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Mitochondrial transport is essential for neuronal function, but the evidence of
connections between mitochondrial transport and axon regeneration in the central
nervous system (CNS) of living vertebrates remains limited. Here, we developed a
novel model to explore mitochondrial transport in a single Mauthner axon (M axon)
of zebrafish with non-invasive in vivo imaging. To confirm the feasibility of using this
model, we treated labeled zebrafish with nocodazole and demonstrated that it could
disrupt mitochondrial transport. We also used two-photon laser axotomy to precisely
axotomize M axons and simultaneously recorded their regeneration and the process of
mitochondrial transport in living zebrafish larvae. The findings showed that the injured
axons with stronger regenerative capability maintain greater mitochondrial motility.
Furthermore, to stimulate axon regeneration, treatment with dibutyryl cyclic adenosine
monophosphate (db-cAMP) could also augment mitochondrial motility. Taken together,
our results provide new evidence that mitochondrial motility is positively correlated with
axon regeneration in the living vertebrate CNS. This promising model will be useful
for further studies on the interaction between axon regeneration and mitochondrial
dynamics, using various genetic and pharmacological techniques.
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INTRODUCTION

Mitochondria are dynamic organelles (Misgeld et al., 2007; Saxton and Hollenbeck, 2012; Schwarz,
2013; Sheng, 2014) that play an essential role under different physiological conditions in neurons,
such as synaptic plasticity (Li et al, 2004), axon degeneration (Court and Coleman, 2012;
O’Donnell et al., 2013), and growth cone guidance (Steketee et al., 2012; Lathrop and Steketee,
2013). Considering the complex structure and morphology of neurons, appropriate distribution
and movement of mitochondria in somata, axons, and dendrites are vital for neuronal maintenance
and function. Changes in mitochondrial dynamics have been implicated in regeneration following
axonal injury (Misgeld et al.,, 2007; Lathrop and Steketee, 2013; Zhou et al., 2016). Numerous
studies have paid much attention to in vivo imaging in vertebrate organisms of single-axon
regeneration (Kerschensteiner et al., 2005; Canty et al., 2013; Lorenzana et al, 2015) and
mitochondrial transport in axons (Misgeld et al., 2007; Plucinska et al., 2012; O’Donnell et al.,
2013; Sorbara et al., 2014). However, little is known about the relationship between single-axon
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regeneration and internal mitochondrial transport; specifically,
there is a lack of non-invasive in vivo evidence in the vertebrate
central nervous system (CNS).

Two prerequisites need to be satisfied to solve this problem.
The first is to find a suitable vertebrate model that can monitor
mitochondrial transport in the CNS at a single-cell level by
non-invasive in vivo imaging. Researchers have presented several
models to visualize mitochondrial transport in vivo. Taking
invertebrate models (Pilling et al., 2006; Russo et al., 2009) as
an example, their nervous systems are mostly distinct from their
counterparts in vertebrate organisms. With regard to vertebrate
models, recent studies have begun to use mouse and zebrafish for
intravital imaging of mitochondrial trafficking. However, in vivo
imaging of mice requires invasive approaches because surgery
is necessary before imaging (Misgeld et al.,, 2007; Sajic et al,,
2013; Sorbara et al., 2014; Zhou et al., 2016). When it comes to
zebrafish, previous studies were mainly focused on the peripheral
nervous system (PNS) (Plucinska et al., 2012; O’Donnell et al.,
2013) or particular types of neurons in CNS transgenic lines they
labeled (Bergamin et al., 2016; Dukes et al., 2016). Despite these
advances, non-invasive in vivo imaging of axonal transport of
mitochondria in vertebrate CNS at a single-cell level remains
limited. The second factor is that the vertebrate model should
have regenerative ability. However, it is commonly acknowledged
that in the majority of mammals, CNS regeneration is extremely
difficult after axonal injury (Chen and Zheng, 2014). Hence,
non-invasive in vivo observation of axon regeneration in the
vertebrate CNS at the single-axon levels remains to be established.

Considering the zebrafish larvae as an optically accessible
model, it is definitely suitable for monitoring mitochondrial
transport in the CNS via non-invasive in vivo imaging. On the
other hand, the CNS axons of zebrafish can generally regenerate
after injury. To address above prerequisites, we developed a novel
model to directly study mitochondrial dynamics in zebrafish
Mauthner cells (M cells) through non-invasive in vivo imaging.
M cells are a pair of easily identifiable, myelinated spinal cord
neurons with large somata and long axons through the spinal
cord (Korn and Faber, 2005). Following laser axotomy, we first
found that M cell axons have strong regenerative capability.
This characteristic provided us unique opportunities to observe
spinal nerve regeneration after axonal injury. Using single-cell
electroporation and a Gal4- upstream activating sequence (UAS)
system (Haas et al, 2001; Bestman et al., 2006; Distel et al,
2009; Plucinska et al., 2012; Huang et al, 2015), we could
specifically label axonal mitochondria in M cells, focusing on
their mitochondrial transport in the process of axon regeneration.
We demonstrated close connections between axon regeneration
and mitochondrial motility in the M cells of zebrafish
larvae. Meanwhile, pharmacological manipulations revealed that
dibutyryl cyclic adenosine monophosphate (db-cAMP) (N6,2'-
O-dibutyryladenosine 3":5'-cyclic monophosphate sodium salt)
enhanced axon regeneration and improved mitochondrial
motility. Collectively, our findings support a promising model
for exploring mitochondrial transport in living vertebrate CNS
systems by non-invasive in vivo imaging and illustrate that
mitochondria may play a crucial role in the process of axon
regeneration.

MATERIALS AND METHODS

Animal Care

Zebrafish (Danio rerio) wild-type AB lines and transgenic Tg
(Tol-056) lines (Satou et al., 2009) were maintained on a 14/10-
h light-dark cycle at 28.5°C. To avoid pigment formation,
embryos were maintained in embryo medium containing
0.2 mM N-phenylthiourea (PTU, Sigma) after 24 h post-
fertilization (hpf). Until 4 days post-fertilization (dpf), zebrafish
larvae were reared on living paramecia. Both males and
females were randomly used. All animal experiments were in
accordance with the guidelines and regulations approved by
the University of Science and Technology of China (USTC)
Animal Resources Center and University Animal Care and Use
Committee. The protocol was approved by the Committee on
the Ethics of Animal Experiments of the USTC (Permit Number:
USTCACUC1103013).

Single-Cell Electroporation

To simultaneously label M cells and their mitochondria in living
zebrafish larvae, plasmids PCS2+-CMV-Gal4-vp16, UAS-mito-
enhanced green fluorescent protein (UAS-mito-EGFP), and UAS-
DsRed2 were co-transfected through electroporation from DNA-
filled micropipettes. Briefly, we cloned Gal4-vpl6 (a gift from
Jiulin Du, Shanghai Institutes for Biological Sciences, Shanghai,
China) into the PCS2™ vector by cutting with BamHI and Xhol
and used the CMV promoter to drive Gal4-vpl6 expression.
The full mito-EGFP sequence was a fragment that encodes a
mitochondrial targeting sequence from subunit VIII of human
cytochrome c oxidase (Misgeld et al., 2007; Kim et al., 2008) and
EGFP. This mito-EGFP was cloned into a UAS expression vector
(digest with EcoRI and Notl; a gift from Jiulin Du, Shanghai
Institutes for Biological Sciences, Shanghai, China) with an E1b
promoter to generate UAS-mito-EGFP. DsRed2 cloned from
pDsRed2-C1 (Clontech) was added to a UAS expression vector
to obtain UAS-DsRed2.

At 4 dpf, zebrafish AB/wildtype larvae were anesthetized using
0.02% tricaine methanesulfonate (MS222, Sigma) and embedded
in 1% low-melting agarose for electroporation. Borosilicate
micropipettes (resistance from 20 to 30 MQ) were filled with
mixed solution containing plasmids (PCS2T-CMV-Gal4-vp16,
UAS-mito-EGFP and UAS-DsRed2; about 200 ng/pL each,
dissolved in deionized water) and Alexa Fluor 488 hydrazide
(Molecular Probes). When inserted into the zebrafish brain, the
micropipette tip was pushed against the M soma. The mixture
was electroporated into somata, applying 14-16 V pluses with
durations of 0.5 ms at a frequency of 100 Hz; these were generated
by an Axoporator 800A (Molecular Devices) (Bestman et al.,
2006; Huang et al., 2015). At 48 h after electroporation (zebrafish
larvae at 6 dpf), labeled M cells could be screened for fluorescent
labeling with mito-EGFP and DsRed2.

Nocodazole Treatment

Nocodazole is a typical inhibitor of microtubule polymerization
that can effectively restrict mitochondrial transport (Plucinska
et al,, 2012). To prove that the model is useful for visualizing

Frontiers in Cellular Neuroscience | www.frontiersin.org

January 2017 | Volume 11 | Article 4


http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

Xu et al.

Mitochondrial Transport in Single-Axon Regeneration

real mitochondrial transport in vivo in zebrafish M cells, larvae
labeled with fluorescent compounds at 6 dpf were treated with
nocodazole (Sigma) at a final concentration of 200 nM dissolved
in embryo medium containing 0.2 mM PTU and 1% dimethyl
sulfoxide (DMSO, Sigma) (Plucinska et al., 2012). The zebrafish
larvae were maintained in the medium for 7 h before imaging.
Control zebrafish larvae were maintained in embryo medium
containing 0.2 mM PTU and 1% DMSO without nocodazole for
7 h before imaging.

Two-Photon Axotomy

Zebrafish larvae were anesthetized in 0.02% MS222 at 6 dpf and
mounted in 1% low-melting agarose prior to axotomy. Then
the ablated site of M axons over cloacal pores (Figure 3A)
were scanned and focused under a Zeiss microscope (LSM710,
Germany) equipped with a 25X water-immersion objective (N.A.
0.8). Next, 800 nm two-photon laser at a laser intensity of 15%
transmission was used to transect axons over ~1.5 s (O’Brien
et al., 2009; O’'Donnell et al., 2013).

Microinjection

It was previously shown that db-cAMP (Sigma) can stimulate
injured M-axons to regenerate in living zebrafish (Bhatt et al,
2004), but it is not known whether it affects mitochondrial
transport in regenerated axons. To evaluate the effects of db-
cAMP on mitochondrial transport, micropipettes filled with
20 mM db-cAMP (dissolved in deionized water) or vehicle
(deionized water) were microinjected (about 14 psi) with 0.5 nL
into zebrafish hindbrain at 8 dpf. The micropipette tips were
placed near the M soma, and pressure was applied with a
Microinjection Dispense System (Picospritzer III, Parker, CO,
USA). The zebrafish larvae were imaged within 10-30 min
after microinjection. In axon regeneration experiments, zebrafish
larvae were microinjected with 20 mM db-cAMP or vehicle every
day from 6 to 7 dpf and imaged at 8 dpf. Microinjected zebrafish
larvae survived and developed normally.

In vivo Imaging of Axons and

Mitochondria

All images were taken from lateral views of zebrafish, anterior
to the left, and dorsal toward the top. For observing axon
regrowth after two-photon axotomy, anesthetized zebrafish
larvae were imaged at 1-4 days post-axotomy (dpa) (1-4 dpa
is equivalent to 7-10 dpf of zebrafish larvae) using an Olympus
FV1000 confocal microscope (Olympus, Japan) equipped with a
40x water-immersion objective (N.A. 0.8) at 2-pum steps.

To monitor mitochondrial transport, electroporated
zebrafish larvae were imaged on different days for experimental
requirements using a confocal microscope with a 60x water-
immersion objective (N.A. 1.1). Mitochondrial transport in the
db-cAMP experiment was imaged at 8 dpf. In axon regeneration
experiments, mitochondrial transport was imaged from 1 to
4 dpa. Two axonal areas were selected for time-lapse imaging of
each zebrafish: one was the area of proximal axons immediately
adjacent to the M soma within 200 pwm, and the other was the
area of distal axons within 200 wm proximal to the site of axons

over cloacal pores. For each area, 2.5-min movies were acquired
with an imaging frequency about 1.5 s, and the imaging length
of axons was ~43 pm. After imaging, the zebrafish larvae were
released from the low-melting agarose to recover.

Image Processing and Analysis

To analyze the length of regenerated axons, 3D datasets were
transformed into 2D projections of confocal stacks using FV10-
ASW 4.2 viewer software (Olympus, Japan), and the images were
assembled with Photoshop CS4 (Adobe, USA). The increased
length of axons after injury was calibrated to convert pixels
into distance using FV10-ASW 4.2 viewer software. Note that
the starting point of calculation was the ablated site of axons
over cloacal pores, and the axonal terminal of regeneration was
defined as the end point of regrowth axons. The net length of
regenerative axons on a measurement day refers to increased
axonal lengths the day before the measurement day.

Processing and analysis to quantify mitochondrial transport
were performed as previously described (Miller and Sheetz,
2004; Misgeld et al., 2007; Plucinska et al., 2012; O’Donnell
et al, 2013; Bolea et al,, 2014). All images were processed
using Fiji/Image] software (National Institutes of Health).
Mitochondrial motility is the percentage of moving mitochondria
during a 2.5-min time-lapse movie in a given field of axonal
segments (O’Donnell et al., 2013; Paquet et al., 2014). To measure
features of moving mitochondria, plugins/manual tracking was
used to track individual mitochondria only if they moved at
least 2 pm (Misgeld et al., 2007; O’Donnell et al., 2013).
Speed refers to the total moving distance of a mitochondrion
divided by its observed moving time. Transport direction is the
percentage of anterograde mitochondria, defined as the number
of anterograde mitochondria divided by the total number of
moving mitochondria.

Statistical Analysis
The data were analyzed with GraphPad Prism 6 software (USA).
Student’s ¢-tests and two-way analyses of variance (ANOVA) were
used as indicated in the results. The results are presented as
mean = standard error of the mean (SEM), and p-values < 0.05
were considered significant.

RESULTS

Monitoring Axonal Mitochondria of a
Single M Cell in Living Zebrafish Larvae

We utilized multiple methods to genetically label mitochondria in
M cells. The mitochondrial targeting sequence from cytochrome
¢ oxidase was fused to the EGFP (mito-EGFP) to label axonal
mitochondria (Kim et al., 2008; Plucinska et al., 2012) and cloned
to UAS expression vectors. We could simultaneously label M
cells and their mitochondria because of the co-expression of
UAS-mito-EGFP and UAS-DsRed2 using the CMV promoter
to drive the expression of Gal4-vpl6. Gald-UAS expression
systems have already been proven to be suitable and non-toxic
for zebrafish (Kim et al., 2008; Distel et al., 2009; Plucinska
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et al, 2012). In order to investigate the M axon and their
mitochondria in living zebrafish larvae, we co-transfected these
plasmids through single-cell electroporation into the zebrafish M
soma (Figure 1B). The labeled single M cells could be detected
48 h later (Figure 1A), and the labeled mitochondria in the M
axon of living zebrafish larvae could be non-invasively imaged
with a confocal microscope (Figures 1C,D).

To identify whether axon position could affect mitochondrial
transport, we chose two areas: proximal and distal axons
(Figure 1A). Mitochondrial motility, transport direction, and
speed were measured at 7 dpf in both areas. The motility of
mitochondria in distal axons was apparently higher than that
in proximal axons (prox: 15.5 &+ 1.3% vs. dist: 22.8 = 1.3%,
n = 21 fish, Student’s two-tailed t-test, p < 0.001; Figure 1E).
As for motile mitochondria, anterograde mitochondria is much

12.7 £ 1.2% vs. retro: 2.7 & 0.4%, n = 21 fish, p < 0.001;
dist: antero: 17.1 £+ 1.3% vs. retro: 5.7 £ 0.8%, n = 21
fish, Students two-tailed t-test, p < 0.001; Figure 1E). But
the percentages of anterograde or retrograde mitochondria did
not differ in these two areas (antero: prox: 81.8 + 2.8% vs.
dist: 74.1 £ 3.6%, n = 21 fish, Student’s two-tailed t-test,
p = 0.104; Figure 1F). For moving speed, mitochondria in distal
axons were faster than their counterparts in proximal axons
regardless of the direction (antero: prox: 0.445 % 0.010 wm/s,
n = 230 mitos from 21 fish vs. dist: 0.483 4 0.010 wm/s,
n = 219 mitos from 21 fish, p = 0.007; retro: prox:
0.470 + 0.028 pum/s, n = 44 mitos from 21 fish vs.
dist: 0.555 + 0.026 pwm/s, n = 76 mitos from 21 fish,
Student’s two-tailed t-test, p = 0.041; Figure 1G). Interestingly,
retrogradely moving mitochondria were faster than those moving

more than retrograde mitochondria in both areas (prox: antero:  anterogradely in the distal axons (Students two-tailed t-test,
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FIGURE 1 | Non-invasive in vivo imaging of mitochondrial transport in zebrafish M cells. (A) M cells of zebrafish larvae were labeled with fluorescent
proteins by single-cell electroporation at 6 days post-fertilization (dpf). White arrows indicate the M soma (leftward) and the M axon terminal (rightward). White box 1,
proximal axon area; White box 2, distal axon area. Asterisk, cloacal pores. (B) Schematic of constructs used to label M cells (DsRed2) and mitochondria (mito-EGFP)
through single-cell electroporation in living zebrafish larvae. (C) The labeled M axon was imaged with a confocal microscope, showing multiple tracts of mitochondria
(mito-EGFP, middle) in the axon (DsRed2, top); merged image, bottom. (D) Moving mitochondria were monitored in the axon (area in white box). Arrowheads,
moving mitochondria (anterograde, green; retrograde, red). (E-G) Mitochondrial motility (E), transport direction (F; anterograde, blue; retrograde, pink), and speed
(G) in axons at 7 dpf. Scale bars: (A) 500 wm, (C) 5 wm, (D) 2.5 um. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM.
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p = 0.002; Figure 1G), while in proximal axons, there was
no difference in speed (Students two-tailed t-test, p = 0.323,

Figure 1G).
Nocodazole can disrupt mitochondrial transport by
interfering with microtubule polymerization (Plucinska

et al., 2012). To verify whether that our model is suitable for
analyzing mitochondrial transport in zebrafish M cells, we
treated larvae with nocodazole at 6 dpf for 7 h. As expected,
the percentage of moving mitochondria decreased significantly
(prox: vehi: 14.4 = 2.3%, n = 6 fish vs. noco: 8.2 = 0.9%,
n = 16 fish, Student’s two-tailed t-test, p = 0.007; dist: vehi:
18.8 &+ 2.9%, n = 5 fish vs. noco: 9.0 =+ 1.3%, n = 8 fish,
Student’s two-tailed t-test, p = 0.005; Figures 2A,B). In
addition, it was no evidence shown that the transport direction
of mitochondria had obviously changed before and after
nocodazole treatment (prox: antero: vehi: 81.7 &+ 3.8%, n = 6
fish vs. noco: 68.4 = 4.0%, n = 16 fish, Students two-tailed
t-test, p = 0.0713; dist: antero: vehi: 79.8 & 2.5%, n = 5 fish
vs. noco: 74.9 & 7.0%, n = 8 fish, Student’s two-tailed ¢-test,

p = 0.607; Figure 2C). Mitochondrial speed in the nocodazole
group was considerably slower in both transport directions
and areas compared with the vehicle group (prox: antero:
vehi: 0.319 £ 0.011 wm/s, n = 135 mitos from 6 fish vs. noco:
0.256 £ 0.012 wm/s, n = 131 mitos from 16 fish, Student’s two-
tailed t-test, p < 0.001; dist: antero: vehi: 0.417 £ 0.014 pm/s,
n = 97 mitos from 5 fish vs. noco: 0.338 £ 0.016 wm/s, n = 58
mitos from 8 fish, Student’s two-tailed t-test, p < 0.001; dist:
retro: vehi: 0.446 £+ 0.037 wm/s, n = 26 mitos from 5 fish
vs. noco: 0.272 £ 0.026 wm/s, n = 18 mitos from 8 fish,
Students two-tailed t-test, p = 0.001; Figures 2D,E), except
retrogradely moving mitochondria in proximal axons did not
reach significance (prox: retro: vehi: 0.440 & 0.055 pwm/s, n = 27
mitos from 6 fish vs. noco: 0.376 £ 0.023 wm/s, n = 55 mitos
from 16 fish, Student’s two-tailed t-test, p = 0.204; Figure 2D).
Therefore, labeled zebrafish could be used to quantitatively
analyze axonal mitochondria dynamics in M axons under diverse
physiological and pharmacological conditions via non-invasive
in vivo imaging.
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FIGURE 2 | Nocodazole treatment disrupts mitochondrial trafficking. (A) The kymographs (left) depict moving mitochondria in vehicle- (top) and
nocodazole-treated (below) zebrafish larvae at 6 dpf. Right kymographs are hand-drawn traces, and the diagonal lines represent moving mitochondria (anterograde,
blue lines; retrograde, pink lines). (B-E) Mitochondrial motility (B), transport direction (C; anterograde, blue; retrograde, pink), and speed (D, in the area of proximal
axons; E, in the a rea of distal axons) in vehicle- (DMSO; gray) and nocodazole- (red) treated zebrafish larvae at 6 dpf. **p < 0.01, ***p < 0.001. Error bars
represent SEM.
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Characterization of Mitochondrial

Transport after Laser Axotomy

Laser axotomy has been widely used in zebrafish, especially in
the PNS (O’Brien et al., 2009; O’Donnell et al., 2013; Vargas
et al., 2015). Different from mechanical lesioning (Bhatt et al.,
2004; Feng et al, 2010), we utilized a two-photon laser to
transect M axons over cloacal pores at 6 dpf (Figure 3A). At
1-4 days after laser ablation, we found axons have relatively
strong ability to extend through the injury site in comparison
with mechanical transection by broken glass pipettes. The
injured axon had regenerated to hundreds of microns 2 days
after laser axotomy (Figure 3B). These results disagree with
previous research suggesting that the regenerative capability of
M axons is poor (Bhatt et al., 2004), and the biggest difference
between each method is that we manipulate the lesion by laser
rather than broken glass pipettes. In fact, laser axotomy can
precisely cut a certain axon, while mechanical lesion almost
severs large parts of the spinal cord. To demonstrate that axons
were actually severed by laser rather than photobleached, we
collected direct and indirect evidence (Figures 3C,D). First,
an axon axotomized by two-photon laser should theoretically
cause its physical disconnection. To examine this, we used
transgenic Tg (Tol-056) lines that have a pair of M axons labeled
by EGFP, and the unilateral axon was axotomized by laser.
Several hours later, two M cells were electroporated with red
dye (Alexa Fluor 594, Molecular Probes), so the axons should be

yellow if they are connected. The uncut axon is longer than the
severed axon, which stops at the lesion site, implying that laser-
induced injured axons were physically disconnected (Figure 3C).
Second, to demonstrate that laser-induced injured axons were not
simply photobleached, one-photon laser was used to photobleach
axons. Several minutes later, the green fluorescence recovered. In
addition, when the one-photon photobleached axon was labeled
with red dye at 24 h post-bleaching (hpb), the result illustrated
that its structure was physically connected (Figure 3D). These
results confirmed that M axons could be accurately severed
by laser and that laser-induced injured axons were completely
disconnected rather than photobleached.

To investigate whether mitochondrial transport was affected
by laser axotomy, we observed axonal mitochondria in transected
M axons during 4 days after injury and compared it with uncut
axons from age-matched controls. In the area of proximal axons,
injury did not affect mitochondrial trafficking including motility
(two-way ANOVA, p > 0.366, n > 9 fish; Figure 4A), transport
direction (two-way ANOVA, p > 0.115, n > 9 fish; Figure 4C),
or speed (two-way ANOVA, antero: p > 0.366, n > 68 mitos;
retro: p > 0.192, n > 28 mitos; Figures 4E,G). In contrast,
mitochondrial transport closer to the injury site was markedly
affected soon after axotomy. In distal axon areas, the percentage
of moving mitochondria decreased dramatically at 1 dpa (two-
way ANOVA, p < 0.001, n > 21 fish; Figure 4B), but relative to
the controls, overall mitochondrial motility recovered 2-4 dpa

before

physically connected. Scale bars: (A-C) 100 wm, (D) 50 pm.

FIGURE 3 | M axons were completely severed by laser and have regenerative capacity after injury. (A) M axons were axotomized by two-photon laser
before (left) and after (right). Asterisk, injury site; white arrowheads, cloacal pores. (B) Injured axons regenerated to hundreds of microns 2 days after axotomy.
Asterisk, injury site. (C) Using transgenic Tg (Tol-056) lines, the uncut axon (bottom) was longer than the severed axon (top) which stopped at the lesion site, implying
that laser-induced injured axons were physically disconnected. White arrow, severed axon; white arrowhead, uncut axon. (D) One-photon laser was used to
photobleach axons. Green fluorescence recovered after several minutes. \When the photobleached axon was labeled with red dye at 24 hpb, its structure was still
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(two-way ANOVA, p > 0.636, n > 9 fish; Figure 4B). The
percentage of mitochondria moving in the anterograde direction
did not change every day after injury compared with the uncut
group (two-way ANOVA, p > 0.226, n > 9 fish; Figure 4D).
Regardless of direction, the speed has slowed in the early days
in the laser-induced axotomy group (two-way ANOVA, antero:
1-3 dpa: p < 0.006, n > 83 mitos; 4 dpa: p = 0.353, n > 81 mitos;
retro: 1-2 dpa: p < 0.013, n > 41 mitos; 3-4 dpa: p > 0.283,
n > 28 mitos; Figures 4F,H). Thus, laser axotomy in M cells could
obviously interfere with mitochondrial transport in the distal area
of axons, particularly in mitochondrial motility and speed in the
early post-axotomy period.

Correlations between Mitochondrial
Transport Parameters and Axon
Regenerative Capability

Considering that mitochondria play a vital role in complicated
dynamic cellular processes and could be affected by axotomy, we
were wondering whether mitochondrial dynamics correlate
with axon regenerative capability, so we analyzed the
relationship between moving mitochondria and the net
length of correspondingly regenerative axons at 2-4 dpa (the
calculation of net length at 1 dpa was inaccurate because of axon
retraction). Linear regression analysis demonstrated a significant
positive correlation between mitochondrial motility and axon
regenerative capability (prox: 2 dpa: R?> = 0.3147, p < 0.001,
n = 49 fish; 3 dpa: R?> = 0.3208, p < 0.001, n = 38 fish; 4 dpa:
R? = 0.3277, p < 0.001, n = 31 fish; dist: 2 dpa: R* = 0.1783,
p = 0.004, n = 44 fish; 3 dpa: R> = 0.1962, p = 0.010, n = 33
fish; 4 dpa: R? = 0.1439, p = 0.051, n = 27 fish; Figures 5A,B),
except for the data in the distal axons at 4 dpa, which may be
due to a small number of samples. These results indicate that the
higher percentage of moving mitochondria is intimately related
to stronger axon regenerative capability.

However, the regenerative capability of axons did not
affect mitochondrial transport direction since linear regression
analysis demonstrated that there was no relationship between
regenerative capability and the percentage of anterograde
mitochondria (prox: 2-4 dpa: R? < 0.0178, p > 0.366, n > 30 fish;
dist: 2-4 dpa: R? < 0.0266, p > 0.308, n > 26 fish; Supplementary
Figures 1A,B). Meanwhile, similar to the transport direction
findings, mitochondrial speed in both directions did not
significantly correlate with axon regenerative capability except
for retrograde-moving mitochondria at 4 dpa (prox: antero: 2-
4 dpa : R? < 0.0820, p > 0.054, n > 28 fish; retro: 2-4 dpa:
R? < 0.0011, p > 0.829, n > 29 fish; dist: antero: 2-4 dpa:
R? < 0.1054, p > 0.090, n > 25 fish; retro: 2-3 dpa: R < 0.0695,
p > 0.193, n > 26 fish; 4 dpa: R? = 0.2468, p = 0.019, n = 22 fish;
Supplementary Figures 1C-F).

Collectively, these results demonstrate that axons with
stronger regenerative ability maintain higher mitochondrial
motility. However, mitochondrial transport direction and speed
were not clearly correlated with axon regenerative capability.

db-cAMP Alters Mitochondrial Transport

and Promotes Axon Regeneration

Dibutyryl cyclic adenosine monophosphate, a membrane-
permeable analog of endogenous cAMP, can promote axon
regeneration in vitro and in vivo (Qiu et al, 2002; Bhatt
et al, 2004; Monsul et al., 2004). It has been reported that
db-cAMP can promote M axon regeneration and restore
function in living zebrafish (Bhatt et al., 2004). Using Tg
(Tol-056) lines (Satou et al, 2009), we confirmed that
db-cAMP facilitates axon regeneration 2 days after laser
ablation (vehi: 321.4 £ 39.7 wm, n = 31 fish vs. db-cAMP:
420.6 £ 30.0 pm, n = 36 fish, Student’s one-tailed ¢-test,
p = 0.024; Figures 6A,B). Next, to determine whether db-cAMP
could also impact mitochondrial transport, we microinjected db-
cAMP or vehicle into the hindbrain of electroporated zebrafish
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at 8 dpf and imaged mitochondria in distal axons to monitor
mitochondrial transport before and after treatment. Based on
previous results (Figures 1E-G and 2B-E), the tendency for
changes in mitochondrial trafficking in proximal and distal
axons is similar in non-axotomized M cells under different
physiological and pharmacological conditions, so only selecting
distal axons is a reliable way to monitor changes in mitochondrial
transport.

Between 10 and 30 min after microinjection, mitochondrial
motility appeared to rise in db-cAMP-treated zebrafish larvae
(before: 14.0 £ 1.7% vs. after: 19.2 £ 2.5%, n = 7 fish, paired
Student’s two-tailed t-test, p = 0.035; Figures 6C,D), but not
in the vehicle-treated group (before: 15.7 £ 1.0% vs. after:
134 + 1.5%, n = 7 fish, paired Student’s two-tailed t-test,
p = 0.213; Figures 6C,D). The moving direction of mitochondria
in the db-cAMP-treated group also changed, with mitochondrial
trafficking at a lower proportion of the anterogradely moving
between 10 and 30 min after microinjection (antero: before:
81.7 + 4.0%, n = 7 fish vs. after: 65.1 & 4.9%, n = 7 fish,
Student’s two-tailed t-test, p = 0.022; Figure 6E), while there
was no difference before and after vehicle solution treatment
(antero: before: 74.1 4 6.0%, n = 7 fish vs. after: 74.3 £ 2.4%,
n = 7 fish, Student’s two-tailed t-test, p = 0.978; Figure 6E).
The speed of anterograde mitochondria was faster in the db-
cAMP-treated group 10-30 min after microinjection (before:
0.315 = 0.013 pm/s, n = 69 mitos from 7 fish vs. after:
0.364 + 0.012 pwm/s, n = 85 mitos from 7 fish, Student’s two-
tailed t-test, p = 0.007; Figure 6F), but the retrograde speed was
unchanged (before: 0.453 £ 0.044 pm/s, n = 20 mitos from 7
fish vs. after: 0.417 4+ 0.018 wm/s, n = 43 mitos from 7 fish,
Student’s two-tailed t-test, p = 0.369; Figure 6F). Consequently,
these results indicate that db-cAMP accelerated axon growth after
injury and also affected mitochondrial transport, particularly in
mitochondrial motility.

DISCUSSION

We developed a novel model to clarify the relationship between
axon regenerative capacity and inner mitochondrial transport
in the vertebrate CNS using non-invasive in vivo imaging

at the single-axon level. Our results are the first evidence
that laser-induced injured M axons can robustly regenerate.
By integrating single-cell electroporation with in vivo laser
axotomy, we demonstrated that the stronger regenerative
capability of axons appears to be positively correlated with
greater mitochondrial motility. Next, we used db-cAMP to
stimulate the regenerative capacity of injured axons. Our data
suggest that after db-cAMP treatment, the injured M axons
displayed vigorous regeneration, accompanied with increased
mitochondrial motility. Consequently, our model offers new
insight into the connection between axon regeneration and
mitochondria and paves the way to deeply understand a
potential therapeutic avenue of axon regeneration by enhancing
mitochondrial motility.

Mitochondria participate in many processes involving in
neural survival and function (Sheng, 2014). There are many
models for studying mitochondrial transport in living animal
axons, including Drosophila (Pilling et al., 2006) mammals
(Misgeld et al., 2007; Sorbara et al., 2014; Takihara et al,
2015; Zhou et al., 2016), and others. Because of their optical
transparency and small size, researchers have come to realize
that zebrafish are useful organisms for exploring mitochondria
from transport to function without intricate surgery before direct
microscope imaging (Plucinska et al., 2012; O’Donnell et al,
2013; Vargas et al., 2015; Bergamin et al., 2016; Dukes et al,
2016). However, none of those models allowed the observation of
mitochondrial transport in the vertebrate spinal cord at a single-
axon level through non-invasive in vivo time-lapse imaging until
now, making it impossible to explore the correlation between
axon regeneration and internal mitochondrial transport in the
living vertebrate CNS. Here, we successfully labeled M cells and
their inner mitochondria after hatching. M axons nearly parallel
the zebrafish anterior-posterior axis through the spinal cord
(Bhatt et al., 2004; Feng et al., 2010), which facilitates maintaining
the focal x-y plane, and a single labeled axon is convenient
for tracking axonal morphologic changes of regeneration and
mitochondrial dynamics over a few days in specific axon areas.
To ensure that labeled zebrafish larvae are fit for assaying changes
in mitochondrial transport, nocodazole was used to restrict
mitochondrial movement (Plucinska et al., 2012). As expected,
nocodazole effectively constrained mitochondrial transport in M
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axons. Hence, our model provides a novel living vertebrate model
to directly monitor and quantify mitochondria dynamics via a
non-invasive approach in the CNS at a single-cell level under
physiological or pharmacological conditions.

We initially applied in vivo laser axotomy (Yanik et al,
2004; O’Brien et al., 2009; Byrne et al., 2011; O’'Donnell et al,,
2013) to precisely sever a single M axon. Surprisingly, this
methodology gave new evidence that injured M axons appear
to regenerate more strongly than previous reports that M axons
were transected with broken glass pipettes (Bhatt et al., 2004;
Feng et al., 2010). We confirmed that M axons were completely
severed by two-photon laser rather than photobleached. Previous

publications pointed out that two types of elements are involved
in axon regeneration (Benarroch, 2015): extrinsic factors outside
cells including inhibitory molecules and intrinsic factors inside
cells that can suppress axon regrowth (Bhatt et al., 2004).
Discrepant regenerative capability of injured M axons might
result from the different types of axotomy that cause distinctive
and complicated CNS environments with various extrinsic and
intrinsic factors. We suggest that extrinsic factors including the
degree of inflammation may be influential following mechanical
transection, which damages the surrounding tissue, but this needs
further study. Therefore, we could conclude that laser-induced
axotomy is more precise and less damaging than conventional
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mechanical transection. Most importantly, the laser-induced
injured M axons exhibit stronger regenerative capacity.

Laser axotomy affected mitochondrial transport including
motility and speed in the areas of distal axons near the injured
site. These results are consistent with previous work showing
that axonal injury disrupts mitochondrial transport in vitro,
presumably by increasing the rate of stationary mitochondria
and decreasing the speed of mitochondrial transport (Yokota
et al,, 2015). Considering the importance of mitochondria, we
hypothesized that axon regenerative capability is correlated with
mitochondrial transport. To test this, linear regression analysis
was used to evaluate correlations between axon regenerative
ability and mitochondrial transport parameters. Encouragingly,
the results showed that mitochondrial trafficking was increased
in injured axons with stronger regenerative capability. Similarly,
published work indicated that mitochondrial fluxes mainly
kept in high levels after injury in mice transected intercostal
nerves that mounted a vigorous regrowth response (Misgeld
et al., 2007). The relationship between regenerative capability
and mitochondrial speed or transport direction were not
analyzed in this model. We speculate that axons with stronger
regenerative ability require more energy than those weaker
regenerative ability (Zhou et al., 2016). As a result of increased
energy needs, more mitochondria are moved to provide
sources to produce ATP. Mitochondrial speed and transport
direction, however, are not directly related to supplying energy.
Therefore, our results imply that robust axon regeneration
with more motivated mitochondrial motility is conserved
among vertebrates, and laser-induced axotomy of M cells
with labeled mitochondria is a useful model for studying
the interaction between axon regeneration and mitochondria
at a single-axon level through non-invasive in vivo imaging.
Many avenues of study could be explored using this model.
For example, mitochondrial activity, a significant index of
mitochondrial function, could be detected using biosensors
such as mitochondrial relative changes in pH values (Chen
et al., 2015), redox potential (Hanson et al., 2004; O'Donnell
et al., 2013), and calcium concentration (Pozzan and Rudolf,
2009). Such investigations will clarify the connections between
axon regeneration and mitochondria from their trafficking to
functions.

Additionally, we wondered whether enhancing axon
regeneration would improve mitochondrial motility. To explore
this hypothesis, we used db-cAMP to regulate axon regeneration.
cAMP has numerous targets that regulate cellular signaling (Qiu
et al., 2002; Pearse et al.,, 2004; Valsecchi et al., 2013). As an
analog to cAMP, db-cAMP has been reported to promote M axon
regeneration in living zebrafish (Bhatt et al., 2004) and activate
protein kinase A signaling in the rodent dorsal root ganglia,
which could increase mitochondrial transport (Hiruma et al.,
2002; Gibbs et al., 2015). Similarly, our research demonstrated
that db-cAMP could improve injured axon regeneration and
increase mitochondrial motility in living zebrafish larvae.
Mitochondrial transport direction and speed were also affected
by db-cAMP. This does not mean there was a contradiction
between rising mitochondrial motility and decreased percentage
of anterograde mitochondria; as mentioned above, transport

direction here indicates the number of anterograde mitochondria
divided by the total number of moving mitochondria. When
individually analyzing the number of anterograde or retrograde
mitochondria divided by the total number of mitochondria
(number of anterograde or retrograde mitochondria/total
number of mitochondria, A/T or R/T), we found that both the
number of anterograde and retrograde mitochondria relatively
increased after db-cAMP treatment (before: A/T = 11.1%;
R/T =2.9%, n =7 fish vs. after: A/T = 12.8%; R/'T = 6.4%, n =7
fish), which is in accordance with the finding that db-cAMP
could raise mitochondrial motility. However, the tendencies
of changes in anterograde and retrograde mitochondrial speed
after db-cAMP treatment varied, and the mechanism is not fully
understood. On the other hand, new research (Zhou et al., 2016)
showed that genetic manipulation to enhance mitochondrial
movement could facilitate axon regeneration in vivo and
in vitro. Thus, we look forward to further investigations into
the regulation of mitochondrial motility or axon regrowth
via gene expression or repression genes in this model, which
may elucidate the interactions between axon regeneration and
mitochondria in vivo.

In summary, this unique and promising model provides
valuable data that clarify relationship between axon regeneration
and mitochondrial transport in living zebrafish CNS from a
single-cell perspective.
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