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Amyotrophic lateral sclerosis (ALS) belongs to the group
of motor neuron diseases, in which the degeneration, the
weakness of voluntary muscles, and death of motor neu-
rons gradually spread along disease progression. ALS comes
from Greek language and means “no muscle nourishment”
(“amyotrophic”), “area of the spinal cord where affected nerve
cells are localized” (“lateral”), and “the degeneration and
hardening of the spinal cord” (“sclerosis”). The fundamen-
tal contributions of the celebrated neurologist Jean-Martin
Charcot at the end of the nineteenth century provided the
first description of ALS. His neurological work was based
on the “anatomo-clinical method,” in which he determined
the correlation between clinical signs detected during life
and anatomical lesions seen at death. Nowadays, the patho-
physiological mechanisms that prompt the neurodegener-
ative process in both forms of the disease, familial and
sporadic ALS, still remain to be elucidated. However, there
is growing evidence that the pathogenic process involved in
ALS is multifactorial and includes oxidative stress, glutamate
excitotoxicity, mitochondrial dysfunction, axonal transport
systems, and dysfunction of glial cells, yielding the damage
of critical proteins and organelles in the motor neurons

and muscles and triggering the neurodegeneration. In this
complex scenario, the need for identifying potential biomark-
ers that could make an earlier prognosis and diagnosis of
the disease possible becomes an essential step to finally
decode the molecular basis of ALS and to provide promising
therapeutic strategies.

This special issue provides more in-depth information,
not only considering relevant molecular and plastic features
in ALS but also including accurate reviews focused on
potential biomarkers of the disease in different tissues. More
specifically, the role of two molecular factors, the vascular
endothelial growth factor (VEGF) and the glial cell-derived
neurotrophic factor (GDNF), is described. In particular,
detailed characterization of VEGF in different human tissues
and its connection to a potential therapeutic approach for
ALS is addressed. Regarding GDNF, recent findings could
pave the way for further studies dealing with its receptor,
c-Ret, and its possible connection to the enteric nervous
system in ALS human samples. Following with the molecular
characterization of the disease, the involvement of dorsal root
ganglion sensory neurons under misfolded SOD-1 mediated
neurotoxicity is described in a murine model of ALS. In
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line with the neuronal plasticity in the spinal cord from
G93Amice, neuronal progenitor cells differentiation towards
a neuron-like phenotype under lithium treatment is reported.

A novel 3D mechanoelectrochemical model that can
predict and quantify the impact of immobilized cartilage
from ALS patients suffering a progressive loss of motion is
documented in this issue. Particularly interesting is the use
of neuroimaging techniques to provide an accurate identifi-
cation of potential prognostic and diagnostic biomarkers of
the disease at any stage. In this regard, a detailed review about
neuroimaging studies in ALS, especially magnetic resonance
imaging studies and spinal cord neuroimaging, is presented.

Last but not least, a careful revision of novel biomarkers,
such as aquaporin-4, AQP4, and the inwardly rectifying
potassium channel Kir4.1, and their role in the maintenance
of ion homeostasis at the blood-brain barrier in ALS animal
models and patients is addressed. A more extended revision
focused on a wide-ranging panel of biomarkers in blood is
described based on the different pathological mechanisms
that can contribute to the progression of the disease. Finally,
a general update in ALS focusing on the potential ALS
biomarkers identified along disease progression in animal
models and ALS patients is also included.

We hope that the accurate and updated manuscripts in
this issue will provide not only new insights into the search
of reliable biomarkers but also a starting point for innovative
perspectives in the disease.

Ana Cristina Calvo
Pierre-François Pradat
Deise M. F. Mendonça

Raquel Manzano
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Since amyotrophic lateral sclerosis (ALS) was discovered and described in 1869 as a neurodegenerative disease in which motor
neuron death is induced, a wide range of biomarkers have been selected to identify therapeutic targets. ALS shares altered
molecular pathways with other neurodegenerative diseases, such as Alzheimer’s, Huntington’s, and Parkinson’s diseases. However,
the molecular targets that directly influence its aggressive nature remain unknown. What is the first link in the neurodegenerative
chain of ALS that makes this disease so peculiar? In this review, we will discuss the progression of the disease from the viewpoint
of the potential biomarkers described to date in human and animal model samples. Finally, we will consider potential therapeutic
strategies for ALS treatment and future, innovative perspectives.

1. Pathophysiology, Epidemiology,
and Essential Features of Amyotrophic
Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is an adult-onset, dev-
astating, neurodegenerative disease characterized by the loss
of cortical, brain stem, and spinal motor neurons. The
average survival from symptom onset is approximately 3 to
5 years, although some patients survive longer and exhibit a
slower disease progression. In accordance with the revised
El Escorial criteria [1], both the upper motor neurons and
the lower motor neurons degenerate or die in ALS, and,
as a consequence, the communication between the neuron
and muscle is lost, prompting progressive muscle weakening
and the appearance of fasciculations. In the later disease
stages, the patients become paralyzed and up to 50% of
ALS patients can show cognitive impairment, particularly
implicating more severe executive dysfunction and mild
memory decline [2–4].

ALS, which is one of the most common motor neuron
degenerative diseases, typically strikes adults during midlife.
Although ALS cases have been detected all over the world,

interestingly, the prevalence of the geographic loci of the
Western Pacific form of ALS is 50–100 times higher than
elsewhere in the world. The population of the Chamorro
people of Guam andMarianas is very well known. One of the
first studies performed in this population in 1957 described
a genetic origin of ALS associated with Parkinsonism and
dementia independent of environmental changes [5]. How-
ever, recent studies have noted a decreased incidence in these
areas over the past 40 years [6].

The majority of ALS cases are sporadic (SALS). Approx-
imately 5–10% of cases are the familial form of the dis-
ease (FALS), in which 20% have a SOD1 gene mutation
and approximately 2–5% have mutations in the TARDBP
gene (TAR DNA binding-protein, TDP-43) [7]. Addition-
ally, mutations in this gene also occur in SALS [6]. Other
genes, such as fusion in malignant liposarcoma/translocated
in liposarcoma (FUS/TLS), angiogenin (ANG), the vesicle-
associated membrane protein-associated protein B (VAPB),
senataxin (SETX), dynactin, and themost recently discovered
gene, a hexanucleotide repeat expansion in C9ORF72, have
been identified in ALS patients [8, 9]. These corresponding
gene mutations are responsible for ALS1 to ALS8, XALS,
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ALS/FTD1 and ALS/FTD2 disease forms [10, 11]. In partic-
ular, C9ORF72 gene has been defined as the most common
mutation in SALS and FALS, representing up to 6% and up to
40% respectively, with or without frontotemporal dementia
(FTD). This expansion shows a variable percentage of pene-
trance, which is directly correlated to the age of the patient.
From the molecular point of view, the mRNA transcript
of the C9ORF72 expansion diminishes the pool of RNA
binding proteins, deregulating finally the RNA metabolism
[12]. Other candidate genes that have been described in
ALS genome association studies, such as neurofilament,
peripherin [13], vascular endothelial growth factor (VEGF),
angiogenin, survival motor neuron (SMN), and hemochro-
matosis (HFE) [14], are also summarized in Table 1.

Most FALS cases have an autosomal dominant inheri-
tance pattern, although autosomal recessive patterns have
also been reported. For instance, the D90A mutation in
the SOD1 gene was detected in 3 of 28 German families
[15]; mutations in the ALS2 gene are linked to a locus
on chromosome 2q33, which has been described as a rare
juvenile form of ALS, andmutations in the ALS5 gene, linked
to chromosome 15q15.1-q21.1, are the most prevalent form of
autosomal recessive ALS, especially in families from Asia,
North Africa, and Germany [16]. Furthermore, the coexis-
tence of dominantly inherited FALS with other syndromes,
such as FTD and Parkinson’s disease, is also described. The
first case in which ALS coexisted with FTD was first reported
in 1975 [17] and was linked to a locus on chromosome 9q21-
q22, although the fact that different loci have also been linked
to this ALS-FTDphenotype suggests its genetic heterogeneity
[16]. Another ALS phenotype, FTD and Parkinson’s disease
(FTDP), was discovered in North America and was linked to
chromosome 17, showing clinical heterogeneity as in all cases
in whichmutations in themicrotubule-associated protein tau
gene (MAPT) located on chromosome 17q21 were described.
Moreover, genetic heterogeneity was also found whenMAPT
mutations were not common among all patients who had the
FTDP phenotype [16, 18].

The onset age of FALS, which follows a normal Gaussian
distribution, is a decade earlier than the onset age of SALS,
which has an age-dependent incidence. The incidence of
SALS is 1.89 people per 100,000/year and the prevalence is 5.2
people per 100,000.Themedian age of onset is approximately
60 years. The median survival ranges between 3 and 5 years
from symptom onset, which varies between 55 and 65 years
with a median age of 64 years [6, 16]. Onset before age 30,
called juvenile sporadic onset, is only found in 5% of cases.
The life-time risk of SALS by the age of 70 has been accurately
estimated to be 1 in 400 [6, 19].

Another important consideration is that many studies
have demonstrated that a slight excess of males are affected
with SALS compared to females, with a M : F ratio of approx-
imately 1.5 : 1, which may be due to protective hormones in
women. However, recent data suggest equality in this gender
ratio. Furthermore, bulbar onset is more common in women
and in older age groups and it is characterized by the presence
of dysarthria and dysphagia for solid and liquids and limb
symptoms that can develop almost simultaneously with the
bulbar symptoms, within 1 or 2 years in most cases. Paralysis

is a progressive process that leads to deathwithin 2-3 years for
bulbar onset cases and within 3–5 years for limb onset cases
[6].

A precise patient diagnosis is difficult, even for an experi-
enced clinician, because there are a wide range of motor neu-
ron diseases, such as FALS/SALS, spinal muscular atrophy
(SMA), hereditary spastic paraplegia (HSP), primary lateral
sclerosis (PLS), spinobulbar muscular atrophy (SBMA), or
Kennedy disease, that share common and heterogeneous
symptoms, such as weakness, spastic paralysis, or both,
reflecting a functional loss of upper and/or lower motor
neurons [20, 21]. ALS also includes dysfunction and loss of
both upper and lower motor neurons and spasticity may
gradually become present in the weakened limb, which can
affect manual dexterity and gait [6]. By definition, there
should be no autonomic, sensory, or cognitive involvement
[22]. Furthermore, the death of motor neurons tends to
occur in the distal segments toward the axial body region
and the clinical manifestation corresponds to the motor
neuron degeneration pattern. However, the evolution of the
degeneration is unique among ALS patients and the clinical
symptoms reflect these variations. Histopathological studies
have revealed cytoplasmic aggregate inclusions in the somata
and axons of surviving motor neurons, extensive gliosis, and
the presence of atrophic neurons or extensive neuronal loss
[21]. Moreover, ubiquitin, neurofilament subunits, and TDP-
43 are common proteins found within the inclusion bodies.
Particularly, TDP-43 was found in the neuronal inclusions
of both ALS and ALS-FTD patients and it may be used to
differentiate between SOD1 and non-SOD1 ALS cases [21].

2. Guidelines for Disease Diagnosis

ALS is a syndrome that appears to result from a complex
array of factors, including oxidative stress, mitochondrial
dysfunction, endoplasmic reticulum stress, dysregulated
transcription and RNA processing, dysregulated endosomal
trafficking, impaired axonal transport, protein aggregation,
excitotoxicity, apoptosis, inflammation, and genetic suscep-
tibility. All of these factors, or just some of them, can
contribute in different ways to the pathogenesis of the disease
(Figure 1). The potential role for glutamate excitotoxicity
in the pathophysiological process of FALS and SALS has
been thoroughly described during the past decade. An
excessive activation of the postsynaptic receptors N-methyl-
d-aspartate (NMDA) and 𝛼-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic (AMPA) and a significant reduction in
the expression of glutamate transporters (EAAT2, GLT-1),
which remove glutamate from the synaptic cleft, result in an
increased intracellular Ca2+ concentration, which prompts
glutamate excitotoxicity and, in later stages, motor neuron
death due to the production of free radicals [16, 23, 24]. From
an anatomical perspective, Eisen and colleagues proposed
that the dysfunction of upper motor neuron or corticomotor
neurons could induce deregulation in glutamate metabolism
and, as a result, an anterior horn cell degeneration in an
anterograde manner, which is known as the “dying forward
hypothesis.” This hypothesis has been supported by studies
demonstrating a cortical hyperexcitability in ALS patients,
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Table 1: Gene mutations described in FALS and SALS, their chromosome location, Gene mutations described in FALS and SALS, their
chromosome location and their closely related molecular pathways.

Gene Chromosome
location Deregulated pathway Clinical features

ANG
angiogenin 14q11.2 Angiogenesis pathway Sporadic ALS

APEX1
DNA repair enzyme
endonuclease

14q11.2-q12 Oxidative stress Sporadic ALS

C9orf72
Chromosome 9 open
reading frame 72

9p21.2 RNA metabolism Familial ALS found in sporadic
ALS, FTD

CHMP2B
chromatin modifying
protein 2B

3q11.2 Endosomal trafficking Familial ALS, FTD

CNTF
ciliary neurotrophic
factor

11q12.2 Neurotrophic factor, inflammation Sporadic ALS

DCTN1
dynactin 2q13 Deregulation of retrograde axonal

transport of vesicles and organelles Lower motor neuron disorder

FIG4
SAC domain-containing
protein

6q21 Trafficking endosomal vesicles Slow progression juvenile ALS

FUS/TLS
DNA/RNA-binding
protein

16q12.1-12.2 Transcriptional regulation, RNA
splicing and transport Familial and sporadic ALS

HFE
haemochromatosis 6q21.3 Disruption of iron metabolism Sporadic ALS

MAPT
microtubule-associated
protein tau

17q21 Neurofilament structure and axonal
integrity alterations

ALS disorder with Parkinsonism
and dementia

NEFL, NEFM, NEFH
neurofilaments chains 8q21; 22q12.1-q13.1 Neurofilament structure and axonal

integrity alterations Sporadic ALS

PGRN
progranulin 17q21.32 Induction of ubiquitin-positive

processes, TAU-negative FTD Sporadic ALS

PON
paraoxonase 7q21.2-q22.1 Failure in the detoxification of

organophosphate and neurotoxins Sporadic ALS

PRPH
peripherin 12q12-q13 Filament alterations in autonomic

nerves and peripheral sensory neurons Sporadic ALS

SETX
senataxin 9q34 DNA and RNA processing Slow progression juvenile ALS

SMN
survival motor neuron
gene

5q13.3 Child-onset spinal muscular atrophy
linked to SMN1 mutations Lower motor neuron disorder

SOD-1
copper/zinc
superoxide-dismutase-1

21q22.1

Upregulation of protein
tyrosine-nitration
Improper metal ion binding
Upregulation of proinflammatory
cytokines
Formation of intracellular aggregates
Mitochondrial dysfunction
Reduced expression of glutamate
transporters
Deregulation of calcium homeostasis
Downregulation of intracortical
inhibitory processes
Cell death activation
Deregulation of Na+ and K+ cell
gradients
Slowing of anterograde transport

Familial ALS
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Table 1: Continued.

Gene Chromosome
location Deregulated pathway Clinical features

SPG11
spatacsin 15q15.1-21.1 Axonal transport Slow progression juvenile ALS

TARDPB
tar DNA-binding protein 1q36.22 Neurodegeneration of neurons,

oligodendroglia, and astrocytes Familial and sporadic ALS

VAPB
vesicle-associated
membrane
protein-associated
protein B

20q13.33

Induction of the unfolded protein
response
altered transport and secretion
pathways

Familial ALS

VEGF
vascular endothelial cell
growth factor

6p12

Disease severity linked to SMN2
mutations
angiogenesis, permeability blood
vessels

Sporadic ALS

Dysfunction glial cells

Microglial cell

Oxidative stress mitochondrial

Apoptosis

Protein aggregation

Impaired glutamate transport
Motor neuron

Cytokine and immuno-

Axonal transport degeneration

Increase in Nogo A and  

Deficiency cholinergic synapses

Skeletal muscle

Astrocyte

 dysfunction (ROS)
immunoinflammatory factors production

extracellular matrix proteases expression

Figure 1: Schematic representation of the different molecular pathways altered in amyotrophic lateral sclerosis. Although the trigger for
neurodegeneration remains unknown, all of these deregulated mechanisms prompt motor neuron death.

which seemed to be an early feature in both FALS and SALS
[25, 26].

Despite the numerous studies that have attempted to
identify specific gene/protein targets exclusive to ALS and
characteristic of both FALS and SALS, the prognosis of the
disease remains poor. For this reason, the guidelines for ALS
diagnosis should be accurately defined.These guidelines were
first proposed by Lambert and colleagues [27], who consid-
ered that neurophysiologic symptoms, especially fascicula-
tions during electromyography (EMG), played an essential
role in ALS diagnosis and in the exclusion of other peripheral
neuromuscular pathologies. In particular, Lambert stated
that the presence of fasciculations on EMG recordings was
an essential feature for ALS diagnosis [27]. In 1990, the limits
of ALS were defined for the first time in the “El Escorial”
workshop for the purpose of facilitating clinical studies and

trials all over the world. The World Federation of Neurology
ResearchGroup onMotorNeuronDiseases developed the “El
Escorial” diagnostic criteria in 1994. Four years later, in the
revised “Airlie House” criteria, the diagnosis of patients was
divided into four categories: “clinically definite,” “clinically
probable,” “clinically probable-laboratory supported,” and
“clinically possible” [6, 28]. Indeed, these criteria appeared
to be more useful for research purposes and therapeutic
trials rather than clinical trials because some patients with
clinically obvious ALS failed to be categorized other than
clinically possible [28]. In fact, fasciculation potentials were
not accepted as evidence of active denervation, and their
absence raised diagnostic doubts [28]. A new criteria called
“Awaji-Shima” was proposed at an international symposium
in December 2006 during a consensus conference in Awaji-
shima, Japan, sponsored by the International Federation of
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Clinical Neurophysiology [27]. The “Awaji-Shima” criteria
allowed EMG and clinical abnormalities to be combined
in the assignment of the diagnostic category of the patient
based on three categories: “clinically possible ALS,” “clinically
probable ALS,” and “clinically definite ALS”. In both criteria,
evidence of active and chronic denervation is required to
be confirmed by the presence of positive sharp waves and
fibrillation potentials and by the presence of long duration,
large amplitude, polyphasic, and unstable motor unit poten-
tials and decreased motor unit recruitment. In the “Awaji-
Shima” criteria, the presence of fasciculation potentials
denotes acute denervation, which is equivalent to fibrillation
potentials and positive waves according to the Lambert
criteria. These abnormalities must be present in at least two
muscles corresponding to the cervical and lumbosacral spinal
cord affected regions and in one muscle corresponding to
the brainstem and thoracic cord affected regions [27, 29].
Therefore, the accepted fasciculations should be complex
fasciculation potentials that occur in the presence of unstable
motor unit potentials in suspected ALS cases [27]. Carvalho
and Swash found a 95% increase in the sensitivity of the
diagnostic criteria for definiteALS, especially for bulbar onset
patients and for patients with “El Escorial” clinically possible
ALS, without loss of specificity compared to the “El Escorial”
criteria [29]. The use of the “Awaji-Shima” criteria reduces
periods of diagnostic uncertainty and repetitive testing and
enables earlier recruitment into clinical trials [30]. Another
useful instrument for the evaluation of the functional status
of ALS patients is the revised ALS Functional Rating Scale
(ALSFRS-r). This parameter can be used to monitor the
functional state of the patient over time and it includes the
measurement of speech, salivation, swallowing, handwriting,
cutting food and handling utensils, dressing and hygiene,
turning in bed and adjusting bed clothes, walking, climbing
stairs, and breathing.The progression of ALSFRS-r is strongly
related to survival and ALS prognosis [31].

3. Potential ALS Biomarkers Corresponding to
Disease Progression

According to the Biomarkers Definitions Working Group,
a biomarker, which has to be objectively measured and
evaluated, is “an indicator of normal biological processes,
pathogenic processes, or pharmacologic responses to a ther-
apeutic intervention” (DWG 2001) and “an indicator of func-
tional and structural changes in organs and cells.” Therefore,
biomarkers can also be considered potential therapeutic
molecular targets [32].

On the basis of their specific application to disease detec-
tion, biomarkers can be divided into three main categories
[32]: screening biomarkers, which may predict the potential
occurrence of a disease in asymptomatic patients; diagnos-
tic biomarkers, which are used to make predictions about
patients suspected of having the disease; and prognostic
biomarkers that are applied to predict the outcome of a
patient suffering from the disease. In the particular case of
ALS, during the last three decades, a wide range of potential
target molecules involved in different molecular pathways

have been described as possible biomarkers and these poten-
tial protein biomarkers could most likely fit in at least one of
the aforementioned categories. Which molecular biomarkers
are the key elements that induce neurodegeneration in ALS
in each stage of the disease?

Particularly useful for prognosis is the accurate identifi-
cation of the stage of the disease. Although the main causes
of the ALS disease remain unknown, the stage of the disease
can be estimated using the ALSFRS-r, as previously men-
tioned.The four main domains in the ALSFRS-r, swallowing,
walking/self-care, communicating, and breathing, have been
well characterized. Stages were defined as stage 0 (functional
involvement but no loss of independence on any domain),
stages 1–4 (number of domains in which independence was
lost), and stage 5 (death). However, recent studies devised
an algorithm to convert the ALSFRS-r score into clinical
stage, with an intraclass correlation coefficient of 0.92. This
algorithm provided a useful and reliable clinical stage using
the ALSFRS-r recorded [33]. Other ALS staging systems has
been also proposed.This is the case of the ALSMilano-Torino
Staging which combines the ALSFRS, quality of care (QOC),
and quality of life (QOL) measures. This system correlated
well with assessments of function, QOL, and health service
costs [34].More recently, another potential tool for predicting
disease progression is the multimodal magnetic resonance
imaging (MRI) of the spinal cord. This neuroimaging tool
has been mostly used in the study of neurodegenerative
changes in the brain, and therefore the focus of these studies
on ALS was mainly the upper motor neuron involvement.
Notwithstanding, spinal cord MRI, apart from its technical
limitations, gives the opportunity to extend the study to the
lower motor neuron area. In particular, spinal cord cross-
sectional area and the magnetization transfer ratio (MTR)
were found reliable and sensitive markers of the disease
progression in 29 patients with probable or definite ALS.The
atrophy rate of change obtained by these markers strongly
correlated with the rates of change in the arm ALSFRS-r and
manual muscle testing (MMT) subscores [35].

In the literature and from the molecular point of view
a range of potential biomarkers of disease progression have
been defined. In the asymptomatic stage, no visible signs can
be detected. In the symptomatic stage, the first clinical symp-
toms and functional deficits start to appear. The advanced or
terminal stage corresponds to the end-stage of the disease.
Although a wide range of molecular targets and potential
biomarkers have been studied and their relationship to a
specific disease stage has also been shown, few molecular
targets have been defined as potential ALS biomarkers based
on their relevant role in the prognosis and diagnosis of the
disease (Figure 2).

The asymptomatic stage or early asymptomatic stage
is the most critical stage and an accurate identification of
potential biomarkers in the asymptomatic stage could enable
early disease prognosis. More than 18 murine ALS models
have contributed not only to a better understanding of
the disease but also to the search of potential therapeutic
strategies. Nogo, also known as Neurite outgrowth inhibitor
or Reticulon-4, was one of the first potential biomarkers
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Screening biomarkers

Prognostic biomarkers

Diagnostic biomarkers

Asymptomatic stage

Symptomatic stage

Advanced stage

Figure 2: Time course of disease progression and identification
of related potential biomarkers involved in each stage. Reliable
biomarkers can be helpful in the prediction of different disease
stages and will facilitate the application of accurate therapeutic
treatments.

suggested in early asymptomatic transgenic SOD1G86R mice
[36, 37]. Nogo is a member of the myelin-associated proteins,
which possess axonal growth inhibitory activity. Three iso-
forms of this Neurite outgrowth inhibitor have been identi-
fied, Nogo A, Nogo B, and Nogo C. In particular, blocking
Nogo A during neuronal damage has been proposed as a
potential therapeutic strategy for autoimmune diseases, such
as multiple sclerosis [38]. Interestingly, Nogo could also have
a central role inALS.Nogo is upregulated in the lumbar spinal
cord of asymptomatic transgenic SOD1G86R mice and has
three isoformswhose expression levels peak at different stages
before the onset of pathological symptoms [36]. Furthermore,
in the skeletal muscle from these transgenic mice, Nogo A
expression levels increased close to the onset of the disease
and Nogo C expression levels decreased before the first
pathological signs in parallel with the overexpression of
AChR𝛼, which is amarker of denervation [36].These findings
suggested for the first time that the differential patterns of
Nogo A and Nogo C could be relevant to the asymptomatic
stage of the disease and the same profile pattern was observed
in postmortem muscle samples and in muscle biopsies
from ALS patients [36]. Another relevant result of these
findings was that Nogo A and Nogo B protein levels were
systematically increased exclusively in ALS patients and they
correlated with the severity of motor impairment assessed
by the ALS functional rating scale (ALSFRS) [39], which
opened the door to the study of this potential biomarker
in unexplored tissues. In accordance with muscle weakness,
reduced levels of Vgf nerve growth factor inducible peptide,
a member of the chromogranin/secretogranin family of
proteins, in the cerebrospinal fluid (CSF) were proposed as
a useful indicator of disease progression [40].The hypothesis
suggested by Zhao and coworkers was based on the reduced
levels of Vgf found in CSF, serum, and spinal cord motor
neurons from ALS patients, resembling the same findings in
the asymptomatic transgenic SOD1G93A mice. Consequently,

the downregulation ofVgf levels in spinal cordmotor neurons
could promote neurodegeneration, prompting NMDA and
AMPAexcitotoxicity injury [40]. Similarly, upregulated levels
of glial fibrillary acidic protein (GFAP) were also found in the
spinal cords of 25–30-day-old transgenic SOD1G93A mice and
this upregulation was associated with the onset of paralysis at
the symptomatic stage [41].

Regarding the symptomatic stage, a wide range of
ALS biomarkers have been proposed in different tissues.
Numerous studies have demonstrated the potential nature
of relevant biomarkers in the spinal cord, which is one
of the most affected tissues. Monitoring the levels of 5-
methyltetrahydrofolate (5-MTHF), folic acid, and homocys-
teine (Hcy) could provide useful information about the early
signs of the disease. Decreased levels of 5-MTHF were found
in the plasma, spinal cord, and cortex during the early
presymptomatic transgenicmice SOD1G93A prior to folic acid
reduction. Interestingly, the deficiency observed in 5-MTHF
and folic acid was followed by an increase in Hcy levels after
motor symptoms appeared in this animal model, suggesting
that 5-MTHF could be a potential biomarker in the early
disease stages [42]. With a clear connection to the spinal
cord and brain, microglial cells are also extremely sensitive
to pathological changes in the CNS. In fact, a dysregulation
of these cells can give rise to neurological diseases. Interest-
ingly, enhanced expression of the growth factor progranulin
(PGRN) in microglia from transgenic SOD1 mice during
disease progression was observed in the spinal cord and
CSF. Consequently, the upregulation of PGRN, which begins
during the symptomatic stage, could serve as a marker of
microglial response corresponding to disease progression
[43]. In agreement with this study, there is growing evidence
for the role of glial cells in the initiation of the disease. A
deficit in the number of microglial cells was reported in the
spinal cord from transgenic SOD1G93A mice at 30 days of age,
reflecting an intrinsic alteration of this cell population that is
tightly connected to an immune deficit even before the early
symptomatic stage [44]. However, activated microglial cells
could produce nitric oxide (NO) during symptomatic and
late stages, contributing to the neurodegenerative processes
of the disease. A significant upregulation of isoenzyme
inducible NO synthase (iNOS) was observed in spinal cord
glial cells from transgenic SOD1G93A mice during the early
symptomatic and end-stages, prompting the formation ofNO
and other reactive species, favoring an oxidative stress state
inmotor neurons. Contrary to iNOS regulation, the neuronal
NO synthase isoform (nNOS), another source of NO, showed
a downregulation in the spinal cord of SOD1G93A mice over
the course of ALS. This downregulation in nNOS enzymatic
activity was observed in parallel to the reduced number of
motor neurons, suggesting that nNOS activity could also be a
usefulmarker of spinal cord neurodegeneration in thismouse
model [45].

Recent studies have shown that 𝑇
2
-weighted magnetic

resonance imaging (MRI) was sensitive to pathologic changes
in brainstem nuclei from transgenic SOD1G93A mice at symp-
tom onset. Therefore, 𝑇

2
-weighted MRI has been proposed

as a leading candidate biomarker of disease progression in
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this animal model. Furthermore, the results obtained by this
noninvasive assessment correlated with histologic measures
of vacuolation and GFAP and Iba1 staining, which were
significantly greater during the symptomatic to late stage of
the disease [46].

Particularly interesting is the alteration of the blood brain
barrier (BBB) and blood spinal cord barrier (BSCB) during
disease progression. The BBB/BSCB impairment could serve
as a hallmark preceding clinical symptoms. In SOD1G93A
rats, decreased mRNA levels of the tight junction proteins
zonula occludens (ZO-1), occludin, and agrin were observed
during the symptomatic stage, pointing to an alteration in the
BBB/BSCB permeability and development. The BBB/BSCB
integrity was also found to be altered, possibly due to the
mutant SOD1 toxicity on endothelial cells and other factors
released as a direct consequence of the induced inflam-
mation during the last stage of the disease [47]. However,
for SOD1G93A mice, neither BBB leakage nor upregulation
of VCAM-1 expression has been proposed as a substantial
aspect of pathology [46]. The presence of different molecules
in the blood has a clear connection with BBB and BSCB
integrity and these molecules come from other damaged
tissues during disease progression. One example is matrix
metalloproteinase-9 (MMP-9) levels in the serum. Serum
MMP-9 activity was significantly elevated in presymptomatic
transgenic SOD1G93A mice, preceding a later decrease of its
activity in later disease stages. The upregulation of MMP-9
during early disease stages could indicate a response to spinal
cord pathology and other damaged tissues, such as skeletal
muscles and peripheral nerves. Therefore, circulating MMP-
9 activity in the blood could reflect disease progression in this
animal model [48]. However, previous studies on the CSF
of ALS patients did not reveal a significant upregulation of
MMP-9 levels [49].

Other useful diagnostic ALS biomarkers have been
described in more accessible tissues, such as blood or urine
samples. Closely related to the inflammatory response, 11,
15-dioxo-9-hydroxy-,2,3,4,5-tetranorprostan-1,20-dioic acid
(tPGDM), a metabolite of prostaglandin D2, could also
play an important role in the presymptomatic stages
and evaluation of ALS. Prostaglandins could mediate
neurodegeneration in ALS and muscle dystrophy. A sig-
nificant correlation between urinary tPGDM concent-
ration and ALS progression could provide a presymptomatic
diagnosis of the disease. Furthermore, the accuracy of this
analysis was improved when the combination of urinary
tPGDM and creatinine levels was monitored during disease
progression [50]. Another attractive candidate that can
be measured in an accessible tissue, such as blood, is the
heavily phosphorylated axonal form of neurofilament H
(pNF-H). pNF-H levels were upregulated in the blood from
rodent ALS models and ALS patients. Interestingly, this
upregulation correlated with a decline in ALSFRS-R score
in ALS patients, supporting the possibility of using this
molecule as a biomarker for disease prognosis [51].

Survival has been used as a relevant factor, mainly in
transgenic animal models where disease progression is rapid.
In skeletal muscle biopsies from transgenic SOD1G93A mice,

five genes (myocyte enhancer factor 2C (Mef2c), glutathione
reductase (Gsr), collagen, type XIX, alpha 1 (Col19a1),
calmodulin 1 (Calm1), and sorting nexin 10 (Snx10)) have
been proposed as potential genetic biomarkers of longevity
because their expression levels in skeletal muscle during
disease progression could be used to predict the longevity
of the animals. In light of this, In light of this, animals
that displayed downregulated leves of these genes during the
early symptomatic stage, showed a longer survival rate than
animals that presented an upregulation in these levels.There-
fore, these animals possibly exhibited a higher regenerative
capacity of skeletal muscle [52].

In the advanced disease stage, identifying which target
molecule is involved in the causative pathways of the disease
andwhich is a bystander phenomenon is very difficult. At this
step, the identification of ALS-specific protein biomarkers
in the CSF or serum could provide invaluable information
about the nature of the degenerativeALS process becauseCSF
or blood can be a source of proteins and protein fragments
released from affected neuronal and nonneuronal cells. An
example of protein biomarkers with diagnostic predictive
value comes from a study based on mass spectrometry
(surface enhanced laser desorption/ionization time-of-flight
mass spectrometry, SELDI-TOF-MS) of transthyretin, cys-
tatin C, and carboxy-terminal fragment of neuroendocrine
protein 7B2 (7B2CT) in the CSF samples of late-stage and
postmortem ALS patients. Decreased levels of transthyretin
could suggest a failure in the transport of thyroxine and
retinol/vitamin A. Consequently, this decrease would result
in an inadequate sequestration of abnormally functioning
proteins. Similarly, a reduction of cystatin C levels in CSF
samples could indicate increased proteolysis via cysteine
proteases. However, increased levels of 7B2CT could repre-
sent a reactive response to altered enzymatic activities that
generate or degrade 7B2CT, or it could result from Golgi
fragmentation within motor neurons during ALS [53].

Another potential ALS biomarker of tissue degeneration
was studied in the blood and CSF of ALS patients. The
activity of transglutaminase, a calcium-dependent enzyme
that accelerates the cross-linkage of polypeptide chains by
catalyzing the covalent binding of polyamines to g-glutamine
residues of protein molecules, was monitored in the serum
and CSF of SALS patients. There was a positive correlation
between the serum enzyme activity and ALS scores. In the
CSF, the enzyme activity was significantly downregulated
in SALS patients after the middle disease stage with ALS
clinical scores more than 250, suggesting that transglutami-
nase activity could be used as a general marker of neuronal
degeneration during disease prognosis [54].

Exploring minimally or noninvasive samples, such as
salivary samples, is also particularly interesting for the late
disease stage. Chromogranin A (CgA), an endocrinological
stress marker, is a soluble protein that can be measured
in saliva. Salivary CgA levels have a significant positive
correlationwith emotional function scores on the ALSAQ-40
in middle stage ALS patients and these levels were also found
upregulated in terminal ALS patients. Consequently, salivary
CgA could be used as a useful quantitative biochemical
marker of the affective state from symptomatic to terminal
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disease stages and therefore salivary CgA levels could make
more effective, tailor-made psychophysiological therapies for
individual ALS patients [55].

Finally, a new type of ALS biomarker is emerging from
epigenetics. The connection between methylomics and tran-
scriptomics data could reveal methylation changes in ALS
tissues, such as the spinal cord or blood. Blood samples
are particularly interesting because blood is a minimally
invasive alternative sample source for ALS prognostic and
diagnostic assessments. In particular, a recent study showed
alterations in global methylation and hydroxymethylation in
postmortem spinal cord samples of SALS patients. Precisey,
more than a hundred genes associated with biological func-
tions related to immune and inflammation responses were
identified as differentially methylated in this study, high-
lighting the role of inflammatory changes in the advanced
stage of the disease [56]. Epigenetics is a new field exploring
potential ALS biomarkers and further studies are needed
to integrate the new findings into our current knowledge.
Genome-wide association studies can undoubtedly provide
a better understanding of ALS.

4. An Update on the Therapeutic
Strategies for ALS

Inflammation, apoptosis, and oxidative stress are the selected
neurodegenerative pathways in ALS that are commonly
tackled by therapeutic treatments.

To prevent neuronal loss and motor dysfunction and
to increase survival time, potent antioxidants, such as iron
chelating compounds, 2-hydroxy-5-(2,3,5,6-tetrafluoro-4-
trifluoromethyl-benzylamino)-benzoic acid (Neu2000), ce-
lastrol, an antioxidant peptide (SS-31) or lipophilic metal
chelators DP-109 and DP-460 and inhibitors of proapoptotic
proteins, such as lithium carbonate (Li+), have been tested
in transgenic SOD1G93A mice, yielding positive results
[57–61]. Similarly, in wobbler mice, another murine ALS
model, treatment from 4 to 9 weeks of age with rhTNF-𝛼
binding protein (rhTBP-1) reduced the progression of symp-
toms, motor neuron loss, gliosis, and JNK/p38MAPK phos-
phorylation, which are two main effectors in the neuro-
inflammatory response [62]. Immunomodulatory agents,
such as themonoclonal antibody to CD40L, amembrane gly-
coprotein that is primarily expressed on activatedT cells, have
also paved the way to the identification of cellular pathways
directly involved in potential therapeutic interventions. In
fact, treatment with anti-CD40L antibody reduced markers
of neuroinflammation, increased the number of motor
neuron cell bodies, decreased peripheral nervous system
(PNS) inflammatory markers, and downregulated expres-
sion of costimulatory genes in the spinal cord of transgenic
SOD1G93A mice [63]. Furthermore, the use of thalidomide
and its analogue lenalidomide inhibits the expression of
TNF-𝛼 and other cytokines, showing neuroprotective pro-
perties and significantly increasing the life span of SOD1G93A
transgenic mice [64].

Previous studies have suggested the potential role of
neurotrophic factors on motor neuron differentiation in

vitro [65]. Combined treatment with these neuroprotective
proteins can open the door to a new tool for the treatment
of motor neuron diseases such as ALS. Although ciliary neu-
rotrophic factor (CNTF), glial-derived neurotrophic factor
(GDNF), insulin-like growth factor (IGF-1), and erythropoi-
etin (EPO) improved motor behavior and reduced motor
neuron loss and astrocyte/microglia activation in preclinical
animal models [66, 67], clinical trials in ALS patients lacked
therapeutic efficacy [68]. However, melatonin treatment has
demonstrated preclinical and clinical effectiveness and high-
dose melatonin could be suitable for clinical trials aimed at
neuroprotection through antioxidation in ALS [69]. More
recently, although the inhibition of epidermal growth fac-
tor receptor (EGFR) signaling with erlotinib might protect
neurons from degeneration, no extended survival has been
observed in transgenic SOD1G93A mice. Consequently, the
expected effect of this EGFR inhibitor in vivo lacked efficacy
in this animal model [70]. Another novel molecular target
that could provide a promising strategy for ALS is S1R,
an endoplasmic reticulum- (ER-) resident receptor with
chaperone-like activity. S1R can participate as a modulator
in Ca2+ homeostasis, ER stress reaction, and apoptosis.
Interestingly, mutations of the S1R gene are associated with a
familial form of FTLD, which was at the same time associated
with MND and a familial juvenile form of ALS. Treatment
with an S1R agonist, PRE-084, improved locomotor function
and motor neuron survival in presymptomatic and early-
symptomatic mutant SOD1G93A mice, resembling the neuro-
protective effects previously tested in vitro [71].

Other therapeutic agents that have been mainly tested
in murine ALS models are antiglutamatergic agents, such as
Riluzole; the calcium regulators Verapamil and Nimodipine;
creatine, a mitochondrial enhancer and antiviral therapeu-
tic molecules such as interferon-𝛼 [67]. A wide range of
agents associated with protein repairing pathways and chap-
erone activation (Arimoclomol), sodium channel blockers
(Mexiletine), and others are undergoing clinical trials as
shown on the main web page of the “ALS Association”
(http://www.alsconsortium.org/trials.php). More in depth,
Riluzol is the only drug licensed for symptomatic ALS
treatment. The neuroprotective properties of Riluzol have
been well documented in vitro in a rat ALS model, providing
evidence of its neuroprotective action on motor neurons and
glia after the induction of an excitotoxic stimulus [72]. Riluzol
was approved for use in 1996, although 18 years later and
many trials later no efficient treatment has been found to
halt the neurodegenerative progression of the disease. Two
randomized controlled trials showed that Riluzol reduced
mortality modestly with few common side effects. Riluzol
extended survival by about 11%. Since these two trials, more
than 30 trials have reached negative results. Only other
positive trial tested efficacy of a medication based on the
combination of dextromethorphan and quinidine (AVP-
923; Nuedexta). This treatment alleviated the symptoms
of pseudobulbar affect in a multicenter, randomized, and
controlled trial [73]. Finally, another antiglutamatergic agent
that could open a new door to future therapeutic strategies
in ALS patients is Gacyclidine (GK11), a noncompetitive
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N-methyl-D-aspartate (NMDA) receptor, which has already
been used in two clinical trials for CNS lesions. Chronic
treatment with a low dose of GK11 in transgenic SOD1G93A
mice during the early symptomatic stage improved survival
and delayed locomotor function impairment [74].

5. Innovative Perspectives and
Concluding Remarks

Gene and stem cell therapies are holding hope for an efficient
ALS treatment. Regarding gene therapy, the possibility of
delivering therapeutic molecules (IGF, VEGF, GDNF, BDNF,
Bcl2) to damaged tissues crossing the blood-brain barrier
has been made possible by the study of viral (adenovirus,
adenoassociated and lentivirus) and nonviral (fragment C
of tetanus toxin) vectors. These vectors are retrogradely
transported to motor neurons in preclinical animal models
and demonstrate promising neuroprotective effects [75–78].
Moreover, the use of small interfering RNAs (RNAi) is an
alternative gene therapy approach based on the knockdown
of genes that might be causing neurodegeneration, such as
mutant SOD1 or Fas receptor [78, 79]. More recently and in
connection with C9ORF72 expansion, a strategy based on
antisense oligonucleotides directed to C9ORF72 transcript
or repeat expansion induced amelioration in the C9ORF72
pathogenic gain of function and in the vulnerability to
excitotoxicity in vitro [12]. More information about rele-
vant projects that are selected from a multidisciplinary
perspective can be found on the main web page of “The
Robert Packard Center for ALS Research at Johns Hopkins”
(http://www.alscenter.org/als science/research projects/). For
example, one project is currently studying the effectiveness
of adenoassociated virus (AAV9) delivery to carry IGF-1 and
VEGF to astrocytes.

Similar promising treatments are being carried out with
stemcell therapies, which is the newest therapeutic treatment.
To date, stem cell research remains at a preclinical level
and the most used treatments in ALS animal models are
based on neural or precursor stem cells [80] that can also
be modified to release neurotrophic factors, such as GDNF
[81]. Cell therapy studies based on mesenchymal stem cell
(MSC) transplantation noted the potential benefit of neural
induction by neurogenin 1 from transplanted MSCs in the
delay of disease onset and in the enhancement of motor
functions in transgenic SOD1G93A mice [82]. More recently,
ongoing clinical trials based on fetal-derived neural stem
cell injection in ALS patients try to assess the safety and
feasibility of this potential therapeutic approach into lumbar
and/or cervical spinal cord regions. The preliminary results
have suggested that this cell therapy is well-tolerated and
pave the way for future trial phases in order to determine the
therapeutic dose and efficacy [83, 84].

Although the development of therapeutic strategies that
could stop or reverse ALS progression is one of our main
research goals, the lack of fully validated and clinically
implemented biomarkers is a challenging barrier.The hetero-
geneity of ALS is characterized by the involvement of many
altered pathways and therefore the unknown cause of the

neurodegenerative process makes the task of finding definite
and specific disease biomarkers difficult. However, despite
the multifactorial etiology of ALS, all of the affected proteins
and genes that participate and contribute to the lethality of
the disease should not be studied independently but as a
whole. As in Ockham’s Razor, “do not multiply entities beyond
necessity,” when several explanations of increasing complex-
ity are found dealing with ALS, the simplest explanation
usually appears to be the most probable. At this point, the
most accurate knowledge of FALS addresses SOD1mutations
and the only potential biomarkers are described for SALS.
However, the new discovery of biomarkers will facilitate a
better understanding of this neurodegenerative disease and
will facilitate translation from animal models to patients for
a definitive therapeutic approach.
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[9] A. Chiò, S. Battistini, A. Calvo et al., “Genetic counselling in
ALS: facts, uncertainties and clinical suggestions,” Journal of
Neurology, Neurosurgery and Psychiatry, vol. 85, no. 5, pp. 478–
485, 2014.

[10] D. R. Rosen, T. Siddique, D. Patterson et al., “Mutations in
Cu/Zn superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis,”Nature, vol. 362, no. 6415, pp. 59–
62, 1993.

[11] P. Pasinelli andR.H. Brown, “Molecular biology of amyotrophic
lateral sclerosis: Insights from genetics,” Nature Reviews Neuro-
science, vol. 7, no. 9, pp. 710–723, 2006.

[12] X.W. Su, J. R. Broach, J. R. Connor et al., “Genetic heterogeneity
of ALS: implications for clinical practice and research,” Muscle
& Nerve, vol. 49, no. 6, pp. 786–803, 2014.

[13] S. Cluskey and D. B. Ramsden, “Mechanisms of neurodegener-
ation in amyotrophic lateral sclerosis,”Molecular Pathology, vol.
54, no. 6, pp. 386–392, 2001.

[14] J. C. Schymick, K. Talbot, and B. J. Traynor, “Genetics of spo-
radic amyotrophic lateral sclerosis,”HumanMolecular Genetics,
vol. 16, no. 2, pp. R233–R242, 2007.

[15] D. J. Graber, W. F. Hickey, and B. T. Harris, “Progressive
changes in microglia and macrophages in spinal cord and
peripheral nerve in the transgenic rat model of amyotrophic
lateral sclerosis,” Journal of Neuroinflammation, vol. 7, article 8,
2010.

[16] S. Vucic and M. C. Kiernan, “Pathophysiology of neurode-
generation in familial amyotrophic lateral sclerosis,” Current
Molecular Medicine, vol. 9, no. 3, pp. 255–272, 2009.

[17] A. M. Chancellor, J. M. Slattery, H. Fraser, R. J. Swingler, S.
M. Holloway, and C. P. Warlow, “The prognosis of adult-onset
motor neuron disease: a prospective study based on the Scottish
motor neuron disease register,” Journal of Neurology, vol. 240,
no. 6, pp. 339–346, 1993.

[18] J.-M. Burgunder, L. Schöls, J. Baets et al., “EFNS guidelines for
the molecular diagnosis of neurogenetic disorders: motoneu-
ron, peripheral nerve and muscle disorders,” European Journal
of Neurology, vol. 18, no. 2, pp. 207–217, 2011.

[19] C. A. Johnston, B. R. Stanton, M. R. Turner et al., “Amyotrophic
lateral sclerosis in an urban setting: a population based study
of inner city London,” Journal of Neurology, vol. 253, no. 12, pp.
1642–1643, 2006.

[20] R. Bowser and D. Lacomis, “Applying proteomics to the diag-
nosis and treatment of ALS and related diseases,” Muscle and
Nerve, vol. 40, no. 5, pp. 753–762, 2009.

[21] C. Lomen-Hoerth, “Amyotrophic lateral sclerosis from bench
to bedside,” Seminars in Neurology, vol. 28, no. 2, pp. 205–211,
2008.

[22] S. M. Khader and F. G. Greiner, “Neuroradiology case of the
day,” Radiographics, vol. 19, no. 6, pp. 1696–1698, 1999.

[23] S. C. Bondy and D. K. Lee, “Oxidative stress induced by
glutamate receptor agonists,” Brain Research, vol. 610, no. 2, pp.
229–233, 1993.

[24] F. M. Menzies, M. R. Cookson, R. W. Taylor et al., “Mitochon-
drial dysfunction in a cell culturemodel of familial amyotrophic
lateral sclerosis,” Brain, vol. 125, no. 7, pp. 1522–1533, 2002.

[25] S. Vucic, J. Howells, L. Trevillion, and M. C. Kiernan, “Assess-
ment of cortical excitability using threshold tracking tech-
niques,”Muscle and Nerve, vol. 33, no. 4, pp. 477–486, 2006.

[26] S. Vucic, G. A. Nicholson, and M. C. Kiernan, “Cortical
hyperexcitabilitymay precede the onset of familial amyotrophic
lateral sclerosis,” Brain, vol. 131, no. 6, pp. 1540–1550, 2008.

[27] M. de Carvalho, R. Dengler, A. Eisen et al., “Electrodiagnostic
criteria for diagnosis of ALS,” Clinical Neurophysiology, vol. 119,
no. 3, pp. 497–503, 2008.

[28] A. A. Makki andM. Benatar, “The electromyographic diagnosis
of amyotrophic lateral sclerosis: does the evidence support the
El Escorial criteria?” Muscle and Nerve, vol. 35, no. 5, pp. 614–
619, 2007.

[29] J. Costa, S. Swash, and M. de Carvalho, “Awaji criteria for
the diagnosis of Amyotrophic Lateral Sclerosis: a systematic
review,”Archives of Neurology, vol. 69, no. 11, pp. 1410–1416, 2012.

[30] A. C. Pinto, M. Alves, A. Nogueira et al., “Can amyotrophic lat-
eral sclerosis patients with respiratory insufficiency exercise?”
Journal of the Neurological Sciences, vol. 169, no. 1-2, pp. 69–75,
1999.
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Amyotrophic lateral sclerosis (ALS) is a debilitating motor neuron disease characterized by progressive weakness, muscle atrophy,
and fasciculation. This fact results in a continuous degeneration and dysfunction of articular soft tissues. Specifically, cartilage
is an avascular and nonneural connective tissue that allows smooth motion in diarthrodial joints. Due to the avascular nature
of cartilage tissue, cells nutrition and by-product exchange are intermittently occurring during joint motions. Reduced mobility
results in a change of proteoglycan density, osmotic pressure, and permeability of the tissue. This work aims to demonstrate the
abnormal cartilage deformation in progressive immobilized articular cartilage for ALS patients. For this aim a novel 3D mechano-
electrochemical model based on the triphasic theory for charged hydrated soft tissues is developed. ALS patient parameters such as
tissue porosity, osmotic coefficient, and fixed anions were incorporated. Considering different mobility reduction of each phase of
the disease, results predicted the degree of tissue degeneration and the reduction of its capacity for deformation.The present model
can be a useful tool to predict the evolution of joints in ALS patients and the necessity of including specific cartilage protectors,
drugs, or maintenance physical activities as part of the symptomatic treatment in amyotrophic lateral sclerosis.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder characterized by progressive loss of motor units
leading to muscle atrophy, weakness, and immobilization
[1]. Despite substantial effort to decipher the etiology of the
disease, the primary events triggering the pathology remain
to be elucidated. Currently, there is no cure for the disease
and its management is focused on symptomatic treatment
and nutritional supply to extend the life expectancy, improve
quality of life, and help tomaintain the patient’s autonomy for
as long as possible [2].

Important long term problems are facing ALS patients,
such as osteoarthritis and cartilage progressive degeneration

as a consequence of the chronic reduction in joints mobility
[3, 4].

Due to the avascular nature of cartilage, cells nutrition
and by-product exchange are diffusive mediated processes
occurring intermittently in the articular movements [5]. In
case of ALS patients, due to their inability to exercise and lack
of continuous motion, these diffusive processes are ceased.
However, no studies have looked into the correlation between
progressive loss of motion and cartilage degeneration in ALS
patients. Such studies would help clinicians to determine
the need of specific cartilage treatments. Cartilage tissue
is mainly composed of fibrous network of proteins such
as collagen fibers, proteoglycans (PGs), and elastin. This
network is surrounded by synovial which is fluid mainly
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composed of water and ions (Na+ and Cl− among others)
(Figure 1(a)). Since cells occupy a small fraction of the total
volume of cartilage, transport of fluid and solute substances
mainly depends on the properties of the extracellular matrix
(ECM) [6].

Substantial numerical simulations have emerged to
reproduce in vivo cartilage behavior [7–10]. However, most
of these models do not include ions role among the main
components of the tissue, which is a key aspect when
simulating cartilage degenerative diseases [11].

In this sense, capturing the influence of each component
(ECM, water, and ions) within the macroscale behavior
(deformation as a consequence of ion and water fluxes)
requires the consideration of the cartilage as a multiphasic
poroelastic material with three main components; the liquid
phase (water), the ion phase (Na+ and Cl− ions), and the solid
phase, collagen fibers, PGs, and proteins [12–14]. Attached
to PGs there are glycosaminoglycan chains (GAGs) which
contain sulphate and carboxyl groups. PGs becomenegatively
charged in the physiological environment through interac-
tionwith anions (Cl−).These ECM-attached anions, so-called
“fixed charge density” (FCD), present a coupled movement
with collagen fibers given rise to a swelling pressure in the
tissue (Figure 1(b)).

Under normal physiological conditions, the fixed nega-
tive charges in ECM are electrically neutralized by mobile
cations contained in the interstitial fluid [15]. The difference
in ion concentration between the ECM and interstitial fluid
generates an osmotic pressure (Donnan osmotic pressure)
leading to the typical cartilage swelling and shrinking phe-
nomena [16, 17]. These phenomena play a significant role in
cartilage behavior, flexibility, and stability required to support
loads and resist stretching, since they are responsible for the
fluid and ion content within the tissue [18]. In ALS patients,
where the mobility is reduced, the normal balance of the
tissue is altered. Thus, the abnormal nutrient supplies to cells
lead to progressive tissue degeneration [4].

Despite extensive efforts that focused on the development
of computational models to predict in vivo cartilage behavior,
and its application to clinical diagnosis and prognosis, sub-
stantial aspects nonetheless remain obscure.

Most of those studies have been done in 1D or 2D.
However, nowadays, modern techniques of medical imaging,
such asMRI, CT,MR, or PET, generate 3D images containing
accurate information that cannot be captured by 1 or 2D
models [19–21].

Besides, in vivo cartilage is influenced by real 3D bound-
ary conditions [16, 22, 23]. Several reports demonstrate that
cartilage properties (permeability, diffusivity, electric con-
ductivity, and electrochemical potentials) are tightly inter-
connected with each other [24].

In this paper, we present a 3D mechano-electrochemical
computational model of cartilage behavior, based on the
triphasic theory of charged-hydrate soft tissues proposed by
Lai et al. in 1991 [25] and lately extended by Sun et al. in 1999
[26].

The model has been used to the study of abnormal
cartilage free swelling occurring in case of ALS patients.
Similar to other cartilage disorders in immobilized patients,

the degeneration process starts in the tissue surface. When
the disease gets advanced, the degradation and subsequent
dysfunction extend to deeper areas.The aim of this work is to
focus on the response of this primarily affected zone to study
its different behavior in healthy and pathological states [27–
29].

The obtained results predict and quantify the impact of
ALS immobilized cartilage properties into tissue deformation
capacity which would enable monitoring the progress of
cartilage tissue degeneration and evaluating the necessity
of specific cartilage maintenance therapeutics during the
different stages of the disease.

2. Material and Methods

The triphasic mechano-electrochemical theory [25] applied
here considers a charged hydrated soft tissue as amixture that
consists of a porous permeable charged solid phase (ECM,
collagen fibers, and PGs), a fluid phase (water), and an ion
phase with two monovalent species (Na+ and Cl−). The main
hypothesis of such triphasic theory assumes that the different
phases exist simultaneously at each point in the space and are
considered intrinsically incompressible.

This theory is mainly based on the balance equations
(mass, momenta, and charge density) for the solid matrix,
fluid (interstitial fluid), cations, and anions. Fluxes of fluid
and ions depend on the gradients of their electrochemical
potentials, which in turn, depend on fluid pressure and ion
concentration, respectively.

2.1. Model Formulation. Four governing equations are
required for solving the four basic unknowns in triphasic
theory (u𝑠, the displacement of the solid matrix, 𝜀

𝑤, the
modified chemical potential of water, and 𝜀

+ and 𝜀
−, the

modified chemical potential for cations and anions, resp.,
[26]). These may be written as follows:

Momentum balance equation of the mixture

∇ ⋅ 𝜎 = 0, (1)

Mass balance equation of the mixture

∇ ⋅ k𝑠 + ∇ ⋅ J𝑤 = 0, (2)

Charge balance equation for each ion

𝜕 (Φ
𝑤
𝑐
+
)

𝜕𝑡

+ ∇ ⋅ J+ + ∇ ⋅ (Φ
𝑤
𝑐
+k𝑠) = 0, (3)

𝜕 (Φ
𝑤
𝑐
−
)

𝜕𝑡

+ ∇ ⋅ J− + ∇ ⋅ (Φ
𝑤
𝑐
−k𝑠) = 0, (4)

where 𝜎 is the mixture stress tensor and k𝑠 is the velocity
of the solid matrix (small deformations has been considered
here), specifically k𝑠 = 𝜕u𝑠/𝜕𝑡, where 𝜕/𝜕𝑡 is the temporal
derivative. 𝑐+ and 𝑐

− are cation and anion concentration,
respectively, andΦ

𝑤 represents the cartilage porosity. J𝑤 is the
water flux while J+ and J− are the cation flux and anion flux,
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Figure 1: Schematic illustration of articular cartilage microstructure and its main components. (a) Constituents of the cartilage tissue:
chondrocytes, proteoglycans complex, collagen fibers, and ions dissolved in the interstitial fluid. (b) Proteoglycan macromolecule aggregate
with charged-glycosaminoglycan side chains attached to a hyaluronic chain.

respectively. Importantly, we consider in our formulation
the convective terms associated to ion-matrix coupling in
the last part of the balance equations for the ions, (Φ𝑤𝑐+k𝑠)
and (Φ𝑤𝑐−k𝑠). This is neglected in most cartilage models of
this type in literature [30, 31], while they are essential for
capturing the different biological coupled movement of the
ions attached to collagen fibers through GAGs in healthy and
degenerated tissues.

The constitutive equations for the state variables appear-
ing in (1)–(4), 𝜀𝑤, 𝜀+, and 𝜀

−, in terms of the basic variables of
the problem, may be also written as [15]

𝜎 = −𝑃I + 𝜆
𝑠
𝜃I + 2𝜇

𝑠
𝜖,

𝜀
𝑤
=

𝑃

𝑅𝑇

− Φ (𝑐
+
+ 𝑐
−
) +

𝐵
𝑤

𝑅𝑇

𝜃,

𝜀
+
= 𝛾
+
𝑐
+ exp(

𝐹
𝑐
𝜓

𝑅𝑇

) ,

𝜀
−
= 𝛾
−
𝑐
− exp(−

𝐹
𝑐
𝜓

𝑅𝑇

) ,

(5)

where 𝐹
𝑐
is the Faraday constant, 𝜓 is the electrical potential,

𝐵
𝑤
is the fluid-solid coupling coefficient, Φ is the osmotic

coefficient, 𝛾+ and 𝛾
− are the activity coefficient of anion

and cation, respectively, and I is the identity tensor. 𝑅 is the
universal gas constant, and 𝑇 is the absolute temperature.

Here, 𝑃 is the fluid pressure, 𝜃 = div us is the solid
matrix dilatation related to the infinitesimal strain tensor of
the solid matrix, 𝜆

𝑠
and 𝜇
𝑠
are the Lamé constants of the solid

matrix (a linear elastic isotropic material has been used for
the sake of simplicity), 𝜖 = (1/2)(∇ ⋅ us + ∇

T
⋅ us) is the

solid matrix deformation, and 𝑐
+ and 𝑐

− can be expressed
in terms of modified electrochemical potentials and fixed
charged density as follows [26]:

𝑐
+
=

𝑐
𝐹
+ √(𝑐

𝐹

0
)
2

+ (4𝜀
+
𝜀
−
/ (𝛾
+
𝛾
−
))

2

,

𝑐
−
=

−𝑐
𝐹
+ √(𝑐

𝐹

0
)
2

+ (4𝜀
+
𝜀
−
/ (𝛾
+
𝛾
−
))

2

,

(6)

where 𝑐𝐹
0
is the initial FCD, the amount of charges which are

attached to collagen fibers within the GAGs.
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Regarding, J𝑤, J+, and J−, they can be expressed as
combination of the chemical potential gradients as follows
[26]:

J𝑤 = −

𝑅𝑇Φ
𝑤

𝛼

(∇𝜀
𝑤
+

𝑐
+

𝜀
+
∇𝜀
+
+

𝑐
−

𝜀
−
∇𝜀
−
) ,

J+ = −

𝑅𝑇Φ
𝑤
𝑐
+

𝛼

∇𝜀
𝑤
− [

Φ
𝑤
𝑐
+
𝐷
+

𝜀
+

+

𝑅𝑇Φ
𝑤
(𝑐
+
)

2

𝛼𝜀
+

]∇𝜀
+

−

𝑅𝑇Φ
𝑤
𝑐
+
𝑐
−

𝛼𝜀
+

∇𝜀
−
,

J− = −

𝑅𝑇Φ
𝑤
𝑐
−

𝛼

∇𝜀
𝑤
− [

Φ
𝑤
𝑐
−
𝐷
−

𝜀
−

+

𝑅𝑇Φ
𝑤
(𝑐
−
)

2

𝛼𝜀
−

]∇𝜀
−

−

𝑅𝑇Φ
𝑤
𝑐
+
𝑐
−
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+
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+
,

(7)

where𝛼 is the drag coefficient between the solid and thewater
phase, 𝐷+ and 𝐷

− the ion diffusivities, and Φ
𝑤 the porosity

of the tissue.
The intrafibrillar water within collagen fibers, therefore,

may be regarded as bound water and thus part of the solid
phase. Due to the intrinsic incompressibility, for infinitesimal
strains, Φ𝑤 can be expressed as

Φ
𝑤
= 1 −

𝜙
𝑠

0

1 + 𝜃

, (8)

where 𝜙
𝑠

0
is the solid volume fraction at a physicochemical

reference configuration (selected as the initial state). The
second part of this equation, 𝜙𝑠

0
/(1 + 𝜃), corresponds to the

solid volume fraction of the tissue, 𝜙𝑠, at any time along the
deformation process. Note that, in (7), the combination of the
porosity and the drag coefficient of the material give rise to
the permeability of the tissue, 𝑘, as follows: 𝑘 = Φ

𝑤
/𝛼 [26].

Considering the electroneutrality condition between
cations and anions, the following relation does exist [26]:

𝑐
+
= 𝑐
−
+ 𝑐
𝐹
, (9)

where 𝑐
𝐹 is the FCD. We assumed that the porous matrix is

negatively charged, the fixed charges on the matrix remain
unchanged, and 𝑐

𝐹must be conserved during the tissue defor-
mation. According to experimental observations, increasing
the volumetric deformation of the sample (e.g., tissue free
swelling) is followed by a decrease in the fixed charge of
the tissue as it involves water entrance and therefore ion
concentration and fixed charges decrease in the matrix.
Likewise, the opposite phenomenon also occurs when the
volumetric deformation decreases (e.g., the tissue shrinks),
under the following considerations [26]:

𝑐
𝐹
=

𝑐
𝐹

0

1 + (𝜃/Φ
𝑤

0
)

, (10)

where 𝑐𝐹
0
and Φ

𝑤

0
are the initial water content in the tissue at

reference state.

2.1.1. Differential Equation System. Substituting the flux equa-
tion (7) and the constitutive equation (5) into the governing
equations (1)–(4), we find the following system of differential
equations:

∇ ⋅ (𝜆
𝑠
𝜃I + 2𝜇

𝑠
𝜖) − ∇ (𝑅𝑇𝜀

𝑤
+ 𝑅𝑇Φ𝑐

𝑘
− 𝐵
𝑤
𝜃) = 0,

∇ ⋅ k𝑠 − ∇ ⋅

𝑅𝑇

𝛼

[Φ
𝑤
∇𝜀
𝑤
+

Φ
𝑤
𝑐
+

𝜀
+

∇𝜀
+
+

Φ
𝑤
𝑐
−

𝜀
−

∇𝜀
−
] = 0,

∇ ⋅ [−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
𝐹
∇𝜀
𝑤
] − ∇

⋅ [

Φ
𝑤
𝑐
+
𝐷
+

𝜀
+

+

𝑅𝑇

𝛼

Φ
𝑤
(𝑐
+
)

2

𝜀
+

−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
+
𝑐
−

𝜀
+

]∇𝜀
+

+ ∇ ⋅ [

Φ
𝑤
𝑐
−
𝐷
−

𝜀
−

+

𝑅𝑇

𝛼

Φ
𝑤
(𝑐
−
)

2

𝜀
−

−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
+
𝑐
−

𝜀
+

]∇𝜀
−

= 0,

𝜕 (Φ
𝑤
𝑐
𝑘
)

𝜕𝑡

− ∇ ⋅ [−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
𝑘
∇𝜀
𝑤
] − ∇

⋅ [

Φ
𝑤
𝑐
+
𝐷
+

𝜀
+

+

𝑅𝑇

𝛼

Φ
𝑤
(𝑐
+
)

2

𝜀
+

−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
+
𝑐
−

𝜀
+

]∇𝜀
+
− ∇

⋅ [

Φ
𝑤
𝑐
−
𝐷
−

𝜀
−

+

𝑅𝑇

𝛼

Φ
𝑤
(𝑐
−
)

2

𝜀
−

−

𝑅𝑇

𝛼

Φ
𝑤
𝑐
+
𝑐
−

𝜀
+

]∇𝜀
−
+ ∇

⋅ (Φ
𝑤
𝑐
𝑘k𝑠) = 0,

(11)

where 𝑐𝑘 = 𝑐
+
+ 𝑐
−.

2.1.2. Solution Methods. A finite element formulation was
used to obtain the solution of the governing system of
(11). The primary unknowns of the model [u, 𝜀𝑤, 𝜀+, 𝜀−] are
interpolated from nodal values through shape functions
[26]. The time derivatives are approximated with the Crank-
Nicolson method [32] that yields an implicit approximation
to the solution of the initial value problem 𝑦


= 𝑓(𝑥, 𝑦)

with 𝑦(𝑥
0
) = 𝑦

0
at 𝑥 for a given time step ℎ. To obtain the

fully coupled nonlinear system of equations describing the
discretized model (superscript ∗ indicates the quantities in
the bathing solution), we first establish the weak formulation
of the governing equations:

∫∇𝛿u ⋅ 𝜎𝑑𝑉 = ∫

Γ

𝛿u𝜎
∗n 𝑑Γ,

∫∇𝛿
𝜀
𝑤 ⋅ k𝑠 𝑑𝑉 + ∫∇𝛿

𝜀
𝑤 ⋅ J𝑤 𝑑𝑉 = −∫

Γ

𝛿
𝜀
𝑤J𝑤
∗

n 𝑑Γ,

∫∇𝛿
𝜀
+ ⋅ J+ 𝑑𝑉 − ∫

Ω

∇𝛿
𝜀
+ ⋅ J− 𝑑𝑉 = ∫

Γ

𝛿
𝜀
+ (J−

∗

− J+
∗

) n 𝑑Γ,
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∫𝛿
𝜀
−

𝜕 (Φ
𝑤
𝑐
𝑘
)

𝜕𝑡

𝑑𝑉 + ∫∇𝛿
𝜀
− ⋅ J+𝑑𝑉 + ∫∇𝛿

𝜀
− ⋅ J− 𝑑𝑉

+ ∫∇𝛿
𝜀
− ⋅ (Φ

𝑤
𝑐
𝑘k𝑠) 𝑑𝑉 = −∫

Γ

𝛿
𝜀
− (J+

∗

+ J−
∗

)n 𝑑Γ,

(12)

where n is the unit normal vector to the boundary and 𝛿u,
𝛿
𝜀
𝑤 , 𝛿
𝜀
+ , and 𝛿

𝜀
− are the so-called test functions. Trilinear

8-noded hexahedral elements with 2 × 2 × 2 Gaussian
integration points were used (see Supplementary Material
available online at http://dx.doi.org/10.1155/2014/179070).

2.2. Numerical Implementation of the Mechano-Electrochem-
ical Model. The model presented above has been imple-
mented within a commercial FE software ABAQUS via a
user defined subroutine. Initially, the cartilage sample is
in equilibrium with the external bath (initial equilibrium).
Therefore, the initial volumetric dilatation (𝜃) is equal to zero
and initial values for ion concentrations correspond to those
measured in the initial state of the external solution. After
modifying the external solution, electrochemical potentials
between the bath and the tissue are created (∇𝜀𝑤, ∇𝜀+, and
∇𝜀
−), generating a new ion distribution within the cartilage.

Due to this potential, fluxes of water and ions tend to enter
and leave the tissue, respectively, to regain equilibrium and
the tissue swells in absence of external loads. Specific values
for displacement and ion concentrations are calculated in
every node and updated via a Lagrangian formulation (in
terms of the initial coordinates).The volumetric deformation
at each finite element node is also computed.The full analysis
presented in this work corresponds to a total time analysis
(𝑡
𝑓
) of 3600 seconds coincident with usual experimental peri-

ods in cartilage free swelling assays [25].The implementation
scheme of the 3D mechano-electrochemical model is shown
in Figure 2.

2.3. Experimental Example. Firstly, to validate the model, the
experimental test described in [33] with healthy cartilage
sample parameters is reproduce computationally. Then, the
swelling of a cartilage sample of 0.5mm high and 1.5mm
diameter confined in a chamber immersed in a NaCl solution
was analyzed for healthy and degenerated cartilage tissue,
including the properties associated to different stages of ALS
patient joints suffering a progressive loss of motion.

2.3.1. Boundary Conditions. The lateral sides of the sample as
well as the supporting surface are impermeable and confine
the lateral movement of the tissue (see Figure 2). Zero fluxes
were considered for ions and water through these surfaces of
the sample (Figure 3(b)). Specifically, for the lateral surfaces
𝐽
𝑤

𝑥,𝑦
= 𝐽
+

𝑥,𝑦
= 𝐽
−

𝑥,𝑦
= 0 and for the lower surface, 𝐽𝑤

𝑧
= 𝐽
+

𝑧
=

𝐽
−

𝑧
= 0. Furthermore, it is assumed that displacements in

𝑥 and 𝑦 directions remain null on lateral surfaces, 𝑢
𝑥

=

𝑢
𝑦

= 0. For the lower surface of the sample, we constrain
all displacements, 𝑢

𝑥
= 𝑢
𝑦

= 𝑢
𝑧

= 0. Regarding the free
upper surface of the sample, we consider the electrochemical
potential of water and ions identical to those measured in the

Initial equilibrium:
(i) Initial geometry
(ii) Initial ions concentration

New ions
concentration and

distribution

Electrochemical

effects

Electrochemical potentials
(∇𝜀w ; ∇𝜀+ ; ∇𝜀−)

Swelling/ 
shrinking

Volumetric
strain (𝜃)

Final equilibrium:
(i) Final geometry
(ii) Final ions concentration
and distribution

t = 3600 s

Mechanical
effects

bath and tissue (Jw , J+ , J−)
Fluxes between external

(iii) 𝜃 = 0

t = 0 s

t > 0 s

Figure 2: Schematic diagram of the computational process.

external bath, 𝜀𝑤 = 𝜀
𝑤
∗

; 𝜀+ = 𝜀
+
∗

; 𝜀− = 𝜀
−
∗

. 𝜀𝑤
∗

, 𝜀+
∗

, and 𝜀
−
∗

in the external solution are kept constant in the whole process
(no additional salt is added; no dilution occurs in the bathing
solution).

2.3.2. Initial Conditions. Initially it is considered that the
sample is at equilibrium with the external bathing solution
with a concentration 𝑐

∗

0
= 0.15M of monovalent ions (Na+

and Cl−). At 𝑡 = 0 s the concentration of the external
solution is decreased to 0.125M. This reduction causes the
tissue to swell to a new equilibrium state (final equilibrium).
The initial modified chemical potential for water 𝜀𝑤

∗

0
and the

electrochemical potential for cations and ions, 𝜀+
∗

0
and 𝜀

−
∗

0
,

inside the tissue are identical to their counterparts in the
external solution, 𝜀𝑤

0
= 𝜀
𝑤
∗

0
; 𝜀+
0

= 𝜀
+
∗

0
; 𝜀−
0

= 𝜀
−
∗

0
. Choosing

this free swollen state as the reference configuration (initial
equilibrium), the initial displacement is measured from this
reference state so, 𝑢

𝑥
0

= 𝑢
𝑦
0

= 𝑢
𝑧
0

= 0. The transient
response of the solid displacement, ion concentration, fluid,
and ion velocities to this imposed ionic change is solved
here by using our 3D model and is compared with previous
numerical results of this same example, obtained in 1D by Sun
et al. (1999) [26].

2.4. Model Validation. In absence of 3D mechano-
electrochemical computational models of cartilage in
the literature, we first reproduced the results obtained by
Sun et al. in one-dimension (1D) for healthy cartilage to
validate our model. This 1D model includes an extensive
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Figure 3: Schematic representation of the transient free swelling problem in Frijns et al. [33]. (a) A sample of cartilage of 0.5mm thickness and
1.5mm diameter is immersed in a NaCl solution with an initial concentration of 0.15M.The sample is confined in an impermeable chamber.
(b) Boundary conditions of the cartilage sample applied in our computational simulations.

study of the effects of cartilage parameter variations in tissue
behavior and clearly states the differences and limitations
found between their model and the experimental results.

Coincident with Sun’s 1D model, the mesh of our model
presents a total number of elements equal to 50 in depth.
To accurately reproduce the 1D case of study, we consider a
diameter four orders of magnitude smaller than the height of
the sample (0sam ≪ ℎsam), with only one element per row.
The selected average mesh size was of 0.01mm. Finally, the
resulting total number of elements is 50. Similar to Sun et al.
(1999) [26], the displacements in 𝑥 and 𝑦 axis are constrained
into the whole sample (𝑢

𝑥
= 𝑢
𝑦

= 0) and therefore,
analyzing only 𝑧 displacement (𝑢

𝑧
) effects. All parameters

used in this example are collected in Table 1. However,
Sun’s experimental results and its measurements variability
are not indicated in their work, they state that simulated
surface displacement in free swelling test is consistent with
their experimental observations [26]. Their computed and
experimental results have been used to validate the presented
mechano-electrochemical model.

2.5. 3D Free Swelling Study of Healthy and Immobilized
ALS Patients Cartilage. The model was applied to analyze

the effect of the variation of different properties governing
cartilage behavior in patients with lack of mobility as in
ALS patients. In this model application, the experimental
conditions detailed in Frijns et al. (1997) [33] againmotivated
the geometry of the confined sample (0sam = 1.5mm),
with simulations that particularly considered the interplay
between all properties interacting in a 3D environment.
Results corresponding to healthy cartilage were compared
to those yielded by Sun’s 1D model and biological studies
for healthy cartilage behavior. Furthermore, we obtained
accurate quantification of water and ion fluxes of these
samples. Then, a comparative study between healthy and
degraded cartilage free swelling was performed.

An interesting phenomenon of a delay in cartilage
swelling, associated with a small, effectively zero, amount of
shrinking was observed in our simulation during the initial
phases when values of FCD into the tissue orΦ are coincident
with those measured in unhealthy cartilage tissue [24]. This
effect has not previously observed with 1D or 2D models
applying a wide variety of FCD for progressive immobilized
knees [26], which ranged from degenerated aged knees (e.g.,
𝑐
𝐹

0
= 0.11mEq/mL) to tissues with other degenerative

diseases as osteoarthritis (e.g., 𝑐𝐹
0
= 0.06mEq/mL).
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Table 1: 3D simplified model for healthy cartilage parameters.

Description Symbol Value Refs
Initial thickness of the sample ℎsam 0.5mm [26]
Initial diameter of the sample 0sam 0.0005mm —
Number of mesh elements NELEM 50 [26]
Number of mesh nodes NNODES 204 —
Young’s modulus 𝐸 3.85 ⋅ 10

5 Pa [15]
Poisson coefficient ] 0.28 [15]
Drag coefficient between the
solid and the water phase 𝛼 7 ⋅ 10

14N⋅s⋅m−4 [26]

Diffusivity of the cations 𝐷
+

5 ⋅ 10
−10m⋅s−1 [26]

Diffusivity of the anions 𝐷
−

8 ⋅ 10
−10m⋅s−1 [26]

Initial FCD 𝑐
𝐹

0
0.2mEq⋅mL−1 [26]

Activity coefficient of cations 𝛾
+ 1.0 [26]

Activity coefficient of anions 𝛾
− 1.0 [26]

Gas constant 𝑅 8.314 J⋅mol−1⋅K−1 [26]
Absolute temperature 𝑇 298K [26]
Osmotic coefficient Φ 1.0 [15]
Initial amount of water in the
tissue Φ

𝑤

0
0.75 [26]

3. Results and Discussion

The present model was used to simulate the behavior of
healthy cartilage in free swelling conditions. Then, addi-
tional simulation were performed varying physiological
tissue properties (porosity, osmotic coefficient, and fixed
anions into the tissue) to simulate progressive immobilization
process that take place in disabled ALS patients.The resulting
abnormal cartilage free swelling was compared with that
obtained with healthy tissue.

Initially, we analyzed the 𝑧-displacements of the upper
surface of the cartilage sample as well as cation distribution
within the sample after changing the concentration of the
external solution from 0.15M to 0.125M. As previously men-
tioned, for validation the 3D model was simplified reducing
the sample diameter to mimic 1D model conditions. Results
obtainedwere compared to those reported by Sun et al. (1999)
[26] with their 1D model. Subsequently, the same situation
was reanalyzed considering the 3D environment and applying
physiological versus pathological cartilage properties, real
sample dimensions, and three-dimensional confined condi-
tions (see Table 2).

3.1. 3D Simplified Model. Under the assumption of fric-
tionless, chamber-impermeable walls and bottom surface,
the displacement of the upper surface is only affected by
entrance of water and exit of ion fluxes. The simplified 3D
model shows that, after dilution and the associated massive
entrance of water into the sample, the cartilage begins to
swell reaching its maximal deformation at 900 seconds and
0.013mm height. After this point, sample dimensions remain
constant and enter a plateau stage (Figure 4(a)). The present
simplified 3D model accurately reproduced the deformation
evolution obtained by Sunwho found amaximal deformation

Table 2: 3D free swelling model for healthy cartilage parameters.

Description Symbol Value Refs
Initial thickness of the sample ℎsam 0.5mm [26]
Initial diameter of the sample 0sam 1.5mm [26]
Number of mesh elements NELEM 760 [26]
Number of mesh nodes NNODES 1026 —
Young’s modulus 𝐸 3.85 ⋅ 10

5 Pa [15]
Poisson coefficient ] 0.28 [15]
Drag coefficient between the
solid and the water phase 𝛼 7 ⋅ 10

14 N⋅s⋅m−4 [26]

Diffusivity of the cations 𝐷
+

5 ⋅ 10
−10m⋅s−1 [26]

Diffusivity of the anions 𝐷
−

8 ⋅ 10
−10m⋅s−1 [26]

Initial FCD 𝑐
𝐹

0
0.2mEq⋅mL−1 [26]

Activity coefficient of cations 𝛾
+ 0.86 [6]

Activity coefficient of anions 𝛾
− 0.85 [6]

Gas constant 𝑅 8.314 J⋅mol−1⋅K−1 [26]
Absolute temperature 𝑇 298K [26]
Osmotic coefficient Φ 0.8 [6]
Initial amount of water in the
tissue Φ

𝑤

0
0.75 [26]

of 0.0135mm height at 1000 seconds, with the subsequent
steady state with that dimension.

In these conditions the gradient of cations was also
monitored after 100 seconds of this free swelling simulation
and again compared well with the results reported by Sun
1D model. At that time, the 1D model clearly showed a pro-
gressive decrease of cation concentration towards the upper
surface of the sample (𝑥 = 0.5mm) ranging from 273mol/m3
at 𝑥 = 0mm height (significantly lower compared to the
initial 280mol/m3 imposed by the external solution at time
0 s) to 255mol/m3 at 𝑥 = 0.5mm height (Figure 4(b)).

Our results closely resemble those obtained by Sun with
an initial concentration of 274mol/m3 at 𝑥 = 0mm height
and 257mol/m3 at 𝑥 = 0.5mm height (Figure 4(b)).

3.2. 3D Free Swelling Study of Healthy and Immobilized ALS
Patients Cartilage. In this study the experiment described by
Sun et al. was again reproduced considering a sample diam-
eter of 1.5mm and the 3D confined environment reported
experimentally by Frijns et al. (1997) [33] together with the
physiological properties of cartilage later presented in Sun et
al. in 2004 [15] (Table 2).

Under these conditions, fluxes of water, cations, and
anions during the whole process were computed, monitored,
and analyzed. In addition, displacements of the free healthy
cartilage surface were again simulated, as well as the effects
of the variation in the main cartilage properties (fixed charge
density, porosity of the tissue, and ion diffusivities) according
to the grade of mobility and total immobilization time of ALS
patients [34].

3.2.1. Fluxes of Water and Ions in Healthy Cartilage. Concur-
rent water and ions fluxes, together with morphological
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Figure 4: (a) Comparison of the upper surface displacement in the free swelling test from 1Dmodel of Sun et al. (dotted line) and the present
3D simplified model (continuous line). (b) Comparison of cation concentration distribution in the free swelling test from 1D model of Sun
[26] and the present 3D simplified model after 100 seconds of swelling.

changes of the tissue were simulated during 3600 seconds.
The corresponding simulation results were divided into five
phases corresponding to the main events that take place
experimentally [35]. A detailed description of the status of
each component during these phases is as follows.

Phase I (initial equilibrium). In this stage, the external
solution is diluted to 0.125M of NaCl which generates an
imbalance between the inner and outer medium of the
sample. At time 0 the sample remains equilibrated with the
0.15M of NaCl initial solution. 3D computational results did
not reveal any deformation (Figure 5(a), Phase I) as water
(Figure 5(b), Phase I) and ion fluxes (Figures 5(c) and 5(d),
Phase I) are minimal as well.

Phase II. This phase represents an abrupt deformation of
the cartilage (Figure 5(a), Phase II) as a consequence of the
massive entrance of water at 5.0 ⋅ 10−9m3/s (Figure 5(b),
Phase II) to counteract the gradient induced in the previous
step. At this stage, outgoing ion fluxes would be expected;
however, these are clearly overwhelmed by the intake water
flux (Figures 5(c) and 5(d), Phase II), which leads to subse-
quent substrate swelling during the next phase.

Phase III. During this phase, high displacement of the upper
surface of the sample (Figure 5(a), Phase III) is observed
at 200 seconds as already mentioned. This is due to the
previous and continuous water flux uptake during this stage
(Figure 5(b), Phase III), when the maximum water content
within the sample is reached. Consistently, ion fluxes for both
cation (Figure 5(c), Phase III) and ions (Figure 5(d), Phase
III) remain at basal level.

Phase IV. After 800 seconds of simulation, the substrate
deformation is maintained (Figure 5(a), Phase IV); water
flux is drastically reduced (Figure 5(b), Phase IV) while

internal and external solutions regain the equilibrium state,
which enables the visualization of the previously impeded ion
outflow (Figures 5(c) and 5(d), Phase IV).

Phase V (final equilibrium). Finally, this phase represents the
complete restoration of electrochemical equilibrium between
the external and internal solution. The cartilage sample does
not show any further deformation (Figure 5(a), Phase V),
in agreement with no external load applied on the sample
and the lack of a Na, Cl ion gradient. Consistently, water
(Figure 5(b), Phase V) and ion fluxes (Figures 5(c) and 5(d),
Phase V) were not shown at this stage.

3.2.2. Effects of Initial Fixed Charge Density (FCD). To fully
understand the effect of FCD on swelling, the following
experiment was designed. Initial FCD measured experimen-
tally in a young and aged healthy knees cartilage (𝑐𝐹

0
=

0.2mEq/mL and 𝑐
𝐹

0
= 0.135mEq/mL, resp.) [24] and

three different values of 𝑐
𝐹

0
in patient with osteoarthritis

and cartilage degenerative processes where the patient must
remain partially (early stage of ELA) or totally immobilized
(advanced stage of ELA) [34, 36] were introduced into the
present 3D computationalmodel to compare the correspond-
ing results.

The results showed that physiological FCD values dis-
played a maximal displacement of 0.143mm for young
healthy knee and 0.0984mmfor agedhealthy kneewithin 200
seconds of simulation, subsequently these values remained
constant for 3600 seconds. The rest of FCD selected values
(representative of pathologic cartilage conditions) offered
lower 𝑧-displacement, ranging from 1.679 ⋅ 10−5mm to 8.218
⋅ 10−7mm (i.e., almost null swelling), after 900 seconds
of simulation time (Figure 6(a)). In every case, after tissue
researches its maximum 𝑧-displacement value, this state was
maintained until the end of the simulation (3600 seconds).
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Figure 5: (a) 𝑧-displacement (𝑢
𝑧
), (b) water (J𝑤), (c) cation (J+), and (d) anion (J−) fluxes obtained with the presented 3D computational

model during five phases of swelling (3600 seconds total time simulation) in healthy cartilage samples. Note that negative fluxes for each
species studied correspond to the emergence of that component from the sample to the external solution. Conversely, positive fluxes refer to
the entrance of the different components (water or ions) into the sample (tissue gain of material).
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Figure 6: (a) Surface displacement obtained with the 3D computational model as a function of tissue FCD.The rest of the model parameters
are included in Table 2. (b) Details of the initial swelling delay phenomenon of cartilage associated with a nominal shrinking within the first
40 seconds of computational simulation considering the parameters collected in Table 2, while the specific concentration of FCD shown in the
same figure. (c) Surface displacement obtained with the 3D computational model as a function of tissue initial water content (Φ𝑤

0
). (d) Surface

displacement obtained with the 3D computational model as a function of the osmotic coefficient.

It is of interest to note that the present model shows a
delay in subsequent swelling associated with a tiny, effectively
zero initial shrinking which appears when introducing the
lower values of FCD content. This phenomenon is illustrated
in the three studies (variation of FCD, porosity of the
tissue, and osmotic coefficient) (see Figure 6(b)) but was not
observed with higher FCD values.

3.2.3. Effects of Initial Water Content. The influence of initial
porosity in the 𝑧-displacement suffered by the tissue was also
simulated. This porosity directly correlates with the initial
amount of water in the cartilage sample since a fully saturated

sample is assumed. For a normal human knee cartilage this
ranges from 75 to 78% [37].

Results demonstrated that, similarly to FCD influence,
a physiological initial porosity of the tissue (Φ𝑤

0
= 75% of

water content) yielded the highest displacement at the upper
surface of the sample, which exhibited a sharp increment
within the first 200 seconds of simulation and peaked at
0.143mm.Again the volume of the sample remained constant
after this time (Figure 6(c)).

High initial porosities in the tissue (which imply higher
water content) leaded to proportional lower maximal dis-
placements (Figure 6(c)). Interestingly, several harmful con-
ditions to the maintenance of cartilage such as the loss
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of motion that ELA patients suffer involve the reduction
in porosity [34]. High water content in these tissues may
limit the capture of additional water molecules and therefore
downregulate in going fluxes as discussed below.

3.2.4. Effects of Osmotic Coefficient. If we now modify the
osmotic coefficient of solid matrix and fix the rest of the
parameters (Table 2), it is possible to quantify the influence
of this variable in the swelling of the cartilage sample. Values
below the physiological threshold,Φ = 0.8, fail to exhibit the
normal-range deformation of the substrate, 0.143–0.0954mm
at 200 seconds of simulation (Figure 6(d)). Biologically, this
coefficient affects the velocity of water flow through the
porous medium. Thus, a reduction of this coefficient, often
under critical conditions such as joint large immobilization
periods of time [38, 39] entails a decrease of fluid flow into
the cartilage porous matrix and therefore implies smaller
deformations.

4. Conclusion

In this work a 3D mechano-electrochemical cartilage behav-
ior model is presented. The model has been applied to study
the cartilage free swelling that takes place in case of ALS
patients by varying the main tissue properties (porosity,
osmotic coefficient, and fixed anions).

Specifically, in this study we analyze and quantify the
effect of FCD, porosity of the ECM, ionic diffusivity, electro-
chemical potentials, and mechanical ECM properties in the
behavior of the cartilage tissue, ranging fromhealthy cartilage
properties to those associated with joints from ALS patients
at different stages.

Several simplifications have been made to develop this
model. Firstly, we have neglected the PGs effects due
to FCD repulsion and the anisotropy in the mechanical
behavior of cartilage [40]. Including these aspects would
validate the proposed model for wider purposes; however,
it would also increase the number of model parameters
and the associated validation. Secondly, the specific values
for the different variables included in the model (Table 2)
were taken from experimental reports in literature which
generate a remarkably wide physiological range for each
variable considering the very different measurement tools
used in each study and the technical limitations of these
quantifications. Moreover, parameters such as age, sex, or
weight of the donor may severely influence these variables
[24]. Under these conditions, the model has been validated
including different cases within the physiological range for
each variable; those parameters that had been reported to
drastically influence the value of a specific variable were
analyzed separately (i.e., healthy versus Immobilized 𝑐

𝐹

0
in

cartilage knees) (Figure 6(a)).
In absence of literature about previous models and accu-

rate free swelling measurements in a 3D geometry, we vali-
dated the presented model by comparing the results with the
1D simulation of Sun et al. (1999) [26]. As expected, similar
swelling displacementswere obtained in both cases, although,
in the full 3D model, swelling occurs faster and the new

equilibrium (final equilibrium) after changing the external
solution concentration is reached earlier. These differences
may arise from the extensive simplifications made by Sun et
al. such as neglecting the effect of osmotic coefficient and ions
activities to get convergence. In this sense, even including
the values reported by Sun et al. our results closely parallel
those obtained by Frijns et al. (1997) [33], who reported an
earlier and faster swelling. By including the same parameter
values reported in Frijns’ experimental work within the 3D
model, themaximum surface displacement slightly increased
together with the swelling velocity, as reported by these
authors.

In the full 3D free swelling study applied to health and
ALS-degraded cartilage due to loss motion, computational
results showed how FCD ranging within the physiological
value (0.2mEq/mL and 0.135mEq/mL) results in sharp
swelling. However, reducing FCD content, according to ALS
patients with progressive loss motion, it reduces deformation
rates. Small variations in the FCD content would lead to high
deviations of the swelling rate. FCDs below the physiological
threshold have been described in arthritical, degenerated or
unhealthy cartilage [41]; therefore, tissue deformation under
these conditions would be impaired in agreement with our
computational observations.

Due to its 3D consideration, the modelling framework
is sensitive to radial boundary conditions as occurs exper-
imentally. Specifically, in the 3D model, the initial swelling
delay is induced not only for values of FCD lower than
0.05mEq/mL, as Sun et al. mentioned, but also for values
of 0.11mEq/mL. The increased sensitivity of our model is
possibly due to the inclusion of 3D boundary conditions.
In any case, it is remarkable that nominal shrinking and an
associated delay in significant net responsewas inducedwhen
including small FCDs.We speculate that, biologically, in these
conditions higher amounts ofmobile ions remain uncoupled,
increasing the fluxes of cations and anions. Considering that,
immediately after dilution of the external solution to 0.125M
high ion fluxes arise from the more concentrated internal
solution during the initial stages, before water entrance
overwhelms this flux, inducing a delay in the net cartilage
response and a tiny, effectively negligible, shrinking. The
effect of initial porosity (Φ

𝑤

0
) and osmotic coefficient (Φ)

on the swelling of the sample is also enhanced by the 3D
conditions. Again upper surface cartilage decreases, inducing
a delay in the onset of swelling, when the model adopts
subphysiological values of the porosity or osmotic coefficient,
Φ = 0.75 and Φ = 0.8, respectively. This is explained by
considering that all properties are interconnected within the
coupled 3D computational model; hence, the disturbance of
one of them highly influences the rest, increasing the stiffness
of the tissue and impeding the normal damping of the charges
[24].

Since swelling is a key process in cartilage tissue [18, 42,
43], this event was thoroughly analyzed within the three-
dimensional study of water and ion fluxes. After changing the
concentration of the external solution, initial equilibriumwas
broken and an incoming flux of water into the sample arises
to re-equilibrate both solutions. The abrupt water entrance
results in sharp swelling of the sample for physiological
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parameters. During this stage, water flux hides the com-
paratively minor outgoing ion fluxes. However, during the
later stage this last flow becomes apparent, as water current
decreases.

In summary, the presented 3D model is able to decipher
the effects on cartilage deformation impairment for non-
physiological values of the osmotic coefficient, porosity, and
fixed charges density, all of which aremeasurable parameters.
The obtained results predict and quantify the impact of
ALS immobilized cartilage properties into tissue deformation
capacity. All these features, together with the display of results
into clinically interpretable 3D images present this model as
a helpful tool to predict, prevent, andmonitor the progress of
cartilage tissue degeneration in ALS patients and abrogates
for the inclusion of cartilage protective therapy into the
management of the disease to ameliorate the motion loss.
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Amyotrophic lateral sclerosis (ALS) is a fatal condition primarily characterized by the selective loss of upper and lower motor
neurons. At present, the diagnosis and monitoring of ALS is based on clinical examination, electrophysiological findings, medical
history, and exclusion of confounding disorders. There is therefore an undeniable need for molecular biomarkers that could give
reliable information on the onset and progression of ALS in clinical practice and therapeutic trials. From a practical point of view,
blood offers a series of advantages, including easy handling and multiple testing at a low cost, that make it an ideal source of
biomarkers. In this review, we revisited the findings of many studies that investigated the presence of systemic changes at the
molecular and cellular level in patients with ALS. The results of these studies reflect the diversity in the pathological mechanisms
contributing to disease (e.g., excitotoxicity, oxidative stress, neuroinflammation, metabolic dysfunction, and neurodegeneration,
among others) and provide relatively successful evidence of the usefulness of a wide-ranging panel of molecules as potential
biomarkers. More studies, hopefully internationally coordinated, would be needed, however, to translate the application of these
biomarkers into benefit for patients.

1. A Brief Definition of ALS

Amyotrophic lateral sclerosis (ALS), also named as motor
neuron disease or Lou Gehrig’s disease, is a fatal condition
primarily characterized by the selective loss of upper motor
neurons, which originate in the motor cortex and form the
pyramidal tract, and lower motor neurons, which connect
the spinal cord and brainstem to skeletal muscles. Progressive
muscle weakness and atrophy, fasciculations, hyperreflexia,
dysarthria, and dysphagia are common features of ALS. Of
note, a significant proportion of cases presents with cognitive
impairment in the form of frontotemporal lobe degeneration.
Death often occurs by respiratory complications within two
to five years of diagnosis. The disease typically appears
between 40 and 70 years of age, and affects about two
per 100,000 of people. About 90% of cases are considered
as sporadic, without any documented family history. The
remainder cases are most often dominantly inherited. Both

forms are clinically and pathologically undistinguishable,
which suggests common pathogenic mechanisms. Riluzole,
which is assumed to protect motor neurons from glutamate-
induced excitotoxicity, is the only acceptedmedication for the
treatment of ALS, although its benefit is quite limited [1].

Defects in a very heterogeneous group of genes have
been shown to increase the risk or to be the cause of ALS
(see updated information onALS genes at http://alsod.iop.kcl
.ac.uk/) [2]. According to the relative abundance among
familial (and sporadic) cases, the four most important genes
causing ALS are c9orf72 (about 40% of familial cases and 5–
7% of sporadic cases), which gives rise to an expansion of an
intronic hexanucleotide repeat, sod1 (about 20% of familial
cases and 2–7% of sporadic cases), which encodes Cu/Zn
superoxide dismutase (SOD1), fus (about 5% of familial cases
and less than 1% of sporadic cases), which encodes fused in
sarcoma/translocated in liposarcoma (FUS/TLS), and tardbp
(about 3% of familial cases and 1.5% of sporadic cases), which
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encodes TAR DNA binding protein-43 (TDP-43) [3–6]. As
a result of such a genetic diversity, many mechanisms have
been proposed to underlie motor neuron degeneration.Thus,
excitotoxicity, oxidative stress, aberrant protein aggregation,
defective axonal transport, mitochondrial dysfunction, and
altered RNA metabolism have been incriminated in one way
or another in the molecular and cellular pathways leading
to ALS [7–12]. However, the exact nature of the selective
degeneration of motor neurons still remains elusive. It is
commonly accepted that the disease is the consequence of
a combination of multiple pathogenic processes, which take
place not only in motor neurons but also in nonneuronal
neighboring cells, such as astrocytes and microglial cells and,
beyond the central nervous system, skeletal myocytes and,
likely, other cells in the body [13–17].

2. The Need for ALS Biomarkers

At present, the diagnosis of ALS is based on clinical exam-
ination, electrophysiological findings, medical history, and
exclusion of confounding disorders. Although the disease is
easily recognized in its full-blown presentation, during the
early stages, the diagnostic process takes as long as between
13 to 18months, since only the deterioration of symptoms and
the presence of signs indicating both upper and lower motor
neuron involvement can assess the existence of ALS [18]. In
spite of intensive research conducted over the past 20 years,
we do not currently have practical diagnostic biomarkers.
This often leads to diagnostic delays before the appropriate
treatment is administered. Even if riluzole is very limited
in scope, it is generally acknowledged that the earlier the
treatment, the more effective it is.There is also an undeniable
lack of robust biomarkers that indicate the progression ofALS
in clinical practice and in the context of therapeutic trials.
Indeed, these are complex and long trials, because the only
indicator frequently used is the average cohort survival rate.
A reliable progression marker would make it possible to con-
duct shorter trials, on a smaller number of patients, thereby
opening up the prospect of more diversified trials [19, 20].

In search of valid biomarkers to recognize ALS and
pronosticate its evolution, neurophysiological approaches,
such as electromyography andmotor unit number estimation
(MUNE), routinely play a key part in detecting lower motor
neuron pathology [21, 22]. However, these methods fail to
reliably monitor disease progression and hence effects of
treatment. More advanced techniques, such as motor unit
number index, Bayesian MUNE, and electrical impedance
myography, are more accurate but still need further vali-
dation against neuropathological correlates [23–25]. As far
as upper motor neuron involvement is concerned, tran-
scranial magnetic stimulation (TMS) and its variants are
useful tools to evaluate motor cortical and corticospinal
dysfunction and discriminate between ALS and mimic dis-
orders. However, at the present time, TMS techniques are
mostly conducted only in the context of clinical research
[26]. Besides these neurophysiological tools, neuroimaging
techniques are experiencing an unprecedented development
in the field of ALS research, as attested by the variety of
approaches under investigation. These include radionuclide

imaging techniques such as single-photon emission com-
puted tomography and positron emission tomography, as
well as conventional magnetic resonance imaging (MRI) and
its derived applications: diffusion tensor imaging, functional
MRI (both blood-oxygen-level dependent and resting-state),
and magnetic resonance spectroscopy [27]. Over the last
two decades, ALS neuroimaging has provided compelling
evidence of the pathological processes occurring in vivo at
the whole brain level, extending the notion of ALS as a
multisystem disease. It has also offered promising candidate
biomarkers [28]. Additional efforts must be done, however,
to standardize operating procedures between clinical centers
that would make these imaging techniques more widely
applicable at an individual level [29].

The objective assessment of ALS and themonitoring of its
progression most probably need the implementation of mul-
tipanel biomarkers, which combine neurophysiological and
neuroimaging criteria with molecular parameters measured
in tissues and biological fluids. At first glance, skeletalmuscles
represent privileged “observers” of the process of motor
neuron degeneration.Thus, modifications in this tissue at the
molecular level, such as alterations in gene expression or pro-
tein amounts, can appropriately monitor disease progression
and the effects of disease-modifying drugs. Previous studies
revealed that the neurite outgrowth inhibitor Nogo-A was
expressed in muscles of ALS patients at levels that correlated
with the severity of the disease [30]. Also, the analysis
of the transcriptome of muscle biopsies showed that the
expression of selected groups of genes distinguished between
early and advanced muscle pathology in ALS patients [31].
A major limitation of these approaches relies on the fact that
performing amuscle biopsy, though easily accessible, remains
invasive and is not mandatory for the diagnostic examina-
tion of patients. Cerebrospinal fluid (CSF) also represents
an important source of biomarkers, since it communicates
directly with the brain parenchyma, and hence contains
proteins and metabolites, at a concentration relatively higher
than in other fluids, that can indicate the presence and extent
of a neurodegenerative process.Nevertheless, fromapractical
point of view, blood appears to be the most suitable source
for biomarker discovery; it is easy to access and handle and
allows unharmful multiple testing at a low cost [20, 32]. On
the other hand, it must be assumed that its composition is
affected by biochemical changes in the brain and the spinal
cord (or the skeletal muscles) as a result of a pathological
process. Alternatively, alterations in the blood compartment
could intrinsically reflect a more widespread disease sharing
both central and peripheral manifestations. This minireview
revisits the results of many studies that investigated systemic
changes at the molecular and cellular levels in patients
with ALS. When appropriate, we compared these studies
to observations in the CSF, as a means to reinforce the
potential of the identified blood candidate biomarkers. In
essence, we performed a PubMed-based literature search on
keywords related to ALS biomarkers and blood, including
plasma and serum. The results are presented according to
major mechanisms involved in motor neuron degeneration.
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3. Biomarkers Related to Excitotoxicity

Excitotoxicity is a pathological process caused by the exces-
sive stimulation of glutamatergic receptors. It occurs when
the balance between release and reuptake of glutamate is dis-
rupted, which leads to disproportionate glutamate-induced
calcium influx, and subsequent neuronal toxicity and death
[7]. Several blood biomarkers have been proposed in relation
to this toxic pathway (Table 1). Ferrarese and coworkers [33]
showed a decrease in glutamate reuptake by platelets obtained
from ALS patients, and Poulopoulou and coworkers [34]
found that the expression of the metabotropic glutamate
receptor subtype mGLUR2, which is known to provide pro-
tection against excitotoxicity, was diminished in ALS T lym-
phocytes. Therefore, these findings reflected the characteris-
tic alterations of glutamatemetabolism in the central nervous
system of ALS.This was confirmed by the high concentration
of glutamate detected in the CSF of many patients [35].
Homocysteine has been shown to facilitate both excitotoxic-
ity and production of reactive oxygen species. Several studies
reported increased levels of homocysteine in ALS patients
that correlated with the progression of the disease [36, 37].
On the other hand, it was also observed that the amount of
folate, which is involved in homocysteine catabolism, was
decreased, thus reinforcing the potential toxic mechanism
induced by homocysteine accumulation [36].

4. Biomarkers Related to Oxidative Stress

Oxidative stress is the result of an imbalance between the
production of reactive oxygen species, usually generated by
the mitochondrial respiratory chain, and their removal from
the cellular environment by antioxidant defenses. Strong evi-
dence supports the implication of an excess of reactive oxygen
species in inducing cell death in ALS [8]. Thus, numerous
biomarkers indicating the presence of oxidative stress in the
periphery have been proposed (Table 1). Babu and coworkers
[38] reported a reduction of the activity of catalase, glucose-
6-phosphate dehydrogenase, and glutathione reductase in
erythrocytes of ALS patients, and this reduction was shown
to be correlated with the duration of the disease. In another
study, the enzymatic activity of glutathione peroxidase and
SOD1 was also found to decrease in ALS erythrocytes; in
addition, reduced SOD1 activity correlated with the func-
tional status of the patients [39]. Contrasting with these
findings, Tuncel and coworkers [40] reported rather high
levels of SOD activity in erythrocytes of ALS patients that did
not correlate with the disease status. Further discrepancies
came from measures in the CSF, because both increased and
decreased SOD activities were revealed [41, 42]. Along with
the alteration of the activity of antioxidant enzymes, it must
be added that the overall peroxyl-scavenging capacity was
shown to be high in ALS patients, which was interpreted as
a protective mechanism [43]. However, the amount of uric
acid, which also possesses free radical scavenging activity, was
decreased, and this reductionwas shown to be correlatedwith
the rate of disease progression [44]. Again, the fact that the
concentration of uric acid appeared rather increased in the
CSF of ALS patients contrasted with these findings [42].

Several metabolites involved in or derived from oxidative
stress reactions have also been proposed as biomarkers
(Table 1). Babu and coworkers [38] showed that the con-
centration of antioxidant glutathione was decreased in ery-
throcytes of ALS patients, and this reduction was correlated
with the duration of the disease. On the other hand, Bog-
danov and coworkers [45] found increased amounts of 8-
hydroxy-2-deoxyguanosine (8OH2dG), which is a product
of the oxidative injury to DNA. Furthermore, these authors
observed that 8OH2dG levels were higher in ALS patients
with limb onset than in those with bulbar onset.The increase
in the concentration of 8OH2dG was also found in the CSF
ofALS patients [46]. Similarly, the amounts of 4-hydroxy-2,3-
nonenal, a product of lipid peroxidation, and prostaglandin
E2, involved in free radical production, were found to be
increased in the serum, as well as in the CSF [47, 48]. Further-
more, the concentration of nitric oxide, which is also involved
in free radical production, was high in ALS patients, and
this increase correlated with the duration of the disease [49].
Finally, it is known that alterations in the metabolism of cel-
lular iron can induce oxidative stress. Mitchell and coworkers
[50] showed increased levels of L-ferritin but decreased
levels of transferrin in ALS patients, suggesting an aberrant
transport and storage of iron that could lead to toxicity.

5. Biomarkers Related to Inflammation

ALS is characterized by an uncontrolled recruitment of
microglial cells in the central nervous system and other
immune cells, which contribute to motor neuron degener-
ation via complex and as yet misunderstood mechanisms
[14]. Many of the factors involved in these inflammatory
reactions can be followed in the periphery as potential
biomarkers (Table 2). Therefore, the circulating levels of
eosinophil-derived neurotoxin, eotaxin, granzyme A and
granzyme B, high mobility group box 1 (HMGB1) autoanti-
body, interleukin-6, interferon-𝛾, monocyte chemoattractant
protein-1 (MCP-1), tumor necrosis factor-𝛼 (TNF-𝛼), tumor
necrosis factor receptor, and wide-range C-reactive protein
(wrCRP) were found to be increased in ALS patients [48–
51, 57–63, 67]. In contrast, levels of granulocyte-macrophage
colony stimulating factor (GM-CSF), OX40, soluble receptor
for advanced glycation end products, and soluble tumor
necrosis factor-related apoptosis-inducing ligandwere shown
to be decreased [50, 64, 66, 68]. In some cases, these changes
were associated with clinical parameters. The concentrations
of interferon-𝛾, MCP-1, TNF-𝛼, and GM-CSF correlated with
the duration of the disease [49, 50], and the levels of granzyme
B, HMGB1 autoantibody, and wrCRP correlated with the
degree of severity [59, 60, 63]. As observed in blood, increased
levels of MCP-1 were detected in the CSF of ALS patients
[58]. However, other studies reported an increase of this
chemokyne only in the CSF [78].

Gene expression changes in immune cells have also
been proposed as candidate biomarkers for ALS (Table 2).
Thus, the expression of C-C chemokine receptor type 2
(CCR2) was decreased in monocytes obtained from ALS
patients [51, 52]. In addition, it was found that patients
with limb onset had less peripheral blood mononuclear
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Table 1: Blood biomarkers related to excitotoxicity and oxidative stress.

Biomarker ALS Controls Finding Reference

8OH2dG 57 27H 14ND
High plasma level
Higher level in limb versus bulbar
onset

[45]

Antioxidant enzyme 20 20H Low erythrocyte activity
Correlated with duration [38]

Antioxidant status 28 20H High serum level [43]
Glutamate 42 40H 21ND Low platelet uptake [33]

Glutathione 20 20H Low erythrocyte level
Correlated with duration [38]

GPX 88 50H Low erythrocyte activity [39]
HNE 85 16H 33ND High serum level [48]
L-Ferritin 29 36H High plasma level [50]
Folate 62 88H Low plasma level [36]

Homocysteine 62 88H High plasma level
Correlated with progression [36]

65 67ND High plasma level [37]
mGLUR2 20 20H 20ND Low T lymphocyte expression [34]

Nitric oxide 22 20H High serum level
Correlated with duration [49]

Prostaglandin E2 20 20H High serum level [47]
Red cell SOD 25 10H High level [40]

SOD1 88 50H Low erythrocyte activity
Correlated with disease status [39]

Transferrin 29 36H Low plasma level [50]

Uric acid 86 86H Low serum level
Correlated with ALSFRS-R [44]

H: healthy; ND: neurological/neurodegenerative disease; 8OH2dG: 8-hydroxy-2-deoxyguanosine; ALSFRS-R: revised ALS functional rating scale; GPX:
glutathione peroxidase; HNE: 4-hydroxy-2,3-nonenal; mGLUR2: metabotropic glutamate receptor subtype 2; SOD1: Cu/Zn superoxide dismutase.

cells expressing CCR2 than patients with bulbar onset [53].
Similarly, Mantovani and coworkers [52] also reported a
decrease in the expression of human leukocyte antigen-DRby
ALS monocytes. Reinforcing the extent of the inflammatory
process, ALS patients also showed high levels of E-selectin,
which is a known cytokine-induced activator of endothelial
cells [56]. Finally, not only inflammatory factors but also
immune cells themselves underwent quantitative modifica-
tions that could have biomarker potential for ALS. Thus, the
amount of CD16+ peripheral mononuclear leukocytes was
higher in patients with bulbar palsy or predominant upper
motor neuron involvement than in patients with peripheral
symptoms [54]. Mantovani and coworkers [52] observed
less CD14+ monocytes but more CD4+ T lymphocytes in
the blood of ALS patients. These authors also found less
CD8+ cytotoxic T lymphocytes, although other studies rather
showed opposite findings [55]. Additional studies reported an
increase in the amount of natural killer T lymphocytes [55],
a high neutrophil-to-lymphocyte ratio [63], and a decrease
in the number of regulatory T cells [52, 55]. Moreover, the
amounts of these regulatoryT cells correlatedwith the disease
progression rates [65].

6. Biomarkers Related to
Metabolic Dysfunction

Beyond motor neuron pathology, ALS is characterized by
several defects in energy homeostasis, including weight
loss, hypermetabolism, and hyperlipidemia [17]. Therefore,
measures of this metabolic dysfunction at the blood level can
have biomarker potential (Table 3). An increase in low- to
high-density lipoprotein cholesterol ratio, which is a typical
index of ametabolic syndrome, was observed inALS patients,
and this increased ratio correlatedwith the survival rates [75].
In this respect, although the contribution of genetic variants
of apolipoprotein E (APOE) to ALS is debated [79], its role in
the regulation of cholesterol metabolism could influence the
course of the disease. Thus, Lacomblez and coworkers [70]
reported that APOE concentrations correlated with both the
rate of deterioration of the patients and their survival times.
As a more direct reflect of the degree of motor neuron degen-
eration, other studies measured the circulating concentration
of the key neuronal metabolite N-acetylaspartate and found
increased levels in ALS patients that correlated with the dis-
ease progression rates [76]. Similarly, the enzymatic activity
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Table 2: Blood biomarkers related to inflammation.

Biomarker ALS Controls Finding Reference

CCR2

42 38H 34ND Low monocyte expression [51]
51 75H Low monocyte expression [52]

50 40H
Low PBMC expression
Less CCR2 + PBMCs in limb versus
bulbar onset

[53]

CD14 + monocyte 51 75H Low level [52]
CD4 + T lymphocyte 51 75H High level [52]
CD16 + leucocyte 27 8H 9ND High level in ALS subtypes [54]

CD8 + T lymphocyte 51 75H Low level [52]
36 35H High level [55]

E-selectin 25 14ND High serum level [56]
EDN 44 44H 82ND High serum level [57]
Eotaxin 20 20ND High serum level [58]

GM-CSF 29 36H Low plasma level
Correlated with duration [50]

Granzyme A and B 30 30H
High serum level
Granzyme B level correlated with
severity

[59]

HLA-DR 51 75H Low monocyte expression [52]

HMGB1 autoantibody 61 40H 80ND High serum level
Correlated with severity [60]

IL-6 20 20ND High serum level in hypoxic patients [61]

Interferon-𝛾 22 20H High serum level
Correlated with duration [49]

MCP-1

85 16H 33ND High serum level but low in later stages [48]
27 30ND High serum level [62]
42 38H 34ND High plasma level [51]

29 36H High plasma level
Correlated with duration [50]

NK T lymphocyte 36 35H High level [55]
NLR 80 80H High ratio [63]
OX40 25 15H Low serum level [64]

Regulatory T cell

51 75H Low level [52]

36 35H Low level
Correlated with progression [55]

54 33H High level in slow progression illness
[65]

Low level in rapid progression illness
sRAGE 20 20H Low serum level [66]

TNF-𝛼
20 20ND High serum level in hypoxic patients [61]

22 20H High serum level
Correlated with duration [49]

88 40H High plasma level [67]
TNF receptor 88 40H High plasma level [67]
TRAIL 25 20H Low serum level [68]

wrCRP 80 80H High level
Correlated with ALSFRS-R [63]

H: healthy; ND: neurological/neurodegenerative disease; ALSFRS-R: revised ALS functional rating scale; CCR2: C-C chemokine receptor type 2; EDN:
eosinophil-derived neurotoxin; GM-CSF: granulocyte-macrophage colony stimulating factor; HLA-DR: human leukocyte antigen-DR; HMGB1: highmobility
group box 1; IL: interleukin; MCP-1: monocyte chemoattractant protein-1; NK: natural killer; NLR: neutrophil-to-lymphocyte ratio; PBMC: peripheral blood
mononuclear cell; sRAGE: soluble receptor for advanced glycation end products; TNF-𝛼: tumor necrosis factor-𝛼; TRAIL: tumor necrosis factor-related
apoptosis-inducing ligand; wrCRP: wide-range C-reactive protein.
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Table 3: Blood biomarkers related to endocrinology and metabolism.

Biomarker ALS Controls Finding Reference

Angiogenin 79 72H High serum level
High level in limb versus bulbar onset [69]

Apolipoprotein E 403 1091ND Plasma level correlated with
progression and survival [70]

CNTF 36 13H 30ND High serum level [71]

Creatine kinase 30 — High serum level in limb versus bulbar
onset [72]

Endoglin 25 25H Low serum level [73]
IGF 28 28H 41ND High serum level [74]
IGFBP-1 28 28H 41ND Low serum level [74]

LDL/HDL ratio 286 369H High plasma level
Correlated with survival [75]

N-acetylaspartate 112 51H High serum level
Correlated with progression [76]

Transglutaminase 17 21ND Serum activity correlated with disease
status [77]

H: healthy; ND: neurological/neurodegenerative disease; CNTF: ciliary neurotrophic factor; HDL: high-density lipoprotein; IGF: insulin-like growth factor;
IGFBP: insulin-like growth factor binding protein-1; LDL: low-density lipoprotein.

of transglutaminase, viewed as an index proportional to the
extent of neuronal loss, appeared, both in blood andCSF, high
at the initial stages of the disease but very low at the end stages
[77]. Several angiogenic factors, connected with the control
of neovascularization, neurotrophicity, andmetabolism, have
been proposed to be involved inALSneurodegeneration [80].
Thus, Cronin and coworkers [69] reported an increase in
the levels of angiogenin that was more important in limb
onset patients than in bulbar onset patients. In contrast, the
amount of endoglin, another angiogenic factor, was found to
be reduced [73]. Levels of insulin-like growth factor (IGF),
which is known to activate anabolic pathways, were higher
in ALS patients, whereas those of IGF binding protein-1 were
lower, thus suggesting an impairment in the bioavailability of
this trophic factor [74]. Also, levels of creatine kinase, which
make ATP rapidly available to cope with energy demands,
were shown to be higher inALS patientswith lumbar onset, as
compared to thosewith bulbar onset [72]. Alongwith this, the
concentration of ciliary neurotrophic factor (CNTF), a potent
survival factor for motor neurons, was also high [71]. Taken
as a whole, these changes would probably indicate leakage
and/or overexpression of creatine kinase and CNTF from
diseased muscles.

7. Biomarkers Related to Neurodegeneration

The loss of motor neurons is the primary neuropathological
hallmark of ALS and, for this reason, many studies attempted
to identify blood biomarkers reflecting this cell death process
(Table 4). Apoptosis has been shown to play a crucial role in
motor neuron cell loss in ALS [81].Thus, Ilzecka and cowork-
ers [82, 83] showed increased amounts of proapoptotic
interleukin-1𝛽 converting enzyme/caspase-1 and caspase-9 in
ALS patients; in addition, the increased levels of caspase-9
correlatedwith both the degree of severity and the duration of

the disease. Similarly, a nonnegligible proportion of patients
contained high levels of anti-Fas antibody, which is known
to activate Fas-dependent programmed cell death [84]. Also,
the concentration of cystatin C, which is a cysteine protease
inhibitor involved in apoptotic neuronal cell death, was
increased [85]. This study showed, however, that the amount
of cystatin C in the CSF of ALS patients was rather decreased
in a manner that correlated with disease progression and
survival [85].

It has been postulated that the release of components of
the degenerating axons into the circulation could indicate
the degree of axonal pathology and hence serve as potential
biomarkers for ALS (Table 4). Gaiottino and coworkers [86]
reported high levels of neurofilament light chain in the serum
of ALS patients, as also observed in the CSF [87]. Similarly,
the concentration of phosphorylated neurofilament heavy
chain (pNF-H) was increased in ALS patients [88], and this
increase correlated with a faster decline [89]. In agreement
with these findings, other studies also reported increased
CSF levels of pNF-H in patients with ALS [90, 91]. Finally,
the amount of S100-𝛽, the release of which would reflect
the astrogliosis accompanying the dying motor neurons,
decreased during the course of the disease [92], as was also
the case in the CSF [93].

8. Other Blood Biomarkers

Many other blood alterations have been proposed as can-
didate biomarkers for ALS (Table 5). The amounts of the
extracellular matrix enzyme metalloproteinase-9 (MMP-9)
[99] and its extracellular matrix metalloproteinase inducer
(EMMPRIN) [95] were shown to be elevated in ALS patients.
In addition, increased levels of EMMPRIN and MMP-2,
another metalloproteinase, correlated with the severity of
the disease [95, 98]. Contrasting with these findings, other
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Table 4: Blood biomarkers related to neurodegeneration.

Biomarker ALS Controls Finding Reference
Anti-Fas 52 20H 22ND High serum level in ALS subtype [84]

Caspase-9 30 30ND High serum level
Correlated with severity and duration [83]

Cystatin C 44 35H 25ND High plasma level [85]
ICE/Caspase-1 25 15H High serum level [82]
NFL 46 67H 97ND High serum level [86]

pNF-H 62 — Plasma and serum level correlated
with ALSFRS-R decline [89]

71 40H 52ND High plasma level [88]

S100-𝛽 41 32H Serum level correlated with
progression [92]

H: healthy; ND: neurological/neurodegenerative disease; ALSFRS-R: revised ALS functional rating scale; ICE: interleukin-1𝛽 converting enzyme; NFL:
neurofilament light chain; pNF-H: phosphorylated neurofilament heavy chain.

Table 5: Other blood biomarkers.

Biomarker ALS Controls Finding Reference

C9orf72 2 2H Mononuclear cell binding of mutant
c9orf72 to tri-CH3 histone residues

[94]

EMMPRIN 50 50H High serum level
Correlated with severity [95]

ICTP 21 16ND High serum level
Correlated with duration [96]

Lead 184 194H High level
Correlated with risk of ALS [97]

MMP-2 30 15H Correlated with severity [98]
MMP-9 14 20H 45ND High serum level [99]
PICP 21 16ND Low serum level [96]

TDP-43 16 13H Cytoplasmic lymphomonocyte
location in ALS subtype [100]

219 100H High plasma level [101]
Type IV collagen 30 30H 14ND Correlated with duration [102]
H: healthy; ND: neurological/neurodegenerative disease; EMMPRIN: extracellular matrix metalloproteinase inducer; ICTP: cross-linked telopeptide of type I
collagen; MMP: matrix metalloproteinase; PICP: propeptide of type I procollagen; TDP-43: TAR DNA binding protein-43.

studies did not observe increased levels of MMP-9 in the CSF
of ALS patients, suggesting that the systemic upregulation of
this metalloproteinase could indicate distal neuromuscular
degeneration [99, 103].Markers of the disruption of the extra-
cellular milieu were also reported. Thus, the concentration
of the propeptide of type I procollagen, which is an index
of collagen biosynthesis, appeared low in ALS patients. In
contrast, the amount of the cross-linked telopeptide of type
I collagen, which is an index of its degradation, was shown to
be increased in away that correlatedwith the disease duration
[96]. Similarly, levels of type IV collagen also correlated with
the duration of the disease [102].

In accordance with studies implicating heavy metals in
the pathogenesis of ALS, Fang and coworkers [97] found
increased levels of lead, which was considered as a risk factor.
In support of these findings, high concentrations of lead were
also present in the CSF [104]. Thanks to the discovery of
mutations in tardbp and c9orf72, recent studies have provided
new insight into the genetic causes of ALS [3, 6]. Based

on these studies, de Marco and coworkers [100] reported
the accumulation of TDP-43 in the cytoplasm of circulating
lymphomonocytes obtained from patients bearing tardbp
mutations as well as from some patients without these
mutations. In addition, levels of TDP-43 were increased
in both blood and CSF [101, 105]. Finally, it was shown
that the characteristic binding of mutant forms of C9orf72
to trimethylated residues of histones can be detected in
mononuclear cells obtained from ALS patients [94].

9. Concluding Remarks

ALS is one of the most complex neurodegenerative diseases
for which satisfactory therapeutic strategies are still lacking.
Insufficient understanding of the mechanisms underlying
ALS together with the absence of reliable and powerful
diagnostic and prognostic biomarkers is a major cause for
concern.Over the last two decades, the search for biomarkers,
in particular from blood origin, has been huge. However,
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despite intensive research, none of the proposed biomarkers
has been translated into effective tools in the clinical setting.
Several obstacles must be overcome before achieving the
desired results. First, the robustness of numerous studies in
terms of statistical power was often not enough, because of
the use of small cohorts of patients. Second, the cellular and
molecular changes that were shown to be significant in ALS
patients, as compared to healthy subjects, lacked specificity
in many cases when compared to other neurodegenera-
tive or neurological conditions. In this regard, potential
biomarkers should also be evaluated in more appropriate
control conditions that can mimic ALS, the exclusion of
which causes regularly diagnostic delays during early disease
stages, when patients present with only upper or lower
motor neuron signs [106]. Third, different studies on the
same candidate biomarker reported sometimes contradictory
results. To avoid this unwanted inconsistency, both the
choice of well-defined individuals and the standardization
of quantification methods should be mandatory. In this
respect, recent studies obtainedmore reassuring results when
measuring pNF-H levels in the CSF to discriminate between
ALS and control patients in a centralized, multicenter sample
collection approach [107]. Last but not least, it should be
strengthened that blood biomarkers might not always reflect
the motor neuron degenerative process of ALS as those
present in the CSF [108]. In fact, the blood-CSF barrier
and, in particular, the blood-brain barrier could impede the
crossing of diseased brain biomarkers towards the systemic
compartment. Contrasting with this view, it must be also
noted that the CSF is normally absorbed into the circulation
on a daily basis, allowing detection of potential biomarkers
in the periphery [109]. In addition, it is relatively accepted
that the integrity of the blood-brain barrier is perturbed
during the course of the neuropathological process of ALS
[110], which would favor a leakage of molecules into the
blood flow. In all, this could explain why many (but not
all) of the systemic alterations affecting candidate biomarkers
were associated with parallel changes in the CSF. Despite
limitations and contradictory results, blood stands as an ideal
source of biomarkers. Amore realistic perspective arises from
recent studies in the “omics” era (not treated in this review)
supporting that it is likely more appropriate to identify panels
of biomarkers, rather than focusing on a single gene, protein,
or metabolite, in order to gain sensitivity and specificity [111–
116]. Further investigations are therefore warranted.
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Recently neuroinflammation has gained a particular focus as a key mechanism of ALS. Several studiesin vivo as well asin vitro have
nominated immunoglobulin G (IgG) isolated fromALS patients as an active contributor to disease onset and progression.We have
shown that ALS IgG affects astroglial Ca2+ excitability and induces downstream activation of phosphatidylinositol 3-kinase. These
studies were hampered by a lack of knowledge of the pathway of entry of immune factors in the CNS. Our MRI data revealed the
blood-brain barrier BBB leakage and T cell infiltration into brain parenchyma in ALS G93A rats. Since astrocyte ensheathes blood
vessel wall contributing to BBB stability and plays an important role in ALS pathogenesis, we have studied astrocytic membrane
proteins water channel aquaporin-4 and the inwardly rectifying potassium channel. In this review, we will summarize data related
to BBB disruption with particular emphasis on impaired function of astrocytes in ALS. We will discuss implication of membrane
proteins expressed on astrocytic endfeet, aquaporin-4, and inwardly rectifying potassium channel in the pathology of ALS. In
addition to ALS-specific IgGs, these membrane proteins are proposed as novel biomarkers of the disease.

1. Overview

Amyotrophic lateral sclerosis (ALS) is an adult-onset, pro-
gressive neurodegenerative disease that affects upper and
lower motor neurons leading to fatal paralysis mostly within
a few years. This devastating disease was described back in
the 1870s, but despite the progress in biomedicine, no suitable
therapeutic treatment has been introduced. Moreover, there
is no distinguishable diagnostic test for the disease. Riluzole, a
substance with antiglutamatergic properties, which modestly
extends survival by 11% [1], remains the only approved drug
for the treatment of ALS. The majority of research on ALS
patients involves investigation of postmortem tissue samples.
Development of in vivo approaches broadens the possibil-
ity to improve clinical research. In addition, identification
of several different mutations that lead to ALS symptoms
contributed to the generation of transgenic animal models
widely used to examine mechanisms of ALS pathology
[2–5].

ALS is in fact a complex disease with several proposed
mechanisms, all of which lead to specific degeneration of

motor neurons and the dysfunction of the neuromuscu-
lar junction. As one of the key mechanisms underlying
the etiopathogenesis of ALS, glutamate excitotoxicity and
its implications have been widely addressed and reviewed
elsewhere. Here, we would like to point out some key
features of brainstem and spinal motor neurons, important
for their normal functioning that make them more suscep-
tible in the elevated brain activity. Namely, ALS-vulnerable
motor neurons have lower capacity for calcium buffering
with larger calcium microdomains in the vicinity of open
channels and high number of calcium permeable AMPA
receptors. Importantly, these neurons depend considerably
on surrounding astrocytes that are able to influence the
expression level of the calcium impermeable GluR2 sub-
unit of AMPA receptors and are responsible for glutamate
clearance and potassium buffering (for reviews see [6–
10]). However, there is a wealth of literature on aberrant
populations of astrocytes in ALS. Astrocytes in ALS are
known to change shape and swell [11, 12] that is indicative
of their hampered extracellular ion filtering function [13].
On the other hand, there is evidence that in ALS astrocytes
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release toxic factors that are detrimental to motor neurons
[14–18].

2. Neuroinflammation: A Focus on
Humoral Immunity

Cellular markers of neuroinflammation in ALS (activated
astrocytes and microglia, followed by infiltrated Tlympho-
cytes) are considered to be one of the main characteristics of
ALS, as shown in numerous studies on human postmortem
samples and on animal models of the disease (for reviews see
[19–21]). All these findings suggest that neuroinflammation
in ALS is not a temporary, but rather permanent, feature.
The activation of the immune response, although beneficial
at start, enters the vicious cycle that contributes to further
neuronal damage, due to continuous presence of inflamma-
tory cause, thus creating the inability to end the inflammatory
reaction [19].

Over the last four decades, many attempts have been
made to recognize useful biomarkers for ALS in biofluids. A
concept of combining markers to improve accuracy has been
widely supported, where some candidate biomarkers may
be useful to aid in the diagnostics but may also have better
applications in monitoring drug effects in clinical trials and
as prognostic indicators of disease (for review see [22]). Here,
we will focus on possible humoral immune markers, mainly
circulating immune complexes (CICs) and immunoglobulins
(Ig).

Several studies have demonstrated elevated CICs in ALS
patients [23–26], but Saleh and coworkers (2009) were able to
evaluate humoral immune response over disease progression
by following the group of ALS patients in a 6-month period.
They found elevated CICs as well as IgG in ALS sera in the
initial disease stage, but, 6 months after the first tests, the
same group of ALS patients, now with lower ALS functional
rating score, had CICs lowered to the control levels, yet IgG
remained higher than in controls [27]. Regarding the levels of
IgG in ALS sera, literature data differ. Some report elevated
IgG and normal IgM [26–29] with a change in subclasses
[30] or without it [31], while others detect no change [25] or
even decrease [32]. Inconsistency of reports is probably due
to different selection criteria for ALS patients that were in
different phases of the disease.

3. Specificity and (Patho)physiological
Effects of ALS IgG

More than 20 years ago, Appel and coworkers showed that
intraperitoneal injection of IgG purified from sera of sporadic
ALS patients (ALS IgG) in mice increased the frequency
of miniature end-plate potentials, without changing their
amplitude, leading to increased acetylcholine release from
motor nerve endings [33]. In addition, IgGs were detected
insidemotor neurons, aswell as in end-plates. Taken together,
ALS IgGs were able to elicit physiological abnormalities of
nerve-muscle synapse by passive transfer, which indicated
possible immune-mediated mechanisms in the pathogenesis

of ALS. Passive transfer of ALS IgG in mice caused degener-
ation of motor neurons and increased proportion of calcium
containing organelles [34]. In cell culture preparations, ALS
IgG induced apoptotic cell death of the hybrid motoneuronal
cell line VSC4.1 [35] and of the human neuroblastoma cell
line [36]. In the rat mixed primary spinal cord cultures,
ALS IgG activated caspase-3 and downstream signaling
pathways, leading to selective apoptosis of neurons, while
astrocytes were less susceptible; hence, the authors left an
open possibility that neuronal death could be a secondary
effect of the influence of ALS IgG on astrocytes [37].

Treatment of rodents (animals or isolated neuronal
preparations) with ALS IgG caused increase in intracellular
calcium concentration and degenerative structural changes
as well as plasticity induction in the neuromuscular junction
[34, 38–42]. Electrophysiological recordings of voltage-gated
calcium currents showed an ALS IgG-induced increase in
Purkinje neurons [43], but a decrease in cultured granular
cells [44]. We have shown that ALS IgG induced the fre-
quency increase, without amplitude changes of spontaneous
miniature excitatory postsynaptic currents in primary rat
hippocampal pyramidal neurons, and this effect was partially
dependent on extracellular calcium [45]. Moreover, ALS
IgG could modulate calcium transients in the same model
system—an effect that was shown to be dependent on P/Q-
type calcium channels [46].

In the recent study of Gonzalez and coworkers (2011)
[47], a substantial evidence was presented in favor of the
specificity of ALS IgG, as they addressed the distribution
of autoantibodies via immunostaining in cerebellar, cortical,
and spinal cord and neuromuscular junction sections of
mice in addition to ALS IgG-induced physiological response
via potentiating effect on end-plate basal discharge activity
of neuromuscular junctions. Moreover, the use of CaV2.1
knockout mice allowed them to distinguish between possible
direct effect of ALS IgG on P/Q-type calcium channel (as
congruent to our work; see above and [46]) and definite
indirect (probably via phospholipase C) effect on N-type
calcium channels [47].

The role of glial cells and their possible responses to
ALS IgG was questioned in the study of the effect of these
autoantibodies on motoneuronal morphology and survival
in organotypic rat spinal cord cultures, where a range
of concentrations of ALS IgG failed to induce significant
changes [48]. Moreover, a brilliant cell-type sensitive genetic
manipulation of the mouse model of ALS, that underlines
the importance of neuron-glia interactions, where astrocytes
and microglia are found to be implicated in the rate of
progression of familial ALS, reported that the damage in
astrocytes determines the timing of microglial activation
and infiltration [49, 50]. Finally, our recent pioneer studies
on ALS IgG-induced (patho)physiological changes in cul-
tured rat cortical astrocytes detected specific acute astrocytic
responses. Namely, the majority of ALS IgGs increased in
a matter of minutes the mobility of acidic vesicles, mostly
endosomes and lysosomes, which could suggest long-term
modulation of endocytosis and/or autophagy [51]. In addi-
tion, half of ALS IgGs tested evoked transient increases
in intracellular calcium, mediated via inositol-3-phosphate
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receptors in the endoplasmic reticulum, where the influx
of calcium ions through store-operated calcium entry did
not affect the amplitude but prolonged calcium transients,
thus augmenting the overall magnitude of the response
[52]. Elevated calcium could trigger the release of glutamate
from astrocytes into the extracellular space via vesicular
exocytosis [53], that could contribute to the excitotoxic loss of
motor neurons. Although pharmacological analysis revealed
activation of phosphatidylinositol 3-kinase upstreamof phos-
pholipase C, a direct ALS IgG target on astrocytes remains
still elusive. The interaction of ALS-specific antibodies with
an unknown astrocytic membrane structure, mediated via
phosphatidylinositol 3-kinase that integrates pathways of cell
growth, proliferation, differentiation, motility, survival, and
intracellular trafficking and can interact with around 50
Src homology domains containing cellular enzymes [54],
could have a great impact on etiopathogenesis of ALS, thus
stressing out the urge for further investigations. On the
other hand, these immune humoral factors also offer a
possible new biomarker for ALS diagnostics. Nevertheless,
although deposits of IgG were detected in postmortem spinal
cords of ALS patients [55], until recently studies involving
the interaction of disease specific antibodies and cells of
immunologically privileged tissues were hampered by a lack
of knowledge of the pathway of entry of immune factors
in the CNS, particularly of the blood-brain (BBB) and the
blood-spinal cord (BSCB) barrier that will be discussed in the
following sections.

4. Blood-Spinal Cord and Blood-Brain
Barrier Damage in ALS

First indications of disturbed permeability of BSCB and BBB
in ALS patients came with the studies that examined blood
and cerebrospinal fluid (CSF) composition in ALS patients.
Thus, several immunological molecular markers of the BBB
compromise were detected in blood and CSF [26]. More
recent studies introduced several approaches for investigating
BSCB and BBB condition in animal models of ALS, partic-
ularly in the regions of motor neuron degeneration. Intra-
venous application of Evans blue showed vascular leakage in
spinal cord of end stage ALS animals [11, 12]. In ALS mice,
permeability of vessels for Evans blue was observed even in
early stage of disease [11]. Further examination was directed
towards endothelial cells and their crucial role in control of
transport across BSCB and BBB. Expression of tight junction
proteins of endothelial cells, zonula occludens and occludin,
was decreased in the spinal cord of ALSmice and rats [12, 56].
Investigation of BSCB and BBB ultrastructure using electron
microscope showed swollen and degenerating endothelial
cells and capillary rupture in early and end stage ALS mice
[57]. Study of BSCB and BBB condition in the postmortem
tissue of sporadic ALS patients confirmed findings on animal
models [58]. These findings verified damage of endothelial
cells and reduced expression of tight junction proteins and
vascular leakage of IgG [58].

In order to explore the condition of BBB in vivo, the
experiments on ALS rat brain were conducted using 1.5T

magnetic resonance imager with surface coil. Application
of gadolinium-DTPA contrast marker revealed increased
BBB permeability in the brain of symptomatic ALS rat [21].
Simultaneously, antibodies against CD4+ and CD8+ recep-
tors specifically labeled with ultrasmall superparamagnetic
iron oxide particles (USPIO) were injected in order to follow
infiltration of T-lymphocytes into the rat brain tissue using
MRI. Accumulation of USPIO markers was detected in the
tissue area surrounding lateral ventricles of the ALS rat. It
was suggested that the infiltration of inflammatory cells in the
ALS rat brain could be carried through the impaired BBB. A
model proposed by Zlokovic (2008) [59] also indicated the
BBB disruption as a crucial event in ALS pathogenesis. Based
on the above studies, impairment of BBB opens the way for
the entrance of inflammatory cells and factors into the CNS
and leads to the activation of astrocytes and microglia and
production of reactive oxygen species. These findings were
also in favour of the studies of our group and others that
showed the effect of ALS IgG on neurons and glia. Thus a
hampered BBB or BSCB could offer the necessary pathway
of entry for these immune factors (see above). Finally, this
sequence of changes in the brain would result in a loss of
function and death of motor neurons.

5. Involvement of Astrocytic Proteins in
Blood-Brain Barrier Impairment

Although the most important components of BBB are
endothelial cells, astrocytes contribute to BBB stability
through perivascular endfeet ensheathing blood vessel wall.
Moreover, astrocytic endfeet closely surround neuronal
synapses contributing to the stability of neuronal microenvi-
ronment. Astrocytes express several proteins anchored in the
membrane of their endfeet such as water channel aquaporin-
4 (AQP4) and inwardly rectifying potassium channel Kir4.1
[60, 61]. These two transmembrane proteins colocalize and
play a key role in the maintenance of water and ion home-
ostasis at the level of BBB and neuronal synapses [62, 63].

As astrocytes have an important role in the BBB main-
tenance, their involvement in molecular mechanisms under-
lying BBB disruption in ALS has been more thoroughly
explored (Figure 1). Previous studies on animal models of
ALS showed that astrocytic endfeet ensheathing the ves-
sel wall appeared swollen indicating disturbance of water
homeostasis and possible involvement of AQP4 [11, 12].
Our MRI investigations of the rat brain at end stage of
ALS showed enlargement of lateral ventricles that further
suggested impaired function of AQP4 [64]. For that reason,
AQP4 expression was examined in several CNS regions
affected in ALS. Recent studies have shown that AQP4
was overexpressed in the spinal cord, brainstem, and cortex
of ALS rat [65, 66]. We have also documented that an
increased expression of AQP4 was apparent in the astrocytic
endfeet, particularly in those surrounding blood vessels [65].
Additionally, astrocytic endfeet that form glia limitans at the
brain surface showed increased level of AQP4. Conversely,
examination of Kir4.1 expression revealed a decrease in the
spinal cord, brainstem, and cortex in ALS animal models
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Figure 1:ThemolecularmechanismofALS pathology in astrocytes.WTastrocyte (left) contains a balanced ratio ofKir4.1 andAQP4 channels
in its cell membrane that also forms the endfeet around the endothelial layer of the blood vessel (center). ALS astrocyte (right) shows a
misbalance of channel molecules with an abundance of AQP4 over Kir4.1. This causes swelling of endfeet and affects the BBB that becomes
leaky for immune factors such as immunoglobulins (IgGs) that are known to cause intracellular calcium spikes (red trace and the pseudocolor
image of a Ca2+-sensitive dye at the peak of the response in cultured astrocytes) and may start excitotoxic processes in situ. Colored panels
in the bottom illustrate immunocytochemistry of AQP4 and GFAP inWT versus ALS astrocytes in the rat brain while the panels with traces
illustrate whole-cell Kir currents fromWTversus ALS astrocytes in culture and two examples of respectiveWestern blot bands for Kir protein.

[65, 67]. Moreover, in our studies increased AQP4 and
reduced Kir4.1 expression in ALS were confirmed in cultured
cortical astrocytes prepared from newborn SOD1 (G93A)
rats [65]. These findings thus suggested novel molecular
biomarkers for ALS and were in agreement with the changes
observed in the brain tissue of symptomatic ALS rats.
Our more detailed investigation revealed that functional
properties of Kir4.1 channels were impaired in cultured
ALS astrocytes. Thus, Kir currents isolated by addition of
Ba2+ or Cs+ to the extracellular solution were reduced in
ALS astrocytes. As also demonstrated by electrophysiology,
exposure of cultured astrocytes to elevated concentrations of
extracellular potassium showed reduced capacity in buffering
excessive potassium ions in ALS [65]. Furthermore, it is
known that increased extracellular potassium concentration
causes death of motor neurons in vitro [67]. Decreased ability
of ALS astrocytes to take excessive potassium ions released
after neuronal activity could lead to a disturbance of ion
balance in the vicinity of motor neurons and subsequently to
their degeneration.

6. Conclusion

Neuroinflammation is particularly prominent in ALS. It was
shown that ALS IgG along with immune T cells could enter
the brain parenchyma via a hampered BBB thus affecting

neurons as well as astrocytes. Thus ALS IgG could augment
excitotoxicity by stimulating transmitter release in neurons,
intracellular calcium transients in neurons, and glia and
vesicle trafficking/exocytosis in astrocytes. This may also
confirm ALS IgG as a potential humoral marker of the
disease. On the other hand it has been shown that the
BBB compromise may lie in the misbalance of expression of
the two membrane channels of the astrocytic endfeet, also
possible ALS biomarkers, Kir4.1 and AQP4.
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the astrocytic aquaporin-4 and inwardly rectifying potassium
channel expression in the brain of the amyotrophic lateral
sclerosis SOD1(G93A) rat model,” Glia, vol. 60, no. 12, pp. 1991–
2003, 2012.

[66] C. Nicaise, M. S. Soyfoo, M. Authelet et al., “Aquaporin-4
overexpression in rat ALS model,” Anatomical Record, vol. 292,
no. 2, pp. 207–213, 2009.

[67] M. Kaiser, I. Maletzki, S. Hülsmann et al., “Progressive loss of
a glial potassium channel (KCNJ10) in the spinal cord of the
SOD1 (G93A) transgenic mouse model of amyotrophic lateral
sclerosis,” Journal of Neurochemistry, vol. 99, no. 3, pp. 900–912,
2006.



Review Article
Roles of Vascular Endothelial Growth Factor in Amyotrophic
Lateral Sclerosis

Ana Catarina Pronto-Laborinho,1,2 Susana Pinto,1,2 and Mamede de Carvalho1,2,3

1 Institute of Physiology, Faculty of Medicine, University of Lisbon, Avenida Professor Egas Moniz, 1649-028 Lisbon, Portugal
2 Instituto de Medicina Molecular (IMM), Translational Clinical Physiology Unit, Avenida Professor Egas Moniz,
1649-028 Lisbon, Portugal

3 Department of Neurosciences, Hospital Santa Maria, Centro Hospitalar Lisboa Norte, Avenida Professor Egas Moniz,
1649-028 Lisbon, Portugal

Correspondence should be addressed to Mamede de Carvalho; mamedemg@mail.telepac.pt

Received 23 January 2014; Accepted 24 March 2014; Published 29 April 2014

Academic Editor: Deise M. F. Mendonça

Copyright © 2014 Ana Catarina Pronto-Laborinho et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Amyotrophic lateral sclerosis (ALS) is a fatal devastating neurodegenerative disorder, involving progressive degeneration of motor
neurons in spinal cord, brainstem, and motor cortex. Riluzole is the only drug approved in ALS but it only confers a modest
improvement in survival. In spite of a high number of clinical trials no other drug has proved effectiveness. Recent studies support
that vascular endothelial growth factor (VEGF), originally described as a key angiogenic factor, also plays a key role in the nervous
system, including neurogenesis, neuronal survival, neuronal migration, and axon guidance. VEGF has been used in exploratory
clinical studies with promising results in ALS and other neurological disorders. Although VEGF is a very promising compound,
translating the basic science breakthroughs into clinical practice is the major challenge ahead. VEGF-B, presenting a single safety
profile, protects motor neurons from degeneration in ALS animal models and, therefore, it will be particularly interesting to test
its effects in ALS patients. In the present paper the authors make a brief description of the molecular properties of VEGF and its
receptors and review its different features and therapeutic potential in the nervous system/neurodegenerative disease, particularly
in ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating and fatal
neurodegenerative disorder characterized by rapidly progres-
sive degeneration of motor neurons in the spinal cord, brain-
stem, andmotor cortex [1–4], leading to severe weakness and
atrophy of voluntary muscles. However, it has heterogeneous
clinical manifestations and variable progression rate [2–6].
ALS patients die mainly from respiratory failure, related to
weakness of diaphragm and other respiratory muscles [7–9].

The median survival of ALS patients is 3–5 years after
symptom onset [5, 10–12]. The worldwide incidence and
prevalence are 2-3/100 000 and 4–7/100 000, respectively [13],
with a male/female ratio of 1.5 : 1 [5, 10, 11, 14] approach-
ing a 1 : 1 ratio in ALS patients with late symptom onset.

Most patients have first symptoms between 55 and 65 years
[5, 14].

Most ALS cases are sporadic (SALS) (90–95%) [6], but
about 5–10% have a positive family history [6, 15]. Autosomal
dominant inheritance is the typical pattern in familial ALS
(FALS); however penetrance is quite variable. Approximately
20% of FALS are caused by a missense mutation in the gene
encoding Cu/Zn super oxide dismutase (SOD1) [16]. More
than 16 dysfunctional genes [17] have been described in FALS,
including alsin (ALS2) [18, 19], senataxin (ALS4) [20], vesicle
associatedmembrane protein B (VAPB,ALS8) [21], angiogenin
[22, 23], TAR DNA binding protein (TARDBP or TDP-43)
[24], RNA-binding protein fused in sarcoma (FUS) [25, 26],
optineurin (OPTN) [27], valosin-containing protein (VCP)
[28], and recentlyC9ORF72 [12, 29, 30]. Genetics in ALS is far
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from simple; some gene mutations are of questionable value
in the etiopathogenesis of the disease, as VAPB [31], and in
some subjects different gene mutations should act synergis-
tically in order to cause disease expression—oligogeniticity
[32].

The pathophysiological mechanisms of motor neurons
degeneration in ALS are complex, multifactorial, and incom-
pletely known. Some of these mechanisms include abnor-
mal RNA metabolism and transcriptional abnormalities,
oxidative stress, excitotoxicity (induced by glutamate), pro-
tein aggregates, mitochondrial dysfunction, neuroinflamma-
tion, cytoskeletal derangements, deregulated growth factors,
impaired axonal transport and apoptosis [6, 33], abnormal
calcium metabolism, and activation of proteases and nucle-
ases [2]. Riluzole is the only drug currently approved in
ALS, acting by decreasing glutamate activity in the central
nervous system. However, its impact on survival is modest
[34]. Interestingly, trials with other antiglutamatergic drugs
have been negative in humans [6, 35].

In 2001, Oosthuyse and coworkers associated vascular
endothelial growth factor (VEGF) with the pathogenesis
of ALS [36]. VEGF is a proangiogenic factor that confers
neuroprotection by promoting neuron survival in vivo and
in vitro [37–39], in particular increasing life expectancy of
the ALS mice model [40–43]. In addition, it exerts protective
effects on other cells, such as lung epithelia, bonemarrow, and
bone cells. Oosthuyse and colleagues studied VEGF in mice
with a deletion of the hypoxia-response element (VEGF𝛿/𝛿).
These mice developed adult-onset progressive motor neuron
degeneration reminiscent of ALS [36] and showed reduced
spinal cord and brain protein VEGF levels, suggesting that
reduced hypoxia-mediated VEGF expression is associated
with motor neuron degeneration.

In this review, we highlight the role of VEGF in ALS and
its association with a potential therapeutic use.

2. Biology of VEGF

2.1. Members of the VEGF Family/Isoforms. VEGF is a
homodimeric hypoxia-inducible glycoprotein, heparin-
binding growth factor, which can induce angiogenesis
in vivo [44], a potent mitogen, specific for vascular
endothelial cells (ECs) [45, 46], but is also involved in
some other processes such as inflammation and tumor
progression [47]. In addition to hypoxia, other stimuli
regulate the expression of VEGF gene, such as nitric oxide,
estrogen, and a large variety of growth factors, like insulin-
like growth factor (IGF-1), tumor necrosis factor alpha
(TNF-𝛼), epidermal growth factor (EGF), transforming
growth factor beta (TGF𝛽), interleukin- (IL-) 6, and IL1-𝛽
[45].

Presently, the VEGF family (see Table 1) comprises seven
elements: VEGF-A, VEGF-B, VEGF-C, VEGF-D, PLGF (pla-
cental growth factor), VEGF-E (Orf-VEGF), and Trimeresu-
rus flavoviridis svVEGF (snake venom VEGF). The ability
of various isoforms of VEGF to bind heparin in laboratory
assays depends on the presence or absence of two different
heparin-binding domains [48].

2.1.1. VEGF-A. VEGF-A is a dimeric glycoprotein with 33–
42 kDa. Its gene expression is regulated by a variety of
conditions such as hypoxia, growth factors, nitric oxide,
p53 mutations, thyroid-stimulation hormone, and tumor
promoters [49]. Higher levels of VEGF-A mRNA may be
found in the adrenal gland, lung, kidney, and heart [50]. In
humans, the gene encoding VEGF is located on the short arm
of chromosome 6 (6p21.3) [51].

The VEGF-A gene has eight exons and seven introns
[52, 53] and several homodimeric VEGF-A isoforms with
biological activity have been identified: VEGF

121
, VEGF

121b,
VEGF

145
, VEGF

145b, VEFG148, VEGF165 (predominant iso-
form), VEGF

165b, VEGF183, VEGF183b, VEGF189, VEGF189b,
and VEGF

206
[54–57], respectively, composed of 121, 145, 148,

165, 183, 189, and 206 amino acid residues and resulting from
alternative mRNA splicing [56–58].

2.1.2. Placental Growth Factor (PLGF). Placental growth fac-
tor (PLGF) is an angiogenic protein isolated from placenta,
originally described in 1991 [59]. In humans, the PLGF gene is
mapped on chromosome 14q24, and high levels of expression
in placenta are found at all stages of gestation [49], as well
as in the lungs, heart, skeletal muscle, and thyroid gland
[49, 60, 61].

Four PLGF isoforms are produced through alternative
splicing, with different sizes and binding properties: PLGF-
1 (PLGF 131), PLGF-2 (PLGF 152), PLGF-3 (PLGF 203), and
PLGF-4 (PLGF 224) [49, 62, 63]. PLGF-1 and PLGF-3 are
nonheparin binding diffusible while PLGF-2 and PLGF-4
have heparin binding domains [63, 64].These molecules play
an important role in the regulation of vascular differentiation
[65].

2.1.3. VEGF-B. VEGF-B was discovered in 1996 [66]. Its gene
is located on chromosome 11q13 [67] and comprises seven
exons. Resulting from alternative splicing, two isoforms are
expressed in human, VEGF-B

167
and VEGF-B

186
(of exon

6) [50], that bind to the tyrosine kinase VEGF receptor
1 (VEGFR-1). VEGF-B is a mitogenic factor for human
ECs [68]. High levels can be observed in most tissues, in
particular the neural tissues (retina, brain, and spinal cord)
[69], myocardium, skeletal muscle, pancreas, prostate, and
brown fat [68, 70–72].

Recently, VEGF-B has been extensively studied and con-
sidered as a strong cell survival factor for different types of
cells, like neurons, vascular cells (pericytes, ECs and smooth
muscle cells), and myocytes [69, 73, 74].

2.1.4. VEGF-C and VEGF-D. Human VEGF-C gene is
located on chromosome 4q34 [72] and the VEGF-D gene on
chromosome Xp22.31 [75]. VEGF-C and VEGF-D isoforms
result from proteolytic mechanisms, not from alternative
splicing as VEGF-A and VEGF-B isoforms [70].

VEGF-C and VEGF-D have an important role in regu-
lation of angiogenesis and lymphangiogenesis [72, 76–82] by
promoting mitogenesis, migration, and survival of the ECs
[49, 70, 83, 84]. Initially, premature forms of VEGF-C and
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VEGF-D are synthesized and subsequently activated when
binding to receptors [70, 81, 85].

HumanVEGF-C levels are higher in the placenta, ovaries,
heart, small intestine, and thyroid gland while humanVEGF-
D levels are higher in the heart, lungs, skeletal muscle, colon,
and small intestine [50].

2.1.5. VEGF-E (Orf-VEGF). VEGF-E consists of 120–140
amino acids [81]. It has a potent angiogenic activity, similar
to VEGF-A [86], more potent in stimulating the proliferation
of ECs than VEGF

165
, although having no heparin-binding

basic domain [49].

2.1.6. VEGF-F/Trimeresurus Flavoviridis svVEGF (T.f.
svVEGF). In recent studies, the VEGF family of proteins
was also found in snake venom, including the svVEGF from
Bothrops insularis [49, 87] and TfsvVEGF (Trimeresurus
flavoviridis svVEGF) from pit vipers. Comprising 110–
122 amino acid residues, svVEGF functions as dimmers
[49]. TfsvVEGF strongly binds to VEGFR-1 but weakly to
VEGFR-2, resulting in a weak angiogenic activity and a
strong vascular permeability activity [81].

2.2. VEGF Receptors. VEGF binding sites have been identi-
fied on the surface of vascular ECs both in vivo and in vitro
[52, 88]. Two distinct classes of VEGF receptors (VEGFR)
exist—tyrosine kinases and nontyrosine kinase receptors [52,
55].

2.2.1. VEGF Receptors Tyrosine Kinases. VEGFR family has
three members (see Table 2): VEGFR-1 (fms-like tyrosine
kinase-1 or Flt1), VEGFR-2 (KDR in humans, Flk1 in mice),
and VEGFR-3 (fms-like-tyrosine kinase-4 or Flt-4). Both
VEGFR-1 and VEGFR-2 contain seven immunoglobulin-like
domains in the extracellular domain (VEGFR-3 contains only
six), a single transmembrane region, and a consensus tyrosine
kinase sequence interrupted by a kinase insert domain [50,
52, 89, 90].

VEGFR-1 and VEGFR-2 feature a central role in regulat-
ing angiogenesis, while VEGFR-3 stimulates lymphangiogen-
esis [52, 81, 91].

VEGFR-1. Human VEGFR-1 consists of 1338 amino acids
[92] and is located on chromosome 13q12 [93]. VEGFR-
1 binds not only to VEGF-A and VEGF-B but also to
PLGF with high affinity. It is expressed in ECs, pericytes,
placental trophoblasts, osteoblasts, renal mesangial cells,
monocytes/macrophages, and some hematopoietic stem cells
[52, 94]. It has a weak mitogenic action in ECs [70].
VEGFR-1 expression is upregulated during hypoxia by a
hypoxia-inducible factor-1- (HIF-1-) dependent mechanism
[95]. Interestingly, the soluble form of VEGFR-1 (soluble Flt-
1) after undergoing alternative splicing inhibits VEGF activity
[52, 96].

VEGFR-1 knockout mice die at embryonic day 8.5 to 9.0
stage (E8.5 to 9.0) from blood vessels disorganization and
excessive growth, not frompoor vascularization [70, 92].This
strongly suggests that VEGFR-1 offsets signals that induce

angiogenesis by suppressing proangiogenic signals in the
embryo (achieving a balance in physiological angiogenesis)
[92].

In humans, abnormal high levels of soluble protein
and sVEGFR-1 were found in serum in women with
preeclampsia, accompanied by decreases in the circulat-
ing free PLGF and VEGF levels, possibly leading to
EC dysfunction in the maternal and placental vessels
[97, 98].

VEGFR-2. VEGFR-2 is located on chromosome 4q11→ q12
[99]. It binds to VEGF-A, VEGF-C, and VEGF-D and has
strong tyrosine kinase activity, appearing to be the most
important VEGF receptor, inducing mitogenesis, migration,
and permeability of the ECs [50, 100, 101]. VEGF has
higher binding affinity for VEGFR-2 than for VEGFR-1.
Selective activation of VEGFR-1 and VEGFR-2 shows that
the latter is the primary signal transmission of VEGF in ECs
[52, 70].

VEGFR-2 activation induces production of platelet
activating factor (PAF) by ECs, stimulating their mitosis
and migration and increasing vascular permeability
[50, 85]. It is also expressed in osteoblasts, cells of
the pancreatic duct, neuronal cells, retinal progenitor
cells, hematopoietic stem cells, and megakaryocytes.
In nervous system, VEGFR-2 stimulates migration,
proliferation, and survival of different neural cell types
[90, 102, 103].

Inactivation of the VEGFR-2 gene in mouse resulted
in the death of the embryo after E8.5 and E9.5, due to
nondevelopment of embryonic vasculature, blood islands,
and hematopoietic cells [104]. Therefore, VEGFR-2 signaling
is essential for the development of the mouse embryo vessels
[70, 92, 104–106].

VEGFR-3. VEGFR-3 binds to VEGF-C and VEGF-D [52, 81,
85, 91, 107]. Two human isoforms are described, resulting
from alternative splicing and differing in their C-terminal
[108].

Expression of VEGFR-3 begins at E8.5 in all embryonic
mouse ECs.Afterwards, its expression is observed in develop-
ing venous and lymphatic vessels [70, 109, 110]. VEGFR-3 and
their ligands play an important role in lymphangiogenesis
[55, 111]. It is involved in mitogenesis, differentiation, and
survival of lymphatic EC [107, 110, 112]. It is also expressed in
osteoblasts, neuronal progenitor cells [113], andmacrophages
[111].

Hamada and coworkers showed that mice embryos with
VEGFR-3 deficiency had abnormal vasculature and devel-
oped severe anemia and concluded that VEGFR-3 activity
is critical in hematopoiesis and vasculoangiogenesis [114].
In another study, [115] it was observed that large vessel
remodeling and maturation were abnormal in VEGFR-3 null
mice embryos, causing abnormal fluid in the pericardial
cavity and resulting in death after E9.5 by cardiovascular
failure. The authors concluded that VEGFR-3 plays an essen-
tial role in the development of the cardiovascular system
in an embryo before the emergence of lymphatic vessels
[109, 111, 115].
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2.2.2. VEGF Receptors Nontyrosine Kinases

Neuropilins: NRP-1 and NRP-2. Neuropilin-1 (NRP-1)
and neuropilin-2 (NRP-2) are nontyrosine kinase
receptors. Neuropilins are single-spanning transmembrane
glycoproteins of about 130-140 kDa, and have 45-50%
sequence identity. NRP-1 and NRP-2 genes are located on
chromosomes 10p12 and 2q34, respectively [116]. NRP-1
and NRP-2 bind to VEGF and PIGF. NRP-1 also binds to
VEGF-B, whilst NRP-2 binds to VEGF-C [70, 116]. Both
receptors bind to heparin-binding splice forms of VEGF:
VEGF

165
binds to NRP-1 and NRP-2; VEGF

145
binds to

NRP-2 [117–119]. Neuropilins potentiate VEGF signaling by
acting as coreceptors for VEGF receptors [90, 120, 121].

These receptors play a fundamental role in the develop-
ment of neuronal guidance, angiogenesis, and immunology
and are also involved in cardiovascular system [116–118,
121, 122]. They belong to the class-3 semaphorin subfamily
[117, 118, 122, 123], family of secreted molecules mediating
repulsive signals in neuronal axon process guidance [116]. In
a chimericmice study, overexpression of NRP-1 caused exces-
sive blood vessel formation andheartmalformation [116, 124].

In a recent study, knockout NRP-1 mutant mice died
at embryo stage E13 from impaired neural vascularization,
transposition of large vessels, and weak vascular network
development in the yolk sac. Therefore, the authors con-
cluded that NRP-1 is both effective in embryonic vessels
formation and in nerve fiber guidance [125]. A study in
zebrafish model underscored that NRP-1 is required for the
VEGF-dependent angiogenesis [46, 126]. A study with NRP-
2 knockout mice demonstrated severe abnormalities in the
development of capillaries and small lymphatics [127]. In
NRP-1 and NRP-2 double knockout mice, the embryonic
mice died at E8.5 with avascular yolk sacs [128].

2.3. Regulation of VEGF Expression. VEGF expression is
stimulated by several factors, such as oncogenes, thyroid-
stimulating hormone, estrogen, nitric oxide (NO), hypoxia,
and growth factors. VEGF gene contains various potential
binding sites for transcriptional regulators, like activator
protein-1 (AP-1), activator protein-2 (AP-2), HIF-1, specific
protein (SP-1), Egr-1, signal transducer, and activator of
transcription-3 (Stat-3) [55, 129].

We will shortly mention the key factors and conditions
related to regulation of VEGF expression.

2.3.1. Oxygen Tension. Erythropoietin (EPO) is a glycopro-
tein hormone/growth factor. Its gene is localized on chro-
mosome 7 (7pter-q22) [130]. EPO-producing cells, localized
in the liver and kidneys, have the ability to sense oxygen
concentration and respond to systemic hypoxia by increasing
EPO gene transcription [95, 131, 132]. EPO controls erythro-
poiesis and, thereby, oxygen transportation by circulating
erythrocytes.

Reduced local oxygen tension induces angiogenesis [133],
by regulating the expression of a variety of genes. In partic-
ular, VEGF mRNA expression is stimulated [46, 134]. More-
over, VEGF production is upregulated by hipoglicemia and

acidosis [129, 131, 135]. Hypoxic transcriptional regulation
of VEGF-A is mediated by HIF-1, a heterodimeric protein
transcription factor [136]. Indeed, HIF-1 is also activated
by other environmental stresses as low pH, cytokines, and
several growth factors [137].

HIF-1 has two subunits, HIF-1 alfa (120-kDa) and HIF-1
beta (91–94-kDa), both being basic-helix-loop-helix Per-aryl
hydrocarbon receptor nuclear translocator-Sim (PAS) family
of transcription factors [138–141]. Under normoxic condi-
tions, HIF-1 alfa (HIF-1𝛼) is degraded by ubiquitin pathway
(proteasome degradation-26S proteosome) [142, 143]. HIF-
1𝛼, hydroxylated by prolyl hydroxylases proteins (PHDs),
interacts with the von Hippel-Lindau (pVHL) protein, a
component of the E3 ubiquitin ligase complex, marking
HIF-1𝛼 for degradation [144–146]. However, under hypoxic
conditions, PHDs are inactive, HIF-1𝛼 increases dramatically,
and the fraction that is ubiquitinated decreases [143, 147].
HIF-1𝛼 translocates into the nucleus and associates with
HIF beta (HIF-𝛽) and the coactivators p300/CBP to induce
gene expression by binding to the conserved [A/G] CGTG
hypoxia-responsive element (HRE) [148]. Hypoxia promotes
the induction of transcription and the stabilization of VEGF
mRNA through proteins that bind to sequences located in
the region UTR (3unstranslated region) of the VEGFmRNA
[149].

2.3.2. Cytokines and Growth Factors. VEGF expression in
different cells is upregulated by cytokines (IL-1𝛼, IL-1𝛽, IL-
6, and TNF-𝛼), prostaglandins (E1 and E2), and numerous
growth factors (transforming growth factor 𝛼, transform-
ing growth factor 𝛽, epidermal growth factor, fibroblast
growth factor 4, keratinocytes growth factor, insulin-like
growth factor-1, platelet-derived growth factor BB, and basic
fibroblast growth factor) [46, 136, 150–159]. The upregulated
VEGFmRNA expression suggests that paracrine or autocrine
release of such factors acts synergistically with local hypoxia
to increase VEGF release [46, 52, 65, 149], with influ-
ence on angiogenesis/permeability in inflammatory disorders
[46, 52, 149, 150].

2.3.3. Tumor Suppressor Genes and Oncogenes. The involve-
ment of altered oncogenes and suppressor genes is crucial.
The uncontrolled typical tumoral growth results from acti-
vation of oncogenes and loss of genes/tumor suppressor
proteins at different sites in cell signaling pathways [160].
Oncogenicmutations or amplification of Ras results in VEGF
upregulation. Some studies indicate that Ras-dependent
VEGF expression is necessary, although insufficient, for
progressive tumor growth in vivo [52, 161].

The overexpression of the VEGF gene can occur due
to a mechanism of inactivation of the tumor suppressor
gene. The von Hippel Lindau (VHL) tumor suppressor gene
was implicated in the regulation of VEGF gene expression
[162]. VHL protein provides a negative regulation of a group
of hypoxia-inducible genes, such as VEGF, platelet-derived
growth factor B chain, and the glucose transporters GLUT-1
genes [163]. In presence of a mutant VHL, mRNAs for such
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genes were produced both under normoxic and hypoxic
conditions [65].

3. VEGF in the Nervous System

VEGF has an important role in vascular growth regulation
and development. Moreover, VEGF produces direct effects in
a variety of neuronal cells, including neuritic outgrowth, axon
guidance, neuronal survival, and neuronal migration. Recent
studies have shown that in adverse conditions for neuronal
cells, such as oxidative stress, hypoxia, or glucose deprivation,
VEGF acts as a mediator of multiple mechanisms inhibiting
cell death and stimulating neurogenesis [36–38, 90, 103, 164–
168].

3.1. VEGF in Neurogenesis. Production of progenitor cells
and neurons occurs during development and in adult age.The
two fundamental regions contributing to neurogenesis in the
adult mammalian brain are the subventricular zone (SVZ)
of the lateral ventricles and the subgranular zone (SGZ) in
dentate gyrus of the hippocampus [169]. In both regions,
neurogenesis occurs in the vicinity of blood vessels by the
proliferation of neural stem cells (NSCs) in small clusters
[90, 167, 170].

In adult brain, neurogenesis is a dynamic process regu-
lated by several stimuli, in particular growth factors (epider-
mal growth factor, EPO, brain-derived neurotrophic factor,
stem cell factor, and VEGF), glucocorticoids, sex hormones,
and excitatory neurotransmitters [164]. It can also occur
in response to critical situations such as cerebral ischemia,
mechanical trauma, and seizures [164, 166, 168, 169, 171]. In
addition, these injuries drive migration of new neurons into
affected regions to promote tissue repair [171].

VEGF has an important role in adult neurogenesis [90,
172], participating in the crosstalk between ECs and NSCs
within vascular niches. This process can be highlighted by
the presence of cells labeled with bromodeoxyuridine (BrdU)
and doublecortin (Dcx), which are markers of proliferation
and neuronal lineage, respectively [171]. In animal studies,
intracerebroventricular administration of VEGF stimulates
neurogenesis. Additionally, other studies have stressed that
VEGF favors survival of newly formed neurons [103, 164,
166]. The role of VEGF in neurogenesis is rather com-
plex. Testosterone-induced neurogenesis is preceded by an
upregulation of VEGF and VEGFR-2. Brain-derived neu-
rotrophic factor (BDNF), secreted by ECs, acts through
VEGF increase subsequently stimulating neural cell prolifer-
ation [173]. Granulocyte colony-stimulation factor (G-CSF)
stimulates neurogenesis by increasing the release of VEGF
from NSCs and the expression of VEGFR-2 in those cells.
VEGFR-2 tyrosine kinase inhibitor blocks the neurogenesis
stimulated by G-CSF [172, 174].

Antidepressant drugs stimulate neuron proliferation in
part due to the upregulation ofVEGF andVEGFR-2 signaling
in the hippocampus [175]. This positive effect is lost by
previous intraventricular infusion of a VEGFR-2 inhibitor.
In behavioral models, VEGF infusion into the brain mimics
the positive effect of antidepressants drugs on neurogenesis

[167, 175–177]. Hippocampus VEGF expression is increased
in animals exposed to enriched environment conditions and
on learning protocols. The hippocampal overexpression of
VEGF via viral gene transfer led to increased neurogenesis
and improved cognition. In a study, the use of a dominant-
negative mutant KDR/VEGFR-2 (mKDR) resulted in neg-
ative effects on neurogenesis and learning process, but not
inhibiting the proliferation of ECs [172, 178].

VEGF-B participates in the regulation of neurogenesis
in adult brain. Intracerebroventricular VEGF-B adminis-
tration leads to BrdU incorporation in neuronal lineage
cells in vivo and in vitro. Moreover, VEGF-B knock-
out mice showed reduced neurogenesis, coherent with its
neurogenesis-promoting activity [165, 179]. VEGF-C pro-
motes neurogenesis of neural progenitor cells expressing
the VEGFR-3 [113]. Overexpression of VEGF-C stimulates
VEGFR-3 expressing NSCs as well as neurogenesis in the
SVZ, but not affecting angiogenesis. Reciprocally, SVZ neu-
rogenesis is diminished by conditional deletion of VEGFR-3
in neural cells and by blockage of VEGFR-3 signaling with
antibodies [180].

3.2. VEGF in Neuroprotection and Neuroregeneration. Exper-
imental studies in vivo and in vitro demonstrated the
neuroprotective, neurotrophic, and angiogenic properties
of VEGF [36, 37] through its action on various neuronal
cell types [42, 43, 90, 166]. The effects are observed in
hippocampus, as well as in dopaminergic, cerebellar, and
retinal neurons, and also in the peripheral nervous sys-
tem. VEGF protects these cells against death induced by
a wide variety of different stress conditions like hypoxia
and excitotoxicity stimuli [37, 42, 90, 171, 181, 182]. In
hippocampus, protection against excitoxicity occurs via two
pathways: phosphatidylinositol 3-kinase (PI3K)/Akt (PI3K-
K/AKT) and mitogen-activated protein kinase/extracellular
signal-regulated kinase (MEK)-extracellular signal regulated
kinase (ERK) (MEK/ERK) [183]. VEGFR-2 is predomi-
nantly responsible for mediating this neuroprotective effect,
although VEGFR-1 can also have some of these effects [90].

Some studies demonstrated that VEGF exerts its neu-
roprotective action directly by inhibiting programmed cell
death (apoptosis). VEGF also exerts neuroprotective effects
indirectly through its action on multiple processes such as
angiogenesis, increased blood brain barrier permeability to
glucose and activation of antioxidants [90, 181, 184].

3.2.1. Direct Neuroprotective Functions of VEGF. Several
studies support the role of VEGF in increasing neuron
survival when subjected to hypoxia, by inhibition of Caspase
3 activation via Caspase 9, thereby reducing apoptosis [103,
164, 166, 184–186]. The increased expression of VEGFR-2 in
neurons, when subjected to hypoxia and glucose deprivation,
indicates that this receptor is especially involved in the
neuroprotective effect of VEGF [184, 186, 187].

3.2.2. Indirect Neuroprotective Functions of VEGF. VEGF also
has an indirect neuroprotective function that affects neuronal
survival in critical conditions. It promotes heme oxygenases
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Table 3: VEGF neurotrophic activity (adapted from Keifer et al.,
2014 [198]).

VEGF factor Role References

VEGF-A

Neurogenesis [103, 277, 278]
Nerve migration [279]
Axonal guidance [167, 280, 281]
Survival/neuroprotection [39, 41, 282]
Protective effects in adverse
conditions:
Hypoxia
Serum deprivation
Excitotoxicity
Mechanical trauma
Chemical toxicity

[36, 37, 182, 183,
212, 251, 283,

284]

VEGF-B Survival: retinal and cortical
neurons [165, 217]

VEGF-C
Nervous system development
Proliferation and activation of
astroglia and microglia

[113, 285, 286]

VEGF-D
Survival/neuroprotection
Development of embryonic
stem cells

[279, 287]

PLGF Survival/neuroprotection [288, 289]

Table 4: VEGF activity in dendritogenesis, synaptic plasticity,
and axonal growth in adult brain (adapted from Mackenzie and
Ruhrberg, 2012 [167]).

VEGF Role References

VEGF
Dendritogenesis [167, 172, 282, 290–292]
Synaptic plasticity [90, 172, 290–295]

Axonal growth [102, 167, 172, 280–
282, 296–298]

antioxidative activity [188–190], increases brain glucose sup-
ply by GLUT-1 transport pathway, dilates cerebral arterioles,
and induces endothelial fenestrations [191]. Moreover, angio-
genesis exerts neuroprotective effects by increasing cerebral
blood flow [37, 184].

VEGF has neuroregenerative properties. Bearden and
colleagues used a model of axotomy to show regeneration
mediated by VEGFR-2 activation. In addition, VEGF seques-
tration by sVEGFR-1 impairs the regeneration of axotomized
nerves [192, 193]. VEGF promotes increased growth cone area
of sympathetic neurons via VEGFR-2 and NRP-1 mediation
[193]. Other studies support VEGFR-1 signaling induction of
chemotaxis andmicroglial proliferation [194]. VEGF also acts
on glial cells in the adult nervous system, promoting neuron
survival [39, 195, 196].

The various roles of VEGF proteins in the nervous system
of the adult brain are briefly summarized in Tables 3 and 4.

4. Role of VEGF in ALS

4.1. Animal Models

4.1.1. Rats and Rodents Models. Strong evidence of the role
of VEGF in the nervous system comes from studies in ALS.

In the past decade, VEGF has been implicated in motor neu-
ron degeneration in mice. In 2001, Oosthuyse and colleagues
found that transgenic mice with homozygous deletion of the
hypoxia-response element in the VEGF promoter (VEGF
𝛿/𝛿 mice) gene showed reduced VEGF levels by about 25–
40% in the neural tissue. The affected mice developed limb
weakness and neurogenic muscular atrophy by five weeks
of age, with electromyographic signs of muscle denervation
and reinnervation associated with loss of motor neurons in
the spinal cord. Approximately 60% of the mice died before
or at birth due to severe lung vascular alterations [36, 42,
181, 197, 198]. A follow-up study [40] used mice that resulted
from crossing SOD1G93A and VEGF𝛿/𝛿 models [199]. This
mice model showed an earlier onset of muscle weakness and
shorter survival [40]. Wang et al. crossed SOD1G93A mice
with mice overexpressing VEGF-A in neurons. These double
transgenic mice had a significant delay in motor neuron
loss and in the onset of weakness, resulting in an increased
survival compared to the single transgenic mice [3].

Interestingly, decreased VEGF expression in the spinal
cord of SOD1G93A mice has been reported. In vitro models
suggest that it derives from reduced stability of mRNA
VEGF. Indeed, Lu and colleagues identified thatmutant SOD1
leads to downregulation and destabilization of mRNA VEGF
[200]. It was shown that in mutant SOD1 mice but not
in wild-type mice, ribonucleoprotein complex with adenine
and uridine-rich stability elements (ARE) is present in the
3unstranlated region (UTR) of mRNA VEGF, resulting in
lower VEGF expression levels [200–202]. Contrary to the
above reports, Van Den Bosch et al. described no significant
difference in the levels of VEGF-A in the spinal cord of
SOD1G93A mice when compared to wild-type controls [203]
andMurakami et al. reported a higher VEGF expression level
in the spinal cord of SOD1G93A mouse [204]. It seems that
VEGF expression in SOD1G93A motor neurons is minimally
upregulated by hypoxia [90, 204], which reinforces the role
of VEGF expression in the pathogenesis of motor neuron
degeneration [204]. Exposition of mutant SOD1G93A mice to
prolonged periods of hypoxia did not affect their life span
after the upregulation of VEGF in the spinal cord [203].

Resulting from the VEGF role in perfusion of the brain
and spinal cord [36, 172, 203, 205] a reduction of neuronal
perfusion in the symptomatic VEGF𝛿/𝛿 mice was described
[36]. Moreover, decreased spinal cord blood flow has been
observed in the presymptomatic mutant SOD1 mice [8,
36, 206]. However, it still remains unclear whether the
reduced neural perfusion is present before the onset of motor
neuron degeneration or is just a consequence of neuronal
loss.

As most trophic effects on motor neurons are mediated
by VEGFR-2 and NRP-1 [42, 207, 208], several authors
suggest that coexpression of VEGF and VEGFR-2 may lead
to supplementary positive effects on these cells [36, 209,
210]. When the transgenic Thy:VEGFR-2 mice, which leads
to an overexpressing VERGFR-2 under control of Thy1.2
promoter that triggers its expression in postnatal neurons,
were intercrossed with SOD1G93A, the resulting double trans-
genic mice, Thy-VEGFR-2 X SOD1G93A, demonstrated that
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VEGFR-2 overexpression in motor neurons retards degener-
ation of spinal motor neurons in SOD1G93A mice [90, 211]. A
recent study showed that the administration of recombinant
VEGF

165b exerts neuroprotection against multiple insults.
The neuroprotection is dependent on the activation of the
VEGFR-2 and MEK1/2, and the inhibition of caspase 3
induction [212].

4.1.2. Zebrafish Models. In zebrafish embryos, the overex-
pression of mutant SOD1 (mSOD1) protein revealed the
induction of a dose-dependent motor axonopathy. Lowering
VEGF induced a more severe phenotype, whereas upregulat-
ing VEGF rescued mSOD1 axonopathy [213].

More recently, DaCosta created a newmodel of zebrafish,
the T70Imutant (mutant zebrafish line).ThismSOD1 protein
zebrafish replicates several of the features of human ALS,
such as early neuromuscular junction abnormalities, adult-
onset motor neuron disease phenotype, and susceptibility to
oxidative stress. This model can be a useful in vivo tool for
therapeutic screening [214].

4.1.3. Culture Models. It was observed in a study using motor
neuron models, in cultures containing mutant SOD1G93A,
through administration of adenovirus vector, that VEGF
increased neurons survival [215]. Tovar-y-Romo and Tapia
showed the importance of the PI3K/AKT survival pathway
role, as well as the inhibition of p38 MAPK (p38 mitogen
activated protein kinase)—stress-activated protein kinase, in
the protective mechanism exerted by VEGF against exci-
totoxic spinal motor neuron death in vivo, thus suggesting
that VEGFR-2, the p38 MAPK, and PI3K pathway constitute
appealing therapeutic targets for ALS [208].

Increase in motor neuron survival by VEGF has been
reported even in adverse conditions such as hypoxia, hypo-
glycemia, and deprivation of serum. However, it seems
that VEGF does not protect neurons from excitotoxicity
[203].

4.2. VEGF-B in ALS. VEGF-B, recently identified by Grim-
mond et al. (1996) [66] and Olofsson et al. (1999) [72],
appears to provide a potent survival and protective factor
for neurons, namely, cortical, retinal, and spinal cord motor
neurons [165, 216, 217]. Moreover it is a survival factor for
endothelial cells, pericytes, and smooth muscle cells [201,
218, 219]. Administration of small quantities of VEGF-B
causes neuroprotection without causing adverse effects or
vascular blood-brain barrier leakiness [220]. In contrast,
VEGF-A administration is related to angiogenesis and edema
[220, 221]. In VEGF-B in knockout mice, Sun and colleagues
described a 40% increase of lesion size after cerebral ischemia.
It was also found that VEGF-B protected cultured cortical
neurons from hypoxic brain injury [165]. More recently Li
and coworkers [201, 217, 219] showed that VEGF-B acts
as a potent survival factor by suppressing the expression
of BH3-only protein and other apoptotic cell death-related
genes [201, 217, 219].

When crossing SOD1G93A with VEGFB−/− mice two
lines SOD1G93A VEGF-B+/− and VEGF-B SOD1G93A VEGF-
B−/− are obtained. Double transgenic mice SOD1G93A VEGF-
B−/− developed the most severe form of motor neuron
disease [211, 220, 222]. Further treatment with VEGF-B has
changed clinical phenotype to a milder form, as observed
for VEGF-A [211]. Since VEGF-B shows weaker angiogenic
and permeability properties than VEGF-A, it has an excellent
safety profile.

4.3. VEGF in Human ALS

4.3.1. Genetic Studies. Several clinical studies point to the
involvement of VEGF in ALS. However, clinical reports
failed to identify any specific VEGF mutation [40, 223–225].
A study based on Swedish, English, Belgian, Russian, and
American patients displayed an association between 2 hap-
lotypes determined by 3 single-nucleotide polymorphisms
(SNPS) −2.578C/A, −1.154 L/C, and −634G/C—in the VEGF
upstream promoter/leader sequence of the VEGF gene with
an increased risk of ALS [40, 226–228]. Other studies
reported no association between these polymorphisms and
SALS in various populations, as in Chinese [229], Italian
[230], Dutch [231], German [232], British [224], and North
American [233]. A meta-analysis was performed in order
to clarify those different results: three polymorphisms were
studied, involving 7000 patients from various countries in
Europe and America. This study did not confirm the original
conclusion that VEGF haplotypes increase the risk of ALS in
humans but confirmed a significant association of the VEGF-
2578 AA genotype and ALS susceptibility in males [226].

4.3.2. Plasma, Serum, and Cerebral Spinal Fluid (CSF). There
are conflicting reports of VEGF levels in CSF, serum, and
plasma in humans with ALS. Normally, VEGF levels are
much higher in serum than in plasma and even lower in
CSF. Measurements in serum are potentially contaminated
by release of VEGF from platelets [234]. Serum levels of
VEGF inALS have been reported as unaltered [235] or higher
than normal [236, 237]. Lambrechts et al. [226] found that
plasma VEGF levels were around 50% lower in ALS patients
than in controls, in particular in those carrying at-risk VEGF
genotypes. However, in other studies plasma levels of VEGF
were within normal limits in ALS patients [237–240] without
significant change in patients with hypoxemia [237, 239, 240].
Indeed, Moreau and coworkers showed that HIF-1 was not
activated by hypoxia in monocytes from ALS patients [241].

Devos et al. [238] studied CSF VEGF levels in 24 patients
with ALS. They reported lower CSF levels in the early phase
of the disease when compared with other disease controls,
but similar to levels recorded in healthy subjects. In contrast,
Gupta et al. [242] found that VEGF levels were increased
in CSF and serum in ALS in general and further increased
with hypoxia. In long duration ALS, Ilzecka [243] found that
the VEGF level in CSF was increased. The VEGF level in
CSF is not clearly associated with hypoxia in ALS, as a lack
of upregulation of CSF VEGF during hypoxemia has been
reported, when compared with hypoxemic controls [244].
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Table 5: Summary of themode of administration and delivery form
ofVEGF, its advantages, and disadvantages (adapted from Keifer et
al., 2014 [198]).

Administration
Direct Indirect/Remote

(i) Direct access to the target
area
(ii) Decreases complications
in areas outside the
therapeutic scope
(iii) Smaller dose required

(i) The product is delivered
in the CNS secondarily
(ii) Necessary higher dosages
(iii) Less invasive
administration
(iv) Product should have the
ability to cross the BBB, pial
barrier, and be transported
retrogradely by CNS

Delivery
Cells that produce or secrete VEGF-A
Use of a viral vector or nonviral to produce VEGF-A or a protein
that enhances expression of endogenous VEGF-A (transcription
factor)
Immediate delivery of VEGF-A protein to the target region

Carilho et al. found no correlation betweenVEGF plasma
levels and forced vital capacity, PaO

2
or PaCO

2
, meaning that

hypoxia was not an effective stimulant of VEGF production.
However, it was reported that ALS patients in respiratory
distress showed a marked increase in VEGF level following
noninvasive ventilation onset. This suggests that correction
of hypoxia leads to higher activation of the hypoxia element
response in the VEGF promoter by HIF-1. In addition,
the same authors found that VEGF plasma level increased
strikingly in some ALS patients undergoing exercise [240].
Interestingly, an increased expression of VEGF mRNA with
exercise has been demonstrated in muscle of normal exercis-
ing mice [245].

A correct evaluation of the results from the above studies
should consider somemethodological issues, namely: limited
number of ALS patients and controls included; low sensitivity
of the ELISA kit used; possible influence on the results from
the cycles of freezing and thawing of biological samples [246–
248].

An immunohistochemical study reported that VEGFR-2
immunostaining in neuropil was decreased in the spinal cord
of ALS patients when compared to controls [210, 249]. These
results reinforce the hypothesis that the reduction of the
VEGF signaling may play a role in the pathogenesis of ALS
[246].

5. Therapeutical Potential of VEGF in ALS

There is a great potential of VEGF treatment in ALS; Table 5
summarizes its potential routes for administration and deliv-
ery.

5.1. VEGF Gene and VEGF Protein Delivery in Central Ner-
vous System (CNS). Several studies used rodent ALS mod-
els for therapeutic purposes. After intracerebroventricular
administration of recombinant VEGF in mice with ALS, it

was observed delayed disease onset and prolonged survival
[211], but systemic administration was noneffective. It was
demonstrated that VEGF injected in the intracerebroven-
tricular space is able to be transported anterogradely to the
brainstem and lumbar spinal neurons, hence preserving the
neuromuscular junctions and improving functional outcome
[211, 250]. The intracerebroventricular administration of
VEGF also induces the expression of GluR2 in the ventral
spinal cord of rats, which demonstrates the protective effect
of VEGF on motor neurons [251]. It was also shown that
astrocytes are capable of protecting against excitotoxicity by
inducing the expression of GluR2 on motor neurons, while
this feature is not present in mSOD1 mice [252]. Motor neu-
rons express lower levels of GluR2 subunit leaving themmore
vulnerable to AMPA receptor-mediated excitotoxicity [251,
253]. Administration of VEGF by intraperitoneal injections
in SOD1G93A transgenic mouse showed muscle weakness
delay and prolonged survival in treatedmice [254]. Intranasal
administration of VEGFmay provide an effective alternative.
In one study, it was reported that after intranasal adminis-
tration of VEGF in adult Sprague-Dawley rats, the highest
tissue delivery was found in the trigeminal nerve, followed by
the optic nerve, olfactory bulbs, olfactory tubercle, striatum,
medulla, frontal cortex, midbrain, thalamus, hippocampus,
and cerebellum [255].

Positive studies with VEGF were found in other studies,
including one from Azzouz et al., which used a lentiviral
vector pseudotyped with the rabies G envelope protein
(EIAV vectors). Intramuscular administration of the vector
permitted its retrograde transportation to the motor neuron,
resulting in slower disease progression of the SOD1G93A mice
model, even when treatment was started at the onset of
paralysis [41]. A more recent study with SOD1G93A mice
injected with adeno-associated virus serotype 4 VEGF vector
showed promising results. Intracerebroventricular injection
of AAV4-VEGF-165 led to significant extension of survival
[198, 256]. By adenoviral vector it is possible to get an
upregulation of VEGF expression indirectly and remotely
delivered, through the use of a zinc finger protein. A study
used engineered zinc-finger protein into a vector Ad-32-
Flag-Ep65 (AD-p65), allowing to upregulate the expression
of endogenous VEGF (VEGF-ZFP) in a laryngeal nerve
(RLN)-crush injury model. The mice injected with ade-
novirus engineered ZFP-VEGF presented improvement in
nerve regeneration, which led to a more rapid recovery when
compared to controls [257]. Kliem and colleagues used a
plasmid encoding zinc finger transcription factor protein
(ZFP-TF) engineered to induce VEGF expression in mSOD1
rat model. The plasmid was administered intramuscularly
in the lateral and medial gastrocnemius muscles at 80 days
of age (prior to initiation of motor neuron degeneration)
and weekly for a period of 6 weeks. Unilateral intramuscular
delivery of VEGF in engineered zinc finger transcription fac-
tor preserved ipsilateral hindlimb grip strength and rotarod
improved performance when compared to controls. Once the
therapy was directed only to a single muscle, the investigators
observed no change relative to the weight and the onset of
disease of the mice [258].
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Using a mouse NSC34 motor neuron-like cell culture
system, following administration of an adenovirus vector
in cultures containing mutant SOD1G93A, VEGF increased
neuronal survival. However, the pretreated cells with VEGF
displayed a dose-dependent resistance to oxidative damage,
with the activation of both MAPK and PI3K pathways. The
protective effects were mediated via VEGF PI3K activity
[215].

The role of receptors as therapeutic targets requires
further investigation. In an experimental study, antisense
oligodeoxynucleotides against the VEGFR-2 were admin-
istrated in mice subjected to hypoxia, which resulted in
the loss of nearly 50% of the motor neurons. This study
demonstrates the direct neuroprotective activity ofVEGFR-2.
Motor neurons are more susceptible to degeneration when
inhibiting the activation of AKT and ERK pathways, under
conditions of hypoxia [259].

5.2. Role of VEGF: Use of Stem Cell Therapy in ALS

5.2.1. Animal and Human Neural Stem Cells (NSCs). Neural
stem cells (NSCs) have an intrinsic ability to “rescue” dys-
functional neurons and to stimulate preservation, remod-
eling, and/or regeneration of host-derived neural circuitry
[260]. In a meta-analysis, Teng and colleagues evaluated the
effects of therapy of mouse and human NSCs transplantation
in mSOD1 mice. Only one injection resulted in an extensive
and robust integration of donor cells in the lumbar cord.
NSCs promoted an increase in the secretion of trophic factors
that contributed to the survival motor neuron, by reducing
inflammation and astrogliosis, related to trophic factors
production. It was observed, in the mice model, improved
motor performance and respiratory function, slower disease
progression, and delayed-onset disease [260, 261].

After intrathecal administration of the NCSs engineered
to overexpressing human VEGF gene (HB1.F3.VEGF) in
SOD1G93A mouse model, there was a delay in disease onset
and the survival was prolonged without significant adverse
effects when compared to control animals. Transplanted cells
were found in the anterior horn and differentiated into
motor neurons. The neuroprotective effect was achieved by
the production of antiapoptotic proteins (Bcl-2and Bcl-XL)
and molecules promoting cell survival and downregulating
proapoptotic proteins (Caspase-3 and BAX) [262].

5.2.2. Human Mesenchymal Stem Cells (hMSCs). A study
with single humanmesenchymal stem cells (hMSCs) showed
that transplantation of hMSCs had no beneficial effect in
mSOD1 mice. However, multiple transplantations allowed
decreased motor neuron loss, enhanced motor performance,
and increased survival in mSOD1 mice, although only a
restricted number of cells migrated into the lumbar spinal
cord parenchyma [263].

In 2013, Krakora et al. used hMSCs expressing both
GDNF (hMSC-GDNF) and VEGF (hMSC-VEGF) that were
injected into SOD1G93A rats, which slowed motor function
loss, protected neuromuscular junctions (NMJs), and pro-
longed lifespan. A synergistic effect was found when using

combined delivery of these factors, compared to the single
administration of each of these neurotrophic factors [264].

5.2.3. Human Adipose-Derived MSCs Stem Cells. It was
demonstrated that the soluble growth factors (VEGF, HGF,
and IGF-1) released by human adipose-derived stem cells
(hADSCs) on primary astrocytes cultured from SOD1G93A
mice significantly upregulate the expression of astrocytes
GLT1 [265]. Marconi et al. demonstrated that the systemic
injection of ADSCs in mSOD1 mice delayed disease onset
and slowed deterioration of motor performance. This and
other studies reinforce the idea that ADSCs can produce a
number of neurotrophic factors (VEGF and IGF-1) capable
of supporting neuronal survival [266–268].

5.2.4. Bone Marrow Stem Cells. Corti and colleagues evalu-
ated the effect of cell therapy using intravascular injection
of C-kit (+) stem/progenitor cells in the spinal cord of
SOD1G93A mice. The transplanted stem cells caused a delay
in disease progression, prolonged lifespan, promoted survival
of motor neurons, and improved neuromuscular function.
Neuroprotection resulted partially from the preservation of
glutamate transporter GLT-1 levels, reduction ofmicrogliosis,
and increase of VEGF and angiopoietin 2 [269, 270].

A study was performed using genetically modified
blood mononuclear cells from human umbilical cord blood
(HUCB). They were transiently transfected by electropo-
ration with VEGF-A in SOD1G93A mice. These cells were
retroorbitally administered via injection in presymptomatic
phase (22–25 weeks). The results showed a differentiation of
transplanted cells HUCB in vascular ECs and an increased
survival of motor neuron in these mice [271].

6. Use of VEGF in ALS Patients

Trials testing VEGF for the treatment of neurodegenerative
diseases, including ALS, have been considered after some
positive experimental studies in animal models. Regarding
human studies, it is crucial to evaluate safety. Particular
care should be taken regarding complex VEGF effects on
angiogenesis, inflammation, and capillary permeability [167,
221, 272, 273]. A critical problem is to define a treatment
window of VEGF in humans, taking into account that in
SOD1G93A mice ICV administration at a dosage of 0.2 𝜇g
VEGF⋅kg−1 ⋅ day−1 a day conferred neuroprotection, without
undesirable inflammatory or angiogenic effects [90, 211].
Another therapeutic pathway to explore is VEGF-B, a factor
with few angiogenic potential. Some studies have reported
that it has a neuroprotective effect with higher potential
security when compared to VEGF-A [220].

Another issue that deserves to be addressed is the
emerging need for standardization of analytical procedures
in various biological samples, when it becomes necessary
to determine VEGF levels. Further technological advances
for determining other VEGF isoforms and their receptors
(namely VEGF-B) are necessary, with greater sensitivity than
the conventional ELISA.
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The company NeuroNova AB has been sponsoring clin-
ical tests to develop a therapy based on direct intracere-
broventricular administration of VEGF

165
in ALS patients

(by means of an FDA-approved and CE-marked pump and a
specialized catheter for protein drug delivery directly into the
brain by ICV infusion, sNN0029). Following the phase-1 trial
(NCT00800501, a double-blind, randomised, parallel group
safety and tolerability study), there is an open label safety and
tolerability continuation study to further evaluate safety and
tolerability, as well as motor function and survival in patients
who participated in the previous study (NCT01384162).

A phase-2 trial in ALS patients is sponsored by Sangamo
BioSciences (NCT00748501)—Clinical Trial of SB-509 in
Subjects with Amyotrophic Lateral Sclerosis (ALS). Sangamo’s
drug, SB-509, is an injectable formulation of a plasmid encod-
ing a zinc finger DNA-binding protein transcription factor
(ZFP TF(TM)-Sangamo BioSciences) designed to upregulate
the expression of the gene encoding VEGF-A. It was designed
as a randomized repeat-dosing, open-label, multicenter trial
to evaluate the effect of intramuscular administration of SB-
509 on the progression of the disease, asmeasured by the ALS
Functional Rating Scale-Revised (ALSFRS-R). ALSFRS-R is a
validated rating instrument for monitoring the progression
of disability in patients with ALS. In addition to gathering
data on safety and tolerability of SB-509 in ALS patients, data
will be collected to evaluate the effect of SB-509 on additional
clinical measures, forced vital capacity, neurophysiologic
index [274], manual muscle test, and survival. The study is
completed but no results have been released.

A randomized, blinded trial of intramuscular gene trans-
fer using plasmid VEGF to treat diabetic polyneuropathy was
done [275]. Thirty-nine diabetic patients with polyneuropa-
thy were randomized to receive a VEGF-to-placebo ratio of
3 : 1. Three sets of injections were given at eight standardized
sites adjacent to the sciatic, peroneal, and tibial nerves of one
leg. Primary outcomes were changes in symptom score at 6
months and a prespecified overall clinical and electrophys-
iological improvement score. Intramuscular plasmid VEGF
gene transfer tended to improve primary outcome, without
major safety issues. The possibility to translate this approach
to ALS patients is an open issue.

Further studies should be considered to test the use of
stem cells combined with neurotrophic factors, as it seems
to be a potential therapy for ALS. Those studies should be
carried out under strictmonitoring, thereby ensuring that the
therapy is safe in humans.

Although VEGF is a very promising compound, there is
a major challenge ahead that is to translate the basic science
breakthroughs into clinical practice.

7. Concluding Remarks

No effective treatment able to stop disease progression is
available for ALS. A large number of conventional trials have
been negative, involving drugswith quite different properties.
More challenging steps are necessary, testing breakthrough
compounds and using more advanced methods for drug
delivery.

The history of VEGF in medicine is not long but is rich
and complex. The emerging evidence regarding the roles of
this neurotrophic factor provides a strong rational for testing
VEGF in neurodegenerative disorders.The future has started
already and preliminary tests on the potential therapeutic
efficacy of VEGF have been tested in patients with ALS. The
future will show the right track, or at least the wrong ones.
Anyway, it is relevant for the ALS community to know more
on VEGF.
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[195] E. Herrán, R. Pérez-González, M. Igartua, J. Pedraz, E.
Carro, and R. Hernández, “VEGF-releasing biodegradable
nanospheres administered by craniotomy: a novel therapeutic
approach in the APP/Ps1 mouse model of Alzheimer’s disease,”
Journal of Controlled Release, vol. 170, no. 1, pp. 111–119, 2013.

[196] N. Mani, A. Khaibullina, J. M. Krum, and J. M. Rosenstein,
“Astrocyte growth effects of vascular endothelial growth factor
(VEGF) application to perinatal neocortical explants: receptor
mediation and signal transduction pathways,” Experimental
Neurology, vol. 192, no. 2, pp. 394–406, 2005.

[197] J. H. P. Skene and D. W. Cleveland, “Hypoxia and lou gehrig,”
Nature Genetics, vol. 28, no. 2, pp. 107–108, 2001.

[198] O. P. Keifer Jr., D. M. O’Connor, and N. M. Boulis, “Gene and
protein therapies utilizing VEGF for ALS,” Pharmacology &
Therapeutics, vol. 141, no. 3, pp. 261–271, 2014.

[199] B. J. Turner and K. Talbot, “Transgenics, toxicity and therapeu-
tics in rodent models of mutant SOD1-mediated familial ALS,”
Progress in Neurobiology, vol. 85, no. 1, pp. 94–134, 2008.

[200] L. Lu, L. Zheng, L. Viera et al., “Mutant Cu/Zn-superoxide
dismutase associated with amyotrophic lateral sclerosis desta-
bilizes vascular endothelial growth factor mRNA and downreg-
ulates its expression,” Journal of Neuroscience, vol. 27, no. 30, pp.
7929–7938, 2007.

[201] X. Li, C. Lee, Z. Tang et al., “VEGF-B: a survival, or an
angiogenic factor?” Cell Adhesion and Migration, vol. 3, no. 4,
pp. 322–327, 2009.

[202] L. Lu, S. Wang, L. Zheng et al., “Amyotrophic lateral sclerosis-
linked mutant SOD1 sequesters Hu antigen R (HuR) and
TIA-1-related protein (TIAR). Implications for impaired post-
transcriptional regulation of vascular endothelial growth fac-
tor,” Journal of Biological Chemistry, vol. 284, no. 49, pp. 33989–
33998, 2009.

[203] L. Van Den Bosch, E. Storkebaum, V. Vleminckx et al., “Effects
of vascular endothelial growth factor (VEGF) on motor neuron
degeneration,” Neurobiology of Disease, vol. 17, no. 1, pp. 21–28,
2004.



BioMed Research International 21

[204] T. Murakami, H. Ilieva, M. Shiote et al., “Hypoxic induction
of vascular endothelial growth factor is selectively impaired in
mice carrying the mutant SOD1 gene,” Brain Research, vol. 989,
no. 2, pp. 231–237, 2003.
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The receptor tyrosine kinase Ret (c-Ret) transduces the glial cell line-derived neurotrophic factor (GDNF) signal, one of the
neurotrophic factors related to the degeneration process or the regeneration activity of motor neurons in amyotrophic lateral
sclerosis (ALS). The phosphorylation of several tyrosine residues of c-Ret seems to be altered in ALS. c-Ret is expressed in motor
neurons and in the enteric nervous system (ENS) during the embryonic period. The characteristics of the ENS allow using it as
model for central nervous system (CNS) study and being potentially useful for the research of human neurological diseases such
as ALS. The aim of the present study was to investigate the cellular localization and quantitative evaluation of marker c-Ret in the
adult human gut. To assess the nature of c-Ret positive cells, we performed colocalization with specificmarkers of cells that typically
are located in the enteric ganglia. The colocalization of PGP9.5 and c-Ret was preferentially intense in enteric neurons with oval
morphology and mostly peripherally localized in the ganglion, so we concluded that the c-Ret receptor is expressed by a specific
subtype of enteric neurons in the mature human ENS of the gut. The functional significance of these c-Ret positive neurons is
discussed.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenera-
tive disease characterized by selective degeneration of motor
neurons located in the spinal cord, brain stem, and motor
cortex, resulting in progressive atrophy and paralysis of limb,
bulbar, and respiratory muscles [1–5]. Glial cell line-derived
neurotrophic factor (GDNF) has been thought to be one of
the potent neurotrophic factors related to the degeneration
process or the regeneration activity of motor neurons in
ALS. In particular GDNF is a member of the transforming
growth factor-𝛽 superfamily which promotes the survival
of motor neurons and mesencephalic dopaminergic neurons
[6, 7]. The GDNF signal is transduced by a specific receptor,
the proto-oncogene product RET (a tyrosine kinase recep-
tor c-Ret), in association with another receptor GDNFR-𝛼

(GFR𝛼-1) [6, 8–12]. The phosphorylation of several tyrosine
residues of RET is a crucial step in the intracellular signaling
pathway [6, 13] and it seems to be altered in ALS [5]. c-Ret is
expressed in the restricted tissues including motor neurons
determining the specific distribution of GDNF-responsive
neurons, [12]; one of these tissues is the enteric nervous
system (ENS) where Ret is highly expressed during the
embryonic period. It is a crucial signal for the development
of enteric neurons [14–19].

On the other hand, the enteric nervous system (ENS)
is a collection of neurons in the gastrointestinal tract that
constitutes the “brain of the gut.” This system provides
neural control for all functions of the gastrointestinal tract.
Subsequent examination of the functional and chemical
diversity of enteric neurons revealed that the enteric nervous
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system closely resembles the central nervous system (CNS).
In fact, the ultrastructure of the ENS is more similar to
the CNS ultrastructure than to the rest of the peripheral
nervous system (PNS) [20, 21]. Interestingly, gut and brain
can show a parallel pathology in most neurodegenerative
diseases [22]. In connection with ALS, the tight association
between ALS and ENS was firstly described by Sanchez and
collaborators, when the generation of GDNFmutantmice led
to massive loss of ENS neurons [23]. These characteristics
lead researchers to develop ENS as model for CNS study
and being potentially useful for the research of human
neurological diseases such as ALS. Moreover, recent studies
in an animal model of ALS (TDP-43 A315T transgenic
mice) showed a lack of severe muscle atrophy or external
muscle weakness in later stages of the disease although
degeneration of myenteric neurons by the accumulation of
TDP-43 was detected. Rather than severe muscle weakness,
the progressively thinned colon contributed to the death
of the transgenic mice [24]. For this reason, it would be
interesting to study and provide additional information on
the location of c-Ret in gastrointestinal human samples in
order to extrapolate to ALS patients, for better understanding
of the disease and the possible identification of targetmarkers
of disease.

The ENS arises from two regions of the neural crest: the
vagal neural crest which gives rise to the vast majority of
enteric neurons throughout the gastrointestinal tract and the
sacral neural crest which contributes a smaller number of
cells that are mainly distributed within the hindgut.

Neural crest cells (NCCs) migrate and differentiate into
a variety of cell lineages such as melanocytes, neurons, glial
cells, myofibroblasts, chondrocytes, and osteoblasts [25–28].
Some of the migrating NCCs are multipotent [29] and they
maintain their nature at the time they reach the foregut
mesenchyme [30–32]. Once within the gut, these enteric
neural crest stem cells (eNCSCs) generate a vast array of
phenotypically diverse neurons and glial cells. Furthermore,
differentiation of eNCSCs is asynchronous and therefore
multipotent progenitor cells coexist with differentiated cell
types [30].

A number of markers have become available that label
migratory or post- migratory NCCs within the gastrointesti-
nal tract of embryonic mice and rats. Previous studies have
shown that undifferentiated enteric crest-derived cells are
Phox2b(+)/c-Ret(+)/p75(+)/Sox10(+) [33].

c-Ret is expressed during embryogenesis on various
neuronal subsets of the central and peripheral nervous
system and it is crucial for the development of sympathetic,
parasympathetic, motor, and sensory neurons. Furthermore,
c-Ret is necessary for the postnatal maintenance of dopamin-
ergic neurons, but it also regulates also the development
of the nervous plexuses of the entire intestinal tract [14,
18, 19, 34]. Mutations in c-Ret, albeit drastically, affect only
a subset of peripheral nervous system ganglia. Thus, loss
of c-Ret function in humans can lead to congenital mega-
colon (Hirschsprung’s disease), a condition characterized by
absence of enteric ganglia [35–37], which demonstrates its
important role in the enteric neurogenesis.

Due to the fact that there are no immunohistochemical
studies on the presence of c-Ret in the normal adult intestine,
the aim of the present study was to investigate the cellular
localization, distribution, and quantitative evaluation of c-Ret
in the adult human intestine, using immunohistochemistry
and immunofluorescence techniques in order to identify the
cell types derived from neural crest that persist in the adult
ENS. A double immunofluorescence procedure has been
carried out to examine the colocalization of c-Ret marker
with PGP9.5 (neuronal marker), with glial fibrillary acidic
protein (GFAP) (glial marker), and with c-Kit (interstitial cell
of Cajal marker).

2. Materials and Methods

Thematerial included in our study was obtained from intesti-
nal biopsies taken during endoscopic examination from 12
patients with different digestive pathologies (the average age
was 46 years; range 31–68). None of the patients included
in the study have bowel level affectation. The use of human
tissues was approved by the Ethics Committee for Clinical
Investigation of Aragon (CEICA; ICS08/0082), Zaragoza,
Spain.

Intestinal biopsy specimens were fixed in 10% neutral
buffered formalin, embedded in paraffin, cut, and processed
for immunohistochemistry.

2.1. Immunohistochemistry. The intestinal samples were fixed
for 6 hours with formol saline solution at 10% pH 7. Immuno-
histochemical staining was performed on paraffin sections
with 5 𝜇m of thickness using the immunohistochemistry
EnVision (Dako) method. The primary antibody used in this
study was the anti-Ret monoclonal antibody (clone RET01,
dilution 1 : 50, Affinity BioReagents, ABR). This antibody
was diluted with Dako diluent (S2022). The tissue sections
were deparaffined in xylene (10min twice) and rehydrated
in a graded ethanol series up to distilled water. Prior to all
assays, for heat-induced antigen retrieval, the samples were
treated for 6 minutes in an 800W microwave oven with
a 10% citrate buffer (Dako S2031) in distilled water and at
360W for 5 additional minutes. After washing twice with
PBS, for 3minutes, the sectionswere treatedwith endogenous
peroxidase blocking (Dako S2001) for 20 minutes, washed in
distilled water, and treated with the blocking buffer [100mL
PBS, 2mL triton X100, 0.25mL BSA (A4503 SIGMA)], for
3 minutes. The blocking was repeated for a second time.
The sections were incubated with the primary antibody
solution for 30 minutes followed by rinsing in PBS, for 3
minutes. The visualization was made by incubating with an
Envision peroxidase-based visualization kit (Dako K5007)
over a period of 30 minutes, washed twice in PBS, for 3
min according to manufacturer’s directions. To confirm the
presence of immunocomplexes, 3,3-diaminobenzidine was
used as chromogene and hydrogen peroxide as substrate.The
samples were washed twice in distilled water, contrasted with
Mayer’s haematoxylin for 7 minutes, washed in tap water
for 15 minutes, dehydrated in a graded series of ethanol,
cleared in xylene, and coverslipped with DPX. Digital micro-
scope images were captured by means of an Olympus BX
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51 microscope and analyzed using public domain image
software: ImageJ: Image Processing and Analysis in Java
available from http://rsb.info.nih.gov/ij/.

2.2. Counting Methods. The immunolabelled neurons were
quantified in a random intestinal sample of 3 cm in length
from each patient. 30 areas per region were studied from
each sample. The total number of ganglia (myenteric and
submucosal ganglia) and the total number of the c-Ret
positive cells, compared to total morphologically recognized
neurons, were counted.

Cells were counted by two independent investigators. If
the cell count differed by 10%, a third investigator then ana-
lyzed the samples. The final cell count was the mathematical
average of the independent cell counts. To minimize errors,
only those neurons in which the nucleus was clearly visible
were confirmed as positive controls.

2.3. Immunofluorescence. The expression and distribution of
proteins were studied by the indirect immunofluorescence
staining method for anti-Ret monoclonal antibody (clone
RET01, dilution 1 : 50, Affinity BioReagents, ABR), polyclonal
rabbit anti-glial fibrillary acidic protein (GFAP, dilution
1 : 100, Dako), polyclonal rabbit anti-PGP 9.5 (dilution 1 : 350,
Dako), polyclonal rabbit anti-human c-Kit (dilution 1 : 50,
Dako), goat anti-mouse IgG (HL) Alexa Fluor 488 (dilution
1 : 1000; Molecular Probes Invitrogen), and goat anti-rabbit
IgG (H+L) Alexa Fluor 546 (dilution 1 : 1000; Molecular
Probes Invitrogen).

The antibodies were diluted in Dako (S2022) diluent.
Tissue sections were deparaffined in xylene (10 minutes
twice) and rehydrated in a graded ethanol series up to
distilled water. Before all assays, for heat-induced antigen
retrieval, the samples were treated during 6 minutes in an
800W microwave oven with 10% citrate buffer (Dako S2031)
in distilled water and at 360 W for 5 additional minutes.
After washing three times with PBS, for 5 minutes, the
sections were treated with blocking buffer [100mL PBS, 2mL
triton X100, 0.25mL BSA (A4503 SIGMA)] for 20 minutes.
The blocking was repeated for a second time. Sections were
incubated with the primary antibody solution for 20 hours
followed by three rinses in PBS for 5 minutes. The visualiza-
tion was made with Alexa Fluor for 90 minutes, and then the
sections werewashed in PBS three times for 10 minutes and
incubated with 5𝜇M of DRAQ5 (Biostatus, Leicestershire,
UK) to counterstain the nuclei. Finally, cover slips were then
mounted in Mowiol Sigma-Aldrich, Deisenhofen, Germany)
and cell staining was documented using Leica TCS SL Laser
Scanning Confocal Microscope.

2.4. Statistical Analysis. Data are expressed as mean ± SEM.
Differences were analyzed by Student’s 𝑡-test. 𝑃 < 0.05 was
considered significant (∗), 𝑃 < 0.01 very significant (∗∗), and
𝑃 < 0.001 extremely significant (∗∗∗).

3. Results

3.1. c-Ret Immunoreactivity in Myenteric and Submucosal
Plexus. Intense c-Ret immunoreactivity was detected in all

cases studied of adult human intestine. c-Ret immunoreac-
tivity was positive in the myenteric and submucosal ganglia,
although significant differences between themwere found. In
the myenteric ganglia, only a few cells inside the ganglia were
labelled (Figure 1(a)), while in the submucosal ganglia most
cells were labeled (Figure 1(b)). On average, 32 myenteric
ganglia (range 22–42) and 36 submucosal ganglia (range 19–
54) per sample were counted. The total number of myenteric
neurons counted in this study was 4.284, 12.9% of which
showed c-Ret positivity. However, in the submucosal plexus,
the total number of neurons counted was 1.486; 58% were c-
Ret positive.There are significant differences between the two
plexuses (Figure 1(c)).

3.2. PGP9.5, GFAP, and c-Kit Immunodetection in Adult
Enteric Neurons. We performed a double immunofluores-
cence technique to assess coexpression of c-Ret/PGP9.5,
c-Ret/GFAP and c-Ret/c-Kit. PGP9.5-immunoreactive cells
appeared within myenteric ganglia (Figures 2(a)-1 and 2(b)-
1), GFAP-ir labelled cells appeared within myenteric ganglia
and around neurons (Figure 2(c)-1), and c-Kit labelled cells
appeared around myenteric ganglia (Figure 2(d)-1). In the
adult intestine, some of c-Ret-positive cells also exhibited
PGP9.5-ir.The colocalization of PGP9.5 and c-Ret was prefer-
entially intense in enteric neurons with oval morphology and
mostly peripherally localized in the ganglion (Figure 2(a)-3).
In contrast, there was no colocation in other subpopulations
of larger neurons with wide cytoplasm (Figure 2(b)-3). In
neither case studied, did we observe colocalization with
GFAP, glial cells marker (Figure 2(c)-3), and c-Kit, selective
marker of Interstitial cells of Cajal (Figure 2(d)-3).

The pattern of c-Ret expression observed with optical and
confocalmicroscopywas similar (Figures 2(a)-2, 2(b)-2, 2(c)-
2, and 2(d)-2).

4. Discussion

Thetyrosine kinase receptor c-Ret in associationwith another
receptor GDNFR-𝛼 (GDNFR𝛼-1) transduces GDNF medi-
ated signal, which seems to be one of the neurotrophic factors
related toALS [6–12].Thephosphorylation of several tyrosine
residues of c-Ret, a crucial step in the intracellular signal
pathway [6, 13], is thought to be altered in ALS [5].

c-Ret is expressed during the embryonic period as a
signal for the development of neurons in the enteric nervous
system [12, 14–19].There are no previous immunohistochem-
ical studies to confirm the presence of c-Ret (neural crest
marker) in the normal adult human gastrointestinal tract,
which would be interesting as an extrapolated model to ALS
patients.

An immunohistochemical study published was the only
one to show the existence of c-Ret positive neurons in the
myenteric plexus of adult rats. No positive neurons were
described in the submucosal plexus [38].

Although some myenteric neurons in humans have been
characterized based on morphology, projections, and neuro-
chemical staining [39–41], the subtypes of neurons present
in the ENS of any region of the adult human gastrointestinal
tract have not yet been systematically catalogued [42]. These
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Figure 1: Immunocytochemical localization of the c-Ret receptor tyrosine kinase in the myenteric 1(a) and submucosal plexus 1(b). Human
adult normal duodenum. Note that only the cytoplasm of some neurones appears labelled. 168 × 62mm (300 × 300DPI). Histogram showing
percentage of Ret positive-neurons. ∗∗∗𝑃 = 0.001 by Student’s 𝑡 test 1(c).

c-Ret positive neurons could be a specific neuronal subpopu-
lation of the enteric ganglia, whose functional role should be
studied. At this step we wonder about the potential function
of these neurons in the ENS.

Given the additional fact that intestinal smooth muscle
cells might even be a major source of GDNF, modulation
and/or promotion of their own smooth muscle innervation
in postnatal period might involve c-Ret receptors in adult
enteric neurons [38]. However, a neuroprotective role (by
mediating GDNF through the GFR𝛼1/c-Ret receptor com-
plex) as described for cerebellar Purkinje cells cannot be ruled
out [43].

Sharkey and Parr (1996) revised the literature on this issue
addressing the question about the enteric nature of these
neurons, taking into account that these cells are postmitotic.
These authors suggested that, since cell division in adult
neurons was unlikely, the possible explanation for neuron
addition in adulthood was a potential precursor nature of
these cells in myenteric ganglia and their capability of late
proliferation into adult neurons [44]. Although numerous
experimental models have suggested the existence of neuro-
genesis in the adult ENS, these cells have not been identified

in vivo [45–48].These cells could in situ present immunohis-
tochemical characteristics according to the embryonic origin
of the neural crest. Therefore, our results suggested that the
positive c-Ret neurons could answer this supposition.

On the other hand, Stemple and Anderson (1992) isolated
postmigratory neural crest cells from fetal rat gut usingc-Ret
and examined the developmental and proliferative capacities
of these cells using a clonal culture system [49]. Many of
the c-Ret positive cells divide symmetrically to generate
small clones containing only neurons and consequently;
they suggested that these c-Ret positive cells are committed
neuronal progenitors [30].

Therefore, it has been demonstrated that during the
tissue repair process, possible recapitulation of embrionary
development takes place. Geuna et al. have suggested that
NCCs, besides driving the development of many different
tissue and organs during development, can play a role also in
the postdevelopmental period of animal life because some of
the migratory elements persist as a peripherical reserve pool
of multipotent stem cells that can undergo late differentiation
into mature cells [50].
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Figure 2: Confocal microscopy. PGP9.5-ir, GFAP-ir, and c-Kit-ir cells in column 1, rows (a) and (b), (c), and (d), respectively; c-Ret-ir in
column 2 and merged images in column 3. Example of PGP9.5/c-Ret colocalization; adult enteric neurons labelled with PGP9.5 (a)-1, c-Ret
(a)-2, and merged image (a)-3. However, this colocalization does not appear to always occur; PGP9.5-ir neurons (b)-1 does not colocalize
with c-Ret neurons (b)-2 within the same ganglia (b)-3. GFAP-ir (c)-1 and c-Ret-ir cells (c)-2 are distinct cells (c)-3. Also, c-Kit-ir cells (d)-1
are c-Ret negatives (d)-2. Overlay image shows no colocalization between the two proteins (d)-3. Nuclear staining (blue). The scale bar is
20 𝜇m in length and applies to all images. 168 × 228 (300 × 300 DPI).
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We report immunohistochemical evidence for the pres-
ence of a group of adult enteric neurons stained with neural
crest marker, c-Ret, in the normal adult duodenum. c-
Ret was located in the myenteric and submucosal gan-
glia of the adult human duodenum and is expressed in
some enteric neurons since it colocalized with pan-neuronal
marker PGP9.5. Indeed, colocalization was more frequent
in oval enteric neurons located peripherally in the ganglion,
which suggested that c-Ret function is required not only
during early foetal stages but also in the mature human
ENS of the gut. The positivity to c-Ret may be indicative
of different stages of neuronal maturation and, therefore,
may be involved in adult enteric neurogenesis. We also
suggest, like other authors, that multipotent NCCs coexist
with differentiated cell types. Further studies are needed to
study in depth the nature of these cells and their potential
role in neurodegenerative diseases, such as ALS, could shed
light on new molecular pathways possibly affected under
neurodegenerative progression.
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Amyotrophic lateral sclerosis (ALS) is an adult-onset progressive neurodegenerative disease affecting upper and lowermotoneurons
(MNs). Although the motor phenotype is a hallmark for ALS, there is increasing evidence that systems other than the efferent MN
system can be involved. Mutations of superoxide dismutase 1 (SOD1) gene cause a proportion of familial forms of this disease.
Misfolding and aggregation of mutant SOD1 exert neurotoxicity in a noncell autonomous manner, as evidenced in studies using
transgenic mouse models. Here, we used the SOD1G93A mouse model for ALS to detect, by means of conformational-specific anti-
SOD1 antibodies, whether misfolded SOD1-mediated neurotoxicity extended to neuronal types other than MNs. We report that
large dorsal root ganglion (DRG) proprioceptive neurons accumulate misfolded SOD1 and suffer a degenerative process involving
the inflammatory recruitment of macrophagic cells. Degenerating sensory axons were also detected in association with activated
microglial cells in the spinal cord dorsal horn of diseased animals. As large proprioceptive DRG neurons project monosynaptically
to ventral horn MNs, we hypothesise that a prion-like mechanism may be responsible for the transsynaptic propagation of SOD1
misfolding from ventral horn MNs to DRG sensory neurons.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating adult-
onset neurodegenerative disease which affects upper and
lower motoneurons (MNs) and causes progressive paralysis
and atrophy of voluntary muscles. Death usually occurs as
a result of respiratory failure, 3–5 years after the onset of
clinical symptoms [1, 2]. While the majority of ALS cases are
sporadic, 10% are familial (fALS), with an autosomal pattern
of inheritance. A variety of mutations in the homodimeric
protein Cu/Zn superoxide dismutase (SOD1) have been
linked to 20% of fALS cases [3] and transgenic mice carrying
mutated human SOD1 have been extensively employed as a
model to investigate both familial and sporadic ALS [4, 5].
Although the motor phenotype derived from corticospinal
tract and peripheral motor nerve degeneration is a hallmark
of ALS, there is increasing evidence that ALS could be

a multisystem disorder affecting also the somatosensory
cortex [6], autonomic system [7], spinocerebellar tracts [8],
and serotoninergic neurons [9]. The involvement of the
peripheral sensory system has also been reported in ALS
patients, particularly after electrophysiological examination
[10] and also in mutant SOD1 mouse models [11]. However,
the evidence of pathological changes in peripheral sensory
neurons is scarce. In a previous study using SOD1ALSmurine
models, we showed that an antibodywhich cross-reactedwith
neurotoxic species of mutant SOD1 provided an excellent
tool for revealing this pathology in other neuronal types
besides spinal cord MNs [12, 13]. In these studies we showed
that ALS-linked neurodegenerative pathology could also be
detected inmotor cortexMNs and in other less expectedCNS
regions, such as serotonin-containing neurons in the raphe,
noradrenergic neurons in the locus coeruleus, and Purkinje
neurons in the cerebellum.
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Here, we report that using our anti-misfolded SOD1
antibodies [14] it was also possible to detect degenerating
sensory neurons in the dorsal root ganglion (DRG) of ALS
SOD1G93A mice. Degenerating sensory axons in spinal cord
dorsal nerve roots were also found in parallel with the
progression of the disease. Dying DRG neurons displayed a
nonapoptotic phenotype and recruited macrophage cells in
a similar way to that observed in ventral horn MNs. These
results suggest that the fundamental mechanisms by which
mutant SOD1 exerts neurotoxicity are not neuronal type-
specific.

2. Materials and Methods

2.1. Animals and Tissue Preparation. The transgenic animals
used in this study were B6SJL-Tg (SOD1-G93A) 1Gur/J
(SOD1G93A) mice obtained from Jackson Laboratory (Bar
Harbor, ME, USA). Once symptoms had developed, disease
progression was quite rapid and caused the death of most
of the animals within 128.9 ± 9.1 days. All the experimental
procedures were approved by the Ethical Committee for
Animal Testing of the University of Lleida in line with the
norms of the Generalitat de Catalunya (DOGC 2073, 1995).

For light microscopy immunocytochemistry, the animals
were deeply anaesthetized with pentobarbital, and transcar-
dially perfused with physiological saline solution followed by
4% paraformaldehyde (PFA) in 0.1M phosphate buffer (PB)
at pH 7.4. After 24 hours in PFA, samples were transferred
to 30% sucrose in 0.1M PB and 0.02% sodium azide for
cryoprotection and were then frozen for cryostat sectioning.

For electron microscopic examination, animals were
perfused with 1% PFA and 1% glutaraldehyde in 0.1MPB
at pH 7.4. DRG and their ventral and dorsal nerve roots
(VRs and DRs, resp.) were separately dissected and pro-
cessed: they were then postfixed in 1% osmium tetroxide
and embedded with Embed 812 epoxy resin according to
standard procedures. Ultrathin sections were counterstained
with uranyl acetate and lead citrate and observed in a Zeiss
EM 910 (Zeiss, Oberkochen, Germany) electron microscope.
Semithin sections (1 𝜇m thick) stained with methylene blue
were also examined and imaged using an Olympus 60X/1.4
NA PlanApo oil immersion objective (Olympus, Hamburg,
Germany) and a DMX 1200 Nikon (Tokyo, Japan) digital
camera.

2.2. Immunohistochemistry and Image Analysis. Cryostat
sections (16 𝜇m thick) of PFA-fixed DRGs were pretreated
with phosphate buffered saline (PBS) containing 0.1% Triton
X-100, blocked in 3% normal goat serum, and incubated
overnight with primary antibodies at 4∘C. The primary anti-
bodies used were the following: (1) AJ10 antibody was pro-
duced in our laboratory by immunizing rabbits with a human
SOD1 peptide sequence (VKVWGSIKGLTEGLHGFHVHE-
FGDNTAGC); this antibody is specific for misfolded ALS-
linked mutant human SOD1conformers and barely reacts
with wild-type (WT) human SOD1 [14] rabbit polyclonal
anti-P2X4 (1 : 500; Alomone Labs, Jerusalem, Israel); some

lots of this antibody, such as lot AN-04 and AN-05, cross-
react with high affinity with ALS-linked misfolded con-
formers of SOD1 [12, 13]; (3) rat monoclonal anti-Mac-2
(1 : 800, Antibodies onlineGMBH,Aachen, Germany); (4) rat
monoclonal anti-mouse CD68 (1 : 100; AbD Serotec, Oxford,
UK); (5) mouse monoclonal anti-calcitonin gene-related
peptide (CGRP, 1 : 100; Abcam, Cambridge, UK; ab81887); (6)
goat polyclonal anti-parvalbumin (PV, 1 : 1000; Swant, Marly,
Switzerland; pv-235); (7) guinea pig polyclonal anti-substance
P (SP, 1 : 1000; Abcam; ab10353); and (8) mouse monoclonal
anti-neuron-specific class III 𝛽-tubulin (TUJ1, 1 : 500, RD
Systems, Minneapolis, MN, USA; mab1195).

After washing in PBS, sections were incubated with
appropriate secondary antibodies (1 : 500) whichwere labeled
with either Alexa Fluor 488 (Invitrogen), Cy3, or Cy5 (Jack-
son Immunoresearch Laboratories, West Grove, PA, USA).
Sections were treated with 4,6-diamidino-2-phenylindole
dihydrochloride (DAPI, 50 ng/mL) for nuclear fluorescent
staining. Some sections were also incubatedwith the isolectin
B4 from Bandeiraea simplicifolia conjugated with fluorescein
isothiocyanate (FITC, 1mg/mL, Sigma).

Mounted slices were examined and imaged with an
Olympus BX51 epifluorescence microscope equipped with a
DP30BW camera or a FluoView 500 Olympus confocal laser-
scanning microscope.

Morphometry was performed on digital images using
ImageJ (National Institutes of Health, Bethesda, MA, USA)
or Visilog 6.3 software (Noesis, Orsay, France).

2.3. Statistical Analysis. All data are expressed as mean
± SEM. The statistical analysis was assessed using either
Student’s 𝑡-test or one-way analysis of variance (ANOVA) fol-
lowed by a post hoc Bonferroni’s test.The level of significance
was chosen as 𝑃 < 0.05.

3. Results

3.1. Nerve Pathology in Ventral and Dorsal Roots of SOD1G93A
Mice. The extent of sensory system involvement in ALS and
its correlationwith themore genuine pathology seen inmotor
systemwere analyzed.The total number of apparently healthy
axons contained in L4 VRs (motor) and DRs (sensory) was
counted in semithin plastic sections taken from SOD1G93A
mice. These animals develop overt neuromuscular clinical
deficits starting from around postnatal day (P) 90; this was
followed by paralysis and then death at around P130 [15, 16].
As can be observed in Figures 1(a)–1(c), the number of VR
motor axons started to decline from P90 and, as expected,
about 50 % of these axons had been lost by P120. A similar
profile of nerve degeneration, though on a different scale, was
observed for the sensory axons of the DRs. This severe nerve
pathology was not, however, reflected as an axonal loss in our
DR counts. This is because the degenerating sensory axons
had still not disappeared in end-stage animals at the moment
of sampling (Figures 1(g)–1(i)). In both the VRs and DRs,
we observed more or less extensive Wallerian-like degen-
erative changes, respectively, with abundant myelin debris
and myelin ovoids engulfed by phagocytic cells (Figures 1(d),
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Figure 1: Morphometric analysis of motor (L4 VRs, (a)–(f)) and sensory (L4 DRs, (g)–(l)) axons fromWT and SOD1G93A mice. An analysis
was performed on 1𝜇m semithin plastic transversal sections ((b), (c), (h), and (i)). ((a)–(c) and (g)–(i)) Counts showed a significant loss
of the total number of motor, but not sensory, axons in the end-stage (P120) SOD1G93A mice ((a) and (g)). ((d)–(f) and (j)–(l)) A frequency
distribution analysis ofmyelinated axon size inWTVRs showed a clear bimodal profile (f) indicative of axons coming from𝛼-MNs (large) and
𝛾-MNs (small); note the selective loss of large axons in SOD1G93A mice. Representative images ofWT and SOD1G93A ventral nerve are shown
in (d) and (e); note the presence of abundant degenerating axons in SOD1G93A animals. Although there was no evidence of the loss of sensory
axons in dorsal nerve roots in SOD1G93A mice, a more detailed examination of nerve profile morphology ((j) and (k)) revealed the presence of
moderate numbers of axons exhibiting significant degrees of swelling (∗) and other degenerating features. A frequency distribution analysis of
myelinated axon size in dorsal nerve roots (l) reflected the appearance of a new population of large diameter (degenerating) sensory axons in
SOD1G93A samples (indicated by a double arrowed line).The bars in the graphs represent the mean ± SEM values of counts performed in 2–11
animals per age and experimental condition; ∗∗𝑃 < 0.01 versus WT, one-way ANOVA, Bonferroni’s post hoc test). Scale bar in 𝐷 = 10 𝜇m
(valid for (e), (j), and (k)).
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Figure 2: Degenerative changes in motor and dorsal axons were highlighted using Mac-2 immunolabeling (green), as a marker for activate
macrophage infiltration, and p75 (a low affinity neurotrophin receptor that is upregulated in denervated Schwann cells) immunofluorescence
(red).These two proteins were barely visible in the VRs ((a)–(c)) and DRs ((g)–(i)) (delimited by dashed lines) fromWT animals. In contrast,
Mac-2 and p75 were markedly upregulated in both the VRs ((d)–(f)) and DRs ((j)–(l)). The density of Mac-2 positive cells was quantified at
different postnatal ages (m); the bars in the graph represent the mean ± SEM values for counts performed in 5 nerve roots (L4) of 3 animals
per age and experimental condition; ∗∗∗𝑃 < 0.001 versus its respective WT nerve root (one-way ANOVA, Bonferroni’s post-hoc test). VR:
ventral nerve root, DR: dorsal nerve root. Scale bars: 150 𝜇m in (c) and (i) (valid for (a), (b), (g), and (h)), 50 𝜇m in (f), and (g) (valid for (d),
(e), (j), and (k)).

1(e), 1(j), and 1(k)). Whereas axonal loss mainly involved
large motor axons (>6𝜇m diameter) in VRs, in DRs, axonal
depletion resulted in an unaltered frequency distribution of
axonal caliber; the only exception to this was the appearance
of a new population of large (>8 𝜇m diameter) swollen and
abnormal axons (Figures 1(f) and 1(l)).

The density of activated phagocytic cells was evaluated
using Mac-2 immunostaining. It is known that both blood-
borne macrophages and Schwann cells phagocyting degen-
erating myelin after peripheral nerve injury display Mac-
2 immunoreactivity [17]. In VRs and DRs of WT mice
Mac-2 positive cells were scarce (Figures 2(a) and 2(g)). In
SOD1G93A animals, the density of Mac-2 positive phagocytes
was found to be slightly greater in VRs at P25 and P40 (Fig-
ure 2(m)). It was, however, possible to observe a progressive
increase in VR phagocytes after P60 (Figures 2(d) and 2(m)).
DR phagocytes followed a similar, although damped, profile
(Figures 2(j) and 2(m)).

To additionally evaluate DR pathology in SOD1G93A
animals, the extent of Schwann cell denervation was analyzed
by detecting the expression of the low affinity nerve growth
factor (NGF) receptor, p75. This receptor has been found to
be dramatically upregulated in Schwann cells after peripheral
nerve injury [18, 19]. Whereas no p75 positive cells were
found in VRs and DRs fromWT animals (Figures 2(b), 2(c),
2(h), and 2(i)), p75 was found highly to be upregulated in
both nerve roots of SOD1G93A mice during the end-stage
of the disease (Figures 2(e), 2(f), 2(k), and 2(l)), with the
reaction being stronger in VRs (the numbers of p75 positive

cells/1,000 𝜇m2 were 2.3 ± 0.1 for VRs and 1.5 ± 0.1 for DRs;
𝑛 = 30 fields, 3 mice per condition, 𝑃 < 0.001, Student’s 𝑡-
test).

After electron microscopy examination, it was found that
both VRs and DRs underwent similar qualitative degen-
erative changes. These changes were highly comparable to
those described during Wallerian degeneration, which takes
place in the nerve segment distal to the site of lesion after
axonal transection [20]. The most conspicuous alteration
was extensive myelin degradation, with the formation of
myelin ovoids and the presence of phagocytic cells engulfing
large amounts of lamellar myelin debris (Figures 3(a) and
3(b)). Signs of axonopathy, such as axonal swelling, abnormal
accumulations of organelles, and altered mitochondria, were
also seen. Ultrastructural signs of axonal regeneration were
also observed, but only in VRs; these involved the presence
of folded basal lamina sheaths in which some Schwann
cell processes enveloped thin growing axon profiles (Figures
3(c) and 3(d)). The folded basal lamina tubes represented
empty “ghosts” of the original nerve fibers that were lost
after degeneration and served as a scaffold for newly formed
axonal sprouts (Figure 3(c)). Giant axonal profiles filled
by vesicular organelles, mitochondria, and cytoskeletal fil-
aments surrounded by thin nonmyelinating Schwann cells
were also observed (Figure 3(d)). This organization was typ-
ical of the growth cone ultrastructure. These results suggest
that although analogous degenerative pathomorphological
changes were present in sensory and motor axons, the
regenerative response was only detected in the latter.
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Figure 3: The ultrastructural morphology of VRs ((a), (c), and (d)) and DRs (b) from end-stage SOD1G93A mice. From a qualitative point
of view, similar Wallerian-like degenerative changes could be observed in both VRs (a) and DRs (b); phagocytic cells (shaded in green), in
which the nucleus is dashed in blue, appear to engulf the myelin debris (shaded in red); apparently normal myelinated axons are dashed in
yellow and Schwann cell profiles are dashed in magenta. ((c)–(d)) In ventral roots it is possible to observe some regenerating axons (yellow in
(c)) growing inside the ghosts of folded basal lamina profiles (green in (c)) filled with Schwann cell pedicles (magenta in (c)). Occasionally, a
large growth cone (yellow in (d)) filled with organelles and surrounded by Schwann cell profiles (magenta in (d)) can be detected. Scale bars:
5 𝜇m in (a), 2.5 𝜇m in (b), 0.5 𝜇m in (c), and 1 𝜇m in (d).

3.2. Dorsal Root Ganglion Cell Degeneration in SOD1G93A
Mice. Misfolded SOD1 accumulation in MN cell bodies has
been shown to be useful tool for monitoring cellular dys-
function in SOD1 mouse models of ALS [21]. We generated
an antibody which was able to recognize misfolded confor-
mations of SOD1 shared by different ALS-linked mutations
[14]. Here, this antibody was used to explore whether sensory
axon degeneration involved the accumulation of misfolded
SOD1 in DRG neuronal cell bodies. In end-stage ani-
mals, some DRG neurons displayed strong misfolded SOD1
immunoreactivity which sometimes extended to neuritic
profiles (Figures 4(a)–4(c)). Some of these presented signs of
cytoplasmic fragmentation indicative of cell body disruption.
As already described in MN cell bodies, degenerating DRG
neurons with misfolded SOD1 recruited phagocytic cells; this
was demonstrated using the macrophage/microglia marker
CD68 (Figures 4(d)–4(g)).Theneuronswithmisfolded SOD1
accumulation were significantly larger than the rest of the
DRG neuronal population (mean area in 𝜇m2, misSOD1+
neurons: 1099.6 ± 52.5, 𝑛 = 16, and misSOD1− neurons:
706.2 ± 34.3, 𝑛 = 146, 𝑃 < 0.001; mean diameter in

𝜇m, misSOD1+ neurons: 36.9 ± 1, 𝑛 = 16, and misSOD1−
neurons: 28.7 ± 0.7, 𝑛 = 146, 𝑃 < 0.001; Student’s 𝑡
test). When individual values were plotted in a histogram
frequency graph, the selective involvement of the large cell
population inmisfolded SOD1 accumulation was clearly seen
(Figure 4(h)).

It is possible to further distinguish the heterogeneous
cellular population present in DRG according to specific
cytochemical properties. CGRP and SP are contained in
small, unmyelinated, peptidergic, and nociceptive primary
sensory neurons; the isolectin IB4 is also a marker for small,
unmyelinated, but nonpeptidergic, sensory neurons; and PV
labels large, proprioceptive, neurons that innervate muscle
spindles [22, 23]. All of thesemarkers were used here in order
to determine whether misfolded SOD1 had accumulated in
a particular subpopulation of DRG neurons. We did not
observe any misfolded SOD1 positive neurons containing
CGRP, SP, or IB4 labeling (Figures 5(a)–5(i)). However, the
misfolded SOD1 positive neurons displayed highly intense
PV immunolabeling, indicating that they belong to the
proprioceptive population (Figures 5(j)–5(l)).
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Figure 4: ((a)–(c)) Misfolded SOD1 (misSOD1) immunolabeling using AJ10 antibody (red) reveals highly immunoreactive neuronal somata
within the DRG (delimited in (a)) of end-stage (P120) SOD1G93A mice. Some neuronal somata display cytoplasmic fragmentation indicative
of degenerative changes (arrows in (b)); nuclei, counterstained with DAPI (blue), do not show apoptotic morphology (arrows in (c)). ((d)–
(g)) Misfolded SOD1 immunolabeling (red) was combined with an anti-CD68 antibody (green) to reveal activated macrophagic cells; DAPI
(blue) was used for nuclear staining. A degenerating neuron expressingmisfolded SOD1 (delimited in (d)) and displaying clustered profiles of
CD68 positive phagocytic cells is shown in high magnification in (e)–(g). (h) A frequency distribution profile of the size of the DRG neuron
somata containing misfolded SOD1 with respect to that of the whole neuronal population; note that misfolded SOD1 positive neurons belong
to the large-sized (presumably proprioceptive) population. Scale bars: 80𝜇m in (a), 40𝜇m in (b), (c), (d), and (g) (also valid for (e) and (f)).
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Figure 5: Micrographs taken from the DRGs of end-stage (P120) SOD1G93A mice. Misfolded SOD1 (misSOD1) immunolabeling using AJ10
antibody (red) was combined with several markers for DRG neuronal types, as indicated (green). ((a)–(i)) Misfolded SOD1 immunoreactive
neurons do not colocalize with the neuropeptides CGRP and SP, or with IB4, all of which are markers for neuronal types other than
proprioceptive. ((j)–(l)) However, neurons containing misfolded SOD1 colocalize with PV, a marker for proprioceptive sensory neurons. In
some cases, DAPI was used for nuclear staining (blue).The prominent background observed in (c) and (d) is due to an unspecific connective
tissue reaction involving the secondary antibody when a mouse monoclonal was used as a primary antibody. Scale bars = 200𝜇m.
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Figure 6: (a) Semithin plastic section of a DRG from end-stage (P120) SOD1G93A mice showing a degenerating, microvacuolated, large
neuronal soma, which is surrounded by apparently normal medium-sized neuronal cells. ((b) and (c)) The cells indicated in the semithin
sections were examined by electron microscopy which revealed a well-preserved organelle structure in the medium-sized neuronal cell (b)
and extensive microvacuolization in the degenerating large soma (c). (d) A large myelinated axonal profile adjacent to the DRG sensory
neurons shows an accumulation of highly vacuolated mitochondria with a comparable morphology to that of degenerating mitochondria
typically described in motor axons of SOD1G93A mice (as shown in (e), taken from a sample of facial nucleus). Scale bars: 20 𝜇m in (a), 0.5 𝜇m
in (b) and (c), and 1.5 𝜇m in (d) and (e).

Large neurons with degenerative changes can also be
easily detected in semithin sections of DRGs from terminal
SOD1G93A mice. Microvacuolization was the main alteration
observed in these neurons. Their nuclei did not display
the typical apoptotic morphology but appeared shrunken
and exhibited a loss of their normal, well-defined circular
shape (Figure 6(a)). Under electron microscopy, the vacuoles
displayed a round profile and were delimited by a membrane,
suggesting that they originate from the vacuolar disruption
of the endoplasmic reticulum. The mitochondria showed
a round, condensedmorphology (Figure 6(c), comparedwith

Figure 6(b)). Large myelinated axons adjacent to degenerat-
ing DRG neuronal cell bodies often exhibited an accumu-
lation of highly prominent vacuolated mitochondria which
displayed the typical alteration that has been described in
motor axons and dendrites of SOD1G93A mice (Figures 6(d)
and 6(e)).

To assess whether degenerating sensory axons entering
the spinal cord involves the activation of microglial cells, the
density of CD68-positive microglial profiles was analyzed in
dorsal areas of spinal cord gray matter (Figures 7(a)–7(e)).
For comparisons, counts were also performed in ventral horn
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Figure 7: ((a)–(d)) Double immunolabeling with TUJ1 (to label neuronal profiles, red), and anti-CD68 (to reveal microglial cells, green)
antibodies in ventral ((a), (c)) and dorsal ((b), (d)) horn of WT ((a), (b)) and end-stage SOD1G93A ((c), (d)) mice; L: lateral, M: medial.
CD68-positive profiles were rarely detectable in WT samples, but they were present in either large or moderate quantities in the ventral and
dorsal horn, respectively, of SOD1G93A samples. In SOD1G93A dorsal horns, it was possible to observe some infiltratingmicroglial cells adjacent
to medially located (presumably proprioceptive) axon fascicles, entering the spinal cord (arrows in (d)). (e) Quantification of CD68-positive
profiles in the spinal cord of WT and end-stage SOD1G93A mice. Bars represent mean ± SEM values for counts performed in 6–11 fields of 2
animals per experimental condition; ∗∗∗𝑃 < 0.001 versus WT (one-way ANOVA, Bonferroni’s post hoc test). Scale bar in (b) = 100 𝜇m (also
valid for (a), (c), and (d)).
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gray matter, in which degenerating MNs were located and
neuroinflammatory microglial activation has already been
well established in themodel. As expected, we found a notable
infiltration of CD68 positivemicroglia aroundmotoneuronal
somata. A moderate increase in CD68 positive microglial
cells was also observed in the dorsal gray matter; some of
these profiles were seen adjacent to medially located fascicles
of sensory axons corresponding to sensory axons originating
from proprioceptive sensory neurons [24].

4. Discussion

Although ALS is mainly characterized by motor axon degen-
eration and the loss of lower and upper MNs, there is a
considerable amount of data concerning the abnormalities in
the sensory system in both human and experimental models.
For instance, neuropathological studies have demonstrated
reductions ofmore than 50% in large L5DRG cell bodies [25],
while substantial degeneration of sensory axons in the sural
and peroneal nerves has also been observed in ALS patients
[26–28]. By means of neurophysiological explorations, it has
been shown that 20–60% of ALS patients have abnormalities
in their sensory system [10, 29]. Consistent with human
pathology, sensory nerve degeneration has also been evi-
denced in SOD1G93A mouse models [11, 30, 31]. Here, we
confirm thatDRG sensory neurons and their axons are clearly
damaged in ALS SOD1G93A mice and show that misfolded
SOD1 accumulation is on the base of this process. Misfolded
SOD1 accumulation in DRG neurons also elicits a neuroin-
flammatory response which is comparable to that observed
in ventral horn MNs [13, 14]; this indicates that the same
basic pathophysiological process, which leads to neuronal
loss, is involved in both cell populations. Degenerating DRG
neuronal somata displayed an extensive vacuolar pathology,
probably originated from disrupted ER, in the absence
of apoptotic nuclear changes. Myelinated axonal profiles
adjacent to DRG neuron somata often showed extremely
vacuolated mitochondria, with identical morphologies to
those characteristically observed in motor axons [32–34].
As these alterations appear to be induced by aggregates of
misfolded SOD1 in mitochondria and to correlate with the
exacerbation of disease [35, 36], their presencewithin sensory
axons would seem to point to a common SOD1-dependent
mechanism of mitochondrial swelling shared by both motor
and sensory axons.

From a qualitative point of view, degenerating changes
in the VRs and DRs displayed a Wallerian-like morphology,
with the alterations being substantially exacerbated in the
VRs. One of the early changes in sectioned axons is the dis-
solution of axoplasm, with the subsequent loss of cytoskeletal
components, organelles, and axolemma. This results in a
swollen axoplasm surrounded by intact myelin [20], which is
the predominant morphology we observed in the DRs. Later,
myelin debris appears engulfed by phagocytic/Schwann cells
leading to axonal loss when regenerative events are unable to
compensate for the injury. This is the morphological pattern
usually seen in VRs. However, this reduction in axonal
numbers is only prominent in VRs because the progression

of the degenerative process leading to axonal loss in DRs is
halted as a result of animal death. It should also be taken into
account that since there is no clear cut distinction between
normal and early degenerating axons in semithin sections,
the latter were also included in our counts.

Vacuolar degeneration is a common feature of the DRG
neuronal degeneration observed in a variety of conditions
including diabetes [37], Charcot-Marie-Tooth disease [38],
and bortezomib-induced neurotoxicity [39]. In our model,
extensive microvacuolization was observed in DRG neurons
that had presumably accumulated misfolded SOD1. Agents
like bortezomib are potent endoplasmic reticulum (ER) stres-
sors and lead to its vacuolar disruption. As misfolded SOD1
has been shown to play amajor role in ALSMNdegeneration
by inducing ER stress [40, 41], the microvacuolization that
we found in DRG neurons should be understood as a
consequence of misfolded SOD1-induced ER stress in a type
of neuron which is not usually considered a main target in
ALS.

One question which arises from our results is whether
misfolded-SOD1 accumulation in DRG neurons is a pri-
mary cell process similar to that occurring in ventral horn
motoneurons or, on the other hand, a consequence of cell-
to-cell spreading of misfolded-SOD1 conformers via a prion-
like mechanism.We should point out that the DRG neuronal
subpopulation that degenerate as a result of misfolded-SOD1
accumulation are large proprioceptive neurons, some of
which establish monosynaptic contacts with ventral horn
MNs. As it has been demonstrated in vitro that SOD1
misfolding and aggregation can propagate in a prion-like
manner in neuronal cells [42, 43] and it has been strongly
suggested that thismechanism could also operate in vivo [44],
our findings may provide support for this hypotheses.

5. Conclusion

Themisfolded SOD1-dependent degeneration of propriocep-
tive neurons that we have described here is a late event in the
natural history of ALS in the SOD1G93A fastmousemodel and
could be consistent with a prion-like spreading mechanism
that emerges in advanced stages of the disease. A more
precise determination of the alteration in the proprioceptive
system involving noninvasive procedures could be useful as a
biomarker of the progression of disease.
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Neuroimaging allows investigating the extent of neurological systems degeneration in amyotrophic lateral sclerosis (ALS).
Advanced MRI methods can detect changes related to the degeneration of upper motor neurons but have also demonstrated the
participation of other systems such as the sensory system or basal ganglia, demonstrating in vivo that ALS is amultisystem disorder.
Structural and functional imaging also allows studying dysfunction of brain areas associated with cognitive signs. From a biomarker
perspective, numerous studies using diffusion tensor imaging showed a decrease of fractional anisotropy in the intracranial portion
of the corticospinal tract but its diagnostic value at the individual level remains limited. Amultiparametric approachwill be required
to use MRI in the diagnostic workup of ALS. A promising avenue is the new methodological developments of spinal cord imaging
that has the advantage to investigate the two motor system components that are involved in ALS, that is, the lower and upper
motor neuron. For all neuroimaging modalities, due to the intrinsic heterogeneity of ALS, larger pooled banks of images with
standardized image acquisition and analysis procedures are needed. In this paper, we will review the main findings obtained with
MRI, PET, SPECT, and nuclear magnetic resonance spectroscopy in ALS.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by a progressive alteration in the upper,
or cortical, motor neurons and lower motor neurons, located
in the spinal cord and brainstem. Due to its clinical hetero-
geneity and the lack of biological markers to diagnose ALS,
the delay between the first symptoms and the diagnosis is
evaluated at 9–13 months [1]. There is an unmet need to
find specific and early biomarkers to help to diagnose and
characterize phenotype or progression [2].

Signs of central motor neuron degeneration are often
difficult to detect in clinical practice, justifying the interest
for objective neuroimaging markers of upper motor neuron
(UMN) involvement. It has been estimated that clinical UMN
signs are absent at first examination in 7 to 10% of patients
who further develop full-blown ALS [3, 4]. The diagnostic

delay is increased in patients who present isolated lower
motor neuron (LMN) signs [3]. It is needed to rule out
other LMN pathologies such as spinal muscular atrophy
(SMA), bulbospinal muscular atrophy (Kennedy disease),
or multifocal neuropathies with conduction blocks [1]. The
apparition of central signs during the follow-up may allow
confirming the diagnosis of ALS but this is not the case in all
patients, notably because the severity of peripheral signs can
mask central signs.

Neuroimaging methods allow investigating in vivo the
extent of neurological systems degeneration. There is a
growing body of evidence demonstrating that ALS is a
multisystem neurological disorder. Autopsy studies have
shown that degeneration of central nervous system struc-
tures is not restricted to the primary motor cortex and the
pyramidal tract [5–8]. In addition to motor signs, cognitive
signs are detected by neuropsychological tests in about 50%
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of patients with sporadic ALS and typical frontotemporal
dementia (FTD) occurs in approximately 10% of the patients
[9, 10]. Association of ALS and FTD occurs in the majority
of C9ORF72-linked familial ALS (FALS) [11, 12]. Atypical
clinical features can be associated, defining “ALS plus” [1]
syndromes with signs and symptoms involving the sensory
(particularly in SOD1-linked FALS) [13–22], extrapyramidal
[14, 23–31], cerebellar [23, 32], ocular [33, 34], and autonomic
[35] systems.

In this paper, we will review the main findings obtained
with different modalities of neuroimaging in ALS. We will
especially focus on magnetic resonance imaging (MRI) stud-
ies and particularly on spinal cord neuroimaging that has
shown great developments in the last few years.

2. Magnetic Resonance Imaging

2.1. Conventional Magnetic Resonance Imaging. Beyond its
role to exclude several “ALS-mimick” syndromes [1], abnor-
malities suggestive of upper motor neuron involvement are
sometimes detected. Several studies, using variousmodalities
(T2∗, fluid-attenuated inversion recovery (FLAIR) or fast
spin echo proton density-weighted imaging), have shown
hyperintensity in the white matter along the corticospinal
tract, from the centrum semiovale to the brainstem [36–
46]. However, such abnormalities are rare, nonspecific, not
readily quantifiable, and do not correlate with disease severity
or rate of progression [47]. A cortical atrophy, which is
predominant in the frontal region, and a characteristic T2∗ or
FLAIR hypointensity at the level of the primary motor cortex
have been described in the literature but are exceptionally
detectable in clinical practice [39, 48].

2.2. AdvancedMRI. Diffusion-based neuroimagingmethods
allow evaluating the degeneration of white matter fiber
bundles. Diffusion results from the random movement of
molecules in vivo. Diffusion of water in structures such as the
cerebrospinal fluid (CSF) or greymatter is isotropic (identical
in all directions), whereas in white matter it occurs prefer-
entially along the axis of orientation of the fiber bundles.
The application of diffusion gradients in several directions
results in diffusion tensor imaging (DTI). An anisotropymap
can thus be obtained, which provides information about the
microstructural organization of the white matter.

A study published in 1999 demonstrated a decrease in
fractional anisotropy (FA) in the intracranial portion of the
corticospinal tract (subcortical whitematter, internal capsule,
and brainstem) [49]. It has been confirmed by numerous
other studies [50–60]. Abnormalities have been observed
in patients who had no UMN signs at the time of MRI
investigation but developed pyramidal tract symptoms later
in the course of their disease, suggesting that DTI could
contribute to earlier diagnosis of ALS in patients with pure
LMN involvement [51]. It has been suggested that a decreased
fractional anisotropy (FA) in the corpus callosum (CC)
was a good DTI marker in patients with ALS [61]. These
changes may correspond to degeneration of transcallosal
fibers passing between primary motor cortices. Another

study showed that FA in motor-related regions of the CC is
more affected than in other CC areas in ALS patients [62].

Tractography is a method based on DTI that enables
reconstruction of the three-dimensional geometry of the
pyramidal tract [63] and allows establishing an FA profile
along the pyramidal tract [64]. A tractography study showed
that the decreases in FA are largely limited to the precentral
areas in patients with ALS [52]. Using tractography to
segment the corticobulbar tract, lower FA was measured in
patients with bulbar-onset versus limb-onset disease [65].

By using a voxel-by-voxel approach, which consists of
comparing groups of patients without an a priori prede-
fined region of interest, our team and other groups have
showed that abnormalities on DTI were detectable outside
the primary motor regions, thereby confirming that ALS is a
multisystem degenerative disorder [53]. Diffuse lesions have
also been observed using voxel-based morphometry (VBM),
a technic allowing automated segmentation and quantifica-
tion of grey and white matter volumes to study regional
differences [66]. Recently authors used high-resolution T1-
weighted imaging data for model-based subcortical registra-
tion and segmentation to explore the involvement of sub-
cortical structures [67]. They used vertex-wise statistics that
provide quantitative, visual, surface-projected information
about the shape of the various subcortical structures. This
analysis revealed changes affecting the basal ganglia including
the superior and inferior aspects of the bilateral thalami, the
lateral and inferior portion of the left hippocampus, and the
medial and superior aspect of the left caudate (Figure 1). The
authors conclude that dysfunction of frontostriatal networks
is likely to contribute to the unique neuropsychological
profile of ALS, dominated by executive dysfunction, apathy,
and deficits in social cognition.

The discovery that the presence of a hexanucleotide
expansion in C9orf72 gene [11, 12] was associated with FTD
in ALS led to specific neuroimaging investigations. A recent
study used tract-based spatial statistics of multiple white
matter diffusion parameters, cortical thickness measure-
ments, and VBM analyses in C9orf72-negative patients with
ALS carrying the C9orf72 hexanucleotide repeat expansion
[68]. The result is that extensive cortical and subcortical
frontotemporal involvement was identified in association
with theC9orf72 genotype, compared to the relatively limited
extramotor pathology in patients with C9orf72-negative ALS
[67]. In contrast, a DTI study showed that patients with SOD1
gene-linked FALS showed less extensive pathologic white
matter in motor and extramotor pathways compared with
patients with sporadic ALS [69].

In clinical practice, the diagnostic value of FA measure-
ment remains limited mainly because of the overlap between
the values measured in ALS patients and those in control
subjects. In one study, measurement of FA in the internal
capsule to detect centralmotor neuron lesions comparedwith
healthy subjects had a sensitivity of 95%, but the specificity
was only 71%, with a positive predictive value of 82%
[46]. A recent individual patient data (IPD) meta-analysis
using corticospinal tract data suggested that the diagnostic
accuracy of DTI lacks sufficient discrimination [59]. Of 30
identified studies, 11 corresponding authors provided IPD
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(a) (b)

Figure 1: Evidence of hippocampal and basal ganglia involvement in amyotrophic lateral sclerosis. Comparative surface-based vertex analyses
between healthy controls and C9orf72 hexanucleotide repeat negative ALS patients corrected for age and multiple comparisons reveal
significant left hippocampal (a) and thalamic changes (b) (Courtesy of Peter Bede-Trinity College Dublin).

and 221 ALS patients and 187 healthy control subjects were
available for the study. The pooled sensitivity was 0.68 (95%
CI: 0.62–0.75), and the pooled specificity was 0.73 (95% CI:
0.66–0.80).

2.3. Spinal Cord Imaging. Spinal MRI has the advantage
to investigate the two motor system components that are
involved in ALS, that is, the lower and upper motor neuron.
Although widely applied to the brain, advanced methods
such as DTI are challenging at the spinal level because of
(i) the small size of the cord relative to the brain (∼1 cm
diameter in the human) requiring higher spatial resolution
and thus decreasing the signal-to-noise ratio, (ii) physiolog-
ical motions (respiration, cardiac) that may bias anisotropic
diffusion coefficient estimation and create ghosting artifacts
[70–72], (iii) partial volume effects that are more problematic
in the cord due to the surrounding cerebrospinal fluid [73],
(iv) chemical-shift artifacts arising from the epidural fat and
other nearby structures, and (v) geometric distortions arising
frommagnetic field inhomogeneities in nearby intervertebral
disks and lungs. The latter point is particularly challenging
in diffusion MRI since usual sequences based on echo planar
imaging (EPI) are very sensitive to such artifacts [74, 75]. In
past years, with the development of new methods, such as
cardiac and respiratory gating [75–78], it has been shown that
DTI and magnetization transfer (MT) imaging were feasible
to detect changes in the spinal cord in ALS [79–81]. In a
recent study, we have shown that abnormalities in the spinal
cord using a multiparametric MRI approach combing DTI,
MT ratio (MTR), and atrophy measurements correlated with
functional impairment [79]. In this study, local spinal cord
atrophy was correlated with muscle deficits and with the
motor evoked potential amplitude measured by transcranial
magnetic stimulation (TMS), an index of LMN dysfunction.
It suggests that regional atrophy is a sensitive biomarker of
motor neuron loss in the anterior horns of the spinal cord.

Conversely, DTI and MTR changes in the corticospinal
tract correlated with the higher facilitation motor threshold
measured by TMS, a parameter that reflects the functionality
of the pyramidal tract. Interestingly, changes of DTI metrics
demonstrated a subclinical involvement of sensory pathways.

Recently, new acquisition strategies have been proposed
to overcome the inherent difficulties in diffusion-weighted
imaging of the spinal cord. A promising high-resolution

DWI sequence (Syngo RESOLVE) has been proposed [82].
The RESOLVE sequence allows minimization of suscepti-
bility distortions and T2∗ blurring. Furthermore, it can be
combined with other acquisition strategies such as reduction
field-of-view (rFOV) [83–85] and parallel imaging [86] to
provide fiber tractography in large portions of the spinal
cord. Such advances open doors to an accurate quantifica-
tion of DTI metrics profile along the corticospinal tract or
sensory tracts. This is fundamentally needed to clarify some
physiopathological aspects of ALS disease, for instance, the
dying-back versus dying-forward hypotheses and the possi-
ble sensory afferents involvement [79]. In parallel, the new
generation of 3 T MRI scanners equipped with 300mT/m
gradients [87, 88] provides new exploratory dimensions for
white matter microstructures in the spinal cord [89, 90]. As
showed in vivo as well as ex vivo for the brain, the new
MRI scanners improved tissues sensitivity, signal-to-noise
ratio (SNR), and spatial and angular diffusion resolution in
practical time.

MRI pathological spinal cord studiesweremainly focused
on white matter integrity where grey matter was not for a
great interest until the past few years.This was mainly related
to the difficulties in imaging the spinal cord due to low SNR
as well as contrastdifference between CSF and white and
grey matter at 1.5 T. Passing to higher magnetic field strength
(3 T and 7 T) [91–93], the construction of adapted coils for
spinal cord imaging [94–96] and the adaptation of existing
sequences [91, 97] bring newhorizons for spinal cord anatom-
ical explorations. Three recent studies showed the feasibility
of white/grey matter imaging and presented reliable tools for
anatomical structures characterization in controls [98, 99]
and multiple sclerosis patients [100] using 3 T MRI-systems.
In parallel, one study has showed preliminary results at 3 T
of the construction of a probabilistic atlas and anatomical
template of the human cervical and thoracic spinal cord that
included CSF and white and gray matter [97]. Such atlas can
be used for atrophy localization in ALS patients using VBM
by adapting the methodology proposed in [101] to the case of
3 T MR images (Figure 2).

Such advances bring new perspectives for neurodegen-
erative diseases and particularly for ALS. Quantifications of
white and grey matter degeneration are currently feasible.
MRI sequences, image processing, and statistical tools have
been already developed [91, 97, 101–103] and are almost ready
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Figure 2: (a) T2-weighted turbo spin echo midsagittal section in
a healthy subject (male, 62 years old), showing the anatomical
landmarks of the cervical spinal cord. (b) T2∗-weighted 2D gradient
recalled echo axial sections at the vertebral levels C2, C3, C4, and
C5 for the same subject (voxel size = 0.7 × 0.7 × 3mm). Images
have been acquired using a 3 T MRI system (TIM Trio 32-channel,
Siemens Healthcare, Erlangen, Germany). A: anterior; I: inferior; L:
left; P: posterior; R: right; S: superior.

for use to figure out some of the mechanisms involved in
spinal cord tissues degeneration in ALS.

2.4. Functional MRI. Functional MRI (fMRI), by measur-
ing cortical blood oxygen level dependent (BOLD) signal
changes, provides a tool to study cortical function and
reorganization. Regionalmodifications in cerebral blood flow
have been studied during hand motor tasks [104]. Several
studies have demonstrated that cerebral activation involved
more extensive cortical regions than in control subjects.
However, whether it reflects cortical reorganization [104]or it
is the result of cortical functional adaptation due to peripheral
weakness [105] remains a matter of debate. Using a simple
hand motor task when the motor deficit is still moderate, a
study showed that cerebral activation is correlated with the
rate of disease progression suggesting that brain functional
rearrangement in ALS may have prognostic implications
[106].

Unlike the traditional fMRI, the recently developed
resting-state functional (rfMRI) techniques avoid potential
performance since rfMRI does not require the subjects to
perform any task [107, 108]. Studies that have been carried
out in ALS provide abundant evidence for a reorganisation of
various cerebral networks [108–113]. Interestingly, one study
showed that rfMRI changes correlated with the rate of disease
progression and duration [114].

3. Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (NMRS) allows
measuring the neurochemical profile of a particular region
of the brain in vivo. The main peak is N-acetylaspartate
(NAA), which is considered as amarker of neuronal integrity.
Several studies have demonstrated a decrease in NAA [115,
116] and/or ratios of NAA with choline-containing com-
pounds (Cho) and creatine (Cr) [NAA/Cho and NAA/Cr
ratios] at the level of the motor cortex of patients with ALS
[115, 117].

For diagnosis applications, studies suggested that NMRS
spectroscopy may discriminate between patients with clas-
sical ALS and patients with progressive muscular atrophy, a
disease confined to LMNs [118, 119]. The diagnostic value is
limited because of an overlap between those values in ALS
patients and healthy controls. It has been suggested that the
combination of N-acetylaspartate (NAA) and myo-inositol
may improve the specificity of the test but further studies are
needed [120]. Using a whole-brain resonance spectroscopic
imaging approach, NAA showed a significant relationship
with disability [121]. A cross-sectional study assessing proton
NMRS of the cervical spine showed that NAA/Cr and
NAA/Myo ratios were reduced in patients with ALS but
also in SOD1-positive people at risk for FALS, suggesting
that neurometabolic changes occur early in the course of
the disease process [122]. Recent advances in high resolution
NMRS at 3 T allow direct quantification of GABA in the
cortex [123]. Recently, a study in a small number of subjects
showed that decreased levels of GABA were present in the
motor cortex of ALS patients compared to healthy controls
[124]. It suggests that a loss of inhibition by interneurons
may play a role in neurodegeneration through excitotoxicity
mechanisms.

4. Positron Emission Tomography

Positron emission tomography (PET) and monophotonic
emission tomography (single photon emission comput-
erized tomography (SPECT)) are nuclear imaging tech-
niques which use various tracers to either reveal neu-
ron dysfunction or investigate a pathogenic mechanism
involved in the disease. Using SPECT, several studies have
demonstrated a decrease in cerebral blood flow after injec-
tion of hexamethyl-propyleneamine oxime labelled with
technetium-99m (99mTc). They showed abnormalities in
the primary motor cortex [125–128], which can also extend
in an anterior fashion into the frontal lobes, particularly in
patients with associated cognitive problems [129]. Studies
using PET with 2-fluoro-2-deoxy-glucose also showed a
variable decrease in cerebral glucose metabolism at rest [130–
132]. Interestingly, a PET study found not only hypometabolic
but also hypermetabolic areas in the brain of sporadic ALS
patients, possibly due to increased FDG uptake by astrocytes
and/or microglia [133]. In a recent study, the authors report
an FDG metabolism study in patients with the C9orf72
mutation compared to nonmutated ALS patients (either with
or without dementia) [134]. The conclusion is that C9orf72
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mutated ALS patients t have a more widespread central ner-
vous system involvement than ALS patients without genetic
mutations, with or without dementia.

A PET study showed a widespread loss of binding of the
GABAA ligand [11C]-flumazenil in sporadic ALS patients
[135]. Because GABAA receptors are widely distributed in the
cerebral cortex and are located both on pyramidal cells and
interneurons, [11C]-flumazenil provides ameans of detecting
motor and extramotor dysfunction in ALS. It was shown
that abnormalities were less extensive in patients with SOD1-
linked familial ALS patients, suggesting that GABA-ergic
neurotransmission may be less severely impaired in these
cases [136]. Nigrostriatal dysfunction has also been shown by
both PET [137] and SPECT studies [138].

PET imaging can also detect inflammatory processes
that are implicated in the pathogenesis of ALS. Assess-
ment of microglial activation can be performed through
neuroimaging of the 18 kDA translocator protein (TSPO)
that is present in activated glial cells, using selective TSPO-
selective radioligands such as 11C-PK11195. Extensive cortical
abnormalities in fixation of this tracer, predominantly in the
frontal and temporal lobes have been observed in one study
[139]. The DPA714 radioligand has a longer half-life, a better
bioavailability, and less nonspecific binding than PK11195
[140]. This allows the examination of milder microglial
activation by PET. A prospective study showed significant
binding of DPA714 both in motor cortex areas and also in
temporal areas since the earlier stages of the disease [141].
With the continuing development in new radioligands, PET
imaging may potentially provide tools to monitor the effect
of drugs targeting inflammation.

5. Conclusion

In the recent years, thanks to technological and methodolog-
ical developments, neuroimaging was revealed as an indis-
pensable research tool to understand the pathophysiology
of ALS. Because ALS is a multisystem disorder and not a
pure motor neuron disease, there is a need to investigate in
vivo the participation of other systems such as the sensory or
extrapyramidal systems. Neuroimaging studies have already
provided insights about the potential role of sensory feed-
back, inflammation, and loss of inhibition by interneurons
in the pathogenesis of ALS. Studies on presymptomatic
carriers ofmutations responsible for FALS provide the unique
opportunity to study the very early mechanism that triggers
the neurodegenerative cascade leading to the loss of motor
neurons.

AmongMRI techniques, although DTI initially appeared
as the most promising diagnostic tool, the disappointing
results of a meta-analysis suggest that a multiparametric
approach will be required to make neuroimaging a critical
component in the workup of ALS. Development of spinal
cord imagingwill be a key element to provide useful biomark-
ers as sensitive and specific as possible to help diagnosis
and to characterize phenotype or progression. Due to the
intrinsic heterogeneity of ALS, larger pooled banks of images
with standardized image acquisition and analysis procedures

are needed. For this purpose, the NeuroImaging Society in
ALS (NISALS) has emerged in 2010 and has an interactive
web Platform (http://nedigs05.nedig.uni-jena.de/nisals/) to
provide quality controlled MRI data for the international
scientific community.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank the French Association for Myopathies
(AFM), the Institute for Research on Spinal Cord and Brain
(IRME), and IHU-A-ICM via the program “Investissements
d’avenir” (ANR-10-IAIHU-06) for their research support to
the cited studies performed by the authors of the paper.

References

[1] P.-F. Pradat and G. Bruneteau, “Differential diagnosis and
atypical subsets of ALS,” Revue Neurologique, vol. 162, no. 2, pp.
S81–S90, 2006.

[2] P.-F. Pradat and M. Dib, “Biomarkers in amyotrophic lateral
sclerosis: facts and future horizons,” Molecular Diagnosis &
Therapy, vol. 13, no. 2, pp. 115–125, 2009.

[3] S. Zoccolella, E. Beghi, G. Palagano et al., “Predictors of delay
in the diagnosis and clinical trial entry of amyotrophic lateral
sclerosis patients: a population-based study,” Journal of the
Neurological Sciences, vol. 250, no. 1-2, pp. 45–49, 2006.

[4] B. J. Traynor, M. B. Codd, B. Corr, C. Forde, E. Frost, and O.
M.Hardiman, “Clinical features of amyotrophic lateral sclerosis
according to the El Escorial andAirlieHouse diagnostic criteria:
a population-based study,” Archives of Neurology, vol. 57, no. 8,
pp. 1171–1176, 2000.

[5] K. Iwanaga, S. Hayashi, M. Oyake et al., “Neuropathology of
sporadic amyotrophic lateral sclerosis of long duration,” Journal
of the Neurological Sciences, vol. 146, no. 2, pp. 139–143, 1997.

[6] P. Castaigne, F. Lhermitte, J. Cambier, R. Escourolle, and P. le
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iale: corrélations phénotype/génotype et implications pratiques.
L’expérience française et revue de la littérature,” Revue Neu-
rologique, vol. 160, no. 1, pp. 44–50, 2004.

[21] A. Kawata, S. Kato, H. Hayashi, and S. Hirai, “Prominent
sensory and autonomic disturbances in familial amyotrophic
lateral sclerosis with a Gly93Ser mutation in the SOD1 gene,”
Journal of the Neurological Sciences, vol. 153, no. 1, pp. 82–85,
1997.

[22] J. Khoris, B. Moulard, V. Briolotti et al., “Coexistence of
dominant and recessive familial amyotrophic lateral sclerosis
with the D90A Cu,Zn superoxide dismutase mutation within
the same country,” European Journal of Neurology, vol. 7, no. 2,
pp. 207–211, 2000.

[23] R. J. Davenport, R. J. Swingler, A. M. Chancellor, and C. P. War-
low, “Avoiding false positive diagnoses of motor neuron disease:
lessons from the Scottishmotor neurondisease register,” Journal
of Neurology Neurosurgery & Psychiatry, vol. 60, no. 2, pp. 147–
151, 1996.

[24] A. Eisen andD. B. Calne, “Amyotrophic lateral sclerosis, Parkin-
son’s disease and Alzheimer’s disease: phylogenetic disorders
of the human neocortex sharing many characteristics,” The
Canadian Journal of Neurological Sciences, vol. 19, no. 1, pp. 117–
120, 1992.

[25] A. Verma and W. G. Bradley, “Atypical motor neuron disease
and related motor syndromes,” Seminars in Neurology, vol. 21,
no. 2, pp. 177–187, 2001.

[26] S. Zoccolella, G. Palagano, A. Fraddosio et al., “ALS-plus: 5 cases
of concomitant amyotrophic lateral sclerosis and parkinson-
ism,” Neurological Sciences, vol. 23, no. 2, pp. S123–S124, 2002.

[27] J. Desai and M. Swash, “Extrapyramidal involvement in amy-
otrophic lateral sclerosis: backward falls and retropulsion,”
Journal of Neurology, Neurosurgery & Psychiatry, vol. 67, no. 2,
pp. 214–216, 1999.

[28] H.Miwa,M. Kajimoto, and T. Kondo, “Chorea inmotor neuron
disease,”Movement Disorders, vol. 17, no. 6, p. 1397, 2002.

[29] P. F. Pradat, F. Salachas, L. Lacomblez et al., “Association of
chorea and motor neuron disease,”Movement Disorders, vol. 17,
no. 2, pp. 419–420, 2002.

[30] U. I. Knirsch, R. Bachus, G. Gosztonyi, R. Zschenderlein, and
A. C. Ludolph, “Clinicopathological study of atypical motor
neuron disease with vertical gaze palsy and ballism,” Acta
Neuropathologica, vol. 100, no. 3, pp. 342–346, 2000.

[31] P.-F. Pradat, G. Bruneteau, E. Munerati et al., “Extrapyramidal
stiffness in patients with amyotrophic lateral sclerosis,” Move-
ment Disorders, vol. 24, no. 14, pp. 2143–2148, 2009.

[32] N. Schimke, K. Krampfl, S. Petri, R. Dengler, and J. Bufler,
“Cerebral symptoms with motor neuronal disorders: a special
form of ALS-plus syndrome,” Der Nervenarzt, vol. 73, no. 8, pp.
751–753, 2002.

[33] H. Hayashi, S. Kato, T. Kawada, and T. Tsubaki, “Amyotrophic
lateral sclerosis: oculomotor function in patients in respirators,”
Neurology, vol. 37, no. 8, pp. 1431–1432, 1987.

[34] R. Sharma, S. Hicks, C. M. Berna, C. Kennard, K. Talbot, and
M. R. Turner, “Oculomotor dysfunction in amyotrophic lateral
sclerosis: a comprehensive review,” Archives of Neurology, vol.
68, no. 7, pp. 857–861, 2011.

[35] T. Shimizu, A. Kawata, S. Kato et al., “Autonomic failure in ALS
with a novel SOD1 gene mutation,” Neurology, vol. 54, no. 7, pp.
1534–1537, 2000.

[36] G. Cheung, M. J. Gawal, P. W. Cooper, R. I. Farb, and L. C. Ang,
“Amyotrophic lateral sclerosis: correlation of clinical and MR
imaging findings,” Radiology, vol. 194, no. 1, pp. 263–270, 1995.

[37] G. Comi, M. Rovaris, and L. Leocani, “Neuroimaging in
amyotrophic lateral sclerosis,” European Journal of Neurology,
vol. 6, no. 6, pp. 629–637, 1999.

[38] D. S. Goodin, H. A. Rowley, and R. K. Olney, “Magnetic
resonance imaging in amyotrophic lateral sclerosis,” Annals of
Neurology, vol. 23, no. 4, pp. 418–420, 1988.

[39] M. J. Hecht, F. Fellner, C. Fellner, M. J. Hilz, D. Heuss,
and B. Neundörfer, “MRI-FLAIR images of the head show
corticospinal tract alterations in ALS patients more frequently
than T2-, T1- and proton-density-weighted images,” Journal of
the Neurological Sciences, vol. 186, no. 1-2, pp. 37–44, 2001.

[40] E. Hofmann, G. Ochs, A. Pelzl, and M. Warmuth-Metz, “The
corticospinal tract in amyotrophic lateral sclerosis: an MRI
study,” Neuroradiology, vol. 40, no. 2, pp. 71–75, 1998.

[41] Y. Kato, K. Matsumura, Y. Kinosada, Y. Narita, S. Kuzuhara,
and T. Nakagawa, “Detection of pyramidal tract lesions in
amyotrophic lateral sclerosis with magnetization-transfer mea-
surements,” American Journal of Neuroradiology, vol. 18, no. 8,
pp. 1541–1547, 1997.

[42] S. Mirowitz, K. Sartor, M. Gado, and R. Torack, “Focal signal-
intensity variations in the posterior internal capsule: normal
MR findings and distinction from pathologic findings,” Radi-
ology, vol. 172, no. 2, pp. 535–539, 1989.



BioMed Research International 7

[43] J. L. Tanabe,M. Vermathen, R.Miller, D. Gelinas,M.W.Weiner,
andW.D. Rooney, “ReducedMTR in the corticospinal tract and
normal T2 in amyotrophic lateral sclerosis,”Magnetic Resonance
Imaging, vol. 16, no. 10, pp. 1163–1169, 1998.

[44] J. W. Thorpe, I. F. Moseley, C. H. Hawkes, D. G. MacManus,
W. I. McDonald, and D. H. Miller, “Brain and spinal cord MRI
in motor neuron disease,” Journal of Neurology Neurosurgery &
Psychiatry, vol. 61, no. 3, pp. 314–317, 1996.

[45] M. Waragai, “MRI and clinical features in amyotrophic lateral
sclerosis,” Neuroradiology, vol. 39, no. 12, pp. 847–851, 1997.

[46] J. M. Graham, N. Papadakis, J. Evans et al., “Diffusion tensor
imaging for the assessment of upper motor neuron integrity in
ALS,” Neurology, vol. 63, no. 11, pp. 2111–2119, 2004.

[47] J. M. C. Winhammar, D. B. Rowe, R. D. Henderson, and M. C.
Kiernan, “Assessment of disease progression in motor neuron
disease,”The Lancet Neurology, vol. 4, no. 4, pp. 229–238, 2005.

[48] H. Oba, T. Araki, K. Ohtomo et al., “Amyotrophic lateral
sclerosis: T2 shortening in motor cortex at MR imaging,”
Radiology, vol. 189, no. 3, pp. 843–846, 1993.

[49] C. M. Ellis, A. Simmons, D. K. Jones et al., “Diffusion tensor
MRI assesses corticospinal tract damage in ALS,” Neurology,
vol. 53, no. 5, p. 1051, 1999.

[50] P. Valsasina, F. Agosta, B. Benedetti et al., “Diffusion anisotropy
of the cervical cord is strictly associated with disability in amy-
otrophic lateral sclerosis,” Journal of Neurology, Neurosurgery &
Psychiatry, vol. 78, no. 5, pp. 480–484, 2007.

[51] M. Sach, G.Winkler, V. Glauche et al., “Diffusion tensorMRI of
early upper motor neuron involvement in amyotrophic lateral
sclerosis,” Brain, vol. 127, no. 2, pp. 340–350, 2004.

[52] C. A. Sage, R. R. Peeters, A. Görner, W. Robberecht, and S.
Sunaert, “Quantitative diffusion tensor imaging in amyotrophic
lateral sclerosis,” NeuroImage, vol. 34, no. 2, pp. 486–499, 2007.

[53] L. Thivard, P.-F. Pradat, S. Lehéricy et al., “Diffusion tensor
imaging and voxel based morphometry study in amyotrophic
lateral sclerosis: Relationships with motor disability,” Journal of
Neurology, Neurosurgery & Psychiatry, vol. 78, no. 8, pp. 889–
892, 2007.
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In the present paper, we analyze the cell number within lamina X at the end stage of disease in a G93A mouse model of ALS; the
effects induced by lithium; the stem-cell like phenotype of lamina X cells during ALS; the differentiation of these cells towards
either a glial or neuronal phenotype. In summary we found that G93A mouse model of ALS produces an increase in lamina
X cells which is further augmented by lithium administration. In the absence of lithium these nestin positive stem-like cells
preferentially differentiate into glia (GFAP positive), while in the presence of lithium these cells differentiate towards a neuron-
like phenotype (𝛽III-tubulin, NeuN, and calbindin-D28K positive). These effects of lithium are observed concomitantly with
attenuation in disease progression and are reminiscent of neurogenetic effects induced by lithium in the subependymal ventricular
zone of the hippocampus.

1. Introduction

Plastic changes were described in the spinal cord in the
course of amyotrophic lateral sclerosis [1, 2]. These consist
of various morphological effects involving both resident cells
such as neurons and glia and nonresident inflammatory
cells. Among plastic effects, the sprouting of axon collaterals
from spared motor neuron at the level of the peripheral
muscles is well described [3, 4]. This is consistent during the
disease course and it represents a marker of disease when it
is detected by using electromyography. On the other hand,
neuronal plasticity involving the motor neuron cell body in
the ventral horn of the spinal cord represents a critical issue,
and it is a hot topic in ALS research. In detail, the lack of
effective neurogenesis in the course of ALS provided the
basis to plan stem cell transplantation in humans either to
substitute or prolong the survival of spared motor neurons
[5, 6]. In keeping with stem cells, only a few studies focused
on the occurrence of adult stem cells in ALS spinal cord.

These studies documented the occurrence of increased cell
proliferation during experimental models of spinal cord
disease, mostly following traumatic spinal cord injury ([7]
for a comprehensive review). Only a few studies analyzed
endogenous spinal cord stem cells during ALS [8–11] and
being the most recent studies rather focused on detailing the
transplantation of exogenous stem cells previously induced
to differentiate towards a neuron-like phenotype [12–16].
In fact, despite the fact that spinal cord disorders increase
proliferation of neural progenitor cells (NPC), these gen-
erate preferentially glial cells instead of neurons [9, 10, 17]
according to the concept that spinal cord environment has
a strong gliogenic influence [7]. Thus, in order to address
NPC proliferation towards a neuronal phenotype, further
stimuli in the course of the disease need to be provided.
It is well known that adult stem cells in both humans and
various animal species in vivo are induced to proliferate and
differentiate following lithium administration. This effect is
well established in the subependymal ventricular zone (SVZ)
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of the lateral ventricles where lithium dramatically increases
the amount of neurogenesis towards a specific calbindin-
D28K neuronal phenotype [18]. In previous studies we found
that lithium increases the amount of calbindin-D28Kpositive
cells in the ventral horn of the spinal cord of G93A mice
[19, 20]. Most of these calbindin-D28K positive cells costain
for BrdU [19–21]. Adult stem cells in the spinal cord appear
in the ependymal (and subependymal) zone within lamina
X. In fact, as scholarly reviewed by Sabelström et al. [7],
studies based on mapping the genetic fate and isolation by
flow cytometry indicate that ependymal cells in the adult
spinal cord own stem cell potential [22–24].

Therefore, in the present study, we analyzed lamina X
around the central canal including the ependymal layerwhich
possesses stem cell-like activity inG93Amice with or without
chronic lithium administration.

In detail, we measured the number of lamina X cells as
well as the presence of specific phenotypes such as nestin,
GFAP, 𝛽III-tubulin, NeuN, and calbindin-D28K. These cell
counts were carried out at the terminal disease stage when the
occurrence of protective effects by lithium was documented
as both increased survival and motor performance.

2. Materials and Methods

2.1. Animals. Male B6SJL-TgN(SOD1-G93A)1Gur mice,
expressing the human G93A Cu/Zn superoxide dismutase
1 (SOD1) mutation (𝑛 = 10) and related wild type (WT)
littermates (𝑛 = 10) were purchased from the Jackson Labo-
ratory (Bar Harbor, ME, USA) via Charles River (Calco, LC,
Italy). Mice received food and water ad libitum and were
housed under controlled conditions: 12 hours light/dark
cycle and at 21∘C room temperature.

2.2. Experimental Groups and Treatments. Transgenic G93A
superoxide dysmutase 1 (SOD) mice and their wild type
(WT) littermates were divided into four experimental groups:
lithium-treatedG93Amice (𝑛 = 5); saline-treatedG93Amice
(𝑛 = 5); lithium-treated WT mice (𝑛 = 5); saline-treated
WT mice (𝑛 = 5). Lithium chloride (Sigma, St. Louis, MO,
USA) was administered (to both G93A and WT mice) every
other day at the dose of 1mEq/Kg i.p. dissolved in saline
(sodium chloride 0.9%) in a volume of 200𝜇L. Controls (both
G93A and WT mice) received an equal volume of saline. All
treatmentswere carried out in themorning, between 9.00 and
12.00 am. Lithium was administered starting at 67 days of
age until the end point of disease. In order to avoid arbitrary
assumptions we specifically considered “end point” the time
point when the mouse was no longer able to right itself from
a sided position during a 30-second time interval (due to
a severe palsy of all limbs), according to Parone et al. [26].
Survival was considered until this end point and it was plotted
as a Kaplan-Meier curve.When the genetic disease eventually
led to the end point each mouse was sacrificed in order to
avoid discomfort due to impaired feeding, drinking, and, as
originally reported [27], also breathing. Sacrifice occurred
by using deep chloral hydrate anaesthesia while perfusing
the mouse to preserve the spinal cord for light microscopy.
All experiments were carried out in compliance with the

European Council directive (86/609/EEC) for the use and
care of laboratory animals.

2.3. Behavior. Each behavioral test was carried out by gently
handling each mouse. All motor tests began at 60 days of age,
one week before starting chronic lithium administrations,
and they were performed weekly for all animal groups (𝑛 = 5
per group). Locomotor activity, motor strength, and motor
coordination were evaluated as described in previous works
[19, 28] by using stride length test, paw grip endurance
(PaGE) test, and rotarod test, respectively. Each test was
scored blindly.

2.4. Stride Length Test. The stride length was measured
following the method by Fernagut et al. [29] which was
further modified by Fulceri et al. [30]. Briefly, the apparatus
was included into an open field (80× 80× 30 cm). In this open
field a runway wide illuminated (75 × 5 cm) was leading into
a dark box (20 × 15 × 10 cm). Each mouse was allowed to run
on the bright runway towards the dark box.The hind paws of
each mouse were ink-painted and the distance between two
paw prints was counted as the stride length.The three longest
stride lengths were selected from each test. Data are reported
as the mean of these stride lengths. Mice unable to walk were
scored zero.

2.5. Paw Grip Endurance (PaGE) Test. The PaGE test was
used to assess the motor strength as reported originally by
Weydt et al. [31]. Each mouse was placed over a meshed
wire grid, which was shaken to force the mouse to grip the
grid. Then the grid was gently turned upside down and the
latency until a mouse was able to keep the hold was recorded
with a cutoff time of 90 seconds. Each mouse was scored for
three consecutive trials and the longest latency was recorded.
Animals unable to grip the grid were scored zero.

2.6. Rotarod Test. Motor coordination was evaluated by a
rotating rod.The rodwas automatically rotating at 15 rpm and
the time during which the mouse was able to stay on the rod
during a 10-minute (600 seconds) interval was recorded. The
best result of three trials was recorded for each mouse.

All behavioral data are expressed as the mean ± SEM
from each group for each unit of measurement, which was
used in each test. When showing the data we plotted only the
symptomatic groups ofmice (G93A) treatedwith either saline
or lithium. Inferential statistics were applied comparing these
two groups of mice using 𝑡-test for continuous values with
normal distribution. The null hypothesis𝐻

0
was rejected for

𝑃 ≤ 0.05.
As an additional validation of inferential statistics, motor

behavior, apart from using ANOVA, was also compared by
using the mixed model ANOVA for repeated measures.

2.7. Morphology. When the end point was manifested, mice
received deep chloral hydrate anesthesia.They were perfused
transcardially by using a fixing solution composed of 150mL
4% paraformaldehyde in PBS 0.1 N, pH 7.3, which was
delivered by a peristaltic pump after washing with 50mL of
saline. After perfusion, the whole mice column was dissected
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Figure 1: Effects of lithium on survival and motor performance in G93A mice. The graphs report data from G93A mice with either saline
or lithium. Lithium prolongs mice survival as shown by Kaplan-Meier survival curve. Lithium counteracts motor deterioration measured by
stride length, paw grip endurance (PaGE), and rotarod. Values are given as the mean ± SEM. ∗𝑃 ≤ 0.05 compared with mice administered
saline.

and moved overnight to a solution of 4% paraformaldehyde
for 24 h at 4∘C. The spinal cord was carefully dissected from
the column. From each mouse, a few mm piece from the
lower lumbosacral tract of the cord was isolated to be further
processed for semithin sections.

2.8. Light Microscopy. The spinal cord, except the small
sample for semithin sections and further ultrastructural
studies, was washed out in PBS and transferred into 70%
alcohol solution at 4∘C. All samples were dehydrated by
increasing alcohol solutions, immersed in xylene for several
hours, and finally embedded in paraffin. Seven 𝜇m thick
microtome transverse sections were collected serially. The
thickness of the slices was planned to count two cell sizes
roughly distinguishable around the central canal and within
lamina X. This stereological-like procedure follows what
previously was published to adapt cell count to heterogeneity
of cell size of a given region [28], which was adapted here
to the lamina X of the spinal cord. In detail, to identify
lamina X, we used a mouse spinal cord atlas [25] referring
to lumbar plates where the count was eventually carried out.

We found that within lumbar lamina X including the central
canal two predominant cell sizes ranging around 7 𝜇m and
20𝜇m can be described. This preliminary evaluation of the
cell diameters was determined at 40x magnification, using
software for image analysis. When counting larger cells we
measured the number of lamina X cells in one out of four
sections, to provide a space interval of about 30 𝜇m. On the
other hand, ependymal cells, with a smaller diameter (6-
7 𝜇m), were counted in one out of two sections, to provide a
space interval of about 14 𝜇m. A total of 400 sections/mouse
per group were counted. Different cell sizes were cumulated
in the final count. These counts globally refer to a tract of the
lumbar cord 1.5 cm long.

Slices were stained with haematoxylin and Eosin (H&E)
or against various antigens by using immunohistochemistry
counterstained with haematoxylin (or DAPI for immunoflu-
orescence).

Counts represent the number of cells counted in 1.5 cm
of the lumbar cord and are expressed as the mean ± SEM
for each group. Cell counts were performed by at least
two different observers, unaware of treatments. Comparisons
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Figure 2: Pilot lightmicroscopy procedures showing semithin sections. For identification of lamina X and ependymal area, 1-2 𝜇m thick serial
sections, obtained with a porter blumMT-1 or an ultramicrotome, were stained with 1% toluidine blue and 1% methylene blue in 1% sodium
tetraborate and observed under light microscopy. In each experimental group (wild type administered saline,WT Sal; wild type administered
lithium, WT Li; transgenic SOD1 G93A mice administered saline, G93A Sal; transgenic SOD1 G93A mice administered lithium, G93A Li)
the central canal is limited by densely packed cells with polymorphic nuclei, which increase their number and appear as multiple call layers
in G93A mice compared with WT. Again, in G93A mice, the staining is consistently more intense compared with WT. Scale bar = 21𝜇m.

between groups were made by using a one-way analysis of
variance ANOVA combined with Scheffè post hoc tests. Null
hypothesis was rejected for 𝑃 ≤ 0.05.

2.9. Immunohistochemistry. We used primary antibodies
against nestin for undifferentiated, stem-like cells, the glial
fibrillary acidic protein (GFAP), the early neuronal marker
𝛽III-tubulin, and the late neuronal marker NeuN. We also
used primary antibodies against calbindin-D28K since this
antigen is strongly expressed in the CNS during lithium-
induced differentiation of neural progenitor cells [18–20, 32].

Slices were dewaxed by xylene, rehydrated by decreasing
alcohol solutions, and permeabilized by Triton X 0.1% in PBS.

For immunoperoxidase, slices were preincubated with
3% hydrogen peroxide for 30 minutes to inhibit the activ-
ity of the endogenous peroxidases followed by a blocking
solution (10% normal goat serum in PBS) for 1 hour at
room temperature. Primary antibody solutions were pre-
pared in PBS containing 2% normal goat serum and they
were incubated overnight at 4∘C. Primary antibodies were

used at the following concentrations:mouse anti-𝛽III-tubulin
(1 : 50, Millipore, Billerica, MA, USA), mouse anti-GFAP
(1 : 400, Sigma), mouse anti-NeuN (1 : 50, Millipore), and
mouse anticalbindin-D28K (1 : 100, Sigma).The reactionwith
primary antibody was revealed by anti-mouse biotinylated
secondary antibody (Vector Laboratories, Burlingame, CA,
USA) which was used at a dilution of 1 : 200, for 1 hour,
at room temperature. This was followed by incubation with
avidin-biotin kit (Vector Laboratories), for 1 hour, at room
temperature. The binding was revealed by using the perox-
idase substrate diaminobenzidine (Vector Laboratories) for
1-2 minutes. All sections, except those labelled with anti-
NeuN and anti-nestin antibodies, were counterstained with
haematoxylin. Finally, sections were dehydrated by increas-
ing alcohol solutions, clarified in xylene, and coverslipped
with the mounting agent DPX (Sigma).

For the immunofluorescence slices were exposed to a
mouse anti-nestin (1 : 200, Abcam, Cambridge, UK) primary
antibody which was further revealed by using the anti-mouse
fluorescent secondary antibody Alexa Fluor 488 (1 : 200,
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Figure 3: Nestin immunostaining within lamina X. Representative pictures are reported in (a) showing that lamina X shows neglectable
nestin-immunofluorescence in WT mice (both WT Sal or WT Li). In contrast, nestin immunostaining is well evident within the lamina X
from ALS mice (both G93A Sal and G93A Li). In particular, in G93A mice treated with saline nestin-positive fibers between the ependymal
cells appear to project from the ependymal canal into lamina X, where only a few cells appear labelled. In contrast, in G93A mice treated
with lithium nestin immunofluorescence is dramatic and involves both the ependymal cells and stem-like cells within the entire lamina X
(arrows). (b) The graph reports the count of nestin-positive cells in both lamina X and ependymal canal. ∗𝑃 ≤ 0.05 compared with other
groups. Scale bar = 26 𝜇m.

Life Technologies, Carlsbad, CA, USA). After washing in
PBS, slices were coverslipped with Fluoroshield (Sigma). The
nuclear dye DAPI (1 : 1000) (Sigma) was added to the solution
to visualize cell nuclei. DAPI- and nestin-stained pictures
were merged.

All stained slices were observed using a Nikon Eclipse 80i
light microscope equipped with digital camera and software
for image analysis.

2.10. Semithin Sections. In order to provide detailed represen-
tative images of ependymal cells we carried out semithin sec-
tions which were also used as a reference for further electron
microscopy studies. Briefly, samples from lower lumbosacral
segments previously fixed overnight 4% paraformaldehyde
were dissected from spinal cord and switched to a 2%
paraformaldehyde/0.1% glutaraldehyde in 0.1 N PBS, pH 7.4,

for 90min at 4∘C. After washing samples were postfixed in
1% OsO

4
in PBS, dehydrated in ethanol, and embedded in

Epon-araldite. For identification of lamina X and ependymal
area, 1-2 𝜇m thick serial sections, obtained with a porter
blumMT-1 or an ultramicrotomeReichert-Jung, were stained
with 1% toluidine blue and 1% methylene blue in 1% sodium
tetraborate and observed under light microscopy.

3. Results and Discussion

3.1. Survival and Behaviour. As firmly established the G93A
mutation of SOD1 led to a rapidly progressing palsy which
was lethal in a few weeks after symptoms onset (Figure 1).
As previously reported [19, 20, 28, 33, 34], chronic lithium
administration prolonged significantly the survival as shown
in the Kaplan-Meier curve (Figure 1), while it improved
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Figure 4: H&E staining of lamina X. (a) Atlas plate [25] of the lumbar cord (L
4
) used as the reference for representative pictures. (b)

Representative high magnification of H&E stained pictures showing L
4
lamina X, treated with either saline or lithium. The cell number

counted within lamina X is equivalent for WT mice treated with either saline (WT Sal) or lithium (WT Li). On the other hand, the cell
number is increased in the lamina X of G93A mice treated with saline (G93A Sal) or lithium (G93A Li). When counting the cell number it is
evident that, as reported in the histogram (c), the cell number in lamina X is mostly increased in G93A mice receiving lithium. The increase
in the cell number occurring within lamina X of G93A mice is better visualized at the level of the ependymal layer. Dashed lines draw the
border of the lamina X. ∗𝑃 ≤ 0.05 compared with other groups. Scale bar = 30𝜇m.

motor performance of G93A mice in all the motor tests
(Figure 1). The behavioral deterioration and death were not
abolished by lithium. Lithium was delaying the motor deteri-
oration and prolonging the lifespan of the mice. These effects
are evident more at the beginning compared with the end
stage of disease, when these effects were no longer detectable.
When we implemented statistical analysis by using mixed
model ANOVA for repeatedmeasures the protective effects of
lithium on the decay of motor activity remain significant for
a large part of the disease duration, but they were no longer
significant in the last week before the end stage of disease
(stride length and rotarod).

Protective effects of lithium in motor neuron disorders
are documented in a variety of experimental conditions
[19, 20, 28, 33–37]. Similarly, it was shown that lithium
protects against neurotoxicity to peripheral axons [38, 39].
Nonetheless, a lack of effects of lithium in the G93A mouse
model was also reported [40]. The discrepancy brought by
this latter study may due to the fact that, for unknown
reasons, authors did not administer lithium at levels required
to produce its pharmacological effects such as autophagy
induction [41]. As reported by Chiu et al. [42], it is
likely that this depends on lithium concentrations achieved
by Pizzasegola et al. [40] which are way below (at least
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Figure 5: Representative pictures from hemi-lumbar cord. Representative pictures of H&E stained hemi-lumbar cord. In the upper lane are
reported pictures from wild type mice treated with either saline (WT Sal) or lithium (WT Li). In the lower lane are reported G93A mice
treated with either saline (G93A Sal) or lithium (G93A Li). Pictures are representative of end stage of disease. Noteworthy is the generalized
increase in spinal cord cell density which is produced by lithium administration in G93A mice. Such an effect appears to extend in the whole
grey matter. Scale bar = 232𝜇m.

10 fold) those required to produce any pharmacological
effect.

In the present study, in experimental conditions where
lithium did provide neuroprotection, we analyzed the plastic
effects induced by chronic lithium administration within
lamina X.

3.2. Plasticitywithin LaminaX of the Spinal Cord duringMotor
Neuron Disease with or without Lithium Administration.
Figure 2 shows increased basophilic cell density around the
central canal, which occurs selectively in G93A mice. This is
in line with increased mitosis occurring in ALS spinal cord
reported by Chi et al. [8]. Spinal cord plasticity based on
stem cells proliferation within adult spinal cord is a hot topic
under intense investigation, in relationship with both spinal
cord injury and degenerative motor neuron disorders. A very

recent state-of-the-art review [7] clearly indicated that, within
spinal cord, adult stem cells originate from the ependymal
layer within lamina X. This is based on genetic studies
mapping the fate of these cells along with flow cytometric
characterization [7, 22–24]. In baseline conditions stem cells
from the spinal cord are rarely mitotic, while they increase
dramatically their mitosis following injuries. These data are
confirmed here by staining the stem cell antigen nestin.
This was neglectable in WT, while it increased markedly in
G93A mice. Noticeably, when G93A mice were administered
with lithium nestin immunopostive cells further increased,
as shown in Figure 3. This increased mitogenic activity in
lamina X was confirmed by plain cell count following H&E
staining as reported in Figure 4.Most of the studies analyzing
spinal cord stem cells in disease states were focused on
traumatic or other acute spinal cord injuries (for a review
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Figure 6: GFAP immunostaining within lamina X. Representative high magnification of GFAP immunostained slices from lamina X of
lumbar spinal cord (a). The cell number counted within lamina X is equivalent for WT mice treated with either saline (WT Sal) or lithium
(WT Li). On the other hand, the cell number is dramatically increased in the lamina X of G93Amice treated with saline (G93A Sal), while it is
suppressed in G93A mice treated with lithium (G93A Li) as reported in the histogram (b). In general, GFAP immunostaining shows positive
cells on external side of the ependymal layer, while in G93A Sal intense immunostaining extends in the surrounding lamina X. ∗𝑃 ≤ 0.05
compared with other groups. Scale bar = 30𝜇m.

[7]), while only a few studies were carried out in the course
of ALS. In line with the literature describing the stem cells
fate following spinal cord injuries we already described a
general increase in cell density in the lamina VII of spinal
cord of ALS mice along with increase in BrdU staining [19,
20]. In the present study we counted an increased number
of stem-like cells within lamina X of G93A mice (Figure 3)
and a general increase in cell number in the same region
of ALS mice (Figure 4). This occurs more abundantly in
G93A mice treated with lithium as evident in representative
Figure 4(b) and as reported in the counts of Figure 4(c).
Moreover, when examining at low magnification the hemi-
spinal cord from G93A mice a generalized increase in cell
density is evident which also extends to the entire dorsal
horn (Figure 5). The increase in stem-like cells and total cell
number we measured in the lamina X is in line with the
increase in NPC previously reported in ALS mice [8]. Such
an increase (both for stem-like cells, Figures 3(a) and 3(b),
and total cells, Figures 4(b) and 4(c), resp.) is more evident

when G93A mice were administered with lithium. Lithium
alone, administered to WT mice, did not increase neither
nestin-positive cells nor total cell number. In the paper by
Chi and collaborators [8] it was described that most of the
NPC occurring in the ALS spinal cord differentiate towards
glia, which is the case also following spinal cord injury [7].
In fact, in the present study, we found a dramatic increase in
GFAP immunopositive cells in the lamina X of G93A mice
administered with saline (Figures 6(a) and 6(b)). In sharp
contrast, the amount of GFAP positive cells in G93A mice
administered with lithium were suppressed even compared
with controls (Figures 6(a) and 6(b)). These latter findings
brake the concept of the gliogenetic fate of stem cells in
the spinal cord. So far, increased expression of GFAP occurs
constantly when spinal cord stem-like cells are proliferating
following either spinal cord injuries [7, 23] or ALS [8]. In
sharp contrast, in the present study, we documented that,
in G93A mice, chronic lithium administration produces a
dramatic increase in nestin immunostaining but suppresses
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Figure 7: 𝛽III-tubulin immunostaining within lamina X. Representative high magnification of 𝛽III-tubulin immunostained slices from
lamina X of lumbar spinal cord (a).The cell number counted within lamina X is equivalent forWTmice treated with either saline (WT Sal) or
lithium (WT Li). On the other hand, the cell number is dramatically increased in the lamina X of G93Amice treated with lithium (G93A Li),
while it is suppressed in G93Amice treated with saline (G93A Sal) as reported in the histogram (b). In general, 𝛽III-tubulin immunostaining
shows an opposite pattern compared with GFAP (see Figure 6). Following lithium administration an intense immunostaining is visible
throughout the whole lamina X of G93A mice. ∗𝑃 ≤ 0.05 compared with other groups. Scale bar = 30𝜇m.

GFAP immunostaining (Figures 3 and 6, resp.). Such a switch
in cell differentiation is further substantiated by the dramatic
increase in early and late neuronal markers 𝛽III-tubulin
(Figures 7(a) and 7(b)) and NeuN (Figures 8(a) and 8(b))
occurring when lithium was administered to G93A mice.
This is opposite to what occurred in saline administered
ALS mice owing to increased GFAP positive cells with no
increase in neuronal markers within lamina X (𝛽III-tubulin,
Figures 7(a) and 7(b), andNeuN, Figures 8(a) and 8(b)).Thus,
the gliogenic effects which routinely characterize increased
nestin-positive cells in the diseased spinal cord were reversed
here by chronic lithium administration, which increases
neuronal markers while suppressing GFAP positive cells. In
WT mice lithium did not produce any noticeable change in
nestin, GFAP, 𝛽III-tubulin, or NeuN immunostaining. This
is in line with the concept that proliferation of ependymal
cells in the spinal cord is scarce in baseline conditions. Only
spinal cord injury [23, 43, 44] or degenerative disorders [8, 19]

produce a stimulation of neurogenesis in the ependymal zone
of lamina X. Lithium magnifies such an effect by further
increasing cell number and, most importantly, addressing
their differentiation towards a neuron-like phenotype while
inhibiting gliogenesis. These effects were described following
adult spinal cord injury, and now they extend to a chronic
model of motor neuron disorder.

In fact, by using the G93A mouse model of ALS, here
we provide specific evidence that lithium increases total
cell number in the lamina X of the spinal cord (Figure 4),
thus confirming previous experimental observations [20].
In detail, in the present paper, we found that the disease
itself increases the cell number within lamina X of the
spinal cord (Figure 4). This effect is magnified by lithium
administration, only in G93Amice (Figure 4). When lithium
was administered to WT no increase in the total lamina X
cell number was observed (Figure 4). Interestingly, this con-
firms what previously reported [8] showing a compensatory
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Figure 8: NeuN immunostaining within lamina X. Representative high magnification of NeuN immunostained slices from lamina X of
lumbar spinal cord (a). Again, immunopositive cells within lamina X for WT mice treated with either saline or lithium (WT Sal or WT Li,
resp.) is equivalent. On the other hand, NeuN positive cells are suppressed in the lamina X of saline treated G93A mice (G93A Sal), while
lithium administration (G93A Li) partially recovers NeuN immunostaining as reported in the histogram (b). ∗𝑃 ≤ 0.05 compared with other
groups. Scale bar = 30𝜇m.

activation of neurogenesis in the spinal cord during ALS.
Such a confirmation was directly measured in the present
work by counting the number of nestin-positive cells
(Figure 3). However this neurogenetic effect is routinely
expected to lead to glia [8]. This was also confirmed in
the present work, where in G93A mice administered with
saline an increase in GFAP positive cell number was detected
within lamina X (Figure 6). However, this was reversed by
the administration of lithium, which suppressed the number
of GFAP positive cells (Figure 6) while markedly increasing
the number of positive cells for the early or late neuronal
marker 𝛽III-tubulin (Figure 7) and NeuN (Figure 8) in G93A
mice. In detail, while increased cell number occurs in the
lamina X of G93A mice independently by the administration
of lithium, it is just the presence of lithium which addresses
these cells towards a neuron-like phenotype instead of glia.
This effect reminds what it is well established for the effects of
lithium in the hippocampus and SVZ where it induces neu-
rogenesis while inhibiting glial differentiation and promoting

neuronal differentiation [18, 45–56]. In fact, it is well known
that lithium in the hippocampus specifically induces the
occurrence of calbindin-D28K positive neuron-like cells [18].
Remarkably, we found here that even in the spinal cord
lamina X lithium promotes the increase of calbindin-D28K
positive neurons, which occurs in both G93A mice and WT
(Figure 9).

Lamina X is known to be a niche for stem cells in the
adult spinal cord [57]. In our hands such a niche appears to be
“lazy” meaning that it is dormient in baseline conditions and
it reacts with cell proliferation without neuronal differentia-
tion in disease conditions.The concomitant administration of
lithium in disease conditions enhances cell proliferation and
addresses them towards a neuron-like phenotype.The occur-
rence of proliferating nestin-positive stem-like cells described
here confirms the occurrence of actual cell mitosis following
lithium in ALS spinal cord which we already described
by merged BrdU and calbindin-D28K immunostaining
[19].
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Figure 9: Calbindin-D28K immunostaining within lamina X. Representative highmagnification of calbindin-D28K immunostaining within
lamina X of lumbar spinal cord (a). In general, intense calbindin-D28K immunopositivity appears to be localized in the ependymal layer.
The cell number counted within lamina X is markedly increased by lithium in both WT and G93A mice (WT Li and G93A Li, resp.). On the
other hand, the cell number is reduced in G93A mice administered saline (G93A Sal). This latter effect is particularly evident in the area of
lamina X external to the ependymal canal. In this area only pale cell shapes avoided from the count are visible, which explains the very low
cell number reported in the histogram (b). In G93A mice the effects of lithium extend the strong immunostaining to the entire lamina X.
∗
𝑃 ≤ 0.05 compared with other groups. Scale bar = 36 𝜇m.

It is interesting that lithium administration needs to be
carried out in G93A mice in order to produce an increase in
neurogenesis and neuronal differentiation in the spinal cord.
In fact, lithium by itself does not produce any increase in the
number of nestin-,𝛽III-tubulin-, andNeuN-immunopositive
cells. Moreover, even the number of H&E stained cells
does not increase in WT mice administered with lithium.
In contrast, lithium alone (in WT mice) is sufficient to
increase the number of calbindin-D28K positive cells. This
suggests that this specific effect may be the consequence of
a mere phenotypic shift. This hypothesis is consistent with
the increase of calbindin-D28K positive cells which wasmore
marked compared with BrdU positive cells in the spinal cord
of G93A mice [19].

The activation of the spinal cord ependymal niche is
recently described by other authors [57] who found a pattern
of radial nestin immunostaining occurring after a variety of
disorders of the spinal cord which is reminiscent of what

we observed in representative pictures (Figure 3(a)). In line
with these studies we found that nestin immunopositive cells
possess radial processes and, as happening after spinal cord
injury, they are more abundant in the lateral aspects of the
canal. Altogether, these data provide novel evidence onplastic
phenomena detectable at the level of the spinal cord niche
in the lamina X during an ALS model and substantiate the
modulatory effects of lithium on these phenomena. It is
exciting that these data replicatewhatwas already foundmore
profusely for the effects of lithium in the telencephalon at
the level of SVZ. Again, these data extend to amyotrophic
lateral sclerosis which was previously reported following
spinal cord injury [52, 58] showing the prosurvival effects
produced by lithium administration for the neuron-like stem
cells either autonomous or implanted in the damaged cord.
This might explain very recent data confirming the neuro-
protective effects of lithium also against spinal cord injury
[59].
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4. Conclusions

The present experimental work, apart from providing a con-
firmation of the protective effects of lithium in the course of
the G93Amousemodel of ALS, it shed new lights on the plas-
tic phenomena ongoing in this experimental model of motor
neuron disease and their modulation induced by the mood
stabilizer lithium. Interestingly, most of these plastic effects
are disease dependent, while other are lithiumdependent and
most of them are enhanced by the administration of lithium
in disease conditions.This is the case of the increase in nestin-
positive cells around the canal, as well as the increase inNeuN
and 𝛽III-tubulin positive cells.Thus, as shown for spinal cord
trauma, lithium is likely to be a powerful modulator for stem
cell differentiation also in ALS. In summary, in the present
work we found that, in the presence of a chronic spinal cord
disorder (ALS-alike G93A mice), the ependyma-containing
lamina X appears to be enriched of newly proliferating cells
which is reminiscent of what happens following a spinal cord
injury. As described following a spinal cord injury, these cells
appear to differentiate towards a glial phenotype. The most
remarkable plasticity we described here consists in the com-
bined effects of lithium administration in a spinal cord disor-
der. In fact, in these specific conditions lamina X cells appear
as neuron-like cells expressing early and later neuronalmark-
ers along with calbindin-D28K, thus being reminiscent of the
active stem cell niche in the SVZ under the effects of lithium.

These findings shed new light on what Sabelström et al.
[7] just posed as an apparent limitation of spinal cord stem
cells, that is, the tendency to produce solely a glial phenotype.
In fact these authors, based on data obtained from diseased
spinal cord (mostly traumatic), concluded literally that “the
spinal cord microenvironment appears to have a strong
gliogenic influence and/or fails to support neuronal survival.”
This is in line with what we found in the natural course of
ALS mice without lithium administration. Adding lithium
is likely to address lamina X cells towards neuronal survival
while suppressing the gliogenic influence. Further studies
are needed to dissect the molecular mechanisms underlying
the phenomena we formally described in the present paper.
Moreover, beyond antigen expression, it is important to verify
whether the effects of lithium on the ALS spinal cord produce
electrophysiological effects which substantiate the neuronal
phenotype. Finally it would be worthy to investigate the fate
of the neuron-like cells. Do they synaptically integrate in the
spinal cord under disease? Do they represent a paracrine
source of active cytokines? Or do they merely represent an
inert biological entity? We like to finish the conclusions with
these big open questions.
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