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Abstract
Purpose—Radiotherapy for head and neck cancer consists of fractionated radiation treatments that
cause significant damage to salivary glands leading to chronic salivary gland dysfunction with only
limited prevention and treatment options currently available.

Methods and materials—Mouse models were exposed to fractionated radiation and salivary
gland function and histological analyses of structure, apoptosis, and proliferation were evaluated.

Results—In this study, we report that treatment with fractionated doses of radiation results in a
significant level of apoptotic cells in FVB mice after each fraction, which is significantly decreased
in transgenic mice expressing a constitutively active mutant of Akt1 (myr-Akt1). Salivary gland
function is significantly reduced in FVB mice exposed to fractionated radiation; however myr-Akt1
transgenic mice maintain salivary function under the same treatment conditions. Injection of
recombinant IGF-1 into FVB mice, which activates endogenous Akt, suppresses acute apoptosis and
preserves salivary gland function following fractionated doses of radiation 30–90 days after
treatment. FVB mice exposed to fractionated radiation have significantly lower levels of PCNA
positive salivary acinar cells 90 days after treatment which correlates with a chronic loss of function.
In contrast, FVB mice injected with IGF-1 prior to each radiation exhibit acinar cell proliferation
rates similar to untreated controls.

Conclusion—These studies suggest that activation of IGF-1 mediated pathways prior to head and
neck radiation could modulate radiation-induced salivary gland dysfunction and maintain glandular
homeostasis.
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INTRODUCTION
Radiation therapy for head and neck cancer results in significant side effects including
xerostomia, mucositis, and malnutrition in most patients (1). During therapy, these patients are
exposed to consecutive days (5 days/week over a total period of 35–50 days) of radiation
therapy which takes a significant toll on the normal salivary gland (2–4). The ensuing salivary
gland hypofunction results in significant morbidity, diminishes the effectiveness of anti-cancer
therapies, and often permanently decreases the quality of life for these patients (5). Clinically,
radiation exposure of parotid salivary glands is kept below 2 Gy/day and a cumulative dose of
24–26 Gy to allow recovery of salivary function (3;6). Although improvements have been
made in targeting radiation treatment to the tumor, the salivary glands are often in close
proximity to the treatment site and consequently receive enough radiation exposure to affect
physiologic functions.

Previous studies in different animal models have identified discrepancies in the contribution
of apoptosis to radiation-induced salivary gland dysfunction (reviewed in (7)). In the rat,
induction of apoptosis is variable with reports ranging from minimal levels to significantly
higher levels (8–10). In the mouse, significant levels of apoptosis can be detected, which
increases with radiation dose (11–16). Transgenic mice expressing a constitutively activated
Akt (myr-Akt1) suppressed radiation-induced apoptosis in vitro and in vivo by regulating the
activation of p53 (14). As a means to translate these studies, a preclinical model was developed
using an intravenous injection of recombinant IGF-1 (insulin-like growth factor-1) to activate
endogenous Akt in the salivary glands (11). Most importantly, modulation of the apoptotic
response via activation of Akt (myr-Akt1 or IGF-1 injection) or loss of p53 expression results
in preserved salivary gland function following a single dose of therapeutic radiation (11;12).

In this study, we report that treatment with radiation (1 or 2 Gy/day) over a fractionated scheme
(1–5 days) results in a significant increase in apoptotic cells (as determined by activated
caspase-3) in FVB mice after each fraction. Similar to previous studies with single doses of
radiation (11;14), myr-Akt1 transgenic mice exhibit significant decreases in the presence of
apoptotic cells at each fraction. The peak of apoptotic cells was detected 24 hours after the
final radiation treatment and dropped significantly by 48 hours. The induction of apoptosis in
FVB mice correlated with a significant decrease in physiologic function of the salivary gland
following fractionated radiation dose treatment. In contrast, the reduction of apoptotic cells in
myr-Akt1 transgenic mice correlated with preserved salivary flow following fractionated
radiation. Based on these observations, the pre-clinical model of IGF-1 injection described
previously for single dose radiation (11) was modified to the fractionated radiation treatment.
Pre-treatment of FVB mice with IGF-1 prior to each radiation treatment preserves salivary
function in a fractionated radiation treatment protocol. These data support the hypothesis that
modulation of the radiation-induced stress program could significantly benefit salivary gland
function.

MATERIALS AND METHODS
Mice

Myr-Akt1 transgenic mice under the control of the mouse mammary tumor virus promoter and
maintained on an FVB background, were generated at the University of Colorado Health
Sciences Center and the salivary gland phenotype was described previously (14). Primers used
for genotyping were obtained from Integrated DNA Technologies (Coralville, IA).
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Radiation Treatment
Four-five week-old female FVB, myr-Akt1, or IGF-1 injected mice were anesthetized with
avertin (0.4 to 0.6 mg/kg, intraperitoneally [i.p.]), and the head and neck region was exposed
to radiation [Cobalt-60 Teletherapy unit from Atomic Energy of Canada Ltd Theratron-80]
while the rest of the body was shielded with lead as previously described (12). For IGF-1
injections (GroPrep, Adelaide, Australia), FVB mice were injected with 5µg of IGF-1 diluted
in sterile PBS with 10mg/ml BSA (total volume of 100µl) immediately prior to each radiation
treatment as previously described (11). Animals were maintained and treated in accordance
with protocols approved by the University of Arizona IACUC.

Histology
Tissues were fixed in 10% neutral buffered formalin for 24 hours, transferred to 70% ethanol,
and embedded in paraffin. Tissue sections were cut to 4 µm and processed for standard staining
with hematoxylin and eosin by the Histology Service Laboratory in the Department of Cell
Biology and Anatomy at the University of Arizona.

Induction and quantification of apoptosis
Salivary glands were removed 24, 48, 72, or 96 hours after the last radiation dose and processed
for histology. Unstained tissue sections were processed for anti-activated caspase-3
immunohistochemistry as previously described (14). Tissue sections were observed by
standard light microscopy, and photomicrographs were taken with a Leica DM5500 with a 4
megapixel Pursuit camera. Individual means for quantification of caspase-3 positive cells were
determined by averaging the number of positive cells/total number of cells from a minimum
of three fields of view/animal (3 mice per treatment; total cells counted ranged from 2,400 to
3,400 per mouse).

Saliva Collection
Mice were injected i.p. with 0.25 mg carbachol/kg body weight as previously described (14)
on days 30, 60, and 90 after radiation treatments. Saliva was collected from 10–17 mice/
genotype/treatment on ice immediately following carbachol injection for 5 min into pre-
weighed tubes.

Quantification of proliferation
For evaluation of acinar cell proliferation, unstained tissue sections were processed for anti-
PCNA (proliferating cell nuclear antigen, Santa Cruz Biotechnology Inc., Santa Cruz, CA)
immunohistochemistry 90 days after treatment. Briefly, slides were heated to 37°C for 30 min.
and rehydrated in histoclear, graded alcohols, and distilled water washes. Nonspecific
peroxidase activity was quenched with 0.3% H2O2. For antigen retrieval, slides were placed
in citrate buffer (pH 6.0) and heated in a microwave oven twice for 5 min, and allowed to cool
for 20 min. After washes, the slides were treated according to manufacturer’s instructions
(Vectastain Elite ABC kit, PK-6101, Vector Laboratories Inc., Burlingame, CA). Color
development was achieved with Biogenex DAB incubation for 6 to 8 minutes as previously
described (14). Slides were lightly counterstained with Gill's hematoxylin, dehydrated, and
mounted in Permount. Tissue sections were observed by standard light microscopy and
photomicrographs were taken with a Leica DM5500 with a 4 megapixel Pursuit camera.
Individual means for quantification of PCNA positive acinar and ductal cells were determined
by averaging the number of positive cells/total number of cells from a minimum of three fields
of view/animal (8–11 mice per group; total cells counted ranged from 8,000 to 10,000 per
mouse).
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Statistics
Comparison of caspase-3 data was accomplished by a one-way ANOVA followed by a
Bonferroni test with adjustment for the number of pairwise comparisons between FVB and
Akt groups exposed to the same amount of radiation or at the same time points. Saliva flow
rates standardized to the respective untreated group and PCNA data were analyzed using a one-
way ANOVA followed by Student-Newman Keul’s multiple comparison test. Statistical
analysis and graphical generation of data were done using GraphPad Prism software (version
5.0, San Diego, CA).

RESULTS
Apoptosis is induced in FVB mice following each dose of radiation

Previous studies have reported that apoptosis is induced in the salivary glands within the first
24 hours after exposure to a single dose of ionizing radiation (11–14). To investigate the
contribution of apoptosis under fractionated radiation treatment, we quantified activated
caspase-3 positive cells 24 hours after a varying number of daily treatments targeted to the
head and neck region of mice (figure 1A). Analysis focused on the parotid gland due to
previously reported apoptotic levels following a single dose of radiation (12) and its enhanced
radiosensitivity in humans when compared to the submandibular glands (6;17;18). Treatment
of FVB mice with 2Gy/day results in a significant level of apoptotic cells, as determined by
activated caspase-3 staining, after each fraction of radiation (figure 1B). In contrast, expression
of myr-Akt1 or FVB mice injected with IGF-1 significantly reduced the number of apoptotic
cells following each radiation dose. We observe a similar induction of apoptosis in FVB mice
following treatment with 1Gy/day that was also suppressed in myr-Akt1 transgenic mice (data
not shown).

Due to the similar percentage of apoptotic cells after each radiation treatment, we were
interested in determining if these apoptotic cells persisted following the cessation of radiation
treatment. FVB and myr-Akt1 transgenic mice were treated with 2Gy/day for five consecutive
days (cumulative dose 10 Gy) and activated caspase-3 positive cells were evaluated at various
time points following the final radiation dose. In FVB mice, the peak number of apoptotic cells
is observed at 24 hours with a significant decline at the later time points (48–96 hour) indicating
that these cells may be cleared by phagocytosis. The percentage of apoptotic cells in FVB mice
at these later time points is not significantly different from myr-Akt1 transgenic mice. These
data suggest that a significant number of apoptotic cells detected after each radiation dose
(figure 1B) are new apoptotic cells. Consistent with previously published studies (11;12), a
majority (>95%) of the apoptotic cells counted for figure 1 are acinar cells.

Expression of myr-Akt1 and injections with IGF-1 preserve stimulated salivary flow rates
following fractionated radiation

A pre-clinical model has recently been reported using an injection of IGF-1 to activate
endogenous Akt and preserve salivary gland function following a single dose of radiation
(11). In order to extend the translational relevance of this finding, we were interested in
determining the feasibility of IGF-1 in preserving salivary gland function following a
fractionated radiation treatment regimen. Due to the presence of apoptotic cells after each dose
of radiation observed in figure 1B, we decided to inject IGF-1 immediately prior to each
radiation treatment for functional studies. FVB, myr-Akt1, or IGF-1 injected mice were
exposed to 1Gy/day for five consecutive days (cumulative dose 5 Gy; figure 2) and stimulated
salivary flow rates were determined following carbachol injection on days 30, 60, and 90 post
treatment. FVB mice exposed to fractionated radiation exhibit significant reductions in salivary
function throughout the time course consistent with previously published studies in other
animal models (rats treated with 20–60 Gy and miniature pigs treated with 70 Gy) (19–21). In

Limesand et al. Page 4

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contrast, myr-Akt1 or injection of IGF-1 into FVB mice preserves salivary function with no
statistical difference from the corresponding unirradiated controls at all time points examined.
We also evaluated stimulated salivary flow rates in FVB, myr-Akt1, or IGF-1 injected mice
exposed to 2Gy/day (cumulative dose 10 Gy; figure 3) for five consecutive days on days 30,
60, and 90 post treatment. Thirty days post-irradiation, FVB mice treated with 2Gy/day for
five days had similar reductions in standardized salivary flow rate (40%) as mice treated with
1Gy/day for five days (41%). In FVB mice treated with 2Gy/day for five days, there is an
improvement in salivary flow rates 90 days post treatment (figure 3C), albeit the levels are
25% below untreated controls. In myr-Akt1 transgenic mice or IGF-1 injected mice treated
with 2Gy/day for five days, we observed no statistical difference from the corresponding
unirradiated controls at all time points examined. These data suggest that IGF-1 and myr-Akt1
can modulate the salivary gland response of FVB mice to acute radiation damage leading to
preservation of function.

Histological analysis of salivary glands following fractionated radiation
Previously published studies on the affect of fractionated radiation in other animal models have
reported increased fibrosis and inflammation six months after treatment (19–21). Hematoxylin
and eosin stained parotid salivary gland sections were evaluated for structural abnormalities
90 days after fractionated radiation (2Gy/day for five consecutive days; figure 4). In all
irradiated animals there was little evidence for atrophy, fibrosis, or sclerosis, which is typically
reported in clinical cases of radiation-induced xerostomia (22;23). In all irradiated FVB mice
there were areas of dispersed inflammatory cells (figure 4C), acinar cells containing enlarged
nuclei (data not shown), and only one focal infiltrate in six animals evaluated (figure 4D). The
irradiated myr-Akt1 mice demonstrated the most structural changes with the presence of large
vacuoles within certain regions of the parotid gland of all treated animals (figure 4E).
Interestingly, FVB mice pre-treated with IGF1 prior to radiation had no detectable histological
differences from unirradiated controls (compare figures 4A and F).

Alterations in acinar cell proliferation following fractionated radiation
Tissue homeostasis requires the balance of cell death and cell growth (24); therefore, we were
interested in determining if radiation-induced damage alters proliferation rates in vivo.
Proliferation rates were determined 90 days post treatment by immunohistochemistry for
proliferating cell nuclear antigen (PCNA) and positive acinar cells were counted separately
from positive ductal cells due to the putative presence of progenitor cells within the ductal cell
network (25). FVB mice exposed to 1 Gy/day for five consecutive days have significantly
lower levels of PCNA positive salivary acinar cells when compared to untreated controls
(figure 5A). In contrast, the number of PCNA positive acinar cells in FVB mice injected with
IGF-1 did not change significantly following fractionated radiation (figure 5A). In contrast to
FVB mice exposed to fractionated radiation with or without IGF-1, myr-Akt1 transgenic mice
treated with fractionated radiation have significantly higher PCNA positive acinar cells. No
significant differences in the percentage of PCNA positive ductal cells are observed in any of
the treatment groups (figure 5B). Serial sectioned slides were also stained for activated
caspase-3, which did not detect any significant increase in apoptotic cells 90 days after
treatment in any of the mouse groups (data not shown). These data suggest that alterations in
salivary acinar cell proliferation rates may influence the overall tissue homeostasis and
correlate with a chronic loss of function.

DISCUSSION
Radiation-induced damage to the salivary glands is a significant clinical problem for which
there are currently few therapies available that significantly improve the quality of life for head
and neck cancer patients. We report that injections of IGF-1 immediately prior to radiation
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preserve salivary gland function in a fractionated treatment protocol. Transgenic mice
expressing a constitutively activated mutant of Akt1 (myr-Akt1) also exhibit significantly
higher salivary flow rates when compared to irradiated mice. Interestingly, the initial (day 30)
radiation-induced salivary gland dysfunction in FVB mice was similar between animals
receiving 1Gy/day and 2Gy/day. Previous studies using single doses of radiation (1–5Gy) have
also reported little differences in salivary function between radiation doses (11;12). This may
indicate the activation of a stress response program after a critical threshold of damage that
culminates in chronic loss of function. In patients, depending on whether the caudal or cranial
portion of the salivary gland is irradiated, there is significant loss of function at lower mean
doses (10–15Gy) (26).

The role of apoptosis in radiation-induced damage to the salivary gland has been debated;
studies in the mouse have reported significant levels of apoptotic cells (11–14) while the
presence of apoptosis in irradiated rats have been more variable (8–10). Our results indicate
that a significant number of apoptotic cells could be detected in FVB mice following each
fraction of radiation with little differences between the number of doses. Expression of myr-
Akt1 suppressed the induction of apoptosis and preserved salivary gland function, which
extends previously reported correlations between radiation-induced apoptosis and loss of
salivary gland function (11;12) to a fractionated radiation treatment. Intriguingly, the kinetics
of apoptotic cell clearance is similar between single (11) and fractionated doses of radiation.
This could suggest that a significant number of the apoptotic cells detected after each radiation
treatment are newly activated. One of the most consistent phenotypes in the salivary gland
response to radiation is atrophy and loss of glandular weight, and our study implicates a
continued apoptotic response contributes to these observations. Alternatively, the process of
apoptotic cell clearance may not be activated until the cessation of radiation exposure. This
persistence of apoptotic cells in the tissue could contribute to an inflammatory response;
however, rodent models of radiation-induced salivary gland damage have not consistently
reported the infiltration of inflammatory cells (27;28). In our analysis of H&E stained tissue
sections 90 days after treatment, we were able to detect dispersed infiltrates of inflammatory
cells in all irradiated FVB mice; however only one mouse parotid gland had evidence of focal
inflammation. Most importantly, FVB injected with IGF-1 prior to radiation had no structural
alteration when compared to unirradiated controls. Interestingly, salivary gland sections from
irradiated myr-Akt1 mice contained vacuoles in ~20% of the total parotid area. Since the
function of myr-Akt1 mice is preserved after radiation, it is possible that these vacuoles
represent an active autophagy process. It has been previously demonstrated in salivary acinar
cells that autophagy is a survival mechanism to hypoxia-induced stress (29).

Maintenance of tissue homeostasis requires a balance between cell growth and cell death
(24). Unlike classically radiosensitive tissues which have a high level of proliferation
(summarized in (30)), salivary glands have a low percentage of proliferating cells and a high
degree of differentiation. In our study, we observe a significant reduction in PCNA positive
acinar cells in FVB mice exposed to fractionated radiation compared to untreated controls.
This indicates that a subset of salivary acinar cells may induce a permanent arrest phenotype
following fractionated radiation treatment that may correlate with a chronic loss of function.
FVB mice receiving an injection of IGF-1 prior to each radiation have salivary acinar cell
proliferation rates similar to untreated controls suggesting tissue homeostasis is maintained.
Expression of myr-Akt1 results in an increase in the number of PCNA positive salivary acinar
cells following fractionated radiation, which is significantly different from irradiated FVB mice
with or without IGF-1. This difference between myr-Akt1 and IGF-1 injected mice may be
due to the transgene being continually expressed versus IGF-1 which has a short biological
half-life and can be cleared. Alternatively, IGF-1 and Akt may influence the regulation of
proliferation through distinct downstream signaling pathways.
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Despite the multiple injections of IGF-1, salivary gland tumors were not detected in any of the
mice evaluated. However, one limitation of this study would be the potential adverse effect of
IGF-1 on tumor clearance. Future studies are aimed at characterizing the molecular
mechanisms responsible for the phenotypic effect of IGF-1 in the preservation of salivary
function in order to develop small molecule therapeutics to specifically target the salivary
gland. A second limitation involves the use of anesthesia to irradiate mice which is not
conducted clinically. These studies are an initial step to validate the feasibility of preventing
radiation-induced loss of salivary function in order to improve the quality of life during the
treatment for head and neck cancer.
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Figure 1. Induction of apoptosis in FVB or myr-Akt1 transgenic mice following 2Gy/day for five
consecutive days
In (A), the experimental set-up for figure 1B is diagramed. In (B), the head and neck region of
FVB, myr-Akt1, and FVB mice injected with IGF-1 was exposed to 2 Gy radiation for
increasing number of days and the parotid salivary glands were removed 24 hours after the last
radiation. Tissues were processed for activated caspase-3 immunohistochemistry as described
in the materials and methods section and the number of caspase-3 positive cells is graphed as
a percentage of the total number of cells per field of view. In (C), female FVB and myr-Akt1
mice were exposed to 2 Gy radiation per day for five consecutive days as described in (A) and
parotid salivary glands were removed at 24, 48, 72, and 96 hours. Tissues were processed for
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activated caspase-3 immunohistochemistry as described in B. The graph represents all data
from three mice per group. Significant differences (p≤0.05) were determined using an ANOVA
followed by a pairwise Bonferroni test adjusting for the number of comparisons. (*) indicates
significant difference between genotypes of the same treatment.
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Figure 2. Salivary gland dysfunction in FVB, myr-Akt1 or IGF-1 injected mice following
fractionated radiation (1 Gy × 5 days)
The head and neck region of FVB, myr-Akt1, and FVB mice injected with IGF-1 was exposed
to 1 Gy radiation per day for five consecutive days and stimulated salivary flow rates were
determined as described in the materials and methods section. Irradiated flow rates were
normalized to corresponding unirradiated controls on day 30 (A), 60 (B) and 90 (C) after the
final radiation treatment. (A) represents all data from at least thirteen mice/group, graph (B)
represents all data from at least eleven mice/group, and graph (C) represents all data from at
least ten mice/group. Significant differences (p≤0.05) were determined using an ANOVA
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followed by Student-Newman-Keul’s multiple comparison test. Treatment groups with the
same letters are not significantly different from each other.
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Figure 3. Salivary gland dysfunction in FVB, myr-Akt1 or IGF-1 injected mice following
fractionated radiation (2 Gy × 5 days)
The head and neck region of FVB, myr-Akt1, and FVB mice injected with IGF-1 was exposed
to 2 Gy radiation per day for five consecutive days and stimulated salivary flow rates were
determined as described in figure 2. Irradiated flow rates were normalized to corresponding
unirradiated controls on day 30 (A), 60 (B) and 90 (C) after the final radiation treatment. (A)
represents all data from at least twelve mice/group, graph (B) represents all data from at least
eleven mice/group, and graph (C) represents all data from at least ten mice/group. Significant
differences (p≤0.05) were determined using an ANOVA followed by Student-Newman-Keul’s

Limesand et al. Page 13

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



multiple comparison test. Treatment groups with the same letters are not significantly different
from each other.
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Figure 4. Histological analysis of parotid salivary gland structure 90 days after fractionated
radiation
Parotid salivary glands from mice treated in figure 3 were paraffin embedded and sections were
stained with hematoxylin and eosin. A) Untreated FVB, B) Untreated myr-Akt1, C) Irradiated
FVB, D) Irradiated FVB, E) Irradiated myr-Akt1, F) Irradiated FVB with IGF-1 injections.
Images A, B, C, and F are representative of the overall tissue architecture.
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Figure 5. Proliferation of parotid acinar cells following fractionated radiation (1 Gy × 5 days) in
FVB, myr-Akt1 or IGF-1 injected mice
The head and neck region of FVB, myr-Akt1, and FVB mice injected with IGF-1 was exposed
to 1 Gy radiation per day for five consecutive days and parotid glands were removed 90 days
after the final radiation treatment. Tissues were embedded into paraffin as described in figure
1 and immunohistochemistry was performed using an antibody against PCNA. Graph (A)
represents the number of acinar cells with positive PCNA staining as a percentage of the total
number of acinar cells in the field of view. Graph (B) represents the number of ductal cells
with positive PCNA staining as a percentage of the total number of ductal cells in the field of
view. The graph represents all data from at least eight mice per group. Significant differences
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(p≤0.05) were determined using an ANOVA followed by Student-Newman-Keul’s multiple
comparison test. Treatment groups with the same letters are not significantly different from
each other.
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