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The effects of irradiation on different cell compartments in the submandibular gland were analyzed
 

in adult C57BL/6 mice exposed to X-ray irradiation and followed up for 10 days. Apoptosis was
 

quantified using the terminal deoxynucleotidyl transferase(TdT)-mediated dUTP-digoxigenin nick
 

end labeling method (TUNEL). Cell proliferation was detected using immunohistochemistry for
 

proliferating cell nuclear antigen (PCNA). Radiation-induced apoptosis occurred rapidly, reaching
 

a maximum 3 days post-irradiation. The percentage of apoptotic cells increased with the irradiation
 

dose. At day 1 post-irradiation, cell proliferation was significantly reduced in comparison to
 

sham-irradiated controls. After post-irradiation arrest of the cell cycle, proliferation increased in
 

all gland compartments, reaching a maximum at day 6 post-irradiation. The proliferation response
 

corresponded to the dose of irradiation. We suggest that the reason for gland dysfunction could be
 

the coexistence of high apoptotic and proliferative activity in the irradiated gland.
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T reatment of oral carcinomas commonly involves
 

radiotherapy, using either external beam irradia-
tion alone(external radiotherapy)or combined with bra-
chytherapy (or interstinal therapy), where radioactive

 
sources in the form of iridium needles or pellets are

 
implanted in or close to the neoplasm［1］. The exposure

 
of salivary glands during radiotherapy leads to secretory

 
hypofunction and several complications, including

 
mucositis, xerostomia, dysphagia, oral infections, oeso-
phagitis, and gustatory dysfunction［2-5］. Although the

 
effects of irradiation have been recognized as a significant

 
clinical problem for more than 90 years, the mechanism

 

of these effects remains unknown, and no adequate
 

prevention or treatment is yet available.
Because of the slow turnover rates of their cells, the

 
salivary glands are expected to be relatively radio-
resistant. Yet the changes in the quality and composition

 
of the saliva that occur shortly after radiotherapy indicate

 
that the gland tissue is an acutely responding tissue［5,
6］.
These nondividing cells manifest apoptosis that

 
appears to be responsible for salivary gland impairment.
Apoptosis induced by irradiation is hypothesized to be one

 
of the major causes of acute radiation injury［7, 8］.
Apoptosis and acute impairment have been investigated in

 
monkeys and rats［8, 9］. However, little is known about

 
radiation-induced apoptosis in mice. Most researchers

 
have studied saliva production and have focused their
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analysis on radioprotection of the gland, but no data about
 

apoptotic activity in mouse submandibular glands are
 

available［10, 11］.
The complex relationship between cell proliferation,

differentiation, and apoptosis is a cardinal feature in
 

maintenance of the normal architecture and function of the
 

submandibular gland. Repopulation of tissue is an impor-
tant feature of the recovery of radiation-induced injury.
Limited data are available on the proliferation of

 
submandibular glands. Theuring et al.［12］have inves-
tigated the increase in the proliferation activity of salivary

 
glands after irradiation, but their study provides only

 
limited information because all gland compartments were

 
not included in the study. The question arises as to

 
whether replacement takes place in all gland compart-
ments. To fully understand the repopulation of damaged

 
salivary glands, it is necessary to examine the prolifera-
tion of each structural component, including acinar cells,
granular convoluted tubule cells, and intercalated duct

 
cells. Furthermore, an attempt has been made to deter-
mine the radiation-related changes in proliferation activity.
The role of apoptosis and proliferation in the subman-

dibular gland, which differs histologically from the parotid
 

gland, has received little attention.
The present study was undertaken to clarify the role of

 
apoptosis and proliferation in mouse submandibular gland

 
and to determine the relationship of cell death and cell

 
proliferation during the early post-irradiation phase.

Materials and Methods
 

Inbred 8 to 10-week-old male C57BL/
6 mice were obtained from a colony maintained at the

 
Medical Faculty, University of Rijeka. Mice were kept

 
under standard housing conditions (laboratory rodent

 
chow and water ad libidum and a 12-hr light-day cycle).
The animal experiments were carried out in accordance

 
with Medical Faculty Polices and Guidelines for the Care

 
and Use of Laboratory Animals. All efforts were made to

 
minimize animal suffering.

The X-ray irradiation was carried
 

out on a medical linear accelerator (6 MV;Mevatron
 

MD-2, Siemens Medical Laboratories Inc., Concord,
CA, USA)at a dose rate of 191 cGy/min. The total

 
irradiation field size was asymmetrical (15×0×3 cm),
and the distance from the source was 100 cm. The

 
animals were irradiated while under general anesthesia.
Anesthesia was induced by intraperitoneal injection of

 

sodium-pentobarbital (40 mg/kg body weight). Each
 

mouse was locally irradiated in the region of the head and
 

neck by a single dose exposition of 7.5 or 15 Gy. We
 

used radiation doses that were within the range of those
 

used in previous studies and that were expected to cause
 

significant gland impairment［13-15］. Control animals
 

were anesthetized and sham-irradiated.
Mice were randomly

 
divided into 3 groups:I-Unirradiated control (sham-
irradiated)(N＝20);II-Irradiated mice treated with single

 
dose of 7.5 Gy(N＝20);III-Irradiated mice treated with

 
single dose of 15 Gy(N＝27). Five mice from each

 
group were sacrificed at 1, 3, 6, and 10 days post-
irradiation［15］.

The body weights of all animals
 

were determined prior to irradiation and as indicated in the
 

experimental design. Relative body weights were calcu-
lated by the formula:W＝(w/w－1)×100 ,where

 
W is the change in body weight observed at a certain time

 
after irradiation treatment, and w and w are the body

 
weights at the start of the experiment (day 0)and on

 
specific days after treatment, respectively.

The submandibular glands
 

were fixed in 4  paraformaldehyde and processed for
 

paraffin embedding according to a standard procedure.
Serial sections with a thickness of 2μm were prepared

 
and stained with hematoxylin-eosin(HE).

To detect apoptotic cells, the TUNEL
 

method was performed using the“In Situ Cell Death
 

Detection Kit-POD”(Roche Diagnostics GmbH, Mann-
heim, Germany)［16］. The sections were incubated with

 
TdT and fluorescein dUTP without proteinase K pretreat-
ment. After PBS rinsing, anti-fluorescein-peroxidase

 
antibody was applied, and the reaction was visualized by

 
3,3’-diaminobenzidine(DAB)(Sigma Chemical Company,
St. Louis, MO, USA). Sections were counterstained

 
with hematoxylin. Negative control sections were incubat-
ed with distilled water in the absence of TdT.

To examine prolifera-
tion, sections were incubated with anti-PCNA mono-
clonal antibody(DAKO A/S, Glostrup, Denmark), a

 
marker of proliferating cells［17］, followed by biotinylat-
ed rabbit anti-mouse polyclonal antibody(DAKO A/S,
Glostrup, Denmark). Sections were then incubated with

 
streptavidin-biotin-peroxidase complex(Boehringer, Man-
nheim, Germany) and visualized by 3-amino-9-ethyl-
carbazol substrate, (AEC) (DAKO, Carpinteria, CA,
USA). Hematoxylin was used for counterstaining.
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Negative control sections were incubated with PBS in the
 

absence of primary antibody.
The

 
apoptotic index (AI)was determined by calculating the

 
percentage of TUNEL positive cells per animal using the

 
following method［18］. To ensure the objectivity of the

 
analysis, the evaluation was carried out by 2 independent

 
observers(M M-U, MB). Five sections were randomly

 
chosen for each animal. Approximately 1000 cell nuclei

 
from each cell population(acinar cells, granular convolut-
ed tubule(GCT)cells, intercalated duct(ID)cells)were

 
counted for each section at 400× magnification(BX 40,
Olympus, Optical Co Ltd., Tokyo, Japan), and the

 
number of apoptotic nuclei is expressed as a percentage of

 
the total. Striated ducts were omitted from the study

 
since too few of them were examined to provide useful

 
information. For control values, animals from days 1 and

 
10 were used, and data are expressed as an average.

Quantification of the proliferative index(PI)was carried
 

out as explained above instead that cell nuclei were stained
 

with PCNA antibody［18］.
The data values are

 
presented as mean value± standard deviation(SD). The

 
statistical significance of differences was determined by

 
two-way analysis of variance, followed by the Tukey’s

 
honestly significant difference(HSD)post hoc test. The

 
differences were considered to be statistically significant if

 
P＜0.05.

Results
 

With the exception of the 15
 

Gy group, all 7.5 Gy-irradiated and control mice survived
 

the whole study period. In the group irradiated with 15
 

Gy, 7 of 27 mice(25.9  mortality)died within 10 days
 

post-irradiation.
Irradiated animals exhibit-

ed a dose-dependant reduction in body weight. The extent
 

of body weight gain was the greatest for control mice and
 

the least for mice irradiated with 15 Gy. The body weight
 

of control mice increased throughout the experimental
 

period, in contrast to the 7.5 Gy-irradiated mice whose
 

body weight decreased until day 3. After day 3, these
 

mice began to gain weight. Mice irradiated with 15 Gy
 

began to gain weight at day 6 post-irradiation. A
 

significant difference in body weight was observed
 

between control and 15 Gy-irradiated animals at days 3,

6, and 10 post-irradiation(Fig. 1). Also, a significant
 

difference was detected among irradiated groups at days 6
 

and 10 post-irradiation(P＜0.001 for both time points).

In irradiated mice, pathohis-
tological changes were observed in both irradiated groups,
and these changes were aggravated with the higher irradia-
tion dose. The first changes were expressed as vacuoliza-
tion of acinar cells, and pyknotic nuclei were noted 24h

 
post-irradiation. Predominantly single cells were affected.
Injury of secretory tissue was maximal at day 6 post-
irradiation. Lysis of entire acini and GCT was observed.
A few acinar cells showed cytoplasmatic vacuoles. Sali-
vary glands irradiated with a dose of 7.5 Gy showed

 
recovery of gland morphology over a period of 10 days,
whereas no significant recovery was noticed with an

 
irradiation dose of 15 Gy(data not shown).

In all gland compartments (acinar
 

cells, ID cells, and GCT cells), apoptotic activity was
 

seen to increase with a higher dose of irradiation.
Generally, the following was observed:AI increased

 
rapidly up to day 3 post-irradiation when it reached a

 
maximum. At day 6 in acinar cells irradiated with 15 Gy,
similar levels of AI were maintained, while in other cell

 
compartments the Al levels fell. AI declined by day 10
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Fig.1  Changes in body weight in X-irradiated mice. Values are
 

given as means±SD. Body weights at the beginning of the experi-
ment were determined as 0%, and changes were calculated by the

 
formula described in the text. denotes statistical significance of P＜

0.05, denotes significance of P＜0.001, Tukey’s honestly
 

significant difference(HSD)post hoc test.
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post-irradiation, at which point almost no apoptotic nuclei
 

could be observed(Figs. 2 and 3).Apoptotic activity was
 

the greatest in GCT cells(Fig. 2B)followed by ID cells
(Fig. 2C), while mucous acinar cells (Fig. 2A)were

 
relatively resistant to apoptosis. At day 3 post-irradiation,
a significant difference in AI between the 2 irradiated

 
groups was observed (P＝0,046 in acinar cells;P＜

0.001 in GCT cells;P＝0.005 in ID cells). The

 

difference was also detected at day 6 post-irradiation in
 

acinar cells (P＜0.001)and in GTC cells (P＝0.003).
After the initial decline in the
 

number of proliferating cells observed on day 1, there
 

was a subsequent increase in proliferation. The prolifer-
ative index increased rapidly by day 6 post-irradiation. At

 
day 6 in all cell types, maximum labeling was observed.
Afterwards, there was a labeling decrease, and by day 10

 

Fig.2  Apoptotic index(AI)of different cell types (mean±SD)in
 

control and irradiated submandibular gland for 10 days post-
irradiation. A, Acinar cells. B, Granular convoluted tubule cells. C,
Intercalated duct cells. denotes statistical significance of P＜0.05,
denotes significance of P＜0.001, Tukey’s honestly significant

 
difference(HSD)post hoc test.

Fig.3  TUNEL staining. A, Unirradiated control submandibular gland. Rare TUNEL positive cell(arrow). B, 7.5 Gy-irradiated gland at day
 

3 post-irradiation. TUNEL positive cells are identified in acini (arrows)and GCT cells (arrowhead). C, 15 Gy-irradiated gland at day 3
 

post-irradiation. Many acinar cells (arrows)and GCT cells (arrowheads)show TUNEL positivity. Magnification:400×.
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it was similar to control animals in all gland compartments
(Figs. 4 and 5). The proliferation response was equiva-
lent to the radiation dose;therefore, higher proliferation

 
was observed in the group irradiated with a dose of 15 Gy

 
than in that irradiated with 7.5 Gy group. On day 1, in

 
both irradiated groups PI statistically declined in acinar

 
and GTC cells, in contrast to ID cells where it was

 

similar to the control group. At day 6 post-irradiation, all
 

cell compartments demonstrated significantly higher PI
 

than the control group. The highest PI was observed in
 

GCT cells (Fig. 4B), while ID cells (Fig. 4 C) and
 

acinar cells(Fig. 4A)showed an almost identical prolifer-
ation capacity. At day 6 post-irradiation, a significant

 
difference in PI between the 2 irradiated groups was

 

Fig.5  PCNA staining. A, Unirradiated control submandibular gland. A few PCNA positive cells are seen in acinar(arrow)and GCT cells
(arrowhead). B, 7.5 Gy-irradiated gland at day 6 post-irradiation. More acinar(arrows)and GCT cells(arrowheads)show PCNA positivity. C,
15 Gy-irradiated gland at day 6 post-irradiation. Many PCNA positive cells are detected in acinar (arrows)and GCT cells (arrowheads).
Magnification:400×.

Fig.4  Proliferative index(PI)of different cell types(mean±SD)
in control and irradiated submandibular gland for 10 days post-
irradiation. A, Acinar cells. B, Granular convoluted tubule cells. C,
Intercalated duct cells. denotes statistical significance of P＜0.05,
denotes significance of P＜0.001, Tukey’s honestly significant

 
difference(HSD)post hoc test.
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observed(P＜0.001 in acinar and ID cells).

Discussion
 

In irradiated submandibular glands, an imbalance
 

between gland morphology and gland function has been
 

observed. It remains unresolved why, with no prominent
 

microscopic changes, gland function is impaired. Our
 

study provides combined data regarding apoptosis and
 

proliferation in irradiated submandibular gland.Until now,
investigations have focused on 1 process only.

Our results indicating that body
 

weight is dose-dependent are in accordance with those of
 

authors who have performed similar experiments using a
 

rat model［13, 19, 20］. The possible cause of weight
 

loss could be oropharingeal syndrome. Irradiated mice
 

were starving due to ulceration of the tongue and soft
 

palate, which could explain their poor food intake.
In the present study, for the first

 
time, the TUNEL method was used to identify apoptotic

 
cells in irradiated gland tissue. Until now, radiation-
induced apoptosis was analyzed according to morphology

 
after HE staining.
According to our study, ionizing irradiation triggers

 
apoptosis in all gland compartments, but the extent is not

 
identical for all cell types. GCT cells were the most

 
sensitive, followed by ID cells and mucous acinar cells.
Because GCT cells represent the serous portion of mouse

 
submandibular gland and serous cells are far more

 
radiosensitive than mucous cells, our finding was expect-
ed. Furthermore, in both irradiated groups the labeling

 
index was dose-dependent and the maximum was reached

 
at day 3 post-irradiation. The results from this study are

 
not consistent with the results of Paardekooper et al.［9］
and Peter et al.［21］, who have reported lower

 
apoptotic activity. It must be mentioned that the indicated

 
authors based their analysis not on the TUNEL method,
but on observation of aberrant nuclei in HE staining.
In a study on radiation-induced damage, Shinohara et

 
al.［22］compared techniques on apoptosis(e.g. HE and

 
TUNEL assay)and concluded that 66 of apoptotic cells

 
were detected with HE staining, confirming that the

 
TUNEL method is more sensitive in detecting cells in the

 
process of apoptosis. Therefore, our result showing

 
higher apoptotic activity can be applied to different tech-
niques used for detecting apoptosis.

Tissue homeostasis requires a
 

balance between proliferation and death of cells via

 

apoptosis. In former studies, an initial drop in cell
 

proliferation was observed in the acute post-irradiation
 

phase［23］. We presume that cell arrest observed in all
 

cell types at day 1 post-irradiation can be attributed to
 

delay of the S phase of the cell cycle induced by irradia-
tion. Our data are in agreement with those of Peter et al.
［23］, who reported a depleted labeling index soon after

 
irradiation. After the initial decline in proliferation, it

 
subsequently rises and reaches a maximum at day 6

 
post-irradiation in all parenchymal cell types. In the

 
present study, the proliferation activity in animals irradiat-
ed with 15 Gy was higher than that in the group irradiated

 
with 7.5 Gy.
The present results indicate that proliferation is taking

 
place in all gland compartments. The highest proliferation

 
was observed in GCT cells, while acinar and ID cells

 
exhibited lower proliferation capacity. Peter et al.［23］
have suggested that replacement of lost acinar and ductal

 
cells occurs by differentiation of progenitor cells situated

 
in ID cells. According to our study, proliferation of

 
progenitor cells is not sufficient to replenish all cell types

 
in irradiated glands.
Repopulation of irradiated glands can be explained if

 
results observed by Danny et al.［24］are considered

 
first. They indicate that self-proliferation of cells plays a

 
significant role in some compartments and that approxi-
mately 70  of the cell population is maintained by

 
self-proliferation, as opposed to 30  by differentiation

 
from progenitor cells.
Our data confirms the mutual existence of 2 processes

 
in irradiated glands:apoptosis and proliferation.
Apoptosis was followed by proliferation in all gland

 
compartments during the early post-irradiation phase.
In conclusion, these findings suggest that the reason

 
for gland dysfunction could be the coexistence of high

 
apoptotic and proliferative activity in irradiated glands.
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