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Abstract
Controlling axonal mitochondria is important for their neural network to keep normal functions. Oxygen-
glucose deprivation (OGD), mimicking ischemia model, �nally induces neuronal cell death as same as
axonal degeneration. Axonal mitochondria are disrupted in process in neural degeneration induced by
OGD, but the mechanism of mitochondria dysfunctions has not been fully understood. We focused on
dynamics of mitochondria in axons exposed to OGD and the number of motile mitochondria signi�cantly
reduced in 1 hour after OGD exposure. Further, we found the length of stationary mitochondria decreases
which was reasoned by three patterns how stationary mitochondria size decrease; �rst, stop of motile
mitochondria: second, �ssion of longer stationary mitochondria: third, changing from tubular to sphere
mitochondria in axons exposed to OGD. Our study shows that OGD exposure reduces the number of
motile mitochondria earlier than stationary mitochondria fragmentation and provides three reasons why
stationary mitochondria decrease. Our result suggests that mitochondria are new target for
neuroprotective strategy to prevent neuro degeneration induced by ischemia.

Introduction
Local ischemia, inhibiting blood supply of nutrition and oxygen to tissue, induces pain, hypersensitivity
and peripheral neuropathies [Coderre et al. 2010; Coderre and Bennett 2010; Fulas et al. 2021]. Peripheral
neuropathies induced by ischemia are caused by many disease, diabetics, compression of connective
tissue, complex regional pain syndrome and non-systemic vasculitic neuropathy (NSVS) [Coderre 2011;
Coderre and Bennet 2010; Collins and Hadden 2017; Sommer et al. 2017]. Especially, the guideline of
NSVS was published in 2010 and NSVS is characterized by necrotizing in�ammation resulting in luminal
narrowing of the vasa nervorum, leading to ischemic injury to peripheral nerves [Castiglione et al. 2021;
Dyck et al. 1987; Lubana et al. 2015].

Typical neuron is divided two construction, cell body and long axon. Although axonal transport, from the
cell body to the axon, contribute partially to axonal survive, blood supply is largely important to control
axonal function [Ubogu 2020]. In nervous system, ischemic disease typically affects both central nervous
system (CNS) and peripheral nervous system (PNS), as well as neural cell bodies and axons. Finally, the
inhibition of blood supply requires local change and induces neural or axonal degeneration [Bastian et al.
2018a]. In experimental model, oxygen-glucose deprivation (OGD) is usually used as mimic-ischemic
model in vitro, including cellular or organ culture system [Sommer 2017; Tornabene 2019].

Mitochondria are organelles that provide adenosine triphosphate (ATP) to cells. There are two types of
mitochondria in axons: stationary and motile, which respond to axonal energy demands [Fabricius et al.
1993; Morris and Hollenbeck 1995]. It is readily understood that axonal mitochondria are affected by
ischemia. The dynamics of axonal mitochondria contribute signi�cantly to axonal survive by producing
ATP or buffering calcium ions [Nicholls and Budd 2020]. Two types mitochondria are observed in axon,
motile or transfer and stationary mitochondria. In the process of axonal degeneration, the two types
mitochondria are disturbed separately. Ko et al revealing that lowering the rate of motile mitochondria in
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injured axon is observed before calcium in�ux or axon fragmentation [2021]. They mentioned the number
of motile mitochondria decreased, but not mention stationary mitochondria [Ko et al. 2021].

In recent studies, axonal mitochondrial destruction was reported to lead to neurodegenerative diseases,
such as Alzheimer’s disease, Huntington’s disease, multiple sclerosis, and optic atrophy [Cai and
Tammineni 2016; Campbell et al. 2014; Cherubini and Ginés 2017; Lopez Sanchez et al. 2016]. Similarly,
stimulations to axons affect axonal mitochondria [Chiang et al. 2015; Kikuchi et al. 2018; Kiryu-Seo et al.
2010; Ohno et al. 2011]. The axonal mitochondria exposed to OGD shows that the number of motile
mitochondria and mitochondria size reduce in axon [Baltan 2014]. However, the sequence of
mitochondria event in axons exposed with OGD remains unclear. We recognize that OGD might affect not
only the axon, but also dendrites and cell bodies. Clarifying the mechanisms of axonal degeneration that
are directly induced by changes in the axon environment should have �rst priority, because axonal
degeneration eventually leads to neural death (e.g., Wallerian degeneration). Therefore, we focused on the
effect of OGD on the axon only. This study was designed to explore the direct effects of OGD on axonal
mitochondria in non-myelinated peripheral axons. We focused on alterations in axonal mitochondria size
and/or rate of transport in culture systems produced from dorsal root ganglia (DRG) taken from rat
embryos.

Materials And Method

Ethics Statement
All our studies were approved by the Animal Experimentation Committee and the Gene Recombination
Experimentation Committee at Sapporo Medical University. 

Primary Dorsal Root Ganglion (DRG) culture
Rat DRG cultures were prepared and maintained as described previously, with minor modi�cations [Fex
Svenningsen et al. 2003; Kikuchi et al. 2018; Kiryu-Seo et al. 2010]. Brie�y, DRGs were dissected from the
embryos of pregnant Sprague-Dawley rats on the 18–19th day of gestation. The DRGs were collected in
L-15 medium and digested with 0.25% trypsin in Hank’s Balanced Salt Solution (Thermo Fisher Scienti�c
Inc., Waltham, MA, USA) at 37°C for 30 minutes (min). Digestion was stopped using Dulbecco’s Modi�ed
Eagle’s Medium (Wako Co., Ltd., Tokyo, Japan) containing 10% fetal calf serum. The cells were then
mechanically dissociated using a Pasteur pipette. The dissociated cells were resuspended in culture
medium. (Neurobasal medium containing 2% B27, 0.3% GlutaMax, 10 ng/mL nerve growth factor, and
penicillin/streptomycin; Thermo Fisher Scienti�c Inc.) One week after harvest, ascorbic acid was added to
the medium. The cells were maintained for another 5–6 weeks with change of medium every 2–3 days.
In this way, we maintained DRG cultures for 42 days in vitro (DIV) before observation. 

Lentiviral preparation
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To observe mitochondria in live cells, we used lentivirus prepared using ViraPower HiPerform Lentiviral
Expression Systems (Invitrogen) following the manufacturer’s protocol and our previous report [Kikuchi et
al. 2018]. Brie�y, the vector containing the sequences targeting mitochondria with DsRed2 (Mito-DsRed2)
was purchased from Clontech (Mountain View, CA, USA). The Mito-DsRed2 vector was ampli�ed using
polymerase chain reaction (PCR) using forward primer, 5’–CACCACCATGTCCGTCCTGACGCCGCTG–3’
and reverse primer 5’–ACTACAGGAACAGGTGGTGGCGGCCCTC–3’. The PCR products were subcloned
into the pLenti6.3/V5 lentiviral vector using the TOPO cloning technique. The construct and packaging
plasmids were transfected into 293 FT cells using Lipofectamine 3000 (Invitrogen). The viral
supernatants were collected 48 hours after the transfection, �ltered using 0.45-μm polyvinylidene
membranes (Millipore, Billerica, MA, USA), and kept at -80°C until use.  

Observation of mitochondria in DRG axons and oxygen-
glucose deprivation
After three to four weeks of DRG culture, the lentivirus was added to the cells. Another two to three weeks
after virus transfection, mitochondrial dynamics were measured using an inverted microscope (Axio
Observer Z1, Carl Zeiss, Inc., Germany). This microscope has a micro-incubator (Tokai Hit Co., Ltd.,
Fujinomiya, Shizuoka, Japan) used to keep temperature at 37.0 ± 0.5°C and a 100% humid environment.
Time-lapse images of mitochondrial dynamics were collected every 6 seconds for a total of 200 images.
Before Oxygen-glucose deprivation (OGD) exposure, mitochondrial dynamics were recorded as pre-
exposure (OGD-pre). After the observation of OGD-pre, the culture medium was then replaced with
glucose-free medium and initial gas mixture containing 95% air and 5% CO2 was changed to 1% O2 and
5% CO2 regulated by N2 for OGD. After 1, 2, 3, 4, 5 and 6 hours (hr) OGD exposure (OGD-1hr—6hr), the
behavior of mitochondria in the same axon were recorded and compared to that OGD-pre. For control,
after the observation of same condition to OGD-pre (Cont-pre), the culture medium was then replaced
normal DMEM, including glucose, and kept the initial gas mixture containing 95% air and 5% CO2. The
timing to collect the mitochondrial dynamics was same to OGD-1hr—6hr (Cont-1hr—6hr). To count the
numbers of motile mitochondria and measure the length of stationary mitochondria in the axon, a
kymograph was generated using the sequential images obtained using Fiji. 

Our experimental paradigm for in vitro OGD treatment of DRG cultures is shown in Fig. 1A. 

Quanti�cation of mitochondrial dynamics
Time-lapse images were processed using Fiji software, and kymographs were generated as described
previously [Miller and Sheetz 2004]. We measured the number of motile mitochondria for 20 min and the
lengths of stationary mitochondria in the kymograph. Stationary mitochondria were represented by
vertical lines on the kymographs and motile mitochondria appeared as diagonal lines. The lengths of
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stationary mitochondria were measured as the vertical length labeled by DsRed2 at each stationary
mitochondrion and converted to micrometers (Fig. 1B). 

Transmission electron microscopy
We used cultured DRGs with decreasing length of axonal mitochondria by six-hour OGD exposure, along
with sham-treated controls, to study the detailed structures of the axonal mitochondria. Both samples
were �xed using 4% PFA containing 1% glutaraldehyde in 0.1 M cacodylate buffer overnight at 4°C. After
washing with distilled water, the enhanced samples were post-�xed in 1% OsO4 for 90 min at room
temperature. The samples were then dehydrated in graded ethanol solutions, embedded in epoxy resin,
and cut into ultrathin sections using an ultramicrotome (MT6000; Dupont, Wilmington, DE, USA). The
ultrathin sections were then stained with uranyl acetate and lead citrate, and examined using a
transmission electron microscope (JEM-1400, JEOL Ltd., Tokyo, Japan).

To assess neural condition, nucleus in neural cell body was observed. Aspect ratio of axonal
mitochondria is compared as [(major axis) / (minor axis)] with Fiji by manual tracing, to clear
morphological change to sphere in mitochondria by OGD exposure [Picard et al. 2013]. 

Data analysis
Values are presented as means ± standard deviations (SD) in the text and error bars show means and the
95% con�dence interval in �gures. Statistical analysis was undertaken using one-way analyses of
variance (one-wat ANOVAs) and Bonferroni corrections to compare three or more groups or T-test to
compare two groups. The statistical analyses were performed using EZR ver.1.53 (Saitama Medical
Center, Jichi Medical University, http://www.jichi.ac.jp/saitama-sct/SaitamaHP.�les/statmedEN.html,
Saitama, Japan) [Kanda 2013].

Results
Axonal swelling, an indication of axonal degeneration, was not observed in axon reacted with anti-
neuro�lament antibody by immunohistochemical staining (Fig. 2A). TEM imaging showed clear neural
nucleus, suggesting that no signs of necrosis or apoptosis were detected (Fig. 2B). These results
represent that cultured neuron, including axon and cell body, from DRG is not died while OGD exposure
for 6 hours.

We obtained Kymographs of time-lapse imaging of control from 17 axons/ 7 dishes and OGD from 21
axons/ 8 dishes. The counted number of motile and stationary mitochondria in Kymographs of time-
lapse imaging from control or OGD are as follows: Cont-pre, 271 motile mitochondria/ 156 stationary
mitochondria; Cont-1hr, 305/ 169; Cont-2hr, 286/ 172; Cont-3hr, 282/ 172; Cont-4hr, 281/ 177, Cont-5hr,
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304/ 185; Cont-6hr, 284/ 181; OGD-pre, 354/ 215; OGD-1hr, 143/ 246; OGD-2hr, 130/ 247; OGD-3hr,
86/267; OGD-4hr, 61/ 274; OGD-5hr, 24/ 292; OGD-6hr, 10/ 309

OGD lower the number of motile axonal mitochondria
To explore the effect of OGD on living axonal mitochondria, we observed axonal mitochondria labeled
with mitochondria-targeted �uorescent construct by treating cultured DRG neurons with a lentivirus. We
transfected pDsRed2-Mito by lentivirus into our DRG cultures at 28 DIV and maintained the cultures for a
further 2 to 3 weeks, to 42—49 DIV. Mitochondrial motility was assessed using time-lapse imaging. In
control, the rate of motile mitochondria was no difference through observation time. In contrast, the rate
of motile mitochondria was signi�cantly reduced one hour after OGD exposure (Fig. 3A and B). Since
OGD reduces the number of motile mitochondria in peripheral axons, we calculate the percentage of
axons without motile mitochondria in OGD group. Some axon loss motile mitochondria one hour after
OGD exposure and the ratio of the axons without motile mitochondria increase in time-dependent
manner. The axon without motile mitochondria was observed one hour after OGD exposure. In particular,
four-hour or more OGD exposure induces over 50% axons perfectly loss of motile mitochondria in our
culture system (Fig. 3C).

Axonal motile mitochondria were seen to move in both directions (anterograde and retrograde). Our data
did not detect a preferred direction; neither did we see selective inhibition by OGD of one direction over the
other [Kikuchi et al. 2018]. Motile mitochondria moving to both directions are detected in OGD-1hr (the
second panel of right lane in Fig. 3A).

Velocity. Signi�cant differences were not detected by one-way ANOVA. The velocities of motile
mitochondria in control collected on 17 axons/ 7 dishes were as follows: 1.04 ± 0.17 µm/s for Cont-pre (n 
= 271 mitochondria); 1.08 ± 0.24 µm/s for Cont-1hr (n = 305); 1.14 ± 0.29 µm/s for Cont-2hr (n = 286);
1.08 ± 0.22 µm/s for Cont-3hr (n = 282); 1.10 ± 0.20 µm/s for Cont-4hr (n = 281); 1.14 ± 0.21 µm/s for
Cont-5hr (n = 304); 1.05 ± 0.28 µm/s for Cont-6hr (n = 284). The velocities in OGD collected on 21 axons/
8 dishes were as follows: 0.923 ± 0.16 µm/s for OGD-pre (n = 354 mitochondria); 0.77 ± 0.24 µm/s for
OGD-1hr (n = 143); 0.87 ± 0.30 µm/s for OGD-2hr (n = 130); 0.78 ± 0.44 µm/s for OGD-3hr (n = 86); 0.69 ± 
0.27 µm/s for OGD-4hr (n = 61); 0.70 ± 0.27 µm/s for OGD-5hr (n = 24); 0.83 ± 0.44 µm/s for OGD-6hr (n = 
10).

OGD reduce the average length of stationary mitochondria
in cultured axon
Both of motile and stationary mitochondria are detected in our cultured peripheral axons. The length of
stationary mitochondria is susceptible to surrounding or internal in�uence [Chiang et al. 2015; Kikuchi et
al. 2018; Kiryu-Seo et al. 2010; Ohno et al. 2011]. In our result, statistical signi�cance about the length of
stationary mitochondria is detected only between control and OGD-6hr. In stationary mitochondria, six-
hour OGD exposure induces signi�cant shortening of axonal stationary mitochondria (Fig. 2A and Fig. 4).
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The number of motile mitochondria decrease one hour after OGD exposure, and some motile
mitochondria should stop in axon. In general, motile mitochondria is smaller than stationary
mitochondria [Hollenbeck and Saxton 2005]. In our data suggested that motile mitochondria were
signi�cantly shorter than stationary mitochondria in Cont-pre and OGD-pre(Fig. 5A). The result means
that the average length of stationary mitochondria signi�cantly decreases, due to shorter motile
mitochondria stopping and being stationary mitochondria in axons.

When we think the dynamics of mitochondria, the fusion and �ssion are the most attention thing [Berman
et al. 2009; van der Bliek et al. 2013]. The �ssion was detected during our observation and the stationary
mitochondria after �ssion kept in the range of interest thorough observation (Fig. 5B).

In our observation, the stationary mitochondria become shorter and kept their form over the experiment
(Fig. 5C).

OGD increase sphere form mitochondria in axon
In microscopic observations, the average length of stationary mitochondria decreases 6 hours after OGD
exposure in axons. To con�rm whether morphological change of mitochondria occurs or not, we observed
the microstructure of mitochondria in axons by transmission electron microscope (TEM) (Fig. 6A, B and
C1—3). We compared aspect ratio of axonal mitochondria in control to OGD-6hr (Fig. 7A). The averages
of aspect ratio were signi�cantly large in control than OGD-6hr, 4.82 ± 2.42 for control (n = 178
mitochondria / 3 dishes) and 2.73 ± 2.04 for OGD-6hr (n = 172 / 3) (Fig. 7B). The aspect ratio of
mitochondria smaller than 2 were 50% or more in OGD-6hr (Fig. 8C and D). The result showed that OGD
exposure for 6 hours increase the ratio of sphere mitochondria. The signi�cantly decrease of the aspect
ratio in OGD means morphological change of mitochondria from tubular to sphere in axons. Therefore,
morphological change of axonal mitochondria from tubular to sphere form is responsible for reducing the
length of stationary mitochondria. The result showed that the decrease of mitochondrial lengths is due to
increasing occupancy of sphere mitochondria in axons exposed to OGD.

Considering the results obtained from time-lapse and TEM images together, reducing the length of axonal
mitochondria induced by OGD exposure is due to morphological change of axonal mitochondria from
tubular to sphere form. And then, the morphological change is due to stop of motile mitochondria,
mitochondrial �ssion and shortness of stationary mitochondria themselves in OGD exposed axons.

Discussion
In this study, we used time-lapse imaging to observe mitochondria dynamics in living single non-
myelinated axon while oxygen-glucose deprivation (OGD) or normal culture conditions (control). Medium
exchanges to set the conditions for OGD and control groups were same timing, because to avoid the
effect to cells by simply medium exchange [Tornabene et al. 2019]. Therefore, the differences detected in
our data suggest the effect by OGD.
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To reveal the effect of OGD in living axonal mitochondria, we observed mitochondria labeled with
mitochondria-targeted �uorescent construct by treating cultured DRG neurons with a lentivirus. We
transfected pDsRed2-Mito by lentivirus into our DRG cultures at 28 DIV and maintained the cultures for a
further 2 to 3 weeks, to 42—49 DIV. Mitochondrial motility was assessed using time-lapse imaging
[Kikuchi et al. 2018]. The results showed that OGD exposure induces signi�cantly inhibition of motile
mitochondria within one hour and then shortening of the length of stationary mitochondria in axon. To
con�rm the ultrastructure of axonal mitochondria, we observed ultrastructure of mitochondria with TEM.
Axonal mitochondria are well detected, neither the signs of degeneration in axons nor neural nucleus.
These results showed that six-hour OGD exposure in�uences axonal mitochondria without
neuropathological signs. We previously reported that cobalt or capsaicin induced destruction
mitochondrial dynamics in axons and the changes of axonal mitochondria are lowering rate of motile
mitochondria and decrease of length of stationary mitochondria in axons [Chiang et al. 2015; Kikuchi et
al. 2018]. OGD, used in this study, is widely used in an in vivo model for ischemia [Tasca et al. 2015].
Axonal degeneration induced by peripheral ischemia is more popular disease than our previous our
reports [Chiang et al. 2015; Kikuchi et al. 2018], therefore the results reported in this paper shows
common and ubiquitous process of axonal degeneration [Stecker and Stevenson 2015].

We observed axonal mitochondria at 7 sets of 20 min in one experiment and there were 40 min gap
between each set. It means that we could not every event occurred in axonal mitochondria during OGD.
Therefore, we present the data which we could obtain during observations. In our results, three reasons of
length-shortening of stationary mitochondria were observed; �rst, stop of motile mitochondria; second,
�ssion of longer stationary mitochondria; third, shrink of stationary mitochondria themselves (Fig. 8). The
symptoms of axonal degeneration, like a swelling, was not observed in axons exposed with OGD for 6
hours. The data strongly suggests that axonal degeneration, induced by local ischemia, happened
following loss of dynamics of axonal mitochondria [Berbusse et al. 2016].

The inhibition of motile mitochondria means losing response in energy demand in axon or synapse
button [Pathak et al. 2015; Sheng 2017] and salvaging old mitochondria for mitophagy at neural cell
body [Xu et al. 2021]. Mitochondria transport in axons is very important to supply ATP to meet the energy
demand in local part of axon and control synaptic activity [Chamberlain and Sheng 2019]. Not enough
mitochondria supply induces functional loss of axon and synapse [Chamberlain and Sheng 2019].
Suppression of motile mitochondria occurs immediately after, at least one-hour after, OGD exposure.
Therefore, the dysfunction of motile mitochondria is observed in early stage of OGD, mimicking ischemia,
in axon.

Shortening of stationary mitochondria in axon is reported in some previous reports [Bastian et al. 2018a,
b; Chiang et al. 2015; Kikuchi et al. 2018; Kiryu-Seo et al. 2010; Ohno et al. 2011]. Almost reports noted
that �ssion rate of mitochondria increased under some stresses. Berbusse reported that mitochondrial
fragmentation is likely a result of the combined decrease in mitochondrial �ssion, fusion and motility [Ko
et al. 2021]. In our study, �ssion of mitochondria observed as one reason of shortening of stationary-
mitochondria length. A dynamic balance of fusion and �ssion of mitochondria is very important to keep
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mitochondrial morphology and function [Karbowski et al. 2004]. Decreasing rate of motile mitochondria
in axons exposed to OGD is observed in our study, in addition to the �ssion of axonal mitochondria.
Furthermore, mitochondrial morphological change is observed and the change is occurred by tubular
mitochondria changing to sphere mitochondria. Our obtaining data does not fully collect mitochondria
event during OGD. However, the limited data, which we obtained in present study, showed that
mitochondria shortening causes by stop of motile mitochondria, �ssion or/and morphological change of
stationary mitochondria induce mitochondria shortening with statistical signi�cance at six-hour OGD
exposure.

Time-lapse data shows that lowering ratio of motile mitochondria is observed before length shortening of
stationary mitochondria in axons during OGD exposure. Our previous report shows cobalt ion induces
lowering motile mitochondria before fragmentation of stationary mitochondria [Kikuchi et al. 2018]. Our
�ndings in conjunction with our previous studies lead to a model of disruption of mitochondrial dynamics
in OGD exposing axons, which is motile mitochondria is disturbed earlier than stationary mitochondria
shortening [Kikuchi et al. 2018].

It is clear that OGD induces axon degeneration [Jin et al. 2000], but it is unclear whether the disruption of
mitochondrial dynamics induced by OGD directly affects axon degeneration. OGD induces drastic
changes to axon in CNS and PNS, like calcium ion increase, ATP decrease and oxidative stress [Baltan
2014; Wang et al. 2002]. Functional disruption of neural mitochondria induces some neural diseases [Cai
and Tammineni 2016; Campbell et al. 2014; Cherubini and Ginés 2017; Lopez Sanchez et al. 2016].
Especially, Charcot-Marie-Tooth (CMT)2A, which is one of hereditary motor sensory neuropathy (HMSN),
is caused by mutations in the MFN2 gene. Animal models with MFN2 mutations have abnormal
mitochondrial structure and induce axonal degeneration [Baloh 2008; Bobylev et al. 2018]. In molecular
level, Bastian et al reported that Dynamin Related Protein-1 (Drp-1), enhance the �ssion of mitochondria,
is translocated to mitochondria from cytoplasm during OGD in optic nerve [Bastian et al. 2018a]. Some
reports showed the molecules to participate in mitochondrial fusion and �ssion [Kraus et al. 2021; Rey et
al. 2022; Song et al. 2022]. In addition, it is clear that some molecules are detected as modules to transfer
or stop motile mitochondria [Granatiero and Manfredi 2019; Maday et al. 2014; Sheng 2017]. However, it
is unclear whether or not molecules are involved in morphological changes of axonal mitochondria from
tubular to sphere in axon exposed to OGD. Mitochondria fragmentation or failure of mitochondrial
dynamics is a step in the axonal degeneration induced by vincristine [Berbusse et al. 2016]. Our results
are thus consistent with those of previous reports, which indicate that loss of mitochondrial dynamics is
observed earlier than axonal degeneration signs. However, we are not able to control other effect induced
by OGD that may lead to axonal degeneration. The possibility of a direct relationship between
mitochondrial destruction and neurodegeneration induced by OGD warrants further investigation.

In summary, our results conclude that OGD, mimicking ischemia, induces inhibition of motile
mitochondria earlier than shortening of stationary mitochondria in peripheral non-myelinated axons. In
addition, the shortening of stationary mitochondria induced with OGD results from three reasons; stop of
motile mitochondria, fusion of longer stationary mitochondria and shrink of stationary mitochondria
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themselves. These mitochondrial disruptions in non-myelinated axons under OGD are observed without
observation of neuropathological signs. It means that our data suggested that axonal mitochondria in
ischemia are target for neuroprotective strategy.
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Figure 1

The experimental design is shown

A Experimental paradigm of in vitro oxygen-glucose deprivation (OGD) treatment of cultured dorsal root
ganglia (DRG) referred from Chiang et al., 2015 and Kikuchi et al., 2018 [Chiang et al 2015; Kikuchi et al.
2018]. DRG cultures are prepared from E19 rat embryos (1) and transfected with lentiviral vectors carrying
the mitochondria-targeted �uorescent protein pDsRed2-Mito (“Mito”) at 28 days in vitro (DIV) (2). Time-
lapse imaging is carried out at 42–49 DIV, before OGD exposure (“Pre”) (3). After image recording, the
medium is exchanged with normal medium (Control) or OGD, then incubated a further 1 h (4). After OGD
exposure, the previously imaged axons are identi�ed and the time-lapse imaging procedure repeated for
every hour till 6 times, totally 6 hours (“OGD-1hr—6hr” or “Cont-1hr—6hr”) (5). The samples are �xed and
immunostained (IHC, immunohistochemistry) with antibody to neuro�lament protein (NFP) (6). B
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Kymographs of time-lapse images are shown. The kymographs are made by every 6 second × 200
images. In our observation system, we do not detect the direction, such as anterograde or
retrograde. Arrowheads, stationary mitochondria; arrows, motile mitochondria

Figure 2

No pathological signs are detected in axons and nucleus in neural cell body

A Immunohistochemical (IHC) staining with anti-neuro�lament protein antibody of axon shows no axonal
swelling. B Neural cell bodies in transmission electron microscopy (TEM) images have very clear nucleus
(N) and no signs of necrosis or apoptosis. N, neural nucleus; Scale bars, 50 µm in A and 10 µm in B.
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Figure 3

OGD inhibits the movement of motile mitochondria in axons

A Shown are kymographs of time-lapse images pre and 1hr—6hr after treatment with Control or OGD. B
The numbers of motile, axonal mitochondria decrease in a time-dependent manner (※, P < 0.01 v.s. pre,
by one way-ANOVA with Bonferroni; error bars = 95% con�dence interval). C Long OGD exposure suppress
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the motility of axonal mitochondria, especially four hour or more OGD exposures yields a more than half
axon without motile mitochondria. Scale bar, 10 µm in A. 

Figure 4

OGD exposure decrease the lengths of axonal mitochondria

The average lengths of stationary mitochondria are signi�cantly decreased following treatment with six-
hour OGD exposure (※, P < 0.05 v.s. pre, by one way-ANOVA with Bonferroni; error bars = 95% con�dence
interval). 
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Figure 5

Three mechanisms by which the lengths of stationary mitochondria decrease are observed

A Motile mitochondria, in both Cont-pre and OGD-pre, are signi�cantly short compared with stationary
mitochondria (※, P < 0.01 v.s. stationary mitochondria, by t-test; error bars = 95% con�dence interval). B
Fission of stationary mitochondria is observed. Longer stationary mitochondria in right lane, top panel is
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divided by two smaller mitochondria in middle and bottom panels of right. Arrowheads shows �ssion site
in DsRed2 positive mitochondria in right panels. Left, Kymographs; right, examples of �uorescent images
showing DsRed2 positive mitochondria. C Longer stationary mitochondria in OGD-5hr become shorter in
OGD-6hr. The panels on each Kymograph are images of �uorescent microscopy showing DsRed2 positive
mitochondria on 0 sec. Scale bars, 10 µm in B and C.

Figure 6

Round-shape mitochondria are observed in non-myelinated axons exposed of OGD for six hours

A Mitochondria are observed in control axons with TEM. B and C1—3 Mitochondria are observed in six-
hour OGD exposed axons with TEM. The rectangles in C1 are shown at higher magni�cation in C2 and
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C3. Tubular and sphere mitochondria are detected in same axon. Arrows, tubular mitochondria in A and
C3; arrowheads, sphere mitochondria in B and C1. Scale bars, 1 µm in A, B, C2 and C3 and 2 µm in C1

Figure 7

Sphere form mitochondria are predominant in OGD-expose axons.

A Diagram showed the images of relationships aspect ratio [(major axis) / (minor axis)] and
mitochondrial morphology. The aspect ratio coming near to 1 means that the mitochondria form is near
to complete sphere and, far from 1 means that mitochondrial form is long tubular. B The aspect ratio is
signi�cantly decreased in OGD compared with control, which means OGD exposure induces changing to
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round shape from simple tubular mitochondria in non-myelinated axons (※, P < 0.01 v.s. Control, by t-test;
error bars = 95% con�dence interval). C and D The majority of mitochondrial aspect ratio is under 2 in
OGD exposed axon, while the proportion of mitochondrial aspect ratio is under 10 % in control. 

Figure 8

Sphere form mitochondria might be predominant in OGD-expose axons by three reasons.

Sphere form mitochondria are predominant in axons six hour after OGD expose. Our results showed that
the reasons why axonal mitochondria change from tubular to sphere form are as follow; �rst, stop of
motile mitochondria; second, �ssion of longer stationary mitochondria; third, shrink of stationary
mitochondria themselves. By individual or combined these reasons, mitochondrial morphological
changes to sphere form in OGD exposed axons.


