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Although we know that amyotrophic lateral sclerosis (ALS) is correlated with the
glutamate-mediated corticomotor neuronal hyperexcitability, detailed ALS pathology
remains largely unexplained. While a number of drugs have been developed, no cure
exists so far. Here, we propose a hypothesis of neuronal cell death—incomplete
autophagy positive-feedback loop—and summarize the role of the neuron-astrocyte
glutamate-glutamine cycle in ALS. The disruption of these two cycles might ideally
retard ALS progression. Cerebrovascular injuries (such as multiple embolization sessions
and strokes) induce neuronal cell death and the subsequent autophagy. ALS impairs
autophagosome-lysosome fusion and leads to magnified cell death. Trehalose rescues
this impaired fusion step, significantly delaying the onset of the disease, although it does
not affect the duration of the disease. Therefore, trehalose might be a prophylactic drug
for ALS. Given that a major part of neuronal glutamate is converted from glutamine
through neuronal glutaminase (GA), GA inhibitors may decrease the neuronal glutamate
accumulation, and, therefore, might be therapeutic ALS drugs. Of these, Ebselen is the
most promising one with strong antioxidant properties.

Keywords: amyotrophic lateral sclerosis, cell death—incomplete autophagy loop, glutamate-glutamine cycle,
trehalose, Ebselen

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) symptoms are characterized by concomitant upper and lower
motor neuron signs, with inexorable disease progression (Geevasinga et al., 2016). Typically,
ALS patients exhibit a focal onset (limb or bulbar region) and development in an apparently
active manner involving other body regions, such as global muscle wasting and weakness, with
respiratory muscle dysfunction at the terminal stage of the disease (Geevasinga et al., 2016). About
50% of all ALS patients die within 3 years after the onset of symptoms, and 90% of ALS patients die
within 5 years (Kiernan et al., 2011). Atypical ALS phenotypes are characterized by either merely
upper motor neuron dysfunction (named primary lateral sclerosis, PLS) or lower motor neuronal
signs encompassing flail leg and flail arm syndromes (named progressive muscular atrophy, PMA;
Kiernan et al., 2011).

Eisen et al. (1992) proposed the primacy of corticomotor neurons in what has come to be
known as the dying-forward hypothesis of ALS pathogenesis, which states that ALS begins centrally,
with anterior horn cell degeneration mediated by corticomotor neuronal hyperexcitability via
the trans-synaptic glutamate-mediated excitotoxic processes. In contrast, other two concepts of
cortical dysfunction have also been put forward. The dying-back theory proposes that the disease
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is mainly a lower motor neuron disorder that is caused by
pathogens transported from neuromuscular junctions to cell
bodies in a retrograde manner (Williamson and Cleveland,
1999; Fischer et al., 2004). The independent-degeneration theory
presumes that upper motor and lower motor neurons degenerate
concurrently but independently, may be in a stochastic manner
(Ravits et al., 2007). In particular, cortical dysfunction has been
identified as an intrinsic feature of most ALS cases, suggesting
that the dying-forward mechanism is the most important in the
atypical ALS phenotypes (Vucic et al., 2013b).

Recent clinical, physiological, neurological genetic and
biochemical advances have uncovered the importance of cortical
hyperexcitability as a pathological biomarker in ALS (Eisen et al.,
1992; Eisen and Weber, 2001; Geevasinga et al., 2016). Glutamate
is the main excitatory neurotransmitter in the central nervous
system. During axonal depolarization, glutamate is released
from presynaptic neurons and it activates specific metabotropic
and ionotropic glutamate receptors located on the postsynaptic
neuron membrane (Heath and Shaw, 2002). The excitatory signal
is terminated by the removal of glutamate from the synaptic
cleft by glutamate re-uptake transporters. Excessive activation of
the glutamate receptors results in the increased influx of Na*t
and Ca’" ions causing excitotoxicity (Heath and Shaw, 2002;
Geevasinga et al, 2016). Trans-synaptic excessive glutamate-
induced motor neuron degeneration is the key mechanism;
however, the exact causes of ALS, especially its relationships to
other diseases, are still largely unknown.

In 2016, Riluzole, an anti-glutamatergic agent, was the
only Food and Drug Administration-approved drug for ALS
(Bensimon et al., 1994; Lacomblez et al., 1996; Vucic et al., 2013a).
However, Riluzole can only slow down the progression of ALS;
the drug cannot stop it (Vucic et al., 2013a).

THE ROLE OF AUTOPHAGY IN ALS

A previous study has suggested that multiple embolization
of cerebral arteriovenous malformation (AVM;
especially with significant perinidal angiogenesis) may contribute
to the subsequent development of ALS (Valavanis et al., 2014).
A further study confirmed this association, albeit small in
absolute incidence, between AVM and ALS, with additional
significant correlations between ALS and prior strokes (either
hemorrhagic or ischemic) or transient ischemic attack (Lacorte
et al,, 2016; Turner et al., 2016). Therefore, cerebrovascular
injury from a variety of causes, including embolization
procedures for AVM, may be a risk factor for ALS (Turner
et al., 2016).

Cerebrovascular injuries usually induce neuronal cell death
and autophagy occurring at adjacent cells (Fu et al., 2016). For
example, embolization sessions to the patients with rare AVM
architecture characterized by significant perinidal angiogenesis
may cause ischemia of the perinidal brain parenchyma
(Valavanis et al., 2014) and presumably the subsequent cell death
and autophagy.

Many studies in in vitro cell lines and animal models
of ALS demonstrated enhanced autophagic activity in the
disease (Nassif and Hetz, 2011; Zhang et al, 2011, 2014).

sessions

The disease is accompanied by the occurrence of autophagy-
mediated clearance of mutant superoxide dismutase 1 (SOD1)
and TDP43 proteins, the latter of which is another ALS marker
protein (Ling et al., 2015).

In normal conditions, autophagy shows a protective role
in neuronal cell survival by removing damaged proteins (Fu
et al,, 2016; Tang et al.,, 2016). Hetz et al. (2009) indicated that
a deficiency in X-box-binding protein-1 (XBP-1; an unfolded
protein response transcription factor) increased autophagy levels
in the central nervous system that correlated with enhanced
SOD1 autophagic degradation, and resulted in a significant
delay in ALS progression. Progesterone activates autophagy
and exerts neuroprotective effects for brain ischemia, traumatic
brain injury, spinal cord injury and ALS (Kim et al, 2013).
Inhibition of autophagy by 3-methyladenine reversed the
neuroprotective effects of progesterone (Kim et al, 2013).
The PI-3-kinase/Akt kinase inhibitor wortmannin also reduces
the neuroprotective effects of angiogenin in primary motor
neuron cultures via inhibiting autophagy (Kieran et al., 2008).
Furthermore, chloroquine represses lysosomal degradation
through neutralizing lysosomal acidic pH, which is required
for the activation of autophagic degradation (Vakifahmetoglu-
Norberg et al., 2015). Apparent neuronal cell death was observed
in chloroquine-treated mice (Dai et al., 2010).

Autophagy activators do not always show beneficial effects on
ALS progression. Rapamycin activates autophagy by inhibiting
the mammalian target of rapamycin (mTOR) kinase, and it has
been shown to have protective effects in several mouse models of
some neurodegenerative diseases (Berger et al., 2006; Malagelada
et al, 2010; Spilman et al,, 2010). However, rapamycin may
exaggerate motor neuron loss and exacerbate disease progression
in the SOD1%%34 ALS-model mouse (Zhang et al., 2011). The
rapamycin-treated ALS model mice had a significantly shorter
time period from disease onset to death (Zhang et al., 2011).
This study suggests that the autophagy pathway may not only
operate as a cleaning-up mechanism. Augmenting autophagy
levels above a certain threshold may lead to detrimental effects
in neuronal function and survival (Nassif and Hetz, 2011; Zhang
etal., 2014).

TREHALOSE RESCUES IMPAIRED
LYSOSOMAL FUSION AND IMPROVES
THE ALS COURSE

A defect in autophagosome-lysosome fusion has been observed
in the ALS mouse model (Zhang et al., 2014). This lysosomal
fusion deficiency may contribute to motor neuron degeneration
(Zhang et al., 2014). Different from the mTOR-dependent
autophagy, the mTOR-independent autophagy inducer trehalose
is able to attenuate the lysosomal fusion deficiency and improve
motor neuron functions in the SOD19%* ALS-model mice.
Trehalose treatment significantly delayed disease onset, although
it did not affect disease duration (the time course from ALS
onset to death; Zhang et al, 2014). With different steps
leading to the fusion of autophagosomes and lysosomes, the
roles of rapamycin and trehalose may be detrimental and
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beneficial, respectively. The up-regulation of autophagosomes
by rapamycin may induce early-to-intermediate autophagosome
aggregation and subsequent cell death if the lysosomal fusion
step is inhibited (Figure 1). While trehalose rescues the
impaired fusion step, it results in aggregated autophagic
degradation of the mutant SOD1 protein (Zhang et al,
2014).

Castillo et al. (2013) also found that trehalose led to
autophagic degradation of the mutant SOD1 protein in
NSC34 motor neuron cells, and it protected primary motor
neurons against the excitotoxicity in mutant SOD1 transgenic
astrocytes. Besides ALS, an inhibition of the autophagy-lysosome
degradative pathway was also observed in a mouse model of
human tauopathy (a severe neurodegenerative disorder caused
by the accumulation of the tau protein). Interestingly, autophagy
stimulation by trehalose reduces tau aggregates and improves
neuron survival in the brainstem and the cerebral cortex
(Schaeffer et al., 2012), which confirms the neuroprotective
effects of trehalose on such neurodegenerative disorders. Thus,
trehalose may be a prophylactic drug against the onset of ALS for
patients with cerebrovascular injuries.

GLUTAMATE AND ROS ALSO
PARTICIPATE IN AUTOPHAGY

On the other hand, neuronal cell death decreases neuronal
glutamate (Glu) uptake, which is required for the rapid
removal of Glu from the extracellular space, thus terminating
the excitatory signal and reducing the excitotoxic neuronal
damages (Heath and Shaw, 2002; Geevasinga et al.,, 2016).
Glutamate itself also induces autophagy via nicotinic acid
adenine dinucleotide phosphate (NAADP; a second messenger
for glutamate) and lysosomal TPC (Ca’"-permeable two-pore
channels), while mTOR activity was not affected by the glutamate
treatment (Pereira et al, 2017). Therefore, glutamate may
promote this neuronal cell death-autophagy positive-feedback
loop (Figure 1).

Produced during cerebrovascular injuries, the reactive oxygen
species (ROS) burst also participates in neuronal cell death and
the autophagy process (Tang et al, 2016). The mutation in
SOD1 accounts for approximate 20% of familial ALS (Kirby et al.,
2005). A large number of studies with SOD1%%*4 ALS-model
mice provide strong evidence for the role of oxidative stress
in the disease pathogenesis (Geevasinga et al., 2016; Spalloni
and Longone, 2016). Additionally, ROS-mediated mitochondrial
dysfunction, in connection with glutamate excitotoxicity, has
been implicated in ALS pathogenesis (Xu et al, 2004).
Glutamate excitotoxicity leads to excessive Ca?t accumulation
in mitochondria, resulting in the production of ROS that
are toxic to neuronal cellular nucleotides and proteins. The
mitochondria remain sensitive to oxidative damages, resulting in
further mitochondrial dysfunction (Spalloni and Longone, 2016).
The mitochondrial dysfunction, in turn, enhances glutamate-
mediated excitotoxicity by disrupting the normal voltage-
dependent Mg?T-mediated blockade of glutamate receptors
(Bowling and Beal, 1995; Xu et al., 2004). Therefore, therapies
targeting oxidative stress have also been highlighted as

demonstrating great promise in slowing the progression of the
disease (Figure 1). Recently, the FDA has granted orphan drug
status to Edaravone (an antioxidant) for the treatment of ALS
(Nagase et al., 2016).

NEURON-ASTROCYTE
GLUTAMATE-GLUTAMINE CYCLE

Glutamate cannot permeate the blood-brain barrier easily so
that it can accumulate in the brain. The glutamate-glutamine
(Glu-Gln) cycle is the key pathway that regulates glutamate
stores in neurons (Sonnewald and Schousboe, 2016). During
excitatory neurotransmission, not all glutamate released from
pre-synaptic neurons is recovered. Under normal conditions,
excess glutamate not involved in transmission is taken up by
astrocytes, which express high levels of the glutamate-specific
transporters. Astrocytes specifically express the microsomal
enzyme glutamine synthetase (GS), which catalyzes glutamate-
to-glutamine conversion through ATP-dependent amidation.
Glutamine is a non-neuroactive amino acid that can be released
to extracellular fluids for subsequent uptake by neurons or
transport to the blood vessel. Glutamine deamidation by
mitochondrial glutaminase (GA) regenerates glutamate, closing
the Glu-Gln cycle (Figure 2; Sonnewald and Schousboe,
2016).

This “glutamate-glutamine cycle” has been discovered several
decades ago based on experiments using radio-labeled glutamate.
The cycle has been confirmed by the fact that two distinct
pools of glutamate and glutamine have been found. GS was
expressed in astrocyte cells but not in neuron cells, which forms
the basis of the idea that a cycle must exist in which glutamate
released from the neurons is transported into astrocytes and
converted into glutamine. The astrocytic glutamine is then
returned to the neurons and converted into glutamate by
GA, which has significantly higher activity in neurons than
in astrocytes (Sonnewald and Schousboe, 2016). Cycling of
glutamate and glutamine between astrocytes and neurons
supports the provision of high concentrations of glutamate
in neurons, but prevents excitotoxicity in the synaptic space
(Conway and Hutson, 2016).

NEUROPROTECTIVE ROLES OF
GLUTAMINASE INHIBITORS

Although Dbiosynthesis via the tricarboxylic acid cycle
(TCA) also contributes to the accumulation of presynaptic
glutamate (about 15%-43% of glutamate is formed from
a-ketoglutarate (a-KG) via the TCA cycle), a major part
(usually >80%) of neuronal glutamate is converted from
glutamine by the enzyme GA (McKenna et al, 1996).
Thus, inhibition to GA might decrease neuronal glutamate
to a non-toxic level and retard the progression of ALS
(Figure 2).

Mammalian GA proteins are encoded by two paralogous
genes, Gls and GIs2, both of which have been found in neurons
(Marquez et al.,, 2016). Some small-molecule inhibitors against
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FIGURE 1 | Hypothetical neuronal cell death-incomplete autophagy positive-feedback loop. Cerebrovascular injuries (such as multiple embolization sessions and
strokes) induce neuronal cell death and subsequently autophagy occurs at the adjacent cells. Amyotrophic lateral sclerosis (ALS) impairs autophagosome-lysosome

autophagy by inhibiting the mammalian target of rapamycin (MTOR) kinase and exacerbates the motor neuron loss and exaggerates ALS progression. The
mTOR-independent autophagy inducer trehalose is able to rescue the impaired fusion step and improve the disease course. With the different steps leading to the

incomplete autophagy positive-feedback loop may be the key pathogenesis of
reactive oxygen species (ROS) burst may promote this cell-death loop.
is required for the activation of lysosomal hydrolase. Rapamycin activates

ay be detrimental and beneficial, respectively. Ebselen and Apomorphine are two

both types of GA were proven to be effective at preventing
glutamate accumulation in human immunodeficiency virus
(HIV)-infected macrophages (Zhao et al, 2004; Erdmann
et al., 2007). The GA inhibitor 6-diazo-5-oxo-L-norleucine

(DON) decreases glutamate released from activated microglia
and rescues hippocampal neuron cell death after transient
brain ischemia (Takeuchi et al, 2008; Shijie et al., 2009).
Besides these prototypical GA inhibitors, like DON and
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vessel
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Therefore, GA inhibitors, such as Ebselen, Chelerythrine and Apomorphine, might
Chelerythrine suppresses not only neuronal glutamate synthesis but also glutamat

Astrocyte

FIGURE 2 | Neuron-astrocyte glutamate-glutamine cycle. Glutamate (Glu) released from the neurons is transported into astrocytes, converted to glutamine (GIn), and
subsequently returned to the neurons and converted to glutamate by the mitochondrial enzyme glutaminase (GA). Only astrocytes (not neurons) express glutamine
synthetase (GS). Although a small part of neuronal glutamate is synthesized from a-ketoglutarate (a-KG), most of it is converted from glutamine by the neuronal GA.
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decrease neuronal glutamate levels and retard the progression of ALS; however,
e/aspartate transporters, thus showing some excitotoxic effects.
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bis-2-(5-phenylacetimido-1,2,4-thiadiazol-2-yl)ethyl sulfide
(Shukla et al., 2012), three high-affinity GA inhibitors against
both GLS and GLS2 have been recently identified: Apomorphine,
Chelerythrine and Ebselen (Thomas et al., 2013).

Apomorphine is a dopamine agonist that has been used to
treat Parkinson’s disease (Nomoto et al., 2015). A recent study
demonstrated that Apomorphine attenuates motor dysfunction
significantly in the SOD1%%*A transgenic mouse (Mead et al.,
2013). A significant decline in rotarod performance was found
in the ALS model mouse from postnatal day 40 (p40). However,
this initial decline in motor neuron function was apparently
delayed by Apomorphine treatment. At later stages of ALS
progression, gait analysis showed a significant delay in the decline
of both fore-limb and hind-limb stride length after Apomorphine
treatment. These treatments also reduced oxidative damages
and improved survival following oxidative insult in fibroblast
cells from ALS patients (Mead et al, 2013). Therefore, the
authors attribute the neuroprotective effect to its antioxidant
properties. However, in the above study of the ALS mouse model,
5 mg/kg of Apomorphine was administrated daily. This is equal
to 0.55 mg/kg for humans (about 33 mg for a man daily),
which is much higher than the maintenance dose of 2-6 mg
per day (Nomoto et al, 2015). On the other hand, the Cp,y
of Apomorphine at the effective dose for the treatment of ALS
was presumed to be about 20 ng/mL (0.075 wM; Mead et al.,
2013). However, the average ICsy of Apomorphine against GA is
much higher (0.3-1.0 wM; Thomas et al., 2013). Furthermore, the
adverse side effects of Apomorphine administration have been
widely reported (Bhidayasiri et al., 2016). Thus, it should not be
used at high dosages.

Chelerythrine suppresses not only neuronal glutamate
synthesis but also glutamate/aspartate transporters (Bull and
Barnett, 2002). Failure or reversal of the glutamate transport
system causes an elevation of extracellular glutamate and
contributes to the onset of excitotoxic neuronal damages
(Bull and Barnett, 2002; Sonnewald and Schousboe, 2016).
Correspondingly, although a reduction in total retinal glutamate
levels following Chelerythrine treatment was observed, the
extracellular glutamate was accumulated in the synaptic space
(Bull and Barnett, 2002). Chelerythrine treatment resulted in
the significant swelling of the retinal inner plexiform layer and
a significant thinning of the inner nuclear layer, indicating
neuronal cell death in the retina (Bull and Barnett, 2002). Thus,
Chelerythrine may not be an ideal drug for ALS.

Ebselen is a synthetic organoselenium drug with high
anti-inflammatory, antioxidant and cytoprotective activities
(Parnham and Sies, 2013). It works as a mimic of glutathione
peroxidase and it can also react with peroxynitrite (Parnham
and Sies, 2013). Therefore, Ebselen may prevent neuronal cell
death caused by cerebrovascular injuries or SOD mutations, as
mentioned above (Figure 1). Although no direct effect of Ebselen
on ALS has been reported up to now, it has been extensively used
in a variety of experimental animal models of cerebrovascular
injuries and used as a neuroprotectant in treatments for patients
following acute ischemic stroke and aneurysmal subarachnoid
hemorrhage (Saito et al., 1998; Yamaguchi et al., 1998; Ogawa
et al,, 1999; Koizumi et al., 2011; Parnham and Sies, 2013; Singh

etal., 2016). For GA inhibition, its average ICs( is 0.008-0.1 uM
(Thomas et al., 2013). Normal doses (such as 3 x 200 mg
capsules, 1-2 times a day) meet this requirement. Ebselen is
a blood-brain barrier penetrant drug and it has been tested
clinically in some diseases, thus enabling us to recommend it for
the treatment of ALS.

CONCLUSIONS AND FUTURE
PROSPECTS

Here, we hypothetically proposed a correlation between
cerebrovascular injury-induced cell death and autophagic
flux defect in ALS patients. Nevertheless, direct experimental
evidence is still lacking. The impairment in autophagosome-
lysosome fusion can be mimicked by bafilomycin Al treatment
(Ejlerskov et al., 2013), so if ALS onset was observed in the
bafilomycin-Al-treated stroke model mice (Chen et al., 2015) at
the convalescent period, these correlations would be confirmed.
Although the autophagosome-lysosome fusion defect has been
found in the ALS mouse model (Zhang et al., 2014), direct
evidence for the relevance of the cellular components required
for the fusion is still missing. More accurate molecular biological
studies are required to test this hypothesis.

Therapeutic effects of trehalose for ALS patients also need
clinical confirmation. If human clinical trials succeed, it might
be considered to be a prophylactic drug for ALS for high-risk
populations, such as convalescent patients of stroke and some
AVM patients with significant perinidal angiogenesis, who
just received embolization sessions. In mouse experiments, 2%
trehalose containing water has been adopted for the SOD19%34
mouse by ad libitum consumption (Schaeffer et al., 2012;
Zhang et al., 2014). Whether similar trehalose treatments should
be given to humans needs further investigation. There is no
recommendation from the FDA or the Center for Sciences in
the Public Interest on this sugar. It would be best to follow the
World Health Organization (WHO) guidelines and restrict the
intake of all sugars, including trehalose to 50 g per day (Richards
et al,, 2002). For the typical person, the daily potable water
quantity is about 1500-2500 ml, so the use of 2% trehalose means
keeping to 30-50 g per day. Thus, the WHO guideline may be a
feasible one. Nevertheless, a large part of trehalose sugar would be
broken down into glucose by trehalase on the intestinal mucosa
(Richards et al., 2002), and therefore oral administration may not
be a very effective method. Thus, trehalose injection might be an
alternative option (Echigo et al., 2012).

Ebselen is well tolerated and shows good effects on emotional
processing. Thus far it has progressed to phase III clinical trials
for bipolar disorder (Parnham and Sies, 2013; Singh et al,
2016). No toxicity or side effects have been reported so far for
Ebselen at the administered doses. Its IC5y of GA inhibition
is very low and its antioxidant capacity is very strong. Thus,
it might be a promising therapeutic drug for the treatment of
ALS. To retard (or even stop) ALS progression, trehalose and
Ebselen might be adopted in combination, considering that they
disrupt the neuronal cell death-incomplete autophagy positive-
feedback loop and the neuronal glutamate accumulation cycle,
respectively.

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2017 | Volume 10 | Article 231


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

Yuan et al.

Cell-Death-Autophagy and Glutamate-Glutamine in ALS

AUTHOR CONTRIBUTIONS

SY conducted the literature search and drafted the manuscript.
Z-WZ contributed to the discussion of ideas and helped with the
writing. Z-LL contributed to the discussion of ideas and helped
with the writing.

REFERENCES

Bensimon, G., Lacomblez, L., and Meininger, V. (1994). A controlled trial of
riluzole in amyotrophic lateral sclerosis. ALS/Riluzole Study Group. N. Engl.
J. Med. 330, 585-591. doi: 10.1056/NEJM199403033300901

Berger, Z., Ravikumar, B., Menzies, F. M., Oroz, L. G., Underwood, B. R,
Pangalos, M. N., et al. (2006). Rapamycin alleviates toxicity of
different aggregate-prone proteins. Hum. Mol. Genet. 15, 433-442.
doi: 10.1093/hmg/ddi458

Bhidayasiri, R., Garcia Ruiz, P. J., and Henriksen, T. (2016). Practical management
of adverse events related to apomorphine therapy. Parkinsonism Relat. Disord.
33, S42-548. doi: 10.1016/j.parkreldis.2016.11.017

Bowling, A. C., and Beal, M. F. (1995). Bioenergetic and oxidative stress
in neurodegenerative diseases. Life Sci. 56, 1151-1171. doi: 10.1016/0024-
3205(95)00055-b

Bull, N. D., and Barnett, N. L. (2002). Antagonists of protein kinase C inhibit
rat retinal glutamate transport activity in situ. J. Neurochem. 81, 472-480.
doi: 10.1046/.1471-4159.2002.00819.x

Castillo, K., Nassif, M., Valenzuela, V., Rojas, F., Matus, S., Mercado, G.,
et al. (2013). Trehalose delays the progression of amyotrophic lateral
sclerosis by enhancing autophagy in motoneurons. Autophagy 9, 1308-1320.
doi: 10.4161/auto.25188

Chen, Y., Zhu, W., Zhang, W, Libal, N., Murphy, S. J., Offner, H., et al. (2015).
A novel mouse model of thromboembolic stroke. J. Neurosci. Methods 256,
203-211. doi: 10.1016/j.jneumeth.2015.09.013

Conway, M. E, and Hutson, S. M. (2016). BCAA metabolism and NH3
homeostasis. Adv. Neurobiol. 13, 99-132. doi: 10.1007/978-3-319-45096-4_5

Dai, M., Reznik, S. E., Spray, D. C., Weiss, L. M., Tanowitz, H. B., Gulinello, M.,
etal. (2010). Persistent cognitive and motor deficits after successful antimalarial
treatment in murine cerebral malaria. Microbes Infect. 12, 1198-1207.
doi: 10.1016/j.micinf.2010.08.006

Echigo, R., Shimohata, N., Karatsu, K., Yano, F., Kayasuga-Kariya, Y., Fujisawa, A.,
et al. (2012). Trehalose treatment suppresses inflammation, oxidative stress,
and vasospasm induced by experimental subarachnoid hemorrhage. J. Transl.
Med. 10:80. doi: 10.1186/1479-5876-10-80

Eisen, A., Kim, S., and Pant, B. (1992). Amyotrophic lateral sclerosis (ALS): a
phylogenetic disease of the corticomotoneuron? Muscle Nerve 15, 219-224.
doi: 10.1002/mus.880150215

Eisen, A., and Weber, M. (2001). The motor cortex and amyotrophic lateral
sclerosis. Muscle Nerve 24, 564-573. doi: 10.1002/mus.1042

Ejlerskov, P., Rasmussen, I, Nielsen, T. T., Bergstrom, A. L., Tohyama, Y.,
Jensen, P. H. et al. (2013). Tubulin polymerization-promoting protein
(TPPP/p25a) promotes unconventional secretion of o-synuclein through
exophagy by impairing autophagosome-lysosome fusion. J. Biol. Chem. 288,
17313-17335. doi: 10.1074/jbc.M112.401174

Erdmann, N., Zhao, J., Lopez, A. L., Herek, S., Curthoys, N., Hexum, T. D,
et al. (2007). Glutamate production by HIV-1 infected human macrophage
is blocked by the inhibition of glutaminase. J. Neurochem. 102, 539-549.
doi: 10.1111/.1471-4159.2007.04594.x

Fischer, L. R., Culver, D. G., Tennant, P., Davis, A. A., Wang, M., Castellano-
Sanchez, A., et al. (2004). Amyotrophic lateral sclerosis is a distal axonopathy:
evidence in mice and man. Exp. Neurol. 185, 232-240. doi: 10.1016/j.expneurol.
2003.10.004

Fu, L., Huang, L., Cao, C., Yin, Q., and Liu, J. (2016). Inhibition of AMP-activated
protein kinase alleviates focal cerebral ischemia injury in mice: interference
with mTOR and autophagy. Brain Res. 1650, 103-111. doi: 10.1016/j.brainres.
2016.08.035

Geevasinga, N., Menon, P., Ozdinler, P. H., Kiernan, M. C., and Vucic, S. (2016).
Pathophysiological and diagnostic implications of cortical dysfunction in ALS.
Nat. Rev. Neurol. 12, 651-661. doi: 10.1038/nrneurol.2016.140

ACKNOWLEDGMENTS

This work was funded by the Preeminent Youth Fund of Sichuan
Province (2015JQ0O045). We thank LetPub (www.letpub.com)
for its linguistic assistance during the preparation of this
manuscript.

Heath, P. R., and Shaw, P.J. (2002). Update on the glutamatergic neurotransmitter
system and the role of excitotoxicity in amyotrophic lateral sclerosis. Muscle
Nerve 26, 438-458. doi: 10.1002/mus.10186

Hetz, C., Thielen, P., Matus, S., Nassif, M., Court, F., Kiffin, R., et al. (2009).
XBP-1 deficiency in the nervous system protects against amyotrophic lateral
sclerosis by increasing autophagy. Genes Dev. 23, 2294-2306. doi: 10.1101/gad.
1830709

Kieran, D., Sebastia, J., Greenway, M. J., King, M. A., Connaughton, D.,
Concannon, C. G,, et al. (2008). Control of motoneuron survival by angiogenin.
J. Neurosci. 28, 14056-14061. doi: 10.1523/J]NEUROSCI.3399-08.2008

Kiernan, M. C,, Vucic, S., Cheah, B. C., Turner, M. R,, Eisen, A., Hardiman, O.,
et al. (2011). Amyotrophic lateral sclerosis. Lancet 377, 942-955.
doi: 10.1016/S0140-6736(10)61156-7

Kim, J., Kim, T. Y., Cho, K. S., Kim, H. N, and Koh, J. Y. (2013). Autophagy
activation and neuroprotection by progesterone in the G93A-SOD1 transgenic
mouse model of amyotrophic lateral sclerosis. Neurobiol. Dis. 59, 80-85.
doi: 10.1016/j.nbd.2013.07.011

Kirby, J., Halligan, E., Baptista, M. J., Allen, S., Heath, P. R,, Holden, H., et al.
(2005). Mutant SODL1 alters the motor neuronal transcriptome: implications
for familial ALS. Brain 128, 1686-1706. doi: 10.1093/brain/awh503

Koizumi, H., Fujisawa, H., Suehiro, E., Shirao, S., and Suzuki, M. (2011).
Neuroprotective effects of ebselen following forebrain ischemia: involvement
of glutamate and nitric oxide. Neurol. Med. Chir. Tokyo. 51, 337-343.
doi: 10.2176/nmc.51.337

Lacomblez, L., Bensimon, G., Leigh, P. N., Guillet, P,, and Meininger, V.
(1996). Dose-ranging study of riluzole in amyotrophic lateral sclerosis.
Amyotrophic Lateral Sclerosis/Riluzole Study Group II. Lancet 347, 1425-1431.
doi: 10.1016/s0140-6736(96)91680-3

Lacorte, E., Ferrigno, L., Leoncini, E., Corbo, M., Boccia, S., and Vanacore, N.
(2016). Physical activity, and physical activity related to sports, leisure and
occupational activity as risk factors for ALS: a systematic review. Neurosci.
Biobehav. Rev. 66, 61-79. doi: 10.1016/j.neubiorev.2016.04.007

Ling, J. P., Pletnikova, O., Troncoso, J. C., and Wong, P. C. (2015). TDP-
43 repression of nonconserved cryptic exons is compromised in ALS-FTD.
Science 349, 650-655. doi: 10.1126/science.aab0983

Malagelada, C., Jin, Z. H., Jackson-Lewis, V., Przedborski, S., and Greene, L. A.
(2010). Rapamycin protects against neuron death in in vitro and in vivo models
of Parkinson’s disease. J. Neurosci. 30, 1166-1175. doi: 10.1523/]NEUROSCI.
3944-09.2010

Mirquez, J., Matés, J. M., and Campos-Sandoval, J. A. (2016). Glutaminases. Adv.
Neurobiol. 13, 133-171. doi: 10.1007/978-3-319-45096-4_6

McKenna, M. C., Sonnewald, U., Huang, X., Stevenson, J., and Zielke, H. R.
(1996). Exogenous glutamate concentration regulates the metabolic fate of
glutamate in astrocytes. J. Neurochem. 66, 386-393. doi: 10.1046/j.1471-4159.
1996.66010386.x

Mead, R. J., Higginbottom, A., Allen, S. P., Kirby, J., Bennett, E., Barber, S. C,,
et al. (2013). S[+] Apomorphine is a CNS penetrating activator of the
Nrf2-ARE pathway with activity in mouse and patient fibroblast models of
amyotrophic lateral sclerosis. Free Radic. Biol. Med. 61, 438-452. doi: 10.1016/j.
freeradbiomed.2013.04.018

Nagase, M., Yamamoto, Y., Miyazaki, Y., and Yoshino, H. (2016). Increased
oxidative stress in patients with amyotrophic lateral sclerosis and the effect of
edaravone administration. Redox Rep. 21, 104-112. doi: 10.1179/1351000215Y.
0000000026

Nassif, M., and Hetz, C. (2011). Targeting autophagy in ALS: a complex mission.
Autophagy 7, 450-453. doi: 10.4161/auto.7.4.14700

Nomoto, M., Kubo, S., Nagai, M., Yamada, T., Tamaoka, A., Tsuboi, Y,
et al. (2015). A randomized controlled trial of subcutaneous apomorphine
for Parkinson disease: a repeat dose and pharmacokinetic study. Clin.
Neuropharmacol. 38, 241-247. doi: 10.1097/WNF.0000000000000111

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2017 | Volume 10 | Article 231


http://www.letpub.com
https://doi.org/10.1056/NEJM199403033300901
https://doi.org/10.1093/hmg/ddi458
https://doi.org/10.1016/j.parkreldis.2016.11.017
https://doi.org/10.1016/0024-3205(95)00055-b
https://doi.org/10.1016/0024-3205(95)00055-b
https://doi.org/10.1046/j.1471-4159.2002.00819.x
https://doi.org/10.4161/auto.25188
https://doi.org/10.1016/j.jneumeth.2015.09.013
https://doi.org/10.1007/978-3-319-45096-4_5
https://doi.org/10.1016/j.micinf.2010.08.006
https://doi.org/10.1186/1479-5876-10-80
https://doi.org/10.1002/mus.880150215
https://doi.org/10.1002/mus.1042
https://doi.org/10.1074/jbc.M112.401174
https://doi.org/10.1111/j.1471-4159.2007.04594.x
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.brainres.2016.08.035
https://doi.org/10.1016/j.brainres.2016.08.035
https://doi.org/10.1038/nrneurol.2016.140
https://doi.org/10.1002/mus.10186
https://doi.org/10.1101/gad.1830709
https://doi.org/10.1101/gad.1830709
https://doi.org/10.1523/JNEUROSCI.3399-08.2008
https://doi.org/10.1016/S0140-6736(10)61156-7
https://doi.org/10.1016/j.nbd.2013.07.011
https://doi.org/10.1093/brain/awh503
https://doi.org/10.2176/nmc.51.337
https://doi.org/10.1016/s0140-6736(96)91680-3
https://doi.org/10.1016/j.neubiorev.2016.04.007
https://doi.org/10.1126/science.aab0983
https://doi.org/10.1523/JNEUROSCI.3944-09.2010
https://doi.org/10.1523/JNEUROSCI.3944-09.2010
https://doi.org/10.1007/978-3-319-45096-4_6
https://doi.org/10.1046/j.1471-4159.1996.66010386.x
https://doi.org/10.1046/j.1471-4159.1996.66010386.x
https://doi.org/10.1016/j.freeradbiomed.2013.04.018
https://doi.org/10.1016/j.freeradbiomed.2013.04.018
https://doi.org/10.1179/1351000215Y.0000000026
https://doi.org/10.1179/1351000215Y.0000000026
https://doi.org/10.4161/auto.7.4.14700
https://doi.org/10.1097/WNF.0000000000000111
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

Yuan et al.

Cell-Death-Autophagy and Glutamate-Glutamine in ALS

Ogawa, A., Yoshimoto, T., Kikuchi, H., Sano, K., Saito, I, Yamaguchi, T.,
et al. (1999). Ebselen in acute middle cerebral artery occlusion: a
placebo-controlled, double-blind clinical trial. Cerebrovasc. Dis. 9, 112-118.
doi: 10.1159/000015908

Parnham, M. J., and Sies, H. (2013). The early research and development of
ebselen. Biochem. Pharmacol. 86, 1248-1253. doi: 10.1016/j.bcp.2013.08.028

Pereira, G. J., Antonioli, M., Hirata, H., Ureshino, R. P., Nascimento, A. R.,
Bincoletto, C., et al. (2017). Glutamate induces autophagy via the two-pore
channels in neural cells. Oncotarget 8, 12730-12740. doi: 10.18632/oncotarget.
14404

Ravits, J., Paul, P., and Jorg, C. (2007). Focality of upper and lower motor
neuron degeneration at the clinical onset of ALS. Neurology 68, 1571-1575.
doi: 10.1212/01.WNL.0000260965.20021.47

Richards, A. B., Krakowka, S., Dexter, L. B., Schmid, H., Wolterbeek, A. P.,
Waalkens-Berendsen, D. H., et al. (2002). Trehalose: a review of properties,
history of use and human tolerance and results of multiple safety studies. Food
Chem. Toxicol. 40, 871-898. doi: 10.1016/s0278-6915(02)00011-x

Saito, I., Asano, T., Sano, K., Takakura, K., Abe, H., Yoshimoto, T., et al. (1998).
Neuroprotective effect of an antioxidant, ebselen, in patients with delayed
neurological deficits after aneurysmal subarachnoid hemorrhage. Neurosurgery
42,269-277. doi: 10.1097/00006123-199802000-00040

Schaeffer, V., Lavenir, I., Ozcelik, S., Tolnay, M., Winkler, D. T., and Goedert, M.
(2012). Stimulation of autophagy reduces neurodegeneration in a mouse
model of human tauopathy. Brain 135, 2169-2177. doi: 10.1093/brain/
aws143

Shijie, J., Takeuchi, H., Yawata, I, Harada, Y., Sonobe, Y., Doi, Y., et al.
(2009). Blockade of glutamate release from microglia attenuates experimental
autoimmune encephalomyelitis in mice. Tohoku ]. Exp. Med. 217, 87-92.
doi: 10.1620/tjem.217.87

Shukla, K., Ferraris, D. V., Thomas, A. G., Stathis, M., Duvall, B., Delahanty, G.,
et al. (2012). Design, synthesis and pharmacological evaluation of bis-
2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl ~ sulfide 3 (BPTES)
analogs as glutaminase inhibitors. J. Med. Chem. 55, 10551-10563.
doi: 10.1021/jm301191p

Singh, N., Sharpley, A. L., Emir, U. E., Masaki, C., Herzallah, M. M,
Gluck, M. A, et al. (2016). Effect of the putative lithium mimetic
ebselen on brain myo-inositol, sleep, and emotional processing in humans.
Neuropsychopharmacology 41, 1768-1778. doi: 10.1038/npp.2015.343

Sonnewald, U., and Schousboe, A. (2016). Introduction to the glutamate-
glutamine cycle. Adv. Neurobiol. 13, 1-7. doi: 10.1007/978-3-319-45096-4_1

Spalloni, A., and Longone, P. (2016). Cognitive impairment in amyotrophic lateral
sclerosis, clues from the SOD1 mouse. Neurosci. Biobehav. Rev. 60, 12-25.
doi: 10.1016/j.neubiorev.2015.11.006

Spilman, P., Podlutskaya, N., Hart, M. J., Debnath, J., Gorostiza, O., Bredesen, D.,
etal. (2010). Inhibition of mTOR by rapamycin abolishes cognitive deficits and
reduces amyloid-f levels in a mouse model of Alzheimer’s disease. PLoS One
10:9979. doi: 10.1371/journal.pone.0009979

Takeuchi, H,, Jin, S., Suzuki, H., Doi, Y., Liang, J., Kawanokuchi, J., et al. (2008).
Blockade of microglial glutamate release protects against ischemic brain injury.
Exp. Neurol. 214, 144-146. doi: 10.1016/j.expneurol.2008.08.001

Tang, Y. C,, Tian, H. X,, Yi, T., and Chen, H. B. (2016). The critical roles of
mitophagy in cerebral ischemia. Protein Cell 7, 699-713. doi: 10.1007/s13238-
016-0307-0

Thomas, A. G., Rojas, C., Tanega, C., Shen, M., Simeonov, A., Boxer, M. B, et al.
(2013). Kinetic characterization of ebselen, chelerythrine and apomorphine
as glutaminase inhibitors. Biochem. Biophys. Res. Commun. 438, 243-248.
doi: 10.1016/j.bbrc.2013.06.110

Turner, M. R, Goldacre, R., Talbot, K, and Goldacre, M. J. (2016).
Cerebrovascular injury as a risk factor for amyotrophic lateral sclerosis.
J. Neurol. Neurosurg. Psychiatry 87, 244-246. doi: 10.1136/jnnp-2015-311157

Vakifahmetoglu-Norberg, H., Xia, H. G., and Yuan, J. (2015). Pharmacologic
agents targeting autophagy. J. Clin. Invest. 125, 5-13. doi: 10.1172/JCI73937

Valavanis, A., Schwarz, U., Baumann, C. R., Weller, M., and Linnebank, M. (2014).
Amyotrophic lateral sclerosis after embolization of cerebral arterioveneous
malformations. J. Neurol. 261, 732-737. doi: 10.1007/s00415-014-7260-8

Vucic, S., Lin, C. S., Cheah, B. C,, Murray, J., Menon, P., Krishnan, A. V,,
et al. (2013a). Riluzole exerts central and peripheral modulating effects
in amyotrophic lateral sclerosis. Brain 136, 1361-1370. doi: 10.1093/brain/
awt085

Vucic, S., Ziemann, U., Eisen, A., Hallett, M., and Kiernan, M. C. (2013b).
Transcranial magnetic stimulation and amyotrophic lateral sclerosis:
pathophysiological insights. J. Neurol. Neurosurg. Psychiatry 84, 1161-1170.
doi: 10.1136/jnnp-2012-304019

Williamson, T. L., and Cleveland, D. W. (1999). Slowing of axonal transport is a
very early event in the toxicity of ALS-linked SOD1 mutants to motor neurons.
Nat. Neurosci. 2, 50-56. doi: 10.1038/4553

Xu, Z., Jung, C., Higgins, C., Levine, J., and Kong, J. (2004). Mitochondrial
degeneration in amyotrophic lateral sclerosis. J. Bioenerg. Biomembr. 36,
395-399. doi: 10.1023/B:JOBB.0000041774.12654.e1

Yamaguchi, T., Sano, K., Takakura, K., Saito, I, Shinohara, Y., Asano, T,
et al. (1998). Ebselen in acute ischemic stroke: a placebo-controlled, double-
blind clinical trial. Ebselen study group. Stroke 29, 12-17. doi: 10.1161/01.str.
29.1.12

Zhang, X., Chen, S., Song, L., Tang, Y., Shen, Y., Jia, L., et al. (2014). MTOR-
independent, autophagic enhancer trehalose prolongs motor neuron survival
and ameliorates the autophagic flux defect in a mouse model of amyotrophic
lateral sclerosis. Autophagy 10, 588-602. doi: 10.4161/auto.27710

Zhang, X., Li, L., Chen, S., Yang, D., Wang, Y., Zhang, X., et al. (2011). Rapamycin
treatment augments motor neuron degeneration in SOD1993A mouse model
of amyotrophic lateral sclerosis. Autophagy 7, 412-425. doi: 10.4161/auto.7.4.
14541

Zhao, J., Lopez, A. L., Erichsen, D., Herek, S., Cotter, R. L., Curthoys, N. P,
et al. (2004). Mitochondrial glutaminase enhances extracellular glutamate
production in HIV-1-infected macrophages: linkage to HIV-1 associated
dementia. J. Neurochem. 88, 169-180. doi: 10.1046/j.1471-4159.2003.02146.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Yuan, Zhang and Li. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2017 | Volume 10 | Article 231


https://doi.org/10.1159/000015908
https://doi.org/10.1016/j.bcp.2013.08.028
https://doi.org/10.18632/oncotarget.14404
https://doi.org/10.18632/oncotarget.14404
https://doi.org/10.1212/01.WNL.0000260965.20021.47
https://doi.org/10.1016/s0278-6915(02)00011-x
https://doi.org/10.1097/00006123-199802000-00040
https://doi.org/10.1093/brain/aws143
https://doi.org/10.1093/brain/aws143
https://doi.org/10.1620/tjem.217.87
https://doi.org/10.1021/jm301191p
https://doi.org/10.1038/npp.2015.343
https://doi.org/10.1007/978-3-319-45096-4_1
https://doi.org/10.1016/j.neubiorev.2015.11.006
https://doi.org/10.1371/journal.pone.0009979
https://doi.org/10.1016/j.expneurol.2008.08.001
https://doi.org/10.1007/s13238-016-0307-0
https://doi.org/10.1007/s13238-016-0307-0
https://doi.org/10.1016/j.bbrc.2013.06.110
https://doi.org/10.1136/jnnp-2015-311157
https://doi.org/10.1172/JCI73937
https://doi.org/10.1007/s00415-014-7260-8
https://doi.org/10.1093/brain/awt085
https://doi.org/10.1093/brain/awt085
https://doi.org/10.1136/jnnp-2012-304019
https://doi.org/10.1038/4553
https://doi.org/10.1023/B:JOBB.0000041774.12654.e1
https://doi.org/10.1161/01.str.29.1.12
https://doi.org/10.1161/01.str.29.1.12
https://doi.org/10.4161/auto.27710
https://doi.org/10.4161/auto.7.4.14541
https://doi.org/10.4161/auto.7.4.14541
https://doi.org/10.1046/j.1471-4159.2003.02146.x
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

	Cell Death-Autophagy Loop and Glutamate-Glutamine Cycle in Amyotrophic Lateral Sclerosis
	INTRODUCTION
	THE ROLE OF AUTOPHAGY IN ALS
	TREHALOSE RESCUES IMPAIRED LYSOSOMAL FUSION AND IMPROVES THE ALS COURSE
	GLUTAMATE AND ROS ALSO PARTICIPATE IN AUTOPHAGY
	NEURON-ASTROCYTE GLUTAMATE-GLUTAMINE CYCLE
	NEUROPROTECTIVE ROLES OF GLUTAMINASE INHIBITORS
	CONCLUSIONS AND FUTURE PROSPECTS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


