 fields employing
a grid fitted into the light microscope eyepiece.

In the case of tumors, all the stroma and the connective tissue
underlying the exophytic tumor were counted. Regarding the rest
of the pouch, 20 fields were selected at random in the collagen
and muscle wall and an additional set of 20 fields were selected
in the loose adventitious tissue.

Statistical analysis

The data were compared by Analysis of Variance employing
PRIMER� software. Differences were considered significant at
p < 0.05. Data were expressed as mean ± SD.
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Results

Most of the mast cells in untreated cancerized pouches and in
cancerized pouches treated with BPA–BNCT and beam only exhib-
ited the previously described morphological patterns of uniformly
safranin-stained inactive mast cells and mast cells with varying de-
grees of activation (Fig. 1). BPA–BNCT exerted a marked, significant
reduction in the total number of mast cells in the tumor-bearing
pouches compared to untreated control pouches (p < 0.001). This
reduction in the total number of mast cells was due to a reduction
in mast cells at the base of the tumor (p < 0.005) and it occurred at
the expense of the active mast cells (p < 0.05). A slight reduction
that did not reach statistical significance also occurred in the
amount of mast cells in the pouch wall (that corresponds to the
premalignant tissue in tumor-bearing pouches), and in the adven-
titious tissue. In this case the reduction was seen in the inactive
population (Tables 1 and 2).

The number of mast cells in tumor-bearing pouches treated
with beam only did not differ from the control group. However, re-
sponse was more heterogeneous than in the control group, as evi-
denced by a marked increase in standard deviation. Likewise, no
differences in the ratio of active/inactive mast cells were observed
between the untreated tumor-bearing pouches and those treated
with beam only.
Figure 1 Morphology of mast cells at different activation stages in the hamster cheek po
early activation, (c) intermediate stage, (d) advanced activation stage, (e) degranulation

Table 1
Mast cell counts in tumors and premalignant tissue pre- and post-BPA–BNCT in the hams

Experimental
group

Total mast cells in the
pouch (mas/mm2)

Ratio active/inactive
mast cells (AB/S)

Pouch tissu

Normal pouch
(non-

cancerized,
untreated)

129.3 ± 38.84
n = 8

1:1.64 NS Wall
Adventitiou
tissue

Cancerized,
untreated
pouches

107 ± 21a

n = 14
1:0.95 NS Wall

Adventitiou
tissue
Tumor base

BPA–BNCT 63.76 ± 21.1a

n = 12
1:0.65 NS Wall

Adventitiou
tissue
Tumor base

Beam only 108.7 ± 134.5
n = 7

1:1.0 NS Wall

Adventitiou
tissue
Tumor base

NS, statistically not significant.
a Statistically significant reduction in total mast cells in pouches treated with BPA–BN
b Statistically significant difference between active and inactive mast cells (p < 0.001)
As an effect of irradiation, both tumor-bearing pouches treated
with beam only or BPA–BNCT exhibited a mast cell type that has
not been described to date. This particular mast cell type is charac-
terized by inverted exocytosis compared to the traditionally de-
scribed mast cell exocytosis. Thus, in this mast cell type the
granules that stain with alcian blue are exocyted first, while the
safranin-stained granules remain in the cytoplasm. We have called
this mast cell IEMC (inverted exocytosis mast cell) (Fig. 2).
Discussion

The present study evidenced a significant reduction in the total
number of mast cells following BNCT mediated by BPA. The group
treated with beam only (without prior administration of the boron
compound) did not exhibit a significant reduction in the number of
mast cells but did show a more heterogeneous response. Mast cells
in BPA–BNCT treated pouches would suffer a combination of the
direct and indirect effects of the background dose (high and low
linear energy transfer [LET] radiation) and of the direct effects of
the boron radiation component of BNCT (high LET a and lithium
particles).4 In a previous study, we demonstrated that during car-
cinogenesis mast cells move to the base of tumors and activate,
enhancing tumor cell proliferation via tryptase release.31 Specific
data on active transport of BPA in mast cells are not available.
uch (alcian blue–safranin staining, 1000�). (a) Intact (non-activated) mast cell, (b)
and (f) ghost mast cell.

ter cheek pouch.

e Total mast cells in
each tissue

Ratio active/inactive mast cells
(AB/S) in each tissue

Inverted exocytosis
mast cells (IEMC)

24.4 ± 4.06 1:2.15b 0
s 234.13 ± 34.91 1:1.60b 0

42.97 ± 20 1:0.66 NS 0
s 173.8 ± 74.5 1:0.91 NS 0

162 ± 35.2a 1:1.05 NS 0
29.52 ± 25.2 1:0.3b 0.59 ± 1.69

n = 6
s 119.9 ± 76.3 1:0.29b 16.07 ± 34.6

n = 6
93.48 ± 53.6a 1:1.64 NS 3.85 ± 9.97

n = 6
49.66 ± 9.48 1:0.77 NS 0.45 ± 3.79

n = 7
s 143.2 ± 67.76 1:0.6 NS 1.59 ± 5.69

n = 7
196.6 ± 108.61 1:3.6 NS 0.49 ± 2.81

n = 4

CT vs. untreated cancerized pouches (p < 0.001).
.



Table 2
Effect of BPA–BNCT in the different subpopulations of mast cells.

Mast cells in
untreated tumors
(AB + S)

Mast cells 1 day
post-BPA–BNCT
(AB + S)

Total mast cells (tumor
base + wall + adventitious
tissue)

108.4 ± 64.1a

n = 14
63.76 ± 21.07a

n = 12

Tumor base 162 ± 35.2a

n = 9
93.48 ± 53.61a

n = 11
AB = 78.8 ± 20.9a

n = 9
AB = 34.46 ± 24.29a

n = 11
S = 83.1 ± 46.8
n = 9 NS

S = 56.6 ± 62.6
n = 11 NS

Precancerous tissue
Wall 42.97 ± 20

n = 14 NS
29.52 ± 25.23
n = 14 NS

AB = 25.93 ± 22.5
n = 14 NS

AB = 22.7 ± 22.9
n = 14 NS

S = 17.04 ± 16.7a

n = 14
S = 6.74 ± 8.8a

n = 14
Adventitious tissue 155.3 ± 54.5

n = 14 NS
119.9 ± 76.26
n = 14 NS

AB = 74.15 ± 35.1
n = 14 NS

AB = 80.59 ± 50.27
n = 14 NS

S = 81.19 ± 70a

n = 14
S = 23.68 ± 36.43a

n = 14

NS, statistically not significant; AB, alcian blue; S, safranin.
a Statistically significant difference between pouches pre- and post-BPA–BNCT.
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However, it is known that BPA is transported across the cell mem-
branes by the L-amino-acid transport system.9 Thus, tumor cell up-
take of BPA would depend on metabolic status and viability.5,16

Within this context, mast cells activated during carcinogenesis
would conceivably incorporate BPA and also be a target for BPA–
BNCT. The BPA–BNCT-induced reduction in proliferation rate pre-
viously described in tumor and precancerous tissue22,19 would be
partly due to a direct effect on cells21 and an indirect effect via
reduction of the mast cell population. Mast cells circulate in the
blood as undifferentiated precursors. When they reach the adven-
titious tissue (the most vascularized tissue of the pouch) from the
circulation they mature and differentiate. Mast cells migrate from
the adventitious tissue to the pouch wall and, during carcinogene-
sis, to the base of tumors. The notion that active mast cells would
be more prone to BPA uptake would explain the reduction in total
mast cell number at the base of the tumors where mast cells accu-
mulate and activate during the process of carcinogenesis.31 BPA–
BNCT did not significantly affect the total number of mast cells
in precancerous tissue, i.e. a slight reduction that did not reach sta-
tistical significance was observed in the pouch wall and the under-
lying adventitious tissue. Although there was no change in the
active mast cell population (alcian blue+) there was an abrupt
reduction in inactive mast cells (safranin+) both in the pouch wall
and the adventitious tissue underlying precancerous tissue. The
subpopulation of AB+ mast cells (potentially preferential targets
Figure 2 Inverted exocytosis mast cell (a
for BPA) in these tissues could have been affected by BPA–BNCT
to be rapidly replaced by transdifferentiation of the S+ pheno-
type.37–39 It is possible to speculate that the continuous influx of
mast cells from the circulation to the adventitious tissue and the
phenotypic change between subpopulations would explain the
finding that there was no significant variation in the total number
of mast cells or in the number of active mast cells in the pouch wall
and adventitious tissue. The reduction in precancerous tissue pro-
liferation previously described in precancerous tissue 1 day post-
BPA–BNCT19 would be due to a direct effect on premalignant cells.

A novel finding in the hamster cheek pouch after BNCT was the
presence of mast cells exhibiting an alteration in the sequence of
exocytosis of their granules in the pouches treated with BPA–BNCT
or beam only. In these mast cells exocytosis of alcian blue + gran-
ules occurred first, while safranin + granules persisted in the cyto-
plasm. Assuming that this finding is an expression of an alteration
in the sequence of maturation and secretion of the granules we
have called these cells inverted exocytosis mast cells. A similar effect
was observed in the past by our laboratory40 in odontoblasts of the
tooth germs of Wistar rats irradiated with a low dose of a deuteron
beam. The authors described a partial inversion of the secretion
polarity of odontoblasts, with production of dentin towards the
interior of the pulp chamber. A wide range of radioinduced effects
on mast cells have been described, depending on the model under
study and the type of radiation. Albrecht et al.41 demonstrated that
ionizing radiation induces the release of tryptase from human mast
cell culture (HMC-1) in vitro and mast cell degranulation in ex vivo
skin. Vasheghani et al.42 demonstrated that low level laser therapy
with helium–neon (He–Ne) in deep second-degree cutaneous
burns in rats increased the number of mast cells during the inflam-
matory and proliferative phases of healing and decreased the total
number of mast cells during the remodelling phase. The mecha-
nism of action of BPA–BNCT that leads to a reduction in the num-
ber of mast cells in the treated pouches and, more specifically, at
the tumor base, remains to be elucidated. However, the BNCT-in-
duced reduction in the number of mast cells would suggest a colat-
eral mechanism of action of BNCT in tumor remission. Since mast
cells stimulate the proliferation of tumor cells by the release of
tryptase30, the reduction in the number of mast cells elicited by
BNCT would induce a concomitant reduction in tumor proliferative
capacity. These data are in keeping with previous studies by our
laboratory that demonstrated a reduction in tumor cell prolifera-
tion 24 h after BPA–BNCT.22 Although the previously described
reduction in tumor proliferation 24 h after BPA–BNCT would be
mostly due to the direct effect of high LET a and lithium particles
on boron-loaded tumor cells, the deleterious effect of BNCT on bor-
on-loaded mast cells would inhibit tryptase secretion and conceiv-
ably contribute to the inhibition of tumor cell proliferation.

Taking into account that tumor cells cultured with agonists of
the receptor PAR-2 undergo a significant rise in proliferation rate
as early as 15 min post-incubation,43 the decrease in tryptase in
the interstitial space that results from a reduction in the number
of mast cells 24 h post-BPA–BNCT, would conceivably exert a
lcian blue–safranin staining, 1000�).
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rapid inhibitory effect on proliferation, one of the hallmarks of
cancer.44
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