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Dose evaluation for out-of-field organs during radiotherapy has gained interest in recent years. A team led by University of
Tsukuba is currently implementing a project for advancing boron neutron capture therapy (BNCT), along with a radiation treat-
ment planning system (RTPS). In this study, the authors used the RTPS (the ‘Tsukuba-Plan’) to evaluate the dose to out-of-field
organs during BNCT. Computed tomography images of a whole-body phantom were imported into the RTPS, and a voxel model
was constructed for the Monte Carlo calculations, which used the Particle and Heavy Ion Transport Code System. The results
indicate that the thoracoabdominal organ dose during BNCT for a brain tumour and maxillary sinus tumour was 50-360 and
120-1160 mGy-Eq, respectively. These calculations required ~29.6 h of computational time. This system can evaluate the out-
of-field organ dose for BNCT irradiation during treatment planning with patient-specific irradiation conditions.

INTRODUCTION

Boron neutron capture therapy (BNCT) is a radio-
therapy method that utilises the nuclear reaction
between thermal neutrons and the '°B isotope. The
basic principle of BNCT was first proposed by
Locher”, and it has recently gained attention for its
use in cell-selective radiotherapy. BNCT has previous-
ly been performed with neutrons obtained from
nuclear reactors, although efforts are underway to
generate these neutrons using particle accelerators®.
A team led by the University of Tsukuba, and including
the High Energy Accelerator Research Organization,
the Japan Atomic Energy Agency, Hokkaido
University, the Ibaraki Prefectural Government and
Mitsubishi Heavy Industry Co., is currently engaged in
a project to perform BNCT with an accelerator, and a
treatment planning system is also being developed.
Developing code is named the “Tsukuba-Plan’®.

When administering radiotherapy, pre-treatment
dose calculations are performed using the patient’s
medical images. These dose calculations are known as
radiation treatment planning (RTP). During RTP for
BNCT, the dose calculation is performed by using the
Monte Carlo algorithm, which incorporates the
complex behaviour of neutrons with the need for ac-
curate tracking of multiple radiation beams. The
Monte Carlo algorithm is also used for other radio-
therapies”*~®, although it is used less frequently in
these therapies than that in BNCT.

To date, RTP for BNCT has focused exclusively on
the dose to which in-field skin, tumour and nearby
organs are subjected. As dose calculations are per-
formed using the Monte Carlo algorithm, accurate
calculations may require a long computational time.
For broader areas, even more computational time is
required to calculate the relevant dose. Furthermore,
if a fine calculation mesh size is selected for calcula-
tions, the computational time extends even further.

Recently, numerous reports have described the
effect of undesirable radiation doses on implanted
medical devices and have evaluated the risk of devel-
oping secondary cancer due to the radiotherapy”"m).
For these evaluations, the dose must be calculated for a
broad area. Unfortunately, it is difficult to accurately
calculate the undesirable radiation dose that is received
over a wide area during BNCT.

In this study, the authors carried out whole-body
dose evaluation during BNCT using the Tsukuba-
Plan, which is currently under development. In add-
ition, they verified the feasibility of simultaneously
evaluating the undesirable dose for various organs
during the RTP for BNCT.

MATERIALS AND METHODS

This research consists of two parts of sections. The
calculation values for the thermal neutron fluence
rate and the photon dose rate in a water phantom
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were compared with the measurement value under
the same irradiation conditions (Section 1). Then, the
authors evaluated the undesirable radiation dose for
the out-of-field organs in BNCT using a whole-body
phantom (Section 2).

The Tsukuba-Plan is capable of producing mul-
tiple-type input files that can be used for several
Monte Carlo dose calculations. The Monte Carlo
code used in this study was the Particle and Heavy
Ion Transport code System (PHITS)!D. The PHITS
can transport and calculate various particles with
wide energy ranges, such as neutrons, photons and
other charged particles, allowing one to calculate
all radiations relevant to BNCT. The PHITS is also
highly flexible and suitable for use in a parallel
computing environment. A parallel processing com-
puter (70 cores, CPU: Xeon, 2.40 GHz) was used for
calculations.

The authors assumed the epithermal neutron beam
from Japan Research Reactor No. 4 (JRR-4) as the
irradiation field for BNCT.

Confirmation of beam source in Tsukuba-Plan using
a water phantom study

To confirm the JRR-4 beam could correctly output
from the Tsukuba-Plan, the authors compared the
actual measurement value from a water phantom
with those calculated using the authors’ system. The
measurement values were obtained from a previously
published study"®. The thermal neutron fluence
rate was measured by using the gold foil activation
method* 9.

The thermal neutron fluence rate and photon dose
rate at the central axis of the phantom were calculated
using the Monte Carlo and the parallel processing
computer. The water phantom had a diameter of 18.6
cm and a length of 24 cm. The walls were constructed
of 3-mm-thick polymethylmethacrylate, and its inter-
ior was filled with water. The water phantom was
placed 10 mm from the beam aperture, in the same
position used during actual measurements.

Evaluation of the undesirable radiation dose for various
organs during BNCT

BNCT for a brain tumour

The authors evaluated the undesirable radiation dose
for various organs during BNCT irradiation of a
brain tumour, using a whole-body phantom (PBU-10,
Kyoto Kagaku Co., Ltd.). Computed tomography
images of the phantom were acquired (5 mm of slice
thickness, >250 images), and the tumour and various
organs were defined. The clinical target volume
(CTV) was defined as a virtual brain tumour in the
left temporal lobe. The undesirable radiation doses

for the thyroid gland, lungs, heart, spinal cord and
liver were evaluated in the supine position.

The Tsukuba-Plan is capable of constructing voxel
models in various sizes. In this study, the authors set
the voxel size for the whole-body phantom at 8 pixels
x 8 pixels x slice thickness (pixel space: 0.8 mm,
slice thickness: 5 mm). The Monte Carlo calculation
was performed until the statistical uncertainty of the
neutron fluence rate in the liver was <5 %.

During BNCT treatment, the accumulated concen-
tration of boron in the organs determines the total
dose. The authors assumed a boron concentration of
24 ppm in normal tissue and set the concentration in
the tumour region at three times that in the normal
tissue. The boron concentration in the skin was set at
1.2 times the concentration in the normal tissue.
Compound biological effectiveness (CBE) is a value
that expresses the biological effectiveness due to the
reaction between boron isotopes and neutrons and is
dependent for each boron compound. In this study,
the authors proposed RTP using boronophenylala-
nine, and the CBE for the tumour, normal tissue and
skin was set at 3.8, 1.35 and 2.5, respectively.

In BNCT, relative biological effectiveness (RBE)
values according to the kind of radiations are required.
In this study, the RBE values for the thermal neutron
(major interaction between neutrons and nitrogen) and
the fast neutron (major interaction between neutrons
and hydrogen) were set at 2.5%. The RBE value for
the photons was set at 1.00%,

The CBE values for the other organs were set at 2.3
for the lungs">, 1.35 for the spinal cord"® and 4.25
for the liver™. The CBE values and boron concen-
trations for the thyroid gland and heart were set at the
same value as for normal tissue. The boron concen-
trations and weighting coefficients (CBE and RBE
values) used in this study are summarised in Table 1.
The irradiation time was set such that the normal
brain received a weighted dose of <13 Gy"'”.

Table 1. Boron concentrations and CBE values for the organs
used in this study.

Tissue organ  Boron concentration (ppm) CBE for BPA

Tumour 72 (T/N ratio: 3) 3.8
Normal tissue 24 (T /N ratio: 1) 1.35
Skin 28.8 (T/N ratio: 1.2) 2.5
Thyroid 1.35
Lung 2.3
Heart 24 (T /N ratio: 1) 1.35
Spinal cord 1.35
Liver 4.25

RBE values: 2.5 for the thermal neutron and fast neutron,
1.0 for photon (these values are same as internal organs).
T/N ratio: the boron concentration ratio to normal tissue.
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BNCT for a maxillary sinus tumour

BNCT is also used to treat head and neck cancers'® ="

and may be performed with the patient in the seated
position. The authors used the same phantom for the
dose evaluation, and the CTV was defined as a virtual
tumour in the left maxillary sinus. The undesirable radi-
ation doses for various organs were evaluated in the
seated position. In general, the tolerance dose for
healthy organs, such as skin, is a factor that restricts ir-
radiation time during BNCT. Thus, the authors also
defined an area of skin (corresponding to the exposure
site) as a region of interest. The Monte Carlo calcula-
tion was performed until the statistical uncertainty
of the neutron fluence rate in the liver was <5 %. The
irradiation time was set such that the skin within the
irradiated field received a weighted dose of <15 Gy,

RESULTS
Water phantom study

The depth distribution of the thermal neutron fluence
rate in the central axis of the phantom is shown in
Figure 1. The vertical axis indicates the thermal
neutron fluence rate, whereas the horizontal axis
indicates the depth (in mm) from the surface of the
phantom. The thermal neutron fluence rate from
the Monte Carlo calculation was normalised using
the maximum measurement value for the thermal
neutron fluence rate. The values calculated using the
authors’ system were consistent with the measured
values. The depth distribution of the photon dose rate
on the central axis of the phantom is shown in
Figure 2. The vertical axis indicates the photon dose
rate. The measurement values for the photon dose
rate were measured b?/ using thermoluminescence
dosemeter (TLD)'* 2D, and Kumada et al have
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Figure 1. Comparison of the depth distribution for the

thermal neutron fluence rate in the water phantom. The

measurement values from (12) were used as the reference
values.

reported that the TLD used to obtain these measured
values has an uncertainty of ~11 %12 which was
considered the uncertainty for the actual measured
values (1 standard deviation).

Undesirable radiation dose for various organs during
BNCT

BNCT for a brain tumour

The dose volume histogram (DVH) for various
organs, including the CTV, is shown in Figure 3. The
horizontal axis is the weighted dose (Gy-Eq), which
was calculated as the sum of the various dose compo-
nents, after each had been multiplied by the RBE
values and the CBE for the boron compound®®.
Figure 4 shows an expanded DVH for the undesirable
radiation doses to the out-of-field organs, and Table 2
shows the averaged dose (Dayerage) for various organs.
These results indicate that the undesirable out-of-field
radiation dose was 50-360 mGy-Eq during BNCT
irradiation of a brain tumour in the supine position.

BNCT for a maxillary sinus tumour

Figure 5 shows an expanded DVH for the undesirable
out-of-field radiation doses for various organs during
BNCT irradiation of a maxillary sinus tumour, and
Table 3 shows the Dyerage for various organs. These
results indicate that the undesirable out-of-field radi-
ation dose during BNCT irradiation of a maxillary
sinus tumour was highest in the thyroid gland (1.16
Gy-Eq) and was 120-360 mGy-Eq in the other
organs.

DISCUSSION

Interest in the effect of radiotherapy on out-of-field
organs has increased in recent years, and dose
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Figure 2. Comparison of the depth distribution for the
photon dose rate in the water phantom. The measurement
values from (12) were used as the reference values.
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Figure 4. Expanded DVH of the undesirable dose for out-
of-field organs during BNCT for a brain tumour in the
supine position.

evaluation for out-of-field organs has been performed
for BNCT®* 29, Tsukamoto et al. has reported the
whole-body exposure with phantom expenment for
cyclotron-based epithermal neutron beam®®. They
evaluated the undesirable dose for each organ by RBE-
weighted dose in BNCT irradiation with the supine
position. It is shown that the undesirable dose for the
thyroid was larger compared with other organs in the
report. Also, the larger contribution of the photon
dose was also described. In order to provide the BNCT
treatment safely, it is important to perform various
evaluations about the undesirable dose with BNCT ir-
radiation. In this study, the authors attempted to simul-
taneously evaluate the undesirable dose for out-of-field
organs during RTP for BNCT with Tsukuba-Plan.
During BNCT, the biologically weighted dose is im-
portant. However, evaluating the weighted dose for
organs throughout the body requires that the boron
concentration that accumulates in each organ be set,
along with the CBE for that organ. In addition, large
numbers of medical images must be imported for this
calculation. In this study, the authors were able to
achieve both of these tasks, a significant achievement
that enables patient-specific, whole-body, weighted

Table 2. Dyeraqe at various organs, including the CTV, during
BNCT for a brain tumour in the supine position.

Organ D average (Gy_Eq)
CTV 37.5
Thyroid 0.36
Right lung 0.13
Left lung 0.23
Heart 0.11
Spinal cord 0.23
Liver 0.05
166
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Figure 5. Expanded DVH of the undesirable dose for out-
of-field organs during BNCT for a maxillary sinus tumour in
the seated position.

dose evaluation using the Tsukuba-Plan, which allowed
to create voxel models from a large numbers of medical
images.

Wide-area dose evaluation during BNCT with the
Tsukuba-Plan

The Monte Carlo calculation is one of the most ac-
curate methods for particle transport and calcula-
tion®>. However, mamtammg statistical accuracy is
a major impediment to using this method for dose
evaluation, as a large number of particles must be
transported to ensure statistical accuracy, which pro-
longs the calculation time.

Figure 6 shows the statistical uncertainties for the
neutron fluence rate in a whole-body phantom, as cal-
culated using the Monte Carlo code with various
numbers of histories. For 1 x 10° histories, the statis-
tical accuracy was inadequate in many areas, whereas
the statistical accuracy was within 5 % for most areas
when using 4 x 10° hlstones However, the computa-
tional time with 4 x 10° histories took ~29.6 h on a
parallel computing system with 70 cores. If the calcu-
lation mesh were set at a smaller size, the evaluation
might require even more time for calculation. This
reality might be accommodated by increasing the
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Table 3. D,yerage at various organs, including the CTV, during
BNCT for a maxillary sinus tumour in the seated position.

Organ D average (GY'EQ)
CTV 27.1
Thyroid 1.16
Right lung 0.33

Left lung 0.36
Heart 0.26
Spinal cord 0.34
Liver 0.12

Neutron Neutron

Beam

statistical uncertainties
1 Below 5%
B 5—10%
Over 10%

1 % 109 Histories 4 x 10% Histories

Figure 6. Comparison of the statistical uncertainties for

the neutron fluence rate according to the number of histories.

The figures show the coronal section of the whole-body
phantom.

number of parallel computing cores, or by introdu-
cing the Monte Carlo calculation technique for vari-
ance reduction® 2% to increase the efficiency of the
calculation. Alternatively, a larger voxel size and cal-
culation mesh may be more efficient considering the
statistical uncertainties.

The authors also calculated a voxel model of 16
pixels X 16 pixels x slice thickness for the whole-
body phantom, using same number of parallel com-
puting cores. This method’s statistical accuracy was
within 5 % for most areas when using only 2 x 10°
histories, and the Monte Carlo calculation took
~13.4 h. However, using an excessively large voxel
model may reduce the accuracy of the calculation.
Therefore, it is not suitable for dose evaluation of the
CTV and major organs at risk. In contrast, a com-
bined voxel model, such as a small voxel model for
the CTV combined with a large voxel model for the
out-of-field organs, may make these calculations
more useful. Therefore, this technique may shorten
the total computation time, while maintaining the
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Figure 7. Averaged absorbed dose for the out-of-field

organs during BNCT for a brain tumour in the supine

position. Absorbed dose for neutron means the sum of the
thermal neutron dose and the fast neutron dose.

calculation accuracy around the target area. This pos-
sibility will be rigorously examined in the future and
is currently under development to allow the function
that combines the various voxel sizes to be outputted.

Limitations

To evaluate the undesirable dose for the out-of-field
organs using the Tsukuba-Plan, the photon dose,
boron concentration and CBE of the various organs
are all potential sources of uncertainties.

Photon dose

The photons generated by the interaction between
neutrons and hydrogen atoms can be expressed using
the following equation®?:

'H+ 'n=2H+vy+22MeV

In addition, TLDs are frequently used to measure
the photon dose in the BNCT irradiation field®” 28,
The photon dose calculated using the Tsukuba-Plan
was generally in agreement with the measured values
for JRR-4, although a slight difference between the
measured and calculated values was observed in the
deep part of the phantom. This may be improved by
fitting the beam source used in this study with the
photons produced by JRR-4.

Boron concentration and CBE

In BNCT, the most effective dose component is the
dose generated by boron. To calculate the boron dose,
the CBE of the target organs and the amount of accu-
mulated boron are critical. Unfortunately, the CBE
values for the lung and liver were not derived using ex-
perimental data from JRR-4, and the JRR-4-specific
CBE values for the other internal organs (such as
the thyroid gland and heart) are also unknown. Thus,
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the authors assumed the CBE values of normal tissue
for these organs. In addition, the boron concentrations
for the internal organs outside of the irradiation field
are not well known, and there is considerable uncer-
tainty in this regard.

Evaluation of the undesirable radiation dose for
out-of-field organs by using the absorbed dose

As mentioned, the authors attempted dose evaluation
using the absorbed dose to decrease the uncertainties
regarding the various assumptions mentioned earlier.
For this evaluation, they set the boron concentration
as 0, and the RBE values for the thermal neutron and
the fast neutron as 1 (the same as a photon) for all the
out-of-field organs. Absorbed dose for neutron is the
sum of thermal neutron and fast neutron. Figure 7
shows the Dgyerage for photons and neutrons in the
out-of-field organs, based on the absorbed dose
during BNCT irradiation of a brain tumour in the
supine position. The irradiation time was the same as
for the evaluation with the biologically weighted
dose. Figure 8 shows the Diyerage of photons and neu-
trons in the out-of-field organs, based on the absorbed
dose during BNCT irradiation of a maxillary sinus
tumour in the seated position. The authors believe
that this technique can estimate the scattering of
photons and neutrons to the out-of-field organs, as
the influence of boron on the out-of-field organ can
be ignored. Based on the absorbed dose evaluation, it
is evident that the influence of photons on the out-of-
field organs is strong.

The role of Tsukuba-Plan as a comprehensive dose
management system

In this study, the authors evaluated the undesirable
dose to out-of-field organs during BNCT irradiation
using the absorbed dose and the biological weighted
dose. To evaluate the weighted dose, the authors

0.70
- " (3
Z 080 . mPhaton
by @ Neutron
§ 0.50]- e
e
2040
g
Z 0.30
ﬁ

0.00 .~—

Thyrotd  RlLang  Llung Heart  Spinal Cord  Liver

Figure 8. Averaged absorbed dose for the out-of-field

organs during BNCT for a maxillary sinus tumour in the

seated position. Absorbed dose for neutron means the sum
of the thermal neutron dose and the fast neutron dose.

assumed the CBE and boron concentration for the
out-of-field organs, as BNCT is typically used to treat
brain tumour, head and neck cancers, and therefore,
the CBE and boron concentrations for the out-of-
field organs are not well known. If BNCT were to
be used more frequently to treat cancers in the body
trunk, this might encourage further studies regarding
the CBE and boron concentrations of the organs
in the body trunk. This data would also enable
the Tsukuba-Plan to more accurately calculate the
specific organs’ doses.

Interestingly, there have been reports of patients
treated with a combination of BNCT and X-ray
radiotherapy!”. Presumably, the undesirable radi-
ation dose for the healthy tissues is increased in these
cases. Thus, it is important that RTP systems incorp-
orate the capacity for dose evaluation for tumours
and non-target areas.

In the past, when BNCT was combined with X-ray
radiotherapy, it was necessary to manage the dose in
each modality with separate RTP systems. However,
the authors intend to equip the Tsukuba-Plan with
the capacity to input the data in the DICOM-RT
format, and this function will enable comprehensive
dose management for combinations of BNCT and
other radiotherapy.

CONCLUSION

The authors used the Tsukuba-Plan, a recently devel-
oped BNCT treatment planning system, to estimate
the undesirable radiation dose for a whole-body
phantom during BNCT. The authors estimated the
undesirable radiation dose as the absorbed dose and
the biological weighted dose, using various assump-
tions for the CBE and boron concentrations in out-
of-field organs. As the Tsukuba-Plan can be used to
set the boron concentration and CBE for each organ,
it is possible to calculate the absorbed dose or bio-
logically weighted dose for each organ. Therefore, this
system can calculate the undesirable whole-body radi-
ation dose for BNCT during RTP, under patient-spe-
cific conditions, with a fine computational model
generated by medical images.
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This study aimed to investigate the effect of carbon ion (C-ion) irradiation on cell motility through the
ras homolog gene family member (Rho) signaling pathway in the human lung adenocarcinoma cell line A549.
Cell motility was assessed by a wound-healing assay, and the formation of cell protrusions was evaluated by
F-actin staining. Cell viability was examined by the WST-1 assay. The expression of myosin light chain
2 (MLC2) and the phosphorylation of MLC2 at Ser19 (P-MLC2-S19) were analyzed by Western blot. At48 h
after irradiation, the wound-healing assay demonstrated that migration was significantly greater in cells irra-
diated with C-ion (2 or 8 Gy) than in unirradiated cells. Similarly, F-actin staining showed that the formation
of protrusions was significantly increased in cells irradiated with C-ion (2 or 8 Gy) compared with unirradiated
cells. The observed increase in cell motility due to C-ion irradiation was similar to that observed due to X-ray
irradiation. Western-blot analysis showed that C-ion irradiation (8 Gy) increased P-MLC2-S19 expression
compared with in unirradiated controls, while total MLC2 expression was unchanged. Exposure to a non-toxic
concentration of Y-27632, a specific inhibitor of Rho-associated coiled-coil-forming protein kinase (ROCK),
reduced the expression of P-MLC2-S19 after C-ion irradiation (8 Gy), resulting in a significant reduction in
migration. These data suggest that C-ion irradiation increases cell motility in A549 cells via the Rho signaling
pathway and that ROCK inhibition reduces that effect.

Keywords: non-small cell lung carcinoma (NSCLC); cell motility; carbon ion (C-ion) irradiation; ras
homolog gene family member (Rho); Rho-associated coiled-coil-forming protein kinase (ROCK)

INTRODUCTION

Non-small cell lung carcinoma (NSCLC) is one of the most
lethal types of cancer, showing resistance to conventional ra-
diation therapy (RT) [1]. Carbon ion (C-ion) RT is consid-
ered to be a promising treatment strategy for early-stage
NSCLC because (1) C-ion RT is superior to conventional

X-ray RT in dose distributions, with higher concentrations in
tumors and superior normal tissue sparing that enables dose
escalations, and (ii) a C-ion beam has a higher relative bio-
logical effectiveness (RBE) than that of X-rays. In fact, a pre-
vious study demonstrated favorable local control achieved by
C-ion RT in patients with early-stage NSCLC [2]; however,
another previous study documented cases with marginal

© The Author 2014. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Radiation Oncology.
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recurrence after C-ion RT, which is an issue of great import-
ance [3]. Marginal recurrence in C-ion RT may be due, in
part, to insufficient dose delivery with a steep dose fall-off
and susceptibility to set-up error and organ motion at the
margin of tumors. Another possible cause for marginal recur-
rence is increased cancer-cell motility after irradiation.
Several in vitro studies demonstrated that X-ray irradiation
increased cell motility in cancer cells of various origins, in-
cluding lung [4-6]. These reports indicate the possibility that
cancer cells receiving X-ray irradiation may move outside of
the radiation fields in clinical settings.

The increase in cancer-cell motility due to X-ray irradi-
ation is achieved through the ras homolog gene family
member (Rho) signaling pathway [5, 7]. In the Rho signaling
pathway, Rho-associated coiled-coil-forming protein kinase
(ROCK) is considered to act as an effector downstream of
Rho [8]. ROCK directly and indirectly phosphorylates
myosin light chain 2 (MLC2) at Serl9 (P-MLC2-S19),
thereby increasing the contractility of actomyosin, which
forms stress fibers and cell protrusions, resulting in cell mi-
gration. However, the effect of C-ion irradiation on motility
in NSCLC cells and the underlying mechanisms have not
been fully elucidated. Therefore, the present study investi-
gated motility in A549 Jung adenocarcinoma cells exposed
to C-ion irradiation in vitro. The involvement of the Rho sig-
naling pathway in radiation-induced motility was assessed
using Y-27632, a specific inhibitor of ROCK [9].

MATERIALS AND METHODS

Cells and materials

A549 cells were purchased from the Cell Resources Center
for Biomedical Research in Tohoku University (Sendai,
Japan). The cells were cultured in RPMI-1640 (Invitrogen,
CA, USA) supplemented with 10% fetal bovine serum (ICN
Biomedicals, OH, USA) at 37°C with 5% CO,. Y-27632, a
specific inhibitor of ROCK, was purchased from Merck
(Darmstadt, Germany).

Carbon ion and X-ray irradiation

C-ion irradiation was performed at the Takasaki Ion
Accelerators for Advanced Radiation Application in the
Japan Atomic Energy Agency (Gunma, Japan) or Gunma
Heavy Ton Medical Center (Gunma, Japan). C-ion beams
with a linear energy transfer of 108 keV/um were used. The
RBE of the C-ion irradiation in A549 cells at a 10% surviv-
ing fraction was calculated as 3.9 by a clonogenic survival
assay (Supplementary Fig. 1).

WST-1 assay

To assess the viability of A549 cells, a WST-1 assay (Roche,
Mannheim, Germany) was performed according to the manu-
facturer’s instructions. A549 cells were seeded on 96-well
plates (1.0x 10* cells/well) and incubated at 37°C for 12 h.
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Fig. 1. The effect of carbon (C-ion) irradiation on the viability of
A549 cells assessed by WST-1 assay. An asterisk indicates
significant difference compared with the unirradiated control.

The cells received C-ion irradiation (0, 2 or 8 Gy) or continu-
ous exposure to Y-27632 (0.01, 0.1, 1, 10 or 50 uM). After in-
cubating for 24, 48, 72 or 120 h, 20 pl of WST-1 reagent was
applied to each well. After incubating for an additional 3 h at
37°C, absorption of 450 nm light was measured using a
Multiskan FC (Thermo, Helsinki, Finland).

Wound-healing assay

The motility of A549 cells was assessed by wound-healing
assay, as previously described [7]. Briefly, A549 cells were
cultured on 35-mm culture dishes to confluence. The mono-
layers were wounded by scratching with sterile pipette tips,
rinsed once with culture medium, and then exposed to fresh
culture medium. The cells were then subjected to C-ion
irradiation (2 or 8 Gy) and incubated at 37°C for 2, 6, 12, 24
or 48 h. Phase-contrast images of the wounds were obtained
at ax 20 magnification using a Real Surface View Micro-
scope VE-7800 (Keyence, Osaka, Japan). For each wound,
the distance between the nuclei of the cells located on the
two edges of a wound was measured at 30 points in the verti-
cal direction to the axis of the wound; the average value was
defined as the width of the wound. The distance the cells
migrated was calculated by subtracting the width of the
wound measured at a given timepoint from that obtained 2 h
after irradiation. To assess the effect of Y-27632, the cells
were continuously exposed to 30 uM Y-27632 from 18 h
before wounding to image acquisition.

F-actin staining

A549 cells seeded on coverslips were cultured for 18 h at
37°C to achieve 50% confluence, and then subjected (or not)
to X-ray (8 Gy) or C-ion irradiation (2 or 8 Gy). After culturing
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for a further 24 h, the cells were fixed with 3.7% paraformalde-
hyde for 10 min at room temperature, and permeabilized with
0.2% Triton X-100 for 5 min. The specimens were incubated
with the actin stain 488 phalloidin (Cytoskeleton Inc., CO,
USA) for 30 min at 37°C according to the manufacturer’s
instruction, and counter-stained with DAPI for 5 min. To
evaluate the formation of cell protrusions, the cells were
imaged using a Real Surface View Microscope VE-7800
(Keyence) at ax20 magnification. Five independent cell
counts of at least 100 cells each were performed for each set
of experimental conditions. The cells were counted by two
researchers (K.M. and T.O.), blind to the experimental condi-
tions, and evaluated for the formation of cell protrusions.

Western-blot analysis

A549 cells were cultured in the presence or absence of
Y-27632 (30 uM) for 18 h and subjected (or not) to C-ion
irradiation (2 or 8 Gy). After incubating for a further 0.5, 2 or
24 h at 37°C, the cells were harvested and lysed with cell
lysis buffer (Millipore, MA, USA) containing phosphatase
inhibitor cocktails 1 and 2 (Sigma-Aldrich, MO, USA) and
protease inhibitor cocktail 3 (Calbiochem, Darmstadt,
Germany). The protein lysates (50 pg) were subjected to
electrophoresis on 15% mini-PROTEAN TGX precast gels
(Bio-Rad, CA, USA) and transferred to nitrocellulose mem-
branes (Bio-Rad). The membranes were incubated at room
temperature for 1h with PBST supplemented with 5%
skimmed milk and exposed to primary and secondary anti-
bodies. Primary antibodies specific for the following proteins
were used: MLC2 (Cell Signaling Technology, MA, USA),
P-MLC2-S19 (Cell Signaling Technology) and B-actin
(Chemicon International, CA, USA). A polyclonal goat anti-
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mouse immunoglobulin (DAKO, CA, USA) was used as a
secondary antibody. The Western blots were visualized using
ECL chemiluminescent reagents (Bio-Rad) and ChemiStage
CC16 mini (Wealtec, NV, USA).

Statistics

Significant differences were analyzed by an unpaired two-
tailed Student’s t-test. P <0.05 was considered significant.
Results are expressed as the mean + standard deviation (SD)
of values obtained from at least three independent experi-
ments. The error bars in the figures represent SDs.

RESULTS

Carbon ion irradiation increased cell motility

in A549 cells

First we examined the effect of C-ion irradiation on the mo-
tility of A549 cells. Prior to the assessment of cell motility,
the viability of C-ion-irradiated cells was assessed because
differences in viability among cells receiving different doses
of C-ion irradiation might affect the motility assessment. The
WST-1 assay showed that the viability of the unirradiated
cells increased from 24 to 120 h (Fig. 1). Meanwhile, C-ion
irradiation (2 and 8 Gy) significantly reduced the cell viabil-
ity 72 and 120 h after the irradiation (2 Gy, P = 0.0026 and
0.000 70; 8 Gy, P = 0.013 and 0.0027, respectively); however,
48 h after receiving C-ion irradiation, there were no significant
differences in viability between the irradiated and unirradiated
cells (0 Gy vs 2 Gy, P = 0.22; 0 Gy vs 8 Gy, P = 0.49). As a
result of these data, the assessment of cell motility was per-
formed within 48 h after irradiation, a period when C-ion
irradiation did not significantly affect cell viability.
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Fig. 2. The effect of carbon ion (C-ion) and X-ray irradiation on cell motility in A549 cells assessed by a wound-healing assay.
(a) Representative micrographs of the wounds observed 2 and 48 h after receiving C-ion irradiation. The arrow indicates the width of a
wound. Scale bar, 200 um. (b) Distances the cells migrated. Left panel, cells receiving C-ion irradiation; right panel, cells receiving X-ray
irradiation. An asterisk indicates significant difference compared with the corresponding unirradiated control.
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The effect of C-ion irradiation on cell motility was
assessed by wound-healing assay (Fig. 2a and b). At 48 h
after receiving C-ion irradiation for 0, 2 or 8 Gy, the distance
the cells migrated was 534 £47, 640 +43 and 712+ 56 pum,
respectively. The migration distance was significantly greater
in the cells irradiated with 2 and 8 Gy than in the unirradiated
cells (P = 0.045 and 0.013, respectively). It appeared that
there was a dose-dependence in the increase in cell motility.

Meanwhile, the wound-healing assay showed that X-ray
irradiation also increased the motility of A549 cells (Fig. 2b).
At 48 h after X-ray irradiation (2 and 8 Gy), when cell
viability was not significantly affected (data not shown),
the cells receiving 0, 2 and 8 Gy migrated 531.52 +23.67,
604.12+16.55 and 637.58 £38.35 um, respectively. The
migration distance was significantly greater in the cells
receiving X-ray irradiation (2 and 8 Gy) than in the unirra-
diated cells (P = 0.012 and 0.015, respectively).

Control

(b)

Cell with protrusions (%)

661

To further investigate the effect of C-ion and X-ray irradi-
ation on cell motility, we evaluated the formation of cell pro-
trusions, another marker of motility [10], by F-actin staining.
Interestingly, irradiation with both C-ion (2 and 8 Gy) and
X-rays (8 Gy) significantly increased the formation of cell
protrusions 24 h after irradiation compared with unirradiated
controls (C-ion, P = 0.0026 and 0.000 039 for 2 and 8 Gy,
respectively; X-rays, P=0.00028 for 8§ Gy) (Fig. 3). Taken
together, these data suggest that C-ion irradiation increases
cell motility in A549 cells in a similar manner to X-rays.

ROCK inhibition by Y-27632 suppressed the
increase in motility in A549 cells after carbon

ion irradiation

The Rho signaling pathway is involved in the increase in cell
motility after X-ray irradiation in A549 cells [7]. Therefore,
the involvement of the Rho signaling pathway in the increase

60 -

Fig. 3. The effect of carbon ion (C-ion) and X-ray irradiation on the formation of cell protrusions in A549 cells assessed
by F-actin staining. (a) Representative micrograph of non-treated control cells (upper panel), cells irradiated with X-rays for
8 Gy (middle panel), and those irradiated with C-ion for 8 Gy (lower panel) taken 24 h after irradiation at a x40
magnification. F-actin and nuclei are shown in green (Alexa Fluor 488 phaloidin) and blue (DAPI), respectively. Scale bar,
30 pm. (b) Numbers of cells forming protrusions are shown. An asterisk indicates significant difference compared with the

unirradiated control.
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Fig. 4. The effects of carbon ion (C-ion) irradiation and/or Y-27632 on the phosphorylation of myosin light
chain 2 (MLC2) in A549 cells assessed by Western blot. The ratio of the expression level of phosphorylated
MLC2 at Ser19 (P-MLC2-S19) to that of MLC2 is shown. The ratios were normalized with respect to the
non-treated control. B-actin is shown as a loading control. IR =irradiation. (@) Expression of MLC2 and
P-MLC2-S19 in cells exposed to C-ion IR (2 or 8 Gy) and/or Y-27632 (30 pM) 24 h after irradiation.
(b) Expression of MLC2 and P-MLC2-S19 in cells irradiated with C-ion (8 Gy) 0.5, 2 or 24 h after irradiation.
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Fig. 5. The effect of Y-27632 on the viability of A549 cells. The
cells were exposed to Y-27632 for 48 h and subjected to a WST-1

assay. The viability of cells were normalized with respect to that of
cells exposed to 0.01 uM Y-27632.
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in cell motility after C-ion irradiation in A549 cells was in-
vestigated by Western blot. At 24 h after C-ion irradiation,
increased P-MLC2-S19 expression was observed in cells
irradiated with 8 Gy compared with unirradiated controls
(Fig. 4a). Interestingly, the phosphorylation level of MLC2
increased in a time-dependent manner (Fig. 4b). These
results indicate that activation of the Rho signaling pathway
may contribute to the increase in cell motility in A549 cells
receiving C-ion irradiation. Therefore, we investigated
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whether the inhibition of ROCK suppressed the increase in
cell motility by C-ion irradiation using Y-27632, which is a
specific inhibitor of ROCK. A WST-1 assay showed that
there was no significant difference in the viability of the cells
exposed to Y-27632 at concentrations ranging from 0.01 to
50 uM for 48 h (Fig. 5). From these results, 30 uM, a con-
centration at which Y-27632 does not affect cell viability,
was used in subsequent analyses. Western-blot analysis
showed that the expression of P-MLC2-S19 was reduced in
all the samples exposed to Y-27632 (Fig. 4a). Of note,
Y-27632 reduced the expression of P-MLC2-S19 in cells
receiving C-ion (8 Gy) to a level similar to that observed in
non-treated controls, indicating that Y-27632 suppressed
signal transduction through the Rho/ROCK/MLC2 pathway
activated after C-ion irradiation. Wound-healing assays
revealed that Y-27632 significantly reduced the migration
distance of the irradiated cells (P = 0.049 and 0.039 for
2 and 8 Gy, respectively) (Fig. 6). Taken together, these data
indicate that inhibition of ROCK reduces the increase in cell
motility after C-ion irradiation in A549 cells.

DISCUSSION

In the present study, wound-healing assays and F-actin stain-
ing showed that C-ion irradiation increased cell motility in
A549 cells. It seems that the increase in cancer-cell motility
after irradiation is not a characteristic of C-ion beams, but
rather a phenomenon similar to what is observed after X-ray
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Fig. 6. The effect of Y-27632 on motility in A549 cells after
C-ion irradiation assessed by a wound-healing assay. The cells were
exposed to Y-27632 (30 uM) for 18h and subjected to a
wound-healing assay as in Fig. 2. The cells were kept exposed to
Y-27632 until the time of assessment. For each of the samples
treated with or without Y-27632, the migration distances were
compared with those of unirradiated controls. The asterisk indicates
significant difference.

irradiation. We also found that the Rho/ROCK/MLC2 signal-
ing pathway, which can be targeted by the ROCK inhibitor
Y-27632, was involved in the increase in cell motility in
A549 cells after C-ion irradiation, suggesting that ROCK in-
hibition may reduce the migration of the irradiated cancer
cells when used in combination with C-ion RT.

Several in vitro studies investigated the effect of C-ion ir-
radiation on the migration of cancer cells [11, 12]. In these,
C-ion irradiation suppressed the migration of cancer cells
(U87 glioma cells and HCT116 colon carcinoma cells by
Goetze et al.; EBC-1 lung squamous cell carcinoma cells and
A549 cells by Akino ef al.). These results are in contrast to
ours, possibly due to the difference in the assay system
employed. Our study used a wound-healing assay and evalu-
ated the migration of cells in a horizontal direction on culture
dishes. Meanwhile, Goetze et al. [11] and Akino et al. [12]
used a Boyden chamber assay in which the numbers of cells
that pass through a filter with narrow pores in a vertical direc-
tion are counted. Moreover, the studies by Goetze et al. and
Akino er al. employed filters precoated with collagens. Cancer
cells utilize proteolytic enzymes such as matrix metalloprotei-
nases to degrade the extracellular matrix, including collagens,
and generate a path for moving through it [13]. Therefore, in
the studies by Goetze et al. and Akino et al., the effect of
C-ion irradiation on the activity of proteolytic enzymes may
be reflected in the results. Further investigation is required to
elucidate the effect of C-ion irradiation on cell motility, pro-
teolytic enzyme activity and other mechanisms involved in
cancer invasion and metastasis.

The results of the present study indicate that cell motility
in A549 cells is increased by C-ion irradiation with 2 and
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8 Gy, calculated as 7.8 and 31.2 GyRBE, respectively. The
irradiation dose per fraction used in C-ion RT for early-stage
NSCLC at Gunma University Heavy Ion Medical Center
falls within this range (i.e. 13.2-15.0 GyRBE/fraction; a
total of 52.8-60.0 GyRBE is delivered in four fractions in
one week). Therefore, although it is crude to directly extrapo-
late in vitro data into the clinical setting, the results of the
wound-healing assay suggest a potential clinical benefit. In
fact, the migration distance of the irradiated cells scored in
the wound-healing assay corresponded to 0.53-0.71 mm per
day. These data may be informative in defining clinical
target volumes in actual treatment planning. To further
explore this issue, the effect of the fractionated C-ion irradi-
ation on cancer-cell motility should be examined.

The Rho signaling pathway involving in the cell motility
has many downstream effectors. Among them, in the present
study, we selected the phosphorylation of MLC2 at Serl9 as
an indicator of the activation of Rho signaling because it is
well known that the Serl9 of MLC2 is specifically phos-
phorylated via ROCK [14], and that the resulting P-MLC2-
S19 plays a pivotal role in cell motility through its interaction
with actin—myosin [15]. There is a clinically available (intra-
venously administered) agent with ROCK inhibitory activity
named fasudil (Daiichi Chemical and Pharmacological
Company, Ibaragi, Japan), which is approved in Japan for
the prevention of cerebral vasospasm in patients with sub-
arachnoid hemorrhage [16]. In this regard, if the involvement
of the Rho/ROCK/MLC2 cascade in the increased cancer-
cell motility after C-ion irradiation is proven, the finding can
be directly applied in the clinic with fasudil treatment com-
bined with C-ion RT for the prevention of cancer-cell migra-
tion after C-ion RT. However, fasudil is known to interact
with multiple molecules such as free intracellular calcium
ions and protein kinases A, G and C (16). Thus, in the
present study, in order to clearly evaluate the effect of ROCK
inhibition on cell motility after C-ion irradiation, the inhibi-
tor Y-27632, which is specific for ROCK [17], was used
instead of fasudil, even though Y-27632 is not suitable for
human use. As a result, ROCK inhibition by Y-27632
resulted in the reduced motility in A549 cells irradiated with
C-ion of 2 and 8 Gy by 20% and 25%, respectively (Fig. 6).
These data indicate the potential of clinical ROCK inhibition
for the suppression of migration of cancer cells during and
after C-ion RT. Taken together, fasudil combined with C-ion
RT is an attractive method for improving local disease
control that warrants investigation in the clinic.

The present study has several limitations. In a wound-
healing assay, only the motility of cells at the edge of
scratched wounds can be evaluated. In contrast, in F-actin
staining, cells seeded on coverslips at 50% confluence
showed increased cell protrusions, indicating that C-ion
irradiation increased cell motility not only in cells living on
the edge of tumors, but also in those living at the center of a
cluster of cancer cells. Nevertheless, these results are not
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enough to completely understand the spatio-temporal effect
of C-ion irradiation on cancer-cell motility. The present
study also investigated the effect of C-ion irradiation on
cancer-cell motility within 48 h after irradiation, when C-ion
irradiation did not significantly affect cell viability, in order
to focus on motility; however, in the clinical setting the situ-
ation can be more complicated because the repopulation of
the irradiated cancer cells may affect their motility. To clarify
these issues, analyses using 3D tumor models such as in vitro
spheroids or in vivo mouse xenograft tumor models should
be performed in the future. Furthermore, the mechanism
underlying the continuous phosphorylation of MLC2-S19
after C-ion irradiation is largely unknown and warrants fur-
ther investigation.

CONCLUSION

In conclusion, the present study showed that C-ion irradiation
increased cell motility in A549 cells via the Rho/ROCK/
MLC2 signaling pathway, and that inhibition of ROCK
reduced the increase in cell motility in irradiated cells.
Further investigation will elucidate the effect of C-ion irradi-
ation on migration, invasion and metastasis, and the under-
lying mechanism, which will help to develop efficient
treatment strategies in C-ion RT.
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Research online.
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Postnatal hematopoietic progenitor cells do not contribute to microglial homeostasis in adult mice under
normal conditions. However, previous studies using whole-body irradiation and bone marrow (BM) trans-
plantation models have shown that adult BM cells migrate into the brain tissue and differentiate into microglia
(BM-derived microglia; BMDM). Here, we investigated whether cranial irradiation alone was sufficient to
induce the generation of BMDM in the adult mouse brain. Transgenic mice that express green fluorescent
protein (GFP) under the control of a murine stem cell virus (MSCV) promoter (MSCV-GFP mice) were used.
MSCV-GFP mice express GFP in BM cells but not in the resident microglia in the brain. Therefore, these
mice allowed us to detect BM-derived cells in the brain without BM reconstitution. MSCV~GFP mice, aged
8-12 weeks, received 13.0 Gy irradiation only to the cranium, and BM-derived cells in the brain were quanti-
fied at 3 and 8 weeks after irradiation. No BM-derived cells were detected in control non-irradiated MSCV-
GFP mouse brains, but numerous GFP-labeled BM-derived cells were present in the brain stem, basal ganglia
and cerebral cortex of the irradiated MSCV-GFP mice. These BM-derived cells were positive for Ibal, a
marker for microglia, indicating that GFP-positive BM-derived cells were microglial in nature. The population
of BMDM was significantly greater at 8 weeks post-irradiation than at 3 weeks post-irradiation in all brain
regions examined. Our results clearly show that cranial irradiation alone is sufficient to induce the generation
of BMDM in the adult mouse.

Keywords: microglia; bone marrow-derived microglia; cranial irradiation; transgenic mice

INTRODUCTION

Microglia are immune effector cells of the central nervous
system (CNS) and play an important role in processes such
as phagocytosis [1] and antigen-presentation [2], and in
defense against the neurodegeneration of neural tissue [3]. In
the prenatal state, hematopoietic progenitor cells differentiate
into microglia. However, under normal conditions in the
postnatal state, hematopoietic progenitor cells do not contrib-
ute to microglial homeostasis in the adult mouse [4].
However, recent studies have shown that adult bone marrow

(BM) cells may have the potential to migrate to the brain
tissue and differentiate into microglia under non-normal con-
ditions [5, 6]. Microglia that have migrated from the BM to
the adult brain tissue have been termed BM-derived micro-
glia (BMDM).

The combination of BM transplantation with whole-body
irradiation is one specific condition that induces BMDM for-
mation. Priller e al. have reported that sublethal whole-body
irradiation given as a pretreatment to BM transplantation
induced the migration of BM cells to the adult mouse brain
[5]. They concluded that BM transplantation, rather than

© The Author 2014. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Radiation Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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irradiation, primarily contributes to the induction of BM
cells seen in the brain tissue. In a different study, Burrell
et al. showed that irradiation alone would induce the migra-
tion of BM cells into the brain [6]. In Burrell’s study, sub-
lethal irradiation to the whole-body except for the cranial
region was given prior to BM transplantation. The mice then
received cranial irradiation after BM reconstitution. This
resulted in BM cell migration to the irradiated brain region.
The authors further showed that the majority of migrated BM
cells had differentiated into microglia. They concluded that
irradiation alone induced the migration of BM cells into the
brain. However, the experiment by Burrell e al. included
both BM transplantation and sublethal whole-body irradi-
ation. Therefore, it remains unclear whether irradiation, spe-
cifically, cranial irradiation, alone is sufficient to induce
BMDM generation or if co-treatment with BM transplant-
ation is required.

In the present study, transgenic mice expressing green
fluorescent protein (GFP) in the BM cells, but not in brain-
resident microglia, were used. We examined whether cranial
irradiation is sufficient to induce BMDM in the adult mouse
brain. We further determined the brain regions preferentially
targeted during migration and the temporal change in BMDM
number following cranial irradiation.

MATERIALS AND METHODS

Animals

All experiments were conducted in accordance with the
guidelines of the Animal Care and Experimentation Com-
mittee of the Gunma University. The experimental design is
shown in Fig. 1A. We used only male transgenic mice at
the age of 8-12 weeks with a C57BL/6 background, which
expressed GFP under the control of murine stem cell virus
(MSCV) promoter (MSCV-GFP mice) [7]. Mice were sub-
jected to cranial irradiation. MSCV-GFP mice express GFP in
BM cells and cerebellar Purkinje cells but not in resident
microglia [8], which enabled us to detect endogenous BM cells
that migrate into the brain tissue without BM reconstitution.

Cranial irradiation

Cranial irradiation was performed using a TITAN 225-S
X-ray machine (Shimadzu Co., Tokyo, Japan) that generated
200 kV X-rays at a dose rate of 1.3 Gy/min. Mice were
anesthetized with an intraperitoneal injection of pentobar-
bital (40 mg/kg), and were placed in a prone position. A lead
plate (6 mm thick) containing a rectangular window was
positioned over the mouse to shield the majority of the body
(Fig. 1B) but allow exposure to just the head of the mouse
through the window. This resulted in cranial region-specific
irradiation. A total of 13 Gy of cranial irradiation was applied
to the dorsal side of each mouse. MSCV-GFP mice aged
8-12 weeks received cranial irradiation (n=8). Animals that
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Fig. 1. Experimental design. (A) Schematic depicting the
experimental protocol. Eight MSCV-GFP mice received 13 Gy
crapial irradiation under anesthesia. Four MSCV-GFP mice that
received anesthesia but were not subjected to irradiation were used
as controls. Four irradiated and four non-irradiated mice were
sacrificed for histological analysis 3 weeks post-treatment. The
remaining four irradiated mice were sacrificed and histologically
examined at 8 weeks post-irradiation. (B) For head-specific
irradiation, a mouse was placed in the prone position, and the body
except for the cranial region was shielded with lead plates.

underwent the same anesthesia protocol but did not receive ir-
radiation served as a control group (n=4) (Fig. 1).

Immunofluorescent staining

Irradiated MSCV-GFP mice were sacrificed at 3 weeks
(n=4) or 8 weeks (n=4) after treatment for histological
analysis. Control MSCV-GFP mice that received only an-
esthesia were similarly examined at 3 weeks (n=4) after
the treatment.

Transcardial perfusion with 4% paraformaldehyde in
phosphate-buffered saline (PBS) was performed prior to
brain dissection. Dissected brain tissue was fixed in the same
fixative solution for an additional 24 h. On the next day, the
brains were washed in PBS and cut into 50-um sagittal sec-
tions using a vibratome. The sections were double immunos-
tained with rat monoclonal anti-GFP (1:1000; 04404-84;
Nacalai Tesque, Kyoto, Japan) and rabbit polyclonal anti-
Ibal (1:1000; 019-19741; Wako, Osaka, Japan) antibodies,
as described previously [9]. In brief, sections were incubated
in the presence of 1 yg/ml anti-Ibal and 1 pg/ml anti-GFP
antibodies overnight. After three PBS washes, sections were
incubated with the fluorescent secondary antibodies, Alexa
Fluor 488 donkey anti-rat IgG (1:1000; Life Technologies,
Gaithersburg, MD, USA) and Alexa Fluor 568 donkey anti-
rabbit IgG (1:1000; Life Technologies) in PBS for 1 h at
room temperature. The stained sections were mounted on
glass slides after three PBS washes. We have confirmed that
the immunoreactivity was specific by conducting negative
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control experiments that included secondary antibodies, but
not primary antibodies.

Quantification of resident microglia and bone
marrow-derived microglia

All sections were observed by the blind test method. All
fluorescent images were obtained using a fluorescence
microscope (BZ-9000; Keyence, Osaka, Japan) equipped
with a x20 objective lens. We counted the number of cells in
five randomly selected regions/slice. In each focused brain
region, five to six slices from four animals/group were used
for the analysis. Sections were excited at 488 nm and 543 nm.
All fluorescent images were analyzed with the BZ-II analysis
program (Keyence). Both GFP- and Ibal-positive cells were
automatically counted (Figs 2-4) and were further confirmed
by visual inspection. In brief, the contrast of all obtained
images was adjusted to the same condition (shadows: 60,
Highlight: 150, y-value: 1.0) in BZ-II analysis program
(Keyence). Then, Keyence’s ‘cell separation method’ was
used to count individual cells. Cells <10 um* were excluded
from counting. Microglia were immunolabeled for Ibal.
Ibal-positive cells that were co-immunostained for GFP
were derived from the BM and were therefore considered to
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be BMDM. The numbers of Ibal-positive and GFP-negative
cells and Ibal- and GEP-double positive cells in 1 mm? were
counted.

Statistical analysis

Significant differences were evaluated using ANOVA with a
post hoc test and an unpaired two-tailed Student’s #-test. Data
were analyzed using group means with error bars reported
as standard deviations (SDs). Differences were considered
significant when the P-values were <0.05. All statistical
analyses were performed using SPSS 16.0 for Mac (SPSS,
Chicago, 1L, USA).

RESULTS

Migration of BMDM into the brain tissue

Fig. 2A — C shows representative fluorescence images of the
brain stem double immunostained for Ibal and GFP from
non-irradiated MSCV-GFP mice (Fig. 2A) and from irra-
diated MSCV-GFP mice at 3 (Fig. 2B) and 8 (Fig. 2C)
weeks after cranial irradiation. Ibal-positive microglia were
widely distributed in all groups. Quantitative data analysis
showed that the number of resident microglia, which were

2
=
=

g

microglia
0O control
3 weeks afler irradiation
MW § weeks after irradiation

Fig. 2. Induction of BMDM in the brain tissue following the cranial irradiation. (A—C) Representative images of the brain
stem double immunolabeled for GFP and Ibal from non-irradiated control mice (A) and irradiated mice at 3 (B) and 8
(C) weeks post-irradiation. Ibal-positive and GFP-negative resident microglial cells were observed in all groups
(arrowheads), whereas Ibal- and GFP- double positive cells were present only in the irradiated groups (arrows). Scale bars,
40 ym. (D) Summarized graph showing the number of resident microglia (left columns) and BMDM (right columns) in
1 mm? area of the brain stem. White bar: control group, gray bars: 3 weeks post-irradiation, black bars: 8 weeks

post-irradiation. *P < 0.05, **P <0.01.
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Fig. 3. Migration of BMDM in the basal ganglia after the cranial irradiation. (A—C) Representative images of the basal
ganglia double immunolabeled for GFP and Ibal from non-irradiated control mice (A) and irradiated mice at 3 (B) and 8
(C) weeks post-irradiation. Similar to the brain stem, Ibal-positive and GFP-negative resident microglial cells were
observed in all groups (arrowheads), and Ibal- and GFP-double-positive cells were present only in the irradiated groups
(arrows). Scale bars, 40 pm. (D) Summarized graph showing the number of resident microglia (left columns) and BMDM
(right columns) in 1 mm? area of the basal ganglia. White bar: control group, gray bars: 3 weeks post-irradiation, black bars:

8 weeks post-irradiation. *P < 0.05, **P <0.01.

defined as Ibal-positive and GFP-negative cells (arrowheads
in Fig. 2A-C), was significantly higher at 3 (P<0.05)
and 8 (P<0.05) weeks post-irradiation compared with
non-irradiated controls (Fig. 2D). Notably, Ibal- and
GFP-double positive cells (arrows in Fig. 2B and C), which
were considered to be BMDM (hereafter referred to as
BMDM), were observed only in the irradiated groups.
Moreover, the density of BMDM was significantly higher at
8 weeks post-irradiation than at 3 weeks post-irradiation
(P<0.01, Fig. 2D).

Similar patterns were found in the basal ganglia
(Fig. 3A — C) and cerebral cortex (Fig. 4A — C). The number
of resident microglia in these regions was significantly
higher in irradiated mice at both 3 (P <0.05, each) and
8 weeks post-irradiation (P < 0.05, each), compared with the
control, non-irradiated mice (Figs 3D and 4D). Similar to
what was observed in the brain stem, Ibal- and GFP-double
positive BMDM were also observed in these regions in the
irradiated groups but not in the non-irradiated group.

Comparison of the number of resident microglia
and BMDM in different brain regions

Figure 5A and B show a time-course for the number of
resident microglia and BMDM observed in the brain stem,
basal ganglia, and cerebral cortex after cranial irradiation.
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Resident microglia density was almost comparable in the
brain stem (290 + 10 cells/mm?) and the basal ganglia
(318x11 cells/mmz) of control, non-irradiated mice, whereas
it was significantly less in the cerebral cortex (184 + 28 cells/
mmz). As described above, cranial irradiation significantly
increased resident microglia density in all three regions to
339-373 cells/mm? at 3 weeks post-irradiation. No statistic-
ally significant differences in number were present between
the groups (Fig. 5A). The resident microglia density in these
three regions at 8§ weeks after irradiation ranged from 341-
376 cells/mmz, showing no further increase in the resident
microglia population (Fig. 5A).

In contrast, the number of BMDM increased in a manner
dependent on the time following irradiation. The number of
BMDM at 3 weeks post-irradiation was highest in the brain
stem (151 cellsymm?®), followed by the basal ganglia
(12+3 cells/mm?) and cerebral cortex (7+3 cells/mm?).
The number of BMDM in the cerebral cortex was signifi-
cantly less than that in the brain stem (Fig. 5B). The differ-
ence between BMDM numbers in the brain regions
expanded at 8 weeks post-irradiation. The number of
BMDM at 8 weeks post-irradiation was 64 + 17 cells/mm? in
the brain stem, 44 + 15 cells/mm? in the basal ganglia, and
19+ 1 cells/mm? in the cerebral cortex. Thus, the number of
BMDM in each region increased 2.7-4.3 times during the
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Fig. 4. Migration of BMDM in the cerebral cortex after the cranial irradiation. (A-C) Representative images of the
cerebral cortex double immunolabeled for GFP and Ibal from non-irradiated control mice (A) and irradiated mice at 3
(B) and 8 (C) weeks post-irradiation. Similar to other regions, Ibal-positive and GFP-negative resident microglial cells were
observed in all groups (arrowheads), and Ibal- and GFP-double-positive cells were present only in the irradiated groups
(arrows). Scale bars, 40 pm. (D) Summarized graph showing the number of resident microglia (left columns) and BMDM
(right columns) in 1 mm? area of the cerebral cortex. White bar: control group, gray bars: 3 weeks post-irradiation, black
bars: 8 weeks post-irradiation. *P < 0.05, **P <0.01.
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Fig. 5. Regional differences in the number of resident microglia and BMDM. (A, B) Comparison of the number of resident
microglia (A) and BMDM (B) in the brain stem (BS), basal ganglia (BG), and cerebral cortex (CTX) between control,
non-irradiated mice (white columns) and irradiated mice at 3 (gray columns) or 8 (black columns) weeks post-irradiation.
All values are presented as the mean = SD, *P <0.05, **P <0.01.
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