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Abstract: Amyotrophic Lateral Sclerosis (ALS) is a progressive degeneration disorder, which
damages the communication between the brain and voluntary muscles. The progression of
neurodegeneration develops various symptoms based on the region of neuronal death. The
selective vulnerability of specific neuronal subset {fast fatiguing (ff) motor neuron} followed
by the progression of the disease to other motor subunit is the most distinct phenomena in the
pathogenesis. However, the leading cause of selective vulnerability is still unclear. Currently,
approved medications subside the symptoms and slow down the disease progression, but
there is no cure for saving the surviving neuronal population. In order to determine the
potential drug targets, it is essential to identify the underlying cause of the disease. From the
literature study, we proposed a conceivable mechanism for selective neurodegeneration that
shows aberration in blood-brain barrier and astrocytes structural and functional integrity is
the primary factor for the energy demand, which leads to the neuronal vulnerability of the
energy craving ff motor neuron compared to other neuronal subsets. Restoration of blood-
brain integrity resolves the metabolic demand in the selectively vulnerable neuron. the currently
known in vivo models showed that inhibiting glycogen synthase kinase 3β and activation of
peroxisome proliferator resulted in stabilizing the blood-brain barrier from toxic invaders,
which in turn increases ATP production, reduces ER stress, improves neuronal survival and
serves as a promising therapeutic target to treat the neuronal vulnerability.
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is the most
prevalent motor neuron disorder, affecting more than

450,000 people worldwide, and has a significant
mortality rate. In the initial stages, the symptoms
varied based on which motor neuron is affected. The
limbic onset of ALS resulted in muscle weakness

*Ms. S. Akila Parvathy Dharshini, is a Research Scholar, working with Dr. M. Michael
Gromiha, Department of Biotechnology, Indian Institute of Technology - Madras.

Dedication: I am deeply grateful to my mentor, Prof. P. D. Gupta for his constant
encouragement and support in my research career. His guidance has helped immensely
with my research work. I dedicate this article to him on the occation of his 81 st Birth
day. .

http://www.tcrjournals.com)
mailto:akilabioinfo@gmail.com


7008

J. Cell Tissue Research

and cramps, whereas bulbar onset shows the difficulty
in swallowing and speech. At later stages, the
deterioration of the lung functionality results in
respiratory troubles and choking to death [1-3]. The
FDA-approved drugs for ALS reduce the symptoms
but cannot reverse the motor neuronal damage.
Riluzole (N-Methyl-D-aspartic acid  (NMDA)
inhibitor) inhibits calcium-induced glutamate receptor
activation by interfering with voltage-gated potassium
channel and blocks glutamate release so that it
reduces the excitotoxicity. The proposed mechanism
of Edaravone showed that it reduces the neuronal
nitric oxide synthase and removes the toxic reactive
oxygen species and decreases the lipid peroxidation
[4-6]. However, these drugs exhibit side effects such
as gait disturbance, hives, headache, drowsiness, and
nausea. This shows that, although current medications
reduce the symptoms, there are no permanent
solutions to rescue the surviving neuron or regenerate
the damaged neuron.

In initial stages of ALS, the selective vulnerability of
fast fatiguing motor neurons is followed by other motor
neurons. Various factors influence neurodegeneration,
which include genetic and environmental factors,
mitochondrial stress, dysfunction in oxidative
phosphorylation-energy metabolism, calcium load,
and glutamate toxicity. Identifying the cause of
selective vulnerability will shed light on the disease
mechanism. A better understanding of the disease
mechanism would provide deeper insights into the
cellular pathway that helps in recognizing a potential
drug target.

Genetic background: The gene mutation plays a
critical role in progressive neurodegeneration. The
gene variants present in Fused in Sarcoma (FUS),
Superoxide dismutase (SOD1), Transactive response
DNA binding protein (TARDBP), and chromosome
9 open reading frame 72  (C9orf72) are involved in
disease pathogenesis. The in vivo models showed
that defects in these genes resulted in toxic protein
accumulation in the neuronal cell, which in turn
resulted in aberrant protein function such as
dysregulation of trafficking and signal transmission
[7-13].

Selective vulnerability in ALS: The Fast fatigable
motor neuron (FF neuron) is a subset of alpha motor
neurons (also known as white fiber), which is more
vulnerable in ALS compared to other motor neurons
[14]. This subgroup of the motor unit requires an

enormous amount of force for the movements such
as jumping and running [15]. However, the cause of
vulnerability for this neuronal subset is still unknown.
The anatomical studies of the various motor unit
showed that FF motor neuron possesses a larger
diameter of axons which includes more number of
axon collaterals compared to closely related slow
motor units [16,17]. In FF neuron the axonal sprouting
and pruning are lower compared to others which lead
to a gradual weakening of reinnervation after injury
[18]. The gene expression study exhibits that in ALS,
neurite outgrowth inhibitor (Nogo) is over expressed
in muscle junction, which disrupts the regeneration
after injury [19].  Researchers demonstrated that
vulnerable motor neuron acquires higher ER stress
compared to slow motor neuron [20]. These studies
revealed that, in similar stress conditions, FF neuron
tend to die rapidly compared to slow motor neuron,
and this may be due to its anatomical complexity such
as larger arborization and axonal diameter.

Research Question: Why a specific subset of the
neuronal population is selectively vulnerable in disease
pathogenesis, and what factors are influencing the
vulnerability?

Identifying the cellular pathways to reverse
vulnerability and improve the neuronal
endurance:

 Background and significance: the mitochondria
are the powerhouse of the cell, which produces an
immense amount of energy through oxidative
phosphorylation. researchers measured the
mitochondrial enzyme activity in various motor
neuronal tissue, and they found that cytochrome
oxidase (complex-iv), ros scavenging activity, is
significantly lower in als affected neurons [21]. due
to higher oxidative stress, mtdna is more susceptible
to damage and results in aberrant energy, producing
enzyme activity as well as substantial mtdna deletions
in als patients [22-24] therefore, in general, FF motor
neuron requires a more significant amount of energy
to maintain its integrity, and even small perturbation
in the energy production mechanism can lead to
neuronal death. from the literature study, we
hypothesized a conceivable mechanism for neuronal
degeneration. figure 1 depicts the hypothesized
plausible mechanism of FF neuron vulnerability.

The Blood-Brain Barrier (BBB) is essential to
preserve the vascular structure, which supplies the
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Fig. 1: Hypothesized mechanism of FF neuron vulnerability.

Fig. 2: The summary of GSK-3ā inhibition from in
vivo and in vitro studies

metabolites and neurotrophic factors to energy
demanding neurons majorly through glial cells by
providing lactate [25]. Therefore, loss of BBB
integrity results in disruption of neurovascular
communication and cerebral blood flow. In ALS,
reduced regional cerebral blood flow was observed
in the motor cortex [26]. This leads to impairment in
vascular-glial communication resulting in an energy
crisis [27] and influences the energy craving (FF)
neurons [28]. Due to metabolic stress, these neurons
are unable to meet their energy requirement for
securing the functional homeostasis.

 β-Methylamino-L-alanine (BMAA) is a well-known
neurotoxin and serves as a biomarker for ALS [29].

In chemical nature, this neurotoxin is similar to
glutamate, it can easily pass through the BBB and
activates glutamate receptors. Glutamate is an
essential neuromodulator, which participates in
various signaling processes. The higher amount of
glutamate is toxic to the neuronal cell and glutamate
transporter located in the glial cell, which plays an
essential role in glutamate regulation in the
presynaptic terminal [30]. The gene expression
studies showed that the lower expression of glutamate
transporters are associated with ALS pathogenesis
which results in excessive glutamate toxicity and
aberrant activation of NMDA and AMPA receptors
[31,32]. Dysregulation of these receptors leads to
calcium load inside the cell. In order to regulate the
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calcium, mitochondria require a large energy
threshold, leading to metabolic stress and the
production of reactive oxygen species (ROS), which
is toxic for spinal motor neuron [33]. This study
showed aberrant glutamate re-uptake and increased
glutamate concentration hyper-excites the
postsynaptic neuron. This allows greater calcium
influx, which disrupts the metabolic functionality of
the neuron by promoting energy demand.

Further, this type of metabolic stress causes an
aberration in motor protein transport, calcium ion
homeostasis, vesicle trafficking, and protein
degradation, all these above events require ATP for
their specific functionality and this type of metabolic
stress results in neuronal apoptosis.  Several in vivo
ALS animal models exhibit that impairment in the
vascular structure results in motor degeneration [34].
This shows that communication loss between BBB,
glia and higher energy craving neuron is the primary
cause of energy demand and degeneration.
Restoration of BBB and vascular dynamics is a
promising therapeutic strategy to treat the disorder.

Identifying therapeutic target for restoration of
blood-brain- barrier (BBB): From the brief litera-
ture survey, we have identified that restoration of
BBB and glial function would provide neurotrophic
factors and secondary metabolites to save the sur-
viving neuronal population against various stress
stimuli. Glycogen synthase kinase 3 Beta (GSK-3β)
plays a dual role in cell survival and death mediated
by PI3K/AKT and wnt signaling pathway. Further, it
is involved in energy metabolism, ER stress, apoptosis,
and neuroinfl-ammation. GSK-3β dysregulation has
been reported in various categories of neurological
disorders. The gene expression studies showed that
GSK-3β expression is upregulated in ALS and re-
sults in tau protein aggregation [35-37].

The experimental studies show that inhibition of GSK-
3β stabilizes the tight junction protein, which in turn
seals the leaky BBB [38]. The proinflammatory
signals affect the endothelial cells in BBB. The
inhibition of GSK-3β  reduces the inflammatory signals
[39]. This shows GSK-3β inhibition helps to preserve
the BBB structural integrity. Researchers showed
that GSK-3β inhibition leads to improved
mitochondrial function by activating respiratory
complexes, which in turn reduce ROS production and
also activate peroxisome proliferator activator
receptor gamma coactivator-1alpha (PGC-1α)

involved in mitochondrial biogenesis [40-42]. Wei
zhoa et al. [43] demonstrated that SOD1 mutant in
transgenic mice subjected to overexpression of PGC-
1α show increased mitochondrial biogenesis, which
improves the motor activity, electron transport energy
metabolism and also recovered the spinal neuron.
Studies exhibit that inhibition of GSK-3β regulates
the transition pore and reduces the permeability that
inturn controls the calcium load inside the
mitochondria [44]. GSK-3β inhibits the overactive
glutamate receptors and reduces glutamate toxicity
[45]. In vivo studies exhibit that GSK-3β inhibition
provides neuroprotection against various stress stimuli
and delays the disease progression by improving the
mitochondrial activity [46-49]. This shows inhibition
of GSK-3β restores the BBB and mitochondrial
function, which improves the neuronal survival by
reducing the metabolic stress. This sugge-sts GSK-
3β is an attractive target to treat neurodegeneration.
The selected target is not involved in pain and can be
modified using potent small molecules.

Gsk- Inhibitor designing strategy: GSK-3β
belongs to the family of kinase and is structurally
similar to cyclin-dependent kinases 2 and 5.  Figure
3 shows the ATP and allosteric binding sites of GSK-
3β. The kinase protein comprises three different
pockets, i.e., ATP-binding site (yellow), the allosteric
site I (blue), and II (red). Designing the potent, se-
lective inhibitors for kinase family is a challenging
task due to the similar binding site. The potent ATP-
competitive inhibitors (type-I) bind with the active
and inactive conformation of kinase but lack selec-
tivity. The currently known allosteric inhibitors (type-
II) tend to bind either allosteric site II or I [50-52].
These types of inhibitors are less potent but show
high selectivity and likely to bind with the inactive
conformation which shows that designing potent and
selective allosteric inhibitors is very crucial.

In order to design a specific potent inhibitor, we have
to identify conserved water molecules in the binding
vicinity. The deigned inhibitor should form hydrogen
bond interaction with a stable water molecule, thus
boosting the potency by retaining water molecules
and removing the unstable water. Forming interaction
with the non-conserved hydrophobic binding residues
may increase the selectivity in GSK-3β.

Strengths and challenges of the study: The in
vivo and in vitro experiments showed that GSK-3β
acts as a potential therapeutic target for
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neurodegenerative disorders. The preliminary
experiments exhibit that inhibition of GSK-3β  resulted
in restoring the blood-brain-barrier and mitochondrial
integrity and improves the neuronal survival in als
animal models. designing a selective and stabilized
inhibitor for GSK-3β is very challenging due to its
off-target effects. to overcome the selectivity issue
of existing kinase inhibitors we have to identify an
inhibitor, which shows a specific interaction with
GSK-3β using computational and experimental
methods.
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