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Amyotrophic Lateral Sclerosis (ALS)-like Disease in Mutant

SOD1 Mice™
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Reduced axonal mitochondrial transport has been observed
in major neurodegenerative diseases, including fALS patients
and SOD1%%3A mice. However, it is unclear whether this defect
plays a critical role in axonal degeneration or simply reflects
sequelae of general transport alteration. Using genetic mouse
models combined with time-lapse imaging of live neurons, we
previously discovered that axon-targeted syntaphilin (SNPH)
acts as a docking receptor specific for axonal mitochondria.
Deletion of the suph gene in mice results in a substantially
higher proportion of axonal mitochondria in the mobile state
without any effect on the transport of other axonal organelles.
Here we address whether increased (rescued) axonal mitochon-
drial mobility changes the disease course by crossing fALS-
linked transgenic SOD1%%3*4 and suph™'~ knock-out mice. We
found that a 2-fold increase in axonal mitochondrial mobility in
SOD1%%3A/suph™'~ mice did not affect the onset of ALS-like
symptoms. Both SOD1%%3** and SOD1%**/suph™'~ mice
exhibit similar weight loss, deterioration in motor function and
motor neuron loss, significant gliosis, and a lifespan of 152—-154
days. Thus, for the first time, our study provides genetic and
pathological evidence that the impairment of mitochondrial
transport seen in SOD1%°3** mice plays a minimal role in the
rapid-onset of fALS-linked pathology.

Mitochondria are essential organelles for neuronal survival
and function. Neurons require specialized mechanisms to reg-
ulate mitochondrial transport along axons and retain them in
growth cones, nodes of Ranvier, and synaptic terminals, where
energy production and calcium homeostasis are critical (1-5).
Defects in mitochondrial transport could cause local energy
depletion and toxic changes in Ca®>" buffering, triggering syn-
aptic dysfunction and loss. Altered transport and distribution
of axonal mitochondria has been implicated in the neurodegen-
erative diseases such as Alzheimer, Huntington, and Amyo-
trophic Lateral Sclerosis (ALS).> However, it has not been
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established whether altered mitochondrial mobility plays a crit-
ical role in axonal degeneration.

Characterization of mitochondrial transport in mature neu-
rons from aged and disease-stage neurodegenerative disease
models is an important step in understanding the cellular
mechanisms of neurodegeneration. ALS is a late-onset neuro-
degenerative disease that causes motor neuron loss (6). Muta-
tions in Cu/Zn superoxide dismutase (SOD) genes have been
found to cause familial ALS (7). Transgenic mice expressing
mutant human SOD1 are clinically and pathologically similar
to human ALS patients (8), becoming paralyzed in one or more
limbs because of a loss of motor neurons in the spinal cord.
Several laboratories have reported altered transport of axonal
mitochondria in ALS patients and SOD1%?*# mice, as well as
neurons and motor neuron NSC34 cell lines expressing
SOD1%934 (9-11). The presence of dysfunctional mitochon-
dria at distal axons could be a consequence of impaired recy-
cling or degradation of abnormal mitochondria because of
reduced mobility and altered axonal transport. To slow
axonal degeneration, it is proposed that increased mitochon-
drial transport might aid the efficient delivery of healthy
mitochondria to axons and/or the removal of damaged mito-
chondria from distal synapses for degradation or repair.
Therefore, it is important to assess whether increased (res-
cued) axonal mitochondrial mobility in mutant SOD1 dis-
ease models has a beneficial impact on the pathogenesis of
motor neuron degeneration.

We previously discovered that axon-targeted syntaphilin
(SNPH) acts as a docking receptor specific for axonal mito-
chondria (12). Deleting snph in mice results in a substantially
higher proportion of axonal mitochondria in the mobile state
without any effect on the transport of other axonal organelles.
In the present study, we first examine snph~'~ mice and found
that increased axonal mitochondrial mobility by deleting snph
has no impact on lifespan or motor function, and suph '~ mice
display no observable neurodegeneration phenotype. Second,
by crossing SOD19** and suph ™'~ mice we address whether
increasing (rescued) mitochondrial mobility has any impact on
the pathogenesis of the fALS-linked SOD1%°** mouse model
by comparing clinical and histological observations of
SOD1%%** mice to the crossed SOD19***/suph~'~ mice. To
our surprise, although the crossed SOD19%**/suph™'~ mice
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exhibit a 2-fold increase in axonal mitochondrial mobility at
disease stages, there is no observable improvement in the dete-
rioration of motor function or in disease progression and lifes-
pan. Furthermore, immunostaining of spinal cord sections
from both SOD19?*4 and SOD1?**/snph '~ mice show sim-
ilar ALS-like disease histopathology that includes motor neu-
ron loss and gliosis. Thus, our study provides genetic, cellular,
and pathological evidence that challenges the prevailing
hypothesis that defective transport of axonal mitochondria
contributes to rapid-onset motor neuron degeneration in this
mouse model.

EXPERIMENTAL PROCEDURES

Animals and Neuronal Cultures—B6.Cg-Tg (SOD15934)
1Gur/J] mice were originally described by Gurney et al. (8) and
purchased from The Jackson Laboratory. Transgenic mice car-
rying this SOD19?*4 express high copy number of a G93A
mutant form of human SOD1. Hemozygotes are viable and fer-
tile and exhibit a phenotype similar to ALS in humans becom-
ing paralyzed in one or more limbs due to loss of motor neurons
from the spinal cord, and have a life span of 157.1 = 9.3 days.*
Transgenic mice on a mixed B6SJL genetic background were
backcrossed to C57BL/6] for atleast 10 generations in The Jack-
son Laboratory to generate this congenic strain (Stock No.
004435). This strain was crossed with C57BL/6 background
snph~'~ mice to generate SOD19%**/snph™’~ heterozygous
mice. These mice were then crossed with snph ™/~ mice to gen-
erate WT, SOD19%34, suph™'~ and SOD19%*4/suph~'~ litter-
mates. Dorsal root ganglion (DRG) neuron cultures from P120-
P125 mice were dissected in Hank’s buffered salt solution
(HBSS), followed by digestion in 2.5 units/ml dispase Il and 200
units/ml collagenase (Worthington Biochemical). Tissues were
triturated in Neurobasal medium and plated on coverslips
coated with 100 ug/ml poly-p-lysine and 5 ug/ml laminin
(Invitrogen) supplemented with B27 (Invitrogen) and 100X
Glutamax (Invitrogen). The final density of cells is 2,000 per
coverslip.

Mitochondrial Mobility Studies—Time-lapse imaging was
performed using a Zeiss LSM 510 META confocal microscope
(Zeiss Microimaging) with a P-Apochromat 40X /1.3 oil objec-
tive. Mitochondria in DIV2 DRG neurons were labeled with 100
nM MitoTracker red CMX-Ros (Invitrogen) in Neurobasal
medium for 20 s. Proximal axons were captured for time-lapse
imaging in a coverglass chamber (Nalge Nunc International)
with Tyrode’s solution at 37 °C. Kymograghs and mobility anal-
ysis were carried out as previously described (12).

Immunocytochemistry—Mice were anesthetized by intraper-
itoneal injection of 100 mg/kg of ketamine (Fort Dodge) and 10
mg/kg of xylazine (Akorn Inc) and euthanized by transcardial
perfusion with PBS for 5 min followed by perfusion-fixation
with 4% paraformaldehyde in PBS for 5 min. The spinal cord
was removed and post-fixed in 4% paraformaldehyde in PBS.
The lumbar region of the spinal cord and motor axons were
embedded in paraffin and sectioned at 8-um thickness. To

4 Animal care and use in this study were carried out in accordance with
National Institutes of Health guidelines and was approved by the National
Institutes of Health, NINDS/NIDCD Animal Care and Use Committee.
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quantify the motor neuron number, every 13" section was sam-
pled for a total of 30 sections for each animal. Motor neurons
were stained with SMI32 (Sternberger Monoclonal/Covance)
and Nissl. Only large neurons with a clear nucleus and nucleo-
lus were counted. Astrocytes and microglia were stained by
GFAP (Sigma) and Iba-1 (Wako Chemicals), respectively.
Three animals were used for each genotype.

For astrocyte and microglia studies, 9 spinal cord transverse
sections were randomly selected from each genotype. For
microglia quantification, only cells in the lateral ventral horns
that were in focus and completely within the field of view were
counted. NIH Image ] was used to quantify the mean densities
of Iba-1 and GFAP. For astrocytes, the region of interest for cell
counts (lateral ventral horn) was defined using landmarks and
reference points from the mouse spinal cord (15). Motor axon
transverse sections from the lumbar spinal level were co-
stained with antibodies against SNPH (12) and SMI32. DIV2
DRG neurons from WT and snph '~ were fixed with 4% para-
formaldehyde in PBS for 30 min, followed by co-staining with
antibodies against SNPH and cytochrome ¢ (BD Pharmingen).

Determination of Disease Onset and End Point—Disease
onset and animal lifespan were defined by weight and motor
function. Upon reaching 13 weeks of age, animals were weighed
weekly. Onset of disease was defined as the week following peak
weight based on the individual weight curve for the mouse (13).
Motor performance was evaluated by weekly Rotarod testing
(San Diego Instruments). Mice were placed on a rotating rod
that was set to accelerate from 0 to 40 rpm over the course of
180 s. The amount of time the mouse was able to remain on the
rotating rod before falling off was used to indicate motor func-
tion. Disease end point (or life span) was defined as either the
loss of the righting reflex (inability to right the torso within 10's)
or a greater than 20% weight loss (14).

Western Blot—Spinal cords from P150 WT, SOD134
snph~'~,and SOD19%** /suph ™'~ mice were homogenized. 20
g of homogenates were loaded and detected with monoclonal
antibodies against hSOD1, cytochrome ¢, p115, and a poly-
clonal antibody against SNPH. Proteins were detected by ECL
systems. Results were scanned and analyzed by Gel pro (Roper
Industries).

Statistical Analysis—Statistical analyses of means for more
than two groups were performed using one-way analysis of
variance (ANOVA) with the categories of genotype and age as
independent factors followed by the Tukey-Kramer post-hoc
test for pair-wise comparisons. For analyses of means involving
only two groups with a sample size n < 30, the F-test was used
to determine if the variances between the two groups was sig-
nificantly different. For samples with a significant difference in
variance, the Welch’s ¢ test was applied. Student’s ¢ test was
applied for the samples with an insignificant difference in vari-
ance or where n = 30. The null hypothesis was rejected at the
0.05 levels. Results for the mobility studies are expressed as the
mean percentage of observed mitochondria in the mobile
state = S.E. Disease onset and lifespan are expressed as mean
postnatal days = S.D. All statistical computations were carried
out using Prism (Graphpad Software).
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cyto c SNPH

FIGURE 1. SNPH is expressed in axons from spinal cord and targeted to
axonal mitochondria in adult DRG neurons. A, transverse sections of ven-
tral roots (axons) from lumbar spinal cords of adult WT and snph™/~ mice
(P150) were co-stained with antibodies against SNPH (green) and neurofila-
ments (SMI32) (red). SNPH is localized within motor axon bundles from WT
but not snph™’~ mouse spinal cords. Scale bars: 20 wm. B, representative
image showing co-localization of SNPH (red) and mitochondrial marker cyto-
chrome c (green) in the axons of cultured DRG neurons from 4-month-old WT
mice.

RESULTS

The SODI**/snph~"~ Mice Exhibit Increased Axonal
Mitochondrial Mobility—Our previous study demonstrated
that SNPH, an axonal mitochondria-associated protein, serves
as a docking receptor that specifically immobilizes axonal mito-
chondria. Deleting murine suph results in a dramatic increase
in the percentage of axonal mitochondria in the mobile state
(76 £ 20%) in cultured hippocampal neurons relative to wild-
type controls (36 £ 15%) (12). To determine whether SNPH is
also expressed in motor neuron axons, we immunostained
transverse sections of motor axons sending out from the spinal
cords of adult wild-type (WT) and snph~ '~ mice at postnatal
day 150 (P150), and confirmed that SNPH is localized within
motor axon bundles from WT but not suph '~ mouse spinal
cords (Fig. 1A). SNPH targets to axonal mitochondria in cul-
tured embryonic hippocampal neurons (12) and mature dorsal
root ganglion (DRG) neurons isolated from adult mice (Fig. 1B).
Thus, our suph™ '~ mice provide an ideal genetic tool to assess
the role of increased mobility of axonal mitochondria in the
pathogenesis of SOD19%** mice by generating crossed
SOD1%**/suph ™/~ mice.

We first examined hSOD1 levels in spinal cord homogenates
from adult (P150) mice of four genotypes: WT, SOD1%934,
snph~'~, and the crossed SOD1934/suph~'~ (Fig. 24). No
SNPH was detected in SOD19***/suph~'~ mice. Crossbreed-
ing did not significantly alter hSOD1%%3** expression: normal-
ized intensity of hSOD1 in SOD1%**/suph~'~ mice was
90.25 + 15.98% relative to that of SOD1%?* mice (p = 0.28,
n =9 from 3 littermates).

To confirm that suph deletion resulted in increased axonal
mitochondrial mobility in the crossed SOD15%**/snph™'~
mice, we selected live DRG neurons from adult disease stage
mice instead of embryonic motor neurons for time-lapse imag-
ing analysis due to four critical factors. First, motor neuron

23434 JOURNAL OF BIOLOGICAL CHEMISTRY

degeneration and symptoms of ALS are progressive and age-de-
pendent, thus it would be more clinically relevant to assess
mitochondrial transport in neurons isolated from adult mice
exhibiting disease symptoms rather than from embryos. Sec-
ond, it is technically impossible to culture motor neurons from
adult mice. Third, both motor neurons and DRG neurons show
similar altered axonal transport in SOD19°*# mice (16), thus
DRG neurons from aged disease-stage mice have been widely
used for study of defective axonal transport in the ALS-linked
mouse models. Fourth, SNPH targets to axonal mitochondria
in DRG neurons from adult mice (Fig. 1B), deleting snph sub-
stantially increases axonal mitochondrial mobility in cultured
DRG neurons from adult mice relative to that from WT litter-
mates (Fig. 2, C and D), providing an ideal live neuronal model
to assess mitochondrial mobility.

We examined axonal mitochondrial mobility in live DRG
neurons from four genotypes of age-matched adult mice
(P120-125). Mitochondria were labeled at DIV2 with Mito-
Tracker red CMX-Ros (100 nM for 20 s) (Fig. 2B), followed by
time-lapse imaging. Kymographs were used to show the relative
mobility of axonal mitochondria (Fig. 2C). Consistent with the
axonal transport defects observed in embryonic motor neurons
and adult DRG neurons (10, 11, 16), axonal mitochondria in
SOD1%?*4 DRG neurons showed reduced mobility (13.54 =
0.38%, mean * S.E.), anterograde transport (10.66 * 0.77%),
and retrograde transport (2.88 = 0.46%) compared with age-
matched WT DRG neurons (total mobility: 21.35 = 1.08%, p <
0.001; anterograde: 14.74 = 1.05%, p < 0.001; retrograde:
6.61 £ 0.78%, p < 0.001) (Fig. 2D). In contrast, axonal mito-
chondria in both snph~ '~ and SOD1%***/snph '~ DRG neu-
rons exhibited a statistically significant increase in total mobility
(37.49 = 1.74%, p < 0.001; 33.37 £ 1.22%, p < 0.001, respectively),
anterograde transport (25.30 = 1.16%, p < 0.001; 24.06 = 1.20%,
p < 0.001, respectively), and retrograde transport (12.18 = 1.02%,
p < 0.001; 9.31 £ 1.22%, p < 0.001, respectively) relative to WT
DRG neurons (Fig. 2D, also see supplemental Movies S1-S4 avail-
able online). In addition, the axonal mitochondrial density in
SOD1%%3*4 DRG neurons was also significantly reduced (Fig. 2E),
which is consistent with a reduced axonal mitochondrial density
observed in SOD1%%3* embryonic motor neurons (10). Interest-
ingly, enhanced axonal mitochondrial mobility in SOD1%%34/
snph~’~ mice rescued the deficit in mitochondrial density. Thus,
the crossed SOD19%** /suph~ '~ mice provide a valuable model to
assess the impact of increased (rescued) axonal mitochondrial
mobility and density on motor neuron degeneration in ALS-linked
mutant mice.

Both SOD1°%** and Crossed SOD1°%** /suph~"~ Mice Dis-
play Similar ALS-like Disease Phenotypes—First, we evaluated
the SOD19?*4 and SOD1%%*# /suph~’~ phenotypes against
WT and snph '~ controls using body weight and motor coor-
dination parameters. We found that both SOD19°** and
SOD19%** /suph~'~ mice exhibited similar clinical evidence of
motor neuron disease. By postnatal day 150 (P150), both geno-
types had developed weakness accompanied by hind limb mus-
cle wasting. When suspended by the tail, both SOD19°** and
SOD19?3*4 /suph ™'~ mice failed to extend their hind limbs (Fig.
3A). We weighed the animals and tested motor coordination
monthly during the first 3 months of age and then weekly after
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FIGURE 2. Cultured DRG neurons from adult snph~'~ and SOD1%°3**/snph~'~ mice exhibit enhanced axonal mitochondrial mobility. A, representative
immunoblot showing SNPH and SOD1 expression in mice of four different genotypes. Equal amounts (20 mg) of spinal cord homogenate from P150 mice were
sequentially blotted on the same membranes, which were stripped between each antibody application. Golgi marker p115 and mitochondrial marker
cytochrome c serve as loading controls. The blots are representative of nine repeats from three pairs of littermates. B, representative DIV2 DRG neurons from
adult mice labeled with MitoTracker red CMX-Ros. Scale bars: 50 um. C, representative kymographs showing the relative mobility of axonal mitochondria in
cultured DRG neurons (DIV2) from four genotypes of mice at ages between P120 and P125. Vertical lines represent stationary mitochondria and oblique lines or
curves indicate mobile ones. The arrow in the bottom points toward distal axonal processes. Time-lapse sequences of 1,024 X 1,024 pixels (8 bits) were
collected at ~10-s intervals for 50 images during 8.3 min. Scale bars: 10 um. D, quantitative analysis of the percentage of total mobile axonal mitochondria and
anterogradely versus retrogradely transported mitochondria. The number of DRG neurons examined for each genotype (from three littermates) is indicated in
parentheses. Total axonal length measured was 4008.62 wm (WT), 4327.84 um (snph /"), 4715.33 um (SOD1%%*4), and 3744.38 um (SOD1°3*/snph /™). Error
bars, S.E. **, p < 0.001. E, quantitative analysis of axonal mitochondrial density in cultured adult DRG neurons (DIV2). Relative mitochondrial density was
measured in the distal axonal processes (at least >100 um away from the soma) and is expressed as the number of mitochondria per 100 wm axonal length

(left) and normalized relative mitochondrial area per um axonal length (right). Total axonal length measured was 2016.90 wm (WT), 3049.27 um (SOD1%%4),

2096.23 um (snph™’7), and 2137.13 um (SOD1%%*4/snph~/").

that. Both WT and suph™ '~ mice continue to grow with age,
and although male mice were ~20% heavier than their female
counterparts in both suph~’~ and WT genotypes, snph '~
mice were slightly lighter than their WT littermates. In con-
trast, both male and female SOD1%?** and SOD1%3 /snph ™'~
mice began to lose weight at 17-18 weeks of age (Fig. 3B) and
exhibited deterioration in motor function beginning at ~18
weeks of age (Fig. 3C). Rotarod tests did not detect any signifi-
cant difference in motor coordination between SOD1%?*# and
SOD1%%**/suph ™'~ mice (p = 0.21, Student’s £ test). As a con-
trol, suph~ '~ mice kept alive throughout the duration of the
experiment and did not display any signs of motor deteriora-
tion, further confirming that increased axonal mitochondrial
mobility in snph~'~ mice has no observable impact on motor
neuron function.

JULY 1,2011+VOLUME 286-NUMBER 26

Second, we compared the average onset of disease and lifespan.
We did not find any significant difference between SOD1%3* and
SOD1%%**/snph~'~ mice. The average disease onset in female
SOD1%%* and SOD1”**/snph ™'~ mice was 127 = 7 days (n =
10) and 126 * 7 days (n = 10), respectively, versus 123 = 5 days
(n = 10) and 127 = 7 days (n = 9) for male SODI“*** and
SOD1%%4/snph ™'~ mice, respectively (Fig. 3D). The average lifes-
pan of C57BL6 mice carrying a high copy number of the human
mutant SOD19%** allele was 152 days, females had an average
lifespan of 152 = 6 days (# = 12) and maleslived 152 *+ 4 days (n =
11). Deleting snph had no significant impact on lifespan; female
SOD1%%4/suph '~ mice lived 151 * 4 days (# = 10) and males
lived 156 = 5 days (n = 10) (Fig. 3E). Overall, enhancing axonal
mitochondria mobility by crossing snph ™'~ and SOD1%°* mice
did not affect disease onset, progression or lifespan.
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FIGURE 3. Both SOD1%%3A and crossed SOD1%°**/snph™/~ mice display
similar ALS-like disease phenotypes. A, at P150, both SOD1¢%*#, and
SOD19%*#/snph™'~ mice fail to extend their hind limbs when suspended by
their tail. The behavioral alteration is consistent across these two genotypes
of mice. B, both SOD1%%3# and SOD1%*#/snph™'~ mice begin losing body
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We next examined lumbar spinal cord motor neurons from
P60 and P150 mice by labeling them with anti-SMI32 antibody
(brown) and counterstaining with Nissl (purple). At the pres-
ymptomatic age (P60) (Fig. 44, upper two panels), there was no
significant difference in the spinal cord motor neuron count
between WT and SOD1%?*4 mice (p = 0.06) or between WT
and SOD19%**/spuph~'~ mice (p = 0.91). When animals
reached the end stage of the disease at about 150 days (Fig. 44,
lower two panels), there was a significant reduction in motor
neuron number in both SOD19%** (54,90%, p < 0.001) and
SOD15%3*/suph '~ mice (55.88%, p < 0.001) compared with
aged-matched WT and snph™ '~ mice (Fig. 4B).

As spinal cord and brain gliosis is a prominent feature in ALS
(17, 18), next we immunostained GFAP (glial fibrillary acidic
protein) and Iba-1 (ionized calcium binding adaptor molecule
1) to examine astrocytes and microglia, respectively. At 60 days
of age, there was no significant difference in the normalized
mean intensity of GFAP staining when SOD1%?*#/snph '~ and
snph~’~ mice were compared with WT mice (Fig. 54). How-
ever, by P150 the normalized mean intensity of GFAP increased
by 243.00 + 23.45% in SOD1%°** and by 201.51 * 19.30% in
SOD1**/suph ™'~ mice compared with their WT littermates
(p <0.001). Interestingly, no significant difference in the mean
intensity of GFAP was found between SOD19%** and
SOD19%**/suph~'~ mice (p = 0.19) (Fig. 5B). Consistently, we
did not observe any difference in the normalized mean intensity
of Iba-1 staining between any of the four genotypes at the pre-
symptomatic age of 60 days (Fig. 5C). However, the normalized
mean intensity of Iba-1 in the lateral ventral horn of P150 mice
was significantly increased by 218.79 = 18.80% in SOD15934
and by 175.06 *+ 13,67% in SOD1%%**/suph~'~ mice compared
with their WT littermates (p < 0.001). Again, there was no
significant difference in the mean intensity of Iba-1 between
SOD1%%** and SOD1%%**/snph '~ mice at their late disease
stage (p = 0.08) or between the WT and suph ™'~ controls of
the same age (p = 0.50) (Fig. 5D).

DISCUSSION

ALS is one of the most common motor neurodegenerative
disorders. Whereas 90% of ALS cases are sporadic, 10% are
familial, of which 20% are associated with mutations in SOD1
(7). Although the mechanisms underlying the selective degen-
eration of motor neurons in mutant SOD1 fALS remain elusive,
the toxic mutant SOD1 gain of function is involved in the

weight at 17 weeks of age. Body weight of female (upper) and male (lower)
mice was measured weekly. There was no significant difference in body mass
between SOD1%*# and SOD1%*#*/snph™'~ mice at 21 weeks (p = 0.33 for
female, p = 0.39 for male). C, both SOD1%%** and SOD1%?**/snph™/~ mice
exhibit similar deterioration in motor function beginning at 18 weeks as the
disease progresses. Motor coordination was assessed weekly by the rotarod
test. The apparatus was set to accelerate from 0 to 40 rpm over 180 s and the
latency to fall was recorded. There was no significant difference in between
SOD1%%3* and SOD193*/snph~/~ mice at age 21 weeks (p = 0.12). As a con-
trol, WT and snph ™'~ mice showed no signs of motor deterioration during the
time frame of the experiment. D and E, enhanced axonal mitochondrial trans-
port has no observable effect on the disease onset (D) and life span (E) of the
crossed SOD19%*4/snph™/~ mice. The littermates of both SOD1*** and
SOD15%3#/snph~/~ mice had similar disease onset, defined as the day follow-
ing peak weight, and life span, defined as the loss of the righting reflex (loss of
ability to right the torso after 10 s) or a >20% weight loss. The number of mice
measured for each genotype is indicated in parentheses.
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FIGURE 4. Enhanced axonal mitochondrial transport does not prevent motor neuron loss in SOD1°*A/snph~/~ mice. A, lumbar spinal cord motor
neurons from P60 and P150 mice were labeled with anti-SMI32 antibody (brown) and counterstained with Niss| (purple). The second and fourth rows are high
magnification images corresponding to the boxed region in each spinal cord section. Scale bars: 200 um in low magnification and 100 wm in high magnification.
B, average number of motor neurons per spinal cord section at P60 and P150. Note that at the presymptomatic age of 60 days, the spinal cord motor neuron
count in SOD1%9%*A and SOD1%*#/snph™/~ mice did not display any significant difference from the WT littermate (p = 0.12 for SOD1°%*#, p = 0.91 for
SOD1%%34/snph~/~. In contrast, near the disease end stage (P150), a significant reduction in motor neuron count in both SOD1%93* (54%, p < 0.001) and
SOD1%%**/snph™/~ mice (55%, p < 0.001) was observed when compared with age-matched WT and snph~/~ littermates. Three animals and a total of 90 spinal

cord sections were examined for each genotype. Error bars: S.E. **, denote p < 0.001.

pathogenesis. Several hypotheses have been proposed, includ-
ing the sequestration of essential cellular components in SOD1
aggregates (19), secretion of toxic factors by astrocytes express-
ing mutant SOD1 (20, 21), disruption of oxidative stress and
calcium homeostasis, mitochondria-dependent apoptotic
pathway (22), caspase-mediated apoptosis (23), and the ubiqui-
tin-proteasome system (see reviews by 24, 25). Mutant human
SOD1 accumulates in mitochondria of the brain, spinal cord,
and motor neurons (26 —28). Both morphological changes and
dysfunction of axonal mitochondria have been observed in ALS
patients and mutant SOD1 mouse models (15, 29 —40).

There is also growing evidence that the perturbation and
impairment of axonal transport (9, 14, 16, 41—47) is associated
with the pathogenesis of ALS patients and mutant SOD1 mice.
Mutant SOD1 has been shown to interact with both the antero-
grade kinesin-2 motor protein complex via kinesin-associated
protein 3 (KKAP3) (48), and the retrograde dynein-dynactin
motor protein complex (49). Mitochondrial morphology and
membrane dynamics, required for maintaining proper func-
tion, depend on proper mitochondrial mobility in neurons (50).
Several studies have suggested that the onset of ALS symptoms
is caused by alterations in mitochondrial transport induced by
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mutant SOD1 expression (10, 11). In the SOD19?*4 mouse
model, disease onset and motor neuron death is immediately
preceded by the accumulation of dysfunctional mitochondria
in the distal region of the axon near the neuromuscular junc-
tion. However, whether altered mitochondrial transport plays a
critical role in axonal degeneration or is merely a side effect of
general defective axonal transport has not been addressed
directly.

By genetically crossing suph~'~ and SOD1%3** mice, we
provide the first genetic, cellular and pathological evidence that
alteration of axonal mitochondrial mobility in SOD1%** mice
plays a minor role in fALS-linked pathology. The deletion of
snph, the docking receptor for axonal mitochondria, substan-
tially increases the number of axonal mitochondria in the
mobile state (12). We found that the lifespan and motor func-
tion of snph~ '~ mice dose not differ significantly from the
C57BL/6 background WT mice used in our study despite a
significant increase in mobile axonal mitochondria. This sug-
gests that increasing axonal mitochondrial mobility by deleting
snph does not adversely affect lifespan or motor function. Thus,
crossing the SOD19”** transgenic mice with snph knock-out
mice allowed us to directly investigate the role of mitochondrial
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FIGURE 5. Similar increased density pattern of astrocytes and microgliain
the spinal cord of SOD1%%3* and SOD1%°**/snph~'~ mice. A, increased
GFAP staining in the lumbar spinal cord of SOD1%%** and SOD1%**/snph ™/~
P150 mice indicates increased astrocyte density. The transverse sections of
the lumbar region of the spinal cord derived from P60 or P150 mice were
stained with an anti-GFAP antibody (green). The boxed regions in the second
row are magnified and displayed in the third row of the panel. Arrows point to
GFAP-labeled astrocytes. Scale bars: 50 um at low magnification (rows 1 and
2) and 20 um at high magnification (row 3). B, quantification of normalized
GFAP mean intensity. C, increased microglia density (labeled with Iba1) and
reduced motor neuron density (labeled with SMI32) in the spinal cord of
SOD1%°** and the crossed SOD1%°*/snph™/~ mice at P150. Transverse spinal
cord sections were co-stained with antibodies against SMI32 (red) and Iba1l
(green). Arrows indicate Iba1-labeled microglia. Scale bars: 20 wm. D, quanti-
fication of the normalized mean intensity of Iba-1. 9 slice sections from three
mice for each genotype were examined. Error bars: S.E. ** denotes p < 0.001.
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mobility in axonal degeneration by comparing clinical and his-
tological observations of SOD19%** mice to SOD1%9%4/
snph~'~ mice. The crossed SOD19***/suph ™'~ mice demon-
strate significantly increased axonal mitochondrial mobility
relative to SOD1?*4, Additionally, both anterograde and ret-
rograde transport was significantly increased in the SOD19%%4/
snph~'~ mice, thus providing a unique model to directly assess
the impact of increased axonal mitochondrial transport on
motor neuron degeneration in the ALS-linked mutant mice.

Surprisingly, despite more than a 2-fold increase in axonal
mitochondrial mobility in the crossed SOD19%*/snph™'~
mice, we did not observe any clinical or histological difference
in the disease course of this crossed mouse line compared with
SOD19%3*A mice. Both SOD1%** and SOD19**4/suph~'~
mice exhibited a similar weight loss pattern accompanied by
deterioration of motor function beginning at ~17 weeks. Fur-
thermore, both strains of mice exhibited 55% motor neuron
loss and significant gliosis at the disease end stage. Our findings
suggest that the role of mutant SOD1 in the pathogenesis of this
ALS model is unlikely mediated through altering mitochondrial
transport. The high mitochondrial mobility in both SOD19%34/
snph~'~ and suph~ '~ mice dose not correlate with lifespan or
motor function, which further suggests that altered mitochon-
drial mobility probably plays a minor role in the pathogenesis of
this mouse model.

We previously demonstrated that snph ™/~ embryonic hip-
pocampal neurons have a slightly lower mitochondrial density
than WT mice (12). In the present study, we did not observe a
statistical difference in mitochondrial density in the distal
axonal processes between adult suph~’~ and WT mice. This
may be attributable to developmental regulation of axonal
mitochondrial transport. It was reported that mitochondria are
more mobile in young neurons relative to mature neurons (51).
Deleting snph in mice results in a more robust increase in
axonal mitochondrial mobility of embryonic hippocampal neu-
rons (76 = 20%) relative to that of adult DRG neurons (37.49 +
1.74%). Such a large increase in mobile mitochondria in embry-
onic neurons may impact their density in axons.

In contrast, there was alower mitochondrial density in axons
of SOD19?*4 DRG neurons relative to WT neurons. Deleting
snuph (SOD19%3*4/suph~'~) rescued the deficit. Given the fact
that the SOD19%**/suph '/~ phenotype was clinically similar to
the uncrossed SOD19?34 phenotype, the reduced axonal mito-
chondrial density observed in SOD1%** mice does not criti-
cally contribute to the pathogenesis of fALS. It is likely that
other factors including, but not limited to, protein aggregation
and mitochondrial dysfunction caused by mutant SOD1 play a
more significant role in the disease process. It is important to
note that while many studies related to mitochondrial transport
in ALS mice models have been carried out using the SOD1°%*4
mutant, the disease process in this strain progresses rapidly
with an average lifespan of 152 days. With such a short lifespan,
we cannot exclude the possibility that the crossed SOD1934/
snph~'~ mice do not live long enough for the genetic rescue to
occur.

Our study suggests that the impairment of mitochondrial
transport seen in SOD19°* mice may be a secondary effect of
a more general alteration of axonal transport caused by mutant

S

VOLUME 286+NUMBER 26-JULY 1, 2011



aggregates or motor protein defects. In SOD15** mice, a spe-

cific mutation in the dynein heavy chain produces a complete
recovery of the axonal retrograde transport defect and rescues
the phenotype (14). A Cral mutation in Duchcl improves the
phenotype of SOD19°** mice and prolongs their survival
period (52). Recent findings that the SOD1-dependent patho-
genic mechanism impairs axonal transport in both familial and
sporadic ALS indicate a general transport defect associated
with ALS-linked neurodegeneration (46). Alterations of other
transport cargos may play a more important role than defective
mitochondrial transport. A shift in retrograde transport from
survival-promoting to death-promoting signaling may be
responsible for the rapid onset of symptoms in the SOD15%%*
mouse model (16). Misfolded mutant SOD1 associates with the
outer membrane of mitochondria in spinal cord and motor
neurons (26, 28) and damages mitochondrial membrane con-
ductance and metabolites by directly binding to the voltage-de-
pendent anion channel (VDAC) (40). Thus, mitochondria
dysfunction, rather than impaired mobility, may be more
important in rapid-onset motor neuron degeneration.
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