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The Glutamate Hypothesis in ALS: Pathophysiology and Drug Develop-

ment

H. Blasco*'?, S. Mavel?, P. Corcia*® and P.H. Gordon**

'CHRU Tours, laboratoire de Biochimie et Biologie Moléculaire, Tours, France; ’INSERM U930, Université Frangois-
Rabelais, Tours, France; *Centre SLA, CHRU de Tours, Tours, France; *Indian Health Service, Northern Navajo Medi-
cal Center, Shiprock, NM, USA

Abstract: Amyotrophic lateral sclerosis (ALS) is an age-related neurodegenerative disorder that is believed to have com-
plex genetic and environmental influences in the pathogenesis, but etiologies are unidentified for most patients. Until the
major causes are better defined, drug development is directed at downstream pathophysiological mechanisms, themselves
incompletely understood. For nearly 30 years, glutamate-induced excitotoxicity has lain at the core of theories behind the
spiraling events, including mitochondrial dysfunction, oxidative stress, and protein aggregation, that lead to neurodegen-
erative cell death. One drug, riluzole, which possesses anti-glutamatergic properties, is approved as neuroprotective for
ALS. Following the achievement of the riluzole trials, numerous other agents with similar mechanisms have been tested
without success. This article provides an overview of excitotoxicity in ALS, focusing on the events that contribute to ex-
cess glutamate, how the excess might damage nerve cells, and how this information is being harnessed in the development
of potential new neuroprotective agents. The work highlights clinical trials of drugs that have targeted the glutamate sys-
tem, comments on the potential role of glutamate as a biomarker and concludes with a section on future directions for the
field. As research uncovers elusive etiologies and brings clarity to pathophysiological mechanisms, the success of new in-
terventions will increasingly depend on the design of agents that target particular mechanisms for specific individuals. The
heady future of personalized drug regimens for ALS rests with medicinal chemists, the scientists whose ideas and work

produce these designer drugs.
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1. BACKGROUND

The predominant feature of amyotrophic lateral sclerosis
(ALS), motor neuron degeneration in the brain and spinal
cord [1] and the resulting weakness of voluntary muscles, is
so consequential that most patients die in less than three
years from symptom-onset and less than two years from di-
agnosis [2]. Drug development has yielded few successes
and the prognosis has not changed meaningfully since the
first reports, nearly 150 years ago.

ALS is considered a syndrome of different disorders that
arise from the interaction of diverse genetic and environ-
mental factors, perhaps acting in concert over a lifetime [1,
2]. Like other neurodegenerative disorders, the clinical and
pathological features of ALS begin focally and then spread
relentlessly; many patients not only develop global weakness
but also extra-motor phenomena, including cognitive im-
pairment [3]. The disease physiology is now known to in-
volve surrounding support cells, particularly astrocytes, as
well as motor neurons.
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In the middle of the 19™ Century, Jean-Martin Charcot
established the enduring foundation of the new field of neu-
rology by characterizing diseases using a technique that he
termed the clinical-anatomic method, which contextualized
clinical phenomenology with pathological findings at post-
mortem examination [4]. The breadth of Charcot’s contribu-
tions, which is immense, includes the delineation of motor
neuron diseases. Charcot classified progressive muscular
atrophy as a disease of lower motor neurons and not muscle,
primary lateral sclerosis as a disorder of upper motor neurons
and then ALS as affecting both upper and lower motor neu-
rons [5]. Charcot and his contemporaries described the pro-
gressive motor weakness, limited prognosis, changes in cog-
nition and, pathologically, loss of motor neurons that exem-
plify the disorder today.

For the next 100 years, neurology was largely a descrip-
tive field, defining diseases based on their pathological un-
derpinnings and bringing better understanding to enigmatic
neurological conditions. Expanded knowledge eventually led
to the emergence of new treatments. In the 1960s, the dra-
matic improvement in symptoms of Parkinson disease fol-
lowing administration of levodopa changed how neurode-
generative disorders were perceived [6]. Suddenly these
most intransigent of diseases seemed within the grasp of
therapeutic development. But neuroprotective agents that
could alter not just symptoms but the underlying disease
progression seemed a distant hope, in large part because, as
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Charcot noted in his initial descriptions, the great challenge
of neurodegenerative diseases lies in the hidden secret of
their etiologies.

By 1987, abnormal levels of glutamate, the most abun-
dant excitatory neurotransmitter, were identified in plasma
[7] and then pathological specimens [8] of patients with ALS
and the notion of excitotoxicity as central to neurodegenera-
tion, with glutamate as the pivotal character, was born. Bio-
chemical studies found high glutamate levels in ALS cere-
brospinal fluid, which was subsequently shown to be toxic to
neurons in culture [9]. Motor neurons were found to be espe-
cially susceptible to glutamate-induced excitotoxicity be-
cause of their large size, high expression of glutamate recep-
tors and low calcium buffering capacity. When evidence was
uncovered of altered expression of the glial glutamate trans-
porter excitatory amino acid transporter 2 (EAAT2) [10, 11],
which is responsible for removal of glutamate from the syn-
aptic cleft, the link between excitotoxicity, cell death, and
heightened levels of synaptic glutamate was closed.

In 1995, the field seemed poised for another transforma-
tion, when riluzole, possessing purported anti-glutamatergic
properties, proved to be neuroprotective for ALS and was
approved by regulatory agencies as the first disease modify-
ing treatment for a neurodegenerative disorder [12]. Recently
memantine, also acting on the glutamate system, was shown
to be neuroprotective for Alzheimer disease, another age-
related neurodegenerative disorder [13]. In 2003, the discov-
ery, in a high throughput screening initiative, that beta-
lactam antibiotics increased expression of EAAT2 [10, 11]
set in motion one of the largest translational projects in ALS
to date, culminating, ten years later, in a series of human
trials. Progress continues, but in the 18 years since riluzole
was approved, numerous other agents, including those acting
to reduce the effects of glutamate, have been tested in ALS
without success, placing great emphasis on the search for
etiologies and elucidation of cellular events that lead to nerve
cell death.

Prominent among reasons for the long drought of unsuc-
cessful trials in ALS is the absence of biomarkers. Time
from symptom onset to diagnosis is more than a year, limit-
ing the patient pool for participation in clinical trials and
precluding the ability to intervene early in the disease course.
Clinical measures of disease progression have high variance
so that treatment trials must be large and long in order to
reliably detect changes. Most phase III trials take years to
complete, which, in combination with few potential patient
participants, greatly restricts the number of drugs that can be
tested at any time. The inability, to date, to directly measure
the biological effect of a drug has made definition of dose
and regimen for neuroprotection particularly problematic.
Reliable, measurable indicators of disease physiology could
improve patient care by heightening diagnostic sensitivity,
and efficiency of clinical trials through inclusion of end-
points that more sensitively measure progression and drug
effect.

Glutamate is central to current hypotheses regarding cell
death, and by extension, to the development of biomarkers
and new drugs for ALS. The exact place for excitotoxicity,
related to the cause, a downstream event, or peripheral to
other key processes, is a matter of intense research [14]. This
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article reviews the mechanisms through which glutamate
might contribute to the demise of motor neurons and how
this knowledge could be harnessed to develop new neuropro-
tective agents for a disorder that has resisted drug discovery
since Charcot’s first descriptions, over 140 years ago.

1.1. Role of Glutamate in Health and Disease

Glutamate is an amino acid and the principal excitatory
neurotransmitter in the central nervous system. It functions
in processes as diverse as synaptogenesis, synaptic plasticity,
long-term potentiation and energetic metabolism [15-17].
Glutamate is involved in cognitive functions such as memory
and learning through synaptic plasticity, and also regulates
growth cones as well as synaptogenesis during brain devel-
opment.

Glutamate, which is stored in vesicles in presynaptic neu-
rons and is released in response to membrane depolarization,
activates post-synaptic cells via glutamate receptors. Gluta-
mate transporters, found in neuronal and glial cell mem-
branes, remove glutamate from the extracellular space.

Excess glutamate appears to drive excitotoxicity through
heightened flow of calcium ions into neurons. High concen-
trations of cytosolic Ca’" activates enzymes, including
phospholipases, endonucleases, and proteases, that damage
components of the cytoskeleton, cell membrane, mitochon-
dria, and DNA, leading eventually to death of the cell, in
part, through apoptotic pathways.

1.1.1. Glutamate Receptors

Once released into the synapse, the wide-ranging effects
of glutamate are mediated through one of two receptor types,
ionotropic or metabotropic receptors, whose unique electro-
physiological, biochemical and pharmacological properties
can be characterized in the laboratory by molecular cloning
experiments [18-22].

1.1.1.1. Ionotropic Receptors

Ionotropic receptors are ligand-gated ion channels that
include a-amino-3-hydroxy-5-isoxazole propionate (AM
PA), N-methyl-D-aspartate (NMDA) and kainate receptors.
AMPA and NMDA receptors are largely responsible for cal-
cium flux across neuronal cell membranes.

Functional AMPA receptors, ionotropic transmembrane
proteins that mediate fast synaptic transmission, are the most
common receptors found in the brain. They are homo or het-
ero-oligomeric, with the latter being composed of four
subunits (GluR1-GluR4). GIuR2 contains one re-entrant loop
within the membrane that is the site for glutamine/arginine
RNA editing and the regulation of calcium flux. AMPA re-
ceptors that facilitate fast excitatory synaptic neurotransmis-
sion were initially considered impermeable to calcium, but it
has been demonstrated that those receptors possessing the
GluR2 subunit are an important hub of calcium permeability
[23, 24]. Modifications to the expression or post-
transcriptional editing of GIuR2 can result in higher or lower
concentrations of calcium entry into cells. In motor neurons,
calcium permeability via the AMPA receptor is determined,
in part, by perisynaptic astrocytes, which release factors that
activate the GluR2 subunit [25]. Motor neurons appear to be
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particularly vulnerable to excitotoxicity because they contain
a high concentrations of calcium permeable AMPA receptors
and low quantities of Ca** buffering proteins [25].

NMDA receptors, which mediate synaptic plasticity and
late components of excitotoxicity [26, 27], are composed of
GluN1 (NR1) and GIuN2 (NR2) subunits, the latter having
four subvariants labelled NR2A, NR2B, NR2C and NR2D.
Glutamate binds the NR2 subunit, accelerating entry of cal-
cium and sodium ions into, and flow of potassium out of the
cell. At resting membrane potential, magnesium ion binds to
a site within the channel pore, blocking flow through the
channel. Membrane depolarization leads to expulsion of
Mg*" and allows passage of ions through the channel. The
characteristics of the Glu2 (NR2) subunit influence proper-
ties of the NMDA receptor, including agonist affinity, cal-
cium permeability, deactivation kinetics, single-channel con-
ductance, and extent of Mg”" -induced channel blockade [26,
27]. Inhibition of the NMDA receptor by Mg*" appears to be
weaker in NR1/2C and NR1/2D receptors than in NR1/2A or
NR1/2B receptors [28-30]. Calcium flux through NMDA
receptors is considered central to synaptic plasticity, the cel-
lular mechanism underlying learning and memory.

Kainate receptors are tetrameric combinations of a num-
ber of subunits (GluK1- GluKS). They mediate pre- and
postsynaptic actions of glutamate [31], but do not have a
defined role in the pathophysiology of central nervous sys-
tem diseases, including ALS, and so will not be detailed fur-
ther in this review.

1.1.1.2. Metabotropic Receptors

Metabotropic glutamate receptors (mGluR) are coupled
to G proteins (a, 3, y) and influence second messenger proc-
esses with functions as diverse as learning, memory, anxiety
and pain. Eight heterogeneous receptors are classified into
three groups: mGlulR and mGIluSR comprise group I;
mGIu2R and mGlu3R group II and mGlu4R and mGlu6-8R
group III. These receptors are localized to both pre-and post-
synaptic sites throughout the brain. mGluRs appear to modu-
late excitotoxicity in motor neurons by, as yet, not fully elu-
cidated mechanisms [32, 33].

1.1.2. Glutamate Transporters

A process of high-affinity glutamate uptake into neurons
and glial cells maintains low extracellular levels of glutamate
and avoids receptor over-activation [34]. The transporters,
termed excitatory amino acid transporter 1-5 (EAATI1-5),
along with the co-transporters symport and antiport, consti-
tute the major mechanism for synaptic clearance of gluta-
mate [35]. EAATSs are localized to the membranes of both
neurons and glia. Among the five members of the EAAT
family, EAAT2 (GLT-1: mouse analog of EAAT?2), which is
the most abundant transporter, is present exclusively on as-
trocytes and has a key role in the clearance of glutamate
from the synapse of motor neurons. Additional research is
needed to better understand the function of other EAATSs in
the central nervous system.

Normally, membrane depolarization and transient eleva-
tion of intracellular Ca** generated by activation of both Na*
and Ca”" voltage-gated channels initiate physiological proc-
esses such as the action potential and its propagation, synap-
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tic transmission, and excitation—contraction coupling, which
themselves regulate the physiological release of glutamate
[36]. Transporters then remove glutamate from synapse as
outlined above.

1.1.3. Excitotoxicity
1.1.3.1. Deregulation of Synaptic Glutamate Pathways

Several lines of evidence have linked alterations in glu-
tamate handling to the pathophysiology of ALS. Deficient
editing of the GluR2 AMPA receptor subunit occurs in mo-
tor neurons of people with ALS [37]; diminished functional
transport of glutamate and reduced EAAT2 immunoreactiv-
ity have been described in post mortem tissue from ALS
patients [8, 38]; and depletion of EAAT2 in transgenic mice
leads directly to neuronal death [39].

A connection between mutant superoxide dismutase 1
(mSOD1), an autosomal dominantly inherited mutation that
causes some forms of familial ALS, and abnormalities in
EAAT? has also been shown. mSOD1 appears to both sensi-
tize the AMPA receptor to glutamatergic stimulation [40],
and inactivate EAAT? in the presence of hydrogen peroxide
[41]. Studies in the mSODI transgenic (G93A) mouse model
of ALS [42, 43] demonstrate that loss of EAAT2 alone con-
tributes to disease progression in mice. Rats carrying
mSODI1 show reduced synaptosomal glutamate uptake and
increased extracellular levels of glutamate [44, 45]. EAAT2
expression is reduced in the presymptomatic stages and abol-
ished completely by the end stage of the disease in some
transgenic models [45]. Levels are reduced in spinal cord by
approximately 50% in advanced-stage mice possessing the
G85R SOD1 mutation [46]. Overexpression of EAAT2 in
mSOD1 G93A mice may be neuroprotective, delaying the
onset of motor deficits and reducing activation of caspase-3,
a potent promoter of apoptotic cell death pathways [43].

Metabotropic Glul-5 autoreceptors produce altered glu-
tamate release in G93 A mice, consistent with an involvement
in excitotoxicity [47]. Moreover T-lymphocytes obtained
from ALS patients have reduced mGlu2 receptor levels [48].
Expression of metabotropic glutamate receptors is also al-
tered in ALS. Increased levels of group I, II, and III mGlu in
astrocytes and reduced levels of group II mGlu in neurons
have been reported in ALS patients [49]. Astrocytes express-
ing mSOD1 seem highly vulnerable to glutamate-induced
excitotoxicity mediated by metabotropic receptors [50].

1.1.3.2. Glutamate as a Biomarker

Measurable indicators of biological activity are urgently
needed in ALS. Based on the hypothesis of glutamate-
mediated excitotoxicity in ALS, numerous studies have
evaluated the potential for this amino-acid to act as a bio-
marker, either in establishing the diagnosis or as a measure
of disease progression. A central role of glutamate-provoked
excitotoxicity in the pathophysiology of ALS is paralleled, in
some studies, by higher-than-normal levels of glutamate and
N-acetyl-aspartyl glutamate in cerebrospinal fluid (CSF) of
ALS patients [7, 51-53]. Between 40% and 75% of patients
with sporadic ALS (SALS) are estimated to have defects in
glutamate transport leading to excessive extracellular gluta-
mate levels [54]. Deregulation of glutamate metabolism may
be a central cause; some studies suggest that glutamate con-
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centrations in people with ALS are normal at resting state
but increase after an oral intake of glutamate [55]. However,
data are inconsistent and other laboratories have found no
changes in glutamate concentrations in blood or CSF [56,
57]. Metabolomics studies are also conflicting, showing de-
creased glutamate concentrations in blood and CSF [58, 59]
or increases in CSF [60].

Glutamate could also be used, in theory, to assess drug
efficacy. One of the principle barriers to the development of
glutamate as a biomarker in ALS, however, is that levels in
CSF or blood may not reflect levels in the synapse capable of
over-activating glutamate receptors. Concentrations appear
to vary with disease stage and could vary depending on the
underlying etiology. More research is needed to determine
measureable glutamate levels in different tissues at various
stages of the disease before the potential for glutamate to act
as a biomarker in ALS is fully realized.

1.1.3.3. Other Mechanisms Involved in Excitotoxicity

D-serine is a co-agonist at the glycine site of the NMDA
receptor. Increased concentrations of this amino-acid could, in
theory, induce excitotoxicity, and some data suggest that D-
serine levels may be elevated in ALS patients as well as ani-
mal models [61, 62]. Mutations in the D-amino acid oxidase
(DAAO) gene, which prevent the breakdown of D-serine, are
implicated in some forms of familial ALS (FALS) [63].

1.1.4. Mechanisms of Excitotoxic Damage to Neurons

Intracellular glutamate released from damaged neurons
contributes to over-activation of glutamate receptors and to
spiralling toxic events in and around motor neurons. Over-
activation of glutamate receptors leads to excessive synaptic
transmission and substantial influx of calcium into neurons.
Elevated cytoplasmic calcium concentrations are deleterious
to nerve cells through a variety of mechanisms. Chronic cal-
cium overload leads to depolarization and to the generation
of reactive oxygen species, which cause widespread damage
to cellular structures. Excess intracellular calcium may dam-
age mitochondria, resulting in disturbances in function of the
respiratory chain that are associated with cellular energy
depletion, and further contributing to the production of free
radicals [64-66]. Moreover, depleted intraluminal calcium in
endoplasmic reticulum (ER) resulting from calcium shifts
could induce ER proteins to misfold and contribute to aggre-
gated cellular proteins seen in ALS [67].

When the calcium-buffering capacity of a cell is ex-
ceeded, high concentrations of calcium also over-activate
calcium-dependant intracellular enzymes, including lipases,
phospholipases, proteases, endonucleases, protein phospha-
tases, protein kinase C, xanthine oxidase and nitric oxide
synthase, which further disrupt normal neuronal function.
These escalating interwoven events lead eventually to ener-
getic depletion, irreparable damage to cellular constituents
and activation of pro-apoptotic and other enzymes that pro-
mote programmed cell death.

1.2. Glutamate as Potential Target for Drug Development
in ALS

The quest for new treatments is of intense to patients,
ALS researchers, and researchers in other fields. In 2013, a
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search of Web of Science” using the term “treatments for
amyotrophic lateral sclerosis” yielded 3,162 articles. Limit-
ing the search to the year 2000, the same keywords produced
90 articles; in 2006, 170 articles; and in 2012, 300 articles.
New treatments are being tested at ALS centers worldwide.
Prior to publication of this article, there were 89 open clini-
cal trials listed on www.clinicaltrials.gov, an international
trial registry, but only a small number were testing efficacy
of a neuroprotective agent.

The approval of riluzole in 1995 led to great expectations
in the field and was quickly followed by trials of other drugs
with antiglutamatergic properties, most of which were al-
ready approved as anti-epileptic medications. (Fig. 1) shows
the principal molecules targeting glutamate pathways that
have been tested in ALS (Fig. 1). To the great disappoint-
ment of the ALS community, every trial since 1995 has pro-
duced a negative result, including those of drugs considered
to have a mechanism similar to that of riluzole.

There is probably not a single explanation for the, now,
two decades-long stagnation. Some reports of animal studies
may have been overly optimistic [68], the best dose of a
medication for neuroprotection has been especially difficult
to find [69] and identification of efficient designs as well as
solid outcome measures has required trial and error [70].

A key problem in the development of anti-glutamatergic
therapies for ALS is the number of different receptors and
transporter subtypes implicated in the disease. Different eti-
ologies and disease stages could produce a moving target for
intervention; a single agent might not interact with the cor-
rect target at every disease stage. A related explanation for
the run of negative clinical trials to date is that drugs have
been selected empirically based on global anti-glutamatergic
properties rather than through design, aimed to target a spe-
cific component of the glutamate system identified as ab-
normal in ALS.

1.2.1. Glutamate Receptors as Targets for Therapeutic
Drug Development

RNA editing, one possible target for intervention, could
have an important role in preventing cell death through
modulation of calcium permeability at AMPA receptors [71].
RNA editing is recognized as a potential target for drug dis-
covery at different diseases, but, so far, few studies have
been reported [72]. Therapies that correct aberrant splicing
of mRNA transcripts using splice-site-directed oligonucleo-
tides are being tested in clinical trials of genetic disorders
such as Duchenne muscular dystrophy [73]. Transcript di-
versity offers new opportunities for drug design and devel-
opment of new therapies. Alterations to receptors and chan-
nels made through RNA editing could change their function
and act as a target for therapies in a variety of brain disorders
[74]. Modifications to RNA nucleotide sequences that make
up the serotonin SHT2C receptor are being used to regulate
cell signalling and drug responses [75]. A few agents that
inhibit RNA editing enzymes have been identified [76 , 77].
High-throughput sequencing techniques could be used to
search for new RNA transcripts and protein isoforms, with
applications in neuromuscular and other neurological disor-
ders.
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Fig. (1). Principal mechanisms of action of antiglutamatergic drugs used in ALS Lamotrigine ©® Topirmate®, Ceftriaxone® Riluzole *
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Genetic transcript diversity is an important consideration
in drug design. Antidepressants, for example, enhance
GluR2 Q/R site-editing in a modified HeLa cell line express-
ing half-edited GluR2 pre-mRNA, probably by upregulating
expression of ADAR2 (adenosine deaminase that acts on
RNA) mRNA [78]. This strategy needs to be developed fur-
ther but could, in theory, be used to examine efficacy of an-
tidepressants for ALS in vivo.

Therapeutic intervention through modulation of NMDA
receptors could be directed at the primary transmitter site
(through competitive antagonism of the receptor), the phen-
cyclidine site located inside the cation channel (through non-
competitive antagonism), the polyamine modulatory site or
the strychnine-insensitive, coagonistic glycine site. Because
NMDA receptors play a crucial role in various forms of syn-
aptic plasticity [79, 80], a challenge is to develop antagonists
that prevent the pathological activation of NMDA receptors
while permitting their normal physiological activity. Exten-
sive preclinical development is needed to define the correct
mechanistic target, as well as timing and dose of any new
agent.

1.2.2. Glutamate Transporters as Targets for Therapeutic
Drug Development

Activators of EAAT2 could be used to reduce concentra-
tions of glutamate in the synapse and ameliorate the excito-
toxic effects of glutamate [81]. Compounds that upregulate

EAAT?2 activity or increase the expression of the protein are
one approach [82]. Of only a few agents described that en-
hance the activity of EAAT2, parawixinl, a compound iso-
lated from spider venom, [83] was reported to be a positive
and selective allosteric modulator of EAAT2 [84], but the
last published investigation of this agent was in 2007. The
compounds discussed in this section are shown in (Fig. 2).

A tactic for increasing the expression of the transporter is
via amplified translation of EAAT2 mRNA [81]. Small
molecules can be screened for effects on EAAT2 mRNA
using an enzyme-linked immunosorbent assay (ELISA)-
based high throughput screen for EAAT?2 protein expression.
The chemical structures of compounds that affect EAAT2
mRNA have been optimized by pharmacomodulation and
new lead compounds described [85]. Structure-activity stud-
ies (SAR) have identified the thioether and pyridazine moie-
ties as important modulators of EAAT?2 protein levels. Prom-
ising results in cell model experiments suggest that these
compounds are suitable for further development, likely in
animal models as a next step [85]. Of 140,000 compounds
screened in a cell-based high throughput model, optimized
for ELISA testing in primary astrocytes [81], two series of
compounds were selected (with a half maximal effective
concentration ECso <1 pM, derivatives 1) for additional in
vivo and in vitro profiling studies [85]. One thiopyridazine
derivative (LDN-212320, compound 1, n=1, R, R2=H,
R’=CH;) was found to increase EAAT2 protein levels in
astrocytes [86].
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Fig. (2). Chemical structures of original scaffold and analogues of L-Glu, ligands of EAATSs.

Virtual ligand screening based on high-throughput dock-
ing is a technology used to select lead compounds based on
receptor structure. This technique estimates the virtual bind-
ing energy of a compound to the binding-site requirements of
a protein. Docking and screening procedures are being used
to select small sets of likely therapeutic candidates from
large libraries of compounds. A screening initiative using
virtual high throughput docking on a glutamate binding site
of the glutamate transporter homologue from pyrococcus
horikoshii (protein data bank PDB code: 1XFH), [87]
yielded another promising compound (compound 2, half
maximal inhibitory concentration ICsp = 1.4 uM toward
GLT-1, the rodent homologue of EAAT?2), which could have
the aromatic cycle optimized by addition of diverse substitu-
ents.

A screen of 1040 FDA approved compounds and natural
products identified harmine, a natural -carbilone alkaloid as
one activator of an EAAT2 promoter [87]. Harmine also
induced GLT-1 expression and glutamate transporter activity
in an animal model, making it a lead compound in the ap-
proach to pharmacomodulation of glutamate through upregu-
lation of EAAT2.

The involvement of mammalian target of rapamycin
(mTOR) signaling in the astrocytic regulation of EAAT2 has
also been examined [88], and could prove to be another choice
for the design of new structures through docking studies.

1.2.3. Others

Diverse experiments have been conducted with the aim
of identifying a compound that selectively inhibits EAAT2
without impacting function of other EAATs or glutamate
receptors (structures illustrated in Fig. 2). Several studies
[89, 90] evaluated analogues of endogenous glutamic acid
(L-Glu, (S)-2-aminopentanedioic acid,) [89, 90]. Among ten
Glu-analogues assessed for their affinities for human
EAATI1-3, enantiomer 3 showed selectivity for EAAT2 (ICs,
of 75 uM for EAAT2, compared to IC5,>1000 pM for
EAATI and 3), but a lower affinity for the reference com-
petitive, non-transportable EAAT inhibitor, DL-TBOA.
These experiments highlight that extending the R side chain
(derivatives 3) results in a selective EAAT2 inhibitor with
low affinity for all of the ionotropic GluRs [90, 91]. Re-

cently, other glutamate analogues were also characterized
pharmacologically using a [*H]-D-aspartate uptake assay in
HEK?293 cells expressing human EAAT1,2,3 subtypes [92].
From these experiments, compound 4 showed selectivity for
EAAT2 over EAATI and EAAT3 (ICso of 24 uM at
EAAT?2). A comparison to previously reported EAAT inhibi-
tory profiles from a large number of L-2,4-syn-Glu ana-
logues (analogues of derivative 3) suggested that the ob-
served preference for EAAT? is a characteristic of this class
of compounds, although the structural basis for the trend was
not yet described [93].

Voltage gated-Na" and Ca*" channels are also promising
targets for new therapies because their blockade could pre-
vent glutamate release.

The following sections highlight certain drugs that target
the glutamate system and that have been tested in randomized
clinical trials in ALS. Drugs directed at NMDA receptors in-
clude riluzole and memantine, while talampanel, riluzole and
topiramate target AMPA receptors. These agents also possess
other mechanisms of action but their effect on glutamate re-
ceptors is likely central to any potential neuroprotective prop-
erties in ALS. Riluzole and ceftriaxone also target glutamate
transporters. Gabapentin, lamotrigine, topiramate and riluzole
have action on voltage gated-Na'" and Ca”* channels.

2. ANTI-GLUTAMATERGIC AGENTS IN HUMAN
ALS

2.1. Riluzole
2.1.1. Background

Riluzole (Fig. 3), a benzothiazole derivative, is the only
drug approved for treatment of ALS and could be effective
for treatment of other neurodegenerative and neuropsy-
chiatric disorders, although additional research is needed
[94-96]. Two positive trials of riluzole showed extension of
survival in ALS due to the drug [97].

2.1.2. Structure-activity Relationship

Riluzole (2-amino-6-trifluoromethoxybenzothiazole) was
initially developed as an anticonvulsant agent and was con-
sidered the most efficacious of numerous analogs [98, 99].
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Fig. (3). Chemical structures of anti-glutamatergic medications tested in ALS, including riluzole, the only agent proved neuroprotective for

ALS to date.

Riluzole blocks the Na' channel by binding the channel’s
alpha subunit Nav1.6 [100]. A docking study, which could
aid medicinal chemists in the design of new sodium channel
protein ligands, uses the virtual alpha subunit (Nav1.6 Na"
channel) [101] through homology modeling of the brain iso-
form of the human voltage-gated sodium channel (Nav1.2)
[102] (PDB: 2KAV Fig. 4). Riluzole appears to interact with
the channel’s polar glycine residues Tyr 1787 and Leu 1843
(NH, function) as well as Gln 1799 (aromatic cycle). Rilu-
zole makes contact at diverse points of the voltage-gated
sodium channel protein, including 3 aromatic hydrogens,
NH, and aromatic nitrogen.

Riluzole undergoes hepatic metabolism; serum levels
vary patient-to-patient due to heterogeneous expression of
cytochrome P450 and inconstant first pass elimination [103,
104]. To reduce inter-individual variability, the amino func-
tion of the core structure was protected through pharmaco-
modulation. The design of riluzole prodrugs is an example of
how optimization of the ADMET (absorption, distribution,
metabolism, excretion, toxicity) proprieties of a drug can be
achieved [105]. In one experiment, the exocyclic nitrogen on
riluzole was masked by a bulky amide group to prevent its
oxidation by the CYP1A2 isoform of cytochrome P450. One
prodrug (Fig. 4) was identified as promising after evaluation
for in vitro stability [105].

A starting point in the design of new compounds for ALS
could be to target two mechanisms with dual derivatives: a
neuroprotective riluzole skeleton could be coupled to a neu-
roprotective GABAergic unit. This approach, using pharma-
cophore distance mapping of the aromatic cycle, hydrogen
bonding domain, and electron donor system, has produced

new anticonvulsant molecules [106]. A 3D-QSAR study that
required three-dimensional superimposition of molecules in
the calculations, used computed potentials to examine the
steric fields (shape of the molecule), hydrophobic regions
(water-soluble surfaces), and electrostatic fields of com-
pounds. This form of quantitative SAR modeling produces
predictive models derived from correlating biological activ-
ity with descriptors that represent molecular structure. A 3D-
QSAR study that evaluated riluzole analogs in the design of
new anticonvulsants, found a 1-acetylpyrazolin ring to be a
crucial pharmacophoric group for the activity of benzothia-
zole compounds [107]. This kind of process could also be
used to design new agents for ALS.

Some animal studies have found that, due to good lipid
solubility and an efficient blood-brain barrier transporter,
levels of riluzole are four- to six fold higher than blood lev-
els after oral dosing, and that high levels can persist many
hours after a single dose [108-113]. Riluzole is highly lipid
soluble, with an octanol:water partition coefficient of 3,000:1
[114] and may enter brain in part by passive diffusion [113].

2.1.3. Mechanisms of Neuroprotection

The means through which riluzole influences neurode-
generation in ALS are not fully elucidated. The chief mecha-
nism appears to be via reduction of glutamate levels at the
synaptic cleft [115, 116]. The drug may also exert neuropro-
tective actions through other processes, including inhibition
of glutamate release and non-competitive post-synaptic inhi-
bition of NMDA and AMPA receptors [96, 117].

One explanation for the limited understanding of mecha-
nisms despite a large body of research on the topic is that
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Fig. (4). Potential future strategies for drug development in ALS.

riluzole, at different concentrations, may exert a range of
actions [118]. Initially, it was thought that riluzole acted only
to reduce glutamatergic synaptic transmission [96, 119-123]
(Fig. 1). Other studies described inhibition of the persistent
Na' current [120, 124, 125], reduced action potential firing
[124-126], potentiation of the Ca*'-dependent K' current
[127, 128], and inhibition of voltage-gated Ca>" channels
[120, 129, 130]. Riluzole may also have independent effects,
influencing both central and peripheral nerve function as
shown by partial normalization of cortical hyperexcitability
and a reduction of transient Na' conductances [131].

It can be difficult to distinguish the effects of riluzole on
glutamate release from direct actions on glutamate receptors
[96]. Numerous studies have examined the influence of rilu-
zole on presynaptic excitability [119, 121, 132-135], finding
minor changes in postsynaptic glutamate receptor responses
[119, 121], or, using spontaneous excitatory postsynaptic cur-
rents (EPSC), effects on glutamatergic transmission through
both reduced presynaptic release and down regulation of post-
synaptic ionotropic glutamate receptors [122, 136].

Riluzole increases cell surface expression of the AMPA
subunits GluR1 and GluR2, and induces changes in AMPA
trafficking [137]. It could also act on NMDA receptors, al-
though the receptor binding site has not yet been described
[119]. Riluzole might have indirect actions via a G-protein-
dependant signalling pathway [138], and has been shown to
inhibit a protein kinase C (PKC) [139] that is responsible for
regulation of presynaptic NMDA receptors and glutamate
release.

Riluzole may stimulate glutamate uptake by both astro-
cytes and neurons through increased expression and activity
of the glutamate transporter GLT-1, without specificity for
EAATI1/GLAST, EAAT2/GLT-1 or EAAT3/EAACI [39,

140, 141]. Riluzole upregulates GLT-1 levels and activity in
cultured primary mouse striatal astrocytes, independent of
actions on ion channels [142]. In one study, cultured C6 as-
troglial cells were used to examine three independent intra-
cellular pathways of glutamate metabolism, confirming that
riluzole stimulates glutamate uptake and is an enhancer of
EAATI, dependent on the PKC, fibroblast growth factor
receptor (FGFR) and phosphatidylinositol 3-kinase (PI3K)
pathways [143]. Riluzole can also activate the transient re-
ceptor potential channel C5 (TRPCS), a Ca2+-permeable
cation channel that is expressed in brain. The channel helps
regulate the morphology and motility of neuronal growth
cones and neurite length, as well as the release of neuro-
transmitters such as Y-aminobutyric acid (GABA) [144].

The effects of riluzole in ALS could also be partially ex-
plained by increased glucose influx in damaged neurons and
skeletal muscle tissues [145], and the drug might act as an
antioxidant [143, 146, 147], offsetting the usual negative
regulation of glutamate uptake in response to oxidative stress
[148-150]. Lastly, riluzole could inhibit GABAergic trans-
mission and potentiate function of postsynaptic GABA (A)-
receptors [151]. Limited data are available from direct stud-
ies in motor neurons [143].

2.1.4. Development for ALS and Current Role in Clinical
Care

As of this writing, riluzole is the only neuroprotective
agent approved for ALS and is widely prescribed in clinical
practice. While the effect on disease progression is modest,
the positive clinical trials helped solidify the theories of exci-
totoxic cell death in ALS and led to trials of other agents that
act on glutamate pathways in ALS and other neurodegenera-
tive diseases.
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Riluzole was approved by regulatory agencies in 1995
following two randomized controlled trials, which showed
that the drug extends survival in ALS [97]. In the first trial,
which enrolled 155 patients, 74% in the riluzole group and
58% in the placebo group were still alive at 12 months of
follow-up (p=0.014); 49% in the riluzole group and 37% in
the placebo group were alive at 21 months (p=0.046). At trial
conclusion, median survival was 532 days in the riluzole
group and 449 days in the placebo group. Overall, riluzole
reduced mortality by 38.6% at 12 months and 19.4% at 21
months [97]. The deterioration in muscle strength was also
slower in the riluzole group (p=0.028). The second trial, a
dose ranging study in 959 patients, showed the adjusted risk
of death in the 100 mg riluzole group was 0.65 (p=0.002)
compared to placebo after 18 months of follow-up [12]. The
effect was not apparent to patients and neither trial showed
benefit in quality of life. A meta-analysis of three published
trials with 876 riluzole-treated and 406 placebo-treated pa-
tients [152] showed that riluzole prolongs survival by ap-
proximately 11%, or about 2 months. The long-term safety
of riluzole therapy has been shown [153]. The most common
side effects are diarrhea, dizziness, fatigue, nausea, and som-
nolence. Elevation of liver enzymes can occur, but rarely to
levels that are clinically meaningful. Dose-adjustment based
on serum levels, one approach to optimizing treatment, is
seldom done in practice. Most patients in Europe, where the
health systems cover the cost, and more than half of patients
in the U.S. take the drug. Riluzole is considered just one as-
pect of ALS care; non-invasive ventilation, multidisciplinary
clinics and possibly gastrostomy also make small but impor-
tant contributions to life expectancy and quality of life [69].
Palliative care and hospice help patients have comfort and
dignity in advanced stages.

2.2. Other Agents Affecting the Glutamate System
2.2.1. Gabapentin
2.2.1.1 Background

Gabapentin  (1-(aminomethyl)cyclohexane-acetic acid,
Neurontin®, Fig. 3) was first shown to be an effective anti-
convulsant agent in different animal models of epilepsy
[154]. In humans, it prevents partial and generalized tonic-
clonic seizures when prescribed as monotherapy or with
other drugs [155-157]. In animal models, gabapentin appears
to block nociceptive responses, producing analgesic effects,
and to possess anxiolytic-like activity [158].

2.2.1.2. Structure-activity Relationship

At the GABA 3-position, gabapentin has bulky aliphatic
chemical substitutions that alter its pharmacological proper-
ties [159, 160]. This amino acid-like structure has one car-
boxylic acid terminus and one amino group terminus, and is
attached to a cyclohexane. Hybrid peptide and bioconjugate
prodrugs of gabapentin have been designed to improve its
pharmacokinetic and pharmacological properties [161].
Quantitative Structure Activity Relationship (QSAR) studies
have examined the anticonvulsant, but not anti-
glutamatergic, effects of gabapentin. It is difficult to extrapo-
late anti-epileptic structure-activity relationships to ALS,
especially since the molecular target mediating potential
neuroprotective effects is largely unknown. Pregabalin, a
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gabapentin-derivate, and XP13512, a gabapentin prodrug,
were developed to enhance the clinical effects of the parent
drug. Pharmacomodulation of gabapentin and pregabalin was
done to enhance their pharmacological actions through bind-
ing to the a,d subunit of a voltage gated calcium channel
[162, 163]. No data are available for ALS.

2.2.1.3. Mechanisms of Neuroprotection

Gabapentin has no effect on GABA receptors and does
not modulate GABA receptor function like conventional
GABAergic agents. Different experiments point toward vari-
ous cellular and molecular targets for gabapentin, but a clear
consensus has not been reached. Gabapentin binds with high
affinity to a binding site associated with the a2-6 subunit, an
auxiliary subunit, of the voltage-gated Ca’" channel [164].
The apparent effect on the presynaptic neuron is to inhibit
glutamate release at excitatory synapses, reducing excitatory
neurotransmission [165]. Gabapentin may also act to reduce
the release of some monoamine neurotransmitters [166], and
could inhibit voltage-gated sodium channels [167]. Gabapen-
tin appears to have high-affinity for binding sites in brain
membranes and is able to cross several lipid membrane bar-
riers via system L amino acid transporters, where it competes
with leucine, isoleucine, valine and phenylalanine. Gabapen-
tin may decrease the rate of formation of glutamate from the
branched-chain amino acids leucine, isoleucine, and valine,
compensating for abnormal glutamate uptake [168]. The
synthesis of glutamate from branched-amino acids involves
the transamination of o-ketoglutarate by the amino acid
aminotransferase (BCAA-T). BCAA-T is competitively in-
hibited by gabapentin (K;=0.6-1.2 mM vs K;;=0.4—1.2 mM,
for substrate affinity) [169], with selectivity for the isoform
present in brain cytosol [170]. In combination, in vitro stud-
ies suggest that one action of the drug could be to decrease
of levels of cytosolic glutamate. In vitro studies have also
shown that gabapentin could enhance the activity of gluta-
mate dehydrogenase (GDH) [169], which converts glutamate
to a-ketoglutarate. Numerous electrophysiological studies
have shown an interaction between gabapentin and NMDA
responses in cortical neurons, in the absence of exogeneous
glycine. Gabapentin prevents motor neuron degeneration in
an in vitro model of ALS [171] and delays death in the ALS
transgenic animal model [172].

2.2.1.4. Development for ALS

Gabapentin has been studied extensively in people with
ALS. One analysis of N-acetylaspartate/creatine (NAA/Cr)
ratios by magnetic resonance spectroscopy found no benefi-
cial effect of the drug on neuronal integrity in motor or non-
motor cerebral regions [173].

The first clinical trial of gabapentin was conducted in
1996 [174]. This phase II double-blind placebo-controlled
trial randomly assigned 147 ALS patients to 2400 mg/d or
placebo for six months. The primary endpoint, which was
assessed every four weeks, measured quantitative arm mus-
cle strength. Results of this study showed a non-significant
trend of approximately 37% slower deterioration in treated
compared to control patients. Quantitative strength was as-
sessed by an apparatus known as the TQNE, which gives
reproducible results, but can be increasingly difficult for
patients to undergo as the disease advances. As a conse-
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quence, the results were biased by a high number of patients
who withdrew from the study (n=44, around 30%). Patients
were also older in the gabapentin than placebo group [174].
Even so, the results were considered promising enough to
design a phase III trial that assessed 1) a higher dosage (3600
mg vs 2400 mg) of gabapentin, 2) for a longer period of fol-
low-up (9 months vs 6 months) and 3) in a larger sample
(204 ALS patients vs 147) [175]. The phase III trial used the
same primary endpoint, quantitative strength, as the phase 11
study. One hundred twenty-eight of 204 patients completed
the study (65 in the gabapentin group). Baseline features
were again imbalanced between groups, with significantly
shorter disease duration in the gabapentin group (438 vs 548
days). At study conclusion, there was no difference in the
rate of decline in strength or any predefined secondary end-
points. When the phase II and phase III data were combined,
giving greater power to the analyses, the rate of deterioration
was greater in treated than placebo patients, suggesting a
potential toxic effect of gabapentin at high dosages. This
trial, which ushered in an era of increasingly sophisticated
clinical study design in ALS, raised questions that continue
to befuddle ALS trialists today: How to reduce patient drop-
out in a disease as rapidly progressive as ALS, how to ensure
that phase II trials produce meaningful results, and how to
identify the correct dose for neuroprotection in humans
[176]. Excess dropout and missing data hinder a trial in two
ways: They reduce power, which depends in part on sample
size, to detect a predefined effect size due to the medication
and they bias results if dropout occurs in one group more
than another. In a disease as resistant to discovery as ALS
has proved to be, even if a medication possesses neuropro-
tective properties, a trial might be negative if there is any
flaw in design or conduct, and precisely the correct dose is
not tested. In retrospect, the trend toward improvement in the
phase II trial was probably due to statistical chance rather
than true benefit of the drug.

2.2.2. Topiramate
2.2.2.1. Background

Topiramate (Fig. 3) is a sulfamate substituted monosac-
charide. Approved by regulatory agencies in 2012 for epi-
lepsy [177], topiramate is now also indicated in the treatment
of migraine headache. The drug is effective against partial
epilepsy in adults and Lennox-Gastaut syndrome in children
[178]. Topiramate might be effective for tremor [179-181]
and treatment-resistant schizophrenia [182]. It has been
tested in other neurological and psychiatric conditions such
as anxiety, bipolar disorder, and neuropathic pain [183-186].

2.2.2.2. Structure-activity Relationship

Topiramate is a tetrahydropyrane with one sulphonamide
attached where the hydroxyls are protected by two meth-
ylethylidene groups. Topiramate is an analog of fructose-1,6-
diphosphate, which may inhibit fructose 1,6-bisphosphatase,
an enzyme that converts fructose-1,6-bisphosphate to fruc-
tose 6-phosphate. The structure of topiramate suggests that it
could impact different targets, including receptors, ion chan-
nels and enzymes. Related compounds such as talampanel
are quite different chemically but bind to a common target
protein, the AMPA receptor. Analogs of bis-O-(1-
methylethylidene)-B-D-fructopyranose have been synthe-
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sized and appear to inhibit seven human isoforms of the zinc
enzyme carbonic anhydrase (hCA, EC 4.2.1.1) [187, 188].
Other carbonic anhydrase inhibitors are also used as anticon-
vulsants in the treatment of epilepsy [189]. Two of the new
compounds showed better anticonvulsant activity in mice
than Topiramate. A structure activity study reported that a
sugar sulfamate cyclic sulfate (RWJ-37947) had promising
anticonvulsant activity, but no further results have been pub-
lished on this compound [190]. These molecules are hetero-
geneous, with distinct functional groups, so it is likely that
the entire molecule does not produce the pharmacological
effect. Current research is focused on deriving analogues of
topiramate; carbonic anhydrase inhibitors have been singled
out because of their beneficial effect on epilepsy [187, 188,
191].

2.2.2.3. Mechanism of Neuroprotection

Topiramate has different pharmacological properties that
could contribute to a neuroprotective effect [32, 192-197],
including 1°) negative modulation of voltage-gated Na'
channels [198-201]; 2°) negative modulation of L-type high
voltage-activated Ca®" channels [202]; and 3°) antagonism of
the AMPA and kainate glutamate receptors [203, 204].

The neuroprotective role of topiramate on Glu-induced
excitotoxicity may be best explained by interference with
kainate receptors [205]. The anti-kainate actions of topi-
ramate appear to be mediated through antagonism of kainate-
activated cobalt (Co2p) flux [204]. This selective antagonism
limits toxicity induced by prolonged glutamatergic stimula-
tion of NMDA receptors [206, 207], and is associated with
alterations in the phosphorylation state of the kainate recep-
tor [177, 198, 203, 208].

In astrocytes, inhibition of AMPA-induced Ca® accumu-
lation is inversely related to the level of protein kinase A-
mediated phosphorylation of channels that are normally acti-
vated by AMPA [205]. Topiramate only binds to AMPA
receptors when dephosphorylated, suggesting an allosteric
modulatory effect of topiramate on the ion channel. Activa-
tion of AMPA receptors blocks the inwardly rectifying K"
channels by a mechanism coupled to AMPA receptor-
mediated Na' influx [209]. Topiramate could also reduce the
phosphorylation level of GluR1 subunits.

Direct modulation of Ca®" permeability by topiramate at
AMPA /kainate receptors appears unlikely [210]. Topiramate
probably reduces depolarization-evoked Ca®" influx by proc-
esses other than a direct effect on voltage-dependent Ca®”
channels. Postsynaptic influences could reduce somatic or
dendritic AMPA and kainate receptor-induced membrane
depolarization.

Topiramate may also enhance some types of GABAA re-
ceptors [211, 212] and K' channel currents [213], as well as
inhibit all carbonic anhydrase isoforms in blood and brain
(with Kjs in the nanomolar range) [214]. Topiramate pre-
vented loss of motor neurons in one in vitro model of excito-
toxicity, but had no effect in an animal model of ALS [215].

2.2.2.4. Development for ALS

A single clinical trial testing the efficacy of topiramate
was carried out in people with ALS. The results of the labo-
ratory and mouse model experiments were published concur-
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rently [215]. A phase III randomized placebo-controlled trial
examined the effect of up to 800mg/d on quantitative arm
strength in 296 patients who were followed for 12 months
[216]. Baseline demographic and phenotypic features were
balanced between groups. At the end of the trial, arm
strength deteriorated more rapidly in patients randomized to
topiramate compared to placebo (-0.0997 vs -0.0748, #-test, p
value=0.012), as did grip strength (-0.111 vs -0.084, r-test,
p=0.017). There were no differences between groups in sec-
ondary endpoints, including the ALS Functional Rating
Scale (ALSFRS), breathing capacity or time to death. The
more rapid deterioration of the primary outcome measure in
treated patients was thought to be due, in part, to side effects
of the drug. The decline in strength was paralleled by a 2.5
fold greater loss of weight in the topiramate group (-0.93 vs -
0.37 kg/months, p<0.0001). Weight loss is an independent
negative prognostic indicator in ALS [217].

The dose for the trial was selected to achieve blood con-
centrations of 45umol/L, a value in the therapeutic range for
epilepsy. While the approach is logical, one conclusion, in
hindsight, from the trial is that dose cannot be extrapolated
from other diseases; a drug that is effective in one disease
and at a certain dose, might not be effective in ALS or the
dose may be different. In retrospect, the phase III efficacy
trial was done with inadequate dose exploration in prelimi-
nary trials, which could have better determined the adverse
event profile in patients with ALS as well as the dose most
likely to have a neuroprotective effect. A recurrent obstacle
facing ALS trialists is how best to select a dose for ALS in
phase I and II trials that are too small examine efficacy and
in a disease with no clear biological markers. Non-traditional
phase II designs that choose dose rather than measure abso-
lute efficacy are being tried [176].

2.2.3. Ceftriaxone
2.2.3.1. Background

Ceftriaxone (Fig. 3), a p-lactam antibiotic, is a third-
generation cephalosporin that inhibits bacterial cell wall syn-
thesis by binding to penicillin-binding proteins. Ceftriaxone
is neuroprotective in in vitro [42] and in vivo models of dif-
ferent neurologic diseases, including spinal muscular atrophy
[218], Huntington’s disease [219], ischemia [220-222] and
multiple sclerosis [223].

2.2.3.2. Structure-activity Relationship

QSAR studies show that ceftriaxone has moderate lipo-
philicity (logP = 1.6 - 1.8) and diffuses well into CSF [224].
Ceftriaxone mediates EAAT2 protein induction by interact-
ing with the nuclear factor NF-kB [225]. A screening study
of various antibiotic compounds identified 15 different -
lactam antibiotics that were able to stimulate EAAT?2 protein
expression by more than two-fold [42]. Since that study, no
new antibiotics have been found to be as powerful enhancers
of EAAT?2, although molecular modeling with docking stud-
ies could search for new drugs that bind to this same site
[226]. Despite differences in chemical structure, ampicillin
and penicillin also induce EAAT?2 expression at the transla-
tional level [227]. To date, the characteristics of the ceftriax-
one structure that mediate its effect on EAAT2 are not
clearly defined.
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2.2.3.3. Mechanism of Neuroprotection

Ceftriaxone is a transcriptional activator of EAAT2 ex-
pression, facilitating glutamate uptake by astroglial cells [42,
225, 228, 229]. The ECs, for increasing EAAT2 expression
is 3.5 uM, similar to CSF levels obtained with therapy for
meningitis. The mechanism of enhanced EAAT2 gene ex-
pression is unclear.

Ceftriaxone is neuroprotective in in vifro in models of
stroke and motor neuron degeneration, and increases the
biochemical and functional activity of the transporter in vivo
[42]. Ceftriaxone exerts neuroprotective effects in culture
models of excitotoxicity [171, 230], and has antioxidant ac-
tivity [231, 232]. The benefit of ceftriaxone in ALS models
could involve Cu(Il)-attenuation [233].

NF-xB, a transcription factor that regulates the expres-
sion of numerous genes and is involved in immune re-
sponses, as well as cell growth, survival, and differentiation
[234, 235], appears to attenuate the ceftriaxone-mediated
induction of EAAT2. The promoter for EAAT?2 has four NF-
kB binding sites, which regulate EAAT2 expression [236-
238]. The EAAT?2 promoter could itself be regulated by ex-
tracellular signals and NF-kB through different signalling
pathways in combination with other transcription factors (N-
Myc) [237]. Ceftriaxone could modulate the glutamate
transporter through NF-kB -mediated EAAT?2 transcriptional
activation [239]. Of pB-lactam antibiotics identified in the
high throughput screen assessing potential neuroprotective
activity in ALS [42], ceftriaxone was selected for human
studies because of its good CNS penetration and longer half-
life than other agents in its class [240]. In the murine model
of ALS, ceftriaxone delayed loss of neurons and increased
muscle strength, as well as survival [42].

2.2.3.4. Development for ALS

Following the encouraging results in the laboratory, in-
cluding the positive study in the murine model, a human
clinical trial was designed that incorporated all three trial
phases into a single continuous trial. This design would, ide-
ally, improve efficiency by including the same patients and
reducing down time among phases, while, at the same time,
achieving important goals of all three phases. Sixty-six pa-
tients were enrolled in the phase I (pharmacokinetics) and
phase II (safety and tolerability) stages [241]. Ceftriaxone
levels were assessed seven days after initiation of the proto-
col to determine the dosage (2g/d or 4g/d) that provided a
CSF trough concentration of at least | mM in at least 80% of
the cohort. Both doses achieved this threshold but the high
dose had the advantage allowing longer drug holidays (3
days instead of 2 days).

The phase II stage examined three arms (placebo, cef-
triaxone 2g/d, ceftriaxone 4 g/d), and showed that both dos-
ages were reasonably safe and well tolerated. Abdominal
pain and cholelithiasis occurred, in a dose-dependent fash-
ion, more frequently in patients who received ceftriaxone (p
=0.02 and p=0.0001 respectively), but both dosage levels
met predefined criteria for tolerability in stages 1 and 2.

A data and safety monitoring board reviewed pharma-
cokinetic, safety and tolerability data and recommended con-
tinuing to stage 3 with the high dosage ceftriaxone (4 g/day
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divided twice daily). The phase III trial was stopped when an
interim analysis determined that a positive outcome, as
measured by survival and rate of progression in function,
was unlikely to be achieved.

This trial did better than its predecessors in accomplish-
ing important goals of drug development. There was good
scientific justification for testing the drug; phase I deter-
mined pharmacokinetic profiles and confirmed entry into the
brain; phase II assessed the safety of two different doses; and
phase III had good power to detect a meaningful effect. It
was ten years from the time B-lactam antibiotics were identi-
fied in the high throughput screen to completion of this mul-
timillion dollar trial. Planned enrollment in phase III was 513
patients at 58 centers. Considerable financial and intellectual
investment was made by the U.S. National Institutes of
Health and Food and Drug Administration. The vast re-
sources contributed to this trial that was stopped early due to
inefficacy exemplifies the obstacles facing researchers, the
great need for better understanding of causes, identification
of biomarkers as well as development of drugs that target
disease physiology in more sophisticated ways.

2.2.4. Talampanel
2.2.4.1. Background

Talampanel (LY300164; GYKI 53773, Fig. 3) was one
of the first active AMPA receptor antagonists studied in hu-
mans. The drug was tested in trials of epilepsy, with efficacy
for seizures taken as evidence of bioavailability within the
CNS [242, 243]. Talampanel appears to potentiate the anti-
convulsant activity of valproate, carbamazepine, diphenyl-
hydantoin and phenobarbital [244], increasing the potency of
valproate, diazepam, clonazepam [245] for seizures, and
enhancing the protective action of valproate and ethosuxi-
mide in pentylenetetrazol-induced experimental convulsions
in the laboratory.

2.2.4.2. Structure-activity Relationship

Talampanel is an imidazo-benzodiazepine: (8R)-7-acetyl-
5-(4-aminophenyl)-8,9-dihydro-8-methyl-7H-1,3-dioxolo
[4,5-h][2,3]benzodiazepine (GYKI 53733/ LY300164) [246].
It is a small molecule with good blood-brain-barrier penetra-
tion.

The 2,3-benzodiazepine family has been used to describe
the pharmacophores that are recognized by AMPA receptors
[163, 247-249]. Hundreds of 3-N-substituted-3,4-dihydro-
2,3-benzodiazepine analogues have been developed using
talampanel as the lead structure, and some have demon-
strated good in vitro AMPA receptor affinity with in vivo
efficacy as anti-epileptic drugs [250, 251]. The importance
of stereoselectivity in AMPA receptor recognition is high-
lighted by the higher activity of R-enantiomers such as (-
)talampanel. On the diazine cycle, the C-4 bearing the chiral
methyl group is an important determinant of affinity. If it is
replaced by a carbonyl group, this analog binds to another
site on the AMPA receptor [252]. To produce noncompeti-
tive affinity for the receptor, the C-4 methyl group must be
fixed on a 2,3-benzodiazepine skeleton associated with a 7,8-
methylenedioxy group [253]. Different functional groups
introduced to the 2,3-benzodiazepine system produce differ-
ent affinities for the AMPA receptor [249]. QSAR studies
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indicate that anticonvulsant activity can be maximized
through manipulation of the HOMO (highest occupied mo-
lecular orbital) energy, the lipophilicity, and the number of
nitrogen atoms; and that a higher number of donor hydrogen
bonds can have an unfavorable effect [254]. Talampanel and
its (+) counterpart have been used to evaluate the mechanism
of inhibition and selectivity for the four AMPA receptor
subunits GluA1-4; three different noncompetitive sites on the
GluA2Q AMPA receptor have been described as important
for the interaction [255], but the location of these negative
allosteric ligand binding sites on the AMPA receptor is not
yet known. The best fit from a three-dimensional pharma-
cophore model indicated that two hydrophobic groups, one
hydrogen-bond acceptor and one aromatic region are impor-
tant for non-competitive antagonist activity at the AMPA
receptor [247, 256]. A separate study identified two donor
sites, one donor atom and a hydrophobic center [257], but
the results need confirmation by 3D QSAR study.

The affinity of talampanel for the receptor can be en-
hanced through allosteric modulation of recombinant AMPA
receptors by hetero-oligomerization with GluR2 [258]. In a
2006 study, ZK 187638, a talampanel analog [259] and non-
competitive AMPA antagonist, was shown to improve motor
neuron function in mSOD1G93A transgenic mice [260]. In
parallel, perampanel [2-(2-oxo-1-phenyl-5-pyridin-2-yl-1,2-
dihydropyridin-3-yl)benzonitrile] [261-263] was identified
from diverse pharmacomodulation studies as a potential scaf-
fold for the development of new AMPA receptor ligands.
Both agents could be developed further for ALS. Other
molecules may be more potent than talampanel [264, 265],
but to date, none have been evaluated in ALS.

The crystalline structure of the AMPA-sensitive, homo-
tetrameric, rat GluA2 receptor in complex with a competitive
antagonist has also been described (PDB: 3KG2) [266]. To
facilitate the design of novel AMPA receptor antagonists, a
modified model of the AMPA receptor binding site that in-
cludes key residues involved in ligand recognition (PDB:
INOT) was created [267]. Other antagonists that bind AMPA
receptors have been co-crystallized (PDB: 3B7D) [268] and
PDB: 1FTL, 1FTJ) [269] and used in the design of new non-
competitive glutamate receptor antagonists [270, 271].
Docking studies to design new ligands for use in ALS could
be done based on these data.

2.2.4.3. Mechanism of Neuroprotection

Noncompetitive AMPA antagonists, like talampanel
[272, 273], protect motor neurons from excitotoxicity [274],
appear to be effective in models of neurological disease irre-
spective of glutamate levels or polarization state of the syn-
aptic membrane [275, 276], and leave normal glutamatergic
activity unaffected after prolonged use. In addition to bind-
ing AMPA receptors, talampanel may also have anti-
inflammatory properties in the CNS and attenuate caspase-3
induced proapoptotic pathways [277]. AMPA antagonists
prolong survival in the transgenic G93A mouse model [278,
279].

2.2.4.4. Development for ALS

A preliminary trial of talampanel in ALS ended without
appreciable clinical benefit [280]. This phase II placebo-
controlled trial randomized 59 patients in a 2/1 drug/placebo
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ratio. The dosage was titrated as tolerated from 20 mg to 50
mg three times daily in weekly increments of 30 mg/day.
Efficacy was assessed by quantitative muscle strength, pul-
monary function, the ALS Functional Rating Scale, and sur-
vival. There were no differences in demographic data be-
tween groups, and 85% of patients reached the maximal
daily dosage. Dizziness, reported by 60% of patients enrolled
in the treatment group, was a common adverse effect. Func-
tional scores (30%) and muscle strength (15%) declined
more slowly, trends that did not reach statistical significance,
in treated compared to placebo patients. Change in respira-
tory strength was similar between groups. Although not sig-
nificant, the results were hopeful enough that a second 52
week phase II multicenter placebo-controlled, trial was de-
signed to assess the efficacy, tolerance and safety of two
dosages of talampanel (25 mg and 50 mg three times daily)
compared to placebo. When the trial ended in May 2010,
Teva Pharmaceuticals, the sponsor of the trial, announced a
negative outcome, but the results have not been published or
posted on clinical trial registry websites. Investigators and
pharmaceutical companies have a responsibility to publish
trial results, positive or negative, in a timely way, so that
other investigators can examine data and make decisions
regarding how best to pursue new avenues for ALS in their
own research.

2.2.5. Memantine
2.2.5.1. Background

Memantine (Fig. 3) was first synthesized as a N-
arylsulfonyl-N-3,5-dimethyladamantylurea derivative to re-
duce hyperglycemia [281]. The drug was initially registered
in Germany for indications related to neurological diseases
in 1978 [282], but an effect on NMDA receptors was not
described until many years later [283-287]. Efficacy has now
been shown in randomized controlled trials in a variety of
dementias [288]. Memantine might also have beneficial ef-
fects in other disorders, including Parkinson disease, stroke,
epilepsy, trauma, drug dependence and chronic pain [289-
293], but additional research is needed.

2.2.5.2. Structure-activity Relationship

Memantine (1-amino-3,5-dimethyl-adamantane) is de-
rived from amantadine and belongs to the aminoadamantane
class of organic molecules. The drug exhibits excellent CNS
penetration [294]. CSF levels of memantine correlate with
serum values (ratio serum/CSF at 0.52+/-0.094), and free
levels are estimated to be similar in both fluids. Even though
CSF concentrations are lower than the ICsy for NMDA re-
ceptors, memantine appears to bind its target on the receptor,
likely because of adequate free levels [294]. Memantine
blocks open NMDA channels through non-competitive an-
tagonism [295]. Key binding interactions have been exam-
ined and compared to amantadine using the GluN1/GluN2B
NMDA receptor on crystalized chimaera Kv1.2 potassium
channels (PDB: 2R9R) [296]. Mutations in residues on the
third transmembrane (TM3) as well as post-TM3 regions of
GluN1 were found to have considerable impact on the me-
mantine 1Cso [297]. Hydrophobic interactions between two
methyl groups and the binding pocket formed by the residues
A645 and A644 on the third transmembrane helices of
GluN1 and GluN2B, respectively, have been identified. The
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addition of methyl groups to amantadine, forming meman-
tine improved affinity of the compound for the receptor
[298]. Memantine analogues have been evaluated for their
NMDA receptor PCP binding site affinities and compared to
MK-801 (dizocilpine), an anticonvulsant drug and potent
NMDA receptor antagonist [299, 300] that binds selectively
and with high affinity to NMDA receptors in the open state
[301]. The selectivity of MK-801 is such that it does not in-
fluence the binding of ligands on numerous other CNS re-
ceptors [282]. A gabapentin-adamantine dual compound was
also designed by coupling gabapentin to a memantine ana-
log, a strategy that could be applied to drug development for
ALS [302].

Memantine is an inefficient antagonist of the NMDA re-
ceptor, but it could be a starting point for the design of new
compounds using docking experiments on the NR2B subunit
[298]. The NR2A-glutamate complex defines determinants
of glutamate-NMDA recognition; crystal structures of the
NR2A ligand-binding core in tetrameric NMDA receptors
(PDB: 2A5S) could be employed to design new agents [303].
Docking studies would be especially helpful in the identifi-
cation of new ligands for NMDA receptors.

2.2.5.3. Mechanism of Neuroprotection

The principle effect of memantine on reducing neuronal
loss occurs through correction of excitation-inhibition imbal-
ance [290, 291, 295, 304, 305] at the level of the NMDA
receptor [290, 291, 304, 305], but the compound has numer-
ous targets.

Memantine blocks the NMDA receptor in a mechanism
similar to that of Mg”" , but with higher affinity and less
voltage dependency [306]. The primary binding sites for the
two compounds overlap [297, 307-309]. Memantine also
binds to a region of the channel pore near but more superfi-
cial to agents with psychotomimetic effects such as ketamine
and phencyclidine [310]. Because memantine, a noncompeti-
tive antagonist of the receptor, binds to the receptor channel
rather than the extracellular glutamate binding site [311], it
can rapidly attach and dissociate from the receptor. Meman-
tine appears to detach from NMDA receptors upon strong
post-synaptic depolarization but continues to block the chan-
nel pore in the setting of moderate prolonged depolarization,
preserving normal synaptic activity while inhibiting excito-
toxicity [282]. Memantine leaves synaptic activity unaffected
by interacting with extra-synaptic NMDA receptors [312] or
by blocking receptor activity only in the setting of persis-
tently high levels of glutamate, with no response to the brief
spikes that occur in normal synaptic transmission [313, 314].
In therapeutic concentrations, memantine acts on NR1/2C
and NR1/2D but not NR1/2A or NR1/2B-containing NMDA
receptors [315]. Actions of memantine depend on voltage;
the 1Csp increases with depolarization [295, 304, 305]. Me-
mantine also blocks type 3 serotonin (5-HT3) and nicotinic
acetylcholine receptors (nAChR) with low IC50 [316]. The
therapeutic effect of memantine may be enhanced by inhibi-
tion of a-7 nAChRs (Nicotinic acetylcholine receptors)
[317], which are involved in amyloid-B-induced internaliza-
tion of receptors [318].

Memantine can also be considered an L-type Ca>" chan-
nel antagonist and might impede activation of voltage acti-
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vated Na' channels, but with potencies that are too weak to
produce therapeutically meaningful responses.

Memantine appears to inhibit and reverse hyperphos-
phorylation of tau that leads to aggregation and sequestration
of cytoskeletal proteins, including the microtubule-
associated proteins seen in ALS [319-323]. Memantine in-
creases phosphoinositide turnover with an ECsy of 4.1 mM
[324]. Memantine also potentiates inhibitory glycine recep-
tors in spinal cord culture [325].

Preclinical experiments suggest that treatment with me-
mantine could be neuroprotective, reducing excitotoxicity
and delaying progression in models of neurodegenerative
diseases [326, 327]. Treatment with memantine delayed mo-
tor deterioration and extended life span in mSODI1(G93A)
ALS mice [328]. When administered after symptom onset,
which may better represent how the drug can be given to
people, memantine extended survival in the murine model
[329], but had no effect on measures of motor function.

2.2.5.4. Development for ALS

Following the positive outcomes in controlled trials and
subsequent approval for Alzheimer disease, as well as en-
couraging reports from the mSOD1 mouse model, two clini-
cal trials were conducted in ALS. The first was a 12-month
single-center  randomized,  double-blinded,  placebo-
controlled trial that enrolled 63 patients with ALS using
standard inclusion criteria. The effect of 20 mg/day doses on
the decline in the ALS Functional Rating Scale was assessed
at trial conclusion. Overall, memantine was safe and well
tolerated. No therapeutic effect on motor function emerged
in this small trial, but larger studies are needed [330]. In the
second trial, designed to examine safety and changes in CSF
biomarkers, 20 patients received 10 mg twice daily for 18
months [323]. Changes in CSF tau were seen in response to
the medication and memantine was again well tolerated.
These preliminary studies suggest that the drug could be
developed further for ALS, with focus on dose selection and
development of biomarkers.

2.2.6. Lamotrigine
2.2.6.1. Background

Lamotrigine (Fig. 3) is approved in the U.S. as adjunctive
therapy for primary generalized and partial epilepsy. The
drug also acts as a mood stabilizer, and is indicated for main-
tenance therapy in bipolar disorder with depression as a
prominent feature. Lamotrigine may be effective for acute
depression whether or not it is related to bipolar disorder, but
additional studies are awaited [331-333].

2.2.6.2. Structure-activity Relationship

Lamotrigine contains a triazine ring that is connected to
another aromatic ring, forming an arene-oxide intermediate
[334]. It is this intermediate that appears to underlie the skin
reactions due to lamotrigine, a meaningful side effect that
occurs in 2-7% of people who take the drug and that ranges
from mild to life threatening [335]. The anticonvulsant
agents, phenytoin, carbamazepine, and lamotrigine have dis-
tinct chemical structures but similar mechanisms of action,
all binding to a common site on neuronal Na' channels
[336]. The synthesis and in vitro evaluation of new 2,4-
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diamino-1,3,5-triazine derived neuronal voltage-gated so-
dium channel blockers can be done on a lamotrigine and
phenytoin pharmacophore-based scaffold [337]. Triazine
analogues have also been synthesized and evaluated using
similar methodology; a 2D pharmacophore that contains at
least one aryl unit, one or two electron donor atoms, and a
hydrogen bond acceptor/donor unit can examine anticonvul-
sant activity [338]. A homology study of all four domains
was accomplished using the open MthK channel X-Ray
structure (PDB: 1lnq) [339]; lamotrigine-binding residues
were identified at the center of the pore, near the S6 helices
of domains IIT and IV [340]. Lamotrigine appears to interact
with Leu-1465 on the voltage-gated Na' channel, where it
binds to the interface between DIV-S6 and DIII-S6 [341].
The channel has low affinity for the drug at resting state (K
=641 uM) [342].

2.2.6.3. Mechanism of Neuroprotection

Lamotrigine, initially developed for its antifolate proper-
ties [343], inhibits voltage-sensitive Na' channels, as well as
the release of glutamate and aspartate [344-348]. Lamo-
trigine also diminishes neuronal transmission via blockade of
N-type calcium-channels and potassium efflux [349, 350]. In
high concentrations, lamotrigine inhibits 15-26% of AMPA-
evoked depolarization [351].

Lamotrigine also reduces glutamate release in dentate
gyrus granule cells through suppression of postsynaptic
AMPA receptors [352]. In the laboratory, lamotrigine re-
duces motor neuron loss to the same degree as the NMDA
receptor agonist MK-801 [353, 354]. While lamotrigine is
believed to inhibit glutamate release, the changes cannot be
detected in CSF of patients with epilepsy [354, 355].

2.2.6.4. Development for ALS

The efficacy and tolerability of 300 mg/day of lamo-
trigine were studied in a double-blind, 6-month placebo-
controlled crossover trial in 30 patients with ALS; none took
riluzole. The design included a 6-week period of dose escala-
tion, followed by 16 weeks of treatment, then a 6 week
wash-out period before initiating the opposite treatment (pla-
cebo or lamotrigine) [354]. CSF levels of excitatory amino
acids and lamotrigine were assessed, along with clinical
function. There were no differences in any assessment at the
conclusion of this small pilot trial.

3. FUTURE DIRECTIONS

As the field of medicinal chemistry enters a new era of
sophistication, designer drugs optimized for specific cellular
events are rapidly moving from theory to reality. In ALS,
excitotoxic cell death is a mechanism that might be amend-
able to targeted drug design but additional work is needed
before ideal models that fully recapitulate the complex bio-
chemical events in ALS are realized.

Structural analysis of riluzole, ceftriaxone and dex-
pramipexole shows that the three chemicals possess the same
5-(2-heteroethyl)thiazol-2-amine group. The structure activ-
ity-relationship (SAR) is much more difficult to elucidate,
however and few quantitative SAR studies have been re-
ported for ALS, one explanation for the failure of drug de-
velopment to, so far, translate into meaningful neuroprotec-
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tive therapies. An important next step is to better define how
various chemicals interact with disease mechanisms using
QSAR.

The development of compounds that act as transcrip-
tional activators of EAAT?2 is an especially promising future
approach. A series of new compounds that increase EAAT2
protein expression has been described, and further investiga-
tion should examine potential therapeutic effects in ALS.

Transplantation of stem cells that secrete gene products
or metabolic or neurotrophic factors is another approach to
therapy [356]. Genetically reprogrammed stem cells that
selectively increase glutamate uptake is one avenue that is
worthy of additional research [357].

The hypothesis of glutamate-induced excitotoxicity ap-
pears central to events surrounding motor neuron cell death,
but other pathophysiological events have also been de-
scribed, including aggregation of misfolded protein, oxida-
tive stress, and mitochondrial dysfunction. How these proc-
esses interact awaits full elucidation, but development of
rational “multi-targeted drugs”, while far from simple, is a
strategy to drug design that also needs exploration [358].
ALS likely has heterogeneous causes, making the problem of
finding a single ideal target in a single metabolic pathway
overwhelmingly difficult. Similarly, the notion of finding a
single diagnostic biomarker or measure of disease progres-
sion seems, for the moment, a distant hope. In a clinical trial,
some patients might respond to one targeted mechanism
while others might not because the diseases may be different
or in different stages. Drugs that target multiple targets could
treat more mechanisms in ALS; this approach is now possi-
ble, but would require extensive preclinical experimentation
to define effects before testing in humans.

To date, clinical trials of anti-excitotoxic agents have
used drugs that have not been optimized. Negative trial re-
sults could mask good results in individual patients or groups
of patients. Continued characterization of patients, perhaps
using new technologies such as neuroimaging and me-
tabolomics could help identify like groups of patients [359,
360]. A better approach to ALS therapy requires a better
understanding of interactions between risk factors, patho-
physiological mechanisms, biomarkers and phenotypic char-
acteristics of patients. Personalized medicine in which treat-
ments target individual patients’ disease patterns is a future,
albeit still remote, goal.

4. CONCLUSIONS

ALS, like other age-related degenerative disorders, still
has few known causes or meaningful treatments. The course
is progressive and death occurs for most patients within sev-
eral years of onset. Care is now multidisciplinary and in-
cludes respiratory support, supplemental feeding and rilu-
zole, all of which prolong survival modestly. Symptomatic
medications can be tried but have not been shown to improve
survival. Hospice and comfort measures ensure dignity in
advanced stages.

Some of the cellular events that occur after disease onset
are partially understood, but little is known about how under-
lying risk factors might take effect or interact. Triggers may
act in distant youth or even before birth. It is likely that bet-
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ter treatments and preventative measures will be identified
after the etiologies of ALS are found. In the meantime, me-
dicinal chemistry can make important contributions to the
last frontier of medical science, neurodegenerative brain dis-
eases. Better models and better understanding of disease
mechanisms, drug development optimized for specific tar-
gets such as EAAT-2, definition of structure-activity rela-
tionships prior to human testing, design of agents that target
multiple targets, and elaboration of disease biomarkers could
produce the breakthrough that has eluded five generations of
researchers; a leap forward that would not only help relieve
the suffering of millions of people, but that would forever
change how we perceive aging and, by extension, life.
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ABBREVIATIONS
ADMET

Absorption,  distribution,
excretion, toxicity

metabolism,

AMPA = a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid

BCAA-T = Amino acid aminotransferase

CSF = Cerebrospinal fluid

CNS = Central Nervous System

DAAO = D-amino acid oxidase

EPSC = Spontaneous excitatory postsynaptic cur-
rents

FDA = Food and Drug Administration

EAAT = Excitatory amino acid transporter

ECso = Half maximal effective concentration

EDs = Median effective dose

ELISA = Enzyme-linked immunosorbent assay

FGFR = Fibroblast growth factor receptor

GABA = y-aminobutyric acid

GDH = Glutamate dehydrogenase

GLT = Glutamate transporter for rodents

L-Glu = Glutamate

1Csq = Half maximal inhibitory concentration

mGluR = Metabotropic glutamate receptors

mSOD1 = Mutant superoxide dismutase 1

NMDA = N-methyl-D-aspartate

PDB = Protein data bank

PI3K = Phosphatidylinositol 3-kinase

PKC = Protein kinase C
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QSAR = Quantitative structure activity relationship
ROS = Reactive oxygene species

SALS = Sporadic ALS

SAR = Structure-activity relationship

TRPCS = Transient receptor potential channel C5
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