Deficits in axonal transport precede ALS symptoms

in vivo
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ALS is a fatal neurodegenerative disease characterized by selective
motor neuron death resulting in muscle paralysis. Mutations in
superoxide dismutase 1 (SOD1) are responsible for a subset of
familial cases of ALS. Although evidence from transgenic mice
expressing human mutant SOD1%%* suggests that axonal transport
defects may contribute to ALS pathogenesis, our understanding of
how these relate to disease progression remains unclear. Using an
in vivo assay that allows the characterization of axonal transport in
single axons in the intact sciatic nerve, we have identified clear
axonal transport deficits in presymptomatic mutant mice. An impair-
ment of axonal retrograde transport may therefore represent one of
the earliest axonal pathologies in SOD1%%** mice, which worsens at
an early symptomatic stage. A deficit in axonal transport may there-
fore be a key pathogenic event in ALS and an early disease indicator
of motor neuron degeneration.
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Axonal transport is fundamental for the maintenance of neu-
ronal homeostasis. Neurons rely on anterograde transport for
the movement of structural components and newly formed
organelles along the axon and on retrograde transport for the
transfer of organelles and ligands from synapses to the soma (1).
Deficits in axonal transport have been proposed to contribute to the
degeneration of motor and sensory neurons (2-4). For example,
postnatal disruption of the microtubule-dependent motor KIFSA
induces a reduction in slow anterograde transport, resulting in ac-
cumulation of neurofilaments in dorsal root ganglion (DRG) cell
bodies, reduction in axonal caliber, and degeneration of sensory
neurons (5). Similarly, the expression of KIF1Bf mutants in mice
induces slowing of the anterograde transport of synaptic vesicle
precursors, resulting in a late-onset axonopathy (6). These patho-
logical effects closely mimic those observed in individuals bearing
mutations in the KIF5A and KIF1Bp genes, which have been
identified in families with hereditary spastic paraplegia (7) and
Charcot-Marie-Tooth type 2A neuropathy (6), respectively. Other
KIF genes and binding proteins have been recently associated with
neurodegeneration (8, 9), and reduction in the levels of kinesin-
associated protein 3 (KIFAP3) has been linked to increased sur-
vival in ALS patients (8), which may be due to changes in the axonal
transport of choline acetyltransferase (ChAT) (10).

The relationship between axonal transport impairment and
neurodegeneration is not unique to the kinesin motor family. Ho-
mozygous missense mutations in cytoplasmic dynein heavy chain
(DyncIhl) reduce the rate of retrograde transport in motor neu-
rons (MNs) and affect the survival of sensory neurons (11, 12).
Targeted disruption of the dynein—dynactin complex by postnatal
overexpression of the pS0 dynactin subunit in mice induces late-
onset MN degeneration (13), whereas mutations in the p150
dynactin subunit have been identified in families with a slowly
progressing lower MN disease (14). Together, these observations
indicate that defects in axonal transport are associated with
neuronal degeneration.
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Consistently, several lines of evidence suggest that deficits in
both anterograde and retrograde transport contribute to ALS
pathogenesis (3, 4, 10, 15-23). ALS patients and mice expressing
mutant superoxide dismutase 1 (SOD1) display neurofilament
accumulations, which may derive from defects in slow anterograde
transport (19, 24, 25). Furthermore, alterations in fast axonal
transport have been shown in embryonic SOD1°%** MNs and
inferred from postmortem human ALS axons (18, 25, 26). How-
ever, it is not clear how these deficits in axonal transport correlate
with disease progression. In this study, we aimed to address this key
question by developing an in vivo assay enabling the quantitative
investigation of axonal retrograde transport in SOD19%3A mice at
different disease stages.

Results

Neurospecific Binding and Retrograde Transport of Hc in Vivo. A
carboxyl-terminal fragment of tetanus toxin (Hc) binds with high
affinity to the neuronal plasma membrane and enters endocytic
carriers containing neurotrophins and their receptors in MNs and
DRG neurons (27). Hc can therefore be used to monitor the ax-
onal transport of these ligands and their effectors back to the soma
in vivo. After injection into the tibialis anterior and gastrocnemius
muscles, Hc accumulated at the neuromuscular junction (NMJ; ST
Appendix, Fig. S1A) (28). Over time, the association of Alexa-
Fluor555-He (HES555) with the NMJ was reduced (SI Appendix,
Fig. S1 B and C) owing to its uptake and sorting into the axonal
shaft (SI Appendix, Fig. S1D). Transverse sections through the
sciatic nerve at midthigh level 8 h after injection revealed Hc555
within axons (Fig. 14), indicating that retrograde transport of this
probe had occurred. These Hc555-positive axons were myelinated,
and a large proportion (80% + 5% SEM) stained positively for
ChAT, an MN marker (Fig. 14). Hc555 fluorescence was also
visible in the perinuclear region of lumbar ventral horn MNs (Fig.
1B). Ipsilateral DRG somas were also positive for H=555 (SI Ap-
pendix, Fig. S44), consistent with previous data showing that Hc is
also taken up by sensory neurons (29).

We were able to monitor the axonal transport of Hc555 in
single axons in the intact sciatic nerve of WT mice (Movie S1).
Transport of H:555 occurred in the retrograde direction (Fig.
1C), with very rare anterograde or oscillatory movements (Fig.
1D). Moving organelles are shown in kymographs as diagonal
traces, the slope of which is proportional to their speed and di-
rection. Retrograde transport was not observed in the sciatic
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Fig. 1. Characterization of in vivo axonal retrograde transport in WT mice. (A) After i.m. injection, Hc555 was found within axons in transverse sections
through the sciatic nerve, which costained for ChAT, an MN marker. Myelin sheaths were stained for myelin basic protein (MBP). (Scale bar, 5 pm.) (B) Hc555
was visible within the somas of lumbar MNs (arrowheads). (Scale bar, 50 pm.) (C) Images (movie stills) of axonal transport of Hc555 in the sciatic nerve were
acquired by time-lapse confocal microscopy. (D) Corresponding kymograph. Retrograde carriers were moving to the right (arrowheads). Below the kymograph
is a scheme reporting manually drawn lines tracing the movement of retrograde carriers (in red). Stationary carriers, labeled by asterisks, and carriers moving
briefly in the anterograde direction (arrow; in green) or oscillating (in blue) were also present. (Scale bar, 5 pm.) (E) Comparison of the speed profiles of the
Hc555 carriers in single axons revealed that retrograde transport was faster in vivo (filled circles; 258 carriers; 44 axons, n = 5 independent experiments) than
in vitro (empty circles; 383 carriers; 32 axons, n = 5 independent cultures), with three defined speed components at 0-0.33 (slow), 1.0 (intermediate), and 1.66 pm/s
(fast). The fastest speed component provided the major contribution to the overall speed profile of Hc555 carriers (F). Error bars represent SEM.

nerve of mice injected either with Texas Red—conjugated dextran
or in untreated control animals. Kinetic analysis revealed that the
average speed of Hc555 carriers in vivo (imaged in 44 axons from
five independent experiments) was significantly faster than that
observed in vitro in primary MNs (32 axons from five in-
dependent cultures), as shown by the right-hand shift of the curve
(Fig. 1E; P < 0.0001), although within the range reported for fast
axonal transport (1). Previous in vivo studies inferred average
transport rates from the accumulation of radioactivity in the
spinal cord at various time points after injection. In contrast, our
assay allowed a real-time, quantitative assessment of the axonal
retrograde transport of multiple cargoes in vivo (see below).

The speed distribution of retrograde carriers in cultured MNs
was best described by the sum of speed components identified by
Gaussian distributions centered at 0, 0.53, and 0.95 pm/s (details
in Materials and Methods) (30). As expected by their speed dis-
tribution curve (Fig. 1E), axonal carriers visualized in the intact
sciatic nerve displayed higher average velocities (0, 1.0, and 1.66
pm/s; Fig. 1F). This difference in speed may derive from the
myelination of MN axons in sciatic nerves, which influences mi-
crotubule stability (31), or from differences between embryonic
and adult MNs. The fastest speed component contributed ~70%
to the overall movement in vivo, with the intermediate and slowest
components providing 25% and 5%, respectively (Fig. 1F). No
age-related changes in the average speed of retrograde transport
in adult WT mice were detected in this study (S Appendix, Fig. S2;
38-125 d; 8-10 axons imaged per age group). However, because of
the reported longer survival of female SOD1%%** mice (32), only
female mice were used for further analyses.

Significant Deficits in Retrograde Transport in SOD15%%A Mice. We
then assessed the appearance of retrograde transport defects in
SOD1%%4 mice, which were divided into four age groups repre-
senting different disease stages: presymptomatic (36 + 0.95 d),
early symptomatic (74 + 1.7 d), symptomatic (95 + 1.4 d), and late
symptomatic (113 + 3.5 d). Age-matched WT mice and mice
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overexpressing the WT human SOD1 gene (SOD1%") were used
as controls. The different disease stages in SOD1%%*4 mice were
characterized by quantifying the loss of sciatic MNs. Spinal cord
sections from WT, early symptomatic, and late symptomatic
SOD19%* mice are shown in Fig. 24. There was no significant
difference in MN survival between WT and SOD1%" control mice
(ST Appendix, Fig. S34) or in SOD19%** mice at a presymptomatic
stage of disease. However, in early symptomatic SOD1%%34 mice,
which lacked overt disease signs (SI Appendix, Table S1), a sig-
nificant number of MNs in the sciatic pool had already died (23%
loss; Fig. 2B). With further disease progression, MN death in-
creased to give a 39% and 56% loss in symptomatic and late
symptomatic SOD1°%* mice, respectively (Fig. 2B).

Analysis of the retrograde transport of H:555 in single axons in
vivo revealed a significant slowing at each stage of disease in the
SOD1%%*# mice compared with both WT littermates (Fig. 2C and ST
Appendix, Fig. $3 D-F; P < 0.001) and SOD1%T mice (SI Appendix,
Fig. S3 B and C). A significant deficit in retrograde transport was
observed in SOD19%4 mice even at 36 d (Fig. 2C; P < 0.001; 52
axons, n = 6 independent experiments). This deficit worsened with
disease progression, as shown by the leftward shift of the speed curve
at an early symptomatic stage (Fig. 2C; 39 axons, n = 5). The im-
pairment in retrograde transport was still evident at both symp-
tomatic (41 axons,#n = 6) and late symptomatic stages (31 axons,n =
4), although to a lesser extent (Fig. 2C). Interestingly, Hc555
transport was faster in SOD1V" mice (30 axons, 7 = 3) than in WT
littermates (S1 Appendix, Fig. S3 B and C; P < 0.001), indicating that
overexpression of SOD1WT significantly enhanced the transport
kinetics of H:555.

Deconvolution of the velocity curves shown in Fig. 2C high-
lighted a marked reduction in the fastest (1.66 um/s) speed com-
ponent in SOD1%** mice at all discase stages compared with WT
and SOD1™" mice, with a corresponding increase in the frequency
of the intermediate speed carriers (1.0 pm/s; Fig. 2D). These
changes occurred to a similar extent in presymptomatic, symp-
tomatic, and late symptomatic SOD19%** mice. However, early
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Fig. 2. Retrograde transport was reduced in SOD15%** mice. Disease stages were characterized by assessing MN loss. (A) Nissl-stained spinal cord sections,

showing MNs in the sciatic motor pool (dashed areas, magnified below) of (a) WT, (b) early symptomatic, and (c) late symptomatic SOD 1% mice. [Scale bars, 200
um (Upper) or 50 um (Lower).] (B) No MN loss was detected at a presymptomatic stage, although death increased as disease progressed (n = 6). (C) Retrograde
transport in single axons was assessed at four defined disease stages [presymptomatic (36 + 0.95 d; 344 carriers; 52 axons, n = 6), early symptomatic (74 + 1.7 d;
193 carriers; 39 axons, n = 5), symptomatic (95 + 1.4 d; 250 carriers; 41 axons, n = 6), and late symptomatic (113 + 3.5 d; 175 carriers; 31 axons, n = 4)] and in control
WT mice (38-125 d; 258 carriers; 44 axons, n = 5). SOD1%%*4 mice displayed a significant impairment in retrograde transport at a presymptomatic stage, which
worsened by an early symptomatic stage. (D) Deconvolution analysis of the speed profiles. The slowing of transport in SOD1* mice was due to a reduction in
the fastest speed component and an increase in the intermediate component compared with WT. (E) Quantification of the TrkB antibody accumulated in the
ligated sciatic nerve after i.m. injection also revealed a significant deficit in the axonal transport of this neurotrophin receptor in early symptomatic SOD 19934
mice compared with WT. Bars represent the average TrkB signal normalized to GAPDH. Error bars represent SEM. *P < 0.005 or below (n = 3-6).

symptomatic mice showed the greatest decrease in the fastest speed  transport of H:555 in sensory axons contributes to the overall speed
component (Fig. 2D). The lessening in retrograde transport deficits  distribution curve shown in Fig. 2C, the transport deficit in
in symptomatic and late symptomatic SOD1%%*4 mice was not due ~ SOD1%”** MNs may in fact have been underestimated.

to a failure of Hc555 uptake by affected MNs, because Hc555

accumulated at the NMJ (SI Appendix, Fig. S3G), was transported

by motor axons (SI Appendix, Fig. S3H), and accumulated in A 03B = WT intramuscular

lumbar MN somas (SI Appendix, Fig. S3). g 020 e e
To confirm the results observed with Hc555 in vivo, we ana- % —

lyzed the transport of endogenous TrkB, the main neurotrophin 2

receptor found in spinal cord MNs (33). We quantified the ac- g g

cumulation of a TrkB specific antibody at the site of sciatic nerve m 005

ligation 6 h after its injection in WT and SOD1%%*# mice at 75 2 !

d of age. Consistent with our previous results (Fig. 2C), a sig- -04 0 04 08 1.2 16 20 24 28 32

nificant deficit in retrograde transport of TrkB was found in early Speed (um/s)

symptomatic SOD1%* mice (Fig. 2E; P < 0.005). -

Axonal Retrograde Transport Is Unaffected in SOD1°%** Sensory . _:g;;:‘?f:::l:j::ul ar

Neurons. The sciatic nerve contains a mix of motor and sensory 2

axons, and H555 was observed in DRG somas in addition to lumbar § 015

MNs (SI Appendix, Fig. S44), raising the possibility that the deficits in £

axonal transport observed in SOD19”** mice were present in both 2 0.101

motor and sensory neurons. After s.c. injection of H555 into the %

lateral hindpaw, we were able to specifically monitor retrograde @ 005

transport in sensory axons of the sciatic nerve. Retrograde transport i

in these axons was slower than that observed after i.m. injection of -04 0 04 08 12 16 2.0 2.4 28 32

H555 in WT mice (Fig. 34) but did not significantly differ between Speed (umi/s)

WT (27 axons, n = 3) and early symptomatic SOD1%”** mice (31
axons, n = 3). Similarly, retrograde transport in DRG neurons iso- ~ Fig- 3. Invivo analysis of axonal retrograde transport in sensory neurons. (A)
lated from adult SOD1°%” mice at Varying disease stages was not s.c. injection allowed the selective endocytosis and retrograde transport of
significantly different from age-matched WT DRG neurons (SI Hc555 in sensory neurons. Hc555 transport was significantly slower than that
. . . X . observed after i.m. injection. However, the transport kinetics in sensory neu-
Appende; Flg. S4B and MO\'IIC 52’ analy51s of 10-29 axoqs ,from two rons did not differ between WT (218 carriers; 27 axons, n = 3) and early
or more 1ndependept exper.lm.ents). Tlllere.:fore, the deficit in axonz}l symptomatic SOD15%% mice (215 carriers; 31 axons, n = 3). () Retrograde
transport observed in the sciatic nerve in situ was not due to a deficit transport of AlexaFluor555-labeled anti-p75N™ antibody injected i.m. was very
in sensory neurons but was likely to reflect a progressive impairment  similar to that of Hc555 after s.c. injection, thus implying that this p75"™® an-
in the ability of MNSs to sustain fast retrograde transport. Because the  tibody was specifically transported in sensory axons. Error bars represent SEM.
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Interestingly, the kinetics of retrograde transport of an antibody
specific for the extracellular domain of p75™"™™ upon i.m. injection
were comparable to that seen after s.c. injection of Hc555 in WT
mice (Fig. 3B; 24 axons, n = 3). The p75"™® receptor is not
expressed in healthy MNs in adult mice (34), thus implying that
this antibody was transported only in sensory axons. This p75™ '}
antibody therefore represents a useful tool to selectively assess
defects in axonal trafficking in sensory neurons in vivo.

Alterations in Retrograde Transport in Legs at Odd Angles (Loa) Mice.
To test the feasibility of our method on the analysis of axonal
transport in another mouse model of neurodegeneration, we
used the Loa/+ mouse, which carries a heterozygous missense
mutation in cytoplasmic dynein heavy chain 1 (Dync1h1“°* or
Loa/+) (11). This mutation causes a sensory deficit in mice, with
a loss of more than 50% of lumbar proprioceptive neurons at 45
d of age (35). We therefore monitored the transport of H-555
after i.m. injection in the sciatic nerve of Loa/+ mice at 75 d, an
age equivalent to the early symptomatic stage in SOD19%*
mice. Two populations of carriers with distinct retrograde ve-
locities were revealed (Fig. 4). In the first group (purple; 16
axons, n = 2), transport of Hc555 was not significantly different
from that in WT mice (compare the purple curve in Fig. 4 and
the black curve in Fig. 2C). However, a second group (orange; 14
axons, n = 2) showed transport rates even slower than those seen
in SOD1%%*2 mice at the same age (compare the orange curve in
Fig. 4 and the red curve in Fig. 2C) or observed for Hc555 in
sensory neurons in WT mice (compare the orange curve in Fig. 4
and the gray curve in Fig. 34). In light of the known sensory
phenotype of Loa/+ mice, these slower axonal kinetics may
represent transport of Hc555 in affected sensory neurons.

Onset of Axonal Transport Deficits Occurs in Presymptomatic
S0D15%3** Mice. Consistent with recent work reﬁ)orting reduced
anterograde transport at 35-38 d in SOD19%*# mice (19), our
study also identified significant deficits in axonal retrograde
transport in this ALS model at a presymptomatic stage (Fig. 2C).
Closer examination of our data revealed that the SOD1°%*#
mice at this stage could be categorized into two distinct sub-
populations: the first in which the peak speed of retrograde
transport overlapped with that of WT mice (30 axons, n = 3),
and the second in which the peak speed was similar to that of
early symptomatic animals (SI Appendix, Fig. S5A4; 22 axons, n =
3). This presymptomatic stage (36 + 0.95 d) might therefore
represent the apgroximate age at which retrograde transport
deficits in SOD19** mice first occur in vivo. To test this hy-
pothesis, we assessed transport in younger SOD19%** animals
(25 + 1.7 d), which lack any overt disease-related signs. In these

—m- Loal+ intramuscular (group 1)
Loal+ intramuscular (group 2)

0.3 I

0.2 &

0.1

Relative frequency

04 0 04 08 12 16 20 24 28
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Fig. 4. Axonal transport deficits are evident in Loa/+ mice. Analysis of retro-
grade transport of Hc555 after i.m. injection in Loa/+ mice revealed two pop-
ulations of carriers. The first population (in purple; 93 carriers; 16 axons, n = 2)
had a speed profile almost indistinguishable from that of Hc555 upon i.m.
injection in WT mice (Fig. 2C). The second population (in orange; 147 carriers;
14 axons, n = 2) had a speed profile slower than Hc555 transport in sensory
axons after s.c. injection (Fig. 3A). Error bars represent SEM.
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mice, the rates of retrograde transport (SI Appendix, Fig. S54)
and speed distribution profiles (SI Appendix, Fig. S5B; 24 axons,
n = 3) did not differ significantly from WT.

It has previously been reported that type IIb muscle fibers are
denervated in SOD1°”** mice between 48 and 52 d of age (19,
36). To ensure that muscle denervation was not a contributing
factor to the observed transport deficits at 36 d, we analyzed
innervation of NMJs in the extensor digitorum longus and soleus
muscles of WT and SOD1%** mice. More than 500 endplates
were counted for each muscle type, and no significant increase in
denervation was found (SI Appendix, Fig. S6). This result suggests
that muscle denervation is not a contributing factor to the ob-
served deficit in retrograde transport at a presymptomatic stage.

In Vivo Transport of Mitochondria Is Altered in Presymptomatic
S0D1%%** Mice. To investigate whether the deficits in axonal
transport found in presymptomatic SOD1%%** mice were specific
for these H555 carriers, we monitored mitochondrial dynamics
in the sciatic nerve of SOD1%**Athy1-mitoCFP-S mice. Neuronal
mitochondria in the thyl-mitoCFP-S strain (also known as
MitoMouse) are tagged with CFP (37). As expected, the lifespan
of SOD19"**MitoMouse mutants did not differ from SOD16%34
mice, and H555 transport showed alterations similar to those
observed in SOD19%*4 animals, whereas transport in MitoMouse
littermates was unaffected.

Analysis of mitochondria dynamics (Fig. 54) revealed that
there was a significant slowing in the rate of anterograde and
retrograde transport of these organelles in presymptomatic
SOD1%***MitoMouse mutants (Fig. 5B; n = 4 independent
experiments) compared with MitoMouse controls (n = 3), al-
though the peak speed in both cases was 0.4 pm/s (Fig. 5B).
Neither the overall frequency of moving mitochondria in the
sciatic nerve (Fig. 5C) nor the proportion of mitochondria
transported in either anterograde or retrograde directions were
statistically different between SOD1°%**MitoMouse mutants and
MitoMouse littermates at 36 d of age. However, pause analysis
revealed that in SOD19***MitoMouse mutants, both the pro-
portion of mitochondria stopping en route (Fig. 5 A and D) and the
average number of pauses in either direction (Fig. 5 4 and E),
were increased compared with MitoMouse littermates. As a con-
trol, the transport of mitochondria was analyzed in adult DRG
neurons in vitro. No significant difference was observed between
WT and SOD19%*# in either direction (SI Appendix, Fig. ST,
analysis of 17-30 axons from three or more independent experi-
ments). Altogether, our findings indicate that in SOD19*** mice
alterations in the axonal traffic of different classes of organelles
occur specifically in MNs at a presymptomatic stage.

Discussion

The development of our in vivo assay has enabled the charac-
terization of axonal transport of retrograde endosomes and mi-
tochondria in single axons in the intact sciatic nerve and points to
deficits in this process as one of the earliest pathological changes
observed in SOD1°**# mice. Our results identify both the ap-
proximate age at which deficits in axonal retrograde transport
first occur in SOD1°%*# mice (36 d) and the worsenin% of this
impairment during disease progression. In the SOD1°** mouse
model, the latter event may be related to the vulnerability of
different MN pools in ALS pathogenesis. It has been suggested
that there is a preferential susceptibility of fast MNs innervating
type IIb (fast glycolytic) and Ila (fast oxidative) muscle fibers in
SOD1%%** mice (19, 36, 38) and ALS patients (39). MNs are
classified according to their firing pattern, which determines the
phenotype of the muscle fibers they innervate (40). Fast, fatigu-
able (FF) and fast, resistant (FR) MNs innervate type IIb and Ila
muscle fibers, respectively, and slow MNs innervate type I fibers.
Synaptic vesicle stalling, indicative of impaired anterograde
transport, has been observed in FF MNs at 35-38 d in SOD19%34
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mice, with a reduction in synaptic vesicle markers by 38-46 d
(SI Appendix, Table S1). Similarly, we saw a deficit in the axonal
transport of both H:555 and mitochondria in SOD1°%*4 mice at
36 d, suggesting that defective axonal transport represents a dis-
ease marker in susceptible MNs at a presymptomatic stage.

Type IIb muscle fibers are denervated by 48-52 d in SOD19%%4
mice (19, 36), and although FR MNs partially reinnervate these
muscles, this phenomenon is temporary, and by 80-90 d type Ila
muscle fibers are also predominantly denervated (19). In contrast,
slow MNs are more resistant to disease, and significant denervation
of type I muscles does not occur until 120 d (36). Therefore, sus-
ceptible (and potentially already diseased) fast MNs might display
reduced transport rates at an early symptomatic stage. This pool of
neurons might therefore be responsible for the enhanced deficit in
retrograde transport seen at the early symptomatic stage compared
with the presymptomatic stage when no denervation or MN loss has
occurred. In contrast, by the symptomatic stage, the majority of fast
MNs have already been lost (19). Therefore, we hypothesized that
the H555 signal observed at this symptomatic stage may represent
axonal transport mainly in resistant MNs and a few, residual
SOD1%%*A_susceptible neurons. The suggested contribution of dif-
ferent MN pools to the overall axonal transport at differing stages of
disease in SOD1%%** mice is summarized in SI Appendix, Table S1.

It is important to consider the contribution of sensory neurons
when investigating axonal transport in the intact sciatic nerve. Our
assay, which enabled us to selectively monitor transport in sensory
axons after s.c. injection, showed that transport rates in sensory
neurons were significantly slower than that seen after i.m. injection,
which labeled both motor and sensory axons. Importantly, rates of
axonal transport in sensory neurons did not differ between WT and
SOD1%%34 mice, thus the transport defects seen in SOD1%%** mice
can be attributed to an impairment of retrograde transport only in
MNs. We may therefore have underestimated this MN deficit due
to the contribution of unaffected sensory axons.

Alterations in axonal transport in sensory neurons were evident
in Loa/+ mice, in which a significant proportion of proprioceptive
neurons are lost (35). In Loa/+ mice, sensory loss and transport
deficits do not affect their lifespan (11, 12), whereas our study
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Fig. 5. Mitochondrial transport is affected in SOD1%%*A mice at a presymptomatic stage. Movement of CFP-tagged mitochondria was monitored in sciatic nerves of
MitoMouse and SOD1%*AMitoMouse mutants. (A) Examples of corresponding kymographs. Anterograde mitochondria were moving to the right. Lower: Rep-
resentative traces of some of the tracked mitochondria. (Scale bar, 5 ym.) (B) SOD1%%**MitoMouse axons displayed a significant impairment in both anterograde
and retrograde transport of mitochondria (856 anterograde mitochondria in 161 axons and 380 retrograde mitochondria in 119 axons; n = 4) at a presymptomatic
stage compared with MitoMouse littermates (670 anterograde mitochondria in 96 axons and 156 retrograde mitochondria in 61 axons; n = 3). (C) Kinetic analysis
revealed no significant differences in the frequency of transported mitochondria in the sciatic nerve of SOD1***MitoMouse and MitoMouse littermates. However,
a higher percentage of mitochondria paused during transport in SOD1**AMitoMouse compared with MitoMouse controls (D), and more mitochondrial pauses per
axon were also detected in SOD15%*AMitoMouse than in controls (E), as also shown in A. Error bars represent SEM. **P < 0.01, ***P < 0.001.

suggests that alterations in retrograde transport in SOD16%4
mice may result in MN death and early mortality. This implies that
deficits in retrograde transport in different types of neurons have
different consequences for lifespan.

Mutant SOD1 interacts with the dynein—dynactin complex,
forming aggregates in the spinal cord and sciatic nerve of SOD16934
mice (26, 41). This interaction is detectable at a presymptomatic
stage (60 d) and increases with disease progression but does not
occur with SOD1WT (41). Thus, mutant SOD1 may sequester dynein
within these aggregates, reducing the efficiency of dynein-mediated
transport. In WT embryonic MNs, inhibition of dynein, which is
critical for Hc trafficking, reduces the fastest speed component of
retrograde transport (30). A similar effect is found in SOD19%4
mice in vivo (Fig. 2D), suggesting that SOD1%%** impairs dynein
function. The binding of SOD1%%*4 to mitochondria (25) may also
reduce ATP production, thereby reducing its availability for dynein-
mediated transport. This defect may be worsened by the accumu-
lation of hyperdynamic microtubules in presymptomatic SOD19%34
mice (42). This hypothesis is supported by our work showing deficits
in the bidirectional transport of mitochondria in vivo in SOD19%*4
mice at a presymptomatic stage.

Surprisingly, retrograde transport in SOD1VT mice was faster
than in WT mice. The fastest speed component is by far the
major contributor to the overall axonal retrograde transport in
SOD1WT mice. Although their molecular identities are presently
unclear, the presence of multiple populations of carriers with
different average speeds is likely to reflect the contribution of
different motor complexes to the transport of axonal organelles.
Therefore, the relative increase of the fastest speed component
in SOD1™T mice suggests that overexpression of SOD1%T may
enhance the efficiency of dynein-mediated transport or promote
dynein recruitment to transport carriers. This may be linked to
an increased antioxidant activity bestowed by SODIWT over-
expression, whereas mutant SOD1 may not fulfill this role due to
its mislocalisation and/or sequestration into aggregates (25).

A significant body of evidence now points towards a causal re-
lationship between deficits in axonal transport and degeneration of
susceptible MNs in ALS (24, 14, 22, 23). Deficits in axonal trans-
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port have been observed before disease onset and may represent one
of the first pathological signs of MN dysfunction. The impairment of
fast retrograde transport in a particular neuron may therefore be
a predictor of neurodegeneration. Thus, measurement of axonal
transport in vivo may provide an early biomarker of disease pro-
gression and enable a timely diagnosis of MN impairment, when the
disease may be more responsive to therapeutic intervention.

Materials and Methods

Details on animal handling, neuronal cultures, biochemical assays, immu-
nohistochemistry, and statistical analysis are provided in S/ Appendix, S|
Materials and Methods. Purified Hc was prepared as previously described
(30) and labeled with AlexaFluor555-maleimide according to the manu-
facturer’s instructions, followed by dialysis against PBS to remove unbound
dye. TrkB and p75"™® (27) antibodies were labeled with AlexaFluor555 using
a monoclonal antibody labeling kit (Invitrogen).

In Vivo Retrograde Transport Assay. Mice were anesthetized with isoflurane
(National Veterinary Services) and their tibialis anterior and gastrocnemius
muscles exposed in one hindlimb. Hc555 (13 pg) and BDNF (50 ng), which has
been previously shown to increase Hc internalization (43), were slowly injected
either i.m. or s.c. in the foot pad using a microsyringe. The needle was left in
place for 1 min to prevent leakage. Alternatively, an AlexaFluor555-labeled
antibody directed against the extracellular domain of p75"™ was used. For
control experiments, Texas Red-dextran was injected instead of Hc555. Six
hours later, animals were reanesthetized and the sciatic nerve exposed. Mice
were placed on a heated stage, covered with a heated blanket, and axonal
transport was imaged in the intact sciatic nerve by time-lapse in vivo confocal
microscopy. Images of axons were acquired every 5-8 s with an inverted Zeiss
LSM 510 equipped with a plan apochromat 63x water immersion objective
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(N.A. 1.2), after the excitation of selected regions of interest with the 543-nm
line of a helium-neon laser for Hc555 and AlexaFluor555-p75N™® antibody, and
the 458-nm line of an argon laser for CFP-tagged mitochondria.

Tracking and Data Quantification. Tracking was performed as previously de-
scribed (18, 30) using Motion Analysis software (Kinetic Imaging). Only moving
carriers that could be tracked over at least four consecutive time points within
a single axon were considered. Speed was determined by measuring the dis-
tance covered by the organelle between two consecutive frames. The speed
distribution was obtained using a 0.2 um/s binning interval and analyzed by
applying a multiple Gaussian curve fit as previously described (18, 30) (Kaleida-
Graph v4.02; Synergy Software). Briefly, fitting with unimodal [y = m x exp(-(x —
vi)¥m,?; where v; is the inferred average speed of the carriers] and bimodal
Gaussian profiles failed to satisfactorily describe (R? <0.8) the speed distribution
curves of axonal carriers tracked in sciatic nerves of WT and SOD1°%*A mice at
different ages. Optimal fitting was obtained by using the sum of three Gaussian
profiles centered at 0-0.33 (paused/slow), 1.0 (intermediate), and 1.66 pm/s
(fast). Datasets considered for the analysis had an R? > 0.98. The contribution of
each single speed component was determined by calculating the integral of the
correspondent Gaussian curve and expressed as a percentage of the total.

Kymographs, which map the movement and direction of the axonal
organelles, were generated by stacking the image time series of individual
axons vertically over time.
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