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ABSTRACT
High energy ionizing radiation can cause DNA damage and cell death. During 

clinical radiation therapy, the radiation dose could range from 15 to 60 Gy depending 
on targets. While 2 Gy radiation has been shown to cause cancer cell death, studies 
also suggest a protective potential by low dose radiation. In this study, we examined 
the effect of 0.2-2 Gy radiation on hippocampal neurons. Low dose 0.2 Gy radiation 
treatment increased the levels of MTT. Since hippocampal neurons are post-mitotic, 
this result reveals a possibility that 0.2 Gy irradiation may increase mitochondrial 
activity to cope with stimuli. Maintaining neural plasticity is an energy-demanding 
process that requires high efficient mitochondrial function. We thus hypothesized 
that low dose radiation may regulate mitochondrial dynamics and function to ensure 
survival of neurons. Our results showed that five days after 0.2 Gy irradiation, no 
obvious changes on neuronal survival, neuronal synapses, membrane potential of 
mitochondria, reactive oxygen species levels, and mitochondrial DNA copy numbers. 
Interestingly, 0.2 Gy irradiation promoted the mitochondria fusion, resulting in part 
from the increased level of a mitochondrial fusion protein, Mfn2, and inhibition of 
Drp1 fission protein trafficking to the mitochondria. Accompanying with the increased 
mitochondrial fusion, the expressions of complexes I and III of the electron transport 
chain were also increased. These findings suggest that, hippocampal neurons undergo 
increased mitochondrial fusion to modulate cellular activity as an adaptive mechanism 
in response to low dose radiation.

INTRODUCTION

Radiation therapy (RT) using ionizing radiation 
(IR) has been used on malignant glioma, aneurysm or 
acoustic neuroma [1, 2]. Several ways of RT, including 
stereotactic radiosurgery (SRS), conventional fractionated 
RT, and proton therapy, are considered depending on the 

diseases and conditions. However, employing RT on brain 
lesions also creates a dose distribution with gradual fall-
off. While the target lesions receive therapeutic dose of 
RT, the surrounding brain tissue inevitably receives a 
gradient, generally low dose of IR by current standard 
dose-painting techniques. The dose that the off-target 
normal brain received could range from 0.1 to 20 Gy 
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depending on the planned RT dose to targets. In most 
cases, the therapeutic dose is 2 Gy per fraction for 
conventional fractionated RT and 20 Gy in single fraction 
for SRS. The major toxicity concern is the cognitive 
deficits caused by RT. High energy IR has long been 
implicated in DNA damage and cell death. The total dose 
for radiation therapy ranges from 20 to 60 Gy depending 
on the pathological types of target lesions, treatment 
volumes and radiation techniques. Except that for 
stereotactic radiosurgery with single or hypofractionated 
radiotherapy, the conventional fractionated radiotherapy 
usually are composed of approximate 30 daily fractions 
with 1.8 to 2 Gy per fraction. Each course of conventional 
fractionated radiotherapy in general takes 6 to 7 weeks, 
rendering the accumulated effect of radiation underscored. 
It was estimated more than 200,000 patients receive partial 
large-field or whole-brain irradiation every year [3]. 
While radiation therapy for brain tumors aims to benefit 
patients, the side effect of the cognitive impairment, such 
as poor memory and injury of the hippocampus, has been 
reported [4-8]. Nonetheless, a number of reports implicate 
beneficial effects of low dose radiation [9, 10] and raise 
our interest to investigate whether low dose radiation has 
hormesis effect. 

As the central dogma suggests that radiation 
would result in nuclear DNA damage, accumulating 
evidence supports an argument of nuclear damage being 
secondary to the damage of mitochondria [11-13]. It 
seems plausible that mitochondria DNAs (mtDNAs) are 
very susceptible to oxidative/radiation damage because 
they lack the protection by proteins and histones [11, 14]. 
As a result, mitochondria undergo compensatory fusion 
to remove the dysfunctional mtDNA and to maintain 
the respiratory function [15, 16]. Along the line, fusion 
of mitochondria has been demonstrated to protect 
against neurodegeneration [17]. The mitochondrial 
fusion proteins (Mitofusin proteins, MFNs) are large 
transmembrane GTPases, which bind and hydrolyze 
guanosine triphosphate (GTP) to produce energy [18, 
19]. In mammals, the major proteins for fusion process 
have two isoforms, Mfn1 and Mfn2, located at the outer 
mitochondrial membrane [20]. In the brain, Mfn2 is 
the main mitochondrial fusion protein [17]. In contrast, 
mitochondrial fission is regulated by dynamin-related 
protein 1 (Drp1) and mitochondrial fission 1 (FIS1) in 
mammals. The structure of Drp1 contains an N-terminal 
GTPases and a C-terminal GTPase effector domain [21]. 
FIS1 is a mitochondrial outer membrane protein and is as 
a receptor for Drp1. 

 Given that biological effects of low dose RT 
distributed in brain remains unclear, we investigated the 
responses of neurons to RT from low dose to therapeutic 
dose levels. To our knowledge, the information of low 
dose RT on mitochondria dynamics of neurons is lacking.
In this study, we tested the hypothesis that, in response to 
low dose radiation, hippocampal neurons may modulate 

mitochondrial dynamics as an adaptive mechanism to 
regulate neuronal survival.

RESULTS

Effect of radiation on the survival of hippocampal 
neurons

To address the effect of radiation on hippocampal  
neurons, hippocampal neurons were isolated from 
embryonic day 18 (E18) rat and cultured in vitro. On day 
in vitro 7 (DIV 7), hippocampal neurons were irradiated 
with 0, 0.02, 0.2 or 2 Gy radiation. Cell viability was 
determined using MTT assays, 1, 3 or 5 days post-
radiation. Five days after radiation, the OD565 in 0.2 
Gy radiation-treated neurons was increased compared to 
control neurons (Fig. 1A). The results with 0.02-0.05 Gy 
radiation were rather variable, with averaged change of 
10-18% (supplemental Table S1), which may reflect the 
limitation of the accelerator. Thus, 0.2 Gy is referred as 
low dose radiation in this study. MTT assays are often used 
as measurement for cell survival and/or cell proliferation. 
Neurons are post-mitotic and do not proliferate, thus the 
MTT data are not likely a result of neuronal proliferation. 
To confirm this assumption, cell cycle analysis was 
performed. As shown in Fig. 1B, radiation did not affect 
cell cycle progression of neurons. Although neurons 
are post-mitotic and are incapable of proliferation, it 
remains possible that 0.2 Gy radiation would increase 
neuron numbers through increasing differentiation of 
progenitor cells [22]. We thus examined whether low 
dose radiation may increase the numbers of hippocampal 
neurons. E18 hippocampal neurons were treated with 0, 
0.2, or 2 Gy radiation on DIV 7. Five days after radiation, 
nuclei were stained with DAPI and counted (Fig. 1C 
and D). Comparing with control cells, cell number was 
decreased in 2 Gy radiation treated neurons. Cell number 
of 0.2 Gy-irradiated neurons was not affected. This result 
demonstrates that 0.2 Gy low dose radiation does not 
increase the number of E18 hippocampal neurons.

0.2 Gy radiation treatment has no effects on 
mitochondrial membrane potential, ROS level, 
mitochondrial DNA copy number but increases 
the level of the postsynaptic marker PSD95

While MTT assay is often used to detect the 
cell viability, the measured activity could also reflect 
mitochondrial activity [23]. We next determined whether 
low dose radiation may increase mitochondrial activity, 
mitochondrial membrane potential, mitochondrial reactive 
oxygen species (ROS) level and mtDNA copy number. 
Mitochondrial membrane potential (ΔΨm) is important 
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Figure 1: The level of MTT assays in 0.2 Gy-irradiated neurons was increased compared to control cells. A. E18 
hippocampal neurons were irradiated with 0, 0.02, 0.2, or 2 Gy radiation on DIV 7. Cell survival was determined via MTT assays 1, 3 
or 5 days after radiation treatment. Values are mean ± S.E.M from three independent experiments. (*:p < 0.05, paired Student’s t test) B. 
Neurons were treated as in A.. Five days after radiation, cells were harvested for cell cycle analysis. C. E18 hippocampal neurons were 
irradiated with 0, 0.2, or 2 Gy radiation on DIV 7. Five days after radiation treatment, cells were fixed and stained by DAPI. Images were 
taken using Zeiss Observer Z1 microscope with 10x (NA/0.3) objective. Scale bar = 100 μm. D. Cell number was measured. Values are 
mean ± S.E.M from three independent experiments. (*:p < 0.05, paired Student’s t test)
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for forming H+ electrochemical potential to generate ATP. 
JC-1 dye is a mitochondrial membrane potential indicator. 
In a healthy cell, JC-1 will aggregate and exhibit red 
fluorescence. When mitochondria are depolarized and 
ΔΨm values are decreased, JC-1 will exist as a monomer 
emitting green fluorescence. Neurons were treated with 
0, 0.2, or 2 Gy radiation on DIV 7 and JC-1 dye was 
added to measure mitochondrial membrane potential via 
flow cytometry. The values of red/green fluoresce were 
normalized to control. As shown in Fig. 2A, comparing 
the mitochondrial membrane potential with or without 
radiation treatment, there is no significant difference 
among 0.2 or 2 Gy-irradiated neurons and the control 
neurons.

ROS are generated during mitochondrial respiration 
and may cause DNA damage. To determine whether 
radiation would affect ROS level, MitoSOX red was used 
to detect the ROS level. MitoSOX red is a mitochondrial 
superoxide indicator and can be oxidized by superoxide 
within mitochondria to produce red fluorescence. Neurons 
were treated with 0, 0.2, or 2 Gy radiation on DIV 7. Cells 
were collected five days after radiation treatment and 
stained with MitoSOX red to measure mitochondrial ROS 
level via flow cytometry. Comparing with 0 Gy, ROS level 
in 0.2 or 2 Gy-irradiated neurons was not significantly 
different from control neurons (Fig. 2B). A positive control 
was shown on the left.

mtDNA contains the genes required for respiratory 
activity and regulates mitochondrial ATP synthesis. 
An increase of mtDNA copy number is thought to be a 
compensatory effect for post-irradiated cells as part of an 
adaptive mechanism [24]. To determine whether radiation 
affects mtDNA copy number, neurons were treated with 0, 
0.2, or 2 Gy radiation on DIV 7. Five days after radiation, 
the level of mitochondrial DNA copy number was 
quantified using semi-quantitative real-time PCR (Q-PCR) 
(Fig. 2C). 16S rRNA and cytochrome b on mtDNA serve 
as reference genes of mitochondria and β-actin serves as 

an internal control. The relative mtDNA copy number was 
normalized to β-actin. Mitochondrial copy number for 
0.2 Gy-irradiated neurons was the same as non-irradiated 
neurons. On the other hand, mitochondrial copy number 
for 2 Gy-irradiated neurons was increased, though the 
increase was not statistically different. This result indicates 
that 2 Gy radiation may have generated cellular stress to 
neurons which is consistent with reduced neurons number 
upon 2 Gy radiation (Fig. 1C).

For the hippocampal neuron culture, the density of 
dendritic spines correlates with the number of synapses. To 
determine whether radiation affects dendritic spines, the 
level of PSD95, a postsynaptic marker, was determined. 
As shown in Fig. 3A, the level of PSD95 was higher in 
0.2 Gy-irradiated neurons but not for 2 Gy-irradiation 
neurons. This result suggests that 0.2 Gy radiation may 
increase dendritic synapses to cope with the stimuli. 
Neurons communicate through the synaptic connections. 
The increase of dendritic synapses suggests increased 
connection and could represent increased activity. Thus, 
to evaluate the effect of low dose radiation on neuronal 
function, activity of synaptic vesicle cycling was 
monitored. To this end, hippocampal neurons were loaded 
with styryl dye FM4-64. Change of FM4-64 intensity 
at the soma area (mostly receiving information through 
dendrites) in response to depolarizing KCl solution 
was determined to represent synaptic activity. Neurons 
irradiated with 0.2 Gy showed increased uptake of dye 
compared to control neurons, suggestive of increased 
dendritic activity of neurons (Fig. 3B).

0.2 Gy radiation treatment promotes 
mitochondrial fusion and modulates 
mitochondrial complexes

Mitochondria supplies energy required during 
neuronal differentiation. To determine whether low dose 

Figure 2: Radiation treatment did not have effects on mitochondrial membrane potential, ROS level, and mitochondrial 
DNA copy number. A. E18 hippocampal neurons were irradiated with 0, 0.2, or 2 Gy radiation on DIV 7. Five days after radiation, 
neurons were collected and stained with JC-1 to measure mitochondrial membrane potential. B.-C. Neurons were treated as in A.. Five days 
after radiation, neurons were stained with MitoSOX Red and analyzed by BD Accuri C6 Flow Cytometer. Positive control on the left of B. 
showed increased MitoSOX Red for HUVEC cells treated with 40 μM carbonyl cyanide 4-(trifluoromethyoxy) phenylhydrazone (FCCP), 
an uncoupler of oxidative phosphorylation, for 30 min. Genomic DNA was extracted and mitochondrial DNA copy numbers were analyzed 
by Q-PCR. All quantified results are shown as mean ± S.E.M from three independent experiments. 
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Figure 3: PSD95 expression levels in response to radiation. A. E18 hippocampal neurons were irradiated with 0, 0.2, or 2 Gy 
radiation on DIV 7. After 5 days, cell lysates were collected and analyzed by western blotting using anti-PSD95 or actin antibody. Level of 
PSD95 was normalized to actin. Quantified results are shown as mean ± S.E.M from three independent experiments. B. E18 hippocampal 
neurons were irradiated with 0 or 0.2 Gy radiation on DIV 7. Five days after radiation, neurons were incubated with FM® 4-64FX dye 
followed by increasing concentrations of K+ and images were taken. The intensity of fluorescence was quantified as described in material 
and methods. Blue line: 0 Gy radiation (n = 8) and red line: 0.2 Gy radiation (n = 22).

Figure 4: Radiation promotes mitochondrial fusion of hippocampal neurons. E18 hippocampal neurons were irradiated 
with 0, 0.2, or 2 Gy radiation on DIV 7. After 5 days, cells were fixed and subjected to immunofluorescence staining with anti-Tom20 
(Mitochondria, red) and Tuj1 (βIII-tubulin, green) antibodies. Nucleus was stained by DAPI (blue). The lower right panels of the Tom 20 
staining represent magnifications of the areas indicated (i, ii). Scale bar = 10 μm. 20 μm for enlarged panels. Images were taken using Zeiss 
LSM780. 
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radiation may change mitochondrial dynamics, neurons 
treated with 0, 0.2, or 2 Gy radiation were subjected to 
immunofluorescence staining of Tom20, a translocase of 
mitochondrial outer membrane, to mark mitochondria 
(Fig. 4). In response to 0.2 Gy radiation, morphology 
of mitochondria in neurons became longer/elongated 
compared to control neurons. 2 Gy irradiation also caused 
some degree of mitochondrial fusion but not to the degree 
observed in 0.2 Gy-irradiated neurons. This morphological 
change of mitochondria suggests a protective mechanism 
of neurons against radiation through promoting 
mitochondrial fusion. To determine the mechanism 
underlying radiation-induced mitochondrial fusion, the 
level Drp1, a mitochondrial fission protein, was examined 
via western blotting. As shown in Fig. 5A, the level of 
Drp1 was increased in response to 0.2 and 2 Gy irradiation. 
While the increase of Drp1 suggests an increased fission, 
interestingly, the relative level of pDrp1(S637) was also 
increased for 0.2 and 2 Gy-irradiated neurons compared 
to control neurons (Fig. 5B). Phosphorylation of Drp1 
at Ser637 (S637) sequesters Drp1 in the cytoplasm and 
prevents its translocation to the mitochondria [25, 26]. 
Thus, the increased Drp1 for 0.2 Gy-irradiated neurons 
does not likely to lead to mitochondrial fission. In contrast, 
the expression of mitochondrial fusion protein, Mfn2, was 
increased specifically for 0.2 Gy-irradiated neurons (Fig. 
6). This result is in line with the phenotype of increased 
mitochondrial fusion by 0.2 Gy-irradiation (Fig. 4). These 
findings suggest that 0.2 Gy low dose radiation promotes 

mitochondrial fusion to ensure neuronal survival.
ATP synthesis requires five protein complexes 

localized on inner mitochondrial membrane for oxidative 
phosphorylation. The complex I accepts the electrons 
from the nicotinamide adenine dinucleotide and the 
complex II accepts the electrons from the flavin adenine 
dinucleotide. The electrons are passed to a lipid-soluble 
carrier coenzyme Q, as ubiquinone, and then are passed 
to complex III. Complex III transfers the electrons to 
a water-soluble electron carrier cytochrome c and the 
electrons are passed on to complex IV. The electrons 
combine H+ and O2 to form water at complex IV. Complex 
I, complex III and complex IV are coupled to H+ pumping 
from the matrix to intermembrane space to create the 
electrochemical gradient during the process of electron 
transfer. The electrochemical gradient is for Complex V 
to generate ATP. [27, 28]. To examined whether radiation 
affects the mitochondrial complexes, western blotting was 
performed to detect the expression of electron transport 
chain complexes, NDUFS8 (complex I), SDHA (complex 
II), CORE2 (complex III) and COX1 (complex IV). As 
shown in Fig. 7A and 7C, expressions of NDUFS8 and 
CORE2 were significantly induced by 0.2 Gy radiation. 
In contrast, expression of SDHA was not affected by 
radiation (Fig. 7B). Expression of NDUFS8 and COX1 
were increased by 2 Gy irradiation (Fig. 7A and 7D). 
These results implicate that 0.2 Gy and 2 Gy radiation may 
increase mitochondrial activity and/or efficiency through 
promoting the fusion event. 

Figure 5: Radiation increases the level of Drp1 and pDrp1. E18 hippocampal neurons were irradiated with 0, 0.2, or 2 Gy 
radiation on DIV 7. Cell lysates were collected five days after radiation and analyzed by western blotting using anti-Drp1, pDrp1(S637), 
or actin antibody. Levels of Drp1 and pDrp1(S637) were normalized to actin for each experiment. Quantified results are shown as mean ± 
S.E.M from at least three independent experiments. (*:p < 0.05, **: p<0.01 paired Student’s t test)
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Figure 6: Radiation increases the level of Mfn2. E18 hippocampal neurons were irradiated with 0, 0.2, or 2 Gy radiation on DIV 
7. Cell lysates were collected five days after radiation and analyzed by western blotting using anti-Mfn2 antibody. Actin was used as a 
loading control. Quantified results are shown as mean ± S.E.M from at least three independent experiments. (p value was calculated via, 
paired Student’s t test).

Figure 7: Protein expression of representative mitochondrial complexes. E18 hippocampal neurons were irradiated with 0, 0.2, 
or 2 Gy radiation on DIV 7. After 5 days, cell lysates were collected and analyzed by western blotting using anti-NDUFS8, SDHA, CORE2, 
COX1 or actin antibody. Protein levels of NUFS8, SDHA, and COX1 were normalized to the level of actin for each experiment. Quantified 
results are shown as mean ± S.E.M from at least three independent experiments. (*:p < 0.05, paired Student’s t test)



Oncotarget30635www.impactjournals.com/oncotarget

DISCUSSION

The biological effects of low-dose RT have been 
examined with controversial conclusions. Based on 
our previous work, 0.5 Gy radiation could enhance 
the immunotherapeutic effect of the autologous tumor 
lysate-pulsed dendritic cells against hepatoma cells. This 
immunogenic effect might be mediated through increased 
expression of MHC class ll and Fas at the cell surface 
of hepatoma cells [29]. In clinical practice, distribution 
of low dose RT to torso region has become a general 
phenomenon by dose-painting RT techniques. By using 
these advanced RT techniques, majority of the RT dose 
can be delivered to the intended tumor targets, leaving 
only low dose levels to surrounding normal tissues. 
We noted that the low dose level of 0.5 Gy delivered to 
abdomen could affect the systemic pharmacokinetic profile 
of chemotherapeutic drug 5-fluorouracil by declining 
the area under the concentration versus time curve 
(AUC) of 5- fluorouracil [30]. This abscopal response 
was demonstrated through increasing plasma level of 
matrix metalloproteinase-8 [31]. Intriguingly, we further 
discovered that low-dose RT of 0.5 Gy increased AUC of 
cisplatin in the plasma, supporting an abscopal effect of 
low dose RT [32]. Collectively, low-dose RT may have 
distinct biological effects that remain to be clarified when 
adopting advanced RT techniques in clinical practice.

Another issue regarding low dose radiation is 
the widely used computed tomography (CT) images 
in clinical diagnosis. Thus, re-evaluation of the effect 
of low dose radiation is of clinical importance. The 
embryonic and infant brains are especially sensitive 
to IR. However, not many studies address the effect of 
low dose radiation on embryonic or postnatal neurons. 
In this study, we demonstrate that low dose IR changes 
the dynamics of mitochondria of embryonic hippocampal 
neurons. Mitochondrial fission increases the number 
of mitochondria and removes damaged mitochondria 
through autophagy and apoptosis. Mitochondrial fusion, 
on the other hand, is required for mtDNA stability through 
sharing of components among mitochondria and to ensure 
mitochondrial homogeneity. Thus, a mechanism to protect 
cells from acute or low level of stress is through fusing 
functional and compromised mitochondria to exchange 
components among mitochondria [33]. Increased 
mitochondrial fusion can also increase mitochondrial 
mass to maximize oxidative capacity. Consistent with 
these findings, our results showed that low dose 0.2 Gy 
radiation increased mitochondrial fusion of hippocampal 
neurons, expressions of mitochondrial complexes I and III, 
and increased neuronal synapses. These findings suggest 
that low dose radiation may potentially protect neurons 
from stimulus through inducing mitochondrial fusion.

Neurodegenerative diseases, such as Charcot-Marie-
Tooth disease and Alzheimer’s disease (AD), are caused 
by fusion and fission defects of mitochondria [34-36]. In 

addition, mitochondrial fusion has been shown to protect 
against neurodegeneration [17, 37, 38]. Hippocampus is 
the region of the brain that suffers damage in AD patients. 
For AD patients, Aβ accumulation damages mitochondria 
and causes autophagy or apoptosis of hippocampal 
neurons. We also tested the possibility that low dose 
radiation may protect Aβ-treated neurons. Neurons were 
treated with 0, 5, 10 or 20 μM Aβ25-35 on DIV 7 to test 
the sensitivity of hippocampal neurons to Aβ25-35 (Fig. 
S1A). Based on the morphology and neuron numbers, 
20 μM Aβ25-35 caused dramatic neuronal death. Thus, 
hippocampal neurons were then treated with the sub-
lethal dosages, 0, 5 and 10 μM, of Aβ25-35 on DIV 7 and 
irradiated with 0, 0.2, or 2 Gy radiation on DIV 8. The 
morphology of hippocampal neurons treated with Aβ and 
radiation was similar five days after radiation (Fig. S1B). 
In addition, 1, 2, 5 days after radiation, apoptosis of cells 
was analyzed by Annexin V/PI staining and determined 
via flow cytometry (Fig. S2A). The percentages of 
apoptosis were not obviously affected after radiation 
treatment (Fig. S2B). Five days after 0.2 Gy radiation 
treatment, the percentages of cell survival were slightly 
increased compared to no radiation-treated control 
neurons (Fig. S2C). With one dose radiation, we did not 
find low dose radiation promoting survival of Aβ-treated 
hippocampal neurons. Nonetheless, it at least did not 
exacerbate the effect of Aβ. Whether cumulative effect of 
multiple sections of low dose radiation would be beneficial 
to Aβ-treated neurons remains to be determined.

0.2 Gy is used in CT scan and other medical 
diagnosis and is a dose potentially received by surrounding 
normal cells during brain tumor radiotherapy. The daily 
dose for treating patients suffering brain astrocytoma is 2 
Gy. According to the dosimetry data by tomotherapy, the 
dose painting showed 0.2 Gy being the threshold dose of 
irradiation in the clinical practice (data not shown). These 
results could provide a promising strategy to preserve 
neuronal function upon radiation.

MATERIALS AND METHODS

Reagents

Hank’s balanced salt solution (HBSS), Horse serum 
(HS), Minimum Essential medium (MEM), Neurobasal 
medium, Fetal bovine serum (FBS), L-glutamine (L-Gln), 
Penicillin-streptomycin, Antibiotic-antimycotic (AA), 
B27 supplement, Alex Fluor 488-conjuated IgG, Alex 
Fluor 555-conjuated IgG, DAPI, Prolong Gold, JC-
1, Alexa Fluor® 488 Annexin V/Dead Cell Apoptosis 
Kit, TrypLE™ Express, MitoSOX™ Red and Power 
SYBR® Green PCR Master Mix were purchased from 
Life technologies (Carlsbad, CA). Cysteine, CaCl2, 
Papain, DNase I, Poly-L-lysine, Glutamate, Cytosine-1-
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β-D-arabinofuranoside (AraC), MTT powder and Bovine 
serum albumin (BSA) were purchased from Sigma 
(Saint Louis, MO). Anti-Tom 20 was purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Drp1, 
anti-Mfn2 and anti-PSD95 were purchased from Cell 
signaling (Boston, MA). Anti-NDUFS8 was purchased 
from GeneTex (Irvine, CA). Wizard® Genomic DNA 
Purification Kit was purchased from Promega (Madison, 
WI). Triton X -100 was purchased from USB (Cleveland, 
Ohio). Anti-Tuj1 was purchased from Covance. Anti-
SDHA, Anti-CORE2 and Anti-COX1 were purchased 
from Abcam. IRDye-conjugated secondary antibody 
was purchased from LI-COR Biosciences (Lincoln, 
NE). Rabbit polyclonal anti-pDrp1(S637) antibody was 
developed using phosphopeptide (Cys-Pro-Val-Ala-Arg-
Lys-Leu-pSer637-Ala-Arg-Glu-Gln-Arg-Asp) of Drp1.

Experimental animals and primary culture of 
hippocampal neurons

All experiments were conducted in accordance 
with the guidelines of the Laboratory Animal Center of 
National Tsing Hua University (NTHU). Animal use 
protocols were reviewed and approved by the NTHU 
Institutional Animal Care and Use Committee (Approval 
number 10214).

Primary hippocampal neurons were prepared from 
embryonic day 18 (E18) of Sprague-Dawley rats from 
BioLASCO Taiwan Co., Ltd. Hippocampal neurons were 
isolated as described previously [39, 40]. Cells were 
seeded on poly-L-lysine-coated plates (30 μg/ml poly-L-
lysine in 0.15 M borated buffer, pH 8.4) and incubated at 
37°C in 5% CO2. The first day that neurons cultured in 
vitro is defined as Day in vitro 0 (DIV0). Medium was 
changed to Neurobasal/Glutamate medium containing 
Neurobasal medium, 25 μM glutamate, 2% B27, 0.5 
mM L-Gln and 50 units/ml penicillin-streptomycin on 
DIV1. Cells were treated with 10 μM AraC to inhibit 
glia cells growth on DIV2. On DIV3, medium was 
changed to Neurobasal/Glutamine medium containing 
Neurobasal medium, 2% B27, 0.5 mM L-Gln and 50 
units/ml penicillin-streptomycin. After DIV3, Neurobasal/
Glutamine medium was changed every 3 days.

Radiation therapy via linear accelerator

Cells were irradiated with different doses of 6 MeV 
electron beam delivered by an Elekta Synergy Linear 
Accelerator (Elekta AB, Inc., SE. dose rate 200 MU/min) 
in a single fraction. Radiation on hippocampal neurons 
was performed at the MacKay memorial hospital, Hsinchu 
branch, Taiwan.

MTT assays, cell number counting and cell cycle 
analysis

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assays were performed 
according to the manufacture’s suggestion. Briefly, MTT 
solution was added at final concentration of 0.5 mg/ml 
and incubated at 37°C for 4 hours. The OD565 value 
of formazan was measured using a plate reader. Results 
were expressed as percentage of untreated radiation 
neurons, assuming that the absorbance of untreated 
radiation neurons was 100%. Cells were stained by DAPI, 
mounted by Prolong Gold. Images were taken using Zeiss 
Observer Z1 microscope with 10x (NA/0.3) objective. 
Cell numbers were counted using ImageJ software. Cells 
with condensed nuclei were manually removed to exclude 
dying/dead cells.

For cell cycle analysis, hippocampal neurons were 
harvested by TrypLE, and fixed using 75% ethanol at 4˚C 
overnight. Then, neurons were re-suspended in a solution 
containing 20 μg/ml propidium iodide and 100 μg/ml 
RNaseA in PBS at 37˚C for 30 min. Neurons were then 
analyzed by BD Accuri C6 Flow Cytometry.

Immunofluorescence, confocal microscopy and 
uptake of FM4-64 dye by hippocampal neurons

Cells were cultured on poly-L-lysine-coated 
coverslips. Cells were fixed by 4% paraformaldehyde 
for 15 minutes and permeabilized by 0.1% Triton X -100 
for 10 minutes. Cell were incubated with 1% BSA/PBS, 
and then incubated with specific antibody. Anti-Tom 20 
and anti-Tuj1 antibodies were used at dilutions of 1:200 
and 1:500 in 1% BSA/PBS. Secondary antibodies used 
were Alex Fluor 488-conjuated IgG and Alex Fluor 
555-conjuated IgG at dilutions of 1:1000 in 1% BSA/PBS. 
Nucleus was stained by DAPI at dilutions of 1:1000. Cells 
were mounted by Prolong Gold. Images were taken using 
Zeiss LSM780, confocal microscope system.

The dye uptake and analysis were modified based 
on Fairless et al [41]. The FM® 4-64FX dye (Invitrogen) 
for imaging was diluted in KCl/ HBSS solution and added 
to hippocampal neurons at 10 μM final concentration. 
Neurons were irradiated by 0 or 0.2 Gy radiation on DIV 
7. On DIV 12, FM® 4-64FX dye was loaded to neurons, 
images were taken using Zeiss Observer Z1 microscope 
time lapse imaging system with 20x objective. The 
basal level of K+ concentration was set as 5 mM and K+ 
concentration was increased to 15 mM and then to 30 mM. 
Fluorescence imaging was followed at exposure time of 
300 ms; interval of 400 ms; and duration of 2 min. The 
intensity of FM® 4-64FX fluorescence was determined by 
Axiovision software (Zeiss) and the relative fluorescent 
changes (ΔF/F0) were calculated as the differences 
between fluorescence intensities (ΔF) divided by the 
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average basal level intensity (F0). 

Immunoblotting

Cells were lysed in RIPA buffer (50 mM Tris-
HCL, pH7.5, 1% Triton X-100, 150 mM NaCl, 2 
mM EGTA) containing protease inhibitors [1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 mM Na3VO4, 10 
ng/ml aprotinin and 10 ng/ml leupeptin (A+L)]. Lysates 
were then sonicated by using bioruptor sonication system 
(Bioruptor® Plus, low spin, 30 sec/min for 5 min). Lysates 
of equal amount of proteins were separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotted with the indicated primary 
antibodies followed by IRDye-conjugated secondary 
antibody incubation. The protein signal was detected using 
Odyssey infrared imaging system (LI-COR Bioscience).

Measurement of mitochondrial membrane 
potential and mitochondrial reactive oxygen 
species level using flow cytometry

JC-1 dye is a mitochondrial membrane potential 
indicator. Cells were washed with PBS and stained with 
JC-1 (final concentration: 2 μM in Neurobasal medium) 
at 37°C for 30 minutes. Cells were harvested by TrypLE, 
centrifuged (500 xg, 5 minutes at 4°C) and re-suspended 
with PBS on ice. The samples were analyzed by BD 
Accuri C6 Flow Cytometry.

MitoSOX Red is a mitochondrial superoxide 
indicator. Cells were washed with PBS and stained with 
MitoSOX Red (5 μM in HBSS) at 37°C for 30 minutes. 
Cells were harvested by TrypLE, centrifuged (500 xg, 5 
minutes at 4°C) and re-suspended with PBS on ice. The 
samples were analyzed by BD Accuri C6 Flow Cytometry.

Genomic DNA extraction and measurement of 
mitochondrial DNA copy numbers

Cells were harvested, centrifuged (500 xg, 5 minutes 
at 4°C) and dissolved in EDTA/Nuclei Lysis Solution (0.5 
M EDTA solution, pH 8.0 in Nuclei Lysis Solution) plus 
Proteinase K. After treating with RNaseA, samples were 
precipitated with isopropanol to isolate genomic DNA. 
β-actin region was amplified using primer pair 5’ AGC 
AGA TGT GGA TCA GCA AG 3’ and 5’ CAA TAA AGC 
CAT GCC AAA TG 3’. 16S rRNA region was amplified 
using primer pair 5’ TTG ATC AAC GGA CCA AGT 
TAC 3’ and 5’ CTG GAT TGC TCC GGT CTG A 3’. 
Cytochrome b region was amplified using primer pair 5’ 
CTT CTT CGC ATT CCA CTT CA 3’ and 5’ GGA TGG 
AAT GGG ATT TTG TC 3’. 

ACKNOWLEDGMENTS

We thank the assistance of Ms. Jia-Yee Wu on 
the MitoSOX Red analysis. This study was supported 
by grants from the National Science Council of Taiwan 
(NSC101-2311-B-007-012-MY3), National Health 
Research Institutes (NHRI-EX104-10206NI), MacKay 
Memorial Hospital (MMH-TH-10105 and MHH-
MM-10404) and National Tsing Hua University, Taiwan 
(103N2766E1).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

1. Walker MD, Strike TA and Sheline GE. An analysis of 
dose-effect relationship in the radiotherapy of malignant 
gliomas. Int J Radiat Oncol Biol Phys. 1979; 5:1725-1731.

2. Monje ML, Mizumatsu S, Fike JR and Palmer TD. 
Irradiation induces neural precursor-cell dysfunction. Nat 
Med. 2002; 8:955-962.

3. Posner JB. Management of brain metastases. Rev Neurol 
(Paris). 1992; 148:477-487.

4. Roman DD and Sperduto PW. Neuropsychological 
effects of cranial radiation: current knowledge and future 
directions. Int J Radiat Oncol Biol Phys. 1995; 31:983-998.

5. Madsen TM, Kristjansen PE, Bolwig TG and Wortwein G. 
Arrested neuronal proliferation and impaired hippocampal 
function following fractionated brain irradiation in the adult 
rat. Neuroscience. 2003; 119:635-642.

6. Mizumatsu S, Monje ML, Morhardt DR, Rola R, Palmer 
TD and Fike JR. Extreme sensitivity of adult neurogenesis 
to low doses of X-irradiation. Cancer Res. 2003; 63:4021-
4027.

7. Rola R, Raber J, Rizk A, Otsuka S, VandenBerg SR, 
Morhardt DR and Fike JR. Radiation-induced impairment 
of hippocampal neurogenesis is associated with cognitive 
deficits in young mice. Exp Neurol. 2004; 188:316-330.

8. Fike JR, Rola R and Limoli CL. Radiation response of 
neural precursor cells. Neurosurg Clin N Am. 2007; 18:115-
127, x.

9. Wei LC, Ding YX, Liu YH, Duan L, Bai Y, Shi M and 
Chen LW. Low-dose radiation stimulates Wnt/beta-catenin 
signaling, neural stem cell proliferation and neurogenesis 
of the mouse hippocampus in vitro and in vivo. Current 
Alzheimer research. 2012; 9:278-289.

10. Doss M. Low dose radiation adaptive protection to control 
neurodegenerative diseases. Dose-response : a publication 
of International Hormesis Society. 2014; 12:277-287.

11. Kam WW and Banati RB. Effects of ionizing radiation on 
mitochondria. Free Radic Biol Med. 2013; 65:607-619.

12. Somosy Z. Radiation response of cell organelles. Micron. 



Oncotarget30638www.impactjournals.com/oncotarget

2000; 31:165-181.
13. Azzam EI, Jay-Gerin JP and Pain D. Ionizing radiation-

induced metabolic oxidative stress and prolonged cell 
injury. Cancer letters. 2012; 327:48-60.

14. Yakes FM and Van Houten B. Mitochondrial DNA damage 
is more extensive and persists longer than nuclear DNA 
damage in human cells following oxidative stress. Proc Natl 
Acad Sci U S A. 1997; 94:514-519.

15. Chen H, Vermulst M, Wang YE, Chomyn A, Prolla TA, 
McCaffery JM and Chan DC. Mitochondrial fusion is 
required for mtDNA stability in skeletal muscle and 
tolerance of mtDNA mutations. Cell. 2010; 141:280-289.

16. Ono T, Isobe K, Nakada K and Hayashi JI. Human 
cells are protected from mitochondrial dysfunction by 
complementation of DNA products in fused mitochondria. 
Nature genetics. 2001; 28:272-275.

17. Chen H, McCaffery JM and Chan DC. Mitochondrial fusion 
protects against neurodegeneration in the cerebellum. Cell. 
2007; 130:548-562.

18. Fritz S, Rapaport D, Klanner E, Neupert W and 
Westermann B. Connection of the mitochondrial outer and 
inner membranes by Fzo1 is critical for organellar fusion. 
The Journal of cell biology. 2001; 152:683-692.

19. Rojo M, Legros F, Chateau D and Lombes A. Membrane 
topology and mitochondrial targeting of mitofusins, 
ubiquitous mammalian homologs of the transmembrane 
GTPase Fzo. J Cell Sci. 2002; 115:1663-1674.

20. Santel A and Fuller MT. Control of mitochondrial 
morphology by a human mitofusin. J Cell Sci. 2001; 
114:867-874.

21. Smirnova E, Shurland DL, Ryazantsev SN and van der 
Bliek AM. A human dynamin-related protein controls the 
distribution of mitochondria. The Journal of cell biology. 
1998; 143:351-358.

22. Tan YF, Rosenzweig S, Jaffray D and Wojtowicz JM. 
Depletion of new neurons by image guided irradiation. 
Front Neurosci. 2011; 5:59.

23. Berridge MV and Tan AS. Characterization of the 
cellular reduction of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT): subcellular 
localization, substrate dependence, and involvement 
of mitochondrial electron transport in MTT reduction. 
Archives of biochemistry and biophysics. 1993; 303:474-
482.

24. Nugent S, Mothersill CE, Seymour C, McClean B, Lyng 
FM and Murphy JE. Altered mitochondrial function and 
genome frequency post exposure to &#x03B3;-radiation 
and bystander factors. Int J Radiat Biol. 2010; 86:829-841.

25. Loh JK, Lin CC, Yang MC, Chou CH, Chen WS, Hong 
MC, Cho CL, Hsu CM, Cheng JT, Chou AK, Chang CH, 
Tseng CN, Wang CH, Lieu AS, Howng SL and Hong YR. 
GSKIP- and GSK3-mediated anchoring strengthens cAMP/
PKA/Drp1 axis signaling in the regulation of mitochondrial 
elongation. Biochim Biophys Acta. 2015; 1853:1796-807.

26. Din S, Mason M, Volkers M, Johnson B, Cottage CT, 
Wang Z, Joyo AY, Quijada P, Erhardt P, Magnuson 
NS, Konstandin MH and Sussman MA. Pim-1 preserves 
mitochondrial morphology by inhibiting dynamin-related 
protein 1 translocation. Proc Natl Acad Sci U S A. 2013; 
110:5969-5974.

27. Stock D, Leslie AG and Walker JE. Molecular architecture 
of the rotary motor in ATP synthase. Science. 1999; 
286:1700-1705.

28. Okuno D, Iino R and Noji H. Rotation and structure of 
FoF1-ATP synthase. Journal of biochemistry. 2011; 
149:655-664.

29. Lin CC, Wang TE, Liu CY, Lin CP, Liu TP, Chen MJ, 
Chang WH, Lin JC, Chang KM, Chu CH, Shih SC, Chao 
KS and Chen YJ. Potentiation of the immunotherapeutic 
effect of autologous dendritic cells by pretreating 
hepatocellular carcinoma with low-dose radiation. 
Clinical and investigative medicine Medecine clinique et 
experimentale. 2008; 31:E150-159.

30. Hsieh CH, Hsieh YJ, Liu CY, Tai HC, Huang YC, Shueng 
PW, Wu LJ, Wang LY, Tsai TH and Chen YJ. Abdominal 
irradiation modulates 5-Fluorouracil pharmacokinetics. 
Journal of translational medicine. 2010; 8:29.

31. Hsieh CH, Liu CY, Hsieh YJ, Tai HC, Wang LY, Tsai 
TH and Chen YJ. Matrix metalloproteinase-8 mediates 
the unfavorable systemic impact of local irradiation on 
pharmacokinetics of anti-cancer drug 5-Fluorouracil. PloS 
one. 2011; 6:e21000.

32. Tsai TH, Chen YJ, Hou ML, Wang LY, Tai HC and Hsieh 
CH. Pelvic irradiation modulates the pharmacokinetics of 
cisplatin in the plasma and lymphatic system. American 
journal of translational research. 2015; 7:375-384.

33. Youle RJ and van der Bliek AM. Mitochondrial fission, 
fusion, and stress. Science. 2012; 337:1062-1065.

34. Verhoeven K, Claeys KG, Zuchner S, Schroder JM, Weis J, 
Ceuterick C, Jordanova A, Nelis E, De Vriendt E, Van Hul 
M, Seeman P, Mazanec R, Saifi GM, Szigeti K, Mancias P, 
Butler IJ, et al. MFN2 mutation distribution and genotype/
phenotype correlation in Charcot-Marie-Tooth type 2. Brain 
: a journal of neurology. 2006; 129:2093-2102.

35. Wang X, Perry G, Smith MA and Zhu X. Amyloid-beta-
derived diffusible ligands cause impaired axonal transport 
of mitochondria in neurons. Neuro-degenerative diseases. 
2010; 7:56-59.

36. Calkins MJ and Reddy PH. Amyloid beta impairs 
mitochondrial anterograde transport and degenerates 
synapses in Alzheimer’s disease neurons. Biochim Biophys 
Acta. 2011; 1812:507-513.

37. Del Bo R, Moggio M, Rango M, Bonato S, D’Angelo MG, 
Ghezzi S, Airoldi G, Bassi MT, Guglieri M, Napoli L, 
Lamperti C, Corti S, Federico A, Bresolin N and Comi GP. 
Mutated mitofusin 2 presents with intrafamilial variability 
and brain mitochondrial dysfunction. Neurology. 2008; 
71:1959-1966.



Oncotarget30639www.impactjournals.com/oncotarget

38. Jahani-Asl A, Cheung EC, Neuspiel M, MacLaurin JG, 
Fortin A, Park DS, McBride HM and Slack RS. Mitofusin 
2 protects cerebellar granule neurons against injury-induced 
cell death. J Biol Chem. 2007; 282:23788-23798.

39. Chen CJ, Shih CH, Chang YJ, Hong SJ, Li TN, Wang 
LH and Chen L. SH2B1 and IRSp53 proteins promote the 
formation of dendrites and dendritic branches. J Biol Chem. 
2015; 290:6010-6021.

40. Shih CH, Chen CJ and Chen L. New function of the adaptor 
protein SH2B1 in brain-derived neurotrophic factor-induced 
neurite outgrowth. PloS one. 2013; 8:e79619.

41. Fairless R, Beck A, Kravchenko M, Williams SK, 
Wissenbach U, Diem R and Cavalie A. Membrane potential 
measurements of isolated neurons using a voltage-sensitive 
dye. PloS one. 2013; 8:e58260.


