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6.1  Introduction

Glutamate is a crucial amino acid which serves a 
fundamental function in the central nervous sys-
tem (CNS) and acts as a signaling substance at 
many excitatory synapses, ordaining on practi-
cally all central neurons. It remains in millimolar 
concentrations chiefly in the presynaptic termi-
nals of excitatory neurons but obtainable through-
out in the brain and spinal cord. As a closely 
regulated process, glutamate release and uptake 
are vigilantly regulated. The exposure to this neu-
rotransmitter must be concise to neurons and at 
its appropriate levels it exhibits proper synaptic 
neurotransmission and/or neurotrophic effects. 
Indeed, when the extracellular concentrations of 
glutamate are increased and remain high for an 
abnormally long duration, as it happens in certain 
pathological conditions, glutamate acts as a 
toxin. In this regard, the notion of glutamatergic 
excitotoxicity was introduced by Olney and col-
laborators in the 1960s early 1970s [1–4], and 
studies in last decades have strongly supported 
the involvement of this hypothesis in neuronal 
death [5–7].

6.2  Glutamate, Astrocytes, 
and Mitochondria

6.2.1  Glutamatergic Excitotoxicity 
in ALS

The case for excitotoxicity in Amyotrophic 
Lateral Sclerosis (ALS) began to surface thanks 
to the pioneer work of Andreas Plaitakis [8–10]. 
His work leads the way to the hypothesis that a 
systemic defect in the metabolism of the excit-
atory amino acid glutamate may lie behind the 
ALS-related motor neuron death, directing the 
attention to the role played by glutamatergic 
excitotoxicity in the ALS etiology. With his col-
leagues at the Department of Neurology at 
Mount Sinai School of Medicine in New York, 
suggested that the delivery of the glutamate 
between the intracellular and extracellular pools 
could be altered, possibly due to the outcome of 
a defected uptake system or release machinery(s) 
[11]. In the same years, Rothstein and collabo-
rators, from the Department of Neurology at 
Johns Hopkins reported irregularities in excit-
atory amino acids in the CNS of ALS patients 
[12, 13]. In the 1990 study, they measured sig-
nificantly higher concentrations of glutamate 
(by 100–200%) in the cerebrospinal fluid (CSF) 
from ALS patients. Although, at first, there were 
conflicting evidences since other groups 
reported a lack of raise in the glutamate concen-
trations of CSF and plasma of ALS patients 

A. Spalloni · M. Nutini · P. Longone (*) 
Experimental Neurology, Molecular Neurobiology 
Unit, Rome, Italy
e-mail: p.longone@hsantalucia.it

6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-0944-1_6&domain=pdf
https://doi.org/10.1007/978-981-13-0944-1_6
mailto:p.longone@hsantalucia.it


62

[14–17], these  observations set off a line of 
research looking at the glutamatergic system 
and excitotoxicity in ALS.

An additional evidence endorsing the involve-
ment of excitotoxicity in the pathology of spo-
radic ALS (sALS) was provided once more by 
Rothstein and collaborators [18]. Using synapto-
somes preparations from spinal cord or other 
impacted brain regions of sALS patients, they 
detected a functional deficiency in the uptake of 
high-affinity sodium-dependent glutamate, the 
GLT-1 glial glutamate transporter. Glutamate 
elimination from the extracellular space, by high-
affinity and low-affinity sodium-dependent carri-
ers expressed by astrocytes and neurons, is the 
primary mechanism for its inactivation [19, 20]. 
The low-affinity glutamate transporter sub-serves 
common metabolic performance. The high-affin-
ity carrier is a constituent of the glutamate neu-
rotransmitter scheme and is accountable for the 
elimination of neurotransmitter glutamate from 
the synaptic cleft [21]. If the extracellular con-
centration of glutamate remains elevated at the 
cleft, it becomes toxic to neurons. Hence, they 
examined the glutamate-transport system in brain 
and spinal cord tissue received from the postmor-
tem brain of ALS patients. They found a signifi-
cant alteration (decrease) in the efficiency of the 
glutamate transport in spinal cord and brain tis-
sue from ALS patients, identifying excitotoxic 
injury as one of the noxious processes beneath 
motor neuron death.

These observations fuelled the interest on glu-
tamate in ALS and encouraged studies to eluci-
date the underlying mechanisms.

6.2.2  Glutamate Receptors

A considerable line of research has looked at the 
receptors that are activated by the neurotransmit-
ter. Physiologically when released glutamate 
binds to its post-synaptic receptors triggering an 
increase in Na+ and Ca2+ concentrations. 
Glutamate activates both ionotropic and metabo-
tropic receptors, with distinct pharmacological 
and molecular profiles. The metabotropic recep-
tors are members of the G-protein coupled recep-

tor superfamily. They arbitrate synaptic 
neurotransmission through the activity of intra-
cellular second messenger. Hence, they mediate 
slow responses.

The ionotropic are ion channels associated 
with the glutamate-mediated rapid responses. 
These are classified into three different subtypes: 
the N-methyl-d-aspartate (NMDA), the alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA), and the kainate receptors. The 
NMDA receptors are usually associated with neu-
ronal plasticity. Pathologically, they mediate sev-
eral acute insults to the CNS, which is consistent 
with their predominant role during a long expo-
sure to elevated levels of glutamate [22]. Even 
though slower acting, AMPA or kainate agonists 
are also compelling neurotoxins and may cause 
extensive neuronal devastation [23]. Ionotropic 
glutamate receptor is highly permeable to Ca2+ 
(with the exception of the AMPA receptors con-
taining the edited GluR2 subunit). Intracellular 
Ca2+ overload is the key feature of the glutamate-
mediated excitotoxicity as demonstrated by 
Dennis Choi in 1985 [24]. In this landmark study, 
glutamate excitotoxicity in neuronal cultures was 
enhanced in a calcium-rich extracellular solution, 
while a calcium-free extracellular solution notice-
ably decreased neurodegeneration. Then, follow-
ing evaluations have established that in the 
glutamate-mediated injury the intracellular cal-
cium sequestered into mitochondria plays an 
important role [25]. When over-activated the 
NMDA receptors allow the entry of excessive 
amounts of Ca2+ that leads to a mitochondrial 
calcium overload that in turn triggers mitochon-
drial dysfunction and activates death signals [26], 
leading to cell death [27]. The NMDA receptors 
are considered to be the primarily responsible for 
the glutamate-mediated Ca2+ entry [28, 29]. In 
ALS, however, since the 1993 work by Couratier 
and co-workers [30], AMPA receptors have been 
considered to be a major player. The authors 
reported that rat neuronal culture exhibited the 
poisonous effects when exposed to CSF obtained 
from ALS patients which was reversed by CNQX, 
an antagonist to the AMPA/kainate receptor, but 
not by MK-801 and AP7, two NMDA receptor 
antagonists. Hence, their data were a strong 
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 indication that AMPA receptors are the main 
intermediaries in the glutamate-mediated motor 
neuron death. An additional evidence is offered 
by the environmental neurotoxins β-N-
methylamino-l-alanine (BMAA), believed to be 
correlated to the Amyotrophic Lateral Sclerosis-
Parkinsonism Dementia Complex of Guam [31, 
32], that again is supposed to be toxic through the 
commencement of the glutamate receptors [33], 
mainly of the AMPA subtypes [34]. These evi-
dences have shaped the studies that have looked at 
the glutamate-mediated excitotoxicity standpoint, 
focusing essentially on role played by the AMPA 
subtype of receptor in several “in vitro” [35–38] 
and “in vivo” [39–43] findings. Although the 
impact of NMDA receptors in ALS excitotoxicity 
shouldn’t be overlooked [44–47].

These observations while helping define the 
role of glutamate in motor neuron death have 
linked glutamatergic-mediated toxicity to two 
additional frontrunners in the ALS-related patho-
physiology: astrocytes and mitochondria.

6.2.3  Spinal Cord Astrocytes in ALS

Astrocytes are the ample populated cells in the 
CNS (~50% by volume). They have a virtual 
interaction with neurons, with a metabolism, 
involving energy generating pathways and amino 
acid homeostasis firmly coupled to that of neu-
rons [48, 49]. When Rothstein and collaborators 
reported a dramatic decrease in the GLT-1/
EAAT2 immunoreactive protein in motor cortex 
and spinal cord of patients of ALS [18], they 
highlighted the glial contribution to the motor 
neuron demeanor. Then, they punctually demon-
strated, by chronically inhibit the synthesis of 
the glutamate transporter, employing antisense 
oligonucleotides, that GLT-1/EAAT2 and 
GLAST/EAAT1 are the main accountable for 
the amplified glutamate concentration extracel-
lularly and the subsequent glutamate-mediated 
toxicity [50]. Beyond their precise proposition 
for perceptive ALS, the studies by Rothstein’s 
group supported the view that astrocytes are 
directly involved in the pathological process of 
ALS.  This hypothesis was also suggested by a 

study on postmortem human spinal cords, where 
the authors concluded that the disease mecha-
nism in sporadic ALS may involve alterations in 
spinal cord astrocytes [51].

Bruijn et al. [52] reported in a study carried on 
in the transgenic mice overexpressing human 
G85R SOD1, a murine model of familial ALS 
(fALS), the presence of numerous inclusions in 
astrocytes that preceded the appearance of simi-
lar inclusions in neurons. They suggested that 
besides the glutamate transporter malfunction, 
molecular targets, present within the astrocytes, 
and possibly damaged by mutant SOD1, while 
affecting astrocytes were harming motor neu-
rons. Additional studies confirmed that neuronal 
Lewy-body-like hyaline inclusion and astrocytic 
hyaline inclusion were morphological trademark 
of SOD1-linked familial ALS patients and mice 
expressing the human SOD1G85R mutation [53, 
54]. These findings were further confirmed 
by  Watanabe et  al. [55] in two other SOD1 
fALS  mouse models the SOD1G93A and 
SOD1G37R. They reported the presence of pro-
teinaceous accumulations in astrocytes and con-
cluded that abnormal astroglial biology could be 
important in the cell death in ALS.

To clearly understand glial role in ALS genet-
ically engineered mice with a restricted over-
expression of mutant SOD1 only in astrocytes 
or only in neurons have been extremely valu-
able. Gong et al. [56] generated transgenic mice 
with mutant SOD1 overexpression restricted to 
the astrocytes to see whether these mice would 
extend unplanned motor neuron degeneration 
and astrocytic pathology. Their experiments 
demonstrated that when mutant SOD1 expres-
sion is limited to astrocytes it causes signifi-
cant pathological changes within astrocytes but 
was insufficient to cause motor neuron death or 
motor dysfunction in vivo. Their conclusion was 
that astrocytosis in mutant SOD1 is the result 
of a combined neuronal function impairment 
as well as prime straight astrocytic dysfunc-
tion. Soon after Rouleau and co-workers [57] 
generated transgenic SOD1G37R mice driven 
by the neurofilament light chain promoter, to 
test whether motor neuron restricted expres-
sion of mutant SOD1 was adequate for disease 
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occurrence. They found that the neuronal cell-
specific expression of mutant SOD1 does not 
originate noteworthy motor neuronal cell death 
and reported that their mice seems healthy at 
age of more than 18  months. On the contrary, 
when ubiquitously express the SOD1G37R 
gene causes the disease as early as 3.5 months 
and produces clear pathological features in 
motor neurons (cytoplasmic vacuoles in den-
drites, proximal axons, and perikarya, including 
degenerating and swollen mitochondria) [58]. 
Another group [59] created a G85R mutant 
SOD1 deletion, with a confined expression to 
spinal motor neurons and interneurons. Their 
transgene generated pathological (loss of motor 
neurons) and immunohistochemical symbols 
of motor neuron degeneration (ubiquitin stain-
ing) only in the mutant SOD1-immunoreactive 
cells, without any clear phenotypical signs. 
They believed that their mice did not build up 
the clinical disease because the mutant SOD1 
expression occur only in a few motor neurons 
and that a more extensive motor neuron degen-
eration would be necessary for the disease to 
become clinically apparent. Hence, they argued 
that their data diverged, for this reason, from 
earlier published studies in which mutant SOD1 
focused by neuronal promoters abortive to gen-
erate either clinical or pathological verification 
of motor neuron degeneration [57, 60]. Whether 
or not this is the case, these data clearly assess 
that mutant SOD1 has to be overexpressed in 
both neurons and glia to be able to trigger the 
disease and show its phenotype “in vivo.” An 
interesting manuscript is the one by Hensley 
et al., [61] showing that primary cultures astro-
cytes carrying the SOD1G93A mutation hold 
an altered unstable phenotype prone to produce 
proinflammatory substances and enter a proin-
flammatory state.

These observations set the tone to a new view 
for ALS, as a non-cell autonomous disease [62]. 
Classically, neurotoxicity in neurodegenerative 
diseases is viewed as a process where a particular 
neuronal population is mainly susceptible to a 
collective toxic load (i.e., toxic mutant proteins). 
The chronic damage caused by this toxicity, com-
bined with aging, reaches a verge that crushes the 

neuron’s protective machineries leading to its 
death. Initially, this process was seen as cell 
autonomous, self-regulating for the damage gath-
ered within other cell types interacting with the 
neuronal cells. This view has now changed. 
Cleveland and co-workers using a Cre/loxP 
SOD1G37R transgenic mice have showed a con-
tribution of diverse cell types to mutant SOD1-
induced motor neuron disease. They constructed 
chimeric mice that incorporated combination of 
normal and mutant SOD1-expressing cells. Their 
analyses show that elevated levels of expression 
of mutant SOD1 in most [63] or all [64] motor 
neurons are insufficient for early onset of disease, 
thus linking disease initiation to the synthesis of 
mutant proteins by non-motor neurons. Then, 
cell type-dependent excision in mice-expressing 
transgenes flanked by lox sites has contributed to 
ascertain the identities of cells whose mutant 
SOD1 synthesis participates in the disease 
pathology. The same authors elegantly proved 
that the selective expression to motor neurons of 
a ALS-linked SOD1 mutant delayed disease 
onset, but the degree of disease progression did 
not alter after the disease onset [62, 65]. 
Specifically, they demonstrated that a decreased 
expression of SOD1G37R in microglia and acti-
vated macrophages offered slight effect on the 
initial phase of the disease onset, but their effect 
could increase with disease progression and 
could significantly slow down the late phase. In 
other words, the disease onset between this model 
and the one that overexpresses mutant SOD1 
ubiquitously was similar, while the disease dura-
tion after the onset was significantly higher in the 
selective-expressing mutant.

Apart from the role played in ALS, the depen-
dence of neurons on astrocytes for their energy 
metabolism and glutamate synthesis [48] is criti-
cal. Neurons need astrocytes to maintain the 
right levels of glutamate, behind its clearance 
from the cleft. They lack the enzyme pyruvate 
carboxylase, for this reason they rely on astro-
cyte cells for de novo glutamate synthesis [66–
68]. Moreover, the astrocyte-derived glucose is 
an essential precursor for the glutamate synthe-
sis [69], and in maintaining its optimum concen-
tration [70].
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6.3  Mitochondria and Calcium 
Loading in Glutamate 
Excitotoxicity

As discussed above, the excessive activation of 
the ionotropic glutamatergic receptors leads to 
the deficit of post-synaptic structures (i.e., den-
drites) and neuronal cell bodies. In this context in 
a neurodegenerative disease as ALS, where neu-
ronal cell death take place over an comprehensive 
time period, we can envision a condition of 
chronic glutamate-mediated excitotoxicity. In 
other words, a long repeated activation of the glu-
tamatergic receptors determined by an increased 
extracellular glutamate concentration may lead to 
the nerve cell death.

As a proof of concept, organotypic spinal cord 
cultures have been utilized to investigate chronic 
glutamate toxicity [71]. These organotypic cul-
tures may be asserted for up to 3 months. Using 
two different glutamate uptake inhibitors (threo-
hydroxyaspartate and pyrrolidinedicarboxylic 
acid), the authors obtained a continual increase of 
glutamate in the cell culture medium that they 
linked to a concentration- and duration-depen-
dent motor neuronal cell death. They also 
reported that the glutamate-mediated neuronal 
death was neutralized by non-NMDA receptor 
antagonists and inhibitors of glutamate synthesis 
or its release. Their experiments revealed that a 
moderate and prolonged increased of extracellu-
lar glutamate can induce toxicity.

Chronic excitotoxicity has also been linked 
with the Guamanian amyotrophic lateral sclero-
sis/Parkinson-dementia complex (ALS/PDC), 
BMAA toxin, from the cycad Cycas circinalis, is 
considered a possible cause [72]. Although the 
evidence of its association to the Guanamian 
ALS/PDC is still controversial [72], the oral dos-
ing of BMAA to macaques causes a motor sys-
tem impairment affecting both upper and lower 
motor neurons and also on the extrapyramidal 
system [73].

Mitochondria are the cellular power plant. 
They are highly dynamic organelles controlled 
by an array of physiological stimulus that 
change their shape through the fission/fusion 
cycle. Metabolic function during physiological 

cellular life may contribute dysfunction of mito-
chondria and their damage. A significant burden 
for their homeostasis mainly in post-mitotic tis-
sues, such as the brain, is the oxidative damage. 
With age they accumulate altered proteins in 
their matrix (i.e., oxidized and glycoxidized), 
and their ATP-stimulated proteolytic activity 
decreases considerably [74].

They play complex, interdigitated roles in 
cellular physiology, have a crucial role in pro-
viding the brain with energy (ATP generation), 
and are central in cell death mechanisms through 
the activation of cellular suicide programs (i.e., 
apoptosis) [75]. In addition to providing the 
ATP necessary to maintain ionic gradients, they 
can also buffer cytosolic Ca2+ [76], thanks to 
their large electrochemical potential [77]. 
Mitochondria shape the Ca2+ responses in neu-
rons by taking up large amounts of the ion [78, 
79]. This has been observed in neurons stimu-
lated with glutamate [80, 81]. Hence, there is a 
direct dependency between the glutamate-medi-
ated Ca2+ response and mitochondrial 
homeostasis.

Mitochondrial alterations in ALS were sug-
gested by neuropathological studies on postmor-
tem human patients [82]. Then, the mitochondrial 
involvement in ALS became obvious when, 
thanks to the mutant SOD1 transgenes, the ana-
tomical analyses of the affected tissues revealed 
the presence of numerous membrane-bound vac-
uoles in the G93A and G37R lines. These vacu-
oles were evident prior to the last phase of the 
disease and seem to be originated from dilated 
mitochondria [58, 83] and the endoplasmic retic-
ulum [83]. Subsequent studies have confirmed 
that mitochondrial abnormalities are an early fea-
ture in ALS and that mitochondrial degeneration 
is an important early event [84, 85].

Weiss and co-workers were within the first to 
investigate, in spinal neurons, the downstream 
sequelae of Ca2+ entry by the Ca2+ permeable 
AMPA/Kainate ionotropic glutamate receptors 
[35, 86, 87]. They found that motor neurons were 
extremely susceptible to the chronic Ca2+-
dependent mediated injury of those receptors [35, 
86]. Then, they extended their analyses and 
focused on mitochondria and reactive oxygen 
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species (ROS) generation [87]. They reported 
that motor neurons are more susceptible, than 
GABAergic cortical neurons, to AMPA/kainate 
receptor-mediated damage essentially because 
their activation triggers substantial mitochondrial 
Ca2+ excess, mitochondrial depolarization and 
ROS production. They concluded that the expres-
sion of Ca2+ permeable AMPA receptor channels 
by motor neurons probably contributes to their 
extreme susceptibility in ALS.

Consistent with these data supporting the role 
of calcium and oxidative stress in the pathology 
of ALS is the work by Kruman et al. [88]. The 
authors further confirmed the augmented vulner-
ability of MOTOR NEURONs from mutant 
SOD1 to excitotoxicity and clarify some of the 
fundamental machineries. They identify elevated 
basal-oxidative stress and disturbed mitochon-
drial functions in the mutant spinal cord cultures. 
Moreover, excitotoxic experiments let them to 
conclude that mutant motor neurons were 
extremely vulnerable to the AMPA-mediated glu-
tamate toxicity and that their Ca2+ homeostasis 
is perturbed. They also reported that antioxidant 
and Ca2+-reducing agents were protecting 
against glutamate-mediated toxicity. We have 
reported a differential expression of the AMPA 
receptor subunits in mutant SOD1G93A spinal 
motor neuron in culture [38]. Using the single-
cell PCR technology, we were able to demon-
strate that the mutant SOD1 alters the AMPA 
receptor isoforms and subunit composition lead-
ing to the expression of a high-gain AMPA recep-
tor that desensitizes more slowly with a longer 
receptor open time. This provokes an elevated 
Na+ influx with a resulting extended cell depolar-
ization and opening of voltage-sensitive Ca2+ 
channels, with an increase in the intracellular 
Ca2+ and subsequently increased excitotoxicity 
[38]. The mitochondrial involvement in ALS has 
also been demonstrated for the cortical motor 
neurons. Van Westerlaak and co-workers using a 
rat cortical explant culture model determined that 
the persistent mitochondrial inhibition ensued in 
a dose-dependent rise of cortico-spinal motor 
neuron death. The neuronal death was reverted 

by the NMDA antagonist MK-801 and the non-
NMDA antagonist CNQX clearly showed the 
role of glutamate through both non-NMDA and 
NMDA receptors [89, 90].

In the work by Avossa et al. [91] using organ-
otypic slice cultures from wild-type and 
SOD1G93A spinal cords, early signs of mito-
chondria vacuolization in the mutant ventral 
horns were not found. However, other works 
confirmed the occurrence of altered/malfunc-
tioning mitochondria in spinal and cortical 
motor neurons, combined with glutamatergic 
excitotoxicity.

Calderò and collaborators working with an 
organotypic slice culture from chick embryos spi-
nal cord examined the motor neuron response to 
various excitotoxins. Their results confirmed the 
high motor neuron sensitivity to kainate and 
NMDA. Moreover, their results show that motor 
neurons are also highly vulnerable to persistent 
inhibition of mitochondrial functions with malo-
nate and 3-nitropropionic acid (3-NP), which did 
cause excitotoxic-like lesions. They conclude that 
their data reveal a positive association among exci-
totoxicity and mitochondrial dysfunction in 
MOTOR NEURONs [45]. The protective effects 
of pyruvate and β-hydroxybutyrate (βHB) as 
energy substrates in association with the antioxi-
dants glutathione ethyl ester and ascorbate in a 
chronic AMPA-induced neurodegeneration were 
also demonstrated by Tapia and co-workers [92]. 
Again, more recently Tapia’s group [93] showed 
that AMPA perfusion in the lumbar rat spinal cord 
causes motor neurons death and the permanent 
paralysis of the ipsilateral hind limb. Interestingly, 
they reported mitochondrial dysfunction as an 
early hallmark of neuronal degeneration, pre-
vented when AMPA was perfused together with 
pyruvate. The authors demonstrated that the pro-
gressive motor deficits, massive death of lumbar 
spinal MOTOR NEURONs, and noteworthy astro-
gliosis in the ventral horns following “in vivo” 
AMPA infusion was prevented by the co-infusion 
of pyruvate or βHB,  while the antioxidants co-
infusion was ineffective. They concluded that the 
protection observed with pyruvate and βHB, two 
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well-recognized mitochondrial energy substrates, 
is indicative of the importance that the deficit in 
mitochondrial energy  metabolism has in the exci-
totoxic AMPA-dependent motor neuron death.

Mitochondria are central in the ALS-related 
pathology as self-governing organelles, and as 
interconnected organelles in cross talk especially 
with the endoplasmic reticulum [94]. In this con-
text, the endoplasmic reticulum–mitochondria–
Ca2+ cycle (ERMCC) and its link to the 
disruption of the Ca2+ homeostasis, determined 
by glutamate-mediated is gaining momentum 
[95, 96]. Indeed, Ca2+ dysregulation, which is 
generally triggered by neuronal over-activation, 

is closely interconnected with the mitochondrial 
pathology Cozzolino and Carri [97].

It has been reported that glutamatergic excito-
toxicity is one of the first pathological pathways 
related to the motor neuronal death in ALS [98]. 
However, this event could be submissive by other 
players in the ALS pathophysiology, which may 
lead to hyperexcitability (i.e., GABAergic inter-
neurons impairment, Na+ channels malfunction, 
and altered K+ concentration at the cleft; [99]). 
Since the central role of glutamate in neuronal 
function and brain homeostasis is well accepted, 
it retains a noteworthy role in the disease pathol-
ogy (Fig. 6.1).

Fig. 6.1 Glutamatergic transmission in ALS pathology. 
(a) During physiological conditions, glutamate released 
by the presynaptic motor neuron which stimulates its 
receptors on the post-synaptic neuron to generate excit-
atory post-synaptic potentials (EPSPs) and contribute to 
neuronal plasticity. (b) In ALS presynaptic motor neuron 
generates excessive glutamate release. In addition, the 
concurrent incident of a reduced expression of the glial 
glutamate transporter GLAST/GLT1 ascertains a patho-
logical rise in the extracellular levels of glutamate in the 

synaptic cleft. This offers an over-stimulation of the gluta-
mate receptors on the post-synaptic neurons with a resul-
tant cellular excitotoxicity on top of synchronized factors 
such as mitochondrial failure and endoplasmic reticulum 
(ER) stress. Moreover, both neuronal and astrocyte cells 
build up proteinaceous aggregates (PA), increased Ca2+ 
and reactive oxygen/nitrogen species (ROS/RNS) levels. 
The incidence of all these measures leads to cellular 
death. (From Spalloni et al. [47])

Presynaptic
neuron

Astrocyte

Synaptic
cleft

Synaptic
cleft

EPSP

Neuronal
plasticity

Postsynaptic
neuron

Cell succumbs to
excitotoxicity

Postsynaptic
neuron

GLT1

RNS

ROS

ROS
ER stress

Scaffolding proteins
PA

Mitochondrion

Ca2+

Ca2+

PA

Reactive
astrocyte

Hyperexcitability

Presynaptic
neuron

GLAST

Glutamate

mGluR

NMDAR

AMPAR

Kainate

Scaffolding proteins

action
potential

a b

 

6 Glutamate in Amyotrophic Lateral Sclerosis: An Ageless Contestant



68

References

 1. Olney JW, Sharpe LG.  Brain lesions in an infant 
rhesus monkey treated with monsodium glutamate. 
Science. 1969;166:386–8.

 2. Olney JW. Glutamate-induced neuronal necrosis in the 
infant mouse hypothalamus. An electron microscopic 
study. J Neuropathol Exp Neurol. 1971;30:75–90.

 3. Olney JW, Sharpe LG, Feigin RD. Glutamate-induced 
brain damage in infant primates. J Neuropathol Exp 
Neurol. 1972;31:464–88.

 4. Olney JW. New mechanisms of excitatory transmitter 
neurotoxicity. J Neural Transm Suppl. 1994;43:47–51.

 5. Greenamyre JT. The role of glutamate in neurotrans-
mission and in neurologic disease. Arch Neurol. 
1986;43:1058–63.

 6. Choi DW.  Glutamate neurotoxicity and diseases of 
the nervous system. Neuron. 1988;1:623–34.

 7. Sattler R, Tymianski M.  Molecular mechanisms of 
glutamate receptor-mediated excitotoxic neuronal cell 
death. Mol Neurobiol. 2001;24:107–29.

 8. Plaitakis A, Caroscio JT. Abnormal glutamate metab-
olism in amyotrophic lateral sclerosis. Ann Neurol. 
1987;22:575–9.

 9. Plaitakis A.  Glutamate dysfunction and selective 
motor neuron degeneration in amyotrophic lateral 
sclerosis: a hypothesis. Ann Neurol. 1990;28:3–8.

 10. Plaitakis A, Constantakakis E.  Altered metabolism 
of excitatory amino acids, N-acetyl-aspartate and 
N-acetyl-aspartyl-glutamate in amyotrophic lateral 
sclerosis. Brain Res Bull. 1993;30:381–6.

 11. Plaitakis A, Constantakakis E, Smith J.  The neuro-
excitotoxic amino acids glutamate and aspartate are 
altered in the spinal cord and brain in amyotrophic 
lateral sclerosis. Ann Neurol. 1988;24:446–9.

 12. Rothstein JD, Tsai G, Kuncl RW, Clawson L, 
Cornblath DR, Drachman DB, Pestronk A, Stauch 
BL, Coyle JT.  Abnormal excitatory amino acid 
metabolism in amyotrophic lateral sclerosis. Ann 
Neurol. 1990;28:18–25.

 13. Rothstein JD, Kuncl R, Chaudhry V, Clawson L, 
Cornblath DR, Coyle JT, Drachman DB. Excitatory 
amino acids in amyotrophic lateral sclerosis: an 
update. Ann Neurol. 1991;30:224–5.

 14. Meier DH, Schott KJ. Free amino acid pattern of cere-
brospinal fluid in amyotrophic lateral sclerosis. Acta 
Neurol Scand. 1988;77:50–3.

 15. Perry TL, Krieger C, Hansen S, Eisen A. Amyotrophic 
lateral sclerosis: amino acid levels in plasma and cere-
brospinal fluid. Ann Neurol. 1990;28:12–7.

 16. Cottell E, Hutchinson M, Simon J, Harrington 
MG.  Plasma glutamate levels in normal subjects 
and in patients with amyotrophic lateral sclero-
sis. Biochem Soc Trans. 1990;18:283. https://doi.
org/10.1042/bst0180283.

 17. Blin O, Samuel D, Nieoullon A, Serratice G. Changes 
in CSF amino acid concentrations during the evolution 
of amyotrophic lateral sclerosis. J Neurol Neurosurg 
Psychiatry. 1994;57:119–20.

 18. Rothstein JD, Martin LJ, Kuncl RW.  Decreased 
glutamate transport by the brain and spinal cord 
in amyotrophic lateral sclerosis. N Engl J Med. 
1992;326:1464–8.

 19. Palmada M, Centelles JJ.  Excitatory amino acid 
neurotransmission. Pathways for metabolism, stor-
age and reuptake of glutamate in brain. Front Biosci. 
1998;3:d701–18.

 20. Danbolt NC.  Glutamate uptake. Prog Neurobiol. 
2001;65:1–105.

 21. Shigeri Y, Seal RP, Shimamoto K. Molecular phar-
macology of glutamate transporters, EAATs and 
VGLUTs. Brain Res Brain Res Rev. 2004;45:250–65.

 22. Paoletti P, Bellone C, Zhou Q.  NMDA receptor 
subunit diversity: impact on receptor properties, 
synaptic plasticity and disease. Nat Rev Neurosci. 
2013;14:383–400. https://doi.org/10.1038/nrn3504.

 23. Weiss JH, Sensi SL. Ca2+-Zn2+ permeable AMPA or 
kainate receptors: possible key factors in selective neu-
rodegeneration. Trends Neurosci. 2000;23:365–71.

 24. Choi DW.  Glutamate neurotoxicity in cortical 
cell culture is calcium dependent. Neurosci Lett. 
1985;58:293–7.

 25. Schinder AF, Olson EC, Spitzer NC, Montal 
M. Mitochondrial dysfunction is a primary event in glu-
tamate neurotoxicity. J Neurosci. 1996;16:6125–33.

 26. Nicholls DG.  Mitochondrial calcium function and 
dysfunction in the central nervous system. Biochim 
Biophys Acta. 2009;1787:1416–24. https://doi.
org/10.1016/j.bbabio.2009.03.010.

 27. Orrenius S, Zhivotovsky B, Nicotera P. Regulation of 
cell death: the calcium–apoptosis link. Nat Rev Mol 
Cell Biol. 2003;4:552–65.

 28. Tymianski M, Charlton MP, Carlen PL, Tator 
CH.  Source specificity of early calcium neurotoxic-
ity in cultured embryonic spinal neurons. J Neurosci. 
1993;13:2085–104.

 29. Hardingham GE, Bading H.  Synaptic versus extra-
synaptic NMDA receptor signalling: implications 
for neurodegenerative disorders. Nat Rev Neurosci. 
2010;11:682–96. https://doi.org/10.1038/nrn2911.

 30. Couratier P, Hugon J, Sindou P, Vallat JM, Dumas 
M. Cell culture evidence for neuronal degeneration in 
amyotrophic lateral sclerosis being linked to glutamate 
AMPA/kainate receptors. Lancet. 1993;341:265–8.

 31. Spencer PS, Nunn PB, Hugon J, Ludolph AC, 
Ross SM, Roy DN, Robertson RC.  Guam amyo-
trophic lateral sclerosis–parkinsonism-dementia 
linked to a plant excitant neurotoxin. Science. 
1987;237:517–22.

 32. Duncan MW, Steele JC, Kopin IJ, Markey SP. 
2-Amino-3-(methylamino)-propanoic acid (BMAA) 
in cycad flour: an unlikely cause of amyotrophic lat-
eral sclerosis and parkinsonism-dementia of Guam. 
Neurology. 1990;40:767–72.

 33. Lobner D, Piana PM, Salous AK, Peoples RW. Beta-
N-methylamino-L-alanine enhances neurotoxic-
ity through multiple mechanisms. Neurobiol Dis. 
2007;25:360–6.

A. Spalloni et al.

https://doi.org/10.1042/bst0180283
https://doi.org/10.1042/bst0180283
https://doi.org/10.1038/nrn3504
https://doi.org/10.1016/j.bbabio.2009.03.010
https://doi.org/10.1016/j.bbabio.2009.03.010
https://doi.org/10.1038/nrn2911


69

 34. Rao SD, Banack SA, Cox PA, Weiss JH.  BMAA 
selectively injures motor neurons via AMPA/kainate 
receptor activation. Exp Neurol. 2006;201:244–52.

 35. Carriedo SG, Yin HZ, Weiss JH. Motor neurons are 
selectively vulnerable to AMPA/kainate receptor-
mediated injury in vitro. J Neurosci. 1996;16:4069–79.

 36. Roy J, Minotti S, Dong L, Figlewicz DA, Durham 
HD. Glutamate potentiates the toxicity of mutant Cu/
Zn-superoxide dismutase in motor neurons by post-
synaptic calcium-dependent mechanisms. J Neurosci. 
1998;18:9673–84.

 37. Pieri M, Gaetti C, Spalloni A, Cavalcanti S, Mercuri N, 
Bernardi G, Longone P, Zona C. alpha-Amino-3-hy-
droxy-5-methyl-isoxazole-4-propionate receptors in 
spinal cord motor neurons are altered in transgenic 
mice overexpressing human Cu,Zn superoxide dis-
mutase (Gly93-->Ala) mutation. Neuroscience. 
2003;122:47–58.

 38. Spalloni A, Albo F, Ferrari F, Mercuri N, Bernardi 
G, Zona C, Longone P. Cu/Zn-superoxide dismutase 
(GLY93-->ALA) mutation alters AMPA receptor 
subunit expression and function and potentiates kai-
nate-mediated toxicity in motor neurons in culture. 
Neurobiol Dis. 2004;15:340–50.

 39. Van Damme P, Leyssen M, Callewaert G, Robberecht 
W, Van Den Bosch L.  The AMPA receptor antago-
nist NBQX prolongs survival in a transgenic mouse 
model of amyotrophic lateral sclerosis. Neurosci Lett. 
2003;343:81–4.

 40. Corona JC, Tapia R.  AMPA receptor activation, 
but not the accumulation of endogenous extracel-
lular  glutamate, induces paralysis and motor neu-
ron death in rat spinal cord in  vivo. J Neurochem. 
2004;89:988–97.

 41. Tateno M, Sadakata H, Tanaka M, Itohara S, Shin 
RM, Miura M, Masuda M, Aosaki T, Urushitani M, 
Misawa H, Takahashi R. Calcium-permeable AMPA 
receptors promote misfolding of mutant SOD1 pro-
tein and development of amyotrophic lateral sclero-
sis in a transgenic mouse model. Hum Mol Genet. 
2004;13:2183–96.

 42. Tortarolo M, Grignaschi G, Calvaresi N, Zennaro E, 
Spaltro G, Colovic M, Fracasso C, Guiso G, Elger 
B, Schneider H, Seilheimer B, Caccia S, Bendotti 
C. Glutamate AMPA receptors change in motor neu-
rons of SOD1G93A transgenic mice and their inhibi-
tion by a noncompetitive antagonist ameliorates the 
progression of amytrophic lateral sclerosis-like dis-
ease. J Neurosci Res. 2006;83:134–46.

 43. Corona JC, Tapia R. Ca2+-permeable AMPA receptors 
and intracellular Ca2+ determine motoneuron vulner-
ability in rat spinal cord in vivo. Neuropharmacology. 
2007;52:1219–28.

 44. Urushitani M, Nakamizo T, Inoue R, Sawada H, Kihara 
T, Honda K, Akaike A, Shimohama S. N-methyl-D-
aspartate receptor-mediated mitochondrial Ca(2+) 
overload in acute excitotoxic motor neuron death: a 
mechanism distinct from chronic neurotoxicity after 
Ca(2+) influx. J Neurosci Res. 2001;63:377–87.

 45. Brunet N, Tarabal O, Esquerda JE, Calderó 
J.  Excitotoxic motoneuron degeneration induced by 
glutamate receptor agonists and mitochondrial tox-
ins in organotypic cultures of chick embryo spinal 
cord. J Comp Neurol. 2009;516:277–90. https://doi.
org/10.1002/cne.22118.

 46. Nutini M, Frazzini V, Marini C, Spalloni A, Sensi SL, 
Longone P.  Zinc pre-treatment enhances NMDAR-
mediated excitotoxicity in cultured cortical neurons 
from SOD1(G93A) mouse, a model of amyotrophic 
lateral sclerosis. Neuropharmacology. 2011;60:1200–
8. https://doi.org/10.1016/j.neuropharm.2010.11.001.

 47. Spalloni A, Nutini M, Longone P.  Role of the 
N-methyl-d-aspartate receptors complex in amyo-
trophic lateral sclerosis. Biochim Biophys Acta. 
2013;1832:312–22. https://doi.org/10.1016/j.bba-
dis.2012.11.013. Epub 2012 Nov 29. Review.

 48. Bak LK, Schousboe A, Waagepetersen HS. The glu-
tamate/GABA-glutamine cycle: aspects of transport, 
neurotransmitter homeostasis and ammonia transfer. J 
Neurochem. 2006;98:641–53.

 49. Hertz L, Dienel GA. Energy metabolism in the brain. 
Int Rev Neurobiol. 2002;51:1–102.

 50. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol 
LA, Jin L, Kuncl RW, Kanai Y, Hediger MA, Wang Y, 
Schielke JP, Welty DF. Knockout of glutamate trans-
porters reveals a major role for astroglial transport in 
excitotoxicity and clearance of glutamate. Neuron. 
1996;16:675–86.

 51. O’Reilly SA, Roedica J, Nagy D, Hallewell RA, 
Alderson K, Marklund SL, Kuby J, Kushner 
PD. Motor neuron-astrocyte interactions and levels of 
Cu,Zn superoxide dismutase in sporadic amyotrophic 
lateral sclerosis. Exp Neurol. 1995;131:203–10.

 52. Bruijn LI, Becher MW, Lee MK, Anderson KL, 
Jenkins NA, Copeland NG, Sisodia SS, Rothstein JD, 
Borchelt DR, Price DL, Cleveland DW. ALS-linked 
SOD1 mutant G85R mediates damage to astrocytes 
and promotes rapidly progressive disease with SOD1-
containing inclusions. Neuron. 1997;18:327–38.

 53. Kato S, Saito M, Hirano A, Ohama E.  Recent 
advances in research on neuropathological aspects of 
familial amyotrophic lateral sclerosis with superoxide 
dismutase 1 gene mutations: neuronal Lewy body-like 
hyaline inclusions and astrocytic hyaline inclusions. 
Histol Histopathol. 1999;14:973–89.

 54. Kato S, Takikawa M, Nakashima K, Hirano A, 
Cleveland DW, Kusaka H, Shibata N, Kato M, 
Nakano I, Ohama E. New consensus research on neu-
ropathological aspects of familial amyotrophic lateral 
sclerosis with superoxide dismutase 1 (SOD1) gene 
mutations: inclusions containing SOD1  in neurons 
and astrocytes. Amyotroph Lateral Scler Other Motor 
Neuron Disord. 2000;1:163–84.

 55. Watanabe M, Dykes-Hoberg M, Culotta VC, Price 
DL, Wong PC, Rothstein JD. Histological evidence of 
protein aggregation in mutant SOD1 transgenic mice 
and in amyotrophic lateral sclerosis neural tissues. 
Neurobiol Dis. 2001;8:933–41.

6 Glutamate in Amyotrophic Lateral Sclerosis: An Ageless Contestant

https://doi.org/10.1002/cne.22118
https://doi.org/10.1002/cne.22118
https://doi.org/10.1016/j.neuropharm.2010.11.001
https://doi.org/10.1016/j.bbadis.2012.11.013
https://doi.org/10.1016/j.bbadis.2012.11.013


70

 56. Gong YH, Parsadanian AS, Andreeva A, Snider WD, 
Elliott JL.  Restricted expression of G86R Cu/Zn 
superoxide dismutase in astrocytes results in astrocy-
tosis but does not cause motoneuron degeneration. J 
Neurosci. 2000;20:660–5.

 57. Pramatarova A, Laganière J, Roussel J, Brisebois K, 
Rouleau GA.  Neuron-specific expression of mutant 
superoxide dismutase 1 in transgenic mice does not lead 
to motor impairment. J Neurosci. 2001;21:3369–74.

 58. Wong PC, Pardo CA, Borchelt DR, Lee MK, Copeland 
NG, Jenkins NA, Sisodia SS, Cleveland DW, Price 
DL.  An adverse property of a familial ALS-linked 
SOD1 mutation causes motor neuron disease char-
acterized by vacuolar degeneration of mitochondria. 
Neuron. 1995;14:1105–16.

 59. Wang L, Sharma K, Grisotti G, Roos RP. The effect of 
mutant SOD1 dismutase activity on non-cell autono-
mous degeneration in familial amyotrophic lateral 
sclerosis. Neurobiol Dis. 2009;35:234–40. https://doi.
org/10.1016/j.nbd.2009.05.002.

 60. Lino MM, Schneider C, Caroni P.  Accumulation of 
SOD1 mutants in postnatal motoneurons does not 
cause motoneuron pathology or motoneuron disease. 
J Neurosci. 2002;22:4825–32.

 61. Hensley K, Abdel-Moaty H, Hunter J, Mhatre M, Mou 
S, Nguyen K, Potapova T, Pye QN, Qi M, Rice H, 
Stewart C, Stroukoff K, West M. Primary glia expressing 
the G93A-SOD1 mutation present a neuroinflammatory 
phenotype and provide a cellular system for studies of 
glial inflammation. J Neuroinflammation. 2006;3:2.

 62. Boillee S, VandeVelde C, Cleveland DW. ALS: a dis-
ease of motor neurons and their nonneuronal neigh-
bors. Neuron. 2006;52:39–59.

 63. Clement AM, Nguyen MD, Roberts EA, Garcia ML, 
Boillée S, Rule M, McMahon AP, Doucette W, Siwek 
D, Ferrante RJ, Brown RH Jr, Julien JP, Goldstein LS, 
Cleveland DW.  Wild-type nonneuronal cells extend 
survival of SOD1 mutant motor neurons in ALS mice. 
Science. 2003;302:113–7.

 64. Yamanaka K, Boillee S, Roberts EA, Garcia ML, 
McAlonis-Downes M, Mikse OR, Cleveland DW, 
Goldstein LS. Mutant SOD1 in cell types other than 
motor neurons and oligodendrocytes accelerates 
onset of disease in ALS mice. Proc Natl Acad Sci 
U S A. 2008;105:7594–9. https://doi.org/10.1073/
pnas.0802556105.

 65. Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N, 
Yamashita H, Gutmann DH, Takahashi R, Misawa 
H, Cleveland DW.  Astrocytes as determinants of 
disease progression in inherited amyotrophic lateral 
sclerosis. Nat Neurosci. 2008;11:251–3. https://doi.
org/10.1038/nn2047.

 66. Hertz L, Peng L, Dienel GA. Energy metabolism in 
astrocytes: high rate of oxidative metabolism and spa-
tiotemporal dependence on glycolysis/glycogenoly-
sis. J Cereb Blood Flow Metab. 2007;27:219–49.

 67. Zhou Y, Danbolt NC. Glutamate as a neurotransmit-
ter in the healthy brain. J Neural Transm (Vienna). 
2014;121:799–817. https://doi.org/10.1007/s00702- 
014-1180-8.

 68. Kirischuk S, Héja L, Kardos J, Billups B. Astrocyte 
sodium signaling and the regulation of neurotrans-
mission. Glia. 2016;64(10):1655–66. https://doi.
org/10.1002/glia.22943.

 69. Schousboe A, Sickmann HM, Bak LK, Schousboe I, 
Jajo FS, Faek SA, Waagepetersen HS.  Neuron-glia 
interactions in glutamatergic neurotransmission: roles 
of oxidative and glycolytic adenosine triphosphate 
as energy source. J Neurosci Res. 2011;89:1926–34. 
https://doi.org/10.1002/jnr.22746.

 70. Gundersen V, Storm-Mathisen J, Bergersen 
LH. Neuroglial transmission. Physiol Rev. 2015;95:695–
726. https://doi.org/10.1152/physrev.00024.2014.

 71. Rothstein JD, Jin L, Dykes-Hoberg M, Kuncl 
RW. Chronic inhibition of glutamate uptake produces 
a model of slow neurotoxicity. Proc Natl Acad Sci U 
S A. 1993;90:6591–5.

 72. Karamyan VT, Speth RC.  Animal models of 
BMAA neurotoxicity: a critical review. Life Sci. 
2008;82:233–46.

 73. Spencer PS, Hugon J, Ludolph A, Nunn PB, Ross 
SM, Roy DN, Schaumburg HH. Discovery and partial 
characterization of primate motor-system toxins. Ciba 
Found Symp. 1987;126:221–38.

 74. Sastre J, Pallardo FV, Vina J. The role of mitochon-
drial oxidative stress in aging. Free Radic Biol Med. 
2003;35:1–8.

 75. Mammucari C, Rizzuto R.  Signaling pathways in 
mitochondrial dysfunction and aging. Mech Ageing 
Dev. 2010;131:536–43. https://doi.org/10.1016/j.
mad.2010.07.003.

 76. Rizzuto R, De Stefani D, Raffaello A, Mammucari 
C. Mitochondria as sensors and regulators of calcium 
signalling. Nat Rev Mol Cell Biol. 2012;13:566–78. 
https://doi.org/10.1038/nrm3412.

 77. Kirichok Y, Krapivinsky G, Clapham DE. The mito-
chondrial calcium uniporter is a highly selective ion 
channel. Nature. 2004;427:360–4.

 78. Blaustein MP, Ratzlaff RW, Kendrick NK. The regu-
lation of intracellular calcium in presynaptic nerve 
terminals. Ann N Y Acad Sci. 1978;307:195–212.

 79. Gunter TE, Gunter KK, Sheu SS, Gavin CE. 
Mitochondrial calcium transport: physiological and 
pathological relevance. Am J Phys. 1994;267:C313–39.

 80. Kannurpatti SS, Joshi PG. Joshi NB Calcium seques-
tering ability of mitochondria modulates influx of cal-
cium through glutamate receptor channel. Neurochem 
Res. 2000;25:1527–36.

 81. Rosenstock TR, Bertoncini CR, Teles AV, Hirata H, 
Fernandes MJ, Smaili SS. Glutamate-induced altera-
tions in Ca2+ signaling are modulated by mitochon-
drial Ca2+ handling capacity in brain slices of R6/1 
transgenic mice. Eur J Neurosci. 2010;32:60–70.

 82. Hirano A, Donnenfeld H, Sasaki S, Nakano I.  Fine 
structural observations of neurofilamentous changes 
in amyotrophic lateral sclerosis. J Neuropathol Exp 
Neurol. 1984;43:461–70.

 83. Dal Canto MC, Gurney ME.  Neuropathological 
changes in two lines of mice carrying a transgene 
for mutant human Cu, Zn SOD, and in mice overex-

A. Spalloni et al.

https://doi.org/10.1016/j.nbd.2009.05.002
https://doi.org/10.1016/j.nbd.2009.05.002
https://doi.org/10.1073/pnas.0802556105
https://doi.org/10.1073/pnas.0802556105
https://doi.org/10.1038/nn2047
https://doi.org/10.1038/nn2047
https://doi.org/10.1007/s00702-014-1180-8
https://doi.org/10.1007/s00702-014-1180-8
https://doi.org/10.1002/glia.22943.
https://doi.org/10.1002/glia.22943.
https://doi.org/10.1002/jnr.22746
https://doi.org/10.1152/physrev.00024.2014
https://doi.org/10.1016/j.mad.2010.07.003
https://doi.org/10.1016/j.mad.2010.07.003
https://doi.org/10.1038/nrm3412


71

pressing wild type human SOD: a model of familial 
amyotrophic lateral sclerosis (FALS). Brain Res. 
1995;676:25–40.

 84. Kong J, Xu Z. Massive mitochondrial degeneration in 
motor neurons triggers the onset of amyotrophic lat-
eral sclerosis in mice expressing a mutant SOD1. J 
Neurosci. 1998;18:3241–50.

 85. Jaarsma D, Haasdijk ED, Grashorn JA, Hawkins R, 
van Duijn W, Verspaget HW, London J, Holstege 
JC.  Human Cu/Zn superoxide dismutase (SOD1) 
overexpression in mice causes mitochondrial vacuol-
ization, axonal degeneration, and premature motoneu-
ron death and accelerates motoneuron disease in mice 
expressing a familial amyotrophic lateral sclerosis 
mutant SOD1. Neurobiol Dis. 2000;7(6 Pt B):623–43.

 86. Carriedo SG, Yin H-Z, Lamberta R, Weiss JH. In vitro 
kainate injury to large SMI-32(+) spinal neurons is 
Ca2+ dependent. NeuroReport. 1995;6:945–8.

 87. Carriedo SG, Sensi SL, Yin HZ, Weiss JH.  AMPA 
exposures induce mitochondrial Ca(2+) overload and 
ROS generation in spinal motor neurons in  vitro. J 
Neurosci. 2000;20:240–50.

 88. Kruman II, Pedersen WA, Springer JE, Mattson 
MP.  ALS-linked Cu/Zn-SOD mutation increases vul-
nerability of motor neurons to excitotoxicity by a mech-
anism involving increased oxidative stress and perturbed 
calcium homeostasis. Exp Neurol. 1999;160(1):28–39.

 89. Van Westerlaak MG, Joosten EA, Gribnau AA, 
Cools AR, Bär PR.  Chronic mitochondrial inhibi-
tion induces glutamate-mediated corticomotoneuron 
death in an organotypic culture model. Exp Neurol. 
2001;167:393–400.

 90. Van Westerlaak MG, Joosten EA, Gribnau AA, Cools 
AR, Bär PR. Differential cortico-motoneuron vulner-
ability after chronic mitochondrial inhibition in vitro 
and the role of glutamate receptors. Brain Res. 
2001;922:243–9.

 91. Avossa D, Grandolfo M, Mazzarol F, Zatta M, 
Ballerini L. Early signs of motoneuron vulnerability in 

a disease model system: characterization of transverse 
slice cultures of spinal cord isolated from embryonic 
ALS mice. Neuroscience. 2006;138:1179–94.

 92. Netzahualcoyotzi C, Tapia R. Degeneration of spinal 
motor neurons by chronic AMPA-induced excito-
toxicity in vivo and protection by energy substrates. 
Acta Neuropathol Commun. 2015;3:27. https://doi.
org/10.1186/s40478-015-0205-3.

 93. Santa-Cruz LD, Guerrero-Castillo S, Uribe-
Carvajal S, Tapia R.  Mitochondrial dysfunction 
during the early stages of excitotoxic spinal motor 
neuron degeneration in vivo. ACS Chem Neurosci. 
2016;7(7):886–96. https://doi.org/10.1021/
acschemneuro.6b00032.

 94. Manfredi G, Kawamata H.  Mitochondria and endo-
plasmic reticulum crosstalk in amyotrophic lateral 
sclerosis. Neurobiol Dis. 2016;90:35–42. https://
doi.org/10.1016/j.nbd.2015.08.004. pii: S0969-9961 
(15)30026-7.

 95. Prell T, Lautenschläger J, Grosskreutz J.  Calcium-
dependent protein folding in amyotrophic lateral 
sclerosis. Cell Calcium. 2013;54:132–43. https://doi.
org/10.1016/j.ceca.2013.05.007.

 96. Tadic V, Prell T, Lautenschlaeger J, Grosskreutz 
J. The ER mitochondria calcium cycle and ER stress 
response as therapeutic targets in amyotrophic lateral 
sclerosis. Front Cell Neurosci. 2014;8:147. https://
doi.org/10.3389/fncel.2014.00147.

 97. Cozzolino M, Carri MT.  Mitochondrial dysfunction 
in ALS. Prog Neurobiol. 2012;97:54–66. https://doi.
org/10.1016/j.pneurobio.2011.06.003.

 98. Choi DW.  Amyotrophic lateral sclerosis and glu-
tamate—too much of a good thing? N Engl J Med. 
1992;326:1493–149.

 99. Do-Ha D, Buskila Y, Ooi L.  Impairments in motor 
neurons, interneurons and astrocytes contribute to 
hyperexcitability in ALS: underlying mechanisms and 
paths to therapy. Mol Neurobiol. 2018;55(2):1410–8. 
https://doi.org/10.1007/s12035-017-0392-y.

6 Glutamate in Amyotrophic Lateral Sclerosis: An Ageless Contestant

https://doi.org/10.1186/s40478-015-0205-3
https://doi.org/10.1186/s40478-015-0205-3
https://doi.org/10.1021/acschemneuro.6b00032
https://doi.org/10.1021/acschemneuro.6b00032
https://doi.org/10.1016/j.nbd.2015.08.004
https://doi.org/10.1016/j.nbd.2015.08.004
https://doi.org/10.1016/j.ceca.2013.05.007
https://doi.org/10.1016/j.ceca.2013.05.007
https://doi.org/10.3389/fncel.2014.00147
https://doi.org/10.3389/fncel.2014.00147
https://doi.org/10.1016/j.pneurobio.2011.06.003
https://doi.org/10.1016/j.pneurobio.2011.06.003
https://doi.org/10.1007/s12035-017-0392-y

	6: Glutamate in Amyotrophic Lateral Sclerosis: An Ageless Contestant
	6.1	 Introduction
	6.2	 Glutamate, Astrocytes, and Mitochondria
	6.2.1	 Glutamatergic Excitotoxicity in ALS
	6.2.2	 Glutamate Receptors
	6.2.3	 Spinal Cord Astrocytes in ALS

	6.3	 Mitochondria and Calcium Loading in Glutamate Excitotoxicity
	References


