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Abstract: Radiation damages many cellular components and disrupts cellular functions, and was
previously reported to impair locomotion in the model organism Caenorhabditis elegans. However, the
response to even higher doses is not clear. First, to investigate the effects of high-dose radiation on
the locomotion of C. elegans, we investigated the dose range that reduces whole-body locomotion or
leads to death. Irradiation was performed in the range of 0–6 kGy. In the crawling analysis, motility
decreased after irradiation in a dose-dependent manner. Exposure to 6 kGy of radiation affected
crawling on agar immediately and caused the complete loss of motility. Both γ-rays and carbon-ion
beams significantly reduced crawling motility at 3 kGy. Next, swimming in buffer was measured as
a motility index to assess the response over time after irradiation and motility similarly decreased.
However, swimming partially recovered 6 h after irradiation with 3 kGy of γ-rays. To examine the
possibility of a recovery mechanism, in situ GFP reporter assay of the autophagy-related gene lgg-1
was performed. The fluorescence intensity was stronger in the anterior half of the body 7 h after
irradiation with 3 kGy of γ-rays. GFP::LGG-1 induction was observed in the pharynx, neurons along
the body, and the intestine. Furthermore, worms were exposed to region-specific radiation with
carbon-ion microbeams and the trajectory of crawling was measured by image processing. Motility
was lower after anterior-half body irradiation than after posterior-half body irradiation. This further
supported that the anterior half of the body is important in the locomotory response to radiation.

Keywords: region-specific irradiation; microbeam; locomotion; swimming; autophagy; C. elegans

1. Introduction

Living organisms are frequently exposed to radiation. On Earth, we are exposed
not only to natural radiation, but also to artificial radiation, such as γ rays and X-rays,
from medical devices and nuclear accidents. In addition to X-rays and γ rays, there are
several types of particle radiation in space such as neutrons and heavy ions. Radiation
damages living organisms by directly affecting cellular components with its energy. In
addition, there are indirect damaging effects of reactive oxygen species (ROS) produced by
the ionization of water molecules in the cells by radiation. Sensitivity to radiation varies
among species. In humans and mice, irradiation of 4–7 Gy is usually fatal, resulting in
death of 50% of individuals 1–2 months after exposure (half-lethal dose) [1]. Some animals
are also highly radioresistant. The 10% lethal dose for Adineta vaga (tetraploid rotifer) is
1200 Gy [2]. The half-lethal dose for Milnesium tardigradum (tardigrades) is 5000 Gy [3].
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Prokaryotes are also resistant to higher doses of radiation. For example, Escherichia coli has
a 10% survival rate at 700 Gy and Deinococcus radiodurans survives after 12,000 Gy [3].

The effects of radiation vary from tissue to tissue, with mitotic cells being more
sensitive [4–6]. Non-dividing cells, such as neural and cardiomyocyte cells, are less sensitive
to radiation and are affected by high exposure doses [7–9]. In such cases, these effects are
unclear, but they may lead to motor function disorders and memory impairment.

An adult Caenorhabditis elegans (C. elegans) hermaphrodite consists of 959 somatic cells,
and has neural, muscular, intestinal, and gonads tissues. It has dividing gonadal cells and
non-dividing somatic cells [10–12]. C. elegans is used as a model organism because its body
is transparent and its internal structure can be observed. In radiation biology, the effects
of radiation on vital functions, such as development, locomotion, learning, and aging,
have been examined using C. elegans [13]. In adult dividing gonadal cells in an adult C.
elegans, exposure to 0.1 kGy of carbon ions induces germ cell corpses and the eggs do not
hatch [14]. When the eggs were irradiated with 0.1 kGy of carbon ions, the hatchability was
approximately 10% [15]. The radiosensitivity of individual C. elegans was less than that
for 5 Gy at 4 h after hatching, and the 37% average lethal dose for second larvae (L2) was
approximately 500 Gy [16]. On the other hand, the adult C. elegans remained alive even after
whole-body exposure to 1 kGy of γ-rays [17]. High-dose irradiation causes a temporary
decrease in locomotion [18]. Body bends (head bends for 20 s) were significantly reduced
when the whole body was irradiated with 0.5 kGy of carbon ions [19]. Irradiation with
1 kGy of carbon beams reduced the locomotion [15,18,19]. In this manner, non-dividing
and dividing cells are different in their radiosensitivity. In addition, the sensitivity to
oxidative stress is different between non-dividing and dividing stages [20]. However, the
mechanisms of these effects are not fully understood. Furthermore, knowledge regarding
responses of C. elegans irradiated with a high dose of over 1.5 kGy is very limited [13].

Autophagy is a mechanism for degrading proteins and intracellular organelles, and
producing amino acids as degradation products [21–23]. Autophagy is caused by starva-
tion and exercise, and this control affects glucose metabolism and the control of motor
function [24]. Autophagy is induced by oxidative stress in C. elegans [20,25] and in germ
cells by radiation [25,26]. ROS cause non-specific oxidative damage to numerous molecules
and organelles in the cell. Whether autophagy is induced in neurons and muscle cells
involved in motor function is of interest.

Region-specific irradiation techniques using microbeams have been established [27,28],
and an experimental system of localized microbeam irradiation of C. elegans without
anesthesia to examine motor function was previously reported [29,30]. Local irradiation
experiments using microbeams affected the motility of the head, abdomen, and tail [28].
However, microbeam irradiation targeted to the central nervous system (CNS) had limited
effects on motor function [27]. Although the tissues that are important for reducing motility
have not yet been identified, region-specific microbeam irradiation techniques make it
possible to investigate the effects of irradiation on each part of the tissue of C. elegans.

In this study, we examined the effects of high-dose radiation on the motility of
C. elegans by comparing γ-rays and carbon-ion beams, and found that both types of radia-
tion reduce the motility. Moreover, motor function recovered after irradiation. Autophagy
was observed using GFP::LGG-1, and was induced in the pharynx, nerve cells (neurons)
along the body, and the intestine after irradiation. Furthermore, we conducted carbon-ion
microbeam irradiation of somatic cells to investigate which tissues are important for motor
function. Our study suggested that there are important tissues in the anterior half of
the body.

2. Results
2.1. Motility Was Reduced by Whole-Body Irradiation with High-Dose γ-rays and Carbon-Ion
Beams

Previous studies reported that the locomotion of adult worms was reduced by 1420 Gy
of γ-ray irradiation [19] or 1 kGy of carbon-ion beam irradiation [17]. However, little is
known about the effects of higher doses on locomotion. To investigate the effects of higher
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doses, γ-rays and carbon-ion beams were used to detect the influence on motor function
immediately and 24 h after irradiation. After irradiation by 0.5 kGy, no eggs hatched in
this study (data not shown).

Based on the procedures for the crawling assay shown in Figures 1 and 2A, adult
worms were transferred to the nematode growth medium (NGM) plates spread with a
bacterial lawn and irradiated with 0 to 6 kGy of γ-rays or carbon ion beams. Crawling
on an agar plate spread with bacterial lawn (food) was video-recorded immediately after
irradiation (at 0 h) (Figure 2B, Video S1). The crawling was recorded for 10 s. The moved
distance at the center point of body for 5 s (5 s track length) and the mean length of the
center line of the body were derived using a worm-specific image processing software
(Figure 2B) [31]. We confirmed that there was little difference between the first 5 s and the
second 5 s of the motility (data not shown). To evaluate the effects of irradiation on motility
we calculated ‘the normalized motility’ using the derived values from videos as described
in detail below (see Section 4.3). We first investigated the effects of 6 kGy irradiation based
on the time-course assay as shown in Figure 1. Motility of crawling on agar was inhibited
and completely stopped by irradiation with either of 6 kGy of γ-rays (Video S2) or 6 kGy
of carbon ion beams (data not shown). We observed motility at 0, 6, 12, and 24 h, but
motility did not recover (data not shown). Next, the dose dependency using 0, 0.5, 1, or
3 kGy was investigated. A dose-dependent decrease in motility of crawling on agar with
food was observed when the worms were irradiated with 3 kGy of γ-rays or carbon ion
beams (Figure 3). The motility was reduced to 54% by 3 kGy γ-ray irradiation. Similarly,
irradiation with 3 kGy of carbon-ion beams reduced the motility to 30%.
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Figure 1. Procedure for time-course crawling assay of C. elegans after γ-ray irradiation. Well-fed
adult worms were irradiated with a dose of 6 kGy of γ-rays on a NGM plate spread with a bacterial
lawn. At 0, 6, 12, and 24 h after irradiation, the crawling of 5 worms, which were randomly selected
from worms, were video-recorded, respectively. In the same way, non-irradiated control worms were
video-recorded.
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for 5 s, was 1.185 mm; 5-s track length of center line was 2.194 mm; and 5-s track length/mean worm length was 1.85. 

Figure 2. Procedure for crawling assay of C. elegans after γ-ray or carbon-ion whole-body irradiation. (A) The scheme of
this experiment. Well-fed adult worms were irradiated with γ-rays or carbon-ion beams. After irradiation, the crawling of
5 worms, which were randomly selected from worms on NGM plates spread with a bacterial lawn, were video-recorded.
The procedure was conducted through independent irradiation trials, i.e., 6 irradiation trials for γ-rays and 4 trials for
carbon-ion beams, respectively. Thirty worms were tested in each condition in 6 trials of γ-rays irradiation (5 worms per
condition per trial). Twenty worms were tested in each condition in 4 trials of carbon-ion irradiation (5 worms per condition
per trial). (B) An example of image processing for analysis of crawling in C. elegans on agar. This image is a first scene (0 s)
of forward motion of a non-irradiated (0 Gy) wild-type worm, and the red square, green circle, blue triangle, and yellow
line represent the head, center point, tail, and center line, respectively. The green line shows the 5-s track length of center
point. Values derived by image processing are as follows: mean worm length, which is mean of center line length for 5 s,
was 1.185 mm; 5-s track length of center line was 2.194 mm; and 5-s track length/mean worm length was 1.85.
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significantly different from 0 Gy. 
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Figure 3. Crawling ability of C. elegans immediately after whole-body irradiation with different
doses of γ-rays and carbon ion beams. Normalized value of motility of worms immediately (at 0 h)
after whole-body irradiation compared with the non-irradiated worms. Track length (trajectory)
of the center point of the body in crawling on agar for 5-s was derived from a video, as shown in
Figure 2B, and the value was divided by the worm length. In both cases of γ-rays and carbon-ion
beam irradiation, the values of 5 worms were averaged at each dose, and the means of worms
irradiated with each dose (0, 0.5, 1, and 3 kGy) immediately after irradiation (at 0 h) were divided
by each mean value of the corresponding non-irradiated control worms (0 Gy at 0 h). By using this
normalized value representing the ratio of motility in crawling on agar, the effects of irradiation on
motility can be exactly evaluated. Thirty worms were tested in each condition in 6 trials of γ-rays
irradiation (5 worms per condition per trial). Twenty worms were tested in each condition in 4 trials
of carbon-ion-beams irradiation (5 worms per condition per trial). The mean values of the normalized
motility of 6 or 4 irradiation trials are presented in blue or orange, respectively. Error bar indicates
SEM. The data were analyzed by the Student’s t-test. * indicates p-value < 0.05, significantly different
from 0 Gy.

2.2. The Decreased Motility after Whole-Body Irradiation Partially Recovered

The whole-body irradiated worms were incubated and then observed again at 24 h
(one day) after irradiation. The motility of worms 24 h after 6 kGy of whole-body γ-ray
irradiation did not recover (Video S2), whereas the worms irradiated with 0.5, 1, or 3 kGy
of carbon-ion beams moved more actively than those immediately after irradiation (0 h)
(Figure 4). After 3 kGy of γ-ray irradiation, the motility of worms recovered to 66%. On the
other hand, after carbon-ion beam irradiation, the motility of worms recovered from 68%
to 109% of the non-irradiated worms at 0.5 kGy, from 61% to 82% of the non-irradiated
worms at 1 kGy, and after 3 kGy, motility recovered up to 66% of the non-irradiated worms.
Thus, we confirmed that the crawling of adult C. elegans on agar can recover at some extent
at 24 h after whole-body irradiation with either γ-rays or carbon ion beams (up to a dose of
3 kGy).
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We next focused on motility in another condition, in S-basal buffer solution, and 
evaluated swimming of irradiated worms. Based on the procedures for the swimming 
(fast thrashing motion) assay shown in Figure 5A, swimming was evaluated from 
immediately after irradiation to 24 h later. To conduct time course observation, 4 NGM 
plates with worms cultured on food were irradiated with 3 kGy of γ-rays, and then worms 
were cultured for 0, 6, 12, or 24 h after whole-body irradiation at 20 °C. After incubation, 
the worms were transferred to a fresh NGM plate without food, and 3 mL or more of S-
basal buffer solution was added into the plate. The swimming irradiated worms were 
video-recorded for at least 30 s. Moriwaki et al. [32] and Gaffney et al. [33] previously 
reported that worm motility can be evaluated by counting the frequency of sinusoidal 
movements for 20 s. As shown in Figure 5B, the number of head swings of worms for 20 
s was measured at 0, 6, 12, and 24 h. 

Figure 4. Crawling ability of C. elegans 24 h after whole-body irradiation with different doses of γ-rays and carbon ion
beams. Normalized value of motility of worms 24 h (one day) after irradiation. Track length (trajectory) of the center point
of the body in crawling on agar for 5-s was derived from a video based on the same procedure shown in Figure 3. Thirty
worms were tested in each condition in 6 trials of γ-rays irradiation (5 worms per condition per trial). Twenty worms were
tested in each condition in 4 trials of carbon-ion-beams irradiation (5 worms per condition per trial). The mean values of the
normalized motility of 6 or 4 irradiation trials are presented in blue or orange, respectively. Error bar indicates SEM. The
data were analyzed by the Student’s t-test. * indicates p-value < 0.05, significantly different from 0 Gy.

We next focused on motility in another condition, in S-basal buffer solution, and
evaluated swimming of irradiated worms. Based on the procedures for the swimming (fast
thrashing motion) assay shown in Figure 5A, swimming was evaluated from immediately
after irradiation to 24 h later. To conduct time course observation, 4 NGM plates with
worms cultured on food were irradiated with 3 kGy of γ-rays, and then worms were
cultured for 0, 6, 12, or 24 h after whole-body irradiation at 20 ◦C. After incubation, the
worms were transferred to a fresh NGM plate without food, and 3 mL or more of S-basal
buffer solution was added into the plate. The swimming irradiated worms were video-
recorded for at least 30 s. Moriwaki et al. [32] and Gaffney et al. [33] previously reported
that worm motility can be evaluated by counting the frequency of sinusoidal movements
for 20 s. As shown in Figure 5B, the number of head swings of worms for 20 s was measured
at 0, 6, 12, and 24 h.

As a result, the number of head swings of non-irradiated worms was around 70, and
the frequency was slightly decreased from 0 to 24 h after irradiation (green line in Figure 6).
In contrast, worms irradiated with 3 kGy of γ-rays lost the head-swing ability immediately
after irradiation and the number of head swings was 0 (blue line in Figure 6). Six hours
after irradiation, the value recovered to approximately 30, and was maintained until 24 h
after irradiation. The partial recovery of irradiation-induced reduction of motor function
suggested that there are some radiation response mechanisms that affected motor function.
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experiments is shows as a square for the non-irradiated control worms and as a circle for the γ-ray
irradiated worms at 3 kGy, respectively. Error bar indicates SEM. The data were analyzed by the
Student’s t-test. * indicates p-value < 0.05, significantly different from 0 Gy.
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2.3. Autophagy Was Induced during the Recovery of Decreased Motility after Whole-Body
Irradiation

Radiation causes not only DNA damage, but also the damage of proteins and in-
tracellular organelles such as mitochondria [34–36]. Abnormal protein and organelle
accumulation are considered a reason for disturbed cellular function [21,37]. Autophagy
is one of the mechanisms for the degradation of abnormal proteins and non-functional
mitochondria [38,39]. Mitochondrial function is important for maintaining motor func-
tion [40,41]. Autophagy has the ability to remove abnormal mitochondria [42]. We previ-
ously reported that treatment of adult C. elegans with oxidant agents, such as H2O2, induces
autophagy [20]. At neutral pH and room temperature, 0.035 mM H2O2 was produced by
500 Gy of 60Co γ-rays and 0.049 mM H2O2 was produced by 500 Gy of high-LET irradiation
(100 keV/µm) [43,44]. This suggests that the ROS generated by radiation can induce au-
tophagy. We next examined whether autophagy was induced during locomotion recovery.

To detect autophagy, the LGG-1 (LC3/ATG8 homolog of C. elegans) GFP reporter
strain DA2123 [lgg-1p::GFP::lgg-1 + rol-6 (su1006)] was used [45,46]. DA2123 adults were
irradiated with 3 kGy of γ-rays and cultured in the dark at 20 ◦C for 28 h with E. coli.
We observed GFP fluorescence by fluorescence microscopy during incubation and the
strongest fluorescence signal was observed at around 6-to-7 h. In our previous report,
we treated worms with H2O2 and examined the expression of GFP::LGG-1 after 6-to-7-
hour treatment using approximately 150 worms [20]. In this study, to clarify which tissue
responds to irradiation, we investigated the expression pattern in each individual body
by observing the GFP::LGG-1 fluorescence. We measured 3 worms in each experiment
and repeated 3 times. Consistent with previous studies [47,48], fluorescence was observed
under food starvation conditions. Furthermore, fluorescence increased after irradiation
with 3 kGy (Figure 7A). The exposure was adjusted such that the expression site was
observable. Fluorescence was observed throughout the body of irradiated worms and the
fluorescence signal was 2.5-times stronger than that in non-irradiated worms (Figure 7B).
The fluorescence intensity was approximately 1.5-times higher in the anterior half of the
body than in the posterior half.

The organs that respond to radiation were also examined using fluorescence mi-
croscopy. Enlargement of different parts of the body (Figure 7B) corresponded to strong
fluorescence in the pharynx, as shown in Figure 7B, and strong fluorescence was also ob-
served in the intestine and the neurons along the body wall. No fluorescence was observed
around the eggs (Figure 7B, red arrow), but weak fluorescence was observed around the
vulva (white arrow). As shown in Figure 7B, fluorescence was observed in the intestine.
Thus, autophagy was induced in the pharynx, neurons along the body, and intestine by
irradiation. After 28 h, the fluorescence disappeared in somatic cells, but was observed in
some eggs (Figure 7C).
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Figure 7. Detection of autophagy after whole-body γ-ray irradiation by GFP::LGG-1 assay. Well-fed adult DA2123 [lgg-
1p::gfp::lgg-1 + rol-6(su1006)] C. elegans were irradiated with 3 kGy of γ-rays to the whole body. After incubation in the
dark at 20 ◦C on NGM plates with a bacterial lawn, worms were paralyzed using sodium azide and mounted on an agar
pad. Then, GFP fluorescence from the worms was observed by microscopy using a 488 nm argon laser. (A) Fluorescence in
worms 12 h after γ-ray irradiation with or without food. (B) Fluorescence in worms 7 h after γ-ray irradiation. An irradiated
worm was enlarged to show the head, anterior body, eggs, and tail. The white arrow indicates the vulva and red arrows
indicate eggs. (C) Fluorescence in worms 28 h after γ-ray irradiation.

2.4. Anterior Half-Body Irradiation by Carbon ion Microbeams Affects Motility

In order to assess tissues that exhibit a radiation response related to locomotion,
such as crawling and swimming, regions that affect motor function were investigated
using region-specific microbeam irradiation. Even when region-specific irradiation was
performed on one point of the head, middle, or tail, there was no effect on locomotion,
as noted with whole-body irradiation [28]. If there are tissues that are important for the
radiation response, irradiation of that region may cause a reduction in motility similar to
that of whole-body irradiation. In order to find such a region, the irradiation region was
expanded to the anterior or posterior half of the body. To secure a sufficient irradiation
range, we used a micro-aperture (beam exit) of Φ60 µm matched to the adult body width,
and irradiation to each spot was performed in order by shifting the sample stage of the
microbeam irradiation apparatus with 60 µm step (Figure 8). As shown in Figure 8D, after
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irradiation with 3 kGy, the 5-s track length/body length for the non-irradiation worms was
0.75, that for worms after whole-body irradiation was 0.15, that for worms after anterior-
body irradiation was 0.46, and that for worms after posterior-body irradiation was 0.84.
The motility of worms whose anterior half of the body was irradiated was slightly lower
than that of worms whose posterior half of the body was irradiated, suggesting that the
radiosensitivity of the anterior half of the body is higher than that of the posterior half of
the body. Therefore, the anterior half of the body may be more important for locomotion
than the posterior half of the body.
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Figure 8. Crawling ability of C. elegans immediately after carbon-ion microbeam irradiation. Well-fed adult worms were
enclosed in a PDMS microfluidic chip before microbeam irradiation with carbon ions. We used a Φ60-µm micro-aperture
(beam exit), and whole- or half-body irradiation was performed by shifting the sample stage of the microbeam irradiation
facility at every 60 µm and irradiating each spot in order. Procedures for (A) anterior half-body irradiation; for (B) posterior
half-body irradiation; and for (C) whole-body irradiation. After microbeam irradiation, worms were transferred to fresh
NGM plates with a bacterial lawn. Crawling of each worm on agar was video-recorded. (D) To evaluate motility immediately
after carbon-ion microbeam irradiation, the 5-s track length (trajectory) of the center point of the body in crawling on
agar was derived from a video based on the procedure shown in Figure 2B and divided by the worm length. Each circle
represents the value of 5-s track length per worm length of a single worm and the bar represents mean of each group. The
number of the tested worms of each group was as follows: n = 11 for the non-irradiated control group (black circle); n = 8 for
the anterior half-body irradiated group (blue circle); n = 9 for the posterior half-body irradiated group (red circle); and n = 3
for the whole-body microbeam irradiated group (green circle). The data were analyzed by the Student’s t-test. * indicates
p-value < 0.05, significantly different from non-irradiated control group (0 Gy) and/or posterior half-body irradiated group.
Posterior half-body irradiated group was not significantly different from control group. Anterior half-body irradiated group
and whole-body irradiated group were significantly different from not only control group but also posterior half-body
irradiated group.

3. Discussion

Adult C. elegans is a model organism resistant to radiation [2], but irradiation with
1 kGy of γ-rays or carbon ion beams reduced crawling (locomotion) [17,19]. In the present
study, both crawling and swimming motilities were measured. Immediately after 3-kGy
irradiation, both motilities were disturbed. We investigated crawling after irradiation
with a single dose of 0.5, 1, 3, or 6 kGy, and both γ-rays and carbon-ion beams reduced
motility in a dose-dependent manner (Figure 3). After whole-body irradiation with 6 kGy,
the crawling of the worms stopped and was not recoverable (Video S2). Irradiation with
3 kGy significantly reduced the motility of worms (Figure 3). A stronger inhibitory effect
was observed for swimming than for crawling (Figures 3 and 6). It has been reported
that swimming consumes more energy than crawling [48]. Therefore, the inhibitory ef-
fects of radiation were strongly noted on swimming. Consistent with the present study,
Krisko et al. [2] reported that 3.5-kGy γ-ray irradiation abolished the stimulus response
in approximately 90% of L4 C. elegans in liquid media. At 0.5 and 1 kGy, the effects of
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carbon-ion beam irradiation on the motility of C. elegans were higher than those of γ-rays.
At sufficiently high doses, such as 3 kGy or more, γ-rays and carbon-ion beams induced
similar effects on motility of C. elegans (Figure 3).

The biological effects of radiation are affected by the ionization and excitation distri-
bution states of the radiation trajectory. The linear energy transfer (LET) is the amount of
energy that an ionizing particle transfers to the material traversed per unit of distance. In
general, the higher the LET, the higher the biological effect, and the lower the oxygen effect
and modification effect by sensitizers [49]. Typical low-LET radiation includes X-rays and
γ-rays. Typical high-LET radiation includes heavy particle radiation and neutron radiation.
High-LET radiation causes large, localized DNA damage, which is difficult to repair by
cellular repair mechanisms [50–52]. In C. elegans, high-LET irradiation induces more cell
death in the gonads, which are dividing cells, than low-LET irradiation [53]. In contrast, the
present study demonstrated similar effects on whole-body locomotion (crawling) of adult
C. elegans by both high- and low-LET irradiation with doses of over 3 kGy. As the adult
worm body consists of the non-dividing somatic cells without nuclear DNA replication,
the radiation-induced effects derived from nuclear DNA damage were considered to be
small. The radiation effects on motility of C. elegans observed may depend on the responses
to radiation damage in the cytoplasm such as those of proteins and mitochondria.

We observed swimming after whole-body γ-ray irradiation over time, and found that
the motility recovered to approximately 50% of the non-irradiated level 6 h after irradiation
with 3 kGy of γ-rays (Figure 6). We previously reported the recovery of motility in C. elegans
irradiated with 0.5 kGy [19], but the present study revealed that there is a mechanism for
recovery of motility even at 3 kGy.

Accumulation of abnormal proteins and organelles, such as mitochondria, may inhibit
movement [40,41]. Autophagy is one of the mechanisms by which abnormal proteins
and non-functioning mitochondria are degraded [24,39,42]. We previously reported that
autophagy is induced by ROS after 7 h in C. elegans intestinal cells by the lgg-1p::GFP::lgg-
1 reporter method [20]. Using this method, we examined the induction of autophagy
by radiation and found that autophagy was also induced after 7 h (Figure 7B). Radiation
induced autophagy mainly in the pharynx (head), intestinal tract (anterior body), and motor
neurons along the body-wall muscles. A nerve ring with a concentration of neurons wraps
around the pharynx; induction of autophagy by 44 mM H2O2 treatment was previously
observed throughout the body [20]. As H2O2 is produced after irradiation with 3 kGy
at room temperature and pH neutrality corresponds to 0.2–0.3 mM [17], the difference
between the regions of autophagy induced by irradiation and H2O2 may be due to the
different dosage. In addition, the autophagy observed 7 h after whole-body irradiation
disappeared after 28 h (Figure 7C), suggesting that the response was temporary.

The time to recover from motor inhibition and that to induce autophagy were both 6-to-
7 h. In addition, autophagy was induced at regions related to motor function. Whether there
is a relationship between radiation-induced autophagy and motor recovery is of interest.

In a previous report, spot irradiation of 0.5 kGy to the head, mid-body, or tail had no
effect on motor function [28]. Local irradiation of the head including the CNS with 1 kGy
reduced motility in crawling temporarily, but a normal pattern of muscle contraction was
observed in the non-irradiated body-wall muscle cells from head to tail, even immediately
after irradiation [18]. If the inhibition of motor function by radiation reflects a specific
region response, similar inhibition should occur after region-specific irradiation. As shown
in Figure 8D, stronger effects on crawling were observed in the worms whose anterior half
of the body was irradiated than in those whose posterior half of the body was irradiated by
3 kGy. This suggests that the anterior half of the body is an important region for locomotion-
related radiation responses. As the CNS is around the pharynx, the restoration of cellular
function may lead to the recovery of motility. In the intestine, autophagy is thought to
restore the energy-producing function, which may lead the recovery of the motility.

This study provided good materials for elucidating the mechanisms of radiation
response in locomotion (Figure 9). In space radiation protection, it is important to prevent
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the effects of radiation on motor functions. This study suggests that there is a recovery
mechanism for impaired motor function by radiation. By screening using this experimental
system, compounds that promote recovery function can be explored. In addition, it will be
useful to focus on genes expressed in the anterior half of the body to search for the response
genes. These studies may lead to the development of acquired resistance to radiation. In
the future, we would like to elucidate the mechanism of radiation induced autophagy, and
its relationship with exercise combining inhibitors and mutants.
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4. Materials and Methods
4.1. Strains and Culture

Wild-type (Bristol N2) and DA2123 [lgg-1p::GFP::lgg-1 + rol-6(su1006)] C. elegans
strains [54], and Escherichia coli (E. coli) strain OP50 were obtained from the Caenorhabditis
Genetic Center (The University of Minnesota, Minneapolis, MN, USA). All C. elegans
hermaphrodites were maintained on 60 mm Petri plates (IWAKI nontreated dish, AGC
Techno Glass, Shizuoka, Japan) containing standard NGM spread with E. coli OP50 as
a food at 20 ◦C [8]. The NGM consisted of 0.3% (w/v) NaCl, 0.25% (w/v) polypeptone,
0.005% (w/v) cholesterol, 1 mM MgSO4, 1 mM CaCl2, 25 mM potassium phosphate, pH 6.0,
and 0.17% (w/v) agar. Well-fed adult worms, approximately 3 days after hatching, were
used in all experiments.

4.2. Whole-Body Irradiation

Whole-body irradiation with γ-rays to C. elegans was performed according to a previ-
ously described method [17,19]. Briefly, worms on the 60 mm Petri plates containing 10 mL
of NGM spread with a bacterial lawn (food) were exposed to 60Co γ-rays (32 Gy/min)
at 20 ◦C in the 60Co γ-rays irradiation facility at QST-Takasaki. Whole-body broad beam
carbon-ion irradiation was performed according to a previously described method [27,29].
Briefly, worms on a 60 mm Petri plate containing 10 mL of NGM spread with a bacterial
lawn as food were irradiated by a scan beam of carbon ion (12C5+,18.3 [MeV/u]) at a dose
of 0–6 kGy. Irradiation was carried out at the Takasaki Ion Accelerators for Advanced
Radiation Application (TIARA) facility at QST-Takasaki. The LET of the carbon-ion broad
beam passing through the worm was approximately 119 keV/µm at the surface of the
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NGM plate. For all irradiation experiments, non-irradiated control worms were handled in
parallel with irradiated worms.

4.3. Crawling Analysis

To evaluate the effects of whole-body irradiation with γ-rays or carbon-ion beams on
motility, immediately after irradiation, crawling, such as forward motion, backward motion,
and turning of the worms on the NGM plates spread with a bacterial lawn was video-
recorded (Figures 1 and 2A). A digital camera video-recorder (EX-F1, Casio Computer
Co., Ltd., Tokyo, Japan) mounted on a stereomicroscope (SZX7, Olympus Corporation,
Tokyo, Japan) was used for video-recording. We first decided the shooting magnification
(Figure 2B) to conduct the video-based worm tracking. The crawling was recorded for 10 s.
In this condition, the duration available for analysis was confirmed as 5 s, i.e., the non-
irradiated control worms moving more rapidly than the irradiated worms, did not frame
out for at least 5 s. In the crawling analysis, each worm was needed to be photographed
separately. The crawling of each worm was recorded individually in the video. Because it
took time to take a movie, the number of worms were limited in order to reduce the error
in elapsed time. To obtain accurate results, the number of worms to be measured at one
time point was set to 5.

The movies of 5 worms were analyzed using a C. elegans-specific image processing soft-
ware, WormLab®4.0 (MBF Bioscience, Williston, VT, USA) [31], and the mean of 5 second
track (trajectory) was derived from 5 worms (Figure S1 for 0 h, Figure S2 for 24 h). The
main procedure of image processing for worm tracking using WormLab®4.0 is as follows:
(1) import a movie, (2) set a threshold for binalization of images to extract C. elegans, (3) ex-
tract the centre line (yellow line in Figure 2B) and centre point (green circle in Figure 2B)
of the worm body, (4) repeat procedure (3) for 151 images of a 5 s movie, and finally (5)
derive the 5 second track length (green line in Figure 2B) based on data of 151 images,
automatically.

In addition, this video-based worm tracking analysis of crawling was applied to
evaluate the effects of microbeam irradiation on motility at an individual worm level.
The 5 second track length/body length of 5 worms per experiment was calculated and
averaged. Then, the normalized value of motility was calculated by dividing the irradiated
group by the control group at the same time.

Thirty worms were tested in each condition in 6 trials of γ-rays irradiation (5 worms
per condition per trial). Twenty worms were tested in each condition in 4 trials of carbon-ion
irradiation (5 worms per condition per trial). Then, statistical analysis was performed.

4.4. Swimming Analysis

To further evaluate the effects of whole-body irradiation with γ-rays or carbon-ion
beams on motility, swimming of the irradiated worms in S-basal buffer solution (0.59%
(w/v) NaCl, 0.005% (w/v) cholesterol, and 50 mM potassium phosphate, pH 6.0) was video-
recorded. The experimental condition was designed based on a previous study [33,34].
Immediately after irradiation, adult worms were incubated on NGM plates spread with
a bacterial lawn at 20 ◦C for 0, 6, 12, or 24 h. As shown in Figure 5A, after incubation,
irradiated worms were washed using S-basal buffer solution twice and transferred to a fresh
NGM plate without a bacterial lawn. Immediately after transfer, 3 mL or more of S-basal
buffer solution was injected into the plate and swimming worms were video-recorded. The
number of head swings of each worm for 20 s was counted based on the movie (Figure 5B)
and the values of 10 worms were averaged. Three independent irradiation experiments
and swimming assays were conducted.

4.5. Fluorescence Microscopy Observation

To detect the induction of autophagy, the DA2123 [lgg-1p::GFP::lgg-1 + rol-6(su1006)]
strain was purchased from the Caenorhabditis Genetic Center. After irradiation, adult
DA2123 worms were incubated on an NGM plate spread with a bacterial lawn for 0–28 h at
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20 ◦C. After incubation, worms were paralyzed using 0.5 M sodium azide and mounted on
an agar pad. Then, GFP fluorescence from the worms was observed by confocal microscopy
(FV1000, Olympus Corporation, Tokyo, Japan) using a 488 nm argon laser. To identify the
expression site, we conducted in the least fluorescent setting.

4.6. Region-Specific Carbon-Ion Microbeam Irradiation

To investigate the involvement of specific regions of the body, we employed the
targeted-microbeam irradiation technique. Carbon-ion (12C5+) particles were accelerated
by an AVF cyclotron at TIARA and with the method previously described [19,30].

C. elegans were immobilized for microbeam irradiation according to a previously
described method [19]. Briefly, to inhibit the movement of worms during irradiation
without the use of anesthesia, washed worms were enclosed in straight channels of a
PDMS microfluidic chip (Worm Sheet IR, Biocosm Inc., Hyogo, Japan) before carbon-ion
microbeam irradiation.

The LET of the carbon ions at the surface of the microfluidic chip (depth from the
surface of a sample = 125 µm) was approximately 106 keV/µm and that at the bottom of
the microfluidic channel (depth from the surface of a sample = 195 µm) was approximately
110 keV/µm. Therefore, the track-averaged LET of carbon ions passing through a worm
enclosed in a microchannel was approximately 108 keV/µm. From this value we calculated
the number of ions that would give the desired absorbed dose to the targeted region. As a
practical case, 600,000 particles correspond to a dose of 3 kGy at a micro-aperture area of
Φ60 µm.

In order to target an area the same size as the body width of an adult worm, we used
a Φ60-µm micro-aperture (beam exit) [30] for anterior half-body irradiation (Figure 8A),
posterior half-body irradiation (Figure 8B), and whole-body irradiation (Figure 8C). We
newly established a half-body irradiation method, in which we irradiated each spot in
order by shifting the sample stage of the microbeam irradiation apparatus at every 60 µm
(irradiation range), as shown in Figure 8A–C. Immediately after irradiation, the worms
were washed in a drop of wash buffer solution (0.05% (w/v) gelatine, 1 mM MgSO4, 1 mM
CaCl2, and 5 mM potassium phosphate, pH 6.0), and transferred one by one to fresh
NGM plates with OP50 using a platina picker (Worm Stuff Worm Pick, Genesee Scientific
Corporation, San Diego, CA, USA). Thereafter, we conducted the same crawling assay
described above in the case of whole-body irradiation. For all irradiation experiments,
non-irradiated control worms were handled in parallel with irradiated worms.

4.7. Statistical Analysis

Statistical analysis was performed on more than 3 independent experiments of whole-
body irradiation. The significance of differences was examined using the Student’s t test.
p < 0.05 was considered significant. All statistical analyses were performed using Microsoft
Excel software (Microsoft, Redmond, WA, USA).

5. Conclusions

This study showed that motility in adult C. elegans was reduced by whole-body
irradiation with high-dose γ-rays and carbon-ion beams. The decreased motility after
whole-body irradiation partially recovered. Anterior half-body irradiation by carbon-ion
microbeams decreased motility. Autophagy was induced during the recovery of decreased
motility after whole-body irradiation (Figure 9). This study provided good materials for
elucidating the mechanisms of radiation response in motility. Autophagy may be involved
in the restoration of motility through the elimination of damaged components. We will
investigate the detailed mechanisms of autophagy and motility recovery in future studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22189810/s1, Figure S1: Crawling ability of worms immediately after whole-body
irradiation with different doses of γ-rays or carbon-ion beams, Figure S2: Crawling ability of worms
24 h after whole-body irradiation with different doses of γ-rays or carbon-ion beams, Video S1:

https://www.mdpi.com/article/10.3390/ijms22189810/s1
https://www.mdpi.com/article/10.3390/ijms22189810/s1


Int. J. Mol. Sci. 2021, 22, 9810 15 of 17

Typical crawling of non-irradiated control worm on agar for 5-s duration, and Video S2: Typical
crawling of worms on agar for 5-s duration after whole-body irradiation with 6 kGy of γ-rays.
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