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MTOR-independent, autophagic enhancer
trehalose prolongs motor neuron survival
and ameliorates the autophagic flux defect
in a mouse model of amyotrophic lateral sclerosis
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Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder caused by selective motor neuron
degeneration. Abnormal protein aggregation and impaired protein degradation pathways may contribute to the disease
pathogenesis. Although it has been reported that autophagy is altered in patients and animal model of ALS, little is known
about the role of autophagy in motor neuron degeneration in this disease. Our previous study shows that rapamycin,
an MTOR-dependent autophagic activator, accelerates disease progression in the SOD1%** mouse model of ALS. In
the present report, we have assessed the role of the MTOR-independent autophagic pathway in ALS by determining
the effect of the MTOR-independent autophagic inducer trehalose on disease onset and progression, and on motor
neuron degeneration in SOD1%** mice. We have found that trehalose significantly delays disease onset prolongs life
span, and reduces motor neuron loss in the spinal cord of SOD1%** mice. Most importantly, we have documented that
trehalose decreases SOD1 and SQSTM1/p62 aggregation, reduces ubiquitinated protein accumulation, and improves
autophagic flux in the motor neurons of SOD1%%** mice. Moreover, we have demonstrated that trehalose can reduce
skeletal muscle denervation, protect mitochondria, and inhibit the proapoptotic pathway in SOD1°** mice. Collectively,
our study indicated that the MTOR-independent autophagic inducer trehalose is neuroprotective in the ALS model and
autophagosome-lysosome fusion is a possible therapeutic target for the treatment of ALS.

Introduction SODI protein accumulation is probably one of the mechanisms

leading to this disease.> Therefore, strategies to limit the toxic

Amyotrophic lateral sclerosis is an adult-onset fatal protein aggregation by accelerating the degradation of SODI1

neurodegenerative disorder, characterized by the progressive loss
of upper and lower motor neurons, as well as by the formation
of misfolded protein inclusions in the motor neurons and other
neurons."? The majority of ALS cases are sporadic but around
10% are familial.! Mutations in SODI (superoxide dismutase
1, soluble) account for approximately 20% of familial ALS.?
Although the causes of most cases of ALS are not fully understood,
it is believed that a toxic gain of function resulting from abnormal
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protein may have therapeutic potential.

In eukaryotic cells, there are 2 major systems for degradation
of cytoplasmic proteins: the ubiquitin-proteasome system and the
autophagy-lysosome pathway.* It is reported that mutant SOD1
can be degraded by autophagy and/or proteasome pathways in
both neuronal and non-neuronal cells.’ Previous studies have
demonstrated the accumulation of autophagic vacuoles in the
spinal cord of SOD1%%3* mice and ALS patients by using different
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modulators to alter the autophagy level, indicating the possible
role of autophagy in ALS progression and pathogenesis.®*
Furthermore, activation of autophagy may be protective in certain
conditions in some neurodegenerative diseases by enhancing
the removal of toxic protein aggregates.” On the other hand,
emerging evidence supports the point of view that dysfunction of
autophagy contributes to neurodegeneration.'”!! Several reports
indicate that impaired clearance of autophagosomes may occur
in Alzheimer, Parkinson, and Huntington diseases.'”'? To date,
it is not known whether the accumulated autophagic vacuoles
in ALS are the result of autophagy induction or autophagic flux
impairment.” Moreover, we also found that SQSTM1/p62 is
accumulated in the spinal cord of SOD1%%
by an increased number of autophagic vacuoles.” Hence, it is

mice accompanied

worthwhile to investigate if directly manipulating the autophagic
flux affects ALS onset and progression.”

Our previous study has found that treatment of SODI1¢
mice with rapamycin, a classic mechanistic target of rapamycin
(MTOR)-dependent autophagic activator, actually exacerbated

motor neuron loss and exaggerated disease progression, although

93A

rapamycin induced further accumulation of autophagic vacuoles
which unexpectedly failed to reduce the level of mutant SOD1
aggregation in the ALS mice." A later report also shows that
rapamycin had no beneficial effect in disease onset and survival
of the SOD1 H46R/H48Q mouse model of ALS.'® Furthermore,
rapamycin-induced  autophagy aggravates
pathology in a valosin-containing protein mutant mouse model
of ALS." In addition, lithium, a compound used as a mood
stabilizer, has the effect of promoting autophagy through the
MTOR-independent pathway.'* However, there are contradicting
reports that lithium may improve or accelerate disease progression

neuromuscular

in clinical patients and Sod! mutant-mouse models of ALS."%
Thus, these results led us to determine the effects of MTOR-
independent autophagic inducers in ALS.

Trehalose is a nonreducing disaccharide present in a wide
variety of organisms, including bacteria, yeast, insects, fungi,
and plants, but not produced in mammalian cells.” It has been
reported that trehalose increased neuron survival by removing
MAPT/tau inclusions in mutant P301S MAPT transgenic mice.*
Furthermore, trehalose was found to accelerate the clearance of
mutant HTT (huntingtin) and SNCA/a-synuclein in vitro.”
Here, we administrate trehalose in adule SOD1%* mice to study
the effects and possible mechanisms of this MTOR-independent
autophagic inducer on motor neuron survival, and explore the
role of autophagic flux in the pathogenesis of ALS.

Results

Trehalose delayed disease onset and prolonged the life span
in SOD1%3* mice

SODI1%%* mice usually develop a progressive paresis involving
primarily the hind limbs with atrophy of the skeletal musculature
at around 90 d of age.”* Compared with wild-type (WT) mice,
SODI1%%* mice showed a typical hind limbs-clasping phenotype
at 120 d (Fig. 1A). Tg-Tre mice can hold its hind limbs outward,
while Tg-Suc mice did not change the post (Fig. 1A). Moreover,
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we tested the body weight of the mice during disease progression.
As shown in Figure 1B, there was an obvious body weight loss
in the 3 groups of SOD1%%* mice following disease progression.
Tg-Tre mice exhibited a significantly reduction in weight loss
compared with the age-matched Tg-Suc or Tg-NT mice.

To explore whether trehalose treatment can influence disease
onset and progression, we measured the motor function by
conducting rotarod test in the SOD1%*3* mice. We found that
trehalose treatment significantly delayed disease onset in Tg-Tre
mice compared with Tg-Suc or Tg-NT mice (112.70 + 1.93 vs.
94.92 + 1.05 or 95.0 + 1.15 d, respectively, both P < 0.01). No
significant delay in disease onset was found between Tg-Suc and
Tg-NT mice (94.92 + 1.05 vs. 95.0 + 1.15 d, P> 0.05) (Fig. 1C).
Moreover, Tg-Tre mice showed between a 20 d to 21 d extension
in life span compared with Tg-Suc or Tg-NT mice, respectively
(145.20 + 2.34 vs. 125.60 + 1.05 or 124.10 + 1.22 d, respectively,
both P < 0.01). There was no significant difference between
Tg-Suc and Tg-NT in life span (125.60 + 1.05 vs. 124.10 + 1.22
d, P> 0.05) (Fig. 1D). We also compared disease duration, which
is defined as the time period starting from disease onset to the
death of the mice, showing that trehalose treatment did not affect
disease duration compared with sucrose or absence of treatment
(Fig. 1E).

Trehalose protected motor neuron survival in SOD1%%%*
mice

To determine the effect of trehalose on motor neuron survival,
we performed Nissl staining to examine motor neuron survival
in the L4-5 spinal cord of SOD1%%3* mice. We found there was
significantly lower motor neuron survival in the 120 d Tg-NT
mice compared with the WT mice (219.80 + 16.03 vs. 834.50
+ 29.25, P < 0.001) (Fig. 2B). The number of motor neurons
surviving in Tg-Tre mice was more than twice that of the Tg-Suc
or Tg-NT mice (538.5 + 22.41 vs. 222.3 + 20.52 or 219.80 +
16.03, respectively, both P < 0.01). There was no difference in
motor neuron survival between Tg-Suc and Tg-NT mice (222.30
+20.52 vs. 219.80 = 16.03, P> 0.05) (Fig. 2A and B).

Furthermore, we performed immunostaining with SMI-32,
which was considered as a neuron-specific biomarker in the
nervous system, to assess the morphology and survival of motor
neurons per slice in the spinal cord of SOD1%%%*
of SMI-32 immunostaining also showed trehalose treatment
could protect the motor neurons in the SOD1%** mice (Fig. 2C).
Statistic analysis showed that there was an obvious increase in

mice. The result

the number of SMI-32-positive neurons per slice in Tg-Tre mice
compared with Tg-Suc or Tg-NT mice (13.14 + 0.86 vs. 6.86 +
1.21 or 7.14 £ 1.30, respectively, both P < 0.01) (Fig. 2D). These
results showed that trehalose treatment could protect motor
neurons in the SOD1%%** mice.

Trehalose reduced oxidative stress and attenuated skeletal
muscle denervation

Muscle staining in cryosections revealed obvious structure
and functional changes in Tg-NT and Tg-Suc mice as compared
with WT mice (Fig. 3). Morphological analysis of muscles with
hematoxylin-eosin (HE) staining showed typical features of
muscle degeneration that included atrophic fibers, hematoxylin
inclusions, and central nuclei in Tg-NT and Tg-Suc mice
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Figure 1. Effects of trehalose on the phenotype, disease onset, and life span in SOD1%%** mice. (A) The different hind limb-clasping phenotype in 120 d
old SOD1%%*A mice; (B) The body weight curves in the 4 mouse groups; The results of Kaplan-Meier survival analysis (SPSS 17.0) showed the probability of
disease onset (C) and the probability of survival (D) in the Tg-NT, Tg-Suc, Tg-Tre mice; (E) The data of disease duration, onset, and life span in NT, Suc or
Tre mice. There were 6 mice in the WT group, and 12 mice in each group of Tg-NT, Tg-Suc, and Tg-Tre. P values were analyzed by one-way ANOVA. Data
are presented as mean + SEM **P < 0.01 as compared with Tg-NT group; P < 0.01 as compared with Tg-Suc group.
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Figure 2. Effects of trehalose on motor neuron survival in SOD1°%*A mice. (A) Representative photomicrographs of motor neurons in the anterior horn of
spinal cords of 4 mouse groups by Nissl staining; (C) Representative photomicrographs of motor neurons in the anterior horn of spinal cord of 4 mouse
groups by SMI-32 immunostaining. There were 3 mice in each group; asterisks mark the motor neurons. Scale bar: 100 wm; (B) The number of motor
neurons in L4-5 segments by Nissl staining; (D) The mean number of SMI-32 positive motor neurons in both sides of one slice of an L4-5 segment. Data
were analyzed using one-way ANOVA followed by Tukey post hoc test. All values are presented as mean + SEM #P < 0.001 as compared with WT mice;
**P < 0.01 as compared with Tg-NT mice; %P < 0.01 as compared with Tg-Suc mice.
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Figure 3. Effects of trehalose on skel-
etal muscle pathology in SOD16%*
mice. HE (A) and NADH staining (B)
of gastrocnemius muscle sections in
4 mouse groups. Arrows marked the
significant grouped atrophic fibers
and hematoxylin inclusions. Scale
bar: 100 pm; (C) The fiber area of
gastrocnemius muscle in 4 mouse
groups; (D) Levels of MDA in gastroc-
nemius muscle of 4 mouse groups.
There were 3 mice in each group.
Data were analyzed using one-way
ANOVA followed by Tukey post hoc
test. All values are presented as
mean + SEM #P < 0.01 and *P < 0.05
as compared with WT mice; *P < 0.05

as compared with Tg-NT mice; P <
0.05 as compared with Tg-Suc mice.
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59% of muscular fiber area of >
1200 pm? and more than 25% of
the fiber area of = 1800 pm? in WT mice (Fig. 3C). Trehalose
treatment attenuated muscle degeneration and increased the fiber
area of = 1800 pwm? to 10% in SOD1%** mice (Fig. 3A and C).
Nicotinamide adenine dinucleotide hydrogen (NADH) staining
showed grouped type I or type II myofibers and also the increased
(dark blue) oxidative metabolism in Tg-NT and Tg-Suc mice
(Fig. 3B). Trehalose treatment reduced the dark blue-stained
oxidative muscle fibers and attenuated the grouped myofibers in
the SOD1%%* mice (Fig. 3B). To further detect oxidative stress
in the muscle of SOD1%* mice, we tested malondialdehyde
(MDA) levels in the 4 mouse groups. In Tg-NT mice, the level
of MDA was significantly higher in the gastrocnemius muscle
compared with WT mice (0.66 + 0.05 vs. 0.11 + 0.02 pwmol/g,
P < 0.01) (Fig. 3D). Tg-Tre mice showed lower MDA levels in
skeletal muscle as compared with Tg-Suc or Tg-NT mice (0.44
+ 0.04 vs. 0.65 + 0.02 or 0.66 + 0.05 wmol/g, both P < 0.05)
(Fig. 3D).

To examine function and degeneration, we
used nonspecific esterase  (NSE) and ACHE
(acetylcholinesterase) immunostaining to detect the number
and morphology of neuromuscular junctions (NMJs) in the 4
mouse groups. Results of NSE and ACHE staining showed
that NMJs in Tg-NT, Tg-Suc and Tg-Tre mice was strikingly
reduced compared with WT mice (Fig. 4A and B). Quantitative
analysis indicated that the number of NMJs in Tg-N'T mice was
significantly decreased compared with WT mice (4.73 + 0.40 vs.
11.70 + 0.67, P < 0.01) (Fig. 4C). Furthermore, the diameter of
NMJs in Tg-NT mice was also significantly reduced compared
with WT mice (16.38 = 1.03 vs. 31.10 = 1.10 pm, P < 0.01)

muscle
staining
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(Fig. 4D). Trehalose treatment increased the number of NM]Js in
the gastrocnemius muscle of the ALS mice (4.94 + 0.40) to 7.47
+ 0.52 per field (Fig. 4C). Furthermore, the diameter of NMJs
in Tg-Tre mice was significantly larger than that of the Tg-Suc or
Tg-NT mice (23.40 = 1.78 vs. 16.07 + 0.98 or 16.38 + 1.03 pm,
both P < 0.01) (Fig. 4D). Taken together, our results suggest that
trehalose treatment can significantly reduce oxidative stress and
protect skeletal muscles from denervation in SOD1%%** mice.

Trehalose regulated the MTOR-independent autophagy
pathway

It is known that trehalose is an MTOR-independent
autophagy enhancer.”” To investigate the effects of trehalose
on autophagy in the SOD1%* mice, we measured the protein
levels of LC3-II, autophagy-related 5 (ATGS5), and MTOR
pathway-related proteins, such as p-MTOR, p-RPS6KB
(phospho-Thr389-specific 70-kDa ribosomal protein S6 kinase,
70 kDa, polypeptide 1) and p-AKT1. Quantitative analysis of
western blots showed that p-MTOR, p-RPS6KB and p-AKT1
protein levels were decreased to 32.67%), 47.0%, and 42.67%
in SOD1%* mice as compared with age-matched WT mice
(Fig. 5D-F). As previously reported,” trehalose treatment did
not affect the levels of MTOR pathway proteins in SOD1%%34
mice. No significant difference was found with the protein levels
of p-MTOR/MTOR, p-RPS6KB/RPS6KB, and p-AKT1/AKT1
between Tg-Tre mice and Tg-NT or Tg-Suc mice (Fig. 5A-C).
Our results further indicate that trehalose does not change the
MTOR pathway activity in SOD1%%* mice.

Compared with the control (sucrose) treatment, trehalose
administration did not change the ATGI12-ATGS5 conjugate
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Figure 4. Effects of trehalose on the NMJs of gastrocnemius muscle in SOD1¢%*A mice. NSE staining (A) and ACHE immunostaining (B) of gastrocnemius
muscle sections in 4 mouse groups. Arrows marked the ACHE-positive NMJs in the muscle slides. Scale bar: 100 pm; (C) Quantitative analysis of the
number of NMJs per field in 4 mouse groups; (D) Statistical analysis of the mean major diameter of NMJs in different mouse groups. There were 3 mice
in each group. Data were analyzed using one-way ANOVA followed by Tukey post hoc test. Values are presented as mean + SEM #P < 0.01 and #P < 0.05
as compared with WT mice; **P < 0.01 as compared with Tg-NT mice; P < 0.01 and #P < 0.05 as compared with Tg-Suc mice.

levels in SOD1%* mice, which is consistent with the previous
report that trehalose has no significant effect on the ATG-related
protein levels in vitro® (Fig. 5H). However, it was notable in our
study that the level of LC3-1II was slightly but not significantly
increased in Tg-Tre mice as compared with Tg-NT or Tg-Suc
mice (Fig. 5G). Moreover, the result of LC3 immunofluorescent
staining also revealed a slight increase of LC3 positive puncta in
the motor neurons of Tg-Tre mice as compared with Tg-NT or
Tg-Suc mice (12.25 + 3.14 vs. 10.50 + 3.31 or 11.25 + 3.40 per
cell, respectively, both P> 0.05) (Fig. 5K and L).

Trehalose reduced protein aggregation in motor neurons

Immunostaining revealed the colocalization of SQSTMI and
SODI aggregation in the motor neurons of Tg-NT mice, while no
costaining was detected in the WT controls (Fig. 6A). However,
there was a reduction in SQSTMI protein aggregation in Tg-Tre
mouse motor neurons as compared with Tg-NT or Tg-Suc mice
(Fig. 6A). The density of SQSTMI1 immunostaining in motor
neurons of Tg-Tre mice was reduced to 63.85% of that observed
in Tg-Suc mice (Fig. 6B). Quantitative analysis of western blots
further demonstrated a significant reduction in SQSTMI levels
in Tg-Tre mice compared with Tg-Suc (-54.62%, P < 0.01) or
Tg-NT mice (-48.26%, P < 0.01) (Fig. 6F and G). Furthermore,
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we observed a significant decrease in SODI1 aggregates in
Tg-Tre mice compared with Tg-NT or Tg-Suc mice (Fig. 6A).
The density of SOD1 immunostaining in the motor neurons of
Tg-Tre mice was reduced to 64.93% of the density observed in
Tg-Suc mice (Fig. 6C). Western blot analysis revealed a 59.13%
and 54.56% decrease of insoluble SODI protein in the spinal
cord of Tg-Tre mice as compared with Tg-NT and Tg-Suc mice,
respectively (both P < 0.01) (Fig. 6H and I). Moreover, The level
of human soluble SOD1 showed a significant reduction in Tg-Tre
mice as compared with Tg-NT and Tg-Suc mice (-49.35% and
-54.80%, respectively, both < 0.01) (Fig. 6H and I).

In addition, compared with the sucrose treatment or the
absence of treatment, trehalose administration resulted in a
significant decrease of ubiquitinated positive protein aggregation
in the motor neuron of SOD1%%* mice (-39.27%, P < 0.01 and
-34.13%, P<0.05) (Fig. 6D). The density of ubiquitin fluorescent
immunostaining in the motor neurons of Tg-Tre mice was
reduced to 69.90% of that seen in Tg-Suc mice (Fig. 6E) Western
blotting showed a significant reduction of ubiquitinated protein
levels of high molecular weight in the spinal cord of Tg-Tre mice
(Fig. 6] and K). These results indicate that trehalose can induce
the degradation of aggregated proteins in the motor neurons of
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Figure 5. Effects of trehalose on the MTOR-independent pathway and autophagy-related proteins. Western blot analysis of protein levels of p-MTOR (A),
p-AKT1 (B), and p-RPS6KB (C) in the 4 mouse groups (WT, Tg-NT, Tg-Suc, Tg-Tre). Quantitative analysis of the ratio of p-MTOR/MTOR (D), p-AKT1/AKT1 (E)
and p-RPS6KB/RPS6KB (F) in the 4 mouse groups. There were 3 mice in each group; #P < 0.01 when compared with WT mice. Western blot analysis of
protein levels of LC3-Il (G) and ATG5 (H) in 4 mouse groups. Quantitative analysis of LC3-1I/LC3-I (1) and ATG5 (J). There were 3 mice in each group; #P <
0.01 as compared with WT mice. (K) Immunostaining of LC3 in the motor neurons of 4 mouse groups. Scale bar: 20 wm; (L) Quantitative analysis of LC3
puncta numbers in the 4 different mouse groups. There were 3 mice in each group. Data were analyzed using one-way ANOVA followed by Tukey post
hoc test. All values are presented as mean + S.E.M, #P < 0.01 as compared with WT mice.
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Figure 6. Effects of trehalose on SQSTM1 level and protein aggregation in SOD1%%*A mice. (A) Double labeling of SQSTM1 and SODT1 in the motor neu-
rons of WT and SOD1%%*4 mice. (D) Immunostaining of ubiquitin in motor neurons. Scale bar: 20 wm. Quantitative analysis of SQSTM1 density (B), SOD1
density (C) and ubiquitin density (E) in motor neurons. Western blot analysis of SQSTM1 level (F), soluble and insoluble SOD1 protein level (H) and high
molecular weight bands of ubiquitinated proteins (J) in the 4 different mouse groups. Quantitative analysis of SQSTM1 protein levels (G), human soluble
SOD1 and insoluble SOD1 protein (1) and ubiquitinated proteins levels (K) in the spinal cord of SOD1%*A mice. There were 3 mice in each group. Data were
analyzed using one-way ANOVA followed by Tukey post hoc test. Values are presented as mean + SEM #P < 0.01 and #P < 0.05 as compared with WT mice;
**P < 0.01 and *P < 0.05 as compared with Tg-NT mice; %P < 0.01 and 4P < 0.05 as compared with Tg-Suc mice.

SODI1%%4 mice. To test whether trehalose treatment affects the
expression of the Sod! gene in the spinal cord of SOD1%%%*
we performed real-time PCR in Tg-Tre mice to compare with the
Tg-NT, Tg-Suc, and WT mice. Our results showed that trehalose
treatment did not change the mRNA level of the Sod! gene in
the spinal cord of SOD1%** mice (Fig. S1). Taking these results
together, we believe that trehalose most likely affects soluble and
insoluble SODI protein degradation without altering SodI gene
expression in the ALS mouse model.

mice,

594
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Trehalose protected mitochondria and ameliorated
autophagic flux defects

Transmission EM showed that the mitochondria in the
motor neurons of Tg mice appeared to have broken crista, and
degenerating swollen mitochondria were often detected (Fig. 7B
and C, marked with asterisks). Trehalose treatment seemed
to rescue mitochondrial degeneration in the motor neurons of
SODI1%%* mice (Fig. 7D, marked with asterisks). Quantitative

analysis showed that the average diameter of mitochondria was
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Figure 7. EM analysis of mitochondria in the motor neurons of SOD1%*4 mice. Representative EM photomicrographs of mitochondrial structure in WT
(A), Tg-NT (B), Tg-Suc (C) and Tg-Tre mice (D). Quantitative analysis of the number (E) and the mean diameter of mitochondria (F) in the motor neuron of
4 mouse groups. There were 3 mice in each group; asterisks marked mitochondria. Data were analyzed using one-way ANOVA followed by Tukey post
hoc test. Values are presented as mean + SEM #P < 0.01 as compared with WT mice; *P < 0.05 as compared with Tg-NT mice; ¥P < 0.05 as compared with

increased in the motor neurons of Tg-NT mice compared with
WT mice (640.40 + 37.32 vs. 391.50 + 14.73 nm, P < 0.01)
(Fig. 7F). In Tg-Tre mice, the average diameter of mitochondria
was significantly reduced to 475.60 nm (compared with Tg-Suc
or Tg-NT, both P < 0.05). We also counted the number of
mitochondria per motor neuron in these mice. However, we
found that Tg-NT, Tg-Suc and Tg-Tre mice did not differ
significantly from WT mice in the number of mitochondria
(Fig. 7E).

To further determine the ultra structure alterations in
SODI1%* mice after trehalose treatment, we used EM to
quantitatively examine the number of autophagosomes and
autolysosomes and other changes in the motor neurons
of SODI1%* mice in the different treatment groups. The
classic autophagosome could be found in the cell body and
axon of motor neurons in the Tg-Tre mice (Fig. 8A, marked
with arrow). These double-membrane structures contain
mitochondria and parts of cytoplasm. More importantly, there
were obvious autolysosome aggregations in the motor neuron
soma and axon of the Tg-Tre mice (Fig. 8B and C, marked with
arrowheads). We then analyzed the number of autophagosomes
and autolysosomes in the motor neurons of all 4 mouse groups.
Our results demonstrated a significantly reduced autolysosome/
autophagosome ratio in Tg-NT or Tg-Suc mice as compared
with WT mice (Fig. 8E). Trehalose treatment significantly
improved the autolysosome/autophagosome ratio in the motor
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neurons of SOD19°** mice (Fig. 8E). Furthermore, the number
of autolysosomes in the motor neurons of Tg-Tre mice was
slightly but not significantly increased compared with Tg-Suc
or Tg-NT mice (3.50 £ 0.29 vs. 2.52 + 0.21 or 3.07 + 0.32
per field, both P > 0.05) (Fig. 8D). Collectively, EM findings
further indicate that the autophagic flux defect is ameliorated
by trehalose treatment in the SOD1%%* mice.

Trehalose protected motor neurons against proapoptotic
processes

To further determine the effects of trehalose on the
mitochondrial function and apoptotic process, we examined the
protein levels of BAX, CYCS (cytochrome ¢, somatic), cleaved
CASP3/caspase-3, and cleaved PARP1 in the spinal cord of
SODI1%%* mice (Fig. 9A, B, E, and G). The quantitative analysis
of western blot results showed that trehalose treatment can
decrease the levels of BAX and CYCS to 58.13% and 66.62%,
respectively, as compared with the control (Fig. 9C and D).
Furthermore, trehalose treatment reduced cleaved PARP1 level
to 46.42% compared with the control (Fig. 9F). Moreover,
trehalose treatment can significantly inhibic CASP3 activation
and reduce the level of cleaved CASP3 compared with the
controls (Fig. 9H). No significant difference was found between
Tg-NT and Tg-Suc mice on these related proteins. These data
indicate that trehalose treatment can protect motor neurons
survival through inhibition of the proapoptotic pathway in the
SOD1¢%4 mice.
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Ratio of ALs/AVs m

Figure 8. EM analysis of autophagosomes and autolysosomes in the motor neurons of SOD1%*A mice. Double-membrane autophagosome (A) and
single-membrane autolysosomes (B and C) in motor neurons of trehalose-treated mice. Arrow marks the typical autophagosome; arrowheads mark the
autolysosomes. (D) Quantitative analysis of the number of autophagosomes per field of 4 mouse groups. (E) Quantitative analysis of autophagosome/
autolysosome ratios per motor neuron of the 4 different mouse groups. There were 3 mice in each group. Data were analyzed using one-way ANOVA
followed by Tukey post hoc test. Values are presented as mean + SEM #P < 0.001 and #P < 0.01 as compared with WT mice; **P < 0.01 as compared with

Tg-NT mice; %P < 0.01 as compared with Tg-Suc mice. Scale bars: 1 wm.

Discussion

Growing evidence supports the view that abnormal protein
aggregation is involved in the pathogenesis of ALSS!2%%
However, the contribution of autophagy in the pathology of ALS
has not yet been fully elucidated. Herein, we report that trehalose
can delay disease onset and prolong the lifespan in the SOD1%%%
mouse model of ALS. Pathologically, trehalose protects the motor
neurons from degeneration as showing obviously increased motor
neurons survival in the anterior horn of spinal cord in the ALS
mice. Interestingly, we also found that trehalose significantly
improves muscle atrophy by restoring muscle functions and
attenuating oxidative stress, which might be a possible mechanism
of the neuroprotective effects of trehalose on motor neurons in
the ALS model since several recent studies have demonstrated
that skeletal muscle might be a primary site of disease to initiate
non-autonomous motor neuron degeneration in ALS.3*3!

The neuroprotective  mechanisms of trehalose in
neurodegenerative diseases are largely unknown. It is speculated
that the neuroprotective effect of trehalose might be associated
with the promotion of aggregated protein degradation.?**
For example, trehalose can enhance the clearance of mutant
PABPN1 [poly(A) binding protein, nuclear 1], which causes
oculopharyngeal muscular dystrophy.** In addition, trehalose
can induce the degradation of mutant HTT, SNCA, and MAPT

inclusions by activating autophagy.** Our findings provide
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evidence that trehalose is able to reduce SOD1 aggregation and
ubiquitinated proteins in the motor neurons of SOD1%%** mice.
Particularly, we showed that trehalose can significantly decrease
the insoluble SODI and high molecular weight ubiquitinated
proteins in the spinal cord tissues of ALS mice.

It is well known that the ubiquitin-proteasome and autophagy-
lysosome are the 2 major systems participating in the protein
degradation in eukaryotic cells. Different from the ubiquitin-
proteasome system, which serves as an important route for
short-lived proteins degradation, autophagy is responsible for
the degradation of long-lived proteins or protein complexes.®
Although a recent study reports that impairment of the ubiquitin-
proteasome system, but not autophagy failure is involved in motor
neuron degeneration in ALS,* the accumulated evidence suggests
that autophagic dysfunction plays a critical pathogenic process
leading to ALS.”'*® Our previous study and others have reported
that treatment with the MTOR-dependent autophagic inducer
rapamycin aggravates motor neuron degeneration and accelerates
disease progression in different mice models of ALS."'7 Here,
we have demonstrated that the MTOR-independent autophagic
activator trehalose is able to protect motor neurons, delay disease
onset and prolong life span in the ALS mice. The opposite results
of rapamycin and trehalose from our studies in the same mouse
model of ALS are likely due to the different effects of those
autophagic activators on the status of autophagic flux in the ALS
mice.”” The changes of SQSTM1 level and EM analysis from
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compared with Tg-Suc mice; P < 0.05 when compared with Tg-Suc mice.

Figure 9. Effects of trehalose on proapoptotic pathway in the SOD1%%** mice. Western blot analysis of BAX (A), CYCS (B), PARP1 (E), and cleaved CASP3 (G)
in the 4 different groups of mice. Quantitative analysis BAX (C), CYCS (D), PARP1 (F) in the spinal cord of the 4 different groups of mice. There were 3 mice
in each group. Data were analyzed using one-way ANOVA followed by Tukey post hoc test. Values are presented as mean + SEM #P < 0.01 as compared
with WT mice; *P < 0.05 as compared with WT mice; **P < 0.01 as compared with Tg-NT mice; *P < 0.05 as compared with Tg-NT mice; 4P < 0.01 when

our own study in SODI1%** mice provide strong evidence of

autophagic flux defects in the ALS model.

The SQSTMI1 protein is a linkage molecule between LC3-
decorated autophagosomes and ubiquitin-conjugated protein
aggregates, which is finally degraded in autolysosomes.?> Recently
this molecule has been used to monitor autophagic flux changes.*
It is noteworthy that trehalose can reduce SQSTM1 aggregation
in the motor neurons of spinal cord of ALS mice, suggesting
that trehalose can protect motor neurons probably through the
amelioration of the autophagic flux defect. Transmission EM is
a gold-standard method in qualitative and quantitative analysis
of autophagic structures.”’” Using EM, we have shown that
trehalose does not change the number of autophagosomes but
increases the ratio of autolysosome/autophagosome in the motor
neurons of ALS mice. Based on these results, we speculate that
trehalose can ameliorate the autophagic flux defect by inducing
autophagosome-lysosome fusion. However, we have found that
the trehalose treatment slightly but not significantly increases
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the levels of autophagy-related proteins such as LC3-II and
ATGS, which is different from the report of Castillo et al., in
which they observe remarkable increased levels of LC3-II in
the spinal cord of SODI1%*® mice after trehalose treatment.’®
These differences may result from the different routes of drug
delivery (oral + intraperitoneal injection was used in Castillo’s
study®®) and different mutant SOD1 mouse lines (SODS8®
mice were used by Castillo and coworkers™). Previous studies
report distinct pathogenic mechanisms in mouse models with
different SOD1 mutant lines.'** In addition to the trehalose-
mediated general autophagy activation effect, our study focused
on trehalose-induce autophagosome-lysosome fusion, rescuing
defective autophagic flux and autophagosome degradation in the
motor neurons of SODI1%%* mice.

It has been reported that the autophagic flux defect in
ALS can be caused by ALS-related mutant genes such as
DCTNI, CHMP2B (charged multivesicular body protein
2B), and UBQLN2 mutations.”*** Tt is thought that
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Autophagic flux

Figure 10. Proposed model of the autophagic flux dysfunction and the possible roles of trehalose in the motor neurons of SOD1%*A mice. Impaired
autophagosome-lysosome fusion might contribute to the degeneration of motor neurons, which leads to the abnormal high SQSTM1 level, LC3 puncta
aggregation, and the increase in autophagosomes in the motor neurons of SOD1%*** mice. Rapamycin activates autophagy in an MTOR-dependent
pathway and it does not affect the status of autophagic flux in the ALS mice. However, trehalose induces autophagosome formation in an MTOR-
independent pathway and rescues the impaired fusion step, which results in SQSTM1 and aggregated autophagosome degradation in the motor neu-

rons of SOD1%%*A mice. AVs, autophagic vacuoles.

microtubule-based vesicular trafficking is essential for the
delivery of autophagosome to lysosomes and subsequent fusion,
and impaired dynein-mediated trafficking may be associated
with the autophagosome-lysosome fusion defect.** Indeed,
impairment of the axonal transport is found in mutant SOD1
probably through the inhibition of dynein/dynactin function,®
which may contribute to the autophagic flux defect in the motor
neurons of ALS. Other molecules that are required for the fusion
of autophagosomes with lysosomes, such as RAB7, the class C
Vps/HOPS tethering complex and SNARESs are likely involved
in the pathogenetic process of the autophagic flux defect. 4
However, direct evidence for the relevance of mutant SOD1 and
these components is missing. More studies are needed to explore
the possible mechanisms of autophagic flux defects in ALS. In
this regard, we propose a model of autophagic flux defect and
trehalose target in ALS as illustrated in Figure 10. This model
can be used to explain the augmented effects of rapamycin in the
ALS model,'"'¢ as well as the beneficial effects of trehalose that
not only regulates autophagy***>*” but also induces autolysosome
formation and degradation, leading to motor neuron protection
as shown in the current study.

It is worth noting that a similar autophagosome impairment
and the autophagosome-lysosome fusion defect are also found
in patients with Alzheimer disease and other neurodegenerative
diseases.!”'>* These similarities suggest a possibility that these
neurodegenerative diseases might share a common pathogenetic
mechanism resulting from the autophagosome-lysosome fusion
defect. Thus, an impairment of the fusion step in the autophagy
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process, rather than autophagy activation, might be a key
point contributing to the pathogenesis and progression of these
neurodegenerative diseases."

Mitochondrial dysfunction is believed to contribute to the
pathogenesis of ALS, which causes motor neuron death by
increasing generation of reactive oxygen species and initiating
the apoptotic pathway.”® As reported previously, consistent with
the Sarkar et al. report® that trehalose leads to protection against
proapoptotic damages via the mitochondrial cell death pathway,
our findings provide further explanation for the neuroprotective
effects of trehalose in the motor neuron survival of ALS mice.
Moreover, trehalose is a multifunctional molecule, including its
effects as a chemical chaperone, which may play a role to suppress
protein misfolding and reduce endoplasmic reticulum stress and
stress-related injury.”' Increased ER-stress has been reported in
the motor neurons of SODI1 transgenic mice model and clinical
ALS patients.”>» However, Castillo et al. have not found the anti-

1G8R mice.?

endoplasmic reticulum stress effect of trehalose in SOD

In conclusion, our study provides new evidence to support
the autophagic flux defect in the motor neurons of ALS and
that the MTOR-independent autophagic inducer trehalose is
able to attenuate the autophagic flux defect and improve disease
course in the ALS model. The results from the present study in
combination with our previous one indicate that the defect in
autophagosome-lysosome fusion is a critical pathological event
for ALS and the molecules that can repair the fusion defect might
be potential therapeutic targets for developing a novel therapy to
treat this devastating disease.
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Materials and Methods

Transgenic mice and treatment

Transgenic SOD1%** mice were originally obtained from
Jackson Laboratories (002726), which express about 20 copies
of mutant human SOD! with a Gly93Ala substitution (B6SJL-
Tg-SOD1%%A-1Gur). The genotypes of the transgenic mice
were identified by PCR according to our previously reported
reference.”* Male SOD1%** mice were randomly divided into
3 groups (Tg-NT, Tg-Suc, Tg-Tre) with 21 mice in each group
and these mice were housed under the conditions of constant
temperature and controlled lighting (light/dark period 12/12
h). We chose 2% trehalose treatment for SODI%* mice
according to previous reports.”** For Tg-Tre mice, 2% trehalose-

containing water was given to SODI1%%

mice through ad
libitum consumption, starting at 64 d of age and continuing
until the day the mice died. We calculated that the average water
consumption of each mouse was 5 to 6 ml per day. For Tg-Suc
mice, 2% sucrose-containing water was given to mice as a vehicle
control. For Tg-NT mice, no treatment was given to SOD1%%4
mice. In addition, 15 of the age-matched WT littermates were
used as controls. All the transgenic mice were weighed every 4 d
starting from 64 d of age until death and the monitoring of WT
mice was ended at 146 d of age. Animals care and procedures
were performed in accordance with the Laboratory Animal Care
Guidelines approved by the Shanghai Institutes for Biological
Sciences of the Chinese Academy of Sciences.

Behavioral study

Test of motor function (Rotarod test)

Rotarod performance was measured in SODI®* mice
starting at 80 d of age. Motor function was assessed as described
previously.’* Mice were trained for 1 wk prior to treatment in
order for them to adapt to the apparatus. After training, we got
their basal motor performance in Rotarod. Next, the mice were
tested every 2 d, and the date of disease onset was recorded when
the mice could not stay on the rod for 5 min.

Assessment of life span

SODI1%* mice developed complete paralysis roughly at
around 126 d of age.” For life-span analysis, the date of “death”
(or terminal impairment) was defined as the day when the mice
could not right itself within 30 s after being placed on its back.”
All the mice were tested every day and the date representing the
end-point was recorded.

Immunofluorescent staining

Mice were anesthetized with chloral hydrate and sacrificed by
transcardiac perfusion with ice-cold 100 mM phosphate-buffered
saline (PBS, pH 7.4) and 4% paraformaldehyde. The spinal cords
were removed and postfixed in 4% paraformaldehyde overnight
at 4 °C, transferred to 15% and 30% sucrose in PBS, and then
frozen at -80 °C. Serial frozen sections of the spinal cord (10
pm) were cut and mounted on gelatin-coated slides. The slides
were incubated in 3% bovine serum in PBS-0.3% Triton X-100
for 1 h, followed by overnight incubation at 4 °C with the
primary antibodies for LC3B (1:200; Cell Signal, 3868), SODI
(1:200; abcam, ab16831), SQSTMI1 (1:100; BD Transduction
Laboratories, 610832), ubiquitin (1:800, Milipore, MAB1510),
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SMI-32 (1:1,000; Abcam, ab28025) and ACHE (1:200, Santa
Cruz, sc-11409). After washing with PBS, the slides were
incubated with fluorescent dye Cy2-conjugated goat anti-rabbit
(Jackson Immunoresearch, 111-225-045) or Cy3-conjugated
goat anti-mouse (Jackson Immunoresearch, 115-165-062), and
were then visualized at 600 x magnifications under a fluorescent
microscope (Nikon 80i).

Motor neuron survival analysis

The fixed L4-5 spinal cords were cut with a Leica cryostat
(Leica) to 10-pm thickness and mounted on gelatin-coated
slides. Sections were immunofluorescent stained with 1% cresyl
violet (Sigma, C5042) and photographed with a microscope
(Olympus, IX81). Anterior horns at both sides on every fourth
section from a total of 200 slices per animal were examined
by a technician who was blinded to the experimental design.
The number of motor neurons was counted according to the
following rules: 1) neurons located in the anterior horn ventral
to the line tangential to the ventral tip of the central canal;
2) neurons with a maximum diameter of 20 pm or larger and
3) neurons with a distinct nucleolus.’®” For SMI-32 positive
MNs analysis, L4-5 spinal cord was cut to a thickness of
10 pm. Sections were stained for immunofluorescence with SM1-
32 antibody according to the method of Immunofluorescence
staining and captured by microscope (Olympus, IX81). Twenty
slices were collected per animal at an interval of 10 slices. Motor
neurons in anterior horns at both sides per slice were counted in
a blinded manner.

Extraction of soluble and insoluble proteins

Spinal cords were removed and lysed by sonication in ice-
cold extraction buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA, 100 mM NaCl, 0.5% NP-40, supplemented with
protease inhibitor cocktail (Sigma, P8340), PMSF (1 mM;
Sigma, P7626) and 50 mM iodoacetamide (Sigma, 16125). The
lysates were then centrifuged at 130,000 g for 10 min at 4 °C
using an ultracentrifuge (Beckman-Coulter Optimal L-100
XP). The supernatant fraction was kept as the soluble sample.
The pellet fraction was resonicated in extraction buffer and was
centrifuged again at 130,000 g for 10 min at 4 °C. Then the
remaining pellet fraction was resolved in resuspension buffer
(10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 100 mM NaCl,
0.5% NP-40, 0.5% deoxycholic acid (Sigma, D6750) and 2%
SDS) and sonicated until the pellet fraction was resuspended
in the solution, and this preparation was kept as the insoluble
sample. Soluble and insoluble samples were then analyzed by
immunoblotting.

Immunoblotting analysis

Mice were anesthetized with chloral hydrate and sacrificed
by trans-cardiac perfusion with ice-cold 100 mM PBS. After
removing the spinal cords, total protein was extracted from the
tissues with RIPA lysis buffer containing 50 mM TRIS-HCI,
pH 7.4, 150 mM NaCl, 1% Nonidet P-40 (Sigma, D6750), 1
mM EDTA, 1 mM PMSF, and a protease inhibitor cockrtail
(Sigma, P8340). The protein concentrations were assayed
from the resulting supernatant fractions by the BCA method
(Thermo Scientific, 23225). Forty wg of proteins were loaded
and separated on 8%, 10%, or 12% SDS-PAGE gels. Proteins
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were transferred onto 0.45 pm or 0.22 pum polyvinylidene
fluoride membranes (Millipore, HVPPEAC12 or GVPPEACI12),
blocked in 5% nonfat milk or 5% bovine serum albumin
(Sigma, A1933) for 1 h. Membranes were then incubated in
the presence of the respective primary antibodies: p-RPS6KB
(1:500, Cell Signaling Technology, 9208), RPS6KB (1:1,000,
Cell Signaling Technology, 2708), p-MTOR (1:1,000, Cell
Signaling Technology, 2971), MTOR (1:1,000, Cell Signaling
Technology, 2983), BAX (1:1,000, Cell Signaling Technology,
2772), CYCS (1:1,000, Epitomics, 3895-1), p-AKT1 (1:1,000,
Epitomics, 2214-1), AKT1 (1:2,000, Epitomics, 1085-1), LC3B
(1:500, Sigma, L7543), poly (ADP-ribose) polymerase, PARP1
(1:1,000, Cell Signaling Technology, 9542), cleaved CASP3
(1:500, Cell Signaling Technology, 9664), ATG5 (1:500, MBL,
M153-3), SQSTM1 (1:500, MBL, PM045), SODI1 (1:2,000,
abcam, abl6831), ubiquitin (1:500, Milipore, MAB1510). A
mouse, anti ACTB/B-actin antibody (1:6,000; Sigma) was used
to demonstrate equal protein loading. Peroxidase-conjugated
secondary antibodies were used and then protein bands were
visualized using a chemiluminescent horseradish peroxidase
substrate (ECL, Pierce, 34075) and were quantified with an
image analyzer software (Bio-Rad, Image lab 4.1).

Electron microscopy analysis

The tissues of spinal cord (L4-5) were fixed in 2.5%
glutaraldehyde in 100 mM PBS and cut into 50-pm thick sections
by a vibratome. The sections were postfixed with 1% OsO,,
dehydrated and embedded in Durcupan (ACM; Fluka) on a
microscope slide and coverslipped. Those sections were further cut
by a Reichert ultramicrotome (Leica) into 70-nm thick sections.
The ultra thin sections were then stained with uranyl acetate and
lead citrate and evaluated with a CM-120 EM (Philips).

Quantitative analysis of autophagosomes, autolysosomes,
and mitochondria

The SOD1%%* mice in the 3 groups (Tg-NT, Tg-Suc, Tg-Tre)
and age-matched WT littermates were examined by EM.
Twenty-five randomly selected EM images per animal were
captured at a final magnification of 10,000 x g, and the number
of autophagosomes and autolysosomes in each captured field was
counted by visual inspection using previously established criteria
for identification.!? In brief, autophagosomes were defined as the
double-membrane structures, whose inside density was similar
to that of the surrounding cytosol. Autolysosomes have only one
limiting membrane, and contain cytoplasmic material and /or
organelles at various stages of degradation. For mitochondria
analysis, at least 20 randomly selected motor neurons per animal
were captured at a final magnification of 5,000 x , then the
number and the major diameter of mitochondria in each motor
neuron was calculated by the technician who was blinded to the
experimental design.

Pathological analysis of skeletal muscles

Fresh gastrocnemius muscle (5 x 5 x 10 mm?) was dissected out
from the right leg and immersed immediately in liquid nitrogen-
cooled isopentance. Cross-sections were cut through the middle
of the muscle at 10 wm and stained by HE for morphology
analysis. In addition, mitochondrial activity was assessed by
NADH reaction. The number and pathological alteration of
NM]Js were detected by NSE. The procedure was conducted as in
a previous report.”®>* Twenty randomly selected NSE images per
animal were captured at a final magnification of 200 x , and the
number and diameter of NSE-positive NM]s in each captured
field was calculated by a researcher who was blinded to the study
design. Analysis was performed using a one-way ANOVA test
followed by the Turkey post hoc test.

Measurement of MDA levels

Fresh gastrocnemius muscles were dissected, weighted, and
frozen in liquid nitrogen. The whole muscles were homogenized
in ice-cold TRIS-HCI (20 mM) buffer. The homogenate was
centrifuged at 1300 g at 4 °C for 10 min. The supernatant was
collected and frozen at -80 °C until the day of detection. The
MDA level was measured by fluorescence assay of thiobarbituric
acid reactive substance formation following the indications of a
commercial kit (Jiancheng, Nanjing, A003-2), detected at 532
nm and quantified with an image analyzer (BioTek, synergy
H4). The measured MDA levels were normalized with respect to
homogenization volume and muscle weight.

Statistics

Disease onset and life-span analysis were performed by
Kaplan-Meier analysis (SPSS 17.0). Other data were analyzed
using one-way ANOVA followed by Tukey post hoc test (Prism5,
GraphPad software, Inc.). All values were presented as mean +
SEM. Significant differences were defined as P < 0.05.
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