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Axonal transport deficits have been reported in many neurodegen-
erative conditions and are widely assumed to be an immediate
causative step of axon and synapse loss. By imaging changes in
axonal morphology and organelle transport over time in several
animal models of amyotrophic lateral sclerosis (ALS), we now find
that deficits in axonal transport of organelles (mitochondria, endo-
somes) and axon degeneration can evolve independently. This
conclusion rests on the following results: (i) Axons can survive de-
spite long-lasting transport deficits: In the SODG93A model of ALS,
transport deficits are detected soon after birth, months before the
onset of axon degeneration. (ii) Transport deficits are not necessary
for axon degeneration: In the SODG85R model of ALS, motor axons
degenerate, but transport is unaffected. (iii) Axon transport deficits
are not sufficient to cause immediate degeneration: In mice that
overexpress wild-type superoxide dismutase-1 (SODWT), axons
show chronic transport deficits, but survive. These data suggest that
disturbances of organelle transport are not a necessary step in the
emergence of motor neuron degeneration.

neuromuscular junction | time-lapse imaging

Neurons use axonal transport to shuttle organelles and vesi-
cles essential for their function and survival between soma

and synapses (1, 2). It thus appears logical that intact axonal
transport is an important requirement for neuronal survival.
Consistent with this idea, it has been shown that mutations in
transport-related genes can result in neurodegenerative pheno-
types in mice and humans (3, 4). Because transport deficits have
been reported in many neurodegenerative diseases, including
Alzheimer’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (ALS) (5–8), it is commonly assumed that dis-
turbances in axonal transport are key pathological events that
contribute to neurodegeneration (9–11). However, the causal
relationship of axonal transport disturbances to degeneration
remains unclear. This disconnect is at least partially due to the
fact that it has been difficult to directly monitor axonal transport
in living tissue at the single axon level.
Here, we use a recently developed imaging approach based on

the transgenic labeling of mitochondria (12) to assay the evolu-
tion of organelle transport deficits and their possible con-
sequences, such as axon degeneration, target denervation, and
motor impairment, in several animal models of the neurode-
generative disease, ALS. We chose ALS models to study the
relation between axonal transport deficits and degeneration for
a number of reasons. First, several suitable and well-character-
ized animal models are available, which are based on human
SOD mutations found in familial ALS patients (SODG93A, ref.
13; SODG37R, ref. 14; SODG85R, ref. 15). Second, ALS primarily
affects motor neurons, which are among the largest neurons in
the body and should therefore be particularly vulnerable to
transport deficits. Finally, abnormalities of organelle transport in

ALS animal models (7, 8, 16), and even in humans suffering from
ALS (17), are well documented in vitro and in vivo.
Surprisingly, our results reveal that axonal transport deficits

and degeneration can be dissociated in SOD-based ALS models.
Although transport deficits precede axon degeneration in the
most commonly used SODG93A and SODG37R models, no trans-
port deficits were found in the SODG85R model despite ongoing
axon degeneration. Conversely, transport deficits occur in the
absence of degeneration in SODWT mice that overexpress wild-
type SOD. Taken together, these findings indicate that transport
deficits are neither necessary nor sufficient to cause axon de-
generation in these classical ALS models.

Results
Axonal Transport Deficits Long Precede Axon Degeneration in
SODG93A Mice. We first investigated the most commonly used ani-
mal model of ALS, the SODG93A mouse (13). In this model, mu-
tant mice start to develop clinical symptoms (weight loss followed
by weakness) around 3–4 mo of age (Fig. 1A). During the same
time period, denervation of neuromuscular junctions (NMJs)
becomes obvious in various muscles, including the triangularis
sterni and gastrocnemius (Fig. 1B). To analyze the transport and
distribution of mitochondria, a major anterograde and retrograde
transport cargo, we crossed SODG93A mice with Thy1-MitoCFP
mice, which selectively express cyan fluorescent protein (CFP) in
neuronal mitochondria (12). Consistent with reduced mitochon-
drial transport, SODG93A, Thy1-MitoCFP double-transgenic mice
showed a reduced density of mitochondria in motor axons and
NMJs in the triangularis sterni, but not in ALS-resistant sensory
axons in the saphenous nerve (Fig. S1 A and B). Similar changes
were observed in NMJs in the gastrocnemius muscle (35.7 ± 1.3%
mitochondrial coverage in control mice vs. 18.8 ± 1.0 in SODG93A

mice; mean ± SEM; P < 0.05). To investigate whether the re-
duction of mitochondrial density is a consequence of reduced
transport, we directly measured the flux of fluorescently labeled
mitochondria in intercostal nerves in triangularis sterni nerve-
muscle explants (18) and in isolated tibialis nerves (the nerve that
innervates the gastrocnemius muscle; ref. 19). Indeed, in both
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preparations, anterograde and retrograde transport flux of mito-
chondria were reduced in SODG93A, Thy1-MitoCFP motor axons
at an advanced stage of the disease (4 mo after birth; Fig. 1 C and
D and Movie S1).
We extended these results with two sets of experiments. First,

to better understand the changes in mitochondrial motility un-
derlying the transport deficits in SODG93A mice, we established
an approach that allows single cargo analysis in motor axons in
situ. We generated transgenic mice, which express the photo-
convertible fluorescent protein, Kaede (20), selectively in neu-
ronal mitochondria (Thy1-MitoKaede mice). We then photo-
converted a spatially restricted population of mitochondria from
green to red fluorescence by using 405-nm illumination (Fig. 2A).
By imaging the axons either distal or proximal to the site of
photoconversion, we could track the anterograde or retrograde
movement of individual red mitochondria amid their non-
photoconverted green counterparts (Fig. 2B and Movie S2). This

single cargo analysis revealed a reduction in average mitochon-
drial speed in SODG93A mice that is characterized by pronounced
changes in stop length and frequency (Fig. 2C). Second, we
asked whether these defects are specific to mitochondria by in-
vestigating transport of another cargo. For this purpose, we
injected Cholera Toxin Subunit B (CTB) conjugated to Alexa
Fluor 594 into the triangularis sterni muscle in vivo (21). The
CTB–dye complex is taken up by neuromuscular synapses and
incorporated into vesicles, likely of endosomal nature (22), which
are then transported retrogradely to the cell body. By imaging
intercostal axons 24 h after injection, we found that transport of
CTB-labeled vesicles was affected in a similar manner as mito-
chondrial transport (Fig. 2D and Movie S3).
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Fig. 1. Axonal transport deficits are observed in SODG93A mice. (A) Time-
course of body weight (% of weight at P80, mean ± SEM) and grid test
performance (% of mice with normal test; n ≥ 10 mice per group). (B) Time-
course of denervation in triangularis sterni and gastrocnemius muscles
(>1,500 synapses, n ≥ 5 mice). (C) Wide-field images of intercostal axons
(average of 50 frames). Stationary mitochondria, cyan. Moving mitochondria
(from first, 25th, and 50th frames of the movie) are indicated as pseudo-
colored overlays. In Middle, an “event” diagram is shown, where all time-
points when moving mitochondria crossed the indicated line over a 2-min
period are shown as vertical color-coded marks (green, anterograde; ma-
genta, retrograde). (D) Frequency distribution of mitochondrial flux in axons
of intercostal (Upper) and tibialis nerves (Lower; n > 40 axons, n ≥ 4 mice) at
4 mo of age. (Scale bar: 5 μm.)
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Fig. 2. Reduced speed and increased stop length of mitochondria and
vesicles in SODG93A mice. (A) Intercostal nerve in a Thy1-MitoKaede mouse
before (Top, green channel) and after (Middle, green channel; Bottom, red
channel) localized photoconversion (UV-exposed area outlined in magenta).
(B Upper) Time-lapse images of photoconverted mitochondria (pseudocol-
ored blue and brown). (B Lower) Corresponding kymograph. (C) Single-
cargo transport characteristics of individual mitochondria (n = 195–386 mi-
tochondria; n ≥ 29 axons; n = 4 mice) at 4 mo of age. (D) Single-cargo
transport characteristics of individual CTB-labeled vesicles (n = 384–386
vesicles; n ≥ 24 axons; n = 4 mice) at 4 mo of age. Values are expressed as
mean percentage ± SEM of WT control in C and D. (Scale bars: A, 100 μm; B,
y axis, 10 s; B, x axis, 10 μm.) *P < 0.001.
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We next wanted to understand when during the disease course
transport deficits emerged. To do so, we measured mitochondrial
flux in SODG93A mice between 10 d and 4 mo after birth. Deficits
were detectable as early as postnatal day (P)20 for anterograde
transport and P40 for retrograde transport (Fig. 3), long pre-
ceding the drop in mitochondrial density (Fig. S1C). The
emergence of deficits in anterograde transport before retrograde
transport conforms to previous results obtained in cell culture,
where anterograde transport was affected more (7). Further, to
confirm that the transport deficits found in SODG93A mice are
not due to the insertion site of the transgene, we compared them
to a very similar model of ALS, SODG37R mice (14). Also in this
model, transport deficits were evident at presymptomatic stages
(2 mo of age; Fig. 3). To assess whether transport deficits were
specific for motor axons, as would be expected for the motor
neuron disease ALS, we examined the purely sensory saphenous
nerve. Indeed, here transport flux was normal even in late-stage
SODG93A mice (4 mo of age; “saph.” in Fig. 3).
Finally, because transport deficits are present long before the

first clinical signs of the disease become manifest, we wanted to
examine how such long-lasting transport deficits would affect the
distal arbors of motor neurons, a site that is likely most sus-
ceptible to a long-standing reduction in organelle supply. To
address this question, we took advantage of Thy1-YFPH mice
that, because of labeling of small numbers of motor neurons,
permit reconstructions of entire motor units (23, 24). We first
measured mitochondrial flux in axons, which were fluorescently
labeled with cytoplasmic YFP in SODG93A, Thy1-MitoCFP, Thy1-
YFPH triple-transgenic mice. We then reconstructed the distal
arbors of such axons by high-resolution confocal microscopy
(n = 3). Remarkably, we found that motor neurons with severely
compromised transport support arbors that terminate in normal
appearing NMJs, although mitochondrial density was already
reduced (Fig. S2).

Dissociation of Axonal Transport Deficits from Axon Loss in SODG85R

and SODWT Mice. That neurons can survive long-term in the
presence of severe transport deficits implies that a reduction of
organelle transport does not immediately lead to axon de-
generation. This disjunction between transport deficits and axon
degeneration was confirmed by the analysis of SODG85R mutant
mice (15). These mice start losing weight ≈9 mo after birth (Fig.
4A). Subsequently, during the preterminal phase of the disease
(for exact ages, see Materials and Methods), they also develop
muscle weakness (Fig. 4A), coincident with denervation of
muscle fibers (Fig. 4B). Assaying axonal mitochondria in trian-
gularis sterni muscle and tibialis nerve explants from SODG85R,
Thy1-MitoCFP mice, however, revealed normal anterograde and
retrograde flux, speed, and density, even in the preterminal stage
of the disease, when axon fragments were readily detectable in
the imaged nerves (Fig. 4 C and D, Figs. S3 and S4, and Movie

S4). Only in the terminal stage of the disease, a few days before
the animals die, at a time when many axons in the affected nerves
have already degenerated, did we detect a mild drop in ante-
rograde mitochondrial flux (from 5.9 ± 0.3 mitochondria per min
in WT to 5.1 ± 0.3 mitochondria per min in SODG85R mice;
mean ± SEM; P < 0.05). Similarly, retrograde transport of
endosomal vesicles labeled by peripheral injection of CTB
showed no abnormalities in intercostal or tibialis nerves (Fig. 4E
and Fig. S3C).
Axons can thus degenerate without preceding transport deficits,

but is the converse also true, i.e., are there models in which axonal
transport is disrupted while axons survive? Our analysis of SODWT
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Fig. 3. Axonal transport deficits are observed early in SODG93A mice. Time-
course of anterograde (Left) and retrograde (Right) mitochondrial flux in
intercostal and saphenous (“saph.”) nerves of SODG93A and WT mice (n > 30
axons, n ≥ 4 mice per time-point), and in intercostal nerves of SODG37R mice
(n = 45 axons, n = 2 mice). The data from SODG93A intercostal nerves at 4 mo
correspond to the data shown as frequency distributions in Fig. 1D. Error
bars (SEM) are smaller than data symbols in most cases. *P < 0.001.
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Fig. 4. Axon degeneration but no transport deficits are observed in
SODG85R mice. (A) Time-course of body weight (in % of weight at 9 mo of
age, mean ± SEM) and grid test performance (expressed as % of mice with
normal test; n ≥ 10 mice per group). (B) Denervation in triangularis sterni
and gastrocnemius muscles (n > 250 synapses, n > 3 mice). (C) Wide-field
image of an intercostal axon presented as described for Fig. 1C. Asterisk
marks an axonal fragment, commonly found in preterminal SODG85R mice
right next to axons with normal transport. (D) Frequency distribution of
mitochondrial flux in intercostal and tibialis nerves (n > 40 axons, n ≥ 3 mice)
at preterminal stage. (E) Single-cargo transport characteristics of individual
CTB-labeled vesicles in SODG85R mice in intercostal nerves at preterminal
stage (n = 300–304 vesicles; n = 16 axons; n = 3 mice); Values are expressed as
mean percentage ± SEM of WT control. (Scale bar: 5 μm.)
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mice suggests that this constellation is possible. SODWT mice
overexpress a nonmutant human SOD protein and are commonly
used as control mice in ALS studies (13). As expected, we detected
no weight loss, functional deficits, or denervation in these mice
when we examined them at 4 mo of age (Fig. 5 A and B). Sur-
prisingly, however, anterograde and retrograde mitochondrial flux
in triangularis sterni explants of SODWT, Thy1-MitoCFP mice was
significantly reduced already 2 mo after birth (Fig. S5A). This
deficit was progressive and reached levels in intercostal and tibialis
nerves comparable to SODG93A and SODG37R mice by 4 mo and
persisted for up to 1 y (Fig. 5 C and D, Fig. S5, and Movie S5).
Mitochondrial density was reduced both in intercostal and tibialis
nerves at 4 mo (Fig. S5B). Similarly, SODWT axons showed slowed

transport of mitochondria and CTB-labeled particles (Fig. 5E and
Fig. S4). Thus, overexpression of human nonmutated SOD suffices
to induce early transport deficits. These deficits, however, do not
cause overt motor neuron degeneration for several months—only
at 12 mo did we detect mild denervation (<4% in triangularis;
<8% in gastrocnemius muscle; Fig. 5B; see also ref. 25).

Discussion
The aim of our study was to investigate the in vivo consequences
of reduced organelle transport in ALS mice, which—based on the
published literature (7, 8, 16, 26, 27)—we expected to be a general
feature of ALS disease models. However, when we compared
several different bona fide models of SOD-based familial ALS, we
found to our surprise that rather than cosegregating with the
ALS-specific mutation, transport disturbances were only present
in some SOD overexpression models (G93A, G37R, and wild-
type SOD, but not G85R), irrespective of whether the enzyme
carried an ALS mutation. These results thus dissociate deficits of
organelle transport and axon degeneration in animal models of
ALS. This conclusion contrasts with widely held assumptions in
the field of ALS research, which are based on reduced organelle
density in SODG93A axons (26, 28) and altered organelle motility
in SODG93A axons in vitro (7, 8) and in vivo (16).
One important distinguishing feature of our study is that we

performed a systematic time-course comparison of organelle
transport in fully mature motor axons in several ALS models that
differ in SOD expression level, enzymatic activity, and mutation
status. This comparative approach is of importance because it is
well-established from human studies that a vast number of differ-
ent SOD mutations that, for example, differ in their effects on
biochemical activity or stability of the enzyme (29), lead to essen-
tially the sameALS phenotype. Any cell biological mechanism that
is linked to the root cause of motor neuron degeneration in ALS
should therefore probably be similarly affected across the spectrum
of disease-related SOD mutations. Our comparison shows that
organelle transport disruptions are not directly related to muta-
tion-specific toxicity of SOD, but rather to enzymatic activity,
protein expression levels, subcellular localization, or aggregation;
however, which combination of these parameters affects transport
cannot be definitively differentiated based on our datasets. In
contrast to our study, most previous reports on the link between
ALS and organelle transport either focused on only one mutation,
performed comparisons in vitro or in nonmotor neuron cells, or did
not include the wild-type overexpression control SODWT. Other
studies looked at surrogate markers of transport deficits (such as
organelle density; refs. 26, 28, and 30). However, organelle density
is not a direct indicator of supply by axonal transport, but can be
equally affected by catabolic processes (such as autophagy; ref. 31)
or local remodelling (such as organelle fusion or fission; ref. 32). It
is worth noting that—although this was not the focus of our study—
in our material also mitochondrial shape changes were only ap-
parent in SODG93A, SODG37R, and SODWT, but not in SODG85R

mice (compare Fig. 1C vs. Fig. 4C vs. Fig. 5C). Such shape changes
are commonly interpreted as evidence of mitochondrial dysfunc-
tion or of altered fusion/fission (8), but previous studies in the
nondisease-related SODWT controls have shown that shape
changes too can be dissociated from occurrence of an ALS-like
disease (25). Indeed, we observed some of the most drastic mito-
chondrial shape changes in aged SODWT mice (Fig. 5C).
In our view, the fact that SODWT mice maintain essentially

normal neuromuscular innervation despite profound and long-
lasting transport deficits that are comparable to those observed in
SODG93A and SODG37R is a strong argument against the hypoth-
esis that disruptions in organelle transport alone could be the
pathogenic mechanism in ALS motor neuron degeneration. Still,
previous reports have documented the occurrence of a late-onset
form of neurodegeneration in SODWT mice (25). However, this
degeneration does not primarily affect motor neurons, but long
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Fig. 5. Axonal transport deficits and degeneration are dissociated in SODWT

mice. (A) Time-course of body weight (in % of weight at 2 mo of age, mean ±
SEM) and grid test performance (expressed as%ofmicewith normal test;n> 10
mice per group). (B) Only minor denervation in triangularis sterni and gastroc-
nemiusmuscles is observed inagedSODWTmice (n>250 synapses,n>3mice). (C)
Wide-field image of an intercostal axon presented as described for Fig. 1C. (D)
Frequencydistributionofmitochondrialflux in intercostal and tibialis nerves (n>
40 axons, n ≥ 3mice) at 4moof age. (E) Single-cargo transport characteristics of
individual CTB-labeled vesicles for SODWT mice in intercostal nerves at 6 mo of
age (n = 120–280 vesicles; n = 10–23 axons; n = 3 mice). Values are expressed as
mean percentage ± SEM of WT control. (Scale bar: 5 μm.) *P < 0.001.
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projection neurons of the central nervous system, such as the
spino-cerebellar or the dorsal column tracts. In contrast, motor
neurons are among the nerve cells that degenerate late, again
dissociating this pathology from ALS. Indeed, there is further
evidence that argues against a direct role of organelle transport
deficits in causing the degenerative phenotype in SODG93A mice,
because increasing mitochondrial transport does not yield the
expected therapeutic benefit in SODG93Amice (33). Furthermore,
although the fact that mutations in motor proteins can cause
a neurodegenerative phenotype is often cited in support of a role
for axonal transport in ALS pathogenesis, mutations in retrograde
motor proteins alone do not phenocopy SODG93A (27). Still, al-
though not primarily pathogenic, the motor axon-specific trans-
port deficits—as seen in SODG93A or SODG37R mice—might
contribute to the phenotypic variations found between the dis-
eases caused by differentially mutated SOD. Hence, comparing
the phenotypes caused by mutations that affect transport and
others that do not (such as SODG85R) might allow differentiating
factors that initiate or just accelerate axon degeneration.
A number of general conclusions emerge from our study: First,

in ALS models, the mechanisms that reduce organelle transport
appear distinct from those that initiate axon degeneration. Hence,
axonal transport of organelles might not be a suitable target to
therapeutically prevent the irreversible loss of neurons or axons in
ALS, although in other neurodegenerative diseases, this might
clearly be a promising strategy (34). However, our study does not
exclude disturbances in slow axonal transport (35, 36) or changes
in cargo composition (27) as important steps in ALS pathogenesis,
and does not contradict the view that organelle transport deficits
can accelerate axon degeneration, e.g., in the SODG93A model
(25).Moreover, our argument strictly applies only tomitochondria
and endosome-derived vesicles. Although these organelles are the
most commonly assayed specific cargoes in the context of ALS
research, it remains possible that disturbed transport of another
cargowould better correlate withALS-related neurodegeneration.
Second, our findings underline the phenotypic heterogeneity that
characterizes even closely related animal models of neuro-
degeneration. This observation emphasizes the need to study
several models to differentiate disease-related (e.g., degeneration)
from model-related (e.g., transport deficits) events. Third, our
study reveals the remarkable capability of motor neurons to sur-
vive for long periods of time despite limited axonal transport. In-
deed, even in those SOD-overexpression models that affected
transport severely, the drop in mitochondrial density was delayed
(Fig. 3 vs. Fig. S1C), suggesting some compensatory mechanism.
One part of this compensation could be the time-shifted drop in
retrograde transport, which over time reduces the net deficit in
organelle number. This form of compensation would imply a lon-
ger residency of individual organelles in the periphery. In the case
of mitochondria, an extended lifetime could help to buffer a deficit
in the supply of energy substrates. However, in the presence of
additional stressors (that might well be ALS-related), the presence
of increasingly dysfunctional mitochondria could accelerate
axonal demise.

Materials and Methods
Animals. Transgenic mice carrying human wild-type (WT) or mutated SOD1
genes were obtained from Jackson Laboratory. The strains used were the
following: SODWT [Jackson Laboratory strain designation: Tg(SOD1)2Gur/J],
SODG93A (Tg(SOD1*G93A)1Gur/J), SODG37R (Tg(SOD1*G37R)42Dpr/J), SODG85R

(Tg(SOD1*G85R)148Dwc/J). To study mitochondrial transport, density, and
morphology, males from these strains were crossed with Thy1-MitoCFPC

(Tg(Thy1-CFP/COX8A)C1Lich/J), and—in selected cases—Thy1-MitoCFPS

(Tg(Thy1-CFP/COX8A)S2Lich/J) or Thy1-MitoCFPK females (12) (no differences
in transport between strains were found). Thy1-MitoKaede mice were
generated as described in SI Materials and Methods and crossed with SOD
mice as indicated above. Double transgenic mice were identified by PCR
from tail biopsies. Because Thy1-MitoCFP and Thy1-MitoKaede animals were
maintained on a mixed genetic background, SOD1-negative, MitoCFP- (or

MitoKaede-) positive littermates were used as controls. For studying axon
morphology and reconstructing motor units, SOD-mutant mice were crossed
with Thy1-YFP16 (Tg(Thy1-YFP)16Jrs/J) and Thy1-YFPH (Tg(Thy1-YFPH)2Jrs/J)
mice, respectively (37). Genomic copy numbers of the SOD transgene were
confirmed by using quantitative PCR as described (38) and yielded the fol-
lowing ΔCT values: SODG85R 5.8; SODWT 6.2; SODG93A 7.1. All animal work
conformed to institutional guidelines and was approved by the Animal
Study Committee of the Regierung von Oberbayern.

Behavioral Testing. Animals were tested and weighed every 3–4 d. The grid
test was a binary modification of a described test (39). Briefly, each mouse
was placed onto a metal grid, which was positioned ≈30 cm above a soft
surface. The grid was inverted to determine whether an animal could sup-
port itself for >30 s. For each animal, three trials were performed with
a 5-min rest period in between. The test was scored “normal” if the animal
could hold itself for >30 s in at least one trial. In the figures, we show
a “survival” curve of the percentage of animals which showed a normal test
at a given time.

Staging of SODG85R Mice. For staging of SODG85R mice, we deviated from
a purely age-based classification, because clinical manifestations at a specific
age varied considerably due to the long preclinical period and fast pro-
gression once the disease started. We therefore grouped animals by phe-
notype rather than age. We considered animals that had lost 10% of their
peak body weight and showed an abnormal grid test as “preterminal” and
used these animals—which would be expected to die within 2–3 wk—as the
latest stage that we systematically studied in our experiments. The mean
ages of animals in these categories were as follows: preterminal, 302 ± 8 d;
terminal, 311 ± 11 d.

Tissue Preparation, Immunohistochemistry, and Confocal Microscopy. Trian-
gularis sterni muscles were fixed after dissection, subsequently processed for
immunohistochemistry and analyzed by confocal microscopy as detailed in SI
Materials and Methods.

Imaging Mitochondrial Transport. Transport of mitochondria was measured as
described (12, 18). Briefly, mice were lethally anesthetized with isoflurane
and explants of the triangularis sterni muscle were prepared. The anterior
thoracic wall (with the attached triangularis sterni muscle and its innervating
intercostal nerves) was isolated by cutting the ribs close to the vertebral
column. The explant was pinned down on a Sylgard-coated 3.5-cm plastic
Petri dish by using minutien pins (Fine Science tools). After excision, explants
were kept in 95% O2/5% CO2 (vol/vol)-bubbled Ringer’s solution (125 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM CaCl2, 1 mM
MgCl2, and 20 mM Glucose) at all times. During imaging, explants were
maintained on a heated stage (33–36 °C) with a slow and steady flow of
warmed and oxygenated Ringer’s solution. Preparation of triangularis sterni
muscles from Thy1-MitoKaede mice was done under red light to prevent
accidental photoconversion. In addition to intercostal nerves, saphenous and
tibialis nerves were studied by using acutely explanted nerves pinned onto
a Sylgard-coated 3.5-cm plastic Petri dish. Although the tibialis nerve has
a sensory component, we confirmed in control experiments, using selective
labeling of motor axons with a transgene the expression of which condi-
tionally depends on a cholinergic marker, choline acetyltransferase (Chat-
cre, Ai14; obtained from Jackson Laboratory), that the vast majority of the
imaged superficial large-caliber axons were motor axons.

Mitochondria were imaged by using an Olympus BX51WI microscope
equipped with a 4×/N.A. 0.13 air objective, 20×/N.A. 0.5, and 100×/N.A.
1.0 water-immersion dipping cone objectives, an automated filter wheel
(Sutter) and a cooled CCD camera (Retiga EXi; Qimaging) controlled by
μManager (an open source microscopy software; ref. 40). Neutral density
and infrared-blocking filters in the light path were used to prevent photo-
toxicity and photobleaching. To follow mitochondrial movement, images
were acquired at 1 Hz by using an exposure time of 500 ms for 5 min.
Transport characteristics of individual mitochondria were measured in
explants from Thy1-MitoKaede mice. To highlight individual mitochondria,
we exposed intercostal nerves to a short (≈5 s) localized exposure of 405-nm
light from an LED light source (Thorlabs) coupled into the microscope’s ex-
citation light path. By moving our observation site proximal or distal from
the photoconverted spot along the same nerve, we could use the red
channel to track individual mitochondria.

Imaging Transport of CTB-Labeled Vesicles. To study transport of endosomal
vesicles, CTB conjugated with Alexa Fluor 594 (Invitrogen) was injected into
the triangularis sterni muscle by using a micro syringe (Hamilton; ref. 21).
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Mice were anesthetized with ketamine-xylazine [KX; 1.5% ketamine and
0.1% (vol/vol) xylazine]. We made two injections of 0.05% (wt/vol) CTB (in 1×
PBS) between the second and third, and the third and fourth ribs. The
gastrocnemius muscle was labeled in a similar way. We closed the injection
site surgically and placed the mice in a heated recovery chamber. Axonal
transport of CTB-labeled endosomes was then imaged 24 h after injection in
an acute triangularis sterni or tibialis nerve explant preparation as
described above.

Image Analysis and Processing. Image analysis was done by using ImageJ/Fiji
software. For details, see SI Materials and Methods.
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