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Preface

Amyotrophic Lateral Sclerosis (ALS) causes a progressive loss of structure and function of
neurons in the cerebral cortex, brainstem and the spinal cord. Usually the loss of specific
functions precedes the death of affected neurons, and the related clinical features depend on
localization and the degree of neurodegeneration. ALS is also related to mitochondrial dys‐
functions, increased oxidative stress and atypical protein assemblies and continues being a
serious health problem leading to death in a few years’ time in most of the cases. Before
death, patients suffer from weakness or paralysis, muscle atrophy, fasciculation, dysphagia,
dysarthria, and other complications.

The introductory chapter presents, summarised, information about the progress made in
ALS and published by InTech.

The information will be grouped by topics and countries in two graphics.

The number of publications written about ALS increased remarkably over the past four
years. With new information consistently being presented regarding this disease, it is our
hope that the information in this book is a representation of novel research to benefit the
readership community and our patients. In this book, readers will find a compilation of
state-of-the-art reviews about pathogenesis, aetiology, therapeutic, investigations, the mo‐
lecular basis of disease progression and clinical manifestations, and the genetics familial
ALS, as well as novel diagnostic criteria in the field of imagenology.

Update on Amyotrophic Lateral Sclerosis is comprised of 13 chapters from some of the
world's top central nervous system researchers and neurologists to provide a timely review
of the most recent developments in ALS, covering historic aspects, experimental animal
models, genetics, pathogenesis, clinical aspects and imagenology among others. Contribu‐
tors from Belgium, France, Japan, India, Italy, Mexico, Russia, South Africa, and Switzerland
have collaborated enthusiastically and efficiently, dedicating their time to create this reader-
friendly yet comprehensive work which includes many explanatory figures, tables and pho‐
tos to enhance legibility and make the book clinically useful.

It is important to highlight that a lot of effort has been made to ensure the relevance of this
book. After the initial review process, all chapters were peer reviewed at least two more
times before final acceptance for publication. This was done in effort to ensure that the most
novel information was provided to readers and researchers. We all attempted to bring in
valuable updated information for all issues/topics mentioned in this book.

First of all, we would like to thanks InTech Open Access Publisher that unconditionally sup‐
ported us in editing this book. Our families who supported us during this process. My
Mom, Dad and my first daughter Zayra Susana, from heaven, who continue to inspire me.



My daughters Lorna Maria (32 years old) and Fatima Susana Adolfina (7 years old) who
encouraged me all the time to continue moving forward with persistence. My son Thabo
Humberto Jorge (8 years old) who pushed me to play physics games with him which helped
me to relax and to find new ideas. My whole family contributed to this project in one way or
another and they deserve our deep gratitude. I also want to thank the families, relatives, and
friends of all contributors for their support. Special thanks to Walter Sisulu University
(WSU), named in honour of an icon of the South Africa liberation struggle and close com‐
rade of Nelson Mandela, the late Walter Max Ulyate Sisulu. Many thanks to Dr. EN Cishe:
Acting Director Research Development of WSU, Dr. WW Chita: Dean of the Faculty of
Health Sciences (WSU), Prof. A Awotedu: Head of Department of General Medicine and
Therapeutic, Dr. M Mdledle: Acting Governor General Director: Clinical Governance of Nel‐
son Mandela Central Hospital and Mrs. NP Makwedeni: Chief Executive Officer of Nelson
Mandela Central Hospital for the best understanding and support. At the end, I extend my
deepest sense of appreciation for the support received by Dr. Roberto Morales Ojeda: Minis‐
ter of Public Health of Cuba and Dr. Jorge Delgado Bustillo: Deputy Head of the National
Unit for International Cooperation in Health.

Prof. H Foyaca Sibat. MD, PhD, MSc,
First and Second Degree Specialist in Neurology

Full Scientist Research
Head of Department of Neurology

Nelson Mandela Central Hospital, Faculty of Health Sciences, WSU
Mthatha, South Africa

Dr. Lurdes de Fatima Ibañez Valdés. MD, MSc, Family Physician
Aggregate Scientist Research

Department of Neurology, Nelson Mandela Central
Hospital. Walter Sisulu University. Mthatha, South Africa.
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PrefaceVIII
Chapter 1

Introductory Chapter: Introduction to Update in
Amyotrophic Lateral Sclerosis and Review of this
Condition in Sportsmen

Humberto Foyaca-Sibat and
Lourdes de Fátima Ibañez-Valdés

Additional information is available at the end of the chapter

http://dx.doi.org/ 10.5772/64608

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and almost invariably fatal neurodege‐
nerative disease that affects motor neurons cell in the cerebral hemispheres, brainstem, and
the spinal cord. The disease begins focally in the central nervous system and then spreads
relentlessly.  This disorder of the upper and lower motor neurons (also known as Motor
Neuron Disease) can be confirmed by electromyography and is characterised by a progres‐
sive muscle weakness, spastic hypertonia, hyperreflexia, muscle wasting, dysphagia, disarth‐
ria and fasciculations in most of the patients. Less than 10% of the patients have a hereditary
pattern. Mostly, ALS does not affect sphincters, sexual functions, or eyes movements. There
are two well-recognised varieties: sporadic (SALS) and familial (FALS).

1.1. Recent updated information

To update knowledge about ALS, it is important to bring new information which are as fol‐
lows: the FALS accounts for 5% of all ALS; an underlying mutation has been identified in
approximately a third of these cases [1] and it is important to perform a screening of four
principal genes (SOD1, TARDBP, FUS, C9ORF) because they cover more than 50% of FALS
[2]. A recent meta-analysis of population-based studies also confirmed that 5% of ALS cases
are FALS and the remaining 95% are SALS with no reported family history [3]. Both share
common pathogenic mechanisms and the disease has an incidence of 2.7 cases per 100,000
people in Europe [4] and at the present moment straightforward and classical cure for ALS
are not available.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



We cannot ignore the history and therefore should be mentioned that ALS is recognised back
in 1850 by a British neurophysiologist Augustus Waller for the appearance of shrivelled nerve
fibres and identified as a specific disease. Later, this pathological process was named and
described as ALS by a French neurologist Jean-Martin Charcot. He was also a professor of
anatomical pathology and is known as ‘the founder of modern neurology’, his name has been
associated with at least 15 medical eponyms, such as: Charcot-Marie-Tooth disease, Charcot’s
artery (lenticulostriate artery), Charcot’s joint (diabetic arthropathy), Charcot-Wilbrand
syndrome (visual agnosia and loss of ability to revisualise images), Charcot-Bouchard
aneurysms (tiny aneurysms of the penetrating branches of middle cerebral artery in hyper‐
tensives) and Charcot disease (better known as amyotrophic lateral sclerosis or motor neurone
disease), among others. His work greatly influenced the developing fields of neurology and
psychology; modern psychiatry owes much to the work of Charcot and his direct followers.
He was the ‘foremost neurologist of late nineteenth-century France’ [5].

However, ALS was not well known until 1939 when a famous American baseball first baseman
player Lou Gehrig brought national and international attention to his disease. After Lou Gehrig
died, a big number of sportsman have been diagnosed with ALS or Lou Gehrig’s disease, and
based on their experiences a lot of knowledge about the disease have been accumulated. Most
patients are diagnosed with ALS between the ages of 40-70, but the disease can also develop
in younger people. The average age for an ALS diagnosis is 56. Approximately 30,000 Amer‐
icans have the disease at any given time and most of them will die within 3-5 years from the
beginning of the disease, although we will mention some people that are still alive. It affects
people throughout the world without any racial, ethnic or socioeconomic boundaries but males
are more prone to ALS. Fifty percent of affected patients live at least 3 or more years after
diagnosis; 20% live 5 years or more; and up to 10% will survive more than 10 years [6]. More
information is available online: http://www.hopkinsmedicine.org/neurology_neurosurgery/
centers_clinics/als/conditions/als_ amyotrophic_lateral_sclerosis.html.

In our series of patients, complaints about visual disturbances, ophthalmoplegia, auditory
disorders, vestibular dysfunction, olfactory problems, sensory loss or disorder of the auto‐
nomic nervous system related to ALS were not identified, although in late stages of the disease
patients may develop a supranuclear gaze palsy or oculomotor palsy [7, 8], as anecdotic cases.

However, cognitive impairment can be seen in nearly a third of the patients with ALS in a
pattern consistent with frontotemporal lobar dementia as has been proved [9]. These findings
were also reported by many other authors [10–20]. Executive function, behaviour and speech
are the most likely areas to be involved. Screening helpful in detecting abnormalities includes
verbal or categorical fluency, behavioural inventories filled out by the caregiver and evaluation
for the presence of depression and pseudo-bulbar signs [21]. Patients with ALS may have
difficulty interpreting the emotions associated with facial expressions, even when they are
otherwise cognitively normal; this may impact their relationships with their caregiver and
possibly influence medical decision making [22]. In our opinion, this manifestation may occur
even without confirmed lesion at the insular lobe and without insular lobe epilepsy. However,
we have patients presenting ALS without cognitive disorder and very high intelligence
coefficient level.

Update on Amyotrophic Lateral Sclerosis2
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Unfortunately, due to reasons beyond our control no abstracts related to the therapy of ALS
(which is not a single disease) is received. Therefore, we will mention some important aspects
related to the therapy of ALS.

At the beginning of this year (29 January 2016), the following information is released: 'Results
in a new mouse model of ALS indicate that delivering copper to the central nervous system
can be therapeutic, according to a study published in the journal Neurobiology of Disease',
and we all became very enthusiastic until Dr. Bruijn (Ph.D., M.B.A., Chief Scientist for The ALS
Association) said: 'But in the meantime, it is critical to remember that oral copper supplements
do not reach the central nervous system and thus cannot provide any benefit and can be quite
toxic' (http://www.alsa.org/news/archive/new-copper-therapy.html), just to remind everyone
that all results from animals cannot be applied to our patients. However, last year we were
informed about Progress in Drug Development Reviewed at The ALS Association Drug
Company Working Group Meeting (5 May 2015), where news about a new drug, a new
delivery method, a new trial and a new approach to working with the Food and Drug
Administration (FDA) were the highlights of the ALS Association's annual Drug Company
Working Group meeting, held in April in Washington, D.C., in conjunction with the American
Academy of Neurology (AAN) Meeting. From this meeting, we can summarise: (1) Induced
pluripotent stem cells have been used as a drug discovery tool, leading to an upcoming clinical
trial that will test a drug shown to be effective in cells derived from people with ALS. (2)
Retigabine (AED) help to normalise the over-excitability of ALS cells in cell culture, and this
treatment improves the survival of these cells. (3) The system to deliver glial-derived neuro‐
trophic factor (GDNF) in ALS, based on experiments showing that GDNF can promote survival
of motor neurons, is being developed. (4) A biologically based system that encapsulates
protein-based growth factors or DNA-based antisense molecules can cross the blood-brain
barrier, allowing peripheral administration for a drug that acts in the brain, is being developed.
(5) Tirasemtiv increases muscle output at mid-levels of exertion, temporarily restoring some
lost strength for everyday activities such as picking up an object, but did not meet its major
objective of showing a change in the ALS Functional Rating Scale score at the end of treatment,
although it improves the slow vital capacity (modified from: http://www.alsa.org/news/
archive/progress-in-drug-development.html). Other results were: (6) Mexiletine is a cardiac
medication that reduces hyperexcitability of motor neurons, which may help protect them
from toxic excitation and it was safe to use in ALS (modified from: http://www.alsa.org/news/
archive/new-clinical-pilot-studies.html). (7) One research showed that motor neurons can be
protected from disease-related toxicity by human up-frameshift protein 1 (hUPF1). Promoting
hUPF1 might be therapeutic and therapies for SOD1-related ALS might require different
strategies and that clinical trials may have the greatest chance of success if they target people
with similar forms of ALS (modified from: http://www.alsa.org/news/archive/new-therapy-
rna-processing.html). All these results were preceded by the following results (2012-2015): (1)
The immune system continues to grow as a target of interest in therapy design. (2) Several
groups have made progress on finding biomarkers that can track disease. (3) The entire ALS
community was disappointed in the negative results from the dexpramipexole trial. (4)
'Antisense' therapy against the mutation reduces the amount of aggregated RNA and may be
therapeutic, according to experiments in cell culture. Antisense against the SOD1 gene has

Introductory Chapter: Introduction to Update in Amyotrophic Lateral Sclerosis and Review of this Condition in
Sportsmen
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been shown to be safe in people with ALS progression. (5) The journal The Lancet indicates that
high caloric intake is safe and tolerable in people with ALS with a feeding tube. This research
sets the stage for a larger trial testing whether high caloric intake can slow progression of the
disease (modified from http://www.alsa.org/news/archive/research-shows-high-calo‐
rie.html). (6) Brain storm cell therapeutics said the U.S. Food and Drug Administration has
approved the start of a mid-stage clinical trial of its adult stem cell treatment for people with
ALS, which have shown that it was well tolerated and safe (modified from: http://
www.alsa.org/news/archive/fda-approves-brainstorm-trial.html). (7) Tocilizumab interacts
with microglia to convert them from the Microglia1 to Microglia2 state. In a recent small, open-
label trial in eight people with ALS, there was some evidence that the drug may be able to
reduce neuroinflammation (modified from: http://www.alsa. org/news/archive/2014-drug-
company-working-group.html). (8) The trial with ceftriaxone was stopped in early 2012
because data analysis indicated that it was not effective at changing the rate of progression of
ALS (http://www.alsa.org/news/archive/ceftriaxone-statement.html). (9) Unexpectedly, a
drug (Nuedexta) that is approved for the treatment of labile emotionality that occurs in
association with ALS and other neurological disorders has been observed to improve bulbar
function, primarily speech and swallowing, in a number of neurological disorders, including
ALS (http://www.alsa.org/news/archive/news-from-the-international.html).

Figure 1. Henry Louis ‘Lou’ or ‘Buster’ Gehrig (Born Heinrich Ludwig Gehrig; 19 June 1903-2 June 1941) was an Amer‐
ican baseball first baseman who played 17 seasons in Major League Baseball for the New York Yankees, from 1923 to
1939. https://en.wikipedia.org/wiki/Lou_Gehrig.

ALS is better known since 1939, when a famous American baseball first baseman player Lou
Gehrig (see Figure 1) brought national and international attention to his disease; since then,
in America this neurodegenerative disorder is better known as a Lou Gehrig's disease.

Update on Amyotrophic Lateral Sclerosis4



been shown to be safe in people with ALS progression. (5) The journal The Lancet indicates that
high caloric intake is safe and tolerable in people with ALS with a feeding tube. This research
sets the stage for a larger trial testing whether high caloric intake can slow progression of the
disease (modified from http://www.alsa.org/news/archive/research-shows-high-calo‐
rie.html). (6) Brain storm cell therapeutics said the U.S. Food and Drug Administration has
approved the start of a mid-stage clinical trial of its adult stem cell treatment for people with
ALS, which have shown that it was well tolerated and safe (modified from: http://
www.alsa.org/news/archive/fda-approves-brainstorm-trial.html). (7) Tocilizumab interacts
with microglia to convert them from the Microglia1 to Microglia2 state. In a recent small, open-
label trial in eight people with ALS, there was some evidence that the drug may be able to
reduce neuroinflammation (modified from: http://www.alsa. org/news/archive/2014-drug-
company-working-group.html). (8) The trial with ceftriaxone was stopped in early 2012
because data analysis indicated that it was not effective at changing the rate of progression of
ALS (http://www.alsa.org/news/archive/ceftriaxone-statement.html). (9) Unexpectedly, a
drug (Nuedexta) that is approved for the treatment of labile emotionality that occurs in
association with ALS and other neurological disorders has been observed to improve bulbar
function, primarily speech and swallowing, in a number of neurological disorders, including
ALS (http://www.alsa.org/news/archive/news-from-the-international.html).

Figure 1. Henry Louis ‘Lou’ or ‘Buster’ Gehrig (Born Heinrich Ludwig Gehrig; 19 June 1903-2 June 1941) was an Amer‐
ican baseball first baseman who played 17 seasons in Major League Baseball for the New York Yankees, from 1923 to
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ALS is better known since 1939, when a famous American baseball first baseman player Lou
Gehrig (see Figure 1) brought national and international attention to his disease; since then,
in America this neurodegenerative disorder is better known as a Lou Gehrig's disease.
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Since Gehrig died, a big number of sportsmen have been diagnosed with ALS or Lou Gehrig's
disease. At this point, we like to highlight that Lou Gehrig was a very famous baseball player,
but two other baseball players from the same New York Yankees team such as his friend and
teammate Babe Ruth (1895-1948) who set numerous baseball records (famous for his big
hitting) and won many titles with the New York Yankees, and Joe DiMaggio (1914-1999) who
won the title World Series Champion nine times with the New York Yankees, were even more
famous than him and they did not suffer from ALS.

2. Some sportsmen presenting amyotrophic lateral sclerosis

In 2005, Al-Chalabi and Leigh studying this topic concluded that: 'there is no evidence that
football players elsewhere in the world have an increased risk of developing ALS' [23]. Other
authors said that the only really consistent epidemiological risk factors for ALS are increasing
age, male sex and a family history of ALS [24–28] and we agree on that. Even in Guam, where
a restricted population with high risk of developing ALS has been under intense scrutiny for
over 50 years, controversy persists and no environmental (or genetic) causes have been
identified beyond doubt [23, 29–31]. On the other hand, cigarette smoking may also be a risk
factor [27, 28, 32] but other information should be taken into consideration. For example, it is
known that complex pathophysiological processes, including mitochondrial dysfunction,
aggregation of misfolded protein, oxidative stress, excitotoxicity, inflammation and apoptosis,
can involve both motor neurons and surrounding glial cells [33], and therefore is accepted that
the aetiology of ALS likely involves a complex interaction between Multiple risk factors.
Although no confirmation about the direct effect of stress or exercises on pathophysiology of
ALS has been made, we cannot ignore the frequency of ALS in people practicing sport apart
from the affirmation from some author saying that CNS injury is linked to an increased
incidence of motor neuron degeneration [34], given the recognised association between
neurodegenerative disease and activities that involve a higher risk for CNS trauma, including
participation in professional full-contact sports and military service [35–39].

Most researchers investigating head injury and ALS did their studies in predisposed rats to
ALS, including those with a more severe injury due to a stab-wound trauma (SOD1 rat spinal
cord), and in all the studies done, those traumatic lesions did not accelerate motor neuron
degeneration [40, 41], but these research protocols cannot apply to the real scenarios afforded
by athletes that underwent more and repetitive instances of all kind of stress and repetitive
CNS trauma leading to more chance of developing diffused axonal injury. Other authors
supported this hypothesis as well [42–46] and we considerate that those results cannot be
transferred to human beings.

Let us highlight one more time that a single injury is not able to hasten disease pathology, but
there is enough evidence suggesting that brain injuries can be linked with ALS [47] and about
the risk of developing ALS in football players [48, 49]. In our series of patients, we found that
professional boxing and rugby players are the most common to be associated with ALS, but
we have to mention that our job is done in a semi-rural setting where other sport modalities
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are not practiced. We support the hypotheses that cortical dysfunction caused by any kind of
injury should be taken into consideration as part of the pathophysiology of ALS [50–52], until
proven otherwise.

To practice sports or do strong exercises obviously do not cause a degenerative disorder, but
if the above-mentioned activities are accompanied by prolonged and severe stress situation in
a genetically predisposed person, then nobody can predict what is going to happen.

To provide better idea about this hypothesis, we decided to review some biographic aspects
of these kinds of patients.

Because it is mainly an introductory chapter and due to limitations of space we had to remove
some relevant aspects regarding ALS/sportsmen and a lot of illustrative material from the
original chapter and to bring more attention to others topics.

2.1. Comments about some sportsmen presenting ALS

Lou Henri Gehrig is one of the most famous people affected by ALS. He was born in the
Yorkville section of club and earned the nickname Columbia Lou from adoring fans. Gehrig
signed his first contract with the New York Yankees Team in April 1923. Over the next 15 years
he led the team to win six World Series titles. Available at the URL: http://www.biogra‐
phy.com/people/lou-gehrig-9308266.

Figure 2. Ezzard Mack Charles (7 July 1921-28 May 1975) was an American professional boxer and former World
Heavyweight Champion. https://en.wikipedia.org/wiki/Ezzard_Charles.

In May 1939, he noticed that his performance has been decreasing gradually due to progressive
weakness all over the body and then he decided to pull himself out of the lineup of players
looking for better results of his team. At that time a diagnosis of ALS was done and he died 2
years later. Lou Gehrig, also known as 'the iron man of the baseball', played in more consecutive
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games than any other baseball player worldwide and his record remained unbroken until 1995
(modified from: http://www.alstexas.org/understanding-als/).

Scarmeas et al. [46] published a manuscript, concluding that subjects with ALS were more
likely to be slim or had once been serious athletes. Apart from Lou Gehrig, they mentioned
many famous people in U.S. history who have had ALS such as: Ezzard Charles (see Fig‐
ure 2) who was a quite famous heavyweight boxing champion. Charles was diagnosed with
ALS. The disease affected Charles legs and eventually left him completely disabled. Charles
died on 28 May 1975 in Chicago.

Figure 3. Marthinus ‘Tinus’ Linee (23 August 1969-3 November 2014) was a South African rugby player. https://
en.wikipedia.org/wiki/Tinus_Linee.

Another famous baseball player affected by ALS was ‘Catfish’ Hunter. From 1965 to 1979,
he was a pitcher for the Kansas City Athletics, Oakland Athletics and New York Yankees.
He was diagnosed with ALS in his early 50s and died of the disease about a year later. Paul
Kevin Turner was an American professional fullback. He played eight seasons in the Na‐
tional Football League for the New England Patriots and Philadelphia Eagles. After Turner
learned he had ALS in 2010, he created the Kevin Turner Foundation to raise awareness
about sports-related brain trauma and to support research and treatment initiatives. He was
involved in research that links chronic traumatic encephalopathy to ALS, and agreed to do‐
nate his brain and spinal cord when he died. On 24 March 2016, Turner died as a result of
ALS at home in Vestavia Hills, Alabama. Stephen Michael ‘Steve’ Gleason (born 19 March
1977) is a former professional football player, a safety with the New Orleans Saints of the
National Football League. In 2011, he revealed that he was battling ALS. André Gerhardus
Venter (born 14 November 1970 in Vereeniging, South Africa) who was a former South Af‐
rican rugby union footballer and earned 66 caps playing for the South Africa national team
during the mid-to-late 1990s and early 2000s. He represented South Africa during the 1999
Rugby World Cup where they finished third. Unfortunately, he was another victim of ALS.
Joost van der Westhuizen (born 20 February 1971) was a member of the victorious South
African rugby team at the 1995 World Cup. He was inducted into the International Rugby
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Hall of Fame in 2007. Near the end of 2008, Van der Westhuizen first noticed weakness in
his right arm. A few months later, he was play-fighting in a swimming pool with a friend
who was also his personal doctor, and discovered further weakness in the arm, a diagnosis
of ALS was confirmed in 2011. Modified from: http://www.eurosport.com/rugby/van-der-
westhuizen-sees-a-link_sto4476535/story.shtml. Jarrod Cunningham (7 September 1968-22
July 2007) was a New Zealand rugby union fullback, who died from ALS. After tests at
Charing Cross Hospital, Cunningham was diagnosed with ALS in June 2002. He immedi‐
ately retired from professional rugby, and started the Jarrod Cunningham SALSA Founda‐
tion in March 2003 with the aim of providing hope, education and inspiration for fellow
sufferers of ALS. He returned home to New Zealand in December 2004 and died at his
home on 22 July 2007. Herbert Krug (21 June 1937-1 November 2010) was a German eques‐
trian who won a gold medal in team dressage at the 1984 Summer Olympics in Los Angeles.
He was born in Mainz and died in Hochheim am Main due to ALS. Krzysztof Nowak (27
September 1975-26 May 2005) was a Polish football player, best known for his stint with the
VfL Wolfsburg team. He was forced to retire from the sport in early 2002 after he learned he
had ALS. Donald George “Don” Revie was an England international footballer. In the
spring of 1986, Revie moved to Kinross, Scotland where he intended to retire, but he was
diagnosed with motor neurone disease in May 1987. Revie publicly announced his illness in
August of that year, and made his final public appearance on 11 May 1988 at Elland Road in
a wheelchair. He died in Murrayfield Hospital in Edinburgh on 26 May 1989, aged 61. Mar‐
thinus ‘Tinus’ Linee (see Figure 3) played rugby predominantly at the centre. In April 2013,
Linee was diagnosed with motor neurone disease. His deteriorating health resulted in him
having financial difficulties in an attempt to cover his medical costs. Linee died on 3 No‐
vember 2014, aged 45 in his family home in Paarl, South Africa.

John Mudgeway was born in Masterton, he attended school in New Zealand, was an active
rower and was in the school's rugby union first XV. He was diagnosed with motor neurone
disease in 2002. Ryan Walker was born on 5 October 1978 in Pietermaritzburg (South Africa)
and grew up on a beef and dairy farm in Mooi River. He was admitted in hospital for 5 days
and had extensive blood tests, nerve tests, MRI and lumbar punctures. All the results came
back clear. Ryan then went for his follow-up appointment with his attending doctor 4 weeks
later who told him that he had ALS, and that there was no treatment available and that the
prognosis was 2-5 years. More biographic information about all mentioned athletes is available
at the URL: https://en.wikipedia.org.

Due to the large number of rugby players affected by ALS in South Africa, many people have
questioned whether there is a link between rugby-linked head injuries and motor neuron
disease in light of cases including those of Joost van der Westhuizen, Tinus Linee, John
Mudgeway, Ryan Walker and Jarrod Cunningham, all professional South African rugby
players who suffered from the disease [49, 53]. Due to the increasing report of sportsmen
presenting ALS, of all the putative risk factors, head injury has emerged as a strong cause for
initiating the neurodegenerative processes in ALS patients [38, 39].

At the present moment, there are more available facilities for confirmation of ALS, the disease
is better known and the remarkable progress reached by the media and Internet has made their
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contribution to inform everyone about all sportsmen presenting ALS. Perhaps this is one of
the reasons why we note an increase in the number of reported patients. Obviously, we also
have more capacities to inform about new cases to the medical literature worldwide and this
facility increase the number of reported patients.

We would like to highlight that thousands of slim athletes never developed ALS. Therefore,
why a tiny few of them do develop ALS is still unknown. There is certainly no justification to
avoid athletics in attempts to avoid ALS. Moreover, nothing in some authors' data can be
construed as evidence that patients with ALS should not exercise [54].

3. What about other famous sportsmen?

Looking for clinical features of ALS in other sportsmen, we reviewed the biography of 100
famous sporting personalities, including Pele, Muhammad Ali, Diego Armando Maradona
and Manny Pacquiao, among others (more information is available at the URL: http://
www.biographyonline.net/sport/100-sporting-personalities.html), and it was a great sense of
delight to find nobody was affected by ALS. Nevertheless, we also included other famous
sporting personalities such as Lance Armstrong, Paula Radcliffe, Jose Mourinho, Henry
Cooper, Stirling Moss, Wayne Rooney, Bill Shankly and Alex Ferguson (more information is
available at the URL: http://www.biographyonline.net/sport/100-sporting-personalities.html)
and we also found that nobody presented clinical manifestations of ALS.

According to the results from the study made by Turner et al., it seems that more cases than
expected of ALS are associated with a prior diagnosis of asthma, celiac disease, younger-onset
diabetes (younger than 30 years), multiple sclerosis, myasthenia gravis, myxedema, polymyo‐
sitis, Sjögren syndrome, systemic lupus erythematosus and ulcerative colitis were confirmed,
concluding that ALS raise the possibility of shared genetic or environmental risk factors [55].
These findings encouraged us to look into more groups of famous peoples to continue looking
for the co-existence of ALS and other diseases. Then, we finally decided to review the biogra‐
phy of top 100 famous people, looking for the presence of ALS. That list of peoples was chosen
mainly from the nineteenth, twentieth or twenty-first century and included famous actors,
politicians, entrepreneurs, writers, artists and humanitarians (http://www.enkivillage.com/
most-famous-person-in-the-world.html). From this final review, we found that only two top
famous people presented ALS: Mao Tse-tung and Stephen William Hawking.

From that observation, one single question came to our mind: What is different in those
particular patients?

Mao was a Chairman of China. Some authors reported that out of the billions of people in
China, Mao was the only person to ever have ALS, up to that time and also the authors
asked: What did he do that none of the other Chinese did? In some authors' opinion Mao had
a Western diet, meaning that he did not eat rice and vegetables; instead, he ate lots of meat
and they considered that this type of diet (similar to Lou Gehrig's diet) may be part of the
mechanism for ALS. More information is available at the URL: http://la.indymedia.org/news/
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2014/08/265540.php, http://www.scientificamerican.com/article/seeds-of-dementia-what-alz‐
hiemers-lou-gehrigs-parkinsons-have-in-common/. Despite this coincidence, we agree that
this type of diet could be a contributing factor for ALS in a predisposed patient but without
doubt, it is not the direct cause of the disease.

Stephen William Hawking also has some differences compared with the rest of the patients:
Why has Hawking lived for more than 50 years with ALS when so many people die 1-5 years
after diagnosis? Why he remains stable? We really do not know. Of course, Hawking has a
variable of SALS; probably we got a late presentation of juvenile-onset disorder, which may
progress very slowly. None has survived with ALS for so long as he did, providing a big hope
for patients presenting ALS. Some authors think that it is a small percentage of people for
whom that actually happens [56], and we do agree.

We concluded that no famous female presenting ALS has been reported ever. Apart from Mao
Tse-tung and Stephen William Hawking, no other top famous people affected by ALS have
been reported and both have some differences compared with the rest of the patients. In our
opinion, the prognosis of ALS is bad, especially when there are bulbar and respiratory
complications but not all patients have a progressive and invariably rapid fatal outcome, as
has been found.

4. More update on ALS

More than 40 chapters about ALS have been published only by INTECH since 2012, which
reflect how important this problem is and how far we are from its solution. To get a graphic
information about the topics published by INTECH and the countries participating, please see
Figures 4 and 5.

Figure 4. A graphic information about the number of topics published by INTECH since 2012 up to date.
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Figure 5. The number of chapters published by INTECH and participant countries since 2012 up to date.

Thanks to these publications, today we know more about genetics, immunology, pathophysi‐
ology of ALS and its pathology, and about inclusion bodies (ubiquitylated inclusions, binding
protein 43, fused in sarcoma protein, bunina bodies and hyaline conglomerate inclusions).
Because of these publications, the role of oxidative stress and the excitoxicity (glutamate,
glutamate receptor), mitochondrial dysfunction, mitochondrial morphology, electron trans‐
port chain, calcium homeostasis, axonal transport abnormalities, glial activation, growth
factors abnormalities, RNA metabolism disorders, non-cell autonomous mechanisms and
apoptosis in ALS are better known. Unfortunately, most of the results were found in familial
ALS (FALS) only, which represent 5% of the patients.

Nevertheless, we enjoy some advances that are reached recently: Today we know that some
abnormal protein aggregates are seen in brain and spinal cord samples from patients with
sporadic ALS, which suggests that protein misfolding and aggregation contribute to the
pathogenesis of ALS, although a causative role remains controversial [57–59].

Increased oxidative stress promotes demyelination in brains of OXYS rats with genetically
accelerated aging, which was ameliorated by feeding of affected animals [60]. In other words,
increased oxidative stress associated with specific metabolic phenotypes, which promote
reverse electron transport due to reduction of the membrane pool of ubiquinone by succinate
or fatty acids, is a prerequisite for cases of sporadic ALS which is preferentially acquired by
individuals with the mitochondrial metabolic phenotype that promotes very high levels of
ROS production [61]. These authors also highlighted the importance to consider determination
of metabolic phenotypes together with the disease mechanisms when working with patients
or animal models of the ALS.

Recent progress has been reviewed on aggregation mechanisms of ALS pathogenic proteins,
SOD1, TDP-43 and FUS/TLS, which are involved in DNA/RNA metabolism. We still have to
clearly establish whether aggregation or loss of the wild-type functions of either of these two
proteins is the underlying cause of the disease phenotype [62].
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Mutations in Cu/Zn superoxide dismutase (SOD1) gene are linked to the motor neuron death
in familial amyotrophic lateral sclerosis (FALS) and mutations in another gene, optineurin,
have been linked to fALS cases, and hyaline inclusions in the anterior horn cells of spinal cord
were immunoreactive for OPTN in patients with OPTN mutation (E478G) [63].

Given that the skein-like inclusions in the spinal anterior horn cells are characteristic of ALS,
proteomic analysis of those inclusions will help to identify as-yet-unknown proteins patho‐
genic for ALS. In addition, the component analysis of skein-like inclusions will help to describe
the common mechanism of sporadic and familial ALS cases [64].

In relation with the treatment for ALS, the only approved pharmacological treatment for ALS
is riluzole, which extends survival by about 2 months [65]. Efforts in basic and clinical research
brought some light in the understanding of pathophysiological aspects of MND. With dozens
of failed neuropharmacological trials in ALS, the current concept of the design of clinical trials
in ALS patients must be re-evaluated, as well as the pre-clinical models [66].

However, the development of a vaccine or immunoglobulin to remove misfolded protein in
ALS is a novel therapeutic strategy because of the evidence for the existence of secretor
pathways for superoxide dismutase (SOD1) mutant linked to ALS [67].

Based on recent publications and its important contributions, many aspects of respiratory care
for patients with ALS, such as non-invasive ventilation and assisted cough, have brought more
hope for their well-being [68–72]. And new ideas about prevention of aspiration and pneu‐
monia and adequate management of bronchial secretions apart from an adequate management
of sialorrhea, dysphagia and insufficient cough for reduction of pneumonia risk in patients
with ALS [73].

Breathing pacemakers, which can delay the need for mechanical ventilation by approximately
2 years, should be offered to all patients with spinal cord injury, central alveolar hypoventi‐
lation syndrome and even in patients with ALS [74].

At present, gene and stem cell therapies are holding the hope for an efficient treatment in ALS.

Definitively, the neuroprotective role of fragment C has shed light on the understanding of
the disease’s neurodegeneration processes and the study of this promising property of TTC
can be extended to other neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s
disease and spinal muscular atrophy [75]. In summary, a successful neuroprotective treatment
could transform neurodegenerative diseases from a relentless progressive and disabling
disease to a problem that can be managed with only a modest effect on quality of life [76].

Considering other treatment modalities, we should highlight that stem cell therapy design
should be aimed at neuroprotection rather than motor neuron replacement. Motor neuron
replacement is technically difficult to achieve. Also, in theory it will not bring much improve‐
ment to the patients because the evidence shows that glial cells are the actual determinant of
ALS disease progression. Secondly, combining stem cell transplantation and growth factor
delivery provides the best result in slowing disease progression and prolonging survival, as
the two greatly complement each other. Finally, some authors are now convinced that
injections of stem cells in multiple sites are needed to alleviate symptoms of ALS. There should
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can be extended to other neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s
disease and spinal muscular atrophy [75]. In summary, a successful neuroprotective treatment
could transform neurodegenerative diseases from a relentless progressive and disabling
disease to a problem that can be managed with only a modest effect on quality of life [76].

Considering other treatment modalities, we should highlight that stem cell therapy design
should be aimed at neuroprotection rather than motor neuron replacement. Motor neuron
replacement is technically difficult to achieve. Also, in theory it will not bring much improve‐
ment to the patients because the evidence shows that glial cells are the actual determinant of
ALS disease progression. Secondly, combining stem cell transplantation and growth factor
delivery provides the best result in slowing disease progression and prolonging survival, as
the two greatly complement each other. Finally, some authors are now convinced that
injections of stem cells in multiple sites are needed to alleviate symptoms of ALS. There should
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be at least one injection that focuses on protecting cell bodies of motor neurons and another
that aims to maintain neuromuscular connections [77].

The SOD1 activity in the mitochondrial inter-membrane space is a relevant therapeutic target
for ALS and other neurodegenerative diseases involving mitochondrial pathogenesis has been
confirmed [78].

Collectively, almost all recent studies demonstrate that multiple factors including protein
stability, dynamics and biophysical characteristics are likely to play a role in modulating SOD1
aggregation, and the familial ALS phenotypic characteristics are not likely to be fully explained
by the aggregation behaviour of any one form of SOD1 [79].

Mitochondrial and bioenergetics defects have been claimed to play vital role in ALS patho‐
genesis. Altered respiratory chain enzyme activities and CNS energy hypometabolism in
spinal cord and motor cortex are the hallmark of ALS [80], mitochondrial respiratory chain
damage is a relevant event in ALS pathogenesis, although it is still unknown if mitochondrial
abnormalities are the cause of the disease process or if they are consequence of neuronal
degeneration. However, it is clear from the evidence reviewed here that mitochondria
definitely play a central role in determining the fate of motor neurons and in their degeneration
process [81].

Inflammation has been shown to play a critical role in the pathogenesis of ALS. Markers of
inflammation, including microglial stimulating factors and pro-inflammatory cytokines, such
as TNF alpha and FasL are increased in ALS [82].

The combined evidence emerging from all molecular genetic studies in chromosome 9p21-
linked families and in chromosome 9p21-associated ALS/FTLD populations, suggests that it
is the most important genetic factor contributing to the disease in the centre of the disease
spectrum linking ALS and FTLD [83].

The role of genetics in ALS is calling for more attention among clinician gradually. Because,
now almost all agree that different genes are involved in ALS disease and about the importance
of a good clinical characterisation for choosing the genetic approach. Impressive progress in
the understanding of the genetics of ALS has been made over the past several years with the
identification of several causal genes. However, most of the genetic variability underlying ALS
remains to be identified. The use of deep-sequencing techniques and functional research will
be needed to further broaden our understanding of ALS pathogenesis [84].

Expansions have been identified not only in ALS-FTD pedigrees, but also in familial FTD,
familial ALS and sporadic ALS. Estimated frequencies vary from 23.5 to 46.4% for familial ALS
and 4.1 to 21% for sporadic ALS. The expansion, which is non-coding, is therefore the most
common genetic cause of ALS identified to date [85].

The role of glial cells deserves additional comments. The identification of glial cells as an active
contributor to the disease process is important. Specifically, astrocytes and microglia have been
recognised as glial cell types which undeniably influence survival in rodent models of ALS.
New genes have been recently linked with ALS including TDP43 and FUS, suggesting a
possible role for RNA metabolism in disease pathogenesis and special efforts are underway
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to test therapies aimed at modifying the glial cell population in hopes of slowing ALS disease
progression and extending patient survival [86]. Astrocytes clearly contribute to ALS decrease
progression in both neuroinflammation and excitotoxicity [87].

Astrocytes regulate K+ buffering, glutamate clearance, brain antioxidant defence, close
metabolic coupling with neurons and modulation of neuronal excitability and are involved in
both exacerbations of damage and neuroprotective mechanisms. They support neurons in
many ways, all of which are essential for repair and regeneration. Disturbances in astrocytic
functions are implicated in neurodegenerative diseases pathogenesis; therefore, modulation
of astrocytes functioning may prove to be an efficient therapeutic strategy in many chronic
CNS disorders [88].

As a clinician, we dedicate more attention to those topics useful for the management of our
patients and without doubt neuroimaging is one the most helpful ones particularly when
genetics, immunological and others are not close to the reality of the patients. In the past, CT
scan and MRI were our basic investigations supported by clinical neurophysiological tests if
the clinical assessment offered some doubt. Fortunately, today we have more facilities in the
field of neuroimaging and using magnetic resonance spectroscopy, positron emission tomog‐
raphy (PET) and functional MRI the future confirmations will be more confident.

In this book, we introduce a new experience using PET in ALS apart from the previous studies
done with CT scan and MRI. In our opinion, the combination of proton magnetic resonance
spectroscopy (1H-MRS) with diffusion/diffusion tensor imaging, voxel-based morphometry
MRI and perfusion-weighted imaging will bring more clarification to some imagenological
issues not well known as yet, and has the potential to fill the gap between pathogenesis and
clinical outcome of neurodegenerative diseases and other authors also agree [89].

In conclusion, in this book we update some of the knowledge recently published by our
Editorial House and introduce novel aspects on this matter and it will be a pleasure for our
readership community.
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Abstract

Amyotrophic lateral sclerosis is a neurodegenerative disorder that primarily affects the
motor system, but extramotor involvement is common. Progressive muscle weakness
and wasting, including bulbar and respiratory muscles, limit survival to 2–5 years after
disease onset in most patients. The diagnosis is made on clinical grounds and is based
on the presence of signs of upper and lower motor neuron loss in different body regions
in the absence of other pathologies that can explain the symptoms and signs of the
patient. Making an accurate diagnosis can be difficult in early disease stages. ALS is a
heterogeneous disorder with variability in age at onset, in phenotypic presentation, in
the extent of frontotemporal involvement and in the disease progression rate. There is
a high unmet medical need for objective markers that aid in early diagnosis and in
predicting disease outcome. In this chapter, the current knowledge about the diagnos‐
tic and prognostic value of 18F 2-fluoro-2-deoxy-D-glucose-PET in ALS is discussed. The
potential of other targets and PET tracers to visualize different aspects of ALS disease
pathology is described.

Keywords: amyotrophic lateral sclerosis, frontotemporal dementia, extramotor in‐
volvement, FDG PET, neuroinflammation, imaging biomarker

1. Introduction

Amyotrophic lateral  sclerosis (ALS) is  a relentlessly progressive disorder,  however,  with
considerable variability in phenotype, disease progression and aetiology. Reliable prognosti‐
cation regarding unusually fast  or slow progression is  difficult  in clinical  practice.  Since
diagnosis is often delayed until patients are already a year into their disease, pharmacologi‐
cal treatment with riluzole is often postponed as well. Numerous therapeutic clinical trials
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using other drugs have failed to show any benefit. These problems highlight the high need for
reliable  biomarkers  in  ALS.  Ideally,  such  a  biomarker  should  be  easily  accessible  and
affordable, as well as very sensitive and specific for ALS [1]. It should also be of prognostic
value and should change with disease progression making it suitable for treatment monitor‐
ing [1]. Besides peripheral biomarkers in blood and cerebrospinal fluid, several neuroimag‐
ing biomarkers have been proposed, of which several nuclear or molecular imaging targets
seem to be very promising. Although radionuclide imaging is not commonly used in clinical
practice  for  ALS,  recent  studies  suggest  that  various  aspects  of  ALS  pathology  can  be
visualized and quantified.

1.1. ALS and FTD: two overlapping disorders

In ALS, the motor system is primarily affected [2]. Degeneration of upper motor neurons
(UMNs) in motor cortex and lower motor neurons (LMNs) in the brain stem and spinal cord
results in a progressive weakness and wasting of limb, bulbar and respiratory muscles, limiting
survival to 2–5 years after disease onset.

In frontotemporal dementia (FTD), the degenerative process starts in the frontal and/or
anterior temporal cortex [3]. Depending on the neuroanatomical regions affected, disease
presentations include behavioural variant FTD (with changes in behaviour with apathy, loss
of empathy, hyperorality, repetitive behaviours or disinhibition and executive dysfunction)
or language variants of FTD (such as primary non-fluent aphasia and semantic dementia). The
disease progressively affects other cognitive functions. Survival after disease onset ranges from
5 to 8 years.

ALS and FTD are considered to be extremes of a disease spectrum [4]. In about 10% of patients,
both diseases co-occur. In another 30–40%, there is some degree of overlap, with mild motor
involvement in patients with FTD, or mild cognitive/behavioural impairment in patients with
ALS. About 50% of patients have pure FTD or pure ALS.

The only approved therapy for ALS is riluzole, which extends survival by only a few months,
whereas for FTD no disease modifying therapies are available. The cornerstone of the man‐
agement of patients with FTD/ALS remains multidisciplinary care and supportive measures.

Ten percent of ALS patients and 40% of FTD patients have a positive family history. Mutations
in a heterogeneous set of genes have been identified to cause this familial form of FTD/ALS [5].
The inheritance pattern usually is autosomal dominant. Mutations in SOD1, TARDBP and FUS
cause ALS and sometimes ALS-FTD, and mutations in GRN and MAPT cause FTD, but rarely
also ALS. However, by far the most common cause for ALS, FTD/ALS and FTD is the recently
discovered mutation in C9ORF72 [6, 7]. It underlies 30–50% of familial ALS (and ALS-FTD)
and 20–25% of familial FTD [8].

At the neuropathological level, an overlap between ALS and FTD is present as well. Especially,
cytoplasmic accumulations of TDP-43, the protein encoded by the TARDBP gene, are central
to the overlap between ALS and FTD, as most patients with sporadic ALS and about half of
patients with sporadic FTD have such pathology (FTD/ALS-TDP-43) [9]. In addition, several
of the genetic forms of FTD/ALS have TDP-43 aggregates, including mutations in TARDBP,

Update on Amyotrophic Lateral Sclerosis24



using other drugs have failed to show any benefit. These problems highlight the high need for
reliable  biomarkers  in  ALS.  Ideally,  such  a  biomarker  should  be  easily  accessible  and
affordable, as well as very sensitive and specific for ALS [1]. It should also be of prognostic
value and should change with disease progression making it suitable for treatment monitor‐
ing [1]. Besides peripheral biomarkers in blood and cerebrospinal fluid, several neuroimag‐
ing biomarkers have been proposed, of which several nuclear or molecular imaging targets
seem to be very promising. Although radionuclide imaging is not commonly used in clinical
practice  for  ALS,  recent  studies  suggest  that  various  aspects  of  ALS  pathology  can  be
visualized and quantified.

1.1. ALS and FTD: two overlapping disorders

In ALS, the motor system is primarily affected [2]. Degeneration of upper motor neurons
(UMNs) in motor cortex and lower motor neurons (LMNs) in the brain stem and spinal cord
results in a progressive weakness and wasting of limb, bulbar and respiratory muscles, limiting
survival to 2–5 years after disease onset.

In frontotemporal dementia (FTD), the degenerative process starts in the frontal and/or
anterior temporal cortex [3]. Depending on the neuroanatomical regions affected, disease
presentations include behavioural variant FTD (with changes in behaviour with apathy, loss
of empathy, hyperorality, repetitive behaviours or disinhibition and executive dysfunction)
or language variants of FTD (such as primary non-fluent aphasia and semantic dementia). The
disease progressively affects other cognitive functions. Survival after disease onset ranges from
5 to 8 years.

ALS and FTD are considered to be extremes of a disease spectrum [4]. In about 10% of patients,
both diseases co-occur. In another 30–40%, there is some degree of overlap, with mild motor
involvement in patients with FTD, or mild cognitive/behavioural impairment in patients with
ALS. About 50% of patients have pure FTD or pure ALS.

The only approved therapy for ALS is riluzole, which extends survival by only a few months,
whereas for FTD no disease modifying therapies are available. The cornerstone of the man‐
agement of patients with FTD/ALS remains multidisciplinary care and supportive measures.

Ten percent of ALS patients and 40% of FTD patients have a positive family history. Mutations
in a heterogeneous set of genes have been identified to cause this familial form of FTD/ALS [5].
The inheritance pattern usually is autosomal dominant. Mutations in SOD1, TARDBP and FUS
cause ALS and sometimes ALS-FTD, and mutations in GRN and MAPT cause FTD, but rarely
also ALS. However, by far the most common cause for ALS, FTD/ALS and FTD is the recently
discovered mutation in C9ORF72 [6, 7]. It underlies 30–50% of familial ALS (and ALS-FTD)
and 20–25% of familial FTD [8].

At the neuropathological level, an overlap between ALS and FTD is present as well. Especially,
cytoplasmic accumulations of TDP-43, the protein encoded by the TARDBP gene, are central
to the overlap between ALS and FTD, as most patients with sporadic ALS and about half of
patients with sporadic FTD have such pathology (FTD/ALS-TDP-43) [9]. In addition, several
of the genetic forms of FTD/ALS have TDP-43 aggregates, including mutations in TARDBP,

Update on Amyotrophic Lateral Sclerosis24

C9ORF72 and GRN. TDP-43 is an RNA-binding protein with important functions in gene
transcription, splicing, RNA transport and stress granule formation. Accumulations of FUS,
another RNA-binding protein, with many structural and functional similarities to TDP-43, is
also central to FTD/ALS as mutations in FUS cause ALS, rarely FTD, and FUS pathology is also
observed in about 5% of sporadic FTD patients.

It has thus become clear that ALS is a neurodegenerative disease that primarily affects the
motor system, but that a variable degree of extramotor involvement is present in most patients
[4].

For treating physicians and for family members, it is important to uncover cognitive problems
in ALS, but it is not always easy to perform extensive neuropsychological testing in patients
with motor impairments. An imaging biomarker that reliably recognizes and measures both
motor and extramotor involvement in ALS patients would be an important achievement for
the management of ALS patients and for ALS research.

1.2. Need for an upper motor neuron marker

The diagnosis of ALS requires the presence of both UMN and LMN signs. LMN signs are often
readily appreciated on clinical examination and electromyography (EMG) is a very sensitive
method to confirm this and even detect subclinical LMN involvement. On the contrary,
providing evidence of UMN involvement can be challenging. First, the clinical signs of UMN
involvement (hyperreflexia, spasticity, pseudobulbar features, Hoffman’s reflex and extensor
plantar response) exhibit both a low sensitivity and interrater reliability. Second, there are no
reliable tests to show that UMN involvement exists. This lack of a reliable method to detect
UMN involvement and track the progressive loss of UMNs is an important blind spot in the
ALS field.

Various markers of UMN involvement have been proposed so far. First, the appearance of the
motor cortex on magnetic resonance imaging (MRI) has been shown to be altered in ALS
patients. At the group level, the thickness of the motor cortex is decreased, especially on 7T
MRI [10]. However, at the individual patient level, a clear atrophy can only be demonstrated
in around 50% of ALS patients because of considerable overlap with healthy controls [11, 12].
Other parameters like T2 hypointensity and increased quantitative susceptibility mapping
(QSM) are present in a high proportion of ALS patients. It probably reflects gliosis due to
activated microglia, but still lacks convincing sensitivity and specificity [10, 13, 14]. Second,
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cortical hypoexcitability [19, 20], others found a clear hyperexcitablity [11, 21, 22]. Moreover,
several studies showed that TMS cannot discriminate ALS patients from controls [18, 23], so
better methods to detect UMN loss in ALS are needed.

1.3. Need for a (differential) diagnostic test

An early and certain diagnosis of ALS is of utmost importance for clinicians and patients. It
allows an early initiation of riluzole therapy (as yet the only proven disease-modifying therapy
for ALS), an accurate communication about the diagnosis and an early recruitment into clinical
trials. Especially, in these early stages of the disease, the disease process may be amenable to
therapy.

However, in daily clinical practice, the time between symptom onset and diagnosis (the
diagnostic delay) is long, estimated to be 12–14 months in tertiary ALS referral centres [24].
There are various reasons for this delay, including patients-specific and doctor-specific delays.
Aspecific presentations and phenotypic variability at onset contributes to the delay. Observa‐
tion of patients, with repeat clinical examinations and electrodiagnostic testing is a reliable
method to correctly identify ALS patients that present early with only mild and focal motor
symptoms, but this approach increases the diagnostic delay. Some cases pose a differential
diagnostic problem with certain ALS mimicking diseases, also adding significantly to the
diagnostic delay. Since most of these diseases lack abnormalities on CT or MRI imaging, they
can impossibly be excluded by conventional imaging. Only a tool that allows to make a positive
diagnosis of ALS early in the disease course could solve this problem.

1.4. Need for a prognostic marker

ALS is a heterogeneous disorder. Not only the genetic causes and the age at onset, but also the
disease progression is highly variable. The median survival after disease onset is only
33 months and most patients die 2–5 years after disease onset. However, numerous cases of
extremely long and extremely short survival have been reported, making up the extreme ends
of a wide prognostic spectrum [25]. Making a reliable prognostic estimation is pivotal for both
patients and their families and neurologists likewise, but still largely impossible these days. A
variety of prognostic factors has been identified, such as age of onset, site of onset, rate of
symptom progression, comorbid frontotemporal involvement and nutritional and respiratory
status [26–31]. Although they are clearly of value, they all reflect divergent clinical disease
parameters and do not directly reflect the underlying disease process. The first prognostic
models taking into account the different known prognostic factors are underway [32]. Other,
more pathophysiologically relevant biomarkers, such as pNFH levels [33, 34], seem to be
promising. But also imaging biomarkers that reliably reflect the extent of motor and extramotor
involvement have the potential to become a reliable prognostic determinant.

1.5. Need for an in vivo marker of ALS pathophysiology

Conventional neuroimaging has only revealed gross pathological insights by showing atrophy
of the motor cortex and alterations of the CST. These imaging modalities can reveal structural
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changes in ALS at the group level with high spatial resolution. However, they lack the capacity
to provide a reflection of the neuropathological process at the cellular or molecular level and
are not applicable at the individual patient level. Imaging biomarkers that can visualize ALS
disease pathology, such as neuroinflammation, neuronal death and ideally TDP-43 accumu‐
lation would greatly advance the field of ALS research. It would not only be valuable for
diagnostic purposes, but would also be useful to monitor the evolution of disease over time
and as a readout for treatment effects of disease-modifying therapies.

So far, positron emission tomography (PET) has not been commonly used in ALS. However,
recent studies show that various radioligands have potential to be useful imaging biomarkers
in ALS. These can be of value in the diagnosis, in predicting outcome and in imaging disease
pathology in ALS. In this chapter, an overview of the PET studies in ALS is given and future
perspectives on the use of PET in ALS are discussed. On overview of all tracers used in ALS

Figure 1. PET tracers used in ALS. Using PET imaging six different neurological systems or cell populations can be
assessed using different tracers. General glucose metabolism in the grey matter is assessed by [18F]-FDG. Cortical amy‐
loid deposition can be assessed using [11C]-PIB to distinguish ALS from Alzheimer’s disease. The extrapyramidal sys‐
tem can be investigated using [18F]-fluorodopa, [18F]-FPCIT or [123I]-FP-CIT. Neuronal integrity can be visualized using
tracers for the GABA-A receptor ([11C]-flumazenil) or the 5-HT1A receptor ([11C]-WAY100635). Microglial cells can be
highlighted using tracers targeting the translocator protein (TSPO), like [18F]-DPA-174, [11C]-(R)-PK11195 or [11C]-
PBR28. Astrocytes are visualized by tracers for the MAO-B enzyme ([11C]-DED).
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so far is provided in Figure 1. Apart from the commonly used tracers for indirect neuronal
functioning, such as glucose metabolism ([18F]-FDG) and perfusion, more specific receptor or
protein deposition tracers used in other neurodegenerative diseases, like Parkinson’s disease
([18F]-FP-CIT) and Alzheimer’s disease ([11C]-PIB), have also been investigated in ALS patients.
Recently, tracers with an affinity for specific cell types, like neurons ([11C]-flumazenil, [11C]-
WAY100635), microglial cells (TSPO ligands) and astrocytes ([11C]-DED), can also highlight
specific pathophysiological processes of ALS.

2. FDG PET imaging in ALS

2.1. Early FDG PET and perfusion SPECT studies revealed widespread cortical
abnormalities

In the 1980s and 1990s of the previous century a mere handful of studies investigated a small
number of ALS patients using 18F-2-fluoro-2-deoxy-D-glucose PET (FDG PET) imaging. The
common denominator of their findings was a generalized cerebral hypometabolism [35–37].
Despite the low spatial resolution of the PET scanners at the time, some studies did reveal a
predominance for the motor cortex [36] and even provided preliminary evidence for frontal
hypometabolism [37, 38] which was even related to clinical cognitive impairment in one study.
A few studies assessing cerebral perfusion using SPECT imaging confirmed a predominant
involvement of the motor cortex with extensive frontal hypoperfusion, often related to
cognitive impairment [39–41]. These pilot studies were instrumental in redirecting the view
of ALS as a disease exclusively affecting motor neurons towards a multisystem neurodege‐
nerative disease as generally accepted nowadays.

2.2. Regions involved on recent FDG PET imaging

More recent FDG PET studies in ALS patients, using the next-generation PET scanners with
higher spatial resolution, could confirm the presence of hypometabolism in the primary motor
cortex, which is hence thought to be the signature of ALS on FDG PET imaging [42–44]. Besides
the primary motor cortex, other peri-Rolandic regions like the premotor cortex and primary
sensory cortex have been found to be affected on FDG PET [42–45]. In keeping with the clinical
and pathophysiological overlap with FTD, several prefrontal (dorsolateral prefrontal cortex,
orbitofrontal cortex, anterior frontal cortex) and temporal (anterior temporal lobe, fusiform
gyrus) regions frequently display hypometabolism in ALS patients [42–45]. Some studies even
report hypometabolism of primary and associative visual cortices in ALS patients [42, 45].
Examples of typical FDG PET patterns seen in ALS are given in Figure 2. Patient 1 is an example
of an ALS patient with modest hypometabolism in the peri-Rolandic areas on FDG PET. In
patient 2, extensive hypometabolism in the motor cortex can be noted. In about 10% of patients,
extensive regions of hypometabolism are also present in the frontal and/or anterior temporal
lobes. Patient 3 is an example of an ALS patients with extensive areas of hypometabolism in
the frontal areas. Patient 4 has pronounced anterior temporal hypometabolism.
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Figure 2. Commonly affected regions on FDG PET in ALS patients. Three regions frequently and typically display
hypometabolism on FDG PET in ALS patients; motor cortex, prefrontal cortex and anterior temporal lobe. The three
left images depict the stereotactic surface projections of brain FDG PET uptake. The three images on the right show the
corresponding Z-score images (comparing patient to healthy volunteers). In patient 1 and 2, hypometabolism in the
Rolandic area (including parts of the motor cortex) is noted. While this is only mild in patient 1, patient 2 has extensive
hypometabolism. In patient 3, an obvious hypometabolism in the prefrontal cortex is noted. In patient 4, extensive hy‐
pometabolism of the anterior temporal lobe is noted.

Recently, several studies also reported the presence of (relative) hypermetabolism on FDG PET
in certain regions. Hypermetabolism in ALS patients seems to be most obvious in the infra‐
tentorial region, like midbrain, pons and cerebellum [44–46]. This hypermetabolism is thought
to be the reflection of increased astrocytosis along the course of the CST [45]. Also, hyperme‐
tabolism in mesial temporal structures, like hippocampus and amygdala, has been reported
[44, 45].

2.3. Detection of frontotemporal involvement on FDG PET

As explained above, a clear link between ALS and FTD has been established over the last years.
This is also backed up by the early studies showing frontotemporal hypometabolism using
FDG PET and rCBF measures [37, 38]. Based on the extent of frontotemporal versus motor
neuron involvement, patients across the ALS-FTD spectrum can be divided into five categories
[47]. Pure ALS (without any evident cognitive abnormality) and pure FTD (without any
obvious motor abnormality) are located at the opposite ends of this spectrum. Patients who
meet diagnostic criteria for both ALS as FTD are considered to have ‘ALS-FTD’. ALS patients
with mild behavioural dysfunction are classified as having ALS with behavioural impairment
(‘ALSbi’), whereas patients with mild executive and language dysfunction are said to have
ALS with cognitive impairment (‘ALSci’). Patients with a diagnosis of FTD and some motor
neuron involvement are said to have ‘FTD-MND’.
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The signature of frontotemporal involvement on PET imaging constitutes hypometabolism
mainly focused on the prefrontal cortex, often extending to the entire frontal cortex and
anterior temporal cortex and even to the thalamus [48, 49]. Contrary to FTD patients, this
frontotemporal hypometabolism is often more symmetric in ALS-FTD patients [49]. Impor‐
tantly, this hypometabolism is often already present in otherwise normal frontotemporal lobes
on MRI, leading to the general view that hypometabolism precedes atrophy [50]. This makes
FDG PET a very sensitive tool to detect frontotemporal involvement even in a very early clinical
stage. Hence, frontotemporal hypometabolism on FDG PET has extensive potential to become
an important diagnostic marker, and this independently from hypometabolism in the primary
motor cortex.

Several studies performing both PET imaging as neuropsychological testing in ALS patients
found a correlation between extent of frontotemporal hypometabolism and neuropsycholog‐
ical performance [37, 38, 43]. A recent large study indeed confirmed that ALS patients with
mild cognitive impairment (‘ALSci’) exhibit moderate frontotemporal hypometabolism, which
is clearly more pronounced in real ‘ALS-FTD’ patients and less pronounced to even absent in
‘pure ALS’ patients [48]. So, when patients are stratified along the ALS-FTD spectrum, there
seems to be a proportionate correlation between clinical cognitive involvement and fronto‐
temporal hypometabolism on PET imaging.

Frontotemporal hypometabolism on PET not only has the potential to become a diagnostic
marker, it has also been shown to provide important prognostic information. In a considerably
large study of ALS patients, extensive prefrontal hypometabolism was associated with
significantly shorter survival [51].

2.4. FDG PET as a (differential) diagnostic marker

Extensive studies demonstrating high diagnostic accuracy are a prerequisite for any imaging
biomarker to become incorporated into the diagnostic criteria of ALS. Recently, four large
studies assessed the sensitivity and specificity of FDG PET in ALS patients compared to healthy
controls. The first study made use of a ‘region of interest method’ [42]. When all brain regions
were taken into account, FDG PET was able to discriminate ALS patients from controls with
a sensitivity of 89% and specificity of 82.5%. When only a specific set of regions was used, an
even higher sensitivity (95%) with the same specificity (82.5%) could be obtained. The second
study analysed FDG PET images using a method evaluating disease-specific spatial patterns
on a voxel-based manner, trying to disclose the networks with the highest diagnostic value
[52]. When all relevant networks were taken into account an astonishing accuracy of 99.0%
was achieved. Remarkably, when only the most discriminating network (i.e. bilateral cerebel‐
lum and midbrain) was used, accuracy was still 96.3%. The third study reported an accuracy
of 89.7% using a VOI-based discriminant analysis, further increasing to 95% if a discriminant
analysis based on a support vector machine (SVM) approach was used [44]. In the fourth study,
a prospective validation of the diagnostic algorithm based on SVM was carried out in 105 novel
cases and a sensitivity and specificity of 100% was obtained [51]. All these studies suggest that
FDG PET is a very sensitive marker of ALS pathology that can be used in a clinical setting.
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There is, however, one major limitation of these studies. While these studies report a high
sensitivity using healthy controls, it is clear specificity may be lower since ALS patients need
to be discriminated from patients with ALS mimicking diseases. Unfortunately, no large
studies using FDG PET in such disease mimics exist. A study performing FDG PET in ten
patients with Kennedy’s disease even surprisingly revealed the presence of frontal hypome‐
tabolism [53]. This means that FDG PET may be insufficient to discriminate ALS from certain
ALS mimicking diseases.

2.5. FDG PET as a prognostic marker

Besides its capacities as a diagnostic marker, FDG PET is increasingly proposed as a potential
marker for prognosis. So far, only two studies assessed the value of FDG PET in predicting the
prognosis of ALS [44]. Assessing 70 ALS patients, extensive prefrontal hypometabolism was
associated with a significantly shorter survival. This is in line with previous studies that
reported concomitant clinical FTD or cognitive/behavioural impairment with a worse prog‐
nosis [4]. More recently, a larger prospectively collected cohort of 175 (including the initial 70
patients) was studied [51]. It was confirmed with longer follow-up that extensive hypome‐
tabolism in the prefrontal or anterior temporal lobe was associated with a shorter survival. In
a Cox regression, taking into account other prognostic factors, such as age of onset, site of onset,
diagnostic delay, FVC and slope in the ALS FRS-R, extensive frontotemporal hypometabolism
was significantly correlated with shortened survival (Figure 3).

Figure 3. Relation of ALS survival with degree of frontotemporal hypometabolism. Kaplan-Meier survival plot of all
ALS patients (ALS group 1 + ALS group 2) with (red line, n = 34) and without (blue line, n = 141) extensive hypometab‐
olism in the frontal and/or temporal cortex (n = 175, p < 0.001) (This research was originally published in JNM. Van
Weehaege et al. prospective validation of 18F-FDG brain PET discriminant analysis methods in the diagnosis of amyo‐
trophic lateral sclerosis. J Nucl Med. 2016;vol:pp-pp. © by the Society of Nuclear Medicine and Molecular Imaging, Inc.)
[51].
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3. Other tracers

3.1. Tracers assessing the extrapyramidal system

The exact role of the extrapyramidal system in the pathophysiology of ALS is still under debate.
Although several large clinical studies reported the increased presence of extrapyramidal
symptoms and signs (increased tonus, postural instability and backward falls) in ALS patients
[54, 55], others even reported an increased incidence of Parkinson’s disease in the ALS
population [56]. The presence of extrapyramidal symptoms in ALS is correlated with the
presence of a hexanucleotide repeat expansion in C9orf72 in many patients [57, 58]. PET studies
have tried to make a significant contribution in elucidating a possible link between ALS and
extrapyramidal symptoms.

[18F]-fluorodopa was one of the first radioligands used to assess the integrity of the nigrostriatal
tract with PET by quantifying dopadecarboxylase activity presynaptically, while nowadays
dopamine transporter imaging due to its better access using [123I]-FP-CIT SPECT is the most
widely used method to assess the extrapyramidal system. More novel and specific tracers such
as [18F]-PE2I for PET dopamine transporters are already in use at several centres worldwide
[59].

Literature data regarding extrapyramidal radionuclide imaging in ALS patients is still
sporadic and seems to be discordant. While two earlier studies reported a dopaminergic deficit
in sporadic and familial ALS patients without clinical extrapyramidal disease [60, 61], this was
contradicted in a more recent small study investigating ALS patients with concomitant clinical
parkinsonism (‘ALS-parkinsonism’) [62]. Another study did report dopaminergic deficits in
two ALS-parkinsonism patients assessed by [18F]-FP-CIT PET [63]. These discrepancies are
believed to be due to the heterogeneity of ALS-parkinsonism, and larger datasets are needed.

While in some cases the extrapyramidal signs are thought to be caused by true degeneration
of the extrapyramidal system, in other cases, they are believed to be the result of cortical lesions.
The latter concept is confirmed by a more recent study investigating UMN-ALS patients using
[123I]-FP-CIT SPECT [64]. While a dopaminergic deficit was indeed evident in the majority of
patients which even correlated with disease duration, there was no correlation with functional
extrapyramidal scores (like UPDRS). This means that, although the neuropathological process
in ALS extends towards the extrapyramidal system, some of the extrapyramidal signs noted
in ALS patients are probably due to spasticity, which is a typical UMN feature.

3.2. Tracers for neuroinflammation

Neurons rely on several supportive cells, commonly named glial cells, to survive and exert
their normal function. These glial cells, including astrocytes, microglia and oligodendrocytes,
provide nutritional and trophic support to neurons, especially motor neurons. ALS is charac‐
terized by a neuroinflammatory reaction consisting of an activation of astrocytes and micro‐
glia. Several studies using ALS animal models have taught us that dysfunction of these cell
types significantly contributes to motor neuron death, independent of intrinsic motor neuron
dysfunction, leading to the view of ALS as a non-cell autonomous disease [65].
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Two targets have been used to visualize this ‘neuroinflammation’ in ALS patients using
radionuclide imaging. [11C]-DED, a deprenyl derivative, selectively binds the MAO-B enzyme
which is primarily though not exclusively located in astrocytes. Because of the high back‐
ground activity of this ligand and newer derivatives, they are limited to research applications.
The second, more frequently used target is the activated microglial cell, the macrophages of
the central nervous system [66]. One of the most studied targets for activated microglia is the
translocator protein (TSPO), a mitochondrial protein that is highly overexpressed in activated
microglia [67]. Several radioligands such as [11C]-(R)-PK11195, [18F]-DPA-174 and [11C]-PBR28
can be used to quantify TSPO binding.

The major finding in TSPO PET studies in ALS is an increased binding in the motor cortex,
highlighting this region as the primary focus of neuropathology [68–70]. The degree of
neuroinflammation in the motor cortex is positively correlated with clinical UMN scores and
probably negatively correlated with ALS-FRS. Other frequently involved regions are the
prefrontal cortex, thalamus, pons and CST [68–71]. The latter two probably reflect the secon‐
dary neuroinflammation due to degeneration of the CST. Interestingly, some studies have
shown that the inflammation can be detected on the individual patient level.

Thus, PET imaging assessing neuroinflammation has a high potential to become a specific
UMN marker which can be used at the single patient level. Moreover, it could be an interesting
method to monitor the effect of treatment selectively targeting the neuroinflammatory process.

3.3. Tracers reflecting neuronal loss and/or dysfunction

Although the neurodegenerative process in ALS is non-cell autonomous, markers of selective
motor neuron death would be of significant value. FDG PET assesses glucose metabolism in
general, hence encompassing various processes like neuronal dysfunction, atrophy, micro‐
gliosis and astrocytosis. Therefore, the capabilities of FDG PET to selectively assess motor
neuron degeneration are limited.

Two tracers have been used so far to specifically assess neuronal loss and/or dysfunction. [11C]-
flumazenil, which selectively binds GABA-A receptors expressed by neurons, is the most
widely used. It is, however, unclear whether this ligand primarily visualizes pyramidal
neurons (like motor neurons) or interneurons. Although an early study reported an almost
generalized decreased signal in the cortex [72], more recent studies revealed a more selected
involvement of primary motor and motor association cortices, which was even correlated with
a clinical UMN score [73, 74]. One study used the radioligand [11C]-WAY100635 targeting the
5-HT1A serotonin receptor which is expressed in pyramidal neurons [75]. They also reported
a generalized cortical decrease, which was most pronounced in the motor cortex and fronto‐
temporal regions.

So, these neuronal radioligands seem to be able to specifically highlight the primary patho‐
physiological process of ALS, which is degeneration and dysfunction of the UMNs. Hence, it
seems promising to further investigate the diagnostic and prognostic value of these potential
UMN markers.
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4. Correlation with phenotype

4.1. ALS subtypes

The pattern of motor neuron involvement in ALS is highly heterogeneous. Depending on the
relative upper and LMN involvement and depending on the neuroanatomical region within
the motor system with the most extensive pathology, different subtypes of motor neuron
degeneration have been defined. While in some patients UMN features (spasticity, hyperre‐
flexia) dominate the clinical picture, LMN features prevail in other patients. It remains unclear
if the pure UMN disorder, PLS (primary lateral sclerosis), and the pure LMN disorder,
progressive muscular atrophy (PMA), should be regarded as separate disease entities or
merely as the extreme ends of the ALS spectrum [25]. Similarly, the site of onset is also highly
variable, with onset in a limb (‘spinal onset’) being more frequent than onset in the bulbar
musculature (‘bulbar onset’) [25]. The neuroimaging signature of these subtypes has not yet
been extensively studied using PET. The challenge will be to find commonalities and differ‐
ential representations of the different endophenotypes.

4.1.1. PLS and Mills’ syndrome

PLS is a variant of ALS with selective UMN signs for several years [76]. Mills’ syndrome is an
unusual unilateral variant of PLS, which eventually spreads to the contralateral side after a
variable time period [25]. On postmortem examination, there is no difference in the essential
pathological processes (e.g. TDP-43 positive intraneuronal inclusions) [77]. However, to
explain this phenotypic variability, there must be a difference in the focal initiation and
spreading pattern of the neurodegeneration. PET imaging has several advantages to assess
this question, like in vivo usability and availability of specific tracers. Unfortunately, since no
large studies investigating PET in PLS/Mills’ patients have been undertaken so far, we need
to rely on a handful of small case series. Four studies in PLS patients performed either FDG
PET or [11C]-flumazenil PET and mainly found similar abnormalities as seen in ALS patients
[44, 51, 78, 79]. However, in one study involvement of the primary motor cortex seemed to be
more severe than in pure ALS [79]. On the other hand, some specific regions like the prefrontal
cortex and posterior cingulate seem to be spared in PLS [44, 78]. So, based on these PET
findings, neuropathology in PLS may be more restricted to the motor cortex.

Only five cases of Mills’ patients with PET imaging have been reported so far. While one patient
had an asymmetric involvement of the motor cortices, an almost unilateral pattern of hypo‐
metabolism (FDG PET) or hypercaptation (TSPO radioligand) has been noticed in the four
remaining patients [80–82]. So, compared to PLS, neuropathology in Mills’ syndrome seems
to be focused even more on one unilateral motor cortex, suggesting a more restricted contig‐
uous spread of disease in this endophenotype.

4.1.2. PMA

PMA is a motor neuron disease with selective involvement of the LMN, and probably has to
be seen as an unusual variant of ALS [25]. Literature regarding FDG PET in PMA patients is

Update on Amyotrophic Lateral Sclerosis34



4. Correlation with phenotype

4.1. ALS subtypes

The pattern of motor neuron involvement in ALS is highly heterogeneous. Depending on the
relative upper and LMN involvement and depending on the neuroanatomical region within
the motor system with the most extensive pathology, different subtypes of motor neuron
degeneration have been defined. While in some patients UMN features (spasticity, hyperre‐
flexia) dominate the clinical picture, LMN features prevail in other patients. It remains unclear
if the pure UMN disorder, PLS (primary lateral sclerosis), and the pure LMN disorder,
progressive muscular atrophy (PMA), should be regarded as separate disease entities or
merely as the extreme ends of the ALS spectrum [25]. Similarly, the site of onset is also highly
variable, with onset in a limb (‘spinal onset’) being more frequent than onset in the bulbar
musculature (‘bulbar onset’) [25]. The neuroimaging signature of these subtypes has not yet
been extensively studied using PET. The challenge will be to find commonalities and differ‐
ential representations of the different endophenotypes.

4.1.1. PLS and Mills’ syndrome

PLS is a variant of ALS with selective UMN signs for several years [76]. Mills’ syndrome is an
unusual unilateral variant of PLS, which eventually spreads to the contralateral side after a
variable time period [25]. On postmortem examination, there is no difference in the essential
pathological processes (e.g. TDP-43 positive intraneuronal inclusions) [77]. However, to
explain this phenotypic variability, there must be a difference in the focal initiation and
spreading pattern of the neurodegeneration. PET imaging has several advantages to assess
this question, like in vivo usability and availability of specific tracers. Unfortunately, since no
large studies investigating PET in PLS/Mills’ patients have been undertaken so far, we need
to rely on a handful of small case series. Four studies in PLS patients performed either FDG
PET or [11C]-flumazenil PET and mainly found similar abnormalities as seen in ALS patients
[44, 51, 78, 79]. However, in one study involvement of the primary motor cortex seemed to be
more severe than in pure ALS [79]. On the other hand, some specific regions like the prefrontal
cortex and posterior cingulate seem to be spared in PLS [44, 78]. So, based on these PET
findings, neuropathology in PLS may be more restricted to the motor cortex.

Only five cases of Mills’ patients with PET imaging have been reported so far. While one patient
had an asymmetric involvement of the motor cortices, an almost unilateral pattern of hypo‐
metabolism (FDG PET) or hypercaptation (TSPO radioligand) has been noticed in the four
remaining patients [80–82]. So, compared to PLS, neuropathology in Mills’ syndrome seems
to be focused even more on one unilateral motor cortex, suggesting a more restricted contig‐
uous spread of disease in this endophenotype.

4.1.2. PMA

PMA is a motor neuron disease with selective involvement of the LMN, and probably has to
be seen as an unusual variant of ALS [25]. Literature regarding FDG PET in PMA patients is

Update on Amyotrophic Lateral Sclerosis34

very limited. Only two early studies performing FDG PET in ALS patients performed a
subanalysis in patients with only LMN signs. In keeping with the clinical absence of UMN
signs, no to only very mild cerebral hypometabolism is present in these patients [35, 36]. Larger
studies are required to establish if peri-Rolandic hypometabolism is present in a proportion
of PMA patients and if this predicts progression to ALS or disease outcome.

In comparison, a few MRI-based imaging studies investigating UMN involvement in PMA
remained inconclusive as well. One study found no evidence for thinning of the motor cortex
on high-resolution MRI [83]. While one study found modest though clear abnormalities of the
CST on DTI imaging [84], this was contradicted by another earlier study [85]. Finally, an fMRI
study revealed modest prefrontal activation abnormalities in PMA patients [86].

So based on several imaging modalities, it is so far unclear whether significant measurable
UMN involvement is present in all PMA patients.

4.1.3. Spinal versus bulbar

In most ALS patients, the disease starts with asymmetric weakness of a limb, and hence, this
classical form of ALS is called ‘spinal onset ALS’. In about 20% of ALS patients, however,
weakness starts in the bulbar muscles, this form is called ‘bulbar onset ALS’ [25]. While both
endophenotypes clearly have a distinct disease initiation and disease course, they eventually
converge into a common phenotype of generalized weakness. The pathological substrates
underlying these initial differences are largely not understood. PET imaging has tried to
elucidate some aspects of this enigma.

While one study using FDG PET suggested a differential pattern of involvement between
spinal and bulbar onset ALS in frontal and parietal regions [45], this was not confirmed by
others [42]. A study investigating perfusion (regional cerebral blood flow, rCBF) in ALS
patients reported a significantly lower rCBF of the frontal lobe in bulbar onset patients
compared to spinal onset [87]. Based on TSPO PET imaging, one study found evidence for
increased neuroinflammation in the brainstem of bulbar onset ALS patients, whereas neuro‐
inflammation in the motor cortex seemed to be less pronounced [70]. So, the specific functional
imaging correlate of these two endophenotypes has not been clearly established yet.

4.2. Severity of disease

An independent objective marker for severity and spreading pattern of disease pathology is
highly needed. None of the imaging biomarkers so far has been able to reflect local disease
severity and disease spreading in a longitudinal fashion. A limited amount of studies inves‐
tigated the link between PET imaging and clinical scores. First, although several FDG PET
studies in ALS patients found no correlation with parameters of disease severity in general,
one study did reveal a correlation of prefrontal hypometabolism with a reduced ALS-FRS R
(ALS functional rating scale revised version) [44]. Second, PET imaging of microglia, via TSPO
radioligands, was not correlated with ALS-FRS R in two studies [68, 69]. However, one of these
studies found a relation with clinical burden of UMN signs [68]. Third, abnormalities on [11C]-
flumazenil PET in one study was not correlated with ALS-FRS, whereas it was associated with
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the UMN score [74]. So in general, findings with the currently available PET targets show very
little, if any, clear correlation with clinical severity of disease. Longitudinal studies are required
to find out if PET imaging is of value in tracking disease progression.

5. Correlation with genotype

While most cases of ALS are sporadic, about 10% are caused by a variety of genetic deficits,
with alterations in the C9orf72 and SOD1 gene being the most frequent and most studied [88].
A few PET studies have been performed in genetic subtypes of ALS.

5.1. C9orf72

Two recent studies investigated 26 patients in total with C9orf72-related ALS using FDG PET
and found in general more severe hypometabolism [44, 46]. Remarkably, both studies also
reported hypometabolism in the thalamus and parts of the limbic system to be present almost
uniquely in C9orf72 patients. An example of FDG PET findings in a C9orf72 ALS patient is

Figure 4. PET abnormalities in a C9orf72 ALS patient. Example of Z-score images of FDG PET imaging of a C9orf72
patient with ALS revealing a remarkable hypometabolism of the thalamus, as noted on axial (A and B) and sagittal (C
and D) sections.
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provided in Figure 4. This involvement of thalamus, extrapyramidal system and limbic system
is probably the neuroanatomical correlate of the increased incidence of phenocopies of several
other neurodegenerative diseases in C9orf72 mutation carriers. Among others, phenocopies of
Parkinson’s disease, Huntington’s disease, corticobasal degeneration, Alzheimer’s disease and
several neuropsychiatric diseases (psychosis, schizophrenia) have been reported in C9orf72
mutation carriers [57].

5.2. SOD1 (D90A)

Worldwide, the D90A is the most common SOD1 mutation, although it is not the most studied
one [89]. This mutation can be inherited in an autosomal recessive or dominant way, which is
quite unusual in ALS. Two studies performing [11C]-Flumazenil-PET in a total of 21 D90A
patients revealed that these patients showed a specific pattern of reduced tracer binding
confined to the left frontotemporal junction and anterior cingulate gyrus, without involvement
of the motor and premotor cortices [73, 74]. Larger studies on other SOD1 mutations or other
genetic subtypes of ALS are largely lacking.

6. Future perspectives

More than a decade PET imaging has seen a revival in the ALS field using either new hardware
and software technologies or novel tracers. In the near future, PET will hopefully find
applications in both clinical practices, namely clinical trials and neurobiological research.

First, PET imaging could become of value in the ALS diagnosis in the future. Although
conventional imaging (e.g. MRI) is only intended to rule out other diseases, FDG PET has the
potential to be used as a positive argument to make a diagnosis of ALS at the single patient
level. Both hypometabolism in the motor cortex as in the frontotemporal cortex will be of
diagnostic value and could be considered to incorporate in clinical criteria for ALS, similar to
the inclusion of frontotemporal hypometabolism in the diagnostic criteria of FTD [90].
However, additional research comparing ALS patients with ALS mimicking diseases is needed
to reliably assess the sensitivity and especially the specificity in the real-life clinical setting of
early diagnosis.

Second, PET imaging will be further investigated as a biomarker of disease. More studies
assessing the correlation with severity of disease need to be undertaken. Similarly, more
longitudinal studies are needed to relate early PET abnormalities with clinical course, hope‐
fully fulfilling the high need for a prognostic marker in the clinic.

Third, PET imaging could become valuable in clinical trials of ALS patients. By increasing the
diagnostic yield, especially early in the disease, it will be possible to include patients early after
disease onset, hence increasing the power to obtain positive results in pharmaceutical trials.
Additionally, several tracers (neuroinflammation, neuronal loss …) could be used as a read
out to demonstrate target engagement or even to assess the effect of treatments. Of particular
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interest, a tracer for TDP-43 would revolutionize the field, as PET detection and quantification
of misfolded proteins have done in Alzheimer’s disease with beta-amyloid and tau imaging.

Fourth, tracers assessing neuroinflammation will be further investigated, and aside from TSPO
other targets such as type 2 cannabinoid receptors, the purinergic receptor P2X7, and matrix
metalloproteinases are investigated currently. The power of protein or receptor tracers mainly
lies in the selectivity of their target, that is they selectively reflect one aspect of ALS patho‐
genesis which increases with disease progression. Hence, in contrast to FDG PET which reflects
general glucose metabolism, these tracers have the potential to be used as ‘positive tracers’ for
disease severity and progression. They are also of high interest to gain insight in the patho‐
physiology of ALS. Probably, several tracers assessing other aspects of ALS pathology will be
developed and investigated as well.
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Abstract

Neuronal  hyperexcitability  is  a  well-known  phenomenon  in  amyotrophic  lateral
sclerosis  and  other  neurodegenerative  diseases.  The  use  of  transcranial  magnetic
stimulation in clinical and research practice has recently made it possible to detect motor
cortex  hyperexcitability  under  clinical  conditions.  Despite  numerous  studies,  the
mechanisms and sequelae of the development of hyperexcitability still have not been
completely elucidated. In this chapter, we discuss the possibilities for detecting motor
cortex hyperexcitability in patients with amyotrophic lateral sclerosis using transcrani‐
al  magnetic  stimulation.  The  potential  relationship  between  hyperexcitability  and
neuronal degeneration or neuroplasticity processes is discussed using the data obtained
by navigated transcranial magnetic stimulation and neuroimaging data, as well as the
data of experimental studies.

Keywords: transcranial magnetic stimulation, amyotrophic lateral sclerosis, hyperex‐
citability, excitotoxicity, neuroplasticity

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease affecting the upper
and lower motor neurons. Despite the significant advance in molecular biology and genetics
over the past years, many aspects of etiology and pathogenesis of ALS remain unstudied;
neither biomarkers of the disease nor effective treatment methods have been designed [1].
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A significant advance in understanding the pathophysiological mechanisms of the develop‐
ment of the neurodegenerative process of ALS has been made over the past years after novel
neurophysiological and neuroimaging techniques were introduced into the research and
clinical practice [2–4]. Transcranial magnetic stimulation (TMS) is a noninvasive brain
stimulation method that is used to evaluate the functional status of the upper motor neuron
in ALS patients. It has been shown in the recent studies that different TMS parameters are
altered in ALS patients [4]. TMS is currently viewed as a valuable research and diagnostic tool
in ALS.

Development of hyperexcitability of the primary motor cortex and the entire motor system is
a well-studied phenomenon in ALS. Motor cortex hyperexcitability can be determined using
TMS as reduced resting motor threshold and increased motor evoked potential (MEP)
amplitude, decreased silent period, reduced effectiveness of short-interval intracortical
inhibition (SICI), and increased intracortical facilitation (ICF) (see review [4]). Most authors
attribute motor cortex hyperexcitability in ALS patients to enhanced glutamatergic neuro‐
transmission in the neocortex and reduced gamma-aminobutyric acid (GABA)ergic inhibitory
neurotransmission, thus suggesting that hyperexcitability provokes degeneration of motor
neurons [5–7]. However, no direct evidence has been obtained yet that would unambiguously
demonstrate the relationship between motor cortex hyperexcitability in ALS patients and its
degeneration. There is an alternative opinion that hyperexcitability can potentially be related
to neuroplasticity processes taking place in the motor cortex and compensation for the lost
function.

We would like to discuss the potential relationship of motor cortex hyperexcitability with
motor neuron degeneration and neuroplasticity in ALS patients, as well as the possible
methods to solve this problem using modern neurophysiological and neuroimaging methods.

2. Motor cortex hyperexcitability in ALS

Although the term ‘hyperexcitability’ is widely used, it still does not have a commonly
accepted definition. According to Bae et al. (2013), it ‘means an increased or exaggerated
response to a stimulus, which may usually have been expected to evoke a normal response’
[7]. We deem that hyperexcitability is discussed in modern TMS studies more broadly: as the
ability to respond to stimuli that normally do not evoke any response and, speaking more
generally, as the predominance of excitation over inhibition.

Hyperexcitability in ALS patients can be determined using various methods at different levels
of the motor system. It can be detected at the level of individual neurons and ion channels in
cell cultures in transgenic animals, clinically (presenting as the well-known phenomena, such
as fasciculation or cramps) or using the modern neurophysiological techniques such as
electromyography (EMG) and TMS [7].

Motor cortex excitability is a complex integral parameter that depends on numerous factors.
Hence, the hyperexcitability phenomenon is also a complex and multifactorial process that
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depends on glutamate synthesis and release, its reuptake and degradation, expression and
functional status of several types of glutamate receptors, excitable properties of neuronal
membranes, and the status of inhibitory GABAergic neurotransmission. A number of experi‐
mental studies demonstrated that all the aforementioned processes are disturbed in ALS [8,
9]. Table 1 summarizes the results of some key studies.

Mechanism Supporting facts

Decreased
Glutamate reuptake

• A 70-80% decrease in expression of high-affinity astroglial glutamate transporter EAAT2
(excitatory amino acid transporter) in the motor cortex and spinal cord in ALS patients as
a result of posttranslational modifications, oxidative stress, and other factors [10, 11]

• Early reduction of glutamate transporter expression in mSOD1 transgenic animals [12]

• Degeneration of motor neurons in the motor cortex and spinal cord as glutamate reuptake
is inhibited in vitro in an organotypic cell culture [13]

• The absence of compensatory increase in glutamate transporter expression by glial cells
under excitotoxic conditions and oxidative stress [14]

Dysfunction of
inhibitory GABAergic
neurotransmission

• Degeneration of inhibitory interneurons in the motor cortex and spinal cord in ALS patients
according to pathomorphological and animal model studies [15–17]

• Decreased GABA level in the motor cortex according to the MR spectroscopy [18] and
reduced 11C-flumazenil binding according to the PET data [19]

• Decreased level of mRNA of GABA(A) receptor subunits in a postmortem study [20]

Changes in excitability
of motor neuron
membranes

• Increased density and excitability of voltage-gated sodium channels in SOD1 transgenic
animals [21, 22]

• Decreased conductance of potassium channels Kv 1.2

• Hyperexcitability of individual motor neurons in a cell culture [23, 24]

Changes in expression
and functions of
glutamate receptors

• Decreased expression of the GluR2 subunit blocking calcium delivery to the cell in ALS
patients with transgenic animals [25]

• Disturbance of posttranslational modification of GluR2 subunit increasing permeability to
calcium ions [25]

Table 1. Potential mechanisms of development of motor neuron hyperexcitability in ALS patients.

Today, TMS is the key and actually the only method for clinical investigation of motor cortex
excitability. The use of the entire range of TMS parameters allows one to perform a relatively
differentiated study of various factors contributing to motor cortex excitation [26]. TMS can
be employed for assessing the functional status of the corticospinal tract due to the ability to
excite motor cortex neurons by induced electrical current followed by propagation of excitation
to alpha motor neurons of spinal cord. This causes contraction of muscle fibers within a certain
motor unit, which can be recorded by cutaneous electrodes as a MEP [27]. TMS assesses the
functional status of neuronal contours of the motor cortex [28].
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Motor threshold is the key parameter used to assess motor cortex excitability. The motor
threshold represents the density of corticospinal projections and can be regarded as a bio‐
marker of neuronal membrane excitability [26]. Decreased motor threshold is considered to
be one of the key signs of motor cortex hyperexcitability.

According to most studies, the motor threshold in ALS patients is increased, probably being
indicative of degeneration of cortical motor neurons [29–35]. Meanwhile, a paradoxical
decrease in the motor threshold when examining patients at the onset of the disease was shown
in some studies [36–39]. The motor threshold is likely to decrease at the onset of ALS, probably
until clinical signs appear, and subsequently increases as motor neurons die. A statistically
significant direct correlation between the motor threshold and disease duration was demon‐
strated in some studies [29, 40].

Physiologically, the motor threshold is primarily determined by rapid AMPA receptor
(AMPAR)-mediated glutamatergic neurotransmission in the neocortex and excitability of
motor neuron membranes that depends on voltage-gated sodium channels [41]. In ALS, AMPA
receptor-mediated glutamatergic neurotransmission increases and properties of sodium
channels change (presenting as increased conductance) [23, 24, 42, 43]. Alteration in functional
properties of potential-gated sodium channels has been revealed: more rapid recovery after
inactivation, increased permeability to sodium, and increased density of ion channels [21].
Pieri et al. demonstrated a decrease in the action potential threshold, an increase in pulse
frequency, and an increase in persistent sodium current in cortical motor neurons isolated in
G93A mutant mice [22].

MEP amplitude is determined by the number of reduced motor units and the number of
activated alpha motor neurons in the spinal cord. Increased stimulation intensity enhances
MEP amplitude due to superimposition of late I-waves and I1-wave [28, 44]. Like the motor
threshold, MEP amplitude is determined by the density of corticospinal projections. Mean‐
while, MEP amplitude to a greater extent represents the function of neurons with lower
excitability or those located farther from the stimulation site [4]. GABAergic drugs reduce MEP
amplitude, which results from the scheme of generation of late I-waves modulated by inserted
inhibitory GABAergic interneurons [41]. Noteworthy, the motor threshold and MEP ampli‐
tude are modulated by drugs belonging to different pharmacological classes, thus emphasiz‐
ing the difference between the mechanisms of their formation.

Identically to the motor threshold, MEP amplitude in ALS patients changes in opposite
directions depending on stage of the disease. MEP amplitude decreases in most cases, being
accompanied by increased motor threshold and representing a decrease in motor neuron
number and reduction of density of corticospinal projections [4]. On the contrary, some
patients with the reduced motor threshold may have increased MEP amplitude and the ratio
between MEP amplitude and M-response amplitude [45, 46]. The increased slope ratio of the
amplitude vs intensity curve is additional evidence to motor cortex hyperexcitability in ALS
patients as it demonstrates a more pronounced amplitude increment with increasing stimu‐
lation intensity compared to the norm. The increase in MEP amplitude and the slope ratio of
the amplitude vs intensity curve in ALS patients is probably related to both enhanced
glutamatergic and reduced inhibitory GABAergic neurotransmission in the neocortex [4].
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The cortical silent period (cSP) represents inhibition of voluntary muscular activity during a
certain period after a magnetic stimulus was applied [47]. It has been demonstrated that the
first one-third of cSP is mostly controlled by inhibitory mechanisms at the spinal cord level,
while the remaining two thirds are of cortical origin and are related to inhibitory neurotrans‐
mission through GABA(B) receptors [27].

It was demonstrated in most studies that patients with sporadic and familial ALS had either
decreased cSP or no cSP at all, which is regarded as significant evidence attesting to intracort‐
ical inhibitory dysfunction in ALS patients [48–50].

Paired pulse stimulation is used to assess intracortical inhibition and excitation processes. The
method involves sequential generation of two pulses: the conditioning (S1) and testing (S2)
pulses. The physiological effects of paired pulse stimulation are determined by the intensity
of S1 and the interval between S1 and S2 pulses. Application of the sub-threshold S1 pulse 1–
6 ms before the supra-threshold S2 pulse reduces MEP amplitude compared to isolated
application of a supra-threshold stimulus [51]. This phenomenon is known as SICI. Contrari‐
wise, an increase of the interstimulus interval to 8–20 ms rises the amplitude of MEP to the
testing pulse (ICF). Several protocols have been proposed where the conditioning pulse has
the supra- and sub-threshold intensity. MEP amplitude increases at the long interstimulus
interval (long-interval intracortical inhibition, LICI) and decreases at the short interval (short-
interval intracortical facilitation, SICF) [27].

The neurophysiological mechanisms of formation of these phenomena remain insufficiently
studied; however, it has been demonstrated rather convincingly that they have the predomi‐
nantly intracortical origin. Thus, SICI and LICI protocols cause suppression of amplitude and
the number of late descending waves [51, 52]. Intracortical inhibition processes are assumed
to be caused by activation of neocortical inhibitory interneurons under the action of the
conditioning pulse; SICI being mediated by inhibition through GABA(A) receptors and LICI,
through GABA(B) receptors. The ICF phenomenon is presumably caused by activation of
glutamatergic neurotransmission through NMDA glutamate receptors [26].

Disruption of intracortical inhibition and facilitation under paired-pulse stimulation is
currently believed to be the most convincing evidence that motor cortex hyperexcitability
develops in ALS patients and has been detected in numerous studies [6, 53, 54, 55]. It should
be mentioned that a decrease in efficiency of SICI is revealed at the earliest stages of the disease,
including asymptomatic SOD1 mutation carriers, and correlates with axonal degeneration of
peripheral motor neurons [45]. Assessment of the disruptions of intracortical inhibition using
the new threshold tracking technique is considered to be a potential diagnostic tool in ALS
demonstrating high sensitivity and specificity [56, 57].

The role of inhibitory interneurons dysfunction in pathogenesis of ALS has been actively
studied over the past years [58–60]. Degeneration of inhibitory interneurons both in the spinal
cord and in the motor cortex was demonstrated in several pathomorphological studies carried
out in the 1990s. Nihei et al. (1993) reported a reduced amount of parvalbumin-positive
interneurons in the motor cortex in ALS patients [61]. In addition, Petri et al. (2003) demon‐
strated that the level of GABA(A) receptor alpha-1 subunit mRNA decreases in ALS patients
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[20]. Dysfunction of inhibitory neurotransmission in the neocortex has also been confirmed in
neuroimaging studies presenting as a decrease in GABA amount according to magnetic
resonance spectroscopy [18] and decreased 11C-flumazenil binding as shown by PET [19].

The TMS data additionally confirm that inhibitory neurotransmission in the neocortex is
disrupted in ALS patients. It should be mentioned that TMS has been used to show the
disturbance of inhibition in the motor cortex both mediated by GABA(A) (decreased SICI) and
by GABA(B) receptors (decreased LICI and sCP), being indicative of degeneration of inter‐
neurons or GABA metabolism disruption rather than dysfunction of receptors of this mediator
in the postsynaptic membrane.

Other factors that cause SICI disruption in ALS patients are being discussed. Thus, riluzole
was reported to induce partial recovery of SICI in ALS patients, which gives grounds for
suggesting that enhancement of glutamatergic neurotransmission plays a role in disturbance
of intracortical inhibition in ALS patients. NMDA receptor antagonists, memantine and
amantadine, were shown to increase SICI and decrease ICF in several pharmaco-TMS studies
[41]. These data suggest that decreased intracortical inhibition in ALS patients can be related
not only to reduction of inhibitory GABAergic neurotransmission but also to enhancement of
glutamatergic neurotransmission through NMDAR.

Increased intracortical facilitation is another evidence for involvement of NMDAR in patho‐
genesis of ALS. This phenomenon is currently predominantly attributed to glutamatergic
neurotransmission through NMDAR, which is confirmed, in particular, by its reduction due
to antagonists of these receptors [41].

Hence, a large body of data attesting to the development of motor cortex hyperexcitability in
ALS patients can currently be obtained by TMS. Signs attesting to degeneration of the upper
motor neuron are detected simultaneously (Table 2). Importantly, some TMS parameters
(MEP threshold and amplitude) can change in opposite directions and attest to motor cortex
hyperexcitability at onset of the disease and degeneration as the disease progresses. Mean‐
while, such signs of hyperexcitability as decreased cSP and efficiency of SICI are detected even
in patients with pronounced degeneration of motor neurons. This phenomenon in ALS
patients was referred to as ‘dying but overactive’ [7]; it can cause difficulties for interpretation
of TMS results in a specific patient.

Hyperexcitability Degeneration

• Resting motor threshold decreased

• MEP amplitude increased

• SICI reduced and ICF increased

• SP decreased

• Resting motor threshold increased

• CMCT increased

• MEP amplitude decreased

• Central conduction failure (triple stimulation technique)

Table 2. Motor cortex hyperexcitability and degeneration in ALS: TMS findings.
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Table 3 summarizes the TMS data on the potential mechanisms responsible for the signs of
motor cortex hyperexcitability in ALS patients. It should be mentioned that the variety of TMS
procedures makes it possible not only to reveal the dysfunction of individual mediator systems
but also to perform differentiated evaluation of neurotransmission through different types of
glutamate and GABA receptors in ALS patients.

Sign Mechanism

Decreased motor threshold • Increased glutamatergic neurotransmission

through AMPAR

• Increased sodium current due to an increase in density

and/or alteration in functional properties of sodium channels

Increased MER

amplitude

• Increased glutamatergic neurotransmission

through AMPAR

• Decreased inhibitory GABAergic neurotransmission

Decreased silent

period

• Decreased inhibitory GABAergic neurotransmission

through GABA(B) receptors

Decreased SICI • Decreased inhibitory GABAergic neurotransmission

through GABA(A) receptors

• Increased glutamatergic neurotransmission

through NMDAR

Increased ICF • Increased glutamatergic neurotransmission

through NMDAR

Table 3. Potential mechanisms of formation of TMS signs of motor cortex hyperexcitability in ALS.

Based on TMS findings, it is rather promising and reasonable to suggest that motor cortex
hyperexcitability and the underlying molecular events (e.g., excitotoxicity) cause degeneration
of motor neurons in ALS patients. We attempt to discuss the specific potential mechanisms
underlying motor cortex hyperexcitability in ALS and present the evidence for its pathogenetic
relationship with degeneration of motor neuron.

3. What does motor cortex hyperexcitability mean?

3.1. Is hyperexcitability bad?

The evidence that motor cortex hyperexcitability plays a role in pathogenesis of ALS is still
rather sparse [62]. Hyperexcitability is registered at different stages of the disease, including
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the pre-symptomatic ones [23, 45]. However, this fact tells nothing about its role in pathogen‐
esis of the disease. It is still unclear when true onset of neurodegeneration occurs; however,
the results of studies using transgenic animals demonstrate that the pathological process in
ALS may start at the earliest stages of embryogenesis (e.g., at the stage when neural networks
are formed) [63]. In this situation, all the objectively detectable alterations may be either
primary or secondary (i.e., emerge as one of nonspecific stages of neurodegeneration or via
the compensatory mechanism).

The enhancement of excitatory glutamatergic neurotransmission and reduction of inhibitory
GABAergic neurotransmission in the neocortex, which underlie hyperexcitability in ALS
patients, are believed to damage motor neurons via the excitotoxicity mechanism [4, 7]. The
role of excitotoxicity as one of the universal mechanisms causing neuronal death in various
nervous system diseases has currently been demonstrated [8, 9, 64]. High sensitivity of motor
neurons to excitotoxicity can be related to high expression of glutamate receptors and low
expression of calcium-binding proteins [9].

An important argument in favor of the role of hyperexcitability and the underlying molecular
processes in ALS pathogenesis is that this phenomenon can be early detected using TMS in
asymptomatic SOD1 mutation carriers. Vucic et al. (2008) demonstrated a decrease in SICI in
three SOD1 mutation carriers who were asymptomatic at the time the study was performed
but developed clinical signs of the disease during a prospective study within 3 years. It is
interesting that no neurophysiological signs of motor cortex excitability were revealed in 14
other asymptomatic carriers and they did not present with any clinical manifestations of the
disease within the entire study period [45]. Early development of signs of hyperexcitability of
neurons of the motor cortex, spinal cord, and even the extramotor areas such as hippocampus
(e.g., see [23]) were demonstrated in a large series of experimental studies using a culture of
neurons isolated from transgenic animals. Additional evidence is that signs of motor cortex
hyperexcitability in ALS patients can be detected before the pyramidal pathways are affected
and EMG signs of degeneration of the lower motor neuron emerge. A recent study carried out
by Menon et al. (2015) showed that 24 patients with ALS had a statistically significant decrease
in motor threshold, duration of cSP and intracortical inhibition, while simultaneously having
an increased MER amplitude and intracortical facilitation at onset of the disease [5]. No signs
of alterations in central motor conduction time (CMCT) were detected in these patients, thus
attesting to the fact that the conduction function of the pyramidal pathway was retained and
there were signs of denervation and reinnervation process according to the EMG data. The
results of this study demonstrated that motor cortex hyperexcitability precedes degeneration
of both the upper and the lower motor neurons and is the earliest neurophysiological signs of
neurodegeneration. This supports the hypothesis proposed by Charkot back in 1869 that the
upper motor neuron is the first one to be affected in ALS patients (‘dying-forward’) [65].

The certain effectiveness of riluzole in treating ALS also indirectly confirms the pathogenetic
role of hyperexcitability and excitotoxicity. Despite the diversity of its mechanisms of action,
riluzole is primarily considered to be a medication reducing excitotoxicity [66]. It has been
demonstrated that riluzole can partially normalize SICI and reduce excitability of peripheral
nerve axons in ALS patients [67].
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The indirect evidence to the pathogenetic role of excitotoxicity was also obtained in studies on
using therapeutic repetitive magnetic stimulation in ALS. High-frequency repetitive TMS
increases neuronal excitability in the stimulated area (see reviews [68] and [69]). It has been
demonstrated in a small study conducted by Di Lazzaro et al. (2004) that high-frequency
stimulation may accelerate onset of the disease, while low-frequency stimulation may inhibit
it [70]. Hence, high-frequency stimulation may increase excitotoxic degeneration of motor
neurons and motor cortex excitability, having an unfavorable effect on the course of the
disease.

3.2. Is hyperexcitability good?

Excitotoxicity and hyperexcitability have been for a long time regarded only as damaging
phenomena facilitating neuronal death. However, findings obtained in a number of studies
suggest that hyperexcitability can also have a compensatory effect, at least at early stages.
Furthermore, molecular alterations that accompany excitotoxicity are similar to the processes
taking place when neuroplasticity is ensured. We present the results of some studies confirm‐
ing the validity of this alternative view of the hyperexcitability problem in patients with ALS
and other neurodegenerative diseases.

3.2.1. Motor cortex excitability and neuroplasticity

The term ‘neuroplasticity’ means brain’s ability to alter structurally and functionally in
response to internal and external factors. This ability is currently attributed both to strength‐
ening or weakening of the existing neural connections and to the formation of new connections
or destruction of the old ones [71]. Starting with the first description of cellular mechanisms
of neuroplasticity, this universal property of neural tissue is inseparably associated with
alteration in neuronal excitability. Long-term potentiation was shown to be predominantly of
postsynaptic origin and is mostly connected to the glutamatergic system [72–74].

A series of studies have shown the alteration in motor cortex excitability and reorganization
of the cortical representation of muscles after motor learning and acquisition of new skills [75,
76]. The TMS data confirmed that there is a relationship between neuroplastic alterations and
an increase in motor cortex excitability [77–79]. Thus, Tyč and Boyadjian (2011) performed
TMS mapping of cortical representation of the deltoid and brachioradialis muscles in healthy
volunteers before and after a 6-week training (playing darts three to four times a week). The
boundaries of cortical representation of the muscles under study were expanded after training,
which was accompanied by an increase in the slope ratio of the amplitude-intensity curve,
being indicative of the increase in motor cortex excitability [80]. According to Perez et al. (2004),
a 32-minute training causes statistically significant increase in the slope ratio of the amplitude-
intensity curve and a decrease in intracortical inhibition [81]. Increased motor cortex excita‐
bility presenting as increased MER amplitude and reduced motor threshold is observed in
healthy volunteers not only after actual training but also after they had imagined the move‐
ments [82]. Professional sportsmen and musicians were found to have increased motor cortex
excitability and increased ability of the motor cortex to undergo plastic alterations [83, 84].
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To sum up, the aforementioned facts indicate that motor cortex excitability and glutamatergic
neurotransmission increase during neuroplastic alterations.

3.2.2. Hyperexcitability and neuroplasticity in pathology

The most forcible evidence for the possible relationship between hyperexcitability and
neuroplasticity was observed in patients with Alzheimer’s disease (AD). Neurodegeneration
in this disease is not limited to the structures involved in the cognitive function and affects
other brain regions as well, including the primary motor cortex. At the late stages of the disease,
AD patients often have motor disorders, including spasticity and pathologic plantar responses,
attesting to involvement of the upper motor neuron [85]. Furthermore, lesions of the motor
cortex, predominantly giant pyramidal cells of Betz, were detected in AD patients in patho‐
morphological studies [86]. In this connection, investigation of the structural and functional
status of the motor cortex in AD patients is of interest as a model of clinically asymptomatic
neurodegeneration of the motor cortex.

In AD patients, identically to those with ALS, motor cortex hyperexcitability can be recorded
using TMS. It has been demonstrated in many studies that the motor threshold decreases in
AD patients. Decreased intracortical inhibition and short cSP duration were also detected in
some studies (although not all of them) (see reviews [87, 88]). There is controversy in data on
disrupted inhibitory neurotransmission in AD patients; however, decreased SICI in AD is most
probably not associated with dysfunction of the GABAergic system [89]. The enhanced
glutamatergic neurotransmission is currently the predominant conception of the development
of motor cortex hyperexcitability in AD patients.

It is interesting to mention that motor cortex hyperexcitability in AD patients is predominantly
attributed to neuroplasticity processes. Hyperexcitability is believed to develop via the
compensatory mechanism as a response to disruption of associative connections [90].

Motor cortex hyperexcitability in AD patients is accompanied by reorganization of the cortical
representation of muscles according to TMS mapping presenting as displacement of the center
of gravity of the cortical representation in the frontomedial direction with respect to localiza‐
tion of hot spots in patients without motor disorders [90]. Ferreri et al. (2011) believe that this
may attest to plastic brain alterations aimed at maintaining normal motor activity as the neuron
number decreases progressively [91]. fMRI studies in patients at early stages of AD, identically
to those with ALS, showed areas with increased activation, which is also regarded as a result
of compensatory changes [92]. In their recent study, Guerra et al. (2015) demonstrated the
relationship between motor cortex hyperexcitability and neuroplasticity. Examination of seven
patients with vascular dementia and nine AD patients showed a statistically significant
decrease in motor threshold compared to healthy volunteers of comparable age. Parameters
related to motor cortex excitability (the area of cortical representation of muscles and the area
of active cortical points) showed a statistically significant correlation with neuroplastic
reorganization of the motor cortex assessed based on the distance between the center of gravity
of the maps and hot spot localization. The authors drew a conclusion that motor cortex
hyperexcitability may promote neuroplasticity [93].
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As opposed of the cortical motor zones, most AD patients at the dementia stage have decreased
connectivity and activation of the hippocampus, medial temporal, and prefronal cortex when
performing cognitive tasks involving short-term memory [94]. Meanwhile, activity of these
areas is increased in AD patients at the moderate cognitive impairment stage and in asymp‐
tomatic carriers of mutations in the presenilin-1 gene [95–97]. This is believed to result from
turning on of the compensatory mechanisms. It should be mentioned that transgenic animals
at the presymptomatic stage and stage of initial manifestations (which approximately corre‐
sponds to the moderate cognitive impairment stage in humans) showed an increased expres‐
sion of a number of genes promoting synaptic plasticity [98]. In particular, transgenic mice
showed enhanced expression of the AMPAR subunit genes at the early stages of the patho‐
logical process [99]. Furthermore, experimental studies revealed an increase in synaptic
plasticity and hyperexcitability in hippocampal neurons, which preceded β-amyloid deposi‐
tion [100, 101]. Schneider et al. (2001) reported that hippocampal neurons in transgenic mice
with presenilin mutation are characterized not only by hyperexcitability and reduced thresh‐
old to excitotoxic damage but also by facilitation of long-term synaptic potentiation [102]. In
their pathomorphological study, Bell et al. (2007) showed that patients with moderate cognitive
impairments had increased density of presynaptic boutons in glutamatergic synapses, while
the density of presynaptic boutons in AD patients was reduced [103]. On the contrary,
expression of the genes involved in synaptic plasticity and energy exchange was shown to
decrease at the late stages of the disease [98, 104]. These data give grounds for assuming that
the increase in neuronal excitability in AD patients at early stages of the disease may occur via
the compensatory mechanism.

3.2.3. Compensatory hyperexcitability in ALS: evidence from fundamental research

Several recently published studies using transgenic animals expressing mSOD1 have com‐
promised the conception of the pathological role of excitability of motor neurons in ALS.
Saxena et al. (2013) demonstrated that hyperexcitability can be a defense mechanism prevent‐
ing degeneration of motor neurons. Thus, reduced excitability of motor neurons decreased
accumulation of mutant SOD1, whereas increased excitability was accompanied by the greater
number of intracellular aggregates and quicker death of motor neurons. It was also demon‐
strated that mutant protein accumulation increases after AMPAR blockade and decreases
when AMPA is introduced. Stronger excitatory stimulation may contribute to the decrease in
severity of endoplasmic stress and accumulation of abnormal proteins, thus exhibiting
protective properties. Interestingly, mutant SOD1 accumulation was first detected in the least
excitable fast fatiguing (FF) motor neurons of the spinal cord [105]. Leroy et al. (2014) studied
the excitability of various populations of spinal cord motor neurons isolated from G93A
mutant mice [106]. In this study, the electrophysiological signs of hyperexcitability were
revealed only in degeneration-resistant motor neurons. The authors believe that their findings
indicate that hyperexcitability does not cause degeneration; instead, it can be a defense
mechanism [106].
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3.2.4. Neuroplasticity in ALS: evidence from fMRI studies

Nowadays, fMRI is the key method for studying neuroplasticity in ALS patients. Numerous
studies have revealed the changes in activation patterns of various brain regions in ALS both
in rest and using various paradigms [2]. In this publication, the changes in activation patterns
in ALS patients performing motor tasks are of special interest.

In the study performed by Konrad et al. (2002), ALS patients and healthy volunteers underwent
fMRI as they performed a motor paradigm (bending fingers) [107]. Significant changes in the
patterns of cortex activation were observed: a forward displacement of the activation cluster,
into the supplementary motor area, and an increase in its volume. Activation volume in the
inferior frontal gyrus (Brodmann area 6) in the contralateral hemisphere and parietal lobes
increased bilaterally. The authors have put forward a hypothesis that these changes represent
the structural and functional rearrangement of the motor system induced by degeneration of
the upper and lower motor neuron [107]. Lule et al. (2007) reported that an increase in
activation of the primary motor and premotor cortex in ALS patients is revealed not only when
performing the movement but also when imaging it [108]. Stanton et al. (2007) detected that
activation in the sensorimotor cortex (Brodmann areas 1, 2, and 4), the inferior parietal lobule,
and the superior temporal gyrus increased when the ALS patients performed a motor task,
while activation in the dorsolateral prefrontal cortex decreased [109]. It is noteworthy that
these changes were observed when comparing ALS patients not only to healthy volunteers
but also to patients with peripheral nerve disorders [109]. This confirms that involvement of
the upper motor neuron plays a crucial role in development of these changes and does not
give grounds for considering them as just a response to the development of muscle fatigue.

Thus, an analysis of the results of fMRI with the motor paradigm in ALS patients demonstrates
that the activation areas expand when a motor task is being performed. Interestingly, the
changes in activation during fMRI can have a prognostic value. Poujois et al. (2013) reported
that activation in the somatosensory and parietal cortex increases in ALS patients performing
a simple motor task compared to the control group. The dynamic follow-up for 1 year has
shown that activity of the contralateral parietal lobe has a statistically significant negative
correlation with the rate of disease progression (p = 0.001) [110].

These findings give grounds for suggesting that expansion of activation areas as an ALS patient
performs a motor task has the compensatory mechanism and is probably aimed at maintaining
the motor function in response to progressive degeneration of cortical motor neurons.
Meanwhile, certain researchers believe that the activation areas can increase due to degener‐
ation of inhibitory interneurons [2]. The relationship between alterations in activation patterns
in ALS patients according to fMRI data and changes in motor cortex excitability according to
TMS data has not been studied yet. It should be mentioned that the positive prognostic
significance of neuroplastic alterations demonstrated by Poujois et al. (2013) is in contrast with
the views about the negative role of hyperexcitability in this disease.
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4. Navigated TMS mapping in ALS

Navigated TMS (nTMS) is today considered to be the most promising method to answer the
question about the relationship between hyperexcitability and neuroplastic alterations in the
motor cortex under kinetic conditions. On the one hand, nTMS is a neuroimaging technique
and allows visualization of the location of cortical representation of certain muscles on
individual MR images and provides an opportunity to assess the changes in their size and
displacement with respect to anatomical landmarks. On the other hand, nTMS is a neurophy‐
siological method that allows one to assess various parameters showing the excitability and
degeneration of the motor cortex. The nTMS method uses the brain of a person being examined
as a landmark when applying stimuli for an individual MR model; the stimuli can be accurately
applied to a certain area with allowance for the area of interest, the individual anatomy, and
topography of the gyri [111].

In our recent study, we mapped the cortical representation of m. abductor pollicis brevis (APB)
in 30 ALS patients and 24 healthy volunteers [29]. It was demonstrated that ALS patients
exhibit a statistically significant increase in the resting motor threshold and a decrease in the
MEPs amplitude, as well as a statistically significant reduction of the volume of cortical
representation of APB (p < 0.001). The latter observation agrees with the results of the findings
of Carvalho et al. (1999) who demonstrated a progressive decrease in size of the cortical
representation in ALS patients [112]. This phenomenon is probably based on the neurodege‐
nerative process that reduces motor cortex excitability and decreases the number of cortical
motor neurons. According to our data, the volume of cortical representation statistically
significantly correlates with disease duration and negatively correlates with strength of the
corresponding muscle and disease severity according to ALS Functional Rating Scale Revised
(ALS FRS-R). These data give grounds for hypothesizing that the size of cortical representation
can be regarded as a neurophysiological marker of disease severity, which opens new avenues
for using it both in fundamental research and in clinical trials of new therapy methods. Further
studies are needed to determine the sensitivity and specificity of this marker compared to other
neurophysiological parameters and to determine its diagnostic significance.

The capabilities of navigated TMS made it possible not only to determine the size of cortical
representation but also to accurately localize the maps within the anatomic landmarks. In most
ALS patients, the maps were localized within the precentral gyrus (Brodmann area 4); some
active sites, similar to those in healthy volunteers, were detected within the postcentral gyrus
(Brodmann area 1) and the premotor cortex.

Meanwhile, we detected expanded boundaries of individual maps of the APB in some ALS
patients, usually presenting as a displacement of the greatest portion of the map toward the
postcentral gyrus. It was found by analyzing these cases that the aforementioned reorganiza‐
tion is mostly typical of patients at onset of the disease or when the disease course is relatively
benign (Figures 1 and 2). It is important to mention that the motor threshold in these cases
remained within the normal values or was decreased.
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Figure 1. Map of cortical representation of the APB in a healthy volunteer (28 years old, motor threshold—43%). Here
and in other figures, the points whose stimulation provides MEPs with amplitude over 50 μV from the contralateral
APB are shown in white.

Figure 2. Maps of cortical representation of the APB in ALS patient with the relatively benign course of the disease (54
years old, right-side motor threshold—31%, left-side motor threshold—35%, duration of the disease—25 months, APB
strength is bilaterally reduced to MRC score 4).
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Although we have not performed mathematical analysis of the relationship between motor
cortex excitability and reorganization of cortical representation, we suppose that hyperexcit‐
ability can be one of the mechanisms of the aforementioned neuroplastic alterations. Thus, a
statistically significant relationship between the passive threshold as an excitability marker
and the volume of cortical representation has been revealed. So the largest cortical represen‐
tation was revealed in patients with lower thresholds. This made it possible to rule out the
possible role of higher-intensity stimuli in expansion of the map boundaries in ALS patients
compared to the control group. Indeed, the motor threshold in some patients was 100% and
we used this intensity in mapping. However, only single MEPs were detected in the afore‐
mentioned cases and the size of cortical representation was very small (Figure 3).

Figure 3. Maps of cortical representation of the APB in a 62-year-old female patient with ALS. Upper-limb form of the
disease; disease duration—8 months. ALS-FRS-R—38. APB strength is bilaterally reduced to MRC score 2. Motor
threshold on the right and left sides—100%. The volume of cortical representation is significantly decreased.

Our findings agree with the fMRI data described above that attest to expansion of the activation
areas in ALS patients performing a motor task. Like fMRI, visual assessment of nTMS mapping
data allows one to detect displacement of cortical representation. Our preliminary data
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demonstrate that displacement of the boundaries of cortical representation as a result of
neuroplastic alterations can be caused by decreased motor cortex excitability. Hence, the
phenomenon of motor cortex hyperexcitability can have the compensatory function in ALS
patients.

5. Conclusions and future perspectives

Motor cortex hyperexcitability in ALS patients is a well-studied phenomenon that can be of
significant interest as a biomarker of neurodegeneration. However, despite the large number
of studies, the reasons and sequelae currently remain poorly studied. Since motor cortex
hyperexcitability in ALS patients was first described, this phenomenon has been attributed to
the development of excitotoxicity and weakening of inhibitory neurotransmission in the
neocortex, thus ensuring its pathogenetic role in the development of neurodegeneration.
However, no direct evidence to the fact that motor cortex hyperexcitability in ALS patients
attests to development of excitotoxicity and precedes its degeneration has been obtained yet.
Meanwhile, hyperexcitability can be one of the mechanisms of neuroplastic alterations, thus
having the compensatory (sanogenetic) rather than pathogenetic value. This theory has been
supported by the data on interaction between decreased motor cortex excitability and neuro‐
plasticity in the norm and in some pathologic conditions such as Alzheimer’s disease and
vascular dementia. Furthermore, expansion of the cortical representation of certain muscles
was demonstrated for ALS patients in fMRI and nTMS studies, which can be a manifestation
of neuroplasticity and related to increased motor cortex excitability.

It should be mentioned that hyperexcitability is not a specific sign of ALS and is also revealed
in other neurodegenerative diseases. More and more data supporting the similarity between
pathophysiology of neurodegeneration in various diseases and its relationship with intracel‐
lular accumulation of abnormal proteins have been obtained. This may result in dysfunction
of synaptic connections and a compensatory increase in expression of the genes ensuring
increased excitability and synaptic plasticity.

A hypothesis can be put forward based on these data that hyperexcitability plays different
roles at different stages of the disease (Figure 4). At onset of the disease, this phenomenon can
develop via the compensatory mechanism in response to reduced number of functioning
motor neurons and disruption of synaptic connections. Hence, increased hyperexcitability can
be regarded as a method for maintaining functioning of the system as the number of its
components decreases. In addition, hyperexcitability can have a protective effect at the cellular
level as it prevents accumulation of pathologically altered proteins. As the disease progresses,
hyperexcitability may start to have a pathological effect and induce excitotoxicity. Does this
mean that our effect on motor cortex excitability in ALS patients needs to be differentiated
depending on disease stage? Further research involving various methods and focusing on
patients at different stages of the disease needs to be carried out to answer this question.
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Figure 4. A link between excitability and function.
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Abstract

In  1993,  the  first  superoxide  dismutase  1  (SOD1)  mutation in  amyotrophic  lateral
sclerosis (ALS) patients has been described by Rosen et al. successively, the scientific
literature focused on the role of SOD1 in the pathogenesis of ALS. While a clear genetic
scenario  has  been presented,  heterogeneous  data  have  been formulated regarding
transcriptional and post-transcriptional regulation of SOD1 so far. In particular, the
dilemma concerns the SOD1 protein expression, in the direction of a loss of function of
the wild-type SOD1 or a toxic gain of function of the altered SOD1, both in FALS
(mutant-SOD1)  and  in  SALS  (misfolded-SOD1).  In  this  chapter,  we  focus  on  the
evolution of scientific knowledge about SOD1 protein in ALS patients, reviewing in
detail  the  results  obtained  using  peripheral  blood  cells  in  this  research  field.  To
conclude, we propose a brief summary of the described clinical correlation and discuss
the possible SOD1 implication as a biomarker of ALS.

Keywords: trascriptional regulation, post-trascriptional regulation, amyotrophic later‐
al sclerosis (ALS), superoxide dismutase 1 (SOD1), biomarkers, protein aggregation

1. Introduction

Cu/Zn superoxide dismutase (SOD1) is a 32-KDa homodimeric enzyme that assumes a pivotal
role in the scavenging process of the toxic superoxide radicals in the cells [1]. SOD1 is highly
expressed in the cytoplasm, but in the 1980s, Chang and colleagues identified SOD1 in other
sub-cellular compartments, such as nucleus, lysosomes, and mitochondria [2]. In the 1990s, the
scientific literature focused on the genetic and biochemical characterization of SOD1, and in
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1993, Rosen et al. [3] described the first SOD1 gene mutation associated with amyotrophic lateral
sclerosis (ALS) [3]. ALS is an adult-onset neurodegenerative disease that affects selectively
cortical, bulbar, and spinal motor neurons, leading invariably to a fatal prognosis. The majori‐
ty of ALS cases (90–95%) are sporadic (SALS), whereas 5–10% are familial (FALS), with genetic
mutations dominantly inherited. Among these, more than 150 SOD1 mutations have been
reported that are responsible for 20% of FALS, but also 1% of SALS [4]. During the last 20 years,
many studies were focused on SOD1 protein in the pathogenesis of ALS, both for FALS and for
SALS. Hitherto, some aspects remain unclear: (1) SOD1 alterations give selective loss of motor
neurons, even though the enzyme is ubiquitous in every cell; (2) mutations confer SOD1 enzyme’s
loss of function reducing antioxidant activity but, in some way, mutated enzyme can acquire
toxicity; (3) the ALS phenotype doesn’t reflect the common presentation of the loss-of-function-
related diseases, in terms of age of onset, clinical spreading, and evolution. In this chapter, we
would like to pass through the recent understandings about SOD1 protein in the pathogene‐
sis of ALS, in particular focusing on its aggregation in peripheral blood cells and its transcrip‐
tional/post-transcriptional regulation.

2. SOD1 and ALS models

2.1. Investigating SOD1-mediated pathogenesis in different cellular models

The SOD1 gene is located on chromosome 21q22.11 (Figure 1), and more than 150 mutations
have been discovered since 1993, all of them proving to be causative of ALS.

Figure 1. Structure of SOD1 gene.

The discovery of SOD1 mutations in ALS patients allowed the possibility to create transgenic
models of the pathology. As familial and sporadic forms of ALS demonstrated to be clinically
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undistinguishable, in the 1990s SOD1-G93A mouse model was realized and allowed for an in-
depth stepwise exploration of the neurodegenerative process occurring in ALS.

Conversely, a different scientific approach applies to the understanding of the mechanisms of
disease directly in humans. The major limitation is represented indeed by the scarce availa‐
bility of samples in sufficient quality and high relevance for ALS [5], being spinal cord, brain
stem, motor cortex, and muscles as the primary targets of the disease process. The first
criticality towards the use of post-mortem tissues is that they represent the end stage of the
disease. In second place, the quality of tissues may be compromised by the interval after death
and protein alterations occurring independently of ALS that may affect the specificity of the
finding [6]. Thus, the proximity of the tissue to the disease pathogenic process, and thus the
possibility to uncover a biologically meaningful, highly specific, marker of disease progression,
is at the expenses of the accessibility of the given tissues and the opportunity to sample them
more than once.

Regarding muscle biopsy, one of the advantages is the shorter processing time compared to
post-mortem tissues, but at present there are no sufficient data to support this method of
analysis. The presence of neurogenic atrophy is peculiar, but non-disease specific, of ALS.
Besides that, these alterations are known to occur late during disease course and they could
be measured less invasively with electrodiagnostic testing [6, 7]. As a last consideration, most
of the changes observed at the muscle sample are not acknowledged to belong to some specific
biochemical pathways or to be just a mere consequence of the denervation process [7, 8].

Because of the large feasibility for repeated testing and the presence of standard operating
procedures, blood and cerebrospinal fluid (CSF) have become the most popular biofluids
deployed for ALS research [7]. Indeed, these features allow for longitudinal sample collection
at high quality and minimal inter-assay differences. On the contrary, both matrices will contain
only diluted concentrations of the protein of interest, which can turn into an advantage if the
disease process for which the biomarker is released occurs at multiple scattered points within
central nervous system (CNS) impossible to be sampled [5]. Furthermore, there is a massive
dynamic range of proteins within these two fluids that is present at several orders of magnitude
above the candidate biomarkers and could interfere with their detection. CSF is the closest of
the two to the CNS compartment, and thus it is more likely to reflect pathological processes
occurring within it; in contrast, blood-brain barrier is narrowing the amount of biomarkers
possibly circulating in serum or plasma, even though recent studies revealed an impaired
function of the latter [9]. On the clinical ground, lumbar puncture is definitely more invasive
than venopuncture and subject to an increasing number of variables, such as the possibility of
contamination with blood at the side of the puncture and the heterogeneity of sampled volume.
Serum or plasma collection is much more accessible, and patients are more compliant to
multiple sampling [10]. Both these biofluids can be influenced by multiple systemic phenom‐
ena at the time, such as inflammation, dysmetabolism, or damage at the neuromuscular level,
which could increase the sensitivity and also act as confounding factors in the interpretation
of the source of these candidate biomarkers [5].

Considering the ubiquitous nature of SOD1, and the aforementioned privilege of multiple
blood sampling for the research of this highly progressive, severely disabling disease, SOD1-
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mediated pathogenesis of ALS has been extensively investigated through the use of blood cells.
Moreover, damaged metabolism of lymphocytes was studied in other neurodegenerative
diseases, confirming the pertinence of these cells as an appealing tool in understanding the
pathogenesis of neurodegeneration [11].

2.2. SOD1 aggregation

In the 1990s, early studies on erythrocytes and lymphocytes of mutated SOD1 FALS proved
decreased concentrations and altered the activity of the enzyme years before the onset of
pathology [12–14]. However, this modification was restricted to mutated SOD1 ALS patients.
In the last years, a growing body of studies showed peripheral blood mononuclear cells
(PBMC) of ALS patients and, regardless of the genetic basis, displayed distinctive traits
compared to healthy and neurological controls. These alterations mainly concern an aberrant
antioxidant response reflected by mitochondrial and calcium-dysregulated metabolism [15]
and decreased Bcl-2 and SOD1 expression in peripheral lymphocytes [16, 17] accompanied by
the inability to down-regulate these proteins under oxidative stress [16].

In 2010, while investigating mRNA SOD1 expression in lymphocytes from SALS patients as a
potential explanation for the decreased levels of SOD1 protein, Gagliardi et al. [18] found that
there is increased transcription of SOD1 in the lymphocytes of SALS (compared to healthy and
neurological controls). Similar enhanced expression of SOD1 mRNA was found in selected
sections of motor spinal cord and brain stem of ALS patients as well, though this phenomenon
was absent from cerebellum and non-motor areas of the same patients. At the same time, SOD1
protein levels in the disease-affected tissues from SALS patients did not show any statistical
difference compared to controls [18]. These observations imply that SOD1 increased tran‐
scription and the decreased protein expressions are disease-specific cellular events, which are
apparent, and thus possible to study, at peripheral level. This gap of knowledge between
mRNA and protein levels of SOD1 in ALS patients opened a new scenario, in which the study
of sub-cellular compartments was pivotal. Initially, a conformational modified SOD1 was
observed both in SALS and FALS (misfolded SOD1 and mutant SOD1 respectively), instead
of wild-type SOD1 [19]. The pathogenic role of misfolded SOD1 was first hypothesized by
Gruzman et al. [20], and additional evidence was subsequently provided by other authors [21,
22]. Specifically, Forsberg et al. [22–23] found similar misfolded SOD1-Bcl2 aggregations in
SALS and Pasinelli et al. [24] described it in FALS (mutant SOD1-Bcl2) [23, 24]. Given that, the
hypothesis was that wild-type SOD1, under many environmental triggers, became misfolded
SOD1 with reduced antioxidant activity (loss of function) and acquired toxic property as
mutant SOD1 has [25]. Cereda and co-workers [26] demonstrated a bigger total amount of
SOD1 in PBMCs of SALS patients than in cells of healthy controls or Alzheimer patients [26].
Curiously, the SOD1 distribution allowed to distinguish two different categories of patients:
the first group had perinuclear SOD1 aggregates and the second one higher nuclear SOD1. In
addition, Cereda [26] observed that patients with more perinuclear SOD1 expressed a major
amount of insoluble proteins while the other group, characterized by predominant nuclear
SOD1, had especially soluble fractions. Eventually, the authors tested whether these findings
had clinical correlates (see Table 1 for general characteristics of patient cohort). Indeed, longer
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disease durations from onset to time of sampling and from onset to last visit were found in
patients with larger amount of soluble nuclear SOD1 (Figure 2, A, B, p < 0.05). In contrast, no
significant correlation was observed between nuclear SOD1 ratio and duration from time of
sampling to last visit (data not shown). At the same time, a mild increasing trend was found
between patients with high nuclear SOD1 and early ALS stage as assessed by ALSFRS-r score
at sampling (Figure 2C, p > 0.05). If these data were confirmed in larger cohorts followed-up
longitudinally and employing specific antibodies against misfolded SOD1, this hallmark could
be a useful biomarker for stratifying patients according to the pace of progression of the
disease.

Clinimetrics Patients

Gender

Female/male

7/12

Age of onset (years)

Mean ± SEM

61.2 ± 2.75

Diagnostic latency (months)

Mean ± SEM

14.8 ± 4.38

Site of onset

Bulbar/limb

9/10

Disease duration at sampling (months)

Mean ± SEM

25.4 ± 7.26

ALS-FRS_r at visit

Mean ± SEM

38.7 ± 2.11

Progression rate at baseline (PRB)

Mean ± SEM

0.55 ± 0.23

Disease duration from baseline to last visit/death (months)

Mean ± SEM

50.2 ± 11.18

UMN/LMN dominance

Exclusive UMN/dominant UMN/both UMN-LMN/dominant LMN/exclusive LMN

1/1/6/6/5

Cognitive involvement

Yes/no

3/16

Respiratory involvement

Yes/no

11/8

SOD1 localization

High nuclear fraction/low nuclear fraction

13/6

PRB, progression rate at baseline that is calculated as (48-ALSFRS-r score at baseline)/timeline between onset of disease
and baseline visit; PRB values <0.5 between 0.5–1 and >1 imply patients are slow, intermediate, or fast progressors,
respectively.

Table 1. Characteristics of patients.
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Figure 2. Correlations between nuclear SOD1 and clinimetrics.

Furthermore, this mechanism of pathogenesis could be present in other neurodegenerative
disease (such as Parkinson’s disease, Alzheimer dementia) and in different conditions, such
as prion disease or amyloidosis, possibly unifying all these pathologies under the term
‘proteinopathies’, where an aberrantly fold protein becomes the ‘seeding template’ for other
normally constituted proteins to misfold and aggregate in intra- and extra-neuronal beta-
strand structures, conferring toxicity to selected populations of neurons. Interestingly, recent
studies have attempted to unravel the mechanism of spreading the abnormally fold proteins
from one neuron to the other. One of the main hypothesis scientific literature is testing now is
that extracellular vesicles, which are small plasma membrane-derived spheres containing
RNAs, enzymes, signal transduction factors, etc., and acting as transporters of these substances
[27], may be the vehicles of toxic proteins, explaining how the disease seeds from very distant
sites to others with certain degrees of selectivity.

3. SOD1 protein

3.1. Transcriptional regulation

SOD1 has high and ubiquitous expression; its induction is fine-tuned and modulated by
complex intracellular events which probably engage multiple positive and negative regulatory
elements acting altogether [28]. Different transcriptional factors were involved in SOD1
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constitutive and inducible expression. Among these, the C/EBPs (CCAAT/enhancer-binding
proteins) have been demonstrated to be necessary for SOD1 constitutive expression. C/EBP
consensus element partially overlaps the Sp1/Egr1 sequence, suggesting that these transcrip‐
tion factors may act in the control of SOD1 gene expression regulation [29]. Furthermore, also
the transcription factor CCAAT/enhancer-binding protein delta is involved in the regulation
of human SOD1 transcription [30]: In particular, it enhances SOD1 mRNA expression in
cisplatin-treated human urothelial carcinoma cell line (NTUB1) via a direct promoter transac‐
tivation. The over-expression of Sp1 (Specificity Protein 1) enhances SOD1 basal promoter
activity [31].

It has also been demonstrated that cytokines and stress signals (radiation, injury, and oxidative
or mechanical stress) can induce the expression of early growth response-1 (Egr1), a nuclear
phosphoprotein regulator of transcription. Minc and co-workers [32] demonstrated that SOD1
mRNA level rapidly increased after phorbol-12-myristate-13-acetate (PMA) treatment in HeLa
cells, and the region between nucleotides −59 and −48 presents noncanonical consensus
recognition sequences for Sp1 and Egr1, and it is bound by Egr1 in response to PMA exposure.

It has been demonstrated that activating protein 1 (AP1) represses SOD1 transcription by
sequestrating essential coactivators such as Sp1 [31]. Furthermore, neuronal nitric oxide
synthase (nNOS) over-expression causes SOD1 down-regulation of mRNA, protein, and
activity levels [33], and that this seems to be caused by both the decreased binding of Sp1 to
SOD1 promoter, caused by nNOS interaction with Sp1, and a concomitant increased binding
activity of AP1 to the same site.

An increased expression of SOD1 mRNA and protein was reported after the exposure of
human HepG2 and HeLa cells to the 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD), an environ‐
mental contaminant and interacting with aryl hydrocarbon receptor (AHR) [34]. They also
identified the presence of a xenobiotic responsive element (XRE) in the 5′ -flanking region of
human SOD1 gene (between −255 and −238 from the transcription start site), which is respon‐
sible for the induction by TCDD. A thyroid hormone (TR) inhibitory element was identified
between −157 and +17 of the human SOD1 promoter, and T3 exposure reverses the induction
of SOD1 transcription caused by the ROS-producing paraquat and PMA agents [35]. Also,
SOD1 promoter is significantly up-regulated by unliganded TRs.

NF-κB was one of the first transcription factors shown redox regulated [36, 37]. Moreover, cell
treatment with H2O2 triggers the PI3K/Akt cascade, which participates in NF-κB activation and
in consequent SOD1 transcriptional induction. Thus, a p65-NF-κB-binding site in the human
SOD1 promoter (GGTAAGTCCC) was identified, and Akt-activated NF-κB presents an
increased binding to this sequence, mediating the up-regulation of SOD1 expression [38].

Dell’Orco et al. [39] investigated if SOD1 over-expression could be related to transcriptional
regulation; in particular, they consider the relationship between the nuclear factor E2-related
factor 2 (Nrf2) transcription factor and SOD1 promoter [39]. The dissociation from Keap1 is a
prerequisite for Nrf2 translocation to the nucleus. The activated Nrf2 re-localizes into the
nucleus where it binds to ARE=adenine/uracil-rich element sequences and activates the
expression of different cytoprotective target genes. Moreover, an ARE-binding element,
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located between −356 and −330 from the transcription start site and targeted by Nrf2, has been
identified in SOD1 promoter [40]. By means of a probe harbouring the SOD1 ARE element, we
reported the presence of a dynamic protein-DNA complex, which suggested that after H2O2

treatment, the cis-acting ARE sequence in SOD1 promoter plays an important role by recruiting
multiple TFs and/or cofactors, probably co-operating to modulate SOD1 mRNA induction
under oxidative stress. ChIP assay followed by qRT-PCR with primers designed to flank the
ARE element in SOD1 promoter showed that Nrf2 occupancy at the ARE elements in SOD1
promoter did not change after H2O2 treatment. We also reported a minimal increased associ‐
ation at the ARE element in NQO1 gene, a well-known Nrf2 gene target, thus indicating that
Nrf2 cannot gain access to SOD1 5′-flanking region in a native chromatin context. SOD1 mRNA
up-regulation in response to H2O2 oxidative treatment might indeed be ascribed to the
involvement of other transcriptional factors. These data suggested that SOD1 promoter is not
a canonical downstream target of the Nrf2 regulatory network and that Nrf2 may act as a
‘constitutive’ TF, binding to SOD1 ARE sequence even without stimulus, while H2O2 treatment
could induce changes in the chromatin conformation with consequent changes in the rela‐
tionship between the different TFs. In regard to SOD1 gene, it has been wrongly considered a
housekeeping gene; however, its inducible transcription is finely regulated by cis-acting
sequences and the corresponding transactive factors [39].

3.2. Post-transcriptional regulation

Until now, post-transcriptional control mechanisms of SOD1 expression are still unexplored;
nevertheless, post-transcriptional control represents a specific and punctual regulatory
mechanism for gene expression which can easily modify protein levels in response to extrac‐
ellular stimuli [41, 42]. Variations in gene expression are often the result of synergy between
transcriptional and post-transcriptional regulatory mechanisms [28]. Very few data on post-
transcriptional regulation of SOD1 have been reported so far. Two species of SOD1 mRNA
with different 3′UTR lengths which produce in vitro different quantities of SOD1 protein have
been identified. Kilk and colleagues [43] reported that the ability of long mRNA to produce
more SOD1 enzyme seems to be related to specific sequences located in the 3′UTR; moreover,
they identified the presence of AREs in this region (AUUUA, CUUUA, AUUUG, GUUUUA,
AUUUU, and AUUUC). In general, AREs represent the docking sites for different RNA-
binding proteins (RBPs), which can affect the metabolism of the target transcripts [44]. Among
ARE-binding RBPs, ELAV (or Hu) proteins play a critical role [45]; ELAV family comprises
the neuron-specific members HuB, HuC, and HuD [46] and the ubiquitously expressed HuR.
ELAV proteins act primarily as positive regulators of gene expression; they can increase the
stability and/or translation of target mRNAs whose proteins have fundamental cellular
functions.

Given the lack of data on this issue in ALS pathogenesis, Cereda’s group [26] focused its
attention on the modulation of SOD1 mRNA levels by post-transcriptional mechanisms, in
particular via ELAV proteins. Considering that oxidative stress plays a critical role in sporadic
ALS, and that it is a trigger of ELAV activation, by treating human neuroblastoma SH-SY5Y
cells with 1 mM H2O2, a significant up-regulation of SOD1 mRNA levels was reported [47].
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Milani and collaborators [47] also analysed the 3′UTR region of SOD1 mRNA and, by means
a bioinformatics analysis, they identified within SOD1 3′UTR primary sequence the presence
of AREs that are putative ELAV-binding sites. These data were consistent with the results
reported by Lopez de Silanes and colleagues [48]; REMSA and immunoprecipitation coupled
with real-time qPCR experiments demonstrated that the recombinant HuR protein bound
specifically and directly to the ARE-bearing probe of SOD1. In parallel, ELAV accumulates in
the cytoplasm; this intracellular relocation is in line with the role of ELAV/HuR as a nuclear-
cytoplasmic shuttling protein. Indeed, ELAV’s influence on target mRNAs depends on its
localization in the cytoplasm, where these proteins stabilize target mRNAs and regulate their
translation [49]. Taken together, these data seem to indicate that oxidative stress promotes
SOD1 induction probably mediated by ELAV-dependent mechanisms. Moreover, the kinase-
triggered phosphorylation of ELAV/HuR is crucial for the modulation of its function and
allows it to associate extracellular signals to specific post-transcriptional events elicited by this
RBP [50, 51]. Finally, Milani and co-authors [47] also reported an enhanced perinuclear and
cytoplasmic expression of ELAV in the cerebral motor cortex of SALS patients compared to
healthy subjects, suggesting that the up-regulated RBP proteins may be more available and
massively enrolled in the positive regulation of target mRNAs, such as SOD1. Remarkably,
positivity for cytoplasmic ELAV was paralleled by increased levels of both SOD1 mRNA and
protein [47].

SOD1 post-transcriptional regulation may also be mediated by microRNAs (miRNAs).
miRNAs are small non-protein-coding RNAs, which act as key post-transcriptional regulators
of gene expression by base pairing to the 3′UTR of the target mRNAs, causing translational
silencing and mRNA decay [52, 53], as it was reported for miR-377 in human and mouse
mesangial cells which diminished SOD1 protein levels [54].

In consideration of all these findings, we can conclude that the increase in SOD1 gene expres‐
sion is the consequence of an intricate process related both to the activation of a transcriptional
mechanism involving Pol II, and also other mechanisms such as chromatin changes and
epigenetic variations, mRNA, and protein stabilization.
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Abstract

Mutations of Cu, Zn‐superoxide dismutase (SOD1) gene have been identified in a subset
of  familial  amyotrophic  lateral  sclerosis  (ALS).  Conformational  change,  that  is,
misfolding, of mutant SOD1 underlies its toxic gain of function for motor neuronal
degeneration.  Mutant SOD1 is  prone to cause oxidative stress through the copper
exposed on the protein by misfolding. The protein structure of SOD1 is critically affected
by the redox state of cysteine residues, especially of Cys111. Oxidative modification of
Cys111, which is enhanced in mutant SOD1, causes destabilization of the dimer interface
to promote misfolding and aggregation of the protein. Substitution of Cys111 to serine
alleviated the degeneration of motor neurons as well as the misfolding and aggregate
formation of mutant SOD1 in the spinal cord of transgenic mice. It indicates that Cys111
is a crucial residue for the pathogenesis of ALS by mutant SOD1.

Keywords: amyotrophic lateral sclerosis, Cu, Zn‐superoxide dismutase, cysteine resi‐
dues, oxidative stress, monomerized SOD1

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal degenerative disease of motor neurons, which
affects skeletal muscle strength of the whole body. About 10% of ALS cases are affected in a
familial trait, 25–30% of which are caused by mutations of Cu, Zn‐superoxide dismutase (SOD1)
gene [1]. Although many causative genes of ALS have been identified so far, SOD1 is still the
second frequent responsible gene for ALS next to C9orf72 [2]. Since the identification of the
gene in 1993, research emphasis for ALS has been placed on uncovering the pathogenic
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mechanism of motor neuronal death by the disease‐causing mutant SOD1. We review the
recent  concept  of  neuronal  toxicity  by  mutant  SOD1 in  relation  to  the  posttranslational
modification of SOD1 at cysteine residues, especially at Cys111, which is closely related to its
conformational change, in ALS pathogenesis.

2. Conformational change and copper‐mediated oxidative toxicity of
mutant SOD1

SOD1 is a metal‐binding antioxidant enzyme expressed ubiquitously in the body, and it
functions to convert prooxidant superoxide anions to hydrogen peroxide and oxygen to
remove the oxidative stress [3]. SOD1 forms a homodimer to accomplish its full enzymatic
activity. Each subunit binds one atom each of copper and zinc. Copper works for the enzymatic
activity, whereas zinc has an important role in maintaining the stable structure of SOD1
protein.

More than 150 different mutations of SOD1 gene have been found in familial ALS patients so
far, and they are scattered throughout the entire coding sequence of the gene regardless of
specific functional domains. The enzymatic activity of mutant SOD1 is not necessarily reduced
compared to that of wild‐type SOD1 [4]. Moreover, mice deficient of Sod1 gene do not cause
symptoms of motor neuronal dysfunction, whereas transgenic mice that express mutant SOD1,
but not wild‐type SOD1, develop progressive motor paralysis and degeneration of motor
neurons depending on the expression level of mutant SOD1 in the spinal cord [5, 6]. It means
that the pathogenic mechanism of mutant SOD1 for the degeneration of motor neurons is
derived from the gain of a specific aberrant function rather than a decrease in the enzyme
activity of the protein.

What is the determinant of motor neuronal toxicity by mutant SOD1? Although the nature of
mutant SOD1 toxicity has not been fully elucidated, conformational abnormality, that is,
misfolding, of mutant SOD1 protein is deeply involved in the pathogenesis of familial ALS [7].
Misfolded SOD1 is subject to dissociate into monomers, which binds together abnormally to
form oligomers or further high molecular weight aggregates in cells. Abnormal protein
accumulation in neurons can impair their important cellular functions such as axonal transport
[8] and degradation machinery of proteins [9]. SOD1‐positive inclusion bodies have been
actually detected in degenerating motor neurons in the spinal cords of familial ALS patients
and mutant SOD1 transgenic mice [10, 11]. Therefore, it is important to understand the
common mode of conformational change in mutant SOD1, which will lead to suppress the
onset of ALS derived from SOD1 mutations.

Once SOD1 is misfolded, copper or zinc bound to the subunit of SOD1 is also prone to be
exposed from the compact dimer structure. Because copper is catalytically redox‐active,
abnormal chemical reactions can occur to generate reactive oxygen (ROS) or nitrogen (RNS)
species apart from the original SOD1 activity. Mutant SOD1, unlike wild‐type SOD1, has a
potential to generate ROS and RNS such as hydroxyl radicals [12, 13] and peroxynitrite [14] in
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a copper‐dependent manner in vitro, which can be inhibited by copper chelators in cultured
cells [15].

We first thought that mutant SOD1 is involved in the degeneration of motor neurons by
causing oxidative stress through an adverse enzymatic reaction with copper on the protein,
and we examined therapeutic effects of G93A mutant SOD1 transgenic mice by removal of the
oxidative stress. As a result, a copper‐chelating agent trientine and an antioxidant ascorbic acid
showed a protective effect either alone, yet a higher beneficial effect was achieved by the
combined use of these reagents [16, 17]. Furthermore, to confirm the validity of this hypothesis,
the mutant SOD1 mice were bred with metallothionein I/II‐deficient mice and the impact of
the gene on motor paralysis was analyzed. Metallothionein is an endogenous protein that binds
copper to prevent it from being prooxidant in cells. The decrease or halt of metallothionein I/
II expression exacerbated the ALS symptoms in a gene dosage‐dependent manner [18].
Copper‐mediated toxicity in mutant SOD1 was also reinforced with other reports that
decreasing intracellular copper, by treatment with copper chelators or by genetic reduction of
copper uptake, alleviated ALS phenotype in mutant SOD1 transgenic mice [19–21]. Moreover,
the upregulation of metallothionein expression has been shown to attenuate the disease course
in mice [22, 23]. These data suggest that copper‐mediated oxidative chemistry underlies the
pathogenesis of familial ALS linked to mutations of SOD1 gene, possibly triggered by
misfolding of the mutant protein.

3. Conformational change and oxidation of cysteine residues in mutant
SOD1

The subunit structure and dimer formation of SOD1 is critically affected by the binding state
of copper and zinc, as well as the redox state of cysteine residues in the protein [24]. Human
SOD1 has four cysteine residues (Cys6, Cys57, Cys111, and Cys146) in a subunit. Cys57 and
Cys146 form an intra‐subunit disulfide bond that maintains the rigid structure and enzymatic
activity of SOD1 protein, whereas Cys6 and Cys111 are present in a reduced state having free
sulfhydryl groups. Cys6 is deeply buried in the core of the subunit and less accessible by other
molecules, while Cys111 is located on the protein surface. The intra‐subunit Cys57‐Cys146
disulfide bond of SOD1 is physiologically formed by copper chaperone for SOD1 (CCS)
coupled with copper incorporation into the enzymatic active site, meaning that the metal
coordination and disulfide formation are mechanistically related to each other for the confor‐
mation of SOD1 protein [25]. Reduction of the Cys57‐Cys146 disulfide bond and/or deprivation
of metals make human wild‐type SOD1 liable to misfold, resulting in monomerization [26].

Modification of amino acid residues, especially by oxidative stress, can be a critical factor to
enhance the misfolding of proteins [27]. Cysteine is in particular susceptible to oxidative
modification, since its sulfhydryl moiety is readily attacked by redox‐active substrates such as
glutathione or peroxides to form S‐S or S‐O covalent modification. Sulfhydryl groups also
crosslink each other to form intra‐ or intermolecular disulfide bond, which have important
roles to maintain or disrupt physiological conformation of proteins.

Role of Cysteine Residue of Mutant Cu, Zn‐Superoxide Dismutase (SOD1) in the Pathogenesis of Amyotrophic Lateral
Sclerosis (ALS)
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Oxidative reactivity and modification of Cys111, such as glutathionylation [28, 29] and
peroxidation [30], is documented with human or chick wild‐type SOD1. Because Cys111 is
located on the edge of the dimer interface of each subunit, the modification of Cys111 can
interrupt the dimer contact at the interface stereochemically and cause the dissociation of
SOD1. Molecular dynamic simulations of SOD1 imply that the region including Cys111 is
important for the residue interaction network in the protein and is likely to affect the dimer
interface through the network and may disrupt their coupled motions [31]. Indeed, it was noted
in vitro that the Cys111 modification caused wild‐type SOD1 liable to monomerize and
decrease its enzymatic activity [32]. On the other hand, substitution of Cys111 to serine (C111S)
is known to increase the structural stability and resistance to heat inactivation of wild‐type
SOD1 [33], also implying that the mode of Cys111 may regulate the conformational state of
SOD1.

Changes in the redox state of cysteine residues have been reported in ALS‐linked mutant
SOD1. Mutant SOD1 exhibits aberrant vulnerability to mild reducing conditions, which cleave
the intra‐subunit Cys57‐Cys146 disulfide bond to destabilize the SOD1 dimer [34]. The dimer
dissociation results in the exposure of the hydrophobic region of the SOD1 subunit and
promotes aggregation of the protein [35]. Alternatively, insoluble mutant SOD1 oligomers can
be formed by crosslinking via inter‐subunit disulfide bonds at Cys57 and Cys146 [26] or by
disulfide scrambling of all four cysteine residues [36]. Such insoluble SOD1 oligomers were
also detected in the spinal cord of mutant SOD1 transgenic mice in parallel to the disease onset
[37]. These oligomers were mostly reversed by a reducing reagent, supposing that disulfide‐
mediated crosslinking at cysteine residues is a major factor for mutant SOD1 to form aggre‐
gates and ALS phenotype. Conversely, replacement of cysteine residues, especially of Cys6
and Cys111, decreased disulfide‐crosslinked mutant SOD1 oligomers and aggregate forma‐
tion, and improved cell viability in cultured cells [38, 39]. Glutaredoxins, which specifically
catalyze the reduction of protein‐SSG‐mixed disulfides, significantly increased the solubility
of mutant SOD1 and protected neuronal cells [39, 40]. On the other hand, the intermolecular
disulfide binding at cysteines is shown to have a limited effect on the aggregation of mutant
SOD1 [41].

With regard to Cys111, posttranslational modifications of Cys111 per se are also known in
mutant SOD1. The change of the protein structure, which would affect the hindrance of Cys111
near the dimer interface, can enhance oxidative modification of Cys111 at the sulfhydryl
moiety by substrates in mutant SOD1. Mutant SOD1 is commonly glutathionylated at Cys111
[42], and Cys111‐peroxidized SOD1 is detected in the inclusion bodies of spinal motor neurons
in G93A mutant SOD1 transgenic mice [30]. Those indicate the pathogenic significance of
Cys111‐oxidized SOD1 for misfolding and aggregation to acquire neuronal toxicity. Moreover,
even in the spinal cord of sporadic ALS patients without SOD1 mutation, misfolded SOD1
deposits have been detected and the SOD1 species are peroxidized at Cys111, indicating that
misfolding and aggregation of wild‐type SOD1 may also be a factor in the pathogenesis of
sporadic ALS [43]. However, in the vast majority of sporadic ALS, an RNA‐binding protein
TDP‐43 is well known to mislocalize from the nucleus and deposit in the cytoplasm [44, 45].
SOD1 does not interact or co‐localize with TDP‐43 in general in such cases [46], which is
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inconsistent with the hypothesis mentioned above. Although the involvement of Cys111‐
mediated misfolded SOD1 may be limited in sporadic ALS, the theory is attractive and further
investigation will be needed.

4. Molecular link between copper‐mediated chemistry and cysteine
oxidation in mutant SOD1

Then, what is the molecular mechanism by which mutant SOD1 causes the copper‐mediated
oxidative stress in relation to misfolding of the protein? In case that mutant SOD1 enhances
an aberrant side reaction through the discoordinated copper due to the abnormality of the
protein structure, we can develop treatment strategies by identifying the responsible site and
its conformational state in the protein. To clarify a possible aberrant interaction of mutant
SOD1 with copper, we fractionated cell lysates from the spinal cord of SOD1 transgenic mice
and SOD1 expressing cultured cells by immobilized metal affinity chromatography (IMAC),
a method that separates proteins based on their affinities with an immobilized metal such as
copper [47]. Mutant SOD1 was eluted commonly in an aberrant fraction with high affinity for
copper, in addition to that with low affinity for copper seen in wild‐type SOD1 as well.
Considering that mutant SOD1 is separated into two distinct fractions and the interaction of
proteins on IMAC is determined by topology of metal‐coordinating residues on solvent‐facing
surfaces [48], conformational transition from the native to non‐native state is implicated in the
high‐affinity fraction for the copper of mutant SOD1.

Therefore, we further analyzed mutant SOD1 in the high‐affinity fraction for copper to know
its biochemical characteristics compared to that in the low‐affinity fraction. Existence of Cys111
was critical to the appearance of the high‐affinity fraction species, and mutant SOD1 was in a
monomer state and oxidatively modified at Cys111 in this fraction [49]. Peroxidation of wild‐
type SOD1 forced by oxidants such as hydrogen peroxide made it to monomerize and generate
the high‐affinity fraction species by copper IMAC. Furthermore, these mutant SOD1 and
Cys111‐peroxidized wild‐type SOD1 showed higher thiol oxidase activity, an adverse side
activity reported in SOD1 [50], than untreated wild‐type SOD1. These results indicate that
mutant SOD1 is labile to be monomerized by peroxidaton of Cys111 near the dimer interface,
which will expose the copper of the protein and raise its reactivity to cause oxidative stress,
and eventually forms intracellular aggregates or inclusion bodies to cause neurodegeneration
(Figure 1).

Figure 1. Proposed model of mutant SOD1 toxicity.

Role of Cysteine Residue of Mutant Cu, Zn‐Superoxide Dismutase (SOD1) in the Pathogenesis of Amyotrophic Lateral
Sclerosis (ALS)
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Oxidation of Cys111 leads mutant SOD1 dimers to dissociate into monomers, which causes
oxidative stress through the copper and aggregate formation of the monomers.

5. Role of cysteine‐mediated conformational change of mutant SOD1 in
ALS pathogenesis

Although we determined the importance of oxidative modification of Cys111 for conforma‐
tional change and copper‐mediated aberrant chemistry of mutant SOD1, it has not been proved
whether the modification of Cys111 is actually relevant to the pathogenesis of ALS by mutant
SOD1 in vivo. Transgenic mice of mutant SOD1 that has simultaneous substitutions of all metal‐
coordinating residues and free cysteines (Cys6 and Cys111) were generated and had no
pathology or motor symptoms [51]. However, it is difficult to confirm the direct contribution
of Cys111 in these mice. To verify the importance of Cys111 solely, we conducted the study of
transgenic mice expressing ALS‐linked mutant SOD1 (H46R) with or without substitution of
Cys111 to serine [52]. Both lines of transgenic mice (H46R and H46R/C111S SOD1 mice) were
created, respectively, and were observed whether to obtain motor paralysis and the degener‐
ation of motor neurons.

As a result, H46R SOD1 mice developed motor paralysis most quickly at 5 months of age, and
reached the lifetime at 6 months of age. On the other hand, the onset of motor paralysis in
H46R/C111S SOD1 mice was late at about 12 months of age, and their lifetime was extended
to about 14 months after birth (Figure 2). Disease duration from the onset to lifetime was also
significantly prolonged in H46R/C111S SOD1 mice than that in H46R SOD1 mice. The number
of spinal motor neurons was decreased and the tibialis anterior muscle was atrophic at the
time of endpoint in H46R SOD1 mice, while these indexes were preserved at the same age of
H46R/C111S SOD1 mice. Activation of astrocytes and microglia, the phenomenon seen in the
spinal cord of other mutant SOD1 transgenic mice as a modifying factor of neurodegeneration
[53, 54], was also observed at endpoint in the spinal cord of H46R SOD1 mice, whereas it was
not apparent in H46R/C111S SOD1 mice at the same time point.

Figure 2. Kaplan‐Meier curves of the onset and lifespan of H46R and H46R/C111S SOD1 mice.

Both the time at onset and lifespan were significantly extended in H46R/C111S SOD1 mice
compared to those in H46R SOD1 mice.
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[53, 54], was also observed at endpoint in the spinal cord of H46R SOD1 mice, whereas it was
not apparent in H46R/C111S SOD1 mice at the same time point.

Figure 2. Kaplan‐Meier curves of the onset and lifespan of H46R and H46R/C111S SOD1 mice.

Both the time at onset and lifespan were significantly extended in H46R/C111S SOD1 mice
compared to those in H46R SOD1 mice.
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Next, we examined the redox state of Cys111 in SOD1 and the presence of misfolded/insoluble
SOD1 in the liver and spinal cord of these mice as well as of wild‐type SOD1 transgenic mice.
Cys111‐peroxidized SOD1 was detected in H46R SOD1 mice from the early presymptomatic
age regardless of organs, although it was trivial in wild‐type SOD1 transgenic mice. On the
other hand, misfolded and insolubly aggregated SOD1 was found only in the spinal cord in
parallel to the disease onset of the mice. The SOD1 species was not seen at the same age of
H46R/C111S SOD1 mouse; however, it was observed in the same way as H46R SOD1 mice at
endpoint. These results indicate that mutant SOD1 is more prone to be attacked at Cys111 by
oxidants than wild‐type SOD1 due to a slight structural difference, and peroxidation of Cys111
is important to push the mutant SOD1 into misfolding at the early phase of the disease.
However, considering that misfolding and aggregation of Cys111‐peroxidized mutant SOD1
are defined to the spinal cord, other factors may exist to enhance or suppress the misfolding
of the SOD1 in the spinal cord or liver, respectively. In fact, the expression of an important
protective factor, for example, heat shock factor‐1, is reported to be relatively low in motor
neurons [55]. The difference in clearance efficiency of the SOD1 protein in each organ or cell
type may also explain the specificity of mutant SOD1 misfolding and aggregation.

As mentioned before, insoluble high molecular weight species of mutant SOD1 is likely to
consist of aggregates crosslinked with inter‐subunit disulfide bonds of cysteine residues
including Cys111. To verify the significance of this phenomenon in our ALS model, we
analyzed the reactivity of the insoluble aggregates to a reducing reagent in the spinal cord of
H46R SOD1 mice. The majority of the insoluble aggregates were maintained even in the
presence of the reagent. We further examined H46R SOD1 mice by mating with thioredoxin 1
transgenic mice, to see whether the motor symptoms could be alleviated according to inhibi‐
tion of the disulfide bond‐mediated SOD1 crosslinking. Thioredoxin 1 is an antioxidative
protein present in the cytoplasm as well as SOD1, and has an effect to revert oxidatively formed
protein disulfide bonds to sulfhydryls by reducing reaction. We did not see any change in the
course of motor paralysis, decrease of motor neurons, glial activation, or deposition of SOD1
aggregates in H46R SOD1 mice with hemizygous thioredoxin 1 transgenic background. No
suppressive effect of the disease was observed even in the SOD1 mice with homozygous
thioredoxin 1 transgenic background, excluding the possibility that the expression level of
thioredoxin 1 was insufficient to have the effect (Nagano S, unpublished data). It indicates that
the involvement of inter‐subunit disulfide bonds of cysteine residues may be limited in our
H46R mutant SOD1 disease model. More intense study will be needed in other mutant SOD1
mouse models to know the role of inter‐subunit disulfide crosslinking in the mutant SOD1
neurotoxicity.

6. Conclusions

We have shown that Cys111 drives the pathogenicity of mutant SOD1 by demonstrating that
the substitution of a single residue in mutant SOD1 significantly reduces the disease phenotype
of ALS model mice. Cys111 of mutant SOD1 is peroxidized and promotes misfolding of the
protein to generate reducing reagent‐resistant, high molecular weight insoluble SOD1 species.
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It is promising to create a new therapeutic strategy for mutant SOD1‐related ALS by devel‐
oping reagents that inhibit the modification of Cys111 or subsequent monomerization of the
mutant SOD1. Dimedone, a trapping reagent of sulfenylated (‐SOH) cysteines to block further
peroxidation [56], or bis‐maleimidoethane, a crosslinker that is shown to crosslink between
Cys111 of each SOD1 subunit to inhibit monomerization [49], may be candidates, but the
problem is that these reagents have no specificity for SOD1. The reagent that binds specifically
to a pocket of SOD1 dimer interface was developed by in silico drug screening approach and
had a suppressive effect for monomerization of mutant SOD1 in vitro [57]. Clinical application
will be achieved by developing a drug having higher effect and permeability into the central
nervous system using the reagent as a lead compound. Alternatively, considering that
misfolded wild‐type or mutant SOD1 is likely to be propagated to the neighboring neurons
[58] to cause further misfolding of SOD1 and the spread of the disease, antibody therapy
targeting Cys111 or dimer interface of SOD1 may also be effective to inhibit the progress of
ALS.
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Abstract

Studies of diseases associated with pathological irreversible aggregation of proteins
have become of special relevance and attracted the attention of researchers through‐
out the world because of the appearance of a new conceptual model based on the
capacity of some proteins to self-assemble by the prion mechanism. Along with direct
prion diseases, such as bovine rabies and Creutzfeldt-Jakob disease in humans, a great
number of neurodegenerative disorders associated with the formation of aggregates
through the prion mechanism are revealed. These disorders include Alzheimer’s and
Parkinson’s diseases, amyotrophic lateral sclerosis, Huntington disease, and mucovis‐
cidosis, some types of diabetes and hereditary cataracts. The listed diseases are caused
by transition of a “healthy” protein or peptide molecule from the native conformation
to a  very stable  “pathological”  form.  In this  case,  molecules  in  the “pathological”
conformation  aggregate  specifically,  forming  amyloid  fibrils  that  can  multiply
infinitely. An important result of studying the molecular mechanisms of prion diseases
and different proteinopathies, associated with the formation of pathological aggrega‐
tions by the prion mechanism, is the discovery of protein chain regions responsible for
their aggregation. The ability to regulate aggregation (fibrillation) of proteins can be the
focal tool for the drug development. Herein by the example of 29 RNA-binding proteins
with prion-like domains, we demonstrate what role the amino acid repeats in prion-
like domains can play. For these proteins, quite different repeats are revealed in the
disordered  part  of  the  protein  chain  predicted  with  bioinformatics  methods.  Ten
proteins of the 29 RNA-binding proteins are involved in the development of some
diseases. The prion-like domains of FUS, TAF15, and EWS are critical for the aggrega‐
tion of proteins associated with human neurodegenerative diseases. Proteins of this
family are involved not only in neurodegenerative diseases, such as amyotrophic lateral
sclerosis (ALS), Huntington disease, spinocerebral ataxy, and dentatorubral pallido‐
luysian atrophy, but also in the formation of human mixoid liposarcoma. It can be
suggested that the presence of a great number of repeats in prion-like domains of RNA-
binding  proteins  can  accelerate  the  formation  of  a  dynamic  beta-structure  and
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pathological  aggregates,  which are crucibles of  amyotrophic lateral  sclerosis (ALS)
pathogenesis.

Keywords: disordered regions, repeats, motifs of low complexity, Alzheimer’s dis‐
ease, amyotrophic lateral sclerosis (ALS)

1. Introduction

Misfolded proteins  leading to  formation of  protein  aggregations  are  a  reason for  many
diseases. There is no definite answer to the question what causes death of cells where such
aggregations have been found: is this the cell defence mechanism or plain death? In a normal
state, cells that accumulate such aggregations are usually programmed to death or apopto‐
sis.  Cell  fragments  subjected  to  apoptosis  are  removed  by  phagocytic  cells.  However,
aggregations like amyloid fibrils are known to be resistant to the action of different proteas‐
es [1] that can impede the effective termination of efferocytosis and, as a result, accumulate in
tissues. In any case, there is undoubtedly close association of the formation of aggregations
and the development of many fatal diseases. There are several models describing the process
of fibril formation. For example, in order to begin aggregation, proteins should be prelimi‐
narily unfolded or partially folded [2]. As known, the generation of fibrils is facilitated by
denaturing conditions. At the same time, aggregation of peptides and proteins involved in
pathogenesis of such types of amyloidosis as type II diabetes, Alzheimer’s, and Parkinson’s
diseases does not necessitate preliminary unfolding of a protein molecule. But these data
sooner support the general rule, because under physiological conditions most of these proteins
have no definite structure, i.e., are natively unstructured [3]. However, most natively unfolded
protein in  vivo does  not  aggregate  [4].  Moreover,  unstructured proteins  are  resistant  to
denaturing conditions, i.e., to the factors bringing about stress, and, in the first place, high
temperatures [5]. It was demonstrated that the absence of structure does not correlate with the
aggregation capacity [6]. Therefore to avoid spontaneous self-assembly of a protein mole‐
cule, the evolutionary selection has led to an increased content of such amino acids as proline
and glycine that inhibit protein aggregation [7] and to an increased content of charged amino
acids [8]. On the contrary, due to a large number of amyloidogenic regions, globular pro‐
teins have developed capacity to avoid aggregation because of rapid folding into a globular
structure. This shows that protein unfolding is necessary but not sufficient for activation of
amyloid fibrils. It is most likely that there should be special motifs of amino acid sequences
exposed to the solvent, which are more liable to aggregation than other regions of the amino
acid sequences. Experimental data corroborate the hypothesis that there are small regions of
a protein molecule responsible to the amyloidogenic behavior [9–11].
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2. Role of repeats in protein aggregation

It has remained unclear what the mechanism of the earliest stage of initiation of the pathologic
irreversible aggregation of proteins is and how this process is triggered in healthy organisms.
It is supposed that the key role in the development of systematic amyloidosis belongs to the
so-called primes or factors accelerating pathologic aggregation. Such primes can be infectious
agents as well protein molecule regions containing motifs of low complexity, especially when
these motifs are recurrent. It was shown that the more frequently the repeats occur in a protein
sequence, the less structured the protein is. Generally, most homo-repeats are not structured
[12–15]. Nevertheless, this is not characteristic of fibrillar proteins [16], the capacity of which
to aggregation depends strongly on the amino acid sequence of the protein [17–19]. For
example, if the identity of the amino acid sequence of immunoglobulin domains is lower than
30–40%, the proteins lose their capacity to co-aggregation [18]. Using the bioinformatics
analysis, it has been established that in a large number of multidomain proteins the identity
of amino acid sequences of their domains is below 40%. It suggests a conclusion that in this
way the domains avoid mutual aggregation.

The existence of repeats in proteins and the clarification of their special roles are in the focus
of attention of researchers. The role of different repeats is studied actively, including repeats
such as PGMG (GPGM) and PNN upon biomineralization of PM27 proteins [20], NPNA
(NANP) repeats in circumsporozoite protein of Plasmodium falciparum, YSPTSPS repeats in
RNA-polymerase II, PHGGGWGQ repeats in prion protein, YGHGGG(N) and YNHGGG(G)
repeats in plant proteins rich in glycine, PGQGQQ, PGQGQQGQQ, and GYYPTSOQQ repeats
in wheat gluten, and FGGMGGGKGG repeat in bivalves (Aequipecten abductin). As a rule,
conformational loops formed by these repeats are stabilized upon interaction with different
cations; they are characterized by noncovalent interactions, particularly, interactions of
aromatic groups. It was demonstrated that many tandem repeats add plasticity and mobility
to the protein [21]. A leader on the occurrence of repeats in proteins is P. falciparum where 35%
proteins of 5300 have repeats. Moreover, P. falciparum contains 24% proteins with prion-like
domains rich in asparagine, whereas flies have only 3.4% of such proteins [22]. The occurrence
frequency of asparagine repeats in our HRaP database (http://bioinfo.protres.ru/hrap/) [14]
shows that P. falciparum is the leader. Of interest is the fact that one of the functions of these
homorepeats is connected with the parasitic life [14]. For example, the sequence of the protein
from P. falciparum (ID Q8IKW2_PLAF7 1304 aa 493.P_falciparum) has asparagine homorepeats
of different lengths, the maximal length reaching 41 amino acids. The basic functions of this
protein are associated with processes such as deacylation of proteins and “silence” of chro‐
matin [14].

3. Cell stress and generation of stress granules

Cell stress can also be an important factor of initiation of aggregation even though each cell
has developed an intricate defence system, because it is subjected to destructive stress action
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at regular intervals. A striking example of waiting till stress is over in the formation of stress
granules (SG), when the nontranslated mRNA and RNA-binding proteins are assembled in
ribonucleoprotein (RNP) complexes in order to terminate protein synthesis and thereby
maintain cell energy. In this case, only those proteins that are synthesized are required for cell
survival [23]. This means that after termination of the stress action, SGs disintegrate rapidly
and the “released” mRNA resumes its functioning. However, if due to some reasons, the
residence time of such proteins in SGs increases or their concentration in SGs exceeds the norm,
disintegration of SGs can be impeded, creating favorable conditions for generation of the
“center of aggregation initiation” that may induce transition to irreversible pathologic protein
aggregation [24]. A detailed analysis of the mechanism of assembly and disassembly of SGs
can provide a new insight into the development of diseases associated with this process and
suggest novel therapeutic approaches. Since the main function of SGs is protection of cells
from stress, many investigations are conducted to reveal factors shifting the balance of
reversible aggregation towards pathology after stress termination (Figure 1).

Figure 1. Schematic representation of different conformational states of self-assembly and disintegration of prion-like
domains and a possible transition to irreversible pathologic aggregation. Modified and adapted from Li et al. [25].

It is assumed that due to self-assembly, RNA-binding proteins can facilitate formation of SGs
using prion-like domains [26–28]. At any rate, it has been established that namely the struc‐
tured part of RNA-binding proteins is responsible for the formation of hydrogel and binding
to it [29]. Thus, protein FUS maintained its capacity to form gel even without the removal of
the C-terminal region that corresponds to the RNA-binding domain and lost this capacity upon
removal of the N-terminal unstructured region corresponding to the prion-like domain. The
capacity to bind to hydrogel has been established for proteins such as hnRNPA2, RBM3 RNA-
binding proteins, hnRNPA1, TIA1, CPEB2, FMRP, CIRBP, TDP43, and yeast Sup35. The
formation of hydrogel was also demonstrated for the hnRNPA2 protein, and it was shown that
proteins are retained to a different degree by hydrogel formed of different proteins [29].
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4. The role of RNA-binding proteins with prion-like domains in diseases

Studies of the human genome have allowed isolating a set of RNA-binding proteins with a
canonical RNA-binding motif. For example, prion-like domains were predicted for 29 of the
210 RNA-binding proteins for human diseases [30]. Ten of these 29 proteins are associated
with neurodegenerative diseases, i.e., proteinopathies [31]. In this chapter, we focus our
attention on isolation of repeats in well-studied proteins of the FET/TET family that are
included in this group of 10. To elucidate the mechanism of pathologic aggregation of proteins,
we have set ourselves the task to determine what repeats of amino acid residues in RNA-
binding proteins can be responsible for reversible and irreversible aggregation.

The prion-like domains predicted for TDP-43 and FUS overlap with the region containing a
large number of glycine residues. The prion-like domains are critical for aggregation of these
proteins associated with human neurodegenerative diseases [32]. It was found that protein
TAF15 is also involved in the development of disorder such as amyotrophic lateral sclerosis
(ALS) or Lou Gering’s disease [33]. At first, this protein was discovered using a bioinformatics
analysis as a possible candidate and later it was revealed in ALS patients. It turned out that
this protein has very similar properties to those of TDP-43 and FUS proteins involved in this
disease. The only difference is that mutations of the protein associated with this disease are
capable of higher aggregation in vitro than the wild-type protein, exert a stronger effect on the
lifetime, and lead to incorrect localization of proteins in the spinal cord of mammals [33].

Among 29 candidates of RNA-binding proteins with predicted prion-like domains, the first
and second places belong to FUS and TAF15, whereas TDP-43 is the 10th in this list [34].
Probably, it is expedient to pay attention to the first 10 proteins because the third place belongs
to protein EWS [35]. They should also be detected in ALS patients.

5. Members of the FET family: FUS, EWS, TAF15

Members of the FET family are very similar RNA-binding proteins containing the following
main domains in their structure: a SYGQ-rich N-terminal prion-like domain enriched with
uncharged polar amino acids (asparagine, glutamine, serine, and tyrosine) and glycine [36],
an RNA-binding motif (RNA-recognition motif, RRM), a “zinc finger” motif, and several RGG
domains rich in glycine [37–39]. Three proteins (FUS, EWS, and TAF15) also have a nuclear
location signal (NLS) that is recognized by the nuclear receptor transportin and is responsible
for protein transport from the cytoplasm into the nucleus and back [27, 40–43]. Genes of the
FET family are expressed practically everywhere. Proteins of this family are involved in
regulation of different stages of gene expression, including transcription, pre-mRNA splicing,
mRNA transport, and also take part in DNA repair [44–46]. The family name stems from three
capital letters of its three members: proteins FUS/TLS (fused in sarcoma or translocated in
liposarcoma), EWS (Ewing’s sarcoma), and TAF15 (TATA-binding protein-associated factor
2N) [47]. These RNA-binding proteins participate in many cell processes, including transcrip‐
tion, pre-mRNA splicing, DNA repair, and mRNA transport in neurons [44–46]. As a rule,
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under stress conditions such RNA-binding proteins shift from the nucleus into the cytoplasm
and take part in the formation of SGs, after which they return to the nucleus. This cycle is
multiply repeated during the cell lifetime, and it is not excluded that under such conditions
errors may occur in its functioning. The mechanism of activity of FET proteins, their cellular
localization, and determination of domains involved in different processes are to be clarified.

Prion-like domains of these proteins associated with human neurodegenerative diseases are
critical for their aggregation [32]. Proteins of this family are involved not only in neurodege‐
nerative diseases, such as ALS [33], Huntington’s disease, spinocerebellar ataxia, and denta‐
torubral cerebellar atrophy [48], but also in the development of human mixoid liposarcoma
[49–51].

5.1. FUS: Its functions, structural peculiarities of a prion-like domain, mutations
associated with diseases

A member of the FET family is the RNA-binding protein FUS, for which a number of mutations
associated with ALS have been revealed [27, 40–43, 52]. Under normal conditions, this protein
is localized mostly in the nucleus, whereas under pathologic conditions its aggregations are
accumulated in the cytoplasm. It was demonstrated on several cell models that FUS delocalized
in the cytoplasm was accumulated in SGs. This permitted a conclusion that a high concentra‐
tion of the protein facilitates generation of protein aggregations under FUS pathology [53, 54].
Nonetheless an exact mechanism by which this transformation occurs remains unclear. It is
not excluded that prion-like domains affect aggregation-like prions or fibril formation
analogous to amyloidogenesis. It is also possible that FUS, accumulated in large amounts,
aggregates in the cytoplasm independently of its capacity to sequestration in SGs. The protein
accumulation can also facilitate dysfunction of the protein intracellular degradation systems
that frequently occurs parallel to neurodegenerative disorders [55]. It should be noted that
under sporadic ALS diseases, the control of splicing of a large amount of genes is violated [56].
The FUS protein also regulates alternative splicing, as a rule binding to transcripts containing
large introns. Therefore, accumulation of FUS in the cytoplasm can result in the loss of its
function in the nucleus and consequently violation of the alternative splicing of a number of
genes, e.g., coding proteins associated with the growth and development of axons and the cell
cytoskeleton [57]. This version is in agreement with the results obtained on a drosophila model,
when an increased FUS concentration in the cell was extremely toxic for organisms that can
also cause dysfunction during splicing. In addition, enhanced expression of the gaz gene of
the fus ortholog caused death at the pupal stage [58].

In transgenic Caenorhabditis elegans worms, in which serine 57 was removed in protein FUS,
paralysis occurred much earlier when compared to transgenic species with a full-sized FUS
protein [59]. Therewith, the sequence of the FUS protein itself corresponded to that of the FUS
protein from the human proteome. This mutation (removal of serine 57) is associated with the
sporadic form of ALS [60]. It has been shown that for aggregation and toxicity of yeasts a prion-
like (1–239) and an RGG2 (374–422) domains are required, though FUS (1–359) is sufficient for
aggregation in models of neuroblastoma cells [54]. Domain RGG3 does not affect aggregation,
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and mutations in (502–526) lead only to the protein accumulation in the cytoplasm and its
insertion in SGs. In yeasts, FUS was accumulated only in the cytoplasm [61]. Some components
of SGs, such as translation initiation factors and poly-A-binding proteins, suppress toxicity of
FUS aggregations. It is important that many proteins associated with RNA metabolism can
affect the toxicity of FUS aggregations.

To verify the hypothesis that dislocation of FUS from the nucleus into the cytoplasm leads to
the loss of its function in the nucleus, Murakami et al. created transgenic animals with double
gene expression. One of these genes (fus) having the N-terminus, labeled with red fluorescent
protein RFP, could not move into the cytoplasm under the action of stress, and the other gene
(mutant GFP-fus-P525L) was uniformly distributed both over the nucleus and the cytoplasm.
After heat shock, most of GFP-FUS-P525L moved into the SGs, whereas GFP-RUS remained
in the cytoplasm. Therewith, the damaging effect was the same as in the experiment with
expression of only GFP-fus-P525L. Therefore, the authors concluded that accumulation and
aggregation of FUS in the cytoplasm are more neurotoxic than that when FUS lost its function
in the nucleus [62].

In any case, formation of such aggregations is the reason for apoptosis, i.e., the process of
programmed cell death. Apoptosis is characterized by retaining fragmentation of intracellular
components with retention of the integrity of the plasmatic membrane that facilitates fast
phagocytosis.

5.2. Role of FET proteins in the formation of stress granules

To understand the mechanism of assembly and disassembly of SGs, it is necessary to know
what regions of the chain of RNA-binding proteins can perform the function of a prime and
what the role of unstructured regions of simple complexity is. It is worth noting that in many
respects protein FUS is a perfect model for studying processes involved in the formation of
protein aggregations by the prion mechanism. To search for and reveal properties of prion-
like domains, we have chosen three proteins from the FET/TET family of 29 RNA-binding
proteins of the human proteome, the structures of which included prion-like domains [31].
The prediction was made using the algorithm developed by Alberti et al. [63], which is based
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(374–422) domains are also required for aggregation and toxicity of yeasts, although FUS (1–
359) is sufficient for simulations on the neuroblastoma cell culture [68]. Domain RGG3 does
not affect aggregation, and mutations at (502–526) result only in accumulation of the protein
in the cytoplasm and its insertion in SGs [24, 69]. It should be mentioned that in contrast to
mammalian cells, in yeast cells protein FUS is accumulated largely in the cytoplasm [61]. This
may be connected with the fact that NLS FUS is not recognized by nuclear receptors of yeasts
[65]. In mammalian cells, protein FUS is accumulated in the cytoplasm only when it has
mutations distorting the reverse transport into the nucleus [69].

Figure 2. Effect of different constructions of FUS on aggregation and toxicity in yeasts and aggregation and localization
in SGs in cell culture of the SH-SY5Y neuroblastoma [65, 66].

The N-terminal domain of FUS has 27 different variants of GYG, GYS, SYG, and SYS triplets
(that can be designated as [G/S]Y[G/S] repeats) [70]. Four mutants were obtained with a
different number of substituted tyrosine residues for serine ones to demonstrate that namely
tyrosine residues are responsible for the formation of hydrogel. There were 5, 9, 15 substitu‐
tions and all 27. Neither of the mutants could form hydrogel, however, all of them could equally
well bind to it. Mutants with substituted residues 5 and 9 could bind to hydrogel, but the
remaining mutants could not [70].

5.3. Disordered regions in proteins of the FET family and search for partners for
interactions with these proteins

For all three proteins, the IsUnstruct program [15] predicts the presence of unstructured
domains, as a rule, at the N and C termini of the polypeptide chain. Unstructured proteins
often play the role of hubs, i.e., have a capacity to concentrate a large number of partners
around them (it is accepted that when there are more than five partners, it is a hub) [71]. To
what extent is this role validated? To answer this question, it is necessary to determine the
presence of functional sites in the protein considered. The search for the number of partners
in the STRING database revealed that it exceeds 5 [72] (see Figure 3). Usually upon binding to
a partner, natively unfolded proteins can acquire a structure that imparts a certain function to
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them. In other words, the conformation of unstructured proteins is “dictated” by the interac‐
tion partners. This explains their capacity to perform different functions both in the cell and
in the extracellular space. For example, the analyzed RNA-binding proteins have regions with
large amounts of glycine in addition to large amounts of asparagine, glutamine, and tyrosine,
which also facilitates their unfolded state and performance of various functions in the cell
because these proteins are involved in the formation of RNP complexes, control of DNA
transcription, pre-mRNA splicing, protein posttranslational modification, and many other
vital functions [73]. According to the STRING database (version 10), the number of partners
is 44 for TAF15, 132 for EWS (Figure 3), and 218 for FUS.

Figure 3. The list of partners for EWS has been obtained from the STRING database using the information from the
data bases, data about homologies, possible co-expression, experimental confirmation about interactions, etc. The
boundary condition for entry in the list of partners is probability of interactions equal to 0.4. Transparency of edges
connecting vertices in the graph designates probability of interaction. The more transparent of edge, the less probabili‐
ty of interaction.
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These proteins contain many motifs of simple complexity. As shown, the portion of proteins,
included in periodic fragments or homorepeats, is an order of magnitude lower in eukaryotic
proteomes than in bacterial ones [74, 75]. The proteins with periodic fragments are extremely
nonuniformly distributed both over the kingdoms and over organisms within each kingdom
[74, 75]. It is worth underlining that these repeated motifs can be located in the region not
predicted as prion-like. It is known that protein Ure2 has regions in the carboxy-terminal
domain affecting the capacity of the amino-terminal domain to become prion-like [76]. The
available data for FUS allow us to conclude that the presence of both a prion-like domain and
a C-terminal region corresponding to the RGG2 region (see Figure 2) is important for patho‐
logic aggregation. It is most likely that the RNA-binding domain also contributes to the
pathologic aggregation. The RNA-binding motif (RRM) in proteins RUS and TAF15 is highly
identical and is retained from species to species. On the contrary, the RNA-binding motif
(RRM) in protein EWS differs remarkably from other members of the family and does not
preserve 100% identity in different species. For example, for FET proteins, the following
amyloidogenic regions, revealed using program FoldAmyloid [77], can be indicated in the
RNA-binding domain (RRM): AIYVQ/ADFFK/MIHIYL/VEWFD for EWS; TIFVQ/INLYT/
IDWFD for TAF15; and TIFVQ/INLYT/IDWFD for FUS.

The prediction of unstructured regions in proteins of the FET/TET family using program
IsUnstruct allowed us to isolate two unstructured domains at the N and C termini and one
structured region, corresponding to the RNA-binding domain. Figure 4 shows probability
profiles for amino acid residues of the FET/TET proteins, which make it possible to determine
whether they are structured or unstructured. Motifs in the amino acid sequence are shown by
different colors. These proteins are characterized by the presence of a large number of
homorepeats when one amino acid is recurrent many times. Generally, the longer are the
repeats, the higher is the probability that the aggregated protein containing and it is associated
with the development of a disease. For example, protein FUS is characterized by five unstruc‐
tured patterns from the pattern library obtained by us from the Protein Data Bank: GSHM,
GGGGSGG, GGGGG, GGSGGGGSGGG, and RGGGGSG. The occurrence of these patterns in
the given protein in different organisms (human, monkey, pig, mouse, quicken and fish) can
be found in our HRaP database, containing data on the occurrence of unstructured patterns
and homorepeats in 122 proteomes [14]. For protein TAF15, the glycine-rich recurrent motif is
well isolated at the C-terminus: DRGGGYGG/DRSSGGGYSG/DRGSRGGYGG, which is
characteristic of many animals and fish [78]. We isolated 22 repeats, and the Uniprot program
finds 21 repeats at the C terminus: GRGGRGG/DRGGYGG (Figure 4). As concerns EWS, we
can observe 14 repeats as SYSQAPS in the prion-like domain (the N-terminal part) and 6
repeats (DRGRGGPGG) in the C-terminal part (Figure 4). It should be noted that 15 imperfect
repeated motifs (QPGQGYSQQSS) are positioned in a prion-like region (the N-terminal part)
and four repeats (DDRRGGRGGY) in the C-terminal one for FUS (Figure 4).

As known, protein regions enriched in glycine residues cannot have a rigid spatial structure;
therefore, the main function characterizing this protein region is determined by a number of
adjacent amino acid residues. It should be noted that in the mentioned proteins with high toxic
aggregation, the glycine repeats adjoin arginine, serine, and tyrosine. Domains rich in glycine
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and arginine (RGG) are known to be responsible for the interaction of proteins with each other
and with RNA. As a rule, these interactions are controlled by methylation of arginine [79],
whereas phosphorylation of serine residues affects the direct mutual interaction of prion-like
domains [45, 80]. Of interest is the fact that deletion of serine (S57), the mutation associated
with sporadic form of ALS [81], induced paralysis in transgenic C. elegans species, that took
place much faster than in transgenic species with a full-sized human FUS [82]. These data make

Figure 4. Probability profiles of amino acid residues in proteins of the FET/TET family (A for FUS, B for TAF15, and C
for EWS) according to which it is possible to predict possible formation of the structure or its absence by the IsUnstruct
program [15].
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it possible to suggest that phosphorylation and dephosphorylation of serine residues are
critical not only for self-assembly of prion domains but also for disassembly by aggregation
when required, e.g., termination of stress action on the cell. It was assumed that the presence
of tyrosine residues facilitates the formation of hydrogel. In this connection, it should be
mentioned that in spite of high similarity of these proteins, relative to other members of the
family, the cytoplasmic aggregation of FUS is more toxic that correlates with longer glycine
repeats in the amino acid sequence of FUS [33].

5.4. Zinc-finger motif in proteins of the FET family

All proteins of the FET/TET family are characterized by the presence of a zinc-finger motif.
The exclusion is the EWS protein in chickens, because here the zinc-finger motif has not been
determined [78]. As known, a classic zinc-finger motif forms a loop, where two cysteine
residues and two histidine residues bind zinc ions. The main function of a classic zinc-finger
motif is the binding of DNA, which corresponds to its structure consisting of two to three beta-
sheets in the N-terminal region of the protein and one alpha-helix in its C-terminal region. As
for the FET/TET family of proteins, the amino acid sequence of the zinc-finger motif in them
differs significantly from the classic consensus motif (Cys-X2–4-Cys-X3-Phe-X5-Leu-X2-His-X3-
His) [83]. It should be noticed here that the amino acid sequence of this motif in proteins FUS
and EWS is highly similar, which is preserved in all organisms studied by us. Our plots on the
prediction of the structure demonstrated quite well the correspondence of this motif and the
predicted structure (Figure 4: proteins FUS and EWS, second peak from the bottom, blue). On
the contrary, in TAF15, this motif differs somewhat not only from FUS and EWS but also in
the organisms studied by us; according to our prediction, it forms no structure (Figure 4). It is
important that in proteins of the FET/TET family the zinc-finger motif occurs only once,
contrary to the classic variant when it occurs as tandem repeats. As a rule, if the zinc-finger
motif occurs once and its sequence differs considerably from the canonical one, the functions
of this motif can differ remarkably from the classic motif. For example, it can both be bound
to RNA and have no relation to the binding of nucleic acids [83]. The removal of this motif
together with the terminal part of the FUS molecule did not affect the protein ability to
aggregate and have toxicity either in yeasts or in the cell culture of the SH-SY5Y neuroblastoma
[67]. Additional studies should be conducted to reveal the functions of the zinc-finger motif
in proteins of the FET/TET family.

6. Conclusion: Repeats are a general characteristics of prion-like domains

In this study, we have analyzed RNA-binding proteins with prion-like domains, such as
TAF15, FUS, and EWS. Using the FoldAmyloid program [77], we revealed the existence of
amyloidogenic regions in the RRM domain in all three proteins of the FET family. This allows
us to suggest that when the binding to RNA is violated, the proteins can aggregate spontane‐
ously forming amyloid fibrils. In this case, protein FUS can aggregate both upon the removal
of RRM and at point mutations in this domain [65, 66]. Further studies should be conducted
to clarify whether aggregation of protein FUS in the presence of RRM does not lead to the
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formation of irreversible pathologic aggregations and functions only by the mechanism of
assembly and possible disassembly under favorable conditions analogous to the functioning
of SGs. We have also found that in all members of the FET/TET family the zinc-finger motif
does not correspond to the classical one because it concerns both the location of tandem repeats
and the amino acid sequence. Moreover, according to our prediction, in the FUS and TAF15
proteins, it does not even form any structure. Based on this, we can propose that in proteins
of the FET/TET family the zinc-finger motif is not responsible for the DNA binding, but
performs other functions determination of which requires further investigations.

We have also predicted unstructured regions corresponding both to prion-like domains and
to additional regions, where we have revealed several recurrent amino acid motifs—tandem
repeats. In addition, these proteins are characterized by the occurrence of homorepeats when
one amino acid is multiply recurrent. The length of homorepeats can affect not only the
capacity to aggregate but also the toxicity in an aggregated state. Correspondingly, the larger
is the number of repeats, the higher is the probability that the aggregated protein containing
them is associated with the development of the disease. We have established that protein FUS
contains five disordered patterns from the pattern library obtained from the protein data bank:
GSHM, GGGGSGG, GGGGG, GGSGGGGSGGG, and RGGGGSG, which are not located in the
prion-like domain predicted for FUS. For other members of this family, these patterns are not
characteristic and, as known, are less toxic when compared to FUS. When a larger part of the
prion-like domain in protein FUS was removed (100 residues of the 165), it retained its capacity
to aggregate [65], but lost completely the ability to form gel and display toxicity. These results
allow us to suggest that the presence of short repeats in the unstructured prion-like domain
of RNA-binding proteins is required for fast formation of a dynamic cross-beta structure of
SGs [84].
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Abstract

miRNAs  are  sequences  of  20–22  nucleotides  that  participate  in  the  development,
growth,  and  cell  differentiation  by  the  regulation  of  the  mRNAs.Their  possible
participation  in  the  development  of  degenerative  diseases  has  been  extensively
investigated.  Results  show  quantitative  changes  in  miRNA  transcription,  to  the
pathogenesis of various neurodegenerative diseases. In this chapter, the dysregula‐
tion of microRNAs reported in the samples taken from amyotrophic lateral sclerosis
(ALS) animal model or ALS patients is analyzed. Moreover,their probable participa‐
tion in the pathogenesis of the disease is also analyzed.

Keywords: ALS, microRNA, miR-206, miR-338-3, miR-9a

1. Introduction

miRNAs are small RNA molecules that do not encode proteins. They are sequences of 20–22
nucleotides that regulate gene expression. miRNAs were identified in 1993 by Lee et al. [1].
Since then numerous studies have been carried out in order to have a better understanding
of their functioning as regulators and, in turn, regulating transcription. These molecules are
transcribed as a longer RNA between 500 and 3000 nucleotides [2, 3]. Then, a serial enzymat‐
ic activity inside the nucleus allows the reduction in the number of nucleotides. These pri-
miRNAs are then exposed to an enzymatic process by using Drosha-associated Pasha (also
known as DGCR8), resulting in a precursor of 65–75 nucleotides in a loop called pre-miR‐
NA, which is transported to the cytoplasm. Finally, the Dicer enzyme breaks for mature single-
stranded fragments comprise 19–25 nucleotides. The last enzymatic activity into cytoplasm
provides an miRNA of 20–22 nucleotides with a complementary sequence of seven base pairs
that enable an miRNA to bind to the target mRNA [3–6].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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The consequence of that complementary interaction could provide the inhibition of translation
or the reduction in the stability of the mRNA resulting in the decrease of the target protein
expression [7]. The importance of these small molecules in gene expression has led to numer‐
ous studies, which aimed at better understanding of its functioning as regulators and, in turn,
the regulation of transcription. Another characteristic is its possibility to target several mRNAs
given a major potential to regulate gene expression or a specific mRNA that can be regulated
by multiple miRNAs [8–10]. Although most authors observed a downregulation by miRNAs,
there are examples of upregulation by miRNAs as well. The ability of a single miRNA to act
both in repression and activation depends on the number of nucleotides that can mate or phase
of the cell cycle in which it is generated [11–16].

In order to homogenize the nomenclature of miRNAs for the pre-miRNA and the pri-miRNA,
they are referred to as uncapitalized “mir,” for the mature form of the miRNA as miR and MIR
for the gene that encodes them [17].

Considering the complexity of the capacity and functions of these small molecules, they have
been linked to several diseases such as cancer [18, 19], autoimmune diseases [20, 21], cardio‐
vascular diseases [22–26], and, of particular interest to our group, are those related to neuro‐
logical diseases.

General reviews on the participation of miRNAs in neurodegenerative diseases have been
emerging, and the research on specific neurological diseases confirms a dysregulation
biogenesis of these small molecules [27–31]. Impaired concentration of blood miRNAs has been
reported in patients with stroke, Alzheimer disease, Huntington disease, Parkinson Disease,
and Amyotrophic Lateral Sclerosis (ALS) [30–46]. In this chapter, ALS disease will be analyzed
in more detail.

The dysregulation of miRNAs in the samples from ALS patients has been reported by several
authors. Until now, it is not clear that which one is the most important dysregulation. This
chapter aims at analyzing those reports that shed light on the enrolled miRNAs and their
participation in ALS pathology.

2. miR-b2403 and miR-b1336 downregulation

During neuron degeneration in ALS diseases, many alterations on neurofilament have been
observed such as the aggregate formation of the perikaryon and proximal axons. In addition,
mRNA of low molecular weight neurofilament (NEFL) decreases [47–49]. A number of reports
agree that an alteration of NEFL synthesis could contribute to the possible cause of neuron
death in ALS patients. Recent reports on the expression analysis of miRNAs, performed on
neurons recovered from sporadic ALS patients’ spinal cord, confirm the downregulation of
miR-b2403 and miR-b1336. These miRNAs modulate NEFL mRNA stability [50]. Consequent‐
ly, it could be the cause of the decreased mRNA, as previously reported in patients with spinal
cord ALS.
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3. miR-338-3 upregulation

The overexpression of miR-338-3 was reported in leucocytes of ALS patients. This miRNA
regulates gene cytochrome c oxidase IV [51]. In vitro experiments report that the transfection
of miR-338 into the axons of primary sympathetic neurons results in a decrease in mitochon‐
drial COXIV mRNAs and consequently a decrease in enzyme protein levels [52]. This protein
belongs to the cytochrome c oxidase complex, the ending step in the mitochondrial electron
transfer chain. Its downregulation results in a decrease in the ATP level and sensitizes the cells
to apoptosis [53, 54]. miR-338 also regulates ATP synthase expression, which is another
mitochondrial enzyme. The postmortem samples from the frontal cortex of patients with ALS
also report on the upregulation of miR-338-3 [55]. The overexpression of miR-338-3 could
induce an axonal respiration functionality and viability damage.

4. miR-29a and miR-29b upregulation

Microarray analysis of miRNAs on samples from three brains of patients with ALS reports the
upregulation of miR-29a. This affects the stability and translation of mRNAs of NAV3, a
nuclear membrane protein-related neuronal regeneration [55]. Unfortunately, there was a
noticeable change in values of the miRNAs for the samples analyzed. In addition, the number
of samples was very small so the analysis does not conclude. However, recently Nolan et al.
[56] have reported an interesting result. The downregulation of the antiapoptotic Mcl-1 was
associated with an upregulation of miR-29a, which enhances the sensitivity of neurons to
endoplasmic reticulum stress-induced apoptosis. In previous research, Nolan et al. found a
high expression for miR-29a in the brain and spinal cord of a family of ALS mouse model. The
intracerebroventricular injection of an miR-29a-specific antagomir does not change disease
manifestation, but the change in the life span was observed [57].

5. miR-9a downregulation

TAR DNA-binding protein 43 (TDP-43) is a nuclear protein related to binding the single-
stranded DNA, RNA, and proteins [58]. In the nucleus, TDP-43 plays a critical role in regulating
RNA splicing as well as modulating microRNA biogenesis. Nevertheless, TDP-43 is a nuclear
factor. A mutant form of the TDP-43 protein can be found in the cytoplasm of affected neuron
in neurological diseases. TDP-43 is considered a major component of the tau-negative and
ubiquitin-positive inclusions in ALS and frontal dementia [59–62]. High levels of TDP-43 are
detected in CSF samples from ALS patients [63]. Recently, it was found that miR-9a expression
significantly reduced on ALS with the TDP43 A90V mutation [64]. It has been proposed that
the genetic interaction studies support the notion that dTDP-43 acts through miR-9a to control
the precision of SOP specification [65]. The in vitro experiment on mice genetic model tissue,
miR-9, demonstrates an upstream regulation of NF mRNAs [66]. In Drosophila TDP43 mutants,
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the miR-9a expression was significantly inhibited [65]. These findings reveal a novel role for
endogenous TDP-43 in neuronal specification and suggest that the functions of the FTD/ALS-
associated RNA-binding protein TDP-43 ensure the robustness of control genetic programs
[65]. Moreover, there is a possibility that TDP-43 may play an important role in miRNA
processing, given an miR-9 downregulation reported on in vitro experiments [64].

6. miR-206 downregulation

Though the main feature is the death of motor neurons, other cells contribute to disease like
muscle cells. In fact, in ALS animal models it was observed that motor neuron death starts
with neuromuscular junction destruction and distal axonal degeneration [67]. The direct
partners of the injured motor axons may respectively be the recipients or initiators of the initial
damage. The bidirectional signaling between motor neurons and skeletal muscle fibers at
neuromuscular synapses has been studied in an animal model. miR-206 is specifically
expressed in skeletal muscle and linked to many disorders in skeletal muscle [68]. The
expression of miR-206 is regulated by myostatin, TGFβ, and IGF [69, 70]. Moreover, the histone
deacetylase 4 and fibroblast growth factor signaling pathways are involved. It was proved that
a response to muscle denervation was activated, which promotes skeletal muscle regeneration
in response to injury [71–74]. In vivo research performed on the ALS model shows the down‐
regulation of miR-206s. This deficiency was correlated with the acceleration of the disease
progression [73]. In patients, miR-206 functions like a key factor for muscle reinnervation and
disease progression [75]. However, sera from ALS patients showed an increase in the circula‐
tion of miR-206 as well as in SOD1-G93A mouse. Samples from biopsies of Biceps brachii
muscle patients with ALS show that miR-206s are overexpressed in the skeletal muscle and
plasma of ALS patients [76, 77]. Nevertheless, this miRNA has no enough data about its relation
with disease status; it has been proposed as a marker [78].

7. miR-146a downregulation

Quantitative PCR performed on ALS spinal motor neuron samples showed dysregulation of
a large number of miRNAs, such as miR-146a and miR-582-3p. An algorithmic program
revealed that these miRNAs are able to interact with NFL mRNA 3´UTR and suggested that
the main role of these miRNAs is to suppress NFL mRNA [79]. Additional reports on miR-146
function dysregulation are related to the inflammation process by inflammatory factors such
as interleukin 1 and tumor necrosis factor-alpha and another process that functions in the
innate immune system by regulating Toll-like receptor signaling [80, 81]. On the other hand,
in vitro experiments performed with mouse neural stem cells showed their relation with
proliferation and differentiation, where miR-146 overexpression promoted spontaneous
differentiation of neural stem cells by downstream Notch 1 gene [82].
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8. miR-524-5p downregulation

Nevertheless, miR-524-5p was inversely associated with the activity of the MAPK/ERK
pathway by suppressing the expression of BRAF and ERK2 proteins on melanoma [83], as a
tumor suppressor in glioblastoma by Jagged-1 and Hes-1 downregulation [84] and in gastric
cancer cells [85]. The results obtained by the application of miRNA recognition element
program, on samples obtained from spinal cord neurons of sporadic ALS patients, showed
that this miRNA is able to directly regulate the NFL by downregulating its synthesis in neuron
cells. However, in ALS patients, it is decreasing and by consequence there is an overproduction
of NFL which is a deleterious effect. On the other hand, the overexpression of miR-524-5p
inhibits the MAPK/ERK pathway; apparently these cells could demonstrate a high activity on
the MAPK/ERK pathway and cytoplasm NS accumulation.

9. miR-124 downregulation

miR-124 has been found to be the most abundant microRNA expressed in neuronal cells. Its
targets are laminin γ1 and integrin β1. Nevertheless, experiments to alter expression of
miR-124 in neural cells did not appear to affect differentiation [86]. However, later research
reports described the role of miR-124 during neuronal differentiation by the overexpression
of miR-9* and miR-124 in neural progenitors [87]. In a recent work, it was demonstrated that
exosomes containing miR-124a releasing from neurons that can be directly internalized into
astrocytes, with a concomitant increase in miR-124a, induce an increase in the levels of GLT1
protein [88]. miR-124a was found downregulated in the spinal cord of mutant SOD1 mouse
models. In vivo injection of miR-124a into oligonucleotides in the spinal cord of ALS mice
significantly prevents further pathological loss of GLT1 protein.

10. Other dysregulate miR

De Felice et al. [51] analyzed 911 mRNA expression by microarray in leukocytes of 14 patients
with sporadic ALS. In addition to miR-338-3p, they identified eight miRNAs with changes in
expression, e.g., hsa-miR-451, hsa-miR-1275, hsa-miR-328, hsamiR-638, has-miR-149, and the
expression decreased for miR583 and miR-665 [51]. Campos-Melo et al. [79] also reported a
decrease in most miRNAs, such as miR-146a, miR-524-5, and miR-582-3, from neurons of the
spinal cord in the lower back. In addition, miR-b2403 and miR-b1336 are underregulated in
the spinal cord samples; both are related to the stabilization of mRNA NEFL as well as
miR-338-3 as previously reported [50, 51]. The consequence of the accumulation effects on the
NEFL mRNA could be the cause for the decrease in mRNA previously reported in patients
with spinal cord ELA [47]. Reports of miRNAs expression analysis performed on the samples
of neurons recovered from the brain or spinal cord of ALS patients have been able to confirm
a reduction in miRNAs that modulate gene NEFL stability (for the synthesis of light neurofi‐
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lament), the cytochrome c oxidase gene, and protein of the nuclear membrane NAV3 and
related neuronal regeneration.

Other cells that contribute to the disease are microglia cells, lymphocytes, and Schwann cells
[89–91]. A recent hypothesis is that Schwann and muscle cells are also direct partners of the
injured motor axons and may respectively be the recipients or initiators of the initial damage
[67, 92].

In a mice ALS model, it has been proved that miR-365 and miR-125b suppress the IL-6/STAT3
pathway in microglia cells with an increase in the levels of TNFα mRNA [93]. This agrees with
the fact that TNFα is upregulated in G93A mice and ALS patients [94, 95], which indicates that
miR-365 and miR-125b dysregulations might develop the pathological cytokine profile on ALS.

11. Conclusion

Until now, there is no consensus on which miRNA could be the best target for therapy. To alter
the cell homeostasis of miRNAs, more than one change is needed for their biogenesis. Similar
to previous reports, miRNA can have several target mRNAs and one mRNA can be regulated
by different microRNAs. ALS research provides an example of NEFL synthesis alteration,
which can be regulated by miR-b2403, miR-b1336, miR-146a, miR-524-5p, and miR-582-3p.
Probably, for the development of diseases, the coincidence of more than one dysregulation is
necessary, or the accumulative alteration of various changes in the transcriptome, to induce
neuron cell death. On the other hand, the dysregulation of miRNAs on neighbor cells partic‐
ipates in ALS pathology, where microglia cells, lymphocytes, Schwann cells, and muscle cells
show a dysregulation in the miRNA transcript. Further, miRNAs also participate in neuron
death. Nevertheless, research on miRNAs involves looking at miRNAs from the perspective
of biomarkers. Moreover, the systematic comparative analysis of their profile between healthy
people and ALS patients provides information on which pathways can be suggested as
possible targets for directed therapy. In addition, the analysis also provides an opportunity to
know more about the development of this disease, metabolic pathways altered, and cells
involved in ALS pathology.
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Abstract

Progressing  muscle  wasting  and dramatic  neurodegeneration  of  upper  and lower
motor neurons are the initial symptoms of amyotrophic lateral sclerosis (ALS) that
eventually cause aetiology or death in quick succession. The functional mechanism of
ALS is non-cell autonomous but it strongly influences on non-neural cells including
microglia, astrocyte muscles and T cell. In ALS, neurodegeneration is triggered by at
least four gene mutations that are not related to any classical signalling pathways,
molecular mechanism or known cellular ingredients. MicroRNA is endogenous tiny
non-coding  RNA,  which  is  required  for  fine-tuning  or  micromanaging  protein
expression post-transcriptionally. In this review, we identified numerous microRNAs
and their possible targets in ALS-related genes. These microRNAs misprocess ALS-
related protein-coding genes via microRNA-gene circuits. This result sheds a strong
link  between  microRNA  and  ALS  genes.  The  mechanistic  insight  of  multiple
microRNAs  related  to  ALS  is  required  to  treat  neuro-inflammation  and  neuro-
degradation.  It  is  proposed  that  the  micro-regulation  of  multiple  microRNAs  is
involved in  generation of  unique neuroprotective  agent  against  ALS.  Therefore,  a
classical and novel microRNA-mediated therapy might unravel an alternative strategy
for ALS-related neurodegeneration. This strategy indeed implicates real promises to
illustrate a unique impact for ALS cure.

Keywords: amyotrophic lateral sclerosis (ALS), small microRNA, hotspot, microRNA-
mediated therapy, neurodegeneration
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1. Overview and introduction

Amyotrophic lateral sclerosis (ALS) is an important neuromuscular disease [1].  ALS was
recognized  back  in  1850  by  the  English  neurophysiologist  Augustus  Waller  for  the
appearance  of  shrivelled nerve  fibres.  In  1869,  in  a  scientific  literature  it  was  described
and named ALS by the French neurologist Jean-Martin Charcot [2]. ALS, otherwise known
as  Lou Gehrig’s  disease,  caused  a  baseball  player,  Lou  Gehrig,  to  retire  from his  peak
season. This New York Yankees player was called the iron horse for his contribution in
the  field  (adapted  from  http://www.hopkinsmedicine.org/neurology_neurosurgery/
centers_clinics/als/conditions/als_amyotrophic_lateral_sclerosis.html,  http://www.biogra‐
phy.com/people/lou-gehrig-9308266).

Gradual degeneration of motor neurons in the brain and spinal cord is sought after to char‐
acterize this disease [1]. After the disease contracts, the motor neurons can no longer deliver
impulses to the muscles, resulting in atrophy of muscles and muscle weakness (Figure 1). ALS
does not disrupt a person’s intellectual reasoning, vision, hearing or sense of taste, smell and
touch. Mostly, ALS does not affect a person’s bowel, sexual or bladder functions. ALS is often
referred to as a neurodegenerative syndrome because the disease becomes evident in various

Figure 1. Under normal physiological condition, pri-miRNAs are processed in nucleus by Drosha along with its part‐
ner DGCR8. Recently it has been revealed that interactions with TDP-43 and FUS–TLS enhance miRNA biogenesis. In
this diagram the pri-miRNAs, regulated by TDP-43, have been shown in blue colour, and the pri-miRNAs, regulated
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and helps in the processing of pre-miR-143 and pre-miR-574 into mature miRNAs in cytoplasm (adapted from Bicker
S, Schratt G. MicroRNAs in ALS: small pieces to the puzzle. EMBO J. 2015;34[3]:2601–3 and Ref. [21]).
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patterns. ALS occurs scarcely and spontaneously. Currently, there is no straightforward and
classical cure for ALS (adapted from http://www.hopkinsmedicine.org/neurology_neurosur‐
gery/centers_clinics/als/conditions/als_amyotrophic_lateral_sclerosis.html, http://emedi‐
cine.medscape.com/article/1170097-clinical).

MicroRNAs are the tiny endogenous non-coding RNA that represses protein synthesis post-
transcriptionally by coupling at the 3′ untranslated leader sequences of target mRNAs [4].
MicroRNA micro-manages a broad range of biological process including developmental
decisions, cellular differentiation, programmed cell death for pattern formation, and many
pivotal roles in different human diseases [5]. At least 500–1000 microRNAs are found in
vertebrate [6]. However, each microRNA can target numerous mRNAs [7]. It is suggested that
30–40% of human transcriptome is under control of different miRNA-gene circuits.

Biogenesis, processing and functional mechanism of microRNA are unique. Four different
functional processes are involved in microRNA-mediated gene expression where (1) co-
translational protein synthesis is disrupted, (2) translation elongation is inhibited, (3) transla‐
tion product is terminated prematurely and finally (4) translation initiation is disrupted.
MicroRNA inhibits their functional targets by sequestering to target mRNAs [8].

Basically, microRNA can be used as a fine-tuner for different gene regulatory networks.
Especially numerous microRNAs are expressed in different sites of the brains [9]. They
participate in the functional mechanism of brain development. They have important roles in
brain morphogenesis, neuronal differentiation, dendrite and spine developments, synaptic
structure formation and neuronal plasticity, etc. [10]. Multiple clusters of microRNA play
important parts in different acute and chronic pathological disorders in the brain. In this review
we have mentioned a set of microRNA that produce a distinct cluster in different ALS-related
genes. The dysregulation of these microRNAs collectively misregulates multiple mRNAs
related to ALS and other neurological diseases. Multiple microRNAs can simultaneously
control several endogenous mRNAs because 3′ UTR of an mRNA can have complementary
sites for a cluster of microRNAs; conversely a single microRNA can regulate multiple mRNAs
[11]. In protein homeostasis, different cellular events participate with different microRNAs.
However, different microRNAs may involve various mediators to control gene expression [12].

2. Symptoms of ALS

“ALS is like a lit candle: it melts your nerves and leaves your body a pile of wax. Often, it
begins with the legs and works its way up. You lose control of your thigh muscles, so that you
cannot support yourself standing. You lose control of your trunk muscles, so that you cannot
sit up straight. By the end, if you are still alive, you are breathing through a tube in a hole in
your throat, while your soul, perfectly awake, is imprisoned inside a limp husk, perhaps able
to blink, or cluck a tongue, like something from a science fiction movie, the man frozen inside
his own flesh. This takes no more than 5 years from the day you contract the disease”. Courtesy
from “Tuesdays with Morrie” by Mitch Albom.

Each individual patient may experience symptoms differently. Symptoms may include:
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• Twitching and cramping of muscles, especially those in the hands and feet

• Loss of motor control in the hands and arms

• Impaired use of the arms and legs

• Weakness and fatigue

• Tripping and falling

• Dropping things

• Uncontrollable periods of laughing or crying

• Slurred or thick speech and difficulty in projecting the voice

As the disease progresses, symptoms may comprise:

• Shortness of breath

• Difficulty in breathing

• Difficulty in swallowing

• Paralysis (adapted from http://www.hopkinsmedicine.org/neurology_neurosurgery/
centers_clinics/als/conditions/als_amyotrophic_lateral_sclerosis.html)

3. Symptom statistics

ALS occurs between the ages of 40 years and 70 years, but the disease can occur at a younger
age also. It affects throughout the world without any ethnic, racial or socioeconomic bounda‐
ries. ALS is responsible for almost five of every 100,000 deaths in people aged 20 or older. The
frequent age for ALS is after 60 years age. The incidence of ALS is five times higher than
Huntington’s disease and almost equal to multiple sclerosis. Fifty percent of affected patients
live at least three or more years after diagnosis, 20 percent live 5 years or more and up to 10
percent will survive more than 10 years (adapted from http://www.hopkinsmedicine.org/
neurology_neurosurgery/centers_clinics/als/conditions/als_amyotrophic_lateral_sclero‐
sis.html).

4. Medical classification of ALS

Making a proper diagnosis in ALS is complicated because symptoms can vary in each patient.
Based on the symptom, ALS can be classified in five broad ranges based on the disease symbol:

Classical ALS – characterized by the deterioration of upper and lower motor neurons [nerve
cells]. This symptom generally affects more than two-thirds of patients with the disease.
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Primary lateral sclerosis [PLS] – in which case the upper motor neurons deteriorate. If the lower
motor neurons are not affected within 2 years, the disease usually remains a pure upper motor
neuron disease. It is the rarest form of ALS.

Progressive bulbar palsy [PBP] – this condition starts with difficulties in speaking, chewing
and swallowing due to lower motor neuron [nerve cell] deterioration. It affects about 25% of
those with ALS.

Progressive muscular atrophy [PMA] – in which the lower motor neurons deteriorate. If the
upper motor neurons are unaffected within 2 years of contracting the disease, the disease
usually remains a pure lower motor neuron disease.

Familial – that affects more than one member of the same family (adapted from http://
www.hopkinsmedicine.org/neurology_neurosurgery/centers_clinics/als/conditions/
als_amyotrophic_lateral_sclerosis.html).

5. Tiny small RNA or microRNA

It seems the world of non-coding RNAs is expanding like the universe, with the progress of
science. After the discovery of miRNA in 1993, our knowledge about miRNA is increasing
exponentially. Lin-4 was the first miRNA to be discovered, in 1993, by the joint efforts of Victor
Ambros’s and Gary Ruvkun’s laboratories [13]. After that, let-7 is a heterochronic gene of
Caenorhabditis elegans and was the second miRNA to be discovered, in 2000, 7 years after the
finding of the first miRNA [14]. MicroRNAs [mi-RNAs] are 18–25 nt RNAs produced from a
cellular RNA with a stem-loop structure. These evolutionarily conserved, naturally abundant,
small, regulatory non-coding RNAs can inhibit gene expression at the post-transcriptional
level in a sequence-specific manner [8]. It can be (i) intronic and (ii) intergenic [15].

All miRNAs undergo 5′ capping and 3′ polyadenylation, which are common events in case of
mRNA processing also [16]. Intronic miRNAs are produced under host gene promoter [15].
Intergenic miRNAs have own promoter [15]. In the nucleus, genes encoding miRNA are
generally transcribed by RNA polymerase II (Pol II) into large primary miRNA transcripts
(pri-miRNA) (sized >1 kb) [15–17]. The pri-miRNA is maximally 2.2 kb long [15, 17]. Processing
of pri-miRNA:pri-miRNA > pre-miRNA > miRNA [15]. miRNAs bind to the 3′ UTR region of
target mRNAs [8]. Once the miRNA binds to a completely complementary region of target
mRNA, mRNA gets degraded [18]. miRNA-mediated regulation does not require to have a
perfect match with its target-binding region [19]. Only seven-base sequence between second
and eighth nucleotides from the 5′ end is called “seed region (sequence)” and a complete match
of these sequence is required for degradation of target mRNA[s] [20]. It is believed that the
strength of the inhibition varies depending on the sequences [20]. A single miRNA may directly
affect the expression of hundreds of proteins at one time and several miRNAs can also target
the same mRNA and result in enhanced translational inhibition. It causes post-transcriptional
gene control [8].
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6. Link between miRNA and ALS

In last few decades, neuroscience has made a remarkable progress. This has led to accumula‐
tion of humongous information including neuronal signalling and neuronal circuits. Neuro‐
science itself is complex and RNA interference (RNAi) molecules have made it much more
intricate. The finer details are being searched to cope up with the neurodegenerative disorders.
In the postgenomic era, we are still searching mysteries related to non-coding RNA. These
small RNA molecules are the controller of our genome.

The microRNA molecules are acting as nodes and links of gene expression. These experts work
in various biological functions. Using complementarity against cognate mRNA, this 21–22 nt
stretch plays havoc. A miRNA can target several mRNAs, and in combination with other
regulatory molecules, it can alter a cell’s expression and activity. Neurology includes net‐
working between the cells of nervous system and other cells of the organism. Direct and
indirect targets of one miRNA make a cell’s system much more complex. ALS is a motor neuron
disorder and it has been proved in various reports that ALS can be caused due to dysregulation
of miRNAs and thus misexpression of proteins in the cells (Figure 2). This chapter deals with
the miRNAs which are culprits behind ALS [21].

Figure 2. In ALS, there are mutations in multiple genes like TDP-43, FUS–TLS and SOD1 and these results in activation
of stress response involving phosphorylation of eIF2α and stress granule formation. In ALS, reduced pre-miRNA proc‐
essing and decreased levels of different miRNAs are caused by remodelling of Dicer complex in cytoplasm. Thus, the
translation of target mRNAs is relieved, resulting in degeneration of motor neurons (adapted from Bicker S, Schratt G.
MicroRNAs in ALS: small pieces to the puzzle. EMBO J. 2015;34[3]:2601–3).
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7. MicroRNA and its biogenesis pathway

miRNAs, after being discovered in 1993 [13], has come a long way and established itself as one
of key regulators at the post-transcriptional level. It gets expressed in wide varieties of
organism from plants to humans. Many miRNAs are conserved across several species. These
regulatory molecules are of 21–25 nt in length. Many components of miRNA-processing
machinery can be found in Archaea and Eukarya, which supports its ancient presence [3].
Databases of different miRNAs are increasing day by day because of its association with
several biological processes and diseases. miRNAs account for >3% of all human genes [22,
23]. At first it gained its initial importance because of its involvement in developmental biology.
Now it has been noticed that normal miRNA population can be dysregulated in different
diseases, and thus, they are being used as biomarker to detect diseases. Sequence-specific
regulation by miRNA makes it more specific but it can diversify its function by binding to 3′
UTR sites of several mRNAs.

The miRNA genes can be operated from their own promoter or promoter of another gene [15].
Primary miRNA transcripts are transcribed by RNA pol II in nucleus [16, 17]. Primary
transcripts are of multiple hairpin loops. In nucleus Drosha along with DGCR8 cleaves at 3′
end to form pre-miRNAs. Pre-miRNAs have a hanging 3′-OH end [24]. 70 nt structure pre-
miRNAs get transported to cytoplasm from nucleus by Ran-GTP and Exportin-5 [24]. In the
cytoplasm, RNase-III Dicer enzyme cut at the loop structure of the pre-miRNA to produce
passenger strand and guide strand [24]. The thermodynamically unstable strand, i.e. guide
strand, works as a mature miRNA [25]. These mature miRNAs get loaded into RISC complex
[RNA-induced silencing complex]. RISC complex contains several proteins which are needed
for ribonucleotide binding and cleaving the target mRNA. Argonaute protein, GW182 are
some of the factors of RISC [8]. Once RISC factor is assembled, the miRNA guides the complex
to its target on the basis of complementary base pairing. The complementarity is generally
restricted to the second to eighth base from 5′ end of miRNA, which is called “seed” region
[25]. This seed region binds to 3′ UTR of target mRNA [19, 20]. The fate of target mRNA
depends upon the extent of base pairing to the cognate miRNA [19, 20]. The miRNA will direct
the destruction of the target mRNA, who has the perfect or near-perfect pairing [19, 20]. If there
is multiple partially complementary site, the accumulation of protein from target mRNAs will
be inhibited.

8. miRNA in mammals

miRNAs can inhibit translation in many ways like co-translational protein degradation,
inhibition of translation elongation, premature termination of translation, inhibition of
translation initiation, deposition of mRNAs in cytoplasmic P-bodies and premature ribosome
drop-off [8].
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9. Post-initiation mechanisms

Studies in the worm C. elegans and in mammalian cell cultures present evidences that miRNAs
repress protein synthesis after translation is initiated. The contradictory observation that the
targets of miRNAs appear to be actively translated while the corresponding protein product
remains undetectable prompted the proposal that the nascent polypeptide chain might get
degraded co-translationally. The identity of protease is unknown. Proteasome was excluded
as a possibility because proteasome inhibitor does not restore the protein. Several other
evidences lead to the suggestion that premature ribosome dissociation is caused by miRNAs
[8].

10. Inhibition of translation initiation

There was an observation by a group, where it was observed that the central domain of
Argonaute proteins has sequence similarities to the cytoplasmic cap-binding protein eIF4E
[eukaryotic translation initiation factor 4E], which is necessary for the cap-dependent transla‐
tion initiation in the cell. eIF4E binds to the m7Gppp-cap structure of mRNAs by stacking the
methylated base of the cap between two tryptophans. At the equivalent position of the
tryptophans in eIF4E, Argonaute proteins have phenylalanines that could mediate a similar
interaction between the molecules. Consistently, Kiriakidou et al. [26] showed that human
Argonaute 2 (AGO2) binds to m7GTP present on Sepharose beads. It was shown that substi‐
tuting one or both AGO2 phenylalanines with valine residues suspended the silencing activity.
Using human cells it was shown that AGO2 associates with both eIF6 and large ribosomal
subunits. By binding to the large ribosomal subunit, eIF6 prevents this subunit from joining
with the small ribosomal subunit prematurely. AGO2 recruits eIF6, thus stopping the associ‐
ation of the large and small ribosomal subunits, causing translation repression [8, 27].

11. miRNA-mediated mRNA decay

Argonaute proteins prevent the formation of the closed-loop mRNA configuration by a murky
mechanism that includes de-adenylation. MicroRNAs trigger de-adenylation and de-capping
of the target mRNA. Proteins required for this process are components of the major de-
adenylase complex [CAF1, CCR4 and the NOT complex], the de-capping enzyme DCP2 and
several de-capping activators. Thus, signal for translation is lost.

P-bodies or cytoplasmic processing bodies are nothing but ribosome-depleted areas inside a
cell. Recent studies support the evidence that the mRNAs silenced by miRNAs are localized
to P-bodies for storage or degradation. Induced by miRISC and RNA helicase activity,
remodelled mRNPs may modify the translation initiation complex at the 5′ end of target
mRNAs, which may cause translation repression and localization of mRNAs in P-bodies. P-
bodies may facilitate the access of the de-capping factors to the cap structure, thus facilitating
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mRNA degradation. However, with the help of appropriate signals, stored mRNAs residing
in P-bodies could be released and returned to the translational machinery of the cell [8, 28].

12. miRNAs in different parts of the human brain

One of the important processes is microRNA-mediated gene regulation, which is fine-tuning
the expression of genes essential for the pathway. Using bioinformatics approach, one can
easily understand that the cells of human brain are finely tuned by miRNAs. Prediction of
miRNA target sites using bioinformatics approach can give us a whole bunch of gene names.
But a major weakness of in silico analysis is the lack of experimental validation. For circum‐
venting such problem, a combinative approach can be implemented where target sites are
predicted using multiple programmes. Out of miRNAs, which get expressed in the midbrain,
cerebellum, hippocampus and frontal cortex, majority of them are from midbrain while almost
equal proportions of microRNAs are expressed in the hippocampus and frontal cortex. The
microRNAs in the cerebellum are less in number compared to miRNAs expressed in other
regions considered. The target sites of the microRNA expressed in different parts of the brain
had been predicted on the 35 genes related to ALS initially. The result obtained from miRanda
[version 1.0] indicates that 477 target sites were predicted for mRNAs expressed in midbrain
as compared to the target sites [411] predicted for miRNAs expressed in the hippocampus
(Figure 3). However, total target sites predicted for miRNAs expressed in the cerebellum and
frontal cortexes were 175 and 395, respectively (Figure 3). The number of targets for miRNAs
expressed in cerebellum is considerably less comparing to binding sites for miRNAs expressed
in other areas of the brain. Surprisingly, microRNA targets were distributed in the different
regions of the genes and are not limited to only in 3′ UTR. Total 1456 target sites were predicted
using miRanda for miRNAs considered in the study. Target sites in the 3′ untranslated region
are comparatively less. A significant number of targets were also found in the 5′ UTR of the
genes. Earlier, there was occurrence of miRNA target sites in coding region and 5′ UTR of
genes was considered as exception in animals. But numerous recent evidences have established
that microRNAs can target different regions of a gene and microRNA-based regulation is not
confined only to 3′ UTR [9, 29]. Experiments aimed at identification of specific parameter or
factor for effective targeting of 3′ UTR by miRNAs have failed considerably. Conversely, the
existence of miRNA target sites in ORF of Nanog, OCT4 and SOX1, during induction of stem
cell pluripotency, reinforces the existence of miRNA-binding sites in other sites of the genes
in animals. These results established the notion that microRNA-target sites are not only
restricted to 3′ UTR in animals. Such variability in regions also adds cues for anticipating the
mode of action especially their role in transcriptional, post-transcriptional and translation
inhibition. As the majority of the algorithms developed for miRNA target site prediction
consider only 3′ UTR, confirmation of 3′ UTR target site prediction using a combinatorial
approach will be helpful. Target sites on ALS-related genes were classified according to the
microRNAs expressed in four different regions of the brain (Figure 3). As there were less
miRNAs expressed in cerebellum, this can explain small number of target sites predicted on
genes associated to ALS. Analysis of miRNA targets in each gene associated with ALS showed
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that there are no target sites that could be detected in 3′ UTR for mRNAs expressed in midbrain
for CASP1, GRIA1, GPX1, DAXX, CAT, SOD1, NEFM, NEFL and NEFH genes. Furthermore 5′
UTR lack any target sites of same miRNAs in CASP1, GRIA1, GPX1, DAXX, CAT, SOD1, NEFM,
NEFL, NEFH, RAC1 and TNF genes. The miRNAs expressed in midbrain showed the least
number of target sites in RAC1 and CASP1 genes, whereas 29 target sites were predicted in
NOS1. Similar results were there for the miRNAs expressed in the cerebellum for the same
genes. For instance, RAC1 has on one target site whereas NOS1 has 11 target sites. For miRNAs
expressed in the hippocampus, CASP1 and GRIA1 genes have a few numbers of predicted sites
[4] and MAP3K5 was predicted to possess maximum target sites [30]. Similarly, CASP1 and
SOD1 have two target sites each, while 23 target sites had been predicted for TNFRSF1A gene
for miRNAs, expressed in the frontal cortex. On the other hand, target sites could not be
predicted for six genes, namely, GPX1, CYCS, CHP, CASP3, SOD1 and RAB5A, for miRNAs
expressed in the cerebellum. No target sites could be predicted in 3′ UTR of ALS2, BID, CASP1,
GRIA1, DAXX, CCS, CAT, CASP9, TOMM40, TNF, SOD1, RAC1, NEFM and NEFL genes. No
target site could be predicted in BCL2, CASP1, GRIA1, DAXX, CYCS, CASP3, TNF, RAC1,
NEFM and NEFH genes for miRNAs expressed in the cerebellum. These results demonstrate
that the majority of the ALS genes lack any target site for miRNAs expressed in the cerebellum.
miRNA targets were found in most of the genes, but surprisingly few genes, CASP1, GRIA1,
DAXX, CAT, SOD1 and NEFM, lack any miRNA target site in their 3′ UTR. This shows that
complexity of regulations and numerous members of this play give the brain another level of
entanglement [9] (Figure 4).

Figure 3. Percentage of miRNAs, expressed in the brain. From this diagram we can have an idea that the regulation of
genes by miRNAs is widespread in various parts of the human brain (adapted from Ref. [9]).
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that the majority of the ALS genes lack any target site for miRNAs expressed in the cerebellum.
miRNA targets were found in most of the genes, but surprisingly few genes, CASP1, GRIA1,
DAXX, CAT, SOD1 and NEFM, lack any miRNA target site in their 3′ UTR. This shows that
complexity of regulations and numerous members of this play give the brain another level of
entanglement [9] (Figure 4).

Figure 3. Percentage of miRNAs, expressed in the brain. From this diagram we can have an idea that the regulation of
genes by miRNAs is widespread in various parts of the human brain (adapted from Ref. [9]).
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Figure 4. Either dysregulation of miRNA biogenesis and function might result into ALS pathogenesis or ALS patho‐
genesis can cause dysregulation of miRNA biogenesis and function. Disrupted signalling at the neuromuscular junc‐
tion, caused by cytotoxicity associated with the faulty glutamate clearance or an overactive inflammatory response,
results in neuromuscular degeneration. Dysregulation of key miRNAs triggers the altercations in cell physiology, re‐
sulting in ALS pathology (adapted from Ref. [84]).

13. Causative factors in ALS

Most of the cases are sporadic ALS [sALS]. Only 10–15% are usually inherited as an autosomal
dominant trait and defined as familial [fALS]. They show comparable etiopathology and they
affect same neuronal population [31]. Several ALS genes (SOD1, Alsin, SETX, SPG11, FUS/
TLS, VAPB, ANG, TARDBP, FIG4, OPTN, ATXN2, VCP, UBQLN2, SIGMAR1, CHMP2B, PFN1,
SQSTM1, C9ORF72) and additional chromosomal loci have been identified [32, 33]. Almost
two-thirds of the familial cases are due to mutations of C9ORF72, SOD1, TARDBP and FUS
genes. Twenty percent of fALS is because of the mutation of SOD1 gene, coding for the
superoxide dismutase one mitochondrial and cytoplasmic copper/zinc enzyme, responsible
for metabolizing naturally occurring, but harmful, superoxide radicals to molecular oxygen
and hydrogen peroxide. A massive hexanucleotide-repeat expansion (GGGGCC)n in the first
intron of C9ORF72 gene on the chromosome 9p21is the most frequent cause of ALS identified
to date [30, 33]. After identifying several causal genes, it has been hard to find the clear evidence
of the pathogenic role of some mutations. The most extensively studied gene, SOD1, still lacks
pathogenic feature of the reported missense, nonsense and deletion mutations. Studies suggest
that there are multiple genetic factors which contribute to develop ALS ultimately or show
phenotypical features. Though the contributions of environmental factors have not been
proved, ALS is a combination of genetic and environmental factors. It has been clearly noted
that with increasing age, one develops higher risk of ALS. Some reports tell that heavy metals,
pesticides and exposure to electromagnetic field might cause ALS [34]. The use of neurotrophic
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factors like IGF-I, GDNF, VEGF, ADNF-9, colivelin and angiogenin showed potential in
therapy of ALS. Talampanel (AMPA antagonist), ceftriaxone (antibiotic), pramipexole/
dexpramipexole (dopamine agonists) and arimoclomol (activator of molecular chaperons’
protein repair pathway) are amongst the existing drugs to treat ALS. Lately stem cell and
immune therapies have been suggested [35]. A comprehensive listing of trials in the USA can
be found at ClinicalTrials.gov.

A wealth of evidence supports that ALS is a multifactorial and multisystemic disease, charac‐
terized by overlapping different mechanisms, transduction pathways and multicellular
crosstalk. Transgenic animals expressing human mutant SOD1 (mSOD1) have helped to reveal
that perishing of motor neurons is not the only reason behind ALS but there is active contri‐
bution of non-neuronal cells like microglia, astrocytes and muscle and T cells, which differently
participate to the different phases of the disease [36, 37]. Expression of mSOD1 within the most
vulnerable motor neurons primarily causes for disease onset; synthesis of the mutant protein
by interneurons also positively participates to disease initiation [38, 39]. Speeding of disease
progression is caused by moSOD-1-mediated injury and neighbouring astrocytes and micro‐
glia. Schwann [40] and muscle cells play as direct partners of the injured motor axons, either
working as recipients or initiators of the initial damage. These characteristics thus properly
earned to ALS the definition of non-cell-autonomous disease [41]. Chimeric mice formed by
expressing both mutated and non-mutated SOD1 proved that wild-type nonneuronal cells
prolong the survival of motor neurons carrying mSOD1 protein. Neighbouring astrocytes,
microglia, oligodendrocytes and Schwann cells can cause the degeneration of motor neurons
[42, 43]. Compelling evidence indicates that primary mSOD1-expressing astrocytes from
mouse, rat and humans cause motor neurons death by releasing toxic factors into the media
while sparing interneurons [44–46]. Astrocytes deriving from neuronal progenitor cells,
gathered from fALS and sALS cases, exhibit features of non-cell-autonomous toxicity [47].
There are very few studies of non-cell-autonomous toxicity. Astrocytes expressing mutant
TDP43 [TDP43-M337V] participate in ALS pathology only through cell-autonomous process‐
es. It has been studied that conditioned medium from astrocytes that express SOD1-G93A, or
SOD1-G86R, or TDP43-A315T leads to extensive motor neuron death via non-cell-autonomous
mechanisms. Still, there is a long way left to travel and to unravel mystifying stories behind
ALS [21] (Figures 1 and 3).

14. The miRNAs involved in ALS regulation

14.1. Effects of miRNA biogenesis related but mutated factors in ALS

Several factors are there, which can affect CNS homeostasis and thereby facilitate neurodege‐
nerative and neuroinflammatory diseases. Perturbation in intricate miRNA network can
disrupt neuronal function in cell-autonomous or non-cell-autonomous manner [48–50]. It has
been shown that there is cell-type-specific deletion of miRNA-processing enzyme, Dicer in
cerebellar Purkinje, or striatal, retinal, spinal and cortical neurons, which leads to degeneration
and ataxia [51–54]. Neurodegeneration also occurs after targeted deletion of Dicer in astro‐
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cytes, oligodendrocytes and Schwann cells, perhaps because the glial cells have some effects
on neuronal survival [55–58] (Table 1). Experimental results show that deletion of Dicer
directly in spinal motor neurons mimics most of the clinical (e.g. progressive paralysis) and
pathological (e.g. astrocytosis and signs of axonopathy) traits of ALS [54]. Several groups have
proved that TDP43 and FUS/TLS are involved in multilayered steps of RNA processing and
miRNA biogenesis pathway. It has been investigated recently they have role in miRNA-related
ALS [59–62]. FUS, nuclear factor complexes with Drosha along with DGCR8. This association
is indispensible in miRNA processing in nucleus. Cytoplasmic TDP-43 associates with Dicer,
containing TRBP. This interaction facilitates the processing of the specific pre-miRNAs by
Dicer, generally a subset of the pre-miRNAs whose yield in the nucleus is regulated by TDP-43,
by direct binding to their terminal loops. It was proved that TDP-43 promotes neuronal
outgrowth by facilitating miRNA production. Further studies show that TDP-43 has its role
in both nucleus and cytoplasm. It associates with DGCR8 containing nuclear Drosha complex
in RNA-dependent and RNA-independent fashion. In nucleus, TDP-43 binds to a selected pri-
miRNAs, and in cytoplasm, it binds to terminal loops of pre-miRNAs. TDP-43 facilitates
neuronal outgrowth through the regulation of miRNA processing [60].

Tissue/cells miRNAs Changes Biological

function

Model

Skeletal

muscle

miR-1/206 family ↓ Myogenic

differentiation

TDP-43 mice

CNS miR-29a ↑ ER stress-

induced cell

death

SOD1-G93A mice

Skeletal muscle miR-206, miR-133b ↑ Maintenance and

repair of NMJ

SOD1-G93A mice

Human blood serum miR-206, miR-106b ↑ Ni ALS patients

Lumbar spinal cord miR-b1336, miR-b2403, miR-sb659 ↓ NFL stability sALS patients

Lumbar spinal cord miR-b1123,

miRb2948, miR-

b3265, miR-b5539,

miR-sb1217*, miR-

sb3998

↑ NFL stability

epSPCs miR-124a ↑ epSPC fate SOD1-G93A mice

epSPC fate miR-9, miR-19a,

miR-19b

↓ epSPC fate

Brain

microglia

miR-155, miR-146b

, miR-22, miR-365,

miR-125b, miR-214

↑ Microglia

activation

SOD1-G93A

mice
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Tissue/cells miRNAs Changes Biological

function

Model

CSF miR-132-5p, miR-132-3p, miR-143-3p ↓ Ni sALS patients

CSF miR-143-5p, miR-

574-5p

↑ Ni

Neurons miR-9 ↓ Ni TARDBP A90V,

TARDBP M337V patients

Spinal cord miR-9 ↑ Neuronal

differentiation

SOD1-G93A mice

Spinal cord miR-124a ↓ Glutamate

transport

SOD1-G93A mice

Spinal cord miR-558, miR-16-2*, miR-146a*,

miR-508-5p, miR-373*, miR-551a,

miR-506, miR-518a-5p, miR-518e*,

miR-890

↑ NFL stability sALS human patients

Spinal cord miR-624, miR-520,

miR-524-5p, miR-

548a-5p, miR-606,

miR-612, miR-647

miR-155, miR-17,

miR-19b, miR-20a,

miR-24-2*, miR-

106a, miR-142-3p,

miR-142-5p, miR-

146a, miR-146b,

miR-223

↓ NFL stability

Spinal cord miR-155, miR-17, miR-19b, miR-20a,

miR-24-2*, miR-106a, miR-142-3p,

miR-142-5p, miR-146a, miR-146b

Ni SOD1-G93A mice

Spinal cord miR-24-2*, miR-

142-3p, miR-142-

5p, miR-146a, miR-

146b, miR-155

Ni Human patients

Blood leukocytes miR-338-3p ↑ Ni sALS human patients

miR-451, miR-1275,

miR-328-5P, miR-

638, miR-149, miR-

665

↓ Ni

Skeletal

muscle

miR-23a, miR-29b, miR-206

miR-455

↑ Mitochondrial

function

Human patients
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Tissue/cells miRNAs Changes Biological

function

Model

Spinal cord

microglia

miR-544, miR-23, miR-203, miR-340

miR-146. miR-130/miR-301, miR-155,

miR-27, miR-16/miR-497/miR-195*,

miR-20a/miR-106b/miR-17-5p

↑ Ni SOD1-G93A mice

Spleen

monocytes

let-7, miR-15b,

miR-16, miR-27a,

miR-34a, miR-132,

miR-146a, miR-155,

miR-223, miR-451

↑ Ni SOD1-G93A mice

CD14+CD16−

monocytes

miR-27a, miR-155,

miR-146a, miR-32-

3p

↑ Ni Human ALS patients

Skeletal

muscle

miR-206 ↑ Maintenance

and repair

of NMJ

SOD1-G93A mice

Ni, not investigated in the study (adapted from Ref. [21] with the permission from Bentham Science Publishers).

Table 1. Summarization of dysregulated miRNA in ALS.

One group has reported the changes that occur in the miRNA population followed by TDP-43
knockdown in cultured cells. It was observed that let-7b and miR-663 expression levels are
down- and upregulated, respectively (Table 1). It was found that both miRNAs can bind to
TDP-43 directly in different positions: within the miRNA sequence itself (i.e. let-7b) or in the
hairpin precursor (miR-663). Using microarray data and q-PCR, candidate transcripts are
identified, whose expression levels are discriminately affected by these TDP-43–miRNA
interactions. TDP-43 gets increased in ALS [61] leading to neurotoxicity from both gain and
loss of functions. Neurodegeneration and ALS phenotypes are caused by a partial loss of
TDP-43 function. TDP-43 toxicity in neighbouring cells has effects on motor neurons. Both
dysregulation and dysfunction of TDP-43 are relevant to ALS [53]. Researchers have reported
that TDP43 depletion could affect the levels of specific miRNAs in human hepatocarcinoma
cells, by potentially binding to their sequence and/or precursor elements [61]. Regulation of
miRNA by TDP43 is conserved amongst mammals. TDP43 associating with both nuclear and
cytoplasmic microprocessor complexes actively participates in the production of miRNAs
indispensable for neuronal outgrowth. Finally, it was noted that the carboxyl-terminal of
TDP43, where most ALS mutations reside, is crucial for the interaction with the miRNA-
processing complexes [60]. Recent discovery of mutations in the genes, encoding for the RNA-
binding proteins TDP43 and FUS/TLS, has proved the key role of regulatory RNA in the
pathogenesis of ALS. Both proteins are generally localized within the nucleus, but their
mutated forms delocalize and form neuronal inclusions and dystrophic neurites, as well as
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glial cytoplasmic inclusions. The sensory organ precursor cells of peripheral nervous system
of Drosophila melanogaster were used as a model to demonstrate that hTDP43 clinical ALS
mutations influence early neurogenesis and neuronal specification, through the regulation of
miR-9a biogenesis. Further studies in human cells show that TDP43 is an essential element in
miRNA biogenesis during neuronal differentiation by controlling the stability of Drosha and
thus affecting miRNA production. Similar inferences were drawn after FUS/TLS silencing in
human neuronal cell lines. FUS/TLS downregulation affects the biogenesis of a large class of
miRNA and several of them have important roles in neuronal differentiation and
synaptogenesis. Specific miRNAs, in particular miR-9, miR-125b, miR-132 and miR-143, are
regulated by both TDP43 and FUS/TLS ALS-related proteins. In recent reports, TDP43 was
shown to bind to and regulate the incorporation into the RISC complex of specific mature
miRNAs, in both Drosophila and human systems. TDP43 interacting with miR-1/miR-206
family decreases the activity of these miRNAs, by the disruption of their association with the
RISC complex. As this miRNA family is involved in muscle development and homeostasis,
either depletion or overexpression of TDP43, by altering miR-1/miR-206 balance, might be
involved in muscle pathogenesis of ALS. Nine specific miRNAs were selected and their levels
were analysed in ALS patients, on the basis of their known misregulation after TDP43
depletion in cell lines. Samples of cerebrospinal fluid (CSF), serum and immortalized
lymphoblastoid cell lines from fALS and sALS patients were analysed, and it was confirmed
that there is dysregulation of miR-132, miR-143 and miR-574, whose processing is indeed
regulated by TDP43 and/or FUS/TLS proteins. The sequencing of the 3′UTR region of the FUS/
TLS gene in 420 ALS patients highlighted a mutation in two ALS patients with severe
consequence, leading to FUS/TLS protein accumulation. This mutation maps to the seed
sequence recognized by miR-141 and miR-200a in the 3′-UTR of FUS/TLS and that FUS/TLS
is linked to these miRNAs by a feedforward regulatory loop, where FUS/TLS upregulates
miR-141/200a, which in turn affects the FUS/TLS protein synthesis [21].

15. CNS-related miRNA dysregulations in ALS pathogenesis

miR-9, an evolutionarily conserved and multifunctional neuronal miRNA, is involved in the
selection of neuronal precursors from the neuroepithelium in flies and in the specification of
midbrain-hindbrain boundaries in vertebrates. Both miR-124 and miR-9 participates together
in neuronal differentiation. Perturbation in their function results in the susceptibility to
neuronal diseases. miR-9/miR-9* expression is significantly reduced in patients with Hun‐
tington’s disease. miR-9 and miR-132 are downregulated in Alzheimer-affected brain. miR-9
has role in ALS also. There are several miRNAs, which are specific for neural cell fate and cell
cycle regulation. After inducing neuronal differentiation, miR-9, miR-124a, miR-19a and
miR-19b are differentially expressed in SOD1-G93A epSPCs, while miR-9 gets upregulated in
SOD1-G93A differentiated cells, with respect to WT-SOD1 and control mice. Expression
analysis of the predicted miRNA targets leads to identification of a functional network of Hes1.
Pten, Socs1 and Stat3 genes are important for controlling epSPC fate and showing neurogenic
potential in vitro. A time-course analysis and cellular distribution pattern of miR-9 were tested.
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It was inferred that miR-9 expression is spatially and temporally controlled in SOD1-G93A
spinal cord and there is upregulation at presymptomatic stage through early symptomatic
stages, mainly in the ventral horns of grey matter, where neurodegeneration is known to occur.
There is a role of miR-9 in pathogenesis in induced pluripotent stem cell differentiated into
postmitotic neurons and derived from ALS patients with the TDP43 A90V and M337V
mutations. In all these cases, the levels of miR-9 are decreased with respect to control neurons.
In Drosophila TDP43 mutants, miR-9a expression is significantly inhibited; it supports the
concept that TDP43 acts through miR-9a to control neuronal specification and to assure the
robustness of genetic control programmes. The steady-state level of miR-9 is required for
normal neuronal functions, as both up- and downregulation can lead to neurodegeneration.
Mutant SOD1 deregulates neurofilament (NF) balance in motor neurons [63]. NF proteins are
one of the major intermediate filaments of neuronal cytoskeleton. They provide the structural
integrity of neurons and help in maintenance of cell shape and axonal calibre. In CSF of ALS
patients, low-molecular-weight NF is in abundance, which leads to a significant correlation
between CSF NFL levels and disease progression. NF might be used as a marker of disease
progression in ALS [64]. In ALS spinal motor neurons undergo a selective reduction in the
steady-state level of NFL mRNA, which results in alteration of the stoichiometry of NF
expression [63]. miR-9 is an upstream regulator of NF mRNAs and there are no such evidences
in determination of regulation of NFL by miR-9 in ALS [54]. The q-PCR of sALS ventral lumbar
spinal cord tissue shows that a set of additional miRNAs, predicted to control NFL, was
deregulated. miR-146a*, miR-524-5p and miR-582-3p are capable of interacting with NFL
mRNA 3′ UTR in a manner that is steady with the suppressed steady-state mRNA levels
observed for NFL in spinal motor neurons in ALS. This demonstrates the fact that miRNAs
are involved in the suppression of NFL mRNA and ALS spinal motor neuron neurofilamen‐
tous form aggregates [65]. A recent study was performed on a RNA library derived from
control and sALS spinal cords, and it was shown that a panel of novel miRNAs whose sequence
is comprised in the miRNA response elements (MREs) within the NFL mRNA 3′ UTR was
recognized to be differentially expressed in ALS, compared to control [66]. Functional analysis
shows that miR-b1336 and miR-b2403 are significantly downregulated and both stabilise NFL
mRNA. In motor neurons there are several miRNAs, which have the capability of controlling
NF expression at post-transcriptional level. Dysregulation of miRNA expression occurs not
only in motor neurons but also in spinal cord microglia isolated from SOD1-G93A mice.
Scientists did whole expression profiling of miRNA and mRNA at presymptomatic stage and
at onset of symptoms, and end stage of disease and pathway analysis was used to hypothesize
a correlation between top ten altered inflammatory miRNAs and dysregulated inflammatory
genes in ALS [65]. To characterize the relationship between miRNA/target deregulations
functionally in ALS inflammation, microarray of miRNA from neonatal SOD1-G93A mouse
brain primary microglia was done and it was found that the expression of mutant SOD1is able
to increase about 50% of the expressed miRNAs [67]. There is significant increase in selected
immune-enriched miRNAs, miR-22, miR-155, miR-125b and miR-146b amongst those most
highly modulated. By luciferase assays and lentiviral infections, a group of researchers
confirmed the increase in miR-365 and miR-125b, the last known to be involved in stimulation
of pathogenic inflammatory responses and neurodegeneration by inhibiting neurotrophism-
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relevant genes. miR-365 and miR-125b suppress the IL-6/STAT3 pathway in ALS microglia,
by targeting IL-6 and STAT3, respectively, and they have a role in overall increase of TNFα
mRNA levels. TNFα treatment increases miR-125b levels in microglia; thus it results in
abnormal TNFα release. IL-6, a marker of activated microglia, is downregulated after symptom
onset in ALS animal models and TNFα is upregulated in G93A mice and in ALS patients.
miR-365 and miR-125b dysregulations might have a hand in pathological cytokine profile of
ALS. People suggest that the pathogenesis of ALS involves astroglial dysfunction, with a
dramatic loss of the excitatory amino acid transporter-2/glial transporter1 (EAAT2/GLT1) in
both ALS patients and animal models [68–71]. The EAAT2/GLT1, is an important atroglial
transporter, dynamically regulated by neurons, and it is involved in maintenance of extracel‐
lular glutamate concentration below neurotoxic level [72, 73]. The exosomes containing
miR-124a and released from neurons can be directly internalized into astrocytes, which results
in increase in miR-124a and GLT1 protein levels. miR-124a is downregulated in spinal cord of
mutant SOD1 mouse models at end stage of disease, and in vivo injection of miR-124a
oligonucleotides into spinal cord of ALS mice results in 30% increase in EAAT2/GLT1
expression. There is very little information about miRNA expression in ALS-induced muscle
impairment. There is miR-23 upregulation in skeletal muscle biopsies, collected from ALS
patients, and it is correlated with reduction in peroxisome proliferator-activated receptor
coactivator-1 (PGC-1alpha) mRNA and protein, observed in both mouse and human muscle
diseased samples. This coactivator is involved in muscle mitochondrial biogenesis and
function. There is reduction in skeletal muscle mitochondrial function in ALS. It has been
suggested that there might be a relation in miR-23a inhibition of PGC-1α and its downstream
signalling [74, 75].

16. Role of miR-206 in disease impediment

It was reported that miR-206, a skeletal muscle-specific miRNA, strongly induced in ALS
mouse model is in coincidence with the onset of neurological symptoms. It is a modifier of
disease pathogenesis. In G93A-SOD1 mice, loss of miR-206 expression does not affect disease
onset apparently, but accelerates disease progression, by skeletal muscle atrophy, kyphosis
and paralysis, and reduces survival. In miR-206−/−/G93A-SOD1 mice, neuromuscular junctions
(NMJs) are disorganized and reinnervation of denervated muscles by motor axons is post‐
poned in the absence of miR-206. Transcript derived from the miR-206/133b locus, which was
originally identified as a synapse-associated non-coding RNA called 7H4, has a role in
encoding components of the postsynaptic apparatus. The reported 7H4 sequence does not
include miR-206; RT-PCR shows that miR-206 sequences are included in this synapse-enriched
transcript. Histone deacetylase 4 (HDAC4) mRNA is one of the strongest computationally
predicted targets of miR-206. HDAC4 protein expression is upregulated in skeletal muscle of
miR-206−/− animals in comparison with wild-type controls after denervation event. Hdac4
mRNA levels remain unchanged in miR-206−/− mice. It suggests that miR-206 acts in this case
by translational inhibition rather than by mRNA destabilization [21].
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17. Side effects of our immune system

The immune system has a huge role in maintenance of physiological equilibrium within the
CNS and in controlling neuronal cell death after adverse effects start. Butovsky et al. [65]
performed a comparative analysis of miRNA expression profile of inflammatory monocytes
and microglia from SOD1-G93A ALS mice to generate novel biomarkers and possible thera‐
peutics. Spleen monocytes, Ly6Chi, are recruited to the spinal cord where they proliferate
during disease progression. They have pronounced proinflammatory profile in both miRNA
and gene expression profile. This type of miRNA profile was found maintained in ALS patients
and is apparently unique for ALS, when compared with other neuroinflammatory diseases
like multiple sclerosis [65]. De Felice et al. [75, 76] did a miRNA expression profile of circulating
leukocytes in a small sample of sALS patients and detected variation of eight distinct miRNAs.
miR-338-3p expression is upregulated in brain tissue from ALS patients [31]. miRNAs can
circulate in cell-free forms in body fluids like serum and plasma and act as signalling molecule
between cells [77, 78]. Ever-increasing evidences support the idea that serum circulating
secretory vesicles, including exosomes and shedding microvesicles, can function as intercel‐
lular shuttles of RNA and miRNA [60]. Muscle-enriched miR-206 is upregulated not only in
SOD1-G93A mice muscles but also there is symptomatic increase in circulation in those mice.
The whole transcriptome analysis of both mRNA and miRNA of sALS fibroblasts is done, in
order to confirm whether dysregulated processes in the CNS might be reproduced in cells from
peripheral tissues. The microprocessor complex gene DGCR8, the gene encoding Dicer enzyme
and the RISC proteins AGO1/2 are downregulated in sALS fibroblasts with consequent
decrease of multiple miRNAs. This creates a new horizon for generating new diagnostic pool
for ALS [21].

18. Hotspot identification

MicroRNAs can bind to the same complementary target sites or it can bind to proximally
located sites adjacent to other miRNA target sites. A hotspot is a stretch of nucleotide sequence,
which is prone to target of several groups of miRNAs. miRNAs are regulated and expressed
spatially and temporally inside cell (Figure 5). This type of regulation and expression gives
miRNAs power to play a plethora of roles in various different biological processes. All the
miRNAs occupying position in “hotspot” may not regulate a gene in the same pattern.
Generally, predominant miRNA competitively outcasts other miRNAs and plays as a potential
repressor. There is no clear evidence of the cause behind competitive outcasting and variable
effectiveness. Various researchers are trying to use different standards and parameters like the
same chromosomal location for more than two miRNAs, the same orientation, phylogenetic
relationships and absence of interfering transcription unit.

miRNA targets are generally predicted using miRanda and then further analysed for miRNA-
prone regions in all the selected genes. Generally, a region is defined as hotspot, if it has a
minimum of 10 nucleotides overlapping from the starting position and occurrence of three
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miRNA targets. It has been shown that there are 11 miRNA-prone regions in 35 genes
associated to ALS. CYCS and MAP2K3 have one hotspot each in 3′ UTR, while single target
site hotspot was in 5′ UTR in four genes (Figure 5), that is, BAX, DERL1, SLC1A2 and RAB5A.
Studies have shown that MAP2K3 has two hotspots by miRNA cluster prediction. Target sites
for three miRNAs, i.e. hsa-miR-107, hsa-miR-423-5p and hsa-miR-103, are congregated in
another hotspot found in 3′ UTR. MAP2K3, having two such hotspots, is presumed to show
more sensitivity towards gene regulation by microRNAs. The small number of hotspots makes
the miRNAs more specific and stringent regulator. The variability in existence of such target
site hotspots adds complexity in gene regulation [9] (Figure 5).

Figure 5. Schematic representation of susceptible 3′ hotspots of human MAP2K3 gene by various miRNAs like hsa-
miR-107 and hsa-miR-103. To detect the susceptible sites on human MAP2K3 gene, bioinformatic tools like miRanda,
TargetScan and PicTar were used (adapted from Ref. [9]).

19. Multifarious miRNA regulation

MicroRNA-mediated gene regulation adds multilayered complexity to gene expression.
Distribution of target sites over several genes of one miRNA makes the picture more intricate.
In principle, one miRNA can bind to more than one gene (multiplicity), and one gene can be
controlled by more than one miRNA (cooperativity) [79]. Relaxed base pairing gives rise to
multiplicity property. Target sites are rarely distributed on a gene. Generally they are scattered
and the range of occurrence varies in numbers in a gene [80]. Often, presence of more target
sites per gene indicates efficient regulation. Studies have shown that miRNAs, related to ALS,
have multiple targets. After calculating multiplicity and cooperativity, scientists have shown
that hsa-miR-370 showed maximum multiplicity as it showed 65 interactions with 30 gene
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sequences while no target site could be predicted in five genes, namely, CASP1, GPX1, DERL1,
CCS and SOD1. It is highly expected that the degree of repression by hsa-miR-370 would be
considerably high. It has been shown in the papers that hsa-miR-874 have 52 interactions with
29 genes and have no target in CASP1, CHP, SOD1, RAC1, RAB5A and MAP2K6 genes. None
of the above-mentioned miRNAs display any interaction with SOD1. Documented evidences
show that SOD1 is one of the core factors for ALS that encodes the free radical scavenging
enzyme copper zinc superoxide dismutase in ALS pathway. Then these miRNAs might not be
involved in the regulation of SOD1 activity. Scientists have reported that PRPH showed high
cooperativity followed by TNFRSF1A and TOMM40. It is really difficult to interpret the
complex picture presented by these multifaceted interactions. PRPH is regulated by 10
miRNAs at 23 positions, so first 10 miRNAs demonstrate high cooperativity towards PRPH.
Relatively very low cooperativity was shown in BID, MAP2K6 and DERL1 genes. It might be
inferred that there exists a low sensitivity of these genes towards microRNA-mediated gene
regulation. Simple process of selection of microRNA targets is endowed with inherent
complexity and this led to the development of a complex network by two phenomena, that is,
multiplicity and cooperativity. The multiplicity and cooperativity might be the deciding
factors for the mode of miRNA action. How these factors work is a matter of mystery [9].

20. Complex interrelationship

Figure 6 conveys interaction map of miRNA and selected 35 genes. Interactions amongst genes
and miRNAs are depicted with arrows, where 1 = hsa-miR-370, 2 = hsa-miR-874, 3 = hsa-

Figure 6. Interaction map of different miRNAs and selected 35 genes. Complex interrelationship amongst different
genes and different miRNAs is depicted with the arrows. It is very evident from the diagram that one with miRNA can
target 3′ UTR of several genes, thus adding layers to the gene regulation architecture (adapted from Ref. [9]).
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miR-423-3p, 4 = hsa-miR-323-5p, 5 = hsa-miR-760, 6 = hsa-miR-149, 7 = hsa-miR-139-3p, 8 = hsa-
miR-744, 9 = hsa-miR-324-3p, 10 = hsa-miR-339-3p and 11 = hsa-miR-654-5p. From Figure 6 we
can understand the multilayered regulation [9].

21. Usage of miRNAs in therapeutics

The human mind is not satisfied to know the causative factors of a disease. Our main target is
to reduce ailment and to do that we need good diagnostic system along with good therapeutics.
miRNAs are one of a kind. Being a regulator of gene expression, it has far-reaching effect on
our physiology. They are dysregulated in several diseases. Researchers are now trying to
generate therapeutic targets to treat ALS. Presently, riluzole is the only FDA-approved drug
to treat ALS [81] and it modestly slows the disease progression. A phase I clinical trial of an
antisense oligonucleotide [ISIS 333611] has been proven effective. This oligonucleotide targets
SOD1 mRNA and represses the production of mutant SOD1 and this is effective when
delivered to the CSF of patients with fALS [82]. The same kind of drug is there which targets
the sense strand of the C9orf72 hexanucleotide repeat and reduces the toxicity by suppressing
RNA foci formation both in vivo and in vitro [30, 33, 83]. Several delivery systems are being
invented day in and day out to deliver miRNA formulations and drugs to the CNS through
blood-brain barrier. The first miRNA-based therapeutic is the miR-122 antagonist SPC3649,
which is currently being evaluated in phase II clinical trials. It targets the hepatitis C virus. So
far, this agent has not exhibited any adverse effects.

There are two basic approaches of miRNA-based therapeutics. One is miRNA antagonists
which impede endogenous miRNAs that have a harmful gain of function in diseased tissues
and involve the use of an anti-miR – a chemically modified antisense RNA – to knockdown
miRNA. In one of the first endeavours to use antagomirs in ALS, delivery of anti-miR-155 to
SOD1 Gly93Ala mice via ventricular osmotic pumps delayed mortality of the patients
successfully. A downfall associated with this approach is the potential for nonspecific binding
to other RNAs inside the cells. As one miRNA can regulate several mRNAs, it limits usage of
miRNAs as therapeutics. In the second approach to miRNA therapeutics that involves miRNA
mimics and miRNA replacement therapies, miRNAs are reintroduced into cells exhibiting
downregulation, thus reactivating key pathways [84].

It is really difficult to dissect all the pathways, which are regulated by one miRNA. Before
releasing drugs in clinics, there should be several clinical trials to eliminate any deleterious
effect. Williams and group [85] showed that miRNA-206 delayed ALS progression and
promoted regeneration of neuromuscular synapses effectively in mice. This group investigat‐
ed pathological modifications in motor axons and nerve terminals that precede motor neuron
degeneration and clinical symptoms and the role of the skeletal muscle-specific miR-206 in
motor neuron-skeletal muscle fibre signalling. This miRNA is significantly upregulated in
SOD1-G93A mouse model of ALS. The genetic ablation of miR-206 in these ALS mice accel‐
erates the disease progression. miR26 might be needed for compensatory regeneration of
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neuromuscular synapses after acute nerve injury and thus it decelerates ALS progression.
miR-206 represses the translation of HDAC4 mRNA and counteracts its negative influence.
This miRNA is also involved in neuromuscular gene expression and synapse formation.
miR-206 decelerates ALS progression by detecting motor neuron injury and boosting com‐
pensatory regeneration of neuromuscular synapses by specifically inhibiting HDAC4 protein
synthesis. HDAC4 has a deleterious role in ALS patients and it has been confirmed. It was
shown in experiments that low progression rate in patients with ALS is associated to greater
compensatory reinnervation and low HDAC4 levels. miR-133b is present in the same transcript
encoding miR206, which is upregulated after denervation in the NMJs. The genetic ablation
of miR-133b was studied in SOD1-G93A mice and it was noticed that the lack of miR-133b did
not modify NMJ development or reinnervation after nerve injury and, overall, disease
progression was not affected. miR-206 plays an important role in NMJ reinnervation specifi‐
cally. miR-155 expression can be efficiently inhibited by anti-miR delivery to the CNS and
periphery of SOD1-G93A mouse [86]. Inhibition of miR-155 can improve disease progression
in ALS. Single intracerebro-ventricular injection of miR-29a-specific antagomir inhibiting
CNS-related miR-29a expression in CNS can prolong the survival of ALS patients, thus
suggesting miR-29a as a possible marker for disease progression. Anti-miR can be used as
therapeutics in treating ALS but we should have an eye on the bystander effects [21].

22. Conclusion

Molecular neuropathology, genomics and proteomics related to it have made a real progress
in the last few decades. Candidate genes and their involvement in molecular interactions and
networks have opened new venues in therapeutics. ALS is polygenic and non-cell-autonomous
disease. Due to the presence of many gene variants in this disease, it is difficult to predict the
susceptible individuals. There is no such inheritance pattern. As miRNA population is
dysregulated in ALS, candidate miRNAs can be used as biomarker and targets of therapeutics.
Discoveries of ALS-related miRNAs are leading us to solve the intricate cellular network-
related details. As of for now, we have drugs to slow down ALS. But we still have nothing to
treat this disease completely. Intricacies in miRNA network are making the development of
drug more difficult because of bystander effects. There are several scientist groups around the
world trying to find out the possible therapeutics.

Truly, present write-ups address many milestones of biological consequences of microRNA
that shed potential light on the in-depth mechanisms of ALS. It definitely explains the motor
neuron development, thereby expanding our new knowledge of ALS post-transcriptionally.
Apart from that, present knowledge laid a major foundation for development of therapeutic
agents of ALS. Furthermore, covering specific miRNA signatures targeted by different genes
of ALS are important for broad classification of ALS symptoms. This sectorization of micro‐
RNA expression might be important to improve the subclassification of ALS genes which
provide a unique instructive role for therapeutic approaches.
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Abstract

It is well defined that subpopulations of motoneurons have different vulnerability to
the pathology causing amyotrophic lateral sclerosis (ALS). In the spinal cord, the fast
fatigable motoneurons have been shown to be the first to degenerate, followed by
fatigue-resistant and slow motoneurons. In contrast motoneurons located in the Onuf’s
and oculomotor nuclei  appear to be resistant to disease.  With a focus on research
mainly  done  on  mice  overexpressing  the  mutated  human  superoxide  dismutase
(SOD1) protein, we review recent studies exploring the mechanisms that underlie the
selective vulnerability of the various motoneuron subtypes. By comparing differen‐
ces in gene expression between these populations,  it  has been possible to identify
factors, which critically determine the survival of motoneurons and the neuromuscu‐
lar function in the pathologic context of ALS. Furthermore, we discuss the contribu‐
tion of non-cell autonomous processes, involving glial cells and the skeletal muscle, in
the neurodegenerative process. Exploring the cause of neurodegeneration from the
angle of the selective neuronal vulnerability has recently led to the identification of
novel targets, which open opportunities for therapeutic intervention against ALS.

Keywords: motoneurons, SOD1, selective vulnerability, therapeutic target, ER stress

1. Introduction

Amyotrophic lateral sclerosis (ALS) primarily affects the motor system, which controls both
voluntary and involuntary movements, including vital functions such as breathing, through
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the activity of various types of motoneurons (MNs). Paralysis and death of the patients, which
typically occurs within a few years after disease onset, is caused by the progressive dysfunc‐
tion and degeneration of MNs in the cortex, brainstem and spinal cord. Remarkably, it has
been established that the different types of MNs are not equally affected by ALS. This leads
to contrasted effects on the motor system. For instance, with disease progression, patients lose
their ability to speak, swallow and move, but they keep normal visual, sexual and bladder
functions. Indeed, MNs located in the oculomotor and Onuf’s nuclei are remarkably resist‐
ant to the disease [1]. In contrast, spinal MNs controlling voluntary movements, hypoglossal
MNs important for swallowing and breathing, as well as the upper MNs, are typically among
the first neurons to degenerate.

Upper MNs, also known as Betz cells or corticospinal MNs (CSMNs), are glutamatergic
neurons located in the primary motor cortex and which activate lower MNs in the brainstem
and spinal cord. Upon activation, the lower MNs induce muscle contraction via the release of
the acetylcholine neurotransmitter in the neuromuscular junction (NMJ), a specialized synapse
contacting the skeletal muscle fibers. The ensemble formed by lower MNs and the innervated
muscle fiber is called the motor unit.

Spinal MNs are subdivided into α, β and γ MNs, depending on the type of muscle fibers
they innervate (reviewed by [2]). In ALS, it is mainly α-MNs that degenerate. However, it is
recognized that within the class of α-MNs, there is also a predictable variation in neuronal
vulnerability to disease [3, 4]. It is therefore important to distinguish the following sub‐
types of α-MNs, defined by the contractile properties of the motor unit they are part of: the
fast twitch fatigable (FF) MNs, the fast twitch fatigue-resistant (FR) MNs and the slow twitch
fatigue-resistant (S) MNs [5]. This classification is also based on other characteristics, such as
the size of the neuronal soma (FF MNs have larger cell bodies than S MNs), axonal conduc‐
tion velocity (FF MNs are faster than S MNs), dendrite branching (FF MNs display a more
complex dendritic tree than S MNs) [6], as well as the electrical properties of each of these
MN subtypes [7].

The selective vulnerability observed between the different types of MNs provides a remarkable
opportunity to explore the factors that specifically contribute to neurodegeneration. Until now,
this approach has been mainly based on animal models overexpressing mutated forms of the
superoxide dismutase 1 (SOD1) protein. Indeed, in more than 20% of the familial ALS cases
(fALS), the SOD1 protein carries point mutations associated with autosomal dominant
inheritance. Rodent models overexpressing mutated forms of SOD1 (mSOD1), often under the
control of the human SOD1 promoter, faithfully replicate major clinical aspects of ALS [8–10].
Furthermore, MN subpopulations display a selective vulnerability pattern very similar to the
one observed in humans [8]. These animal models are therefore instrumental to investigate
the molecular and cellular mechanisms underlying the disease process. In this review, we will
discuss how the research on ALS has identified novel therapeutic targets by comparing
different MN subtypes in SOD1 models of fALS.
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(fALS), the SOD1 protein carries point mutations associated with autosomal dominant
inheritance. Rodent models overexpressing mutated forms of SOD1 (mSOD1), often under the
control of the human SOD1 promoter, faithfully replicate major clinical aspects of ALS [8–10].
Furthermore, MN subpopulations display a selective vulnerability pattern very similar to the
one observed in humans [8]. These animal models are therefore instrumental to investigate
the molecular and cellular mechanisms underlying the disease process. In this review, we will
discuss how the research on ALS has identified novel therapeutic targets by comparing
different MN subtypes in SOD1 models of fALS.
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2. Comparing different populations of MNs

A careful analysis of disease progression in the high-copy SOD1G93A mouse models of ALS
has allowed defining different stages of the disease. The first behavioral alterations occur as
early as postnatal day 10 (P10), with a delay in the righting reflex and an increase in the
number of mistakes observed in forelimb placement [11]. Around P50, subtle changes in
mouse gait and muscle strength can be observed [12, 13] and by P80, clear impairments in
the motor performance can be detected [14]. At 3 months of age, the animals reach disease
onset, which is characterized by fine tremors, muscle atrophy and loss of body mass [15]. A
severe paralysis of the hindlimbs is observed on average at P120 [16]. Soon after P135, the
ALS mice become unable to right themselves when placed on their side, which is consid‐
ered as the humane disease endpoint [15]. This highly reproducible course of the disease has
been used to identify the corresponding neurodegenerative events in the mouse spinal cord.
Thorough analysis has revealed a precise sequence in the loss of the different types of MNs,
allowing for longitudinal studies to determine molecular and cellular correlates in the disease
process.

2.1. Progression of the SOD1 pathology in mouse models of fALS

2.1.1. Spinal MNs

Spinal MNs are responsible for the control of voluntary movements. For instance, MNs located
in the lumbar part of the spinal cord control the movement of the hindlimbs (Figure 1). These
MNs innervate muscles, such as the gastrocnemius, which are composed of different types of
muscle fibers. The type and the contractile properties of each muscle fiber are defined by the
type of the innervating MN [5] (Figure 2). During the course of the disease observed in the
high-copy SOD1G93A mice, the innervation of the gastrocnemius muscle undergoes dramatic
changes that can be recorded by electromyography.

A significant decline of the compound muscle action potential (CMAP) is observed around
P50 [17, 18], followed by a second decline seen around P100 [18, 19]. In line with the CMAP
data, histological analysis has revealed an abrupt loss of muscle innervation at the age of
approximately 50 days, corresponding to lower occupation of the NMJ in the fast twitch muscle
[3, 14]. Therefore, SOD1 pathology leads first to a loss of the innervation of the type IIb muscle
fibers by the FF MNs (Figure 2B). The second wave of denervation, which occurs at the late
presymptomatic stage of the disease, is defined by the pruning of the FR axons innervating
the type IIa muscle fibers [4] (Figure 2C). In contrast, the type I muscle fibers remain innervated
by the S MNs almost until end stage [18]. Moreover, FR and S MNs have been shown to have
a higher capacity for axonal sprouting compared to the FF MNs [3]. They may form new
synapses on the denervated end plates [20] (Figure 2B, C). Although the loss of NMJs is
typically observed early during the course of the pathology induced by mSOD1, the degen‐
eration of MN cell bodies in the ventral horn starts at P100 and rapidly progresses, in line with
the “dying back” process described by [14].
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Overall, these studies highlight a predictable course of degeneration in the SOD1 mouse model,
with evident differences in the vulnerability of the different subtypes of spinal MN. Whereas
FF MNs are more sensitive to the pathology than FR MNs, the S MNs appear remarkably
resistant to the disease. Saxena et al. identified these subtypes of MNs using a retrograde tracer
locally injected either in the lateral compartment of the gastrocnemius muscle, mainly inner‐
vated by FF MNs [3], or in the soleus muscle innervated by FR and S MNs [13]. The labeled
MNs were collected by laser microdissection and their transcriptome analyzed using Affy‐
metrix microarrays. This advanced approach has revealed molecular mechanisms that were
undetectable when analyzing the whole ventral spinal cord. In Section 3, we will discuss our
current understanding of the mechanisms underlying the observed discrepancies in MN
vulnerability.

Figure 1. Transversal comparison of the vulnerability of different populations of motoneurons. Corticospinal, hypo‐
glossal and spinal motoneurons (MNs), as well as neurons located in the trigeminal nucleus, progressively degenerate
during the course of ALS. In contrast, the oculomotor neurons of the third cranial nerve, located in the brainstem, and
which control eye movements, are resistant to disease. Motoneurons located in the Onuf’s nucleus in the sacral region
of the spinal cord, and which are responsible for the sexual and bladder functions, are also resistant to ALS.
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Figure 2. Longitudinal comparison of lumbar motoneurons during progression of the SOD1 pathology. (A) Organiza‐
tion of the motor units in the lumbar spinal cord. (B) The fast fatigable motoneurons (FF) are the first ones to degener‐
ate in the SOD1 ALS mouse model. This degenerative event corresponds to the early denervation of the type IIb
muscle fibers, before the onset of symptoms. (C) A second wave of denervation is observed when the fatigue-resistant
motoneurons (FR) degenerate, mainly affecting the innervation of the type IIa muscle fibers and further progressing
after symptom onset. Note that the axons of the resistant FR and S motoneurons can sprout and reinnervate the vacant
neuromuscular junctions. The slow (S) motoneurons are resistant almost until disease end stage. (D) FF motoneurons
are characterized by early ER stress and high amount of misfolded SOD1, and they abundantly express MMP-9 and
the Na+/K+ ATPase-α3 pump. Disease-resistant S motoneurons are characterized by the expression of the ER chaperone
SIL1.

2.1.2. Corticospinal MNs

The CSMNs localized in the layer V of the motor cortex are responsible for the initiation of the
voluntary movement. These glutamatergic neurons collect, integrate, translate and transmit
signals to lower MNs located in the spinal cord (Figure 1). CSMNs degenerate and die in ALS
patients [21, 22]. There is also experimental evidence for the degeneration of CSMNs in the
SOD1 animal models of fALS [23]. However, their role in the SOD1G93A mouse model has been
long overlooked; as without specific markers, it was difficult to discriminate these cells from
other types of pyramidal neurons located in the layer V of the cortex. Retrograde tracers, as
well as some adeno-associated viral (AAV) vectors able to retrogradely transduce neurons
from their axonal projections, have proved their utility to study CSMNs [24]. Using retrograde
tracers, a degeneration of the corticospinal tract and a loss of CSMNs were observed at end
stage in SOD1G93A fALS mice [25]. By combining retrograde tracers together with morpholog‐
ical and molecular approaches, Ozdinler et al. could demonstrate that CSMNs degenerate as
soon as P30 in SOD1G93A fALS mice [26]. Indeed, they observed a decrease in the size of CSMN
somas, which were also found positive for markers of apoptosis. Already at P5, 2% of the
neurons positive for CTIP2 (a transcription factor specific for CSMNs in layer V) display
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pyknosis. However, the most dramatic degeneration of the corticospinal tract is observed
between P60 and P120, accompanied by astrogliosis and microgliosis in the neocortex at a later
stage of the disease. Later, CSMNs could be easily identified in a transgenic mouse line
expressing eGFP under the control of the ubiquitin carboxy-terminal hydrolase L1 (UCHL1)
promoter [27]. By crossing these mice with SOD1G93A mice, it was possible to analyze eGFP-
expressing upper MNs in the context of ALS [28]. In the near future, this mouse model could
be used for transcriptomic and proteomic analyses, which may provide further insight into
the molecular mechanisms occurring in CSMNs during the course of ALS. A recent study by
Gautam et al. [29] used the UCHL1-eGFP mice crossed with an Alsin KO mouse line to study
in CSMNs the impact of ALS2, a gene involved in a small percentage of fALS cases. Intrigu‐
ingly, Uchl1 null mice completely lacking UCHL1 activity show motor deficits, with a
progressive and dramatic loss of CSMNs [30]. Although Uchl1 has not been linked to ALS yet,
it will be interesting to further address the role of this gene in ALS. Moreover, analyzing the
spinal MNs in this mouse model could shed some light on the impact of the CSMN degener‐
ation on lower MNs.

However, it remains unclear what is the exact contribution of CSMN degeneration to the
deficits observed in animal models of the SOD1 fALS pathology. Importantly, the silencing of
mSOD1 in the cortex of SOD1G93A rats can delay disease onset, and extends animal survival
[31]. Even more, the treatment has neuroprotective effects on spinal MNs, preventing dener‐
vation of the NMJs. These data highlight the role of CSMNs in ALS, which may have been
underestimated. Further longitudinal studies will be needed to explore the molecular mech‐
anisms leading to CSMN degeneration in ALS and uncover potential therapeutic targets.

2.2. Transversal studies to compare motor nuclei

2.2.1. Onuf/oculomotor versus spinal/hypoglossal MNs

Pools of MNs located in the Onuf’s and oculomotor nuclei are considered resistant to the
disease. MNs located in the oculomotor nucleus are responsible for most of the eye movements.
This function remains mostly intact in ALS patients, although slight defects can be detected
toward end stage, in patients maintained with respiratory assist devices (reviewed by [32]).
Similarly, the disease does not affect the survival of MNs in the Onuf’s nucleus, which controls
sexual and bladder functions [1]. In this nucleus, only few degenerating hallmarks have been
observed, such as pyknotic nuclei or Bunina bodies [1]. The apparent resistance of the
oculomotor and Onuf’s nuclei contrasts with the progressive degeneration of spinal, hypo‐
glossal and trigeminal MNs responsible for the locomotion, swallowing and the control of the
jaw musculature, respectively [33, 34] (Figure 1).

Several research groups have taken advantage of the differential vulnerability between these
motor nuclei to investigate the underlying molecular mechanisms [35–37]. These studies used
techniques including the local injection of retrograde tracers, laser microdissection of cell
subtypes and high-throughput analysis of gene expression.

Using microarrays, Kaplan et al. [38] determined in wild-type (WT) mice the gene expression
profiles of the oculomotor and Onuf’s nuclei, as compared to the vulnerable spinal MNs. A set
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of genes, including the matrix metalloproteinase 9 (MMP-9) and Hydroxysteroid (17-Beta)
Dehydrogenase 2 (Hsd17b2), was found to be expressed at higher levels in the vulnerable
spinal MNs, as compared to the resistant ones. Conversely, semaphorine3e (Sema3e) showed
higher expression in the resistant MNs.

Another study compared oculomotor MNs, hypoglossal MNs and cervical spinal MNs in WT
rats, and found that the pattern of expression of a set of genes was specific for each of these
MN subpopulations [39]. Based on those results, protein levels were determined for six key
genes, comparing their expression in WT and SOD1G93A mice [40]. This study identified a
protein expression signature specific to the disease-resistant oculomotor MNs, as compared
to hypoglossal and spinal MNs. The GABAA receptor α1, the guanylate cyclase soluble subunit
α3 and the parvalbumin protein were highly expressed in the resistant MNs. Conversely,
vulnerable MNs displayed higher protein levels of dynein, peripherin and GABAA receptor
α2. These data suggest that differences in excitability, calcium handling and retrograde
transport machinery may underlie the observed vulnerability pattern. Remarkably, these
differences in protein expression were found to be conserved in the mouse and human species
[40].

In an electrophysiological study using the high-copy SOD1G93A mouse model, Venugopal et
al. [41] compared the excitability of the vulnerable trigeminal MNs (TMNs) and the resistant
oculomotor MNs ex vivo, at P8–12. Using a system based on the membrane properties of MNs,
and a statistical clustering approach to predict the type of motor unit—i.e. FF, FR or S—, they
could determine early perturbations of the firing threshold in the SOD1G93A MNs. TMNs with
low excitability had a decreased threshold, whereas the subpopulation of highly excitable
TMNs had an increased firing threshold. Remarkably, no such electrophysiological effects of
the SOD1G93A pathology were observed in the oculomotor MNs.

Overall, despite the fact that these different pools of MNs have similar physiological roles,
they display clear differences in their vulnerability to the ALS pathology. Transversal studies
have already identified some of the mechanisms that may confer MN susceptibility to the
disease.

3. Possible mechanisms implicated in selective motoneuron vulnerability

Here, we will summarize both intrinsic and extrinsic mechanisms, which may underlie the
differences between subtypes of MNs in their ability to cope with the ALS pathology.

3.1. Intrinsic mechanisms

3.1.1. SOD1 misfolding and ER chaperones

One of the leading hypotheses for the cause of ALS is the gain of toxic properties resulting
from the accumulation of misfolded proteins including SOD1. In normal conditions, the
cytosolic SOD1 protein undergoes several maturation steps to acquire proper structure and
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function. These steps include the binding of copper and zinc and the formation of an intra‐
molecular disulfide bond, to form an enzymatically active and stable homodimer [42]. When
the SOD1 protein carries pathogenic mutations, it has an increased propensity to misfold
(misfSOD1), leading to aggregation and accumulation in organelles such as the Endoplasmic
Reticulum (ER) and the mitochondria [43]. Aggregation of SOD1 has been observed in patients
with fALS [44, 45] and has also been reported in sporadic cases of ALS (sALS) [45, 46]. Using
antibodies that specifically recognize misfSOD1 [47], Saxena et al. [7] found an accumulation
of misfSOD1 in the FF MNs, as soon as P7 in the high-copy SOD1G93A mouse model (Fig‐
ure 2D). In order to determine the changes in gene expression concomitant with the accumu‐
lation of misfSOD1, they performed a longitudinal study to compare the transcriptional profile
of FF and FR/S MNs in the lumbar spinal cord [13]. Remarkably, the FF MNs are subjected to
ER stress already at 3 weeks of age, which is 20 days before the initial denervation of the
corresponding muscle in this animal model. It is only later, at about P50, that the more resistant
FR MNs display similar gene expression changes indicative of ER stress. No such response is
observed in the S MN almost until end stage, which is consistent with their apparent resistance
to disease.

In-depth analysis showed that two ER chaperones have an important role in MN vulnerability:
Calreticulin (CRT) and SIL1 (Figure 2D). CRT is a protein that binds Ca2+ ions. Interestingly
CRT has been shown to be two-fold decreased in the FF MNs compared to S MNs, as soon as
P38 [48]. In vitro, the authors showed that the lower CRT expression contributes to ER stress
and calcium homeostasis disturbance, eventually leading to MN death. The role of CRT was
confirmed in vivo, by crossing SOD1G93A mice with heterozygous CRT+/− mice [49]. The lower
level of CRT expression accelerates the progression of the SOD1 pathology, prompting the
initial loss of NMJ and leading to early muscle weakness. However, low CRT expression did
affect neither the long-term survival of MNs nor animal survival, indicating that CRT is mainly
implicated in the most vulnerable FF MNs during the early phase of the disease.

In an effort to find factors regulating the ER stress response in specific pools of MNs, Filézac
de l’Etang et al. [50] analyzed in WT mice by real-time PCR the expression of a series of genes
involved in protein folding, protein quality control and stress sensing, and compared the level
of gene expression in FF and FR/S MNs. SIL1 was found to be six-times more expressed in S
MNs than in FF MNs. SIL1 is a cochaperone protein, which increases the availability of the ER
chaperone BiP by catalyzing the release of ADP from the ADP-BiP complex, and thereby
facilitates the dissociation of BiP from its substrates. In the spinal cord of Sil1−/+ mice, the ER
unfolded protein response (UPR) is restricted to the FF MNs, whereas in Sil1 null mice, ER
stress signaling is induced in all MNs. In the SOD1G93A ALS mice, SIL1 expression is reduced
in FF MNs, compared to S MNs. However, when SIL1 is overexpressed in MNs using an AAV6
vector, UPR and ER stress signaling are reduced. Moreover, lifespan is prolonged by 84 days
in the low-copy SOD1G93A mouse model, and 37 days in the high-copy SOD1G93A mouse model.
Conversely, reduced SIL1 activity accelerates the ALS pathology in Sil1−/+ SOD1G93A mice, and
reduces the animal lifespan. Finally, both in vitro and in vivo experiments show that SIL1,
coupled with BiP activity, controls ER homeostasis.
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3.1.2. MMP-9

By comparing cranial and spinal MNs with the disease-resistant oculomotor and Onuf’s nuclei
in WT mice, the MMP-9 protein was found to be expressed only in the vulnerable MNs [38].
MMPs are zinc-dependent endopeptidases able to degrade extracellular matrix and basement
membrane components. Although the role of MMP-9 in the context of ALS is still poorly
understood, it might be involved in the disruption of the neuronal extracellular matrix
interaction (reviewed by [51]). MMPs have also been shown to promote the inflammatory
process [52]. Kaplan et al. [38] found that MMP-9 is highly expressed in the FF MNs, in contrast
to the S MNs, which have undetectable MMP-9 levels (Figure 2D). Crossing SOD1G93A mice
with MMP-9 null mice [53] has significant effects on the disease process [38]. The denervation
of the fast twitch tibialis anterior muscle is delayed by more than 80 days, and the mouse survival
increased by 25%. Conversely, AAV6-mediated overexpression of MMP-9 in the FF MNs
accelerates the denervation of the tibialis anterior in SOD1G93A mice. However, MMP-9 overex‐
pression in oculomotor neurons does not induce extraocular muscle denervation, suggesting
that other factors may contribute to the resistance to disease in this population of MNs.

Although no mutations in MMP-9 gene have been linked to ALS yet, He et al. [54] found an
association between the C(-1562)T polymorphism in the MMP-9 gene, and risk to develop
Parkinson’s disease and sALS.

3.1.3. Neuronal excitability

FF and S MNs also differ in their excitability profile. Because of their small soma size, the S
MNs have high input resistance, and therefore need less synaptic activation to initiate an action
potential. As compared to MNs with a larger soma size, the firing threshold is reached earlier
in S MNs, followed by the FR and finally the FF MNs [55]. S MNs are therefore considered to
be highly excitable, whereas FF MNs are poorly excitable. S MNs innervate slow twitch muscle
fibers, which are typically part of the postural muscles, whereas the poorly excitable neurons
control fast twitch fibers, highly present in phasic muscles, and which are used when strength
or rapid response is needed. A recent study by Saxena et al. [7] explored how neuronal
excitability might contribute to the vulnerability profile in each of these MN populations. They
were able to genetically modulate MN excitability in vivo using a floxed pharmacologically
selective actuator module (PSAM), coupled either to the 5HT3-receptor to induce neuronal
depolarization, or to the glycine-receptor to induce neuronal hyperpolarization. By activating
these channels with a specific ligand, they could show that enhancing neuronal excitability
decreases accumulation of misfSOD1 and BiP in MNs, which reduces ALS pathology [7].
Conversely, the reduction of MN excitability enhanced accumulation of misfSOD1 and BiP,
accelerating disease progression.

Recently, a study further explored the link between misfSOD1 accumulation and MN excita‐
bility. Ruegsegger et al. [56] found that misfSOD1 binds the Na+/K+ATPase-α3 pump, impairing
its ATPase activity. More specifically, misfSOD1 targets a 10 amino acid stretch, which is
present in Na+/K+ATPase-α3, and not in the closely related Na+/K+ATPase-α1 isozyme.
Remarkably, Na+/K+ATPase-α3 is the main pump expressed in the vulnerable FF MNs. In
contrast, FR MNs have similar expression of both Na+/K+ATPase-α1 and α3, whereas S MNs
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express almost exclusively Na+/K+ATPase-α1. Therefore, there could be a link between MN
vulnerability and the expression of Na+/K+ATPase-α3, which may lead to ion imbalance when
exposed to the deleterious effects of misfSOD1.

Le Masson et al. [57] used a computational model to demonstrate the dramatic effects that ion
imbalance could have in MNs. The low excitable FF MNs have a high-energy demand to trigger
action potentials, increasing their need for ATP. Ion pump deficiency caused by misfSOD1 will
then consequently increase intracellular cation levels, leading to a constant MN depolarization.
The induced burden on the mitochondrial function may affect ATP production, leading to a
deficit in ATP used to restore ion homeostasis. Overall, the instability is increased, spreading
ion imbalance within the MNs. Overall, these studies highlight the role of neuronal activity in
each subpopulation of MNs exposed to the ALS pathology. These findings can be exploited to
pinpoint key targets present in some neuronal subtypes to develop novel therapies.

3.2. Extrinsic mechanisms

3.2.1. CNS compartment

Over the 20 past years, it has been long debated whether ALS should be considered as a cell
autonomous disease, mainly taking place in the MNs. It is now well established that astrocytes,
oligodendrocytes and microglia also play a role in the pathology (reviewed by [58, 59]). Animal
models of the SOD1 pathology have been intensively used to address this question. First, when
the mSOD1 was selectively expressed in neurons using a panneuronal promoter, an ALS
phenotype was observed only after 400 days [60]. It was next observed that expression of
mSOD1 with a MN-specific promoter does not produce any ALS phenotype [61, 62]. Similarly,
expression of mSOD1 only in astrocytes or microglia failed to produce any pathology [63, 64].
Next, several studies used fALS mice carrying a floxed mSOD1 transgene to selectively excise
the transgene by expressing the Cre recombinase only in a given cell types. Using this
approach, they could demonstrate that mSOD1 expression in MNs determines the time of
disease onset. Expression of mSOD1 in either astrocytes or oligodendrocytes affects both
disease onset and progression [65, 66], whereas the pathogenic contribution of mSOD1 in
microglial cells is mainly observed during disease progression [67]. Similar effects have been
observed with a different approach, using an AAV-based system to selectively express an
artificial microRNA to target mSOD1 either in MNs or in astrocytes [68].

The majority of the vulnerable MNs are already degenerating before the clinical onset of the
disease (Figure 2). When the resistant pool of MNs undergoes degenerative changes, they are
typically exposed to a local environment containing reactive glial cells. Indeed, astrocytes and
microglia become activated mainly in the late phase of the pathology. Several studies have
shown their implication in the progression of the disease after the onset of the symptoms, most
likely via their pathogenic interaction with the remaining MNs.

These findings point out the importance to investigate the role of broad range of cell types in
the ALS pathology. Sun et al. [69] have recently addressed the temporal sequence of gene
expression changes occurring in glial cells in the SOD1G37R mice. They applied the translating
ribosome affinity purification (TRAP) technique [70], coupled with high-throughput RNA
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sequencing, to investigate the gene expression changes in MNs, astrocytes and oligodendro‐
cytes. Just before disease onset, they observed the most prominent gene expression changes
in MNs, mainly affecting the ER stress pathways. Later, astrocytes show changes in the
expression of genes mostly involved in inflammation and metabolism. In oligodendrocytes,
gene expression is most significantly changed at an early symptomatic stage. The observed
dysregulation affects genes implicated in the myelination and lipid signaling pathways. This
result somewhat contrasts with the delay in disease onset, which has been previously observed
following the selective excision of mSOD1 in oligodendrocytes [65].

Oligodendrocytes are known to support the metabolic activity and the myelination of axons
in the CNS (reviewed by [71]). Degenerating oligodendrocytes have been observed in ALS
mice and patient tissues. Moreover, the pool of oligodendrocyte progenitors, identified by the
expression of NG2, fails to properly differentiate, and they generate oligodendrocytes lacking
expression of the myelin basic protein (MBP) and monocarboxylate transporter 1 (MCT1) [65,
72]. The loss of MCT1 may contribute to MN vulnerability, as this transporter is normally
required for the supply of lactate, which is an important energy substrate for axonal support
[73]. Remarkably, MCT4—another lactate transporter— is preferentially expressed in astro‐
cytes and is reduced in ALS [74].

Although the role of astrocytes in ALS has raised a lot of interest, the mechanisms underlying
astrocyte-mediated toxicity toward MNs are still incompletely resolved. The interaction
between astrocytes and MNs has been mainly explored in vitro, using coculture systems.
Recently, Meyer et al. [75] were able to differentiate “induced astrocytes” (i-astrocytes) from
neuronal progenitor cells derived from the fibroblasts of ALS patients. In cocultures of MNs
and i-astrocytes derived from SOD1 ALS, C9ORF72 ALS and sALS patients, the astrocytes are
toxic to MNs, similarly to cocultures using astrocytes derived from the ALS spinal cord [9,
76]. This study suggests that astrocytes may convey toxic effects toward MNs, regardless of
their tissue of origin. One of the first mechanisms proposed for astrocyte toxicity is the potential
excitotoxicity caused by glutamate mishandling (reviewed by [77]). In ALS patients, there is
reduced expression of the excitatory amino acid transporter 2 (EAAT2), which is the main
glutamate transporter in astrocytes [78–80]. Inefficient removal of glutamate from the synaptic
cleft may lead to MN hyperactivation and to a massive entry of calcium. Calcium influx into
MNs can overload the storage capability of the ER and mitochondria, particularly in MNs
where calcium storage could be already impaired [57, 81]. Several studies have highlighted
the secretion of toxic factors by glial cells expressing mSOD1. Indeed, in vitro experiments have
shown that activated astrocytes and microglia expressing mSOD1 secrete toxic factors such as
FasL, nitric oxide (NO) and the IFN-γ cytokine. These factors can induce the death of MNs
expressing mSOD1 (reviewed by [82]). In particular, the coculture with mSOD1 astrocytes
leads to the selective death of MNs mediated through the LIGHT-lymphotoxin-β receptor
death pathway [83].

Therefore, although glial cells are essential to support the function and metabolism of MNs in
the healthy CNS, they are likely to play an active role in the disease process. Astrocytes,
oligodendrocytes and microglial cells carrying ALS-causing mutations appear to malfunction,
leading to the selective death of MNs.
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The release of misfSOD1 is another major component, which may contribute to MN degener‐
ation via extrinsic mechanisms. As mentioned before, misfSOD1 plays an important role in the
degeneration of MNs and its toxicity has been implicated in many cellular dysfunctions
(review by [58]). Most importantly, recent evidence suggests a role of misfSOD1 also in some
sALS cases that are not related to SOD1 mutations. It has been demonstrated that misfSOD1
can convert WT SOD1 [84, 85] leading to the formation of fibrils and aggregates in vitro [86].
High expression of WT SOD1 can lead to an ALS-like phenotype in mice [87]. A prion-like
mechanism of propagation of misfSOD1 from cell to cell has been highlighted in the past few
years (reviewed by [88]). In ALS, exogenous mSOD1 protein [85], as well as the WT SOD1
protein [89], has been shown to penetrate the cell membrane of neuron-like cells by mecha‐
nisms related to macropinocytosis. Cell-to-cell transfer of misfSOD1 may also be mediated by
the ER chaperone chromogranin or through exosomes [26, 90]. Importantly, disease onset
occurs earlier in mSOD1 mice crossed with mice overexpressing chromogranin A, demon‐
strating that this mechanism may have an important role in vivo [91]. Basso et al. [90] highlight
a potential role for astrocytes in mSOD1 propagation. Indeed, they compared in vitro the
proteome and secretome of WT SOD1 and SOD1G93A astrocytes. Interestingly, these latter
produced less protein than the WT SOD1 astrocytes. However, although fewer proteins are
secreted by astrocytes expressing mSOD1, the amount of proteins shed via exosomes is
increased. Furthermore, exosomes derived from astrocytes can transfer mSOD1 to MNs and
induce cell death. It is proposed that astrocytes may secrete mSOD1 to limit the intracellular
deposition of SOD1 aggregates. In turn, the released mSOD1 may exert toxic effects on
neighboring cells. For example, exogenous forms of mSOD1 can be toxic to MNs in vitro via
microglial activation [92].

Although experimental evidence for the propagation of misfSOD1 is still lacking in vivo, these
results suggest that several cell types, including neurons, astrocytes and microglia, may
contribute to the transfer of the protein and lead to toxic effects throughout the CNS. This
pathogenic mechanism may participate in the cascade of events leading to MN degeneration,
while the disease is progressing. With high level of SOD1 protein expression, and low levels
of ER chaperones, MNs may be particularly vulnerable in case of exposure to misfSOD1.

3.2.2. PNS compartment

On top of the CNS components, it is also important to investigate the role of cells that may
control the function of specific subtypes of MNs in the periphery, especially the Schwann cells
and the skeletal muscle.

3.2.2.1. Schwann cells

The Schwann cells are the counterparts of oligodendrocytes in the peripheral nervous system
(PNS), as they are the primary supporting and myelinating cells for the neurons in the PNS.
Surprisingly, the suppression of mSOD1 in Schwann cells accelerates disease progression [93].
The terminal Schwann cells (TSCs) are also of particular interest as they play an important role
in the maintenance, plasticity and regeneration of the NMJs (reviewed by [94]). Semaphorin
3A (Sema3a), a chemorepellent expressed by TSC, is involved in the repulsion of motor axons
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away from the end plate, leading to the denervation of the NMJ [95]. Remarkably, during
reinnervation or toxin-induced paralysis of the gastrocnemius muscle, Sema3a is abundantly
expressed by TSC located at the NMJ of type IIb/x muscle fibers, which are known to have low
sprouting capacity [3, 96]. Even more intriguing is the upregulation of Sema3a in the TSC
covering the motor nerve terminals innervating the type IIb/x muscle fibers in a mouse model
of ALS [97]. Blocking the Sema3a receptor NRP1 was found to delay NMJ denervation in ALS
mice, extending their lifespan [98], thus suggesting that Sema3a could contribute to the early
loss of NMJ in these specific muscle fibers in ALS, and be implicated in their low sprouting
capacity [3]. Moreover, a recent study has highlighted an increase of Sema3a levels in the motor
cortex of ALS patients [99].

3.2.2.2. Muscle

One of the first changes observed in ALS patients and mouse models is the denervation of the
NMJ, often long before the death of MNs. However, the role of the muscle in ALS is still debated
(reviewed by [100]). Dobrowolny et al. [51] showed that overexpression of mSOD1 specifically
in the muscle tissue leads to muscle atrophy and a loss of muscle strength. However, the
shRNA-mediated silencing of mSOD1 in the muscle of SOD1 ALS mice, using either an AAV
vector [101] or a lentiviral vector [102], does not provide any beneficial effect. The absence of
any protective effect was confirmed using mice with Cre expression restricted to the skeletal
muscle to suppress floxed mSOD1 in a tissue-specific manner [102]. Although these studies
indicate that the skeletal muscle is not a primary site for the SOD1 pathology, it may have an
important role in the maintenance of the neuromuscular connections. The neurite outgrowth
inhibitor A (Nogo-A) is upregulated in the skeletal muscle of the mSOD1 mouse model and
in ALS patients and this upregulation seems to occur specifically in the slow twitch muscle
fibers [103]. Moreover, Nogo-A expression correlates with the severity of the clinical symptoms
[104]. Overexpression of Nogo-A in the mouse muscle induces NMJ denervation, whereas
crossing mSOD1 mice with Nogo-A KO mice protects the NMJ [105, 106]. Therapeutic
approaches to block the action of Nogo-A have been proposed. Injection of an anti-Nogo-A
antibody in SOD1G93A mice from the age of 70 days onward protects motor units and increases
muscle strength in 90-day-old mice, although this protective effect seems to be lost at 120 days
[107]. Ozanezumab, a humanized version of the anti-Nogo-A antibody, has been tested in ALS
patients in a phase I clinical trial [108]. Overall, it appears that pathogenic processes taking
place in the skeletal musculature can impact on the neuromuscular function, via mechanisms
that may be specific to motor unit subtypes.

4. Identification and validation of therapeutic targets

Despite years of research and clinical testing, Riluzole remains the only FDA approved drug
for ALS. It is therefore urgent to identify novel targets for therapeutic intervention against MN
degeneration. The study of the different types of MNs highlights the fact that subpopulations
of MNs can survive for long term and function in the context of the disease, which provides
novel molecular targets for neuroprotective treatments.
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One possibility is to identify factors that are active in the most vulnerable neurons, and design
approaches to reduce their activity, with the hope to obtain neuroprotective effects in ALS. In
SOD1 mice, MMP-9 has recently been shown to cause deleterious effects in the FF MNs, where
it is preferentially expressed [38]. Edaravone is a free radical scavenger that inhibits MMP-9
upregulation [109]. This compound has been used since many years ago for the treatment of
cerebral infarction or ischemic stroke. Edaravone has demonstrated therapeutic efficiency in
the SOD1G93A mouse model [110] as well as in the SOD1H46R rat model [111], and more recently
in the wobbler mice, which is often considered as a model for sALS [112]. A phase II clinical
trial has shown that Edaravone can slow down the progression of the motor impairments in
ALS patients, although this effect could not be statistically confirmed in a recent phase III trial
[113]. Nevertheless, further analysis of the results has revealed the beneficial effects of the
compound in a subgroup of ALS patients, according to the revised El Escorial diagnostic
criteria, prompting the initiation of a new trial (http://www.alzforum.org/news/conference-
coverage/does-free-radical-scavenger-edavarone-slow-als).(http://www.alzforum.org/news/
conference-coverage/does-free-radical-scavenger-edavarone-slow-als). Of note, Edaravone is
already approved in Japan for the treatment of ALS.

Another possibility is to identify proteins that are expressed only in the disease-resistant MNs.
Here, factors implicated in the control of ER stress may play an important role in MNs
(reviewed by [114]). Possible therapeutic approaches to relieve ER stress have been tested in
the context of the ALS mice. For instance, Salubrinal has been shown to reduce ER stress [115].
In SOD1 mice, Salubrinal administration alleviates disease manifestation and slows down the
progression of the disease [13]. However, Salubrinal as such cannot be used for treating ALS
patients as it has been shown to affect long-term memory in mice [116]. Guanabenz is another
FDA approved antihypertensive drug known to reduce ER stress. Its efficacy in ALS mice is
however still controversial [117, 118]. It is therefore important to unravel targets that may be
more specific to ALS. The discovery that the ER chaperones SIL1 and CRT are centrally
involved in the most resistant populations of MNs has raised attention to these factors as
potential specific targets [49, 50]. In particular, AAV-mediated overexpression of SIL1 in the
MNs of ALS mice dramatically increases innervation of the NMJs and prolongs animal survival
by 25—30%. However, it remains to be determined how to therapeutically target these factors
in ALS patients, perhaps using adapted pharmacological approaches.

As the vulnerability of MNs could be caused by the accumulation of misfSOD1 in these cells,
one potential therapeutic strategy is to prevent SOD1 toxicity by targeting the partially
unfolded intermediates of the SOD1 protein that can later form aggregates. Israelson et al. [43]
recently identified an ATP-independent protein chaperone called multifunctional macrophage
migration inhibitory factor (MIF). This factor prevents the misfolding of SOD1, and decreases
cell death in MNs expressing SOD1G93A in vitro. Moreover, this chaperone is expressed only at
low levels in MNs, which may contribute to their selective vulnerability.

Another approach to prevent SOD1 misfolding is to provide the metal cofactors that are critical
for the proper folding and stability of the functional Cu/Zn SOD1 dimer (reviewed by [119,
120]). CuATSM is a chelator widely used for PET-imaging as it rapidly carries copper across
the blood-brain barrier into the CNS. Preclinical studies in SOD1 mouse models have reported

Update on Amyotrophic Lateral Sclerosis178



One possibility is to identify factors that are active in the most vulnerable neurons, and design
approaches to reduce their activity, with the hope to obtain neuroprotective effects in ALS. In
SOD1 mice, MMP-9 has recently been shown to cause deleterious effects in the FF MNs, where
it is preferentially expressed [38]. Edaravone is a free radical scavenger that inhibits MMP-9
upregulation [109]. This compound has been used since many years ago for the treatment of
cerebral infarction or ischemic stroke. Edaravone has demonstrated therapeutic efficiency in
the SOD1G93A mouse model [110] as well as in the SOD1H46R rat model [111], and more recently
in the wobbler mice, which is often considered as a model for sALS [112]. A phase II clinical
trial has shown that Edaravone can slow down the progression of the motor impairments in
ALS patients, although this effect could not be statistically confirmed in a recent phase III trial
[113]. Nevertheless, further analysis of the results has revealed the beneficial effects of the
compound in a subgroup of ALS patients, according to the revised El Escorial diagnostic
criteria, prompting the initiation of a new trial (http://www.alzforum.org/news/conference-
coverage/does-free-radical-scavenger-edavarone-slow-als).(http://www.alzforum.org/news/
conference-coverage/does-free-radical-scavenger-edavarone-slow-als). Of note, Edaravone is
already approved in Japan for the treatment of ALS.

Another possibility is to identify proteins that are expressed only in the disease-resistant MNs.
Here, factors implicated in the control of ER stress may play an important role in MNs
(reviewed by [114]). Possible therapeutic approaches to relieve ER stress have been tested in
the context of the ALS mice. For instance, Salubrinal has been shown to reduce ER stress [115].
In SOD1 mice, Salubrinal administration alleviates disease manifestation and slows down the
progression of the disease [13]. However, Salubrinal as such cannot be used for treating ALS
patients as it has been shown to affect long-term memory in mice [116]. Guanabenz is another
FDA approved antihypertensive drug known to reduce ER stress. Its efficacy in ALS mice is
however still controversial [117, 118]. It is therefore important to unravel targets that may be
more specific to ALS. The discovery that the ER chaperones SIL1 and CRT are centrally
involved in the most resistant populations of MNs has raised attention to these factors as
potential specific targets [49, 50]. In particular, AAV-mediated overexpression of SIL1 in the
MNs of ALS mice dramatically increases innervation of the NMJs and prolongs animal survival
by 25—30%. However, it remains to be determined how to therapeutically target these factors
in ALS patients, perhaps using adapted pharmacological approaches.

As the vulnerability of MNs could be caused by the accumulation of misfSOD1 in these cells,
one potential therapeutic strategy is to prevent SOD1 toxicity by targeting the partially
unfolded intermediates of the SOD1 protein that can later form aggregates. Israelson et al. [43]
recently identified an ATP-independent protein chaperone called multifunctional macrophage
migration inhibitory factor (MIF). This factor prevents the misfolding of SOD1, and decreases
cell death in MNs expressing SOD1G93A in vitro. Moreover, this chaperone is expressed only at
low levels in MNs, which may contribute to their selective vulnerability.

Another approach to prevent SOD1 misfolding is to provide the metal cofactors that are critical
for the proper folding and stability of the functional Cu/Zn SOD1 dimer (reviewed by [119,
120]). CuATSM is a chelator widely used for PET-imaging as it rapidly carries copper across
the blood-brain barrier into the CNS. Preclinical studies in SOD1 mouse models have reported

Update on Amyotrophic Lateral Sclerosis178

beneficial effects of CuATSM, including on animal survival [121, 122]. Recently, Williams et
al. [123] used transgenic SOD1G93A mice coexpressing the Copper-Chaperone-for-SOD (CCS)
protein, which is normally expressed in humans but not in mice. Although these mice do not
live longer than 2 weeks, the treatment with CuATSM delayed onset and slowed down the
progression of the disease, dramatically extending the lifespan of these animals to 18 months
[123]. A phase I clinical trial will be soon initiated to test the effects of CuATSM in ALS patients.

Other strategies directly target SOD1 to prevent its deleterious effects. The use of antibodies
specific for misfSOD1 has been proposed [47, 124, 125]. On the other hand, gene therapy
techniques can be used to reduce the overall level of SOD1 expression. This approach can be
considered as SOD1 null mice are viable and do not show any obvious motor dysfunction
(reviewed by [126]). Viral vectors delivering artificial shRNA or microRNA for RNA interfer‐
ence against SOD1 [68, 127–130], as well as antisense oligonucleotides targeting the SOD1
mRNA [131], are currently being investigated to suppress the expression of this protein. It
remains however debated whether these techniques could be effective in patients other than
those carrying SOD1 mutations, as the role of SOD1 in sALS remains unclear [132]. Neverthe‐
less, some mechanisms contributing to SOD1 toxicity, such as ER stress and UPR, are likely to
be implicated in a broad range of ALS cases, providing opportunities for largely applicable
treatments.

5. Selective neuronal vulnerability in non-SOD1 ALS and other
motoneuron diseases

Most of the studies described in this chapter have used the SOD1 mouse model to explore the
selective vulnerability of MNs in ALS [13]. The pattern on MN vulnerability in ALS patients
is still a matter of speculation. At the late stage of the disease, there is a dramatic degeneration
of the MNs throughout the spinal cord. However, as the access to post-mortem tissue at various
stages of the disease is obviously limited, it has not been possible to precisely determine how
the ALS pathology affects the different subtypes of MNs in patients. Nevertheless, the
preservation of the oculomotor and Onuf’s nuclei in ALS patients has been confirmed by
histological analysis [133].

It is also likely that differences exist between familial and sALS, as well as between the different
genetic forms of ALS. This may also reduce the efficacy of therapies tested in the SOD1 model.
SOD1 mutations are the cause of ALS only in a small fraction of the patients. In addition, the
SOD1 pathology does not appear to be associated with Frontotemporal-Lobar degeneration,
which is linked with other forms of ALS (FTLD-ALS) [134]. Therefore, there is an urgent need
for other models of ALS to develop therapies better adapted to the different forms of the
disease. During the past 10  years, genetic studies have identified ALS-causing mutations in
several genes mainly involved in RNA metabolism, such as FUS, TARDBP and C9ORF72. FUS
and TARDBP represent around 3 and 5% of fALS, respectively, whereas C9ORF72 cases are
more prevalent and cover 30—50% of fALS as well as 5—7% of sALS [134]. Moreover, these
genes have been found mutated in both ALS and FTLD-ALS patients, and TDP-43 positive
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inclusions are observed in non-SOD1 ALS patients [134]. Several research groups have
generated rodents either overexpressing mutated forms of these genes or carrying gene
deletions, with the objective to model the ALS pathology. Overall, the current rodent models
for TDP-43-ALS or FUS-ALS display relatively mild MN degeneration. Axonal degeneration
has been seen in the transgenic TDP-43 rat model, which seems to selectively affect the largest
MNs [135]. This observation suggests that selective vulnerability is also likely to occur in the
TDP-43 pathology.

Recently, more emphasis has been placed on modeling C9ORF72-ALS. Mouse lines generated
with a bacterial artificial chromosome carrying a pathogenic hexanucleotide expansion in the
full human C9ORF72 gene did not develop any behavioral symptoms in two independent
studies [136, 137]. By contrast, using AAV vectors to express the G4C2 repeat expansion in the
mouse CNS led to both histological and behavioral defects similar to the pathology observed
in C9ORF72-ALS/FTLD patients [138]. Although 20% of neuron death was measured in the
cortex, motor cortex and cerebellum of these mice, the number of spinal cord MNs was not
reported. With the continuous development of ALS models, it will hopefully be possible to
more accurately design therapeutic approaches against pathogenic pathways that may be
common to different forms of ALS.

The recent development of mouse and human ES and iPS cells could provide an alternative to
in vivo models. Several hundred lines with various mutations have been generated and are
publicly available. In the context of SOD1, these models have been used to explore the non-
cell autonomous pathogenic mechanisms. Survival of mES- or hES-derived MNs is decreased
when the cells are grown on astrocytes differentiated from SOD1 or sporadic-ALS induced
neural progenitors [76, 132]. MNs derived from patients carrying the C9ORF72 repeats display
typical histopathological features, such as nuclear foci and the non-ATG translation of peptides
encoded by the hexanucleotide repeats [139]. Remarkably, these neurons have an increased
susceptibility to glutamate excitotoxicity. FUS, SOD1 and C9ORF72 ALS-derived MNs show
electrophysiological abnormalities [140]. This technology presents the advantage to model a
larger portion of ALS cases, allowing for comparative gene expression profiling experiments
and testing of therapeutic compounds. However, it remains difficult to study the selective
vulnerability of MN subtypes in such in vitro models, as they fail to replicate the differentiation
into cellular subtypes and the precise architecture of the CNS tissue.

Lately, the transcriptome of the cerebellum and frontal cortex was analyzed post mortem in
samples from C9ORF72-ALS and sALS patients [141]. The results show a prominent dysre‐
gulation of genes involved in the UPR and intracellular protein transport machinery in
C9ORF72-ALS. In sALS, it is the genes involved in cytoskeleton organization and synaptic
transmission, which are most affected. One should keep in mind that these molecular changes
reflect only the late stage of the disease and in the future, it will be important to also access
spinal cord tissue to perform similar transcriptome analysis.

More generally, it is tempting to speculate that the selective MN vulnerability observed in ALS
may also apply to other MN disorders, such as spinal muscular atrophy (SMA) and Charcot-
Marie-Tooth (CMT) diseases. In SMA patients, muscle biopsies show atrophy of the type II
muscle fibers, with a compensatory hypertrophy of the type I fibers [142]. Moreover, the Onuf’s
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studies [136, 137]. By contrast, using AAV vectors to express the G4C2 repeat expansion in the
mouse CNS led to both histological and behavioral defects similar to the pathology observed
in C9ORF72-ALS/FTLD patients [138]. Although 20% of neuron death was measured in the
cortex, motor cortex and cerebellum of these mice, the number of spinal cord MNs was not
reported. With the continuous development of ALS models, it will hopefully be possible to
more accurately design therapeutic approaches against pathogenic pathways that may be
common to different forms of ALS.

The recent development of mouse and human ES and iPS cells could provide an alternative to
in vivo models. Several hundred lines with various mutations have been generated and are
publicly available. In the context of SOD1, these models have been used to explore the non-
cell autonomous pathogenic mechanisms. Survival of mES- or hES-derived MNs is decreased
when the cells are grown on astrocytes differentiated from SOD1 or sporadic-ALS induced
neural progenitors [76, 132]. MNs derived from patients carrying the C9ORF72 repeats display
typical histopathological features, such as nuclear foci and the non-ATG translation of peptides
encoded by the hexanucleotide repeats [139]. Remarkably, these neurons have an increased
susceptibility to glutamate excitotoxicity. FUS, SOD1 and C9ORF72 ALS-derived MNs show
electrophysiological abnormalities [140]. This technology presents the advantage to model a
larger portion of ALS cases, allowing for comparative gene expression profiling experiments
and testing of therapeutic compounds. However, it remains difficult to study the selective
vulnerability of MN subtypes in such in vitro models, as they fail to replicate the differentiation
into cellular subtypes and the precise architecture of the CNS tissue.

Lately, the transcriptome of the cerebellum and frontal cortex was analyzed post mortem in
samples from C9ORF72-ALS and sALS patients [141]. The results show a prominent dysre‐
gulation of genes involved in the UPR and intracellular protein transport machinery in
C9ORF72-ALS. In sALS, it is the genes involved in cytoskeleton organization and synaptic
transmission, which are most affected. One should keep in mind that these molecular changes
reflect only the late stage of the disease and in the future, it will be important to also access
spinal cord tissue to perform similar transcriptome analysis.

More generally, it is tempting to speculate that the selective MN vulnerability observed in ALS
may also apply to other MN disorders, such as spinal muscular atrophy (SMA) and Charcot-
Marie-Tooth (CMT) diseases. In SMA patients, muscle biopsies show atrophy of the type II
muscle fibers, with a compensatory hypertrophy of the type I fibers [142]. Moreover, the Onuf’s
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nucleus is preserved, even in the most severely affected SMA type I patients. Even though
atrophy is restricted to certain muscles in mouse models of the disease, it does not seem to be
related to muscle fiber type or NMJ size [143]. However, the large size MNs innervating the
proximal forelimb and axial muscles are specifically lost in presymptomatic Δ7 SMN mice
[144]. This last observation could indicate a preferential vulnerability of some MN subtypes,
although this will need to be confirmed with more specific markers to identify the FF or S MNs.

CMT is a heterogeneous group of genetic diseases affecting motor and/or sensory functions.
Several genes have been identified linked to demyelinating CMT (CMT1) or axonal CMT
(CMT2). Among the CMT2 cases, 20% are caused by mutations in the MFN2 gene encoding
mitofusin 2 and are referred as CMT2A [145]. Several observations indicate a pattern of
neurodegeneration, which may be very different from ALS. Biopsies of the tibialis anterior in
CMT1 and CMT2 patients show atrophy of the type IIa muscle fibers and hypertrophy of the
type I fibers [146]. Furthermore, in the late-onset CMT2A patients, the soleus muscle is affected
before, and more severely than other leg muscles, including the gastrocnemius [147]. Few mouse
models of CMT2 have been generated and are currently being studied. CMT2A mice based on
the overexpression of MFN2R94Q develop motor deficits correlating with an overabundance of
small axonal fibers in the sciatic nerve [148]. Further studies will be needed to characterize
how CMT2A affects different subtypes of muscle fibers and MN populations, and leads to the
observed neuromuscular impairments.

6. Conclusions

The identification of ALS-causing mutations in the SOD1 gene in 1993 has raised hopes in the
ALS scientific community [10]. One year later, Gurney et al. [8] generated the well-known
SOD1G93A mouse model, which reproduced most of the ALS features, and opened the way for
exploring the causes of the disease and developing therapies. However, the challenge turned
out to be more difficult than expected. Indeed, more than 20 years later, the identification of
therapeutic targets in the mSOD1 mouse model has failed to bring any effective treatment to
ALS patients.

Nevertheless, the characterization of mouse models overexpressing mutant forms of SOD1 has
dramatically improved our understanding of the cellular processes leading to ALS. In
particular, the very reproducible course of the disease observed in these mice has been
instrumental to study the different stages of the disease, highlighting the fact that not all MNs
are equally affected, and that glial cells are important actors in the pathogenic process.
Recently, several research groups have identified critical factors, which determine MN
vulnerability, providing novel targets for therapeutic intervention. One obvious difficulty in
designing treatments for ALS is that at a given stage of the disease, the various pools of MNs
or glial cells may face different toxic mechanisms, depending on their intrinsic vulnerability.
This may limit the therapeutic efficacy of a single drug.

It remains unknown whether the observed MN vulnerability pattern is specific to mSOD1, and
if the identified molecular mechanisms can be applied to other forms of ALS. To address this
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question, it is critical to further develop animal and cellular models of ALS, based on the genes,
which have recently been linked to the disease. By comparing these models, it will be possible
to pinpoint common pathogenic pathways, and with the development of more specific
biomarkers, apply therapies when and where they are the most likely to succeed.
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Abstract

Neuronal intermediate filaments (NIFs) are the most abundant cytoskeletal element in
mature neurons. They are composed of different protein subunits encoded by separate
genes such as neurofilament light chain (NFL), neurofilament medium chain (NFM),
neurofilament  heavy chain  (NFH),  ɑ‐internexin  and peripherin.  NIFs  are  dynamic
structures  playing  important  functions  in  cell  architecture  and  differentiation,
interactions between proteins or subcellular organelles, and in axonal calibre determi‐
nation and myelination. Consequently, their presence modulates electrophysiological
properties  of  axons.  NIFs  have  long  been  assigned  a  role  in  the  pathogenesis  of
amyotrophic lateral sclerosis (ALS). Indeed, accumulation and abnormal phosphoryla‐
tion of NIF subunits in motor neuron are one of the major pathological features in both
sporadic  and familial  forms of  the  disease.  Moreover,  mutations  in  the  NFH and
peripherin genes and elevated cerebrospinal fluid NIF levels reported in ALS cases,
associated with studies in transgenic mice, provided the evidence that primary defects
in NIFs could be causative for motor neuron disease. However, the processes leading
to the NIF abnormalities and the links to the pathogenesis of ALS remain unclear,
leaving a challenging open field for further investigations in this highly disabilitating
disease. Here, we review the main characteristics of these NIFs and their involvement
in the pathomechanisms of ALS.

Keywords: Intermediate filaments, Neurofilaments, cytoskeleton, amyotrophic lateral
sclerosis, tubulin, microtubules, axonal transport
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1. Neuronal intermediate filaments

1.1. Characteristics

Intermediate filaments (IFs) are components of the cytoskeleton, together with microtubules
(MTs) and microfilaments. IFs are defined by their diameter when examined by transmission
electronic microscopy (10 nm), which is intermediate between microtubules (15 nm) and
microfilaments (6 nm). They also differ from these two structures by the various sizes and
primary organisation of their constitutive proteins, their non‐polar architecture and their relative
insolubility. Intermediate filaments form a large family of proteins; they are classified into five
types according to their gene organisation, size, structure and cell‐type expression (Table 1).
IFs expressed in neurons of the central and peripheral nervous systems are called neuronal
intermediate filaments (NIFs) and include nestin, synemin, vimentin, α‐internexin, peripher‐
in and neurofilaments (NFs) that are composed of three subunits, neurofilament light chain
(NFL), neurofilament medium chain (NFM) and neurofilament heavy chain (NFH) (for low‐,
medium‐, and high‐molecular‐weight NFs) [1–5].

Neurons express differentially IF proteins depending on their developing stage and their
localisation in the nervous system. While nestin, synemin and vimentin are mainly expressed
during the neuronal development, NFs, peripherin and ɑ‐internexin are the main intermediate
filament subunits in mature neurons from the central and peripheral nervous system [6]. In
this chapter, we focus on those three subtypes of NIFs.

Type Name Cell/tissue
I Acid keratins Epithelia

II Basic keratins Epithelia

III Desmin Muscle

GFAP Astroglia

Peripherin PNS neurons

Vimentin Mesenchyme

IV Neurofilaments (NFL, NFM, NFH) PNS and CNS neurons

ɑ‐Internexin CNS neurons

Nestin CNS stem cells

V Nuclear lamins Nucleus

IFs found in mature neurons are NFL, NFM, NFH, peripherin and α‐internexin. Abbreviations: GFAP, glial fibrillary
acidic protein; CNS, central nervous system; PNS, peripheral nervous system [7].

Table 1. Classification of intermediate filaments.

1.2. Expression and post‐translational modifications

Genes coding for NFL and NFM (NEFL and NEFM) are closely linked on chromosome 8 (8p21),
while NFH gene (NEFH) is located on chromosome 22 (22q12.2) [8–10]. Peripherin is encoded
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by PRPH located on chromosome 12 (q12–q13) [11], and ɑ‐internexin is encoded by INA located
on chromosome 10 (10q24.33) [3]. As for other IFs, NFs, peripherin and ɑ‐internexin share a
common tripartite structure, with non‐helical amino‐ and carboxy‐terminal regions (head and
tail domains) flanking a 46‐nm‐long central α‐helical rod domain composed of approximately
310 highly conserved amino acids [9, 10, 12] (Figure 1). These segments are joined by short
non‐helical linker sequences, aligning the individual IF subunits prior to filament assembly.
While peripherin and NFL have a short‐tail domain, those of NFM and NFH are longer and
contain numerous KSP (Lys‐Ser‐Pro) repeats that can be phosphorylated on serine (S) residues.
These sites are frequently modified by phosphorylation, glycosylation, nitration, oxidation
and ubiquitination, which can impact NIF interactions and dynamics [6].

Figure 1. Schematic representation of adult neuronal IF subunits. All NIF subunits share a highly conserved central
helical domain of 310 amino acid residues involved in the formation of coiled‐coil structures. Flanking this central rod
domain are the amino‐ and the carboxy‐terminal domains conferring functional specificity to the different types of NIF
proteins. The NFM and NFH carboxy‐terminal regions contain Lys‐Ser‐Pro (KSP) repeats, which can be phosphorylat‐
ed. Abbreviations: NF, neurofilament; NFL, NF‐light; NFM, NF‐medium; NFH, NF‐heavy; C, carboxy‐terminal; N,
amino‐terminal.

Multiple aspects of IF biology are regulated by their post‐translational modifications. The
phosphorylation state of NIF proteins depends on a dynamic balance between the activities of
kinases and phosphatases. Phosphorylation of the head domain by secondary‐messenger‐
dependent protein kinase A (PKA) and protein kinase C (PKC) prevents NIF subunits
assembly or leads to the disassembly of pre‐existing filaments [13, 14]. Phosphorylation of the
KSP motifs on NFM and NFH tail domains by cyclin‐kinase Cdk5 and microtubule‐associated
protein (MAP) kinase promotes the formation of cross‐bridges with MTs and slows NF axonal
transport [15, 16]. Phosphorylation of the head and tail domains is closely related; indeed,
phosphorylation of NFM head domain by PKA reduces the phosphorylation of tail domain
by MAP kinases [17]. This mechanism could be a way to protect neurons from abnormal
accumulation of phosphorylated NIFs in perikarya. NIF dephosphorylation is mainly cata‐
lysed by phosphatase 2A; dephosphorylation of the head domain is necessary to allow NIF
polymerization and transport into the axon, while dephosphorylation of the tail domain
facilitates their interaction with other cytoskeletal proteins and their degradation [18, 19].
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NIFs are also post‐translationally modified by glycosylation and nitration. Glycosylation
resides on attachment of O‐linked N‐acetyl glucosamine (O‐GlcNAc) to S and threonine (T)
residues; the precise function of glycosylation is still unknown, but several clues suggest a role
in the NIF assembly [20]. NIF nitration is catalysed by superoxide dismutase 1 (SOD1) on
tyrosine residues; the nitration of NIFs changes hydrophobic residues into negatively charged
hydrophilic residues, thereby disrupting their assembly and stability.

1.3. Transport, assembly and degradation

Following their synthesis in the cell body, NIF proteins are assembled into filamentous
structures and transported into the axons. They are transported bidirectionally in the axon
along microtubules using kinesin (anterograde) or dynein (retrograde) motor proteins [21,
22]. Studies analysing the transport of green‐fluorescent protein (GFP)‐tagged NIF subunits
have shown that NIFs are transported intermittently in axons, their movements being
interrupted by prolonged pauses. Only a small fraction of NIFs moves at any given time and
direction, and approximately 97% of NIFs spent their time pausing [23–25]. The direction of
NIF transport is modulated by their phosphorylation status, since phosphorylation promotes
their release from kinesin and increases their affinity for dynein [22, 26].

Figure 2. Schematic model of IF assembly in mature neurons. Two NIF subunits (NFL and either NFH or NFM) form
head‐to‐tail coiled‐coil dimers (a), anti‐parallel half‐staggered tetramers (b), protofilaments (c) and 10‐nm NF (d). C‐
terminal domains of NFM and NFH form lateral projections and participate in the stabilisation of the filament network
[33].

NIF subunits can assemble into filaments as soon as they are expressed in neurons, depending
on their post‐translational modifications. Subunits can also disassemble and reassemble
during their transport. NIF assembly does not require nucleotide binding or hydrolysis. The
first step of the filament formation is the dimerisation of an NFL subunit with either an NFM
or an NFH subunit, via the association of their rod domains to form parallel side‐to‐side coiled‐
coil dimers. Two coiled‐coil dimers line up in a half‐staggered manner, forming an anti‐parallel
tetramer. Tetramers combine to form protofilaments, which finally assemble to constitute the
final 10‐nm filament [27, 28] (Figure 2). The C‐terminal domains of NFM and NFH form lateral
projections extending from the filament core [29]. Those projections participate to the stabili‐
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sation of the filament network and interact with other filament structures and subcellular
organelles. Peripherin and α‐internexin can co‐assemble with NFL, NFM and NFH to form
NIFs in mature neurons, respectively, in the peripheral and in the central nervous system [30–
32]. Thus, NIFs are heteropolymers composed of different subunits, with a ratio changing
during neuronal development and activity. This stoichiometry is particularly important and
can lead to severe NF disorganisation when unbalanced.

In normal neurons, non‐phosphorylated NIFs are found primarily in the soma and proximal
axons, while phosphorylated NIFs are located more distal in axons and in terminals [34]. Inside
the axon, NIFs are organised into a three‐dimensional array interconnected with the other
components of the cytoskeleton by several cross‐bridges. NIFs, microtubules and actin
filaments are interlinked by proteins of the plakin family including, among others, plectin,
bullous pemphigoid antigen‐1 protein (BPAG1), actin cross‐linking factor 7 (ACF7), desmo‐
plakin, envoplakin and periplakin [35–38]. Lateral projections of NFH and NFM tails also
fasten adjacent structures (Figure 3).

Figure 3. Schematic representation of the cytoskeleton organisation in axons. The components of the axoplasm are or‐
ganised into a three‐dimensional array interconnected by NFM and NFH tails and plakin‐family proteins [39].

Following their synthesis, assembly and disassembly, NIFs are slowly transported towards
the nerve terminal where they are degraded by specific calcium‐activated proteases, such as
calpain I, and neutral proteases. NIFs are also degraded by non‐specific proteases like
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cathepsin D, trypsin and α‐chymotrypsin. As mentioned above, post‐translational modifica‐
tions regulate NIF degradation: for example, phosphorylation protects NIFs from proteolysis,
while ubiquitination facilitates their degradation [40, 41].

1.4. Roles

As members of the cytoskeletal system, NIFs work together with microtubules and microfila‐
ments to enhance structural integrity and cell shape [42]. In the last decades, it has become
increasingly apparent that IFs, instead of being inert, are in fact highly dynamic structures [43]
relaying signals from the plasma membrane to the nucleus [44], orchestrating the position and
function of cellular organelles [45] and regulating protein synthesis [46]. These interactions are
principally mediated through NIF‐associated proteins that can modulate NIF structure and
function. Linker proteins such as Fodrin, Hamartin or MAP2 are responsible for NIF interac‐
tions with filaments and organelles [29, 47, 48], whereas enzymes (principally kinases and
phosphatases) modulate their architecture, assembly and spacing.

Another major role recognised for NIFs is to modulate the calibre of axons, with a direct
repercussion on the axonal conduction velocity, myelin thickness and inter‐nodal length.
Indeed, NIF density is correlated with axonal calibre in sciatic nerve fibres of rats and mice [49].
Moreover, the axonal radial growth during axonal development or regeneration coincides with
the entry of NFs into axons [50]. In the same way, triple heterozygous knockout mice (NFL±,
NFM± and NFH±), with a reduction of NF content but with a normal structure and stoichi‐
ometry of the NIF network, exhibit a 50% decrease of the axonal diameter in L5 ventral root
[51]. Finally, the disruption of the NFM gene expression or the deletion of its carboxy‐terminal
domain in mice reduces the inter‐filament spacing and axonal calibre, illustrating the prepon‐
derant role of NFM in determining axonal diameter [52, 53]. The phosphorylation state of NFM
and NFH carboxy‐terminal domains might be linked to axon calibre control by regulating NF
transport and inter‐filament spacing, but the exact mechanisms remain unknown.

Thus, NIFs have a central role in cell architecture, dynamics of the organelles, axon structure
and calibre. Therefore, defects in their metabolism could lead to neurodegenerative processes.

2. Implication in amyotrophic lateral sclerosis

2.1. Clinical features

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterised
by the loss of motor neurons of the spinal cord, brain stem and motor cortex. Common clinical
symptoms of the disease are progressive paralysis, muscle atrophy and death within 2–5 years
usually from respiratory failure [54]. Although most cases are sporadic (sALS), approximately
10% of ALS patients have a positive family history (fALS). To date, there is no curative
treatment of the disease.

Primary evidence for a contribution of NIFs in ALS pathogenesis came from neuropathological
observations. Most of all, ALS is characterised by the loss and degeneration of upper motor
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neurons in the motor cortex (Betz cells), and lower motor neurons in the brainstem (cranial
motor nuclei) and spinal cord (anterior horn) [55]. One of the hallmarks of both sporadic and
familial ALS is the presence of inclusion bodies in the perikarya of degenerating motor
neurons, described as Lewy body‐like inclusions (LBLIs), Skein‐like inclusions (SLIs) or
hyaline conglomerate inclusions (HCIs). Other typical images observed in the disease are
motor neurons with swollen argyrophilic perikarya, and large swellings of the proximal part
of the axons called spheroids. In immunocytochemical studies, these abnormalities have been
shown to contain several proteins, such as ubiquitin or stable tubule‐only polypeptide (STOP)
[56], but they are particularly reactive for neurofilament subunits [57, 58] and peripherin [59,
60] (Figure 4). Interestingly, NIF inclusions in the cell body and the proximal axon are
hyperphosphorylated, while as mentioned above in normal neurons NIFs are dephosphory‐
lated in those sites and only phosphorylated in more distal part of the axon.

Figure 4. Neuropathological features in ALS. Immunohistochemistry for neurofilaments subunit (phosphorylated
form): diffuse labelling in neuronal swelling perikarya (a) and axonal spheroids (b) in ventral horn of cervical spine.
Scale bars, 20 μm.

Evidence for the involvement of NIFs in the pathogenesis of ALS has been reinforced in the
last 20 years by the discovery of NIF gene mutations linked to the disease. Indeed, codon
deletions and insertions in PRPH and NEFH genes have been identified in several sporadic
ALS patients [61–64]. Although these mutations are not considered as a cause of familial ALS,
they could be a risk factor for sporadic ALS occurrence.

Other evidences came from several studies showing that cerebrospinal fluid NIF levels are
significantly higher in ALS patients than in patients with other neurodegenerative diseases,
especially for those with rapidly progressive disease [65, 66]. Although their contributions to
ALS pathogenesis remain unclear, all these clinical and neuropathological features suggest
that NIFs represent a component of the pathological mechanisms of the disease.

2.2. Animal model contributions

On the basis of these findings, several animal models have been developed, including mice
knockout for NIF genes, and mice expressing mouse, human and modified NIF subunits. While
deletions of NIF genes have limited phenotype and thus are not extensively used to study ALS
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pathogenesis, the axonal calibre reduction seen in knockout mice for NFL, NFM and NFH
genes demonstrated that neurofilaments play an important role in the radial growth of axons
(Table 2). Interestingly, transgenic mice overexpressing either NFL, NFM, NFH, human NFH,
peripherin or a mutated NFL show clinical and/or neuropathological alterations similar to
those found in ALS (Table 3). Finally, in order to investigate NF dynamics, NFH‐LacZ and
NFH‐GFP mice have been generated; while NFs are retained in cell bodies and deficient in
axons in NFH‐LacZ mice, the fluorescent fusion protein is normally transported along axons
in NFH‐GFP mice, suggesting that β‐galactosidase reporter alters the fusion protein dynamics
whereas GFP does not [67, 68]. All these animal models are therefore very useful to study the
processes underlying NIF accumulation and their role in motor neuron death.

Mice Motor dysfunction Axonal calibre reduction References

NFL -/- No >50% [69]

NFM -/- No >50% [70]

NFH -/- No 10% [71]

α‐Internexin -/- No No [72]

Peripherin -/- No No [73]

Table 2. Knockout mice for NIF genes.

Mice Motor dysfunction NF inclusions References

Mouse NFL Yes Spinal motor neurons and DRG [74]

Mouse NFM No Spinal motor neurons and DRG [75]

Mouse NFH No Spinal motor neurons and DRG [76]

Human NFL No Thalamus and cortex [77]

Human NFM No Cortex and forebrain [78]

Human NFH Yes Spinal motor neurons and DRG [79]

Mutated NFL (tail) Yes Spinal motor neurons and DRG [80]

α‐Internexin No Purkinje cells [81]

Peripherin Yes Spinal motor neurons [82]

Table 3. Mice overexpressing neuronal IF genes or expressing mutated neuronal IF proteins.

2.3. Pathophysiological hypotheses

Accumulation of neurofilaments in motor neurons undeniably participates in the pathogenesis
of ALS, breaking perikarya and axonal structures, disrupting organelles dynamics and
interactions, and affecting axonal transport. However, it is still difficult to determine whether
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NIF aggregations are the cause or consequence of the disease. For example, the motor neuron
loss caused by SOD1G85R mutation is still present despite the absence of NFL in transgenic
mice [83, 84], but the animal's lifespan is prolonged by approximately 15%, suggesting an
increased neuron toxicity when NFs are present in SOD1‐mediated disease.

The mechanisms governing the formation of IF aggregates in ALS remain unclear because
multiple factors can potentially induce the accumulation of NIFs. Firstly, these accumulations
could result from perturbations of NIF transport through their abnormal phosphorylation,
leading to accumulation in cell bodies and in proximal axons. Glutamate excitotoxicity could
be involved in this process by activating mitogen‐activated protein kinases and protein kinase
N1 [85, 86]. Direct disruption of the transport motors themselves could also result in NIF
accumulation, as it has been demonstrated in transgenic mice harbouring mutations or
modified expression in kinesin and dynein genes [87]. Finally, one of the emerging hypotheses
is that the aggregation of NIFs in ALS could result from their altered stoichiometry. Indeed,
overexpression of NFL, NFM or NFH in mice provokes NF aggregations and morphological
alterations similar to those found in ALS [74–76]. Remarkably, the motor neuron disease
caused by excess of human NFH in transgenic mice can be rescued by a correct stoichiometry
with the co‐expression of human NFL transgene in a dosage‐dependent fashion [88]. In a
similar way, the onset of peripherin‐mediated disease in transgenic mice overexpressing PRPH
is accelerated by the deficiency of NEFL [82], peripherin interacting with NFM and NFH to
form disorganised NIF structures. Another interesting point supporting this hypothesis is that
NFL mRNA level is 70% decreased in degenerating motor neurons from ALS patients [89].
This could be due to reduced transcript stability, with a possible involvement of mutated SOD1
and TAR DNA‐binding protein (TDP‐43) that can bind and destabilise NFL mRNA [90, 91].

2.4. The paradox concerning perikaryal versus axonal aggregation of NIF, and the protective
effect of perycarial NFH accumulation

Transgenic mice carrying mutant SOD1 transgenes develop neuronal, clinical and pathological
features similar to those observed in ALS [92]. Surprisingly, the removal of axonal NIF by
crossing the SOD1 transgenic mice with the NFH‐LacZ transgenic mice does not affect the
pathogenesis induced by SOD1 suggesting that axonal neurofilament aggregation is not the
cause of ALS [93]. On the other side, overexpression of mouse NFL and NFH in SOD1G93A
mice and overexpression of human NFH in SOD1G37R mice increase their lifespan by,
respectively, 15 and 65%, associated with an increase of perycarial NF inclusions and a decrease
of axonal spheroids (Table 4). Taken together, these last results suggest a protective effect of
perikaryal accumulation of NFH proteins in motor neuron disease caused by mutant SOD1.
Several hypotheses have been proposed to explain this protective effect. One possibility is that
NF proteins may act as calcium chelators thanks to their multiple calcium‐binding sites [94].
It also cannot be excluded that the accumulation of NFs could interfere with glutamate
receptors and prevent glutamate excitotoxicity [95]. Finally, NF inclusions may act as a
phosphorylation sink for cyclin‐dependent kinase 5 or for toxic oxygen radical species induced
by mutant SOD1, thereby reducing damage to other essential cellular components [96].
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Mice Lifespan Perycarial NF inclusions References

SODG85R – NFL -/- Increased by 15% No change [84]

SODG93A – NFL overexpression Increased by 15% Increased [97]

SODG93A – NFH overexpression Increased by 15% Increased [97]

SODG37R – human NFH overexpression Increased by 65% Increased [98]

Table 4. Effects of NF changes in SOD1‐mediated disease.

3. Future directions

Implications of NIF abnormalities in the pathogenesis of ALS remain unclear. Despite
extensive studies over the past 20 years, it is still unknown how these abnormalities occur and
what are their exact contributions to the disease pathogenesis. Understanding how they are
formed remains an important objective in the study of both sporadic and familial forms of the
disease. Perhaps, the analysis of future generation of mouse models with new familial ALS
mutations or conditional control of abnormal NIF proteins will help to address this issue.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder, which up
to  date  remains  incurable.  Multiple  experimental  approaches  toward  finding  an
effective way of reducing ALS progression and improving patients’ condition have
been proposed but none of them brought significant desired effects. In recent years,
studies focused on stem cells (SCs) have proven that not only cells themselves but
also trophic factors, which they secrete, may cause positive effects on neural tissue
environment. Crucial issues that have to be considered in any study implementing
SC’s secreted trophic factors are administration route and type of administered cells.
Furthermore,  the  understanding  of  trophic  factor  function,  secretion  manner,  and
their potential influence on damaged cells may be immensely beneficial. This chapter
focuses  on  recent  studies  exploiting  trophic  factors  to  improve  ALS  patients  and
animal ALS models’ condition.

Keywords: amyotrophic lateral sclerosis, trophic factors, neurotrophins, BDNF,
GDNF, VEGF, IGF-1, GLP-1

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a fatal neurode‐
generative disease, characterized by progressive loss of motor neuron functions in the spinal
cord, cortex, and brainstem [1]. ALS was first described in the 1870s by the French neurolo‐
gist Jean-Marie Charcot. The incidence of ALS ranges from 1 to 4 new cases per year. Typi‐
cal first symptoms, which occur because of gradual loss of neuron functions, are muscle
weakness, impaired reflexes, and speech difficulties. Patients in the later stages of the disease

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



may also suffer from cognitive impairments, among which aphasia and semantic dementia
are the most frequently reported [2]. Eventually, in most cases, weakening of respiratory
muscles results in death caused by asphyxiation within 3–5 years after diagnosis. From a
pathophysiologic point of view, two forms of ALS are widely described—familial ALS (fALS)
and sporadic ALS (sALS).  fASL affects  approximately 10% of  patients,  whereas sALS is
responsible for the other 90%. Mutations in SOD1 gene, which encodes Cu/Zn superoxide
dismutase 1, are common among patients with fALS, and more than 160 different mutations
in SOD1 have been described to date [2]. However, recent studies have reported potential
relationships between other genes and fALS, including those encoding transactive response
DNA-binding protein (TARDBP), fused in sarcoma (FUS) and c90RF72 [3]. The precise cause
of sALS has not been identified, but environmental factors, lifestyle, and genetic predisposi‐
tions are considered as key factors in the disease development [4]. Evidence has demonstrat‐
ed that especially exposure to tobacco smoke and the quantity of  cigarettes smoked are
significantly correlated with ALS [5]. Pathophysiological mechanisms that result in neurode‐
generation  involve  protein  aggregation,  mitochondrial  dysfunction,  generation  of  free
radicals, excitotoxicity, disrupted axonal transport, and dysregulation of neurotrophic factor
levels [6]. Notably, no effective cure for ALS has been discovered, leaving newly diagnosed
patients with no chance for complete recovery. The only remedy approved by the Food and
Drug  Administration  (FDA)  is  riluzole,  an  antiglutamatergic  agent,  which  may  cause
excitotoxicity reduction and, therefore, extend survival by up to few months [7]. Because of
the lack of an effective treatment and the relatively late manifestation of first symptoms, often
when neuron loss is already in an advanced stage, the search for new ways to manage ALS
turns to stem cell (SC)-based therapy. SCs are considered to be a promising tool of modern
medicine because of  their  ability  to  transform into almost  any other  cell  type and their
capability of an infinite divisions number. Two main directions in SC-based therapies for ALS
are considered – “structural” cell replacement and humoral neuroprotection via secretion of
trophic factors. The main issues that must be considered in all forms of SC-based therapies are
the proper administration method, the optimal type of administered cells, and the identifica‐
tion of factors that are crucial for the survival and differentiation of transplanted cells [8].
Recently, the greatest effect evidenced from the studies implementing various types of SCs is
their ability to improve neural tissue microenvironment and provide soluble neurotrophic
factors rather than structural replacement of lost cells [9]. Accordingly, this review focuses on
the role of trophic factors in ALS progression and the chance of implementing therapies that
take advantage of their properties.

Two different types of adult SCs are under extensive investigation in the perspective of ALS
therapy: mesenchymal stem cells (MSCs) and SCs connected with the organization of nerve
tissue. MSCs are an attractive source for potential therapeutic approaches for several reasons.
Firstly, MSCs are characterized by great plasticity [10] and can be easily obtained from different
sources, including bone marrow [bone marrow stem cells (BMSCs)], adipose tissue [adipocyte
stem cells (ASCs)], or umbilical cord blood [11]. Moreover, MSCs can differentiate into cells of
all three germ layers (ectoderm, endoderm, and mesoderm) when cultured under specific
conditions [12], and their expansion in vitro does not involve any changes in function or
chromosome structure, as observed in cells obtained from ALS patients [13]. It has been also
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found that MSCs can support regeneration of damaged parenchymal cells by scavenging toxic
inflammatory cytokines and secreting trophic cytokines that are involved in neuroprotection
[14]. Cells connected with nerve tissue organization are also being used in ALS research,
including neural progenitor cells (NPCs), astrocyte precursor cells [15], and olfactory en‐
sheathing stem cells (OESCs), which have been recently used in treatment of spinal cord injury
[16]. Embryonic SCs have also been extensively investigated, but their implementation raises
major clinical and ethical concerns. Although the physiological relevance of pluripotency is of
significant importance, induced pluripotent stem cells (iPSCs) have been demonstrated to
differentiate into a variety of cell types, including muscle, cardiac muscle, and hepatocyte cells.
All of the abovementioned cell types might present different advantages when used in ALS
management. Because ALS affects motor neurons at different levels and in various ways,
attention is focusing more on restoring neuronal tissue homeostasis than on cell replacement.
In addition, conditions in the adult spine do not favor the differentiation of transplanted cells
into neural ones. However, it has been observed that the environment in spinal cord fluid from
ALS patients stimulates transplanted MSCs to secrete factors that relieve ALS symptoms [17].

Figure 1. Classification of neurotrophic factors according to their structure and function. NGF, nerve growth factor;
BDNF, brain-derived neurotrophic factor; NT-3, neurotrophin-3; NT-4, neurotrophin-4; GDNF, glial-derived neurotro‐
phic factor; NTN, neurturin; ARTN, artemin; PSPN, persephin; EGF, epidermal growth factor; IGF-1, insulin-like
growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; EPO, erythropoietin; VEGF, vascular en‐
dothelial growth factor; CNTF, ciliary neurotrophic factor; TNF, tumor necrosis factor.
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These factors are mainly neurotrophins, proteins synthesized and secreted by the brain, spinal
cord, and other cells that are dependent on peripheral sensory neurons.

Neurotrophins are responsible for nerve growth and survival, synapse formation, and axonal
growth [18]. In general, neurotrophins provide neuroprotection, thus slowing down neuro‐
degeneration. Neurotrophins also prevent oxidative stress and inhibit apoptosis [19]. Neuro‐
trophic factors can be categorized in different ways based on their activities in preventing
neuronal cell death [19] or by their structural and functional affiliations (Figure 1). Accord‐
ingly, “classic” neurotrophins, ligands of glial-derived neurotrophic factor (GDNF), and
neuroprotective cytokines can be distinguished. The group of classic neurotrophins includes
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
and neurotrophin-4 (NT-4) [20]. Furthermore, factors that are connected with more than just
neural cells, such as IGF-1, also demonstrate potential as ALS therapies. Growth factors
involved in vasculogenesis, such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor, and angiopoietin, might also be correlated with ALS progression.

2. Trophic factors correlated with ALS

Previous studies have investigated the expression patterns of trophic factors in both in vitro
cultures and animal models of ALS. Data accumulated in the last decade suggest that trophic
factors are notable not only for monitoring ALS therapy and disease progression but also for
potentially helping in ALS diagnosis. SCs, particularly MSCs, exhibit higher levels of NGF,
BDNF, and VEGF expression after stimulation with protein extracts from the brains and spinal
cords of transgenic SOD1 (G93A) rats (an animal ALS model) [21]. The fact of changing levels
of these proteins at various disease stages demonstrates that they might be essential during
ALS development and progression. Therefore, exploiting their potential in treatment is highly
desirable. Unfortunately, their pharmacokinetic constraints, including their restricted ability
to cross the blood-brain barrier (BBB) [22] and penetrate gray matter, limited bioavailability,
and relatively short half-life [23], hinder their efficient use. Hence, other approaches of
neurotrophin delivery, e.g., with viral vectors or by SCs grafts, are worth investigation.
Recently, it has been reported that SCs derived from umbilical cord blood, an ethically sound
source of SCs, express higher levels of neurotrophic factors when cultured under stress
conditions [24]. Furthermore, in patients with ALS who received autologous transplant of bone
marrow-derived stem/progenitor cells, slower disease progression was positively correlated
with higher NTs expression levels [25].

The most promising studies aimed at assessing the involvement of neurotrophins and other
growth factors in ALS and their potentials in ALS treatment are summarized below.

3. Brain-derived neurotrophic factor

BDNF was discovered in 1982 by purification from pig brain as a protein responsible for
promoting survival of sensory neurons [26]. BDNF is considered to be the best characterized
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BDNF, and VEGF expression after stimulation with protein extracts from the brains and spinal
cords of transgenic SOD1 (G93A) rats (an animal ALS model) [21]. The fact of changing levels
of these proteins at various disease stages demonstrates that they might be essential during
ALS development and progression. Therefore, exploiting their potential in treatment is highly
desirable. Unfortunately, their pharmacokinetic constraints, including their restricted ability
to cross the blood-brain barrier (BBB) [22] and penetrate gray matter, limited bioavailability,
and relatively short half-life [23], hinder their efficient use. Hence, other approaches of
neurotrophin delivery, e.g., with viral vectors or by SCs grafts, are worth investigation.
Recently, it has been reported that SCs derived from umbilical cord blood, an ethically sound
source of SCs, express higher levels of neurotrophic factors when cultured under stress
conditions [24]. Furthermore, in patients with ALS who received autologous transplant of bone
marrow-derived stem/progenitor cells, slower disease progression was positively correlated
with higher NTs expression levels [25].

The most promising studies aimed at assessing the involvement of neurotrophins and other
growth factors in ALS and their potentials in ALS treatment are summarized below.

3. Brain-derived neurotrophic factor

BDNF was discovered in 1982 by purification from pig brain as a protein responsible for
promoting survival of sensory neurons [26]. BDNF is considered to be the best characterized
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neurotrophic factor in the central nervous system (CNS), mainly because of its crucial role in
the maintenance of normal brain function. Similar to other neurotrophins, BDNF may interact
via a common p75NTR receptor or a specific tropomyosin-related kinase receptor, TrkB [27].
After binding of BDNF to TrkB and autophosphorylation of the receptor, three signaling
pathways are activated: the phosphatidylinositol 3-kinase pathway (PI3K), mitogen-activated
protein kinase/extracellular signal-regulated protein kinase pathway (MAPK/ERK), and
phospholipase Cγ pathway (PLCγ) [28]. Expression of BDNF is increased in the hippocampus,
cerebral cortex, cerebellum, and amygdala of the brain [29]. BDNF has many functions during
both the development and normal function of the mature human brain, such as promoting the
elongation and growth of neurites and initiating axon formation [30]. Notably, effects exerted
by BDNF on neural cells differ depending on the method of stimulation. Dendritic cells
exposed to increasing levels of neurotrophin for a certain time exhibit enlarged branching,
whereas acute, transient elevation of BDNF concentrations results in neurite elongation and
spine head enlargement [31]. BDNF is also involved in the formation, stabilization, and
modulation of synaptic connections [32, 33]. Consequently, BDNF is deeply associated with
normal CNS functions and exerts a plethora of actions that are crucial for neural tissue survival.
Therefore, impaired expression of BDNF appears to be implicated in many diseases connected
with the nervous system, including ALS.

Preclinical studies performed on a mice model of ALS, SOD1 (G93A), demonstrated that BDNF
promotes the survival of neuronal cells [18]. A study conducted in wobbler mutant mice
(another ALS model) injected with recombinant human BDNF resulted in a slower rate of grip
strength decrease and greater muscle tensions compared with control animals [34]. However,
clinical trials based on BDNF injections in humans, both subcutaneous and intrathecal, have
not demonstrated noticeable improvements in ALS patients’ conditions [35, 36]. Clinical trials
with intrathecal delivery of BDNF were conducted in 2003 and 2005 but failed to demonstrate
any meaningful effect of BDNF on motor function because of small study sizes [37, 38].
Recently, it has been reported that muscle progenitor cells (MPCs) expressing BDNF, GDNF,
and insulin-like growth factor (IGF-1) injected into the legs of SOD1 mice delayed disease onset
and even prolonged the lifespans of treated animals by 13 days. Decreases in neuromuscular
junction degeneration and increased axonal survival were also observed [39]. However,
another study observed no prolonged lifespan in ALS mutant rats after intramuscular
transplantations of human mesenchymal stem cells (hMSCs) modified by lentiviral infection
to express BDNF. The same study reported that infection of the same hMSCs expressing GDNF
and VEGF into the muscle tissue of SOD1 (G93A) rats caused improvement in survival and
motor function of the subjects [40], suggesting that the positive effects observed in different
studies implementing neurotrophins against ALS were exerted by trophic factors other than
BDNF.

4. Glial-derived neurotrophic factor

GDNF was first isolated as a factor promoting the survival of dopaminergic neurons in
embryonic ventral midbrain cell cultures [41]. GDNF also improves motor neuron functions
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[42] and decreases the rate of apoptotic dopamine neurons in vitro [43] and in vivo after an
ischemic stroke [44]. In ALS patients, the levels of GDNF in the cerebrospinal fluid and muscle
biopsies are increased [45, 46]. Compared with other NTFs (including BDNF, NT-3, and NT-4),
GDNF exhibits almost 100 times higher efficacy in supporting the survival of spinal motor
neurons [47]. GDNF also has beneficial effects on neuronal cells in SOD-1 (G93A) mice. NPCs
expressing GDNF decreased the loss of motor neurons and stimulated changes in trophic factor
expression in motor neurons of the spinal cord [23]. However, the same study did not observe
any correlation between the presence of GDNF and the integration of neuromuscular junctions
or disease progression [23]. In another study, hMSCs were genetically engineered to express
GDNF and subsequently injected into three muscle groups. The injected cells were able to
survive, graft, and further secrete GDNF. Moreover, an increase in the number of neuromus‐
cular connections and motor neuron cell bodies in the spinal cord was also observed. As a
result, hMSC-GDNF increased the lifespan of SOD-1 rats by up to 28 days [48]. Other studies
using intramuscular injections of cells expressing GDNF from adenoviral transduction have
also observed beneficial effects of GDNF on neurons in ALS animal models [49, 50]. These
effects may be exerted by preventing apoptosis by preserving the Akt signaling pathway [51].
Taken together, GDNF seems to be a promising candidate for ALS treatment. However, there
remain no clinical studies with this trophic factor in ALS patients. Moreover, GDNF may not
have the ability to cross BBB [52], which compels the need to consider other routes of admin‐
istration to the CNS, such as intracerebroventricularly.

5. Vascular endothelial growth factor

The first member of VEGF protein family was described from the discovery of vascular
permeability factor (VPF), which is responsible for increasing tumor-induced vascular
permeability [53]. VPF has also been observed in other cell types and named VEGF (now it is
known as VEGF-A). VEGF is produced by many cell types, including macrophages, platelets,
keratinocytes, and renal mesangial cells. Expression of VEGF initiates during gastrulation and
is crucial for vasculogenesis and angiogenesis [54, 55]. In addition to the established roles of
the VEGF family in angiogenesis and lymphangiogenesis, it has also been suggested that these
proteins have prominent neurotrophic effects. VEGF family members are also involved in
nerve migration [56] and axonal guidance [57] and protect cells from the effects of damaging
agents, such as hypoxia, excitotoxicity, mechanical trauma, and serum deprivation [58–59]. In
2001, it was found that mice with deletion of the HIF-response (HIF - Hypoxia-Inducible
Factor) element in the VEGF promoter present adult-onset progressive degeneration of motor
neurons, similar to that encountered in ALS [60]. There have been several gene therapy
approaches using VEGF in animal models of ALS. In one of the first studies, delivery of VEGF
into the diaphragm, intercostal, facial, and tongue muscles before initial symptoms resulted
in delayed ALS onset. Furthermore, improved motor function and prolonged survival were
observed [61]. In another study, expression of VEGF was increased by the use of a zinc-finger
protein (transcription factor) delivered with an adenoviral vector to primary motor neurons.
It has been shown that increased VEGF expression in those cells increased stimulated axon
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outgrowth and enhanced nerve regeneration overall [62]. Despite the fact that the abovemen‐
tioned study was conducted in rats that underwent nerve-crush injuries and not in the SOD-1
(G93A) ALS model, their method of delivery has potential as an approach to regenerate neural
cells in ALS therapy. To date, the only study which implemented zinc-finger proteins as
transcription modulating factors in SOD-1 rats was based on the delivery of plasmid DNA to
a single muscle and did not result in any difference in lifespan between treated and control
animals. However, after six injections (one per week), better performance in behavioral tests
was observed in the treated SOD-1 (G93A) group [63]. Of note, SCs have also been imple‐
mented as a method of VEGF delivery. Intrathecal transplantation of human neural stem cells
(NSCs), which were modified to overexpress VEGF, significantly delayed disease onset and
prolonged lifespan in ALS model mice [64]. Transplanted cells have also exhibited the ability
to migrate to gray matter, integrate into the spinal cord anterior horn, and transform into motor
neurons [64]. Further examination of the expression levels of proteins associated with apop‐
tosis revealed that neuroprotective mechanisms might have been caused by apoptotic
regulation. In control animals injected with PBS, expression levels of proapoptotic Bax and
caspase 3 were significantly higher than antiapoptotic Bcl-2 and Bcl-xL, whereas the opposite
effect was observed in subjects injected with NSCs expressing VEGF [64]. Intracerebroven‐
tricular delivery of recombinant VEGF in an ALS rat model improved motor performance and
prolonged the survival of treated animals by up to 22 days [65]. VEGF also has the ability to
protect the innervation of neuromuscular junctions (NMJs) in ALS [66]. Currently, there is one
ongoing clinical trial that is based on intracerebroventricular administration of sNN0029
(rhVEGF165). To date, no results from this trial have been published.

6. Insulin-like growth factor 1

IGF-1 was discovered in 1957 as a factor stimulating the incorporation of sulfate into rat
cartilage [67]. IGF-1’s insulin-like activity was described later [68], and the growth factor
mediator of anabolic and mitogenic function was named insulin-like growth factor. IGF-1 is
secreted mostly by the liver and acts as an endocrine hormone after transportation to other
tissues [69]. The effects of IGF-1 on neural cells were first reported in 1987 when the expression
of IGF-1 receptors was observed in CNS neural cells. Afterward, other studies have reported
that IGF-1 is involved in signaling between developing muscle and motor neurons in spinal
cord and induces proliferation and nerve sprouting in adult muscle [70]. Moreover, IGF-1
promotes GDNF actions and stimulates neuroprotection [71]. Preclinical studies testing IGF-1
in animal models have validated these abilities. SOD-1 (G93A) mice injected with an adeno-
associated virus 2 (AAV2)-based vector encoding IGF-1 into their spinal cords presented
delayed disease onset, slower weight loss, and increased survival in treated objects [72]. A
similar study conducted in a rat ALS model employing AAV2 to deliver IGF-1 into the spinal
cord reported a reduced loss of motor neurons [73]. In 2008, a clinical trial on IGF-1 with ALS
patients was performed. In this study, 330 patients were subjected to subcutaneous injections
of recombinant human IGF-1 daily for 2 years [74]. After 2 years, no differences in muscle
function or survival rate were observed between treated patients and the placebo group. The

Trophic Factors in the Therapeutic Challenge Against ALS: Current Research Directions
http://dx.doi.org/10.5772/63428

219



authors concluded that IGF-1 does not provide benefits for ALS patients. No preclinical studies
have demonstrated any beneficial effects of subcutaneously administered IGF-1 either.
Positive outcomes were only observed after intrathecal injections or when the trophic factor
was delivered with a viral vector, indicating that the method of administration might be crucial
for successful treatment. Another study conducted on nine ALS patients intrathecally injected
with IGF-1 every 2 weeks for 40 weeks reported that their method of administration caused
modest but significant beneficial effects [75].

7. Glucagon-like peptide 1

GLP-1 is an endogenous peptide responsible for controlling plasma glucose levels by stimu‐
lating insulin synthesis and its secretion from pancreatic β cells [76]. So far, little is known
regarding the role of GLP-1 in the physiology of neural tissue. However, GLP-1 receptors have
been observed on the neurons of various brain regions, including the hippocampus, cerebel‐
lum, and cerebral cortex [77], indicating that it is involved in proper neuronal function. GLP-1
protects neural cells from excitotoxicity [78] and participates in learning and memory processes
[79]. All of these features make GLP-1 a potentially useful factor to investigate for ALS therapy.
An in vitro study using motor neurons derived from Sod-1 (G93A) transgenic mice that were
exposed to kainite (excitotoxic stimulus) reported that a synthetic analogue of GLP-1 exhibited
neuroprotective effects [80]. The neuroprotective potential of GLP-1 has also been tested in a
mouse model of ALS. Human MSCs were transfected with a plasmid vector encoding GLP-1,
encapsulated and subsequently injected into the cerebral ventricle [81]. This method of
treatment significantly prolonged the lifespans of treated animals (by 13 days), delayed
symptom onsets, decreased weight loss, and caused improvements in motor performance
tests. These data suggest that GLP-1 may become a new target for ALS therapeutic research.
However, further in vivo studies optimizing administration route and delivery methods
should be conducted in animal models before effective use in any clinical trial.

8. Conclusions

As long as the exact cause of ALS remains elusive, it will be hard to propose any fully effective
and accurately targeted form of therapy. Therefore, clinical trials should consider the broadest
spectrum of neuroprotection possible. However, the methods employed have not always been
standardized based on the results of preclinical research in animal models, resulting in
ambiguous results in different studies performed in ALS patients. Since trophic factors have
the ability to support survival and strengthen the functions of neural cells, further, more
extensive studies are required to precisely investigate the real role of humoral activity in the
natural history of ALS. To date, the most promising effects appear to be those obtained in
studies employing VEGF and GDNF; however, clinical trials conducted on large numbers of
patients remain lacking.
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Abstract

Advances in diagnostic techniques and high-throughput biotechnologies provide a
compelling  opportunity  to  improve  the  diagnosis  and  treatment  of  diseases  by
developing a “New Taxonomy” that defines diseases on the basis of their underlying
molecular and environmental  factors rather than on traditional  physical  signs and
symptoms. Oncology represents the first interesting example of how genomic medicine
has changed the understanding of diseases and their therapy. However, much work
remains to be completed on the molecular characterization and classification of complex
and multifactorial diseases, including neurodegenerative disorders. Our research group
has recently shown the genomic heterogeneity of sporadic amyotrophic lateral sclerosis
(SALS), identifying two divergent subtypes associated with differentially expressed
genes  and  pathways  and  providing  several  potential  biomarkers  and  therapeutic
targets. This chapter reviews the results emerged from our work, highlighting how
molecular characterization of SALS patients may provide a framework for developing
a more precise  and accurate  classification of  diseases  that  could revolutionize  the
diagnosis, therapy, and clinical decisions of diseases, leading to more individualized
treatments and improved outcomes for patients.

Keywords: ALS, expression profiling, genomics, molecular taxonomy, pathway anal‐
ysis, system biology
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1. Introduction

The current diagnosis and classification of diseases are primarily based on physical signs and
symptoms that, despite providing valuable information about clinical course, are often not
sufficient to fully characterize the complex and heterogeneous nature of many disorders.

The completion of the human genome sequencing together with advances in high-throughput
genomic, proteomic, imaging, and other diagnostic techniques in the past decades has
provided a framework for developing a new, more accurate, and refined “molecular taxono‐
my” of human diseases which implies the use of molecular data (i.e., gene expression, copy
number variants, single nucleotide polymorphisms, and haplotype analysis) to classify
patients into distinct subgroups with differing diagnostic, prognostic, or therapeutic implica‐
tions. This new disease classification has profound implications not only providing new
insights into studying mechanisms and environmental causes underpinning diseases but also
facilitating the development of a more precise diagnosis and individualized treatment for
optimal therapeutic efficacy [1–3]. One seminal example of how molecular data may translate
into clinical practice is represented by the “drug repositioning “approach. In fact, many drugs
that were abandoned at clinical stages because of their low efficacy and/or toxicity in a specific
subtype of patients may be re-evaluated for their potential therapeutic role with the consequent
possibility to reduce both the time and costs associated with drug discovery and development
[4].

Oncology offers multiple examples of how genomic medicine has changed disease under‐
standing and drove targeted therapeutic interventions. Numerous studies, in fact, have
demonstrated the power and ability of gene expression profiling, and other molecular
approaches, to classify and substratify patients with various types of cancer (e.g., glioblastoma,
breast, and colon carcinoma) into selective clinically relevant subtypes characterized by similar
clinicopathological features but different biological properties, prognostic biomarkers, and
treatment options [5]. Based on these promising results, over the past years, this new molecular
reclassification has been extended to other polygenic and multifactorial human disorders,
including cardiovascular and rheumatic diseases and multiple sclerosis [6]. However, a lack
of progress remains in the understanding of detailed molecular mechanisms of several
neurological and neurodegenerative diseases mainly because of the limited access to human
brain tissues. Thus, the patient-specific molecular diagnosis of many neurological disorders
and the consequent translation of this into tailored clinical trials and specific treatments remain
challenging tasks [7].

Recently, by using an unsupervised hierarchical clustering analysis on motor cortex samples
of patients with sporadic amyotrophic lateral sclerosis (SALS), our research group has
identified two greatly divergent subtypes, each associated with differentially expressed genes
and biological pathways [8]. These experiments highlight, for the first time, the genomic
heterogeneity of SALS, revealing new clues for defining molecular signatures for this disease
that were not put in evidence by considering SALS as a single entity. Moreover, the altered
pathways of biological molecules in SALS also provided a number of potential biomarkers and
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therapeutic targets that could be used for developing personalized diagnosis and treatment of
amyotrophic lateral sclerosis (ALS) [9, 10].

In this chapter, we will first briefly review the current state of the art in the ALS classification
system, showing how the recent advances in technology and genetic discoveries have revo‐
lutionized ALS research. Then, we will discuss our data, the experimental setup, and results,
highlighting how the molecular characterization of SALS patients may provide a framework
for developing a new taxonomy of the disease and establishing the foundation for personalized
medicine in ALS.

2. Amyotrophic lateral sclerosis: an overview

ALS is a neurodegenerative disease characterized by the progressive muscular paralysis
reflecting the degeneration of upper and lower motor neurons which leads to respiratory
insufficiency and death after three to five years. ALS is the commonest of the motor unit
diseases in Europe and North America and its incidence ranges from 1.7 to 2.3 cases per 100,000
population per year worldwide [11]. Currently, there is no cure or prevention for ALS and
Riluzole is the only disease-modifying medication presently approved by the US Food and
Drug Administration (FDA) for the treatment of ALS [12]. Riluzole is largely symptomatic and
prolongs survival but only with a modest effect. Many clinical trials have been performed but
have unfortunately had limited success [13]. Thus, the development of novel treatments and
diagnostic research strategies is a goal of increasing urgency.

Accurately understanding the etiopathogenic mechanisms underlying ALS is a crucial step for
developing effective diagnostic–therapeutic strategies. Approximately 95% of the cases are
isolated or sporadic (SALS), while about 10% are familial (FALS), showing autosomal domi‐
nant, recessive, or X-linked inheritance. Although genetic studies in FALS are rendered
difficult by the late onset of disease, its incomplete penetrance and the short survival of affected
family members, several familial ALS loci, and genes have been identified [14–16], such as
SOD1, ALSIN, SETX, SPG11, FUS, VAPB, ANG, TARDBP, FIG4, OPTN, ATXN2, and
C9ORF72. The contribution of genetic risk factors also seems to be considerable into the
sporadic form of the disease [16]. Despite the identification of several disease-linked mutations,
the etiology and pathogenesis of ALS remain largely unknown, supporting the multifactorial
and complex nature of this disease, in which multiple genetic variants, each of the small effects,
combine with a variety of environmental triggers and risk factors [14, 16–18].

The diagnosis of ALS is primarily based on the clinical observation of symptoms, physical
signs, progression, and electrodiagnostic testing, in accordance with the “El Escorial” criteria.
These represent a catalog of clinical and diagnostic features, specified by the World Federation
of Neurology (www.wfneurology.org), that aim to exclude “ALS-mimic” syndromes (i.e.,
cervical spondylotic myelopathy, multifocal motor neuropathy, and Kennedy's disease) and
permit to classify ALS patients for research studies [19–21]. The broad clinical spectrum of ALS
comprehends distinct phenotypes ranging from pure upper motor neuron disease to pure
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lower motor neuron disease, with several different intermediate forms (classic, flail arm, flail
leg, pyramidal, respiratory, and bulbar), each characterized by different degrees of involvment
of Upper Motor Neurons (UMN) and Lower Motor Neurons (LMN), body regions that are
affected, degrees of involvement of other systems especially cognition and behavior, and
progression rates [22].

Although clinical neurophysiology in ALS plays a fundamental role in both diagnosis and
assessment of its severity and progression, the initial symptoms of ALS are often subtle (limb
or shoulder weakness and difficulty in walking), leading to a delay in the diagnosis as well as
misdiagnosis and, consequently, restricting the possibilities for effective preventive and
therapeutic strategies [23]. Thus, the adequate integration of neurophysiological techniques
and advanced biological methods is essential in order to obtain a better understanding of
disease pathogenesis, support earlier diagnosis, inform about prognosis, and monitor ALS
progression in clinical trials.

The advent of high-throughput techniques—microarrays and next-generation sequencing—
has shed light on the pathophysiology of complex diseases, including ALS and oriented
researchers from a single-molecule analysis toward a “system biology” approach, offering a
better understanding of the molecular mechanisms that, interacting with each other, may
contribute to ALS pathogenesis [4].

3. Transcriptional analysis in ALS

In the last decade, the quantification of the transcriptome has represented one of the most
informative research strategies for both discovering and defining mechanisms of pathogenesis
in ALS as well as facilitating the discovery of biomarkers or new therapeutic approaches [24,
25]. In this regard, high-throughput genomic technologies, such as DNA microarrays, have
been developed to simultaneously screen, on a genome-wide scale, the expression of thou‐
sands of genes in parallel in the same experiment, providing a more detailed picture of the
ALS-related profile of molecular changes occurring during the disease progression [24, 26–
28]. Both ALS post-mortem tissues (e.g., brain, spinal cord, cerebrospinal fluid, and blood) and
those taken from animal models have been investigated with this purpose, revealing the
involvement of several cellular events into ALS pathobiology, including mitochondrial
dysfunction, enhanced apoptosis, glutamate-mediated excitotoxicity, oxidative stress, protein
misfolding/aggregation, abnormal calcium metabolism, and altered axonal transport and
neuroinflammatory cascades [29, 30]. However, because of the inherent complexity of nervous
tissue and the need for post-mortem material, the existing genomic studies of ALS were
restricted to a limited number of post-mortem ALS samples (≤11 motor cortex and 14 spinal
cord), which did not permit the inclusion of genome changes within a framework of pathways
or networks [24, 26–28].

Update on Amyotrophic Lateral Sclerosis232



lower motor neuron disease, with several different intermediate forms (classic, flail arm, flail
leg, pyramidal, respiratory, and bulbar), each characterized by different degrees of involvment
of Upper Motor Neurons (UMN) and Lower Motor Neurons (LMN), body regions that are
affected, degrees of involvement of other systems especially cognition and behavior, and
progression rates [22].

Although clinical neurophysiology in ALS plays a fundamental role in both diagnosis and
assessment of its severity and progression, the initial symptoms of ALS are often subtle (limb
or shoulder weakness and difficulty in walking), leading to a delay in the diagnosis as well as
misdiagnosis and, consequently, restricting the possibilities for effective preventive and
therapeutic strategies [23]. Thus, the adequate integration of neurophysiological techniques
and advanced biological methods is essential in order to obtain a better understanding of
disease pathogenesis, support earlier diagnosis, inform about prognosis, and monitor ALS
progression in clinical trials.

The advent of high-throughput techniques—microarrays and next-generation sequencing—
has shed light on the pathophysiology of complex diseases, including ALS and oriented
researchers from a single-molecule analysis toward a “system biology” approach, offering a
better understanding of the molecular mechanisms that, interacting with each other, may
contribute to ALS pathogenesis [4].

3. Transcriptional analysis in ALS

In the last decade, the quantification of the transcriptome has represented one of the most
informative research strategies for both discovering and defining mechanisms of pathogenesis
in ALS as well as facilitating the discovery of biomarkers or new therapeutic approaches [24,
25]. In this regard, high-throughput genomic technologies, such as DNA microarrays, have
been developed to simultaneously screen, on a genome-wide scale, the expression of thou‐
sands of genes in parallel in the same experiment, providing a more detailed picture of the
ALS-related profile of molecular changes occurring during the disease progression [24, 26–
28]. Both ALS post-mortem tissues (e.g., brain, spinal cord, cerebrospinal fluid, and blood) and
those taken from animal models have been investigated with this purpose, revealing the
involvement of several cellular events into ALS pathobiology, including mitochondrial
dysfunction, enhanced apoptosis, glutamate-mediated excitotoxicity, oxidative stress, protein
misfolding/aggregation, abnormal calcium metabolism, and altered axonal transport and
neuroinflammatory cascades [29, 30]. However, because of the inherent complexity of nervous
tissue and the need for post-mortem material, the existing genomic studies of ALS were
restricted to a limited number of post-mortem ALS samples (≤11 motor cortex and 14 spinal
cord), which did not permit the inclusion of genome changes within a framework of pathways
or networks [24, 26–28].

Update on Amyotrophic Lateral Sclerosis232

4. Toward a molecular classification of SALS patients: our experience

Recently, our research group has analyzed whole-genome expression profiles of motor cortex
samples from control and SALS patients [8]. In particular, using an unsupervised hierarchical
clustering, we were able to separate control from SALS patients and subdivide the latter into
two different subgroups (SALS1 and SALS2), based on differentially expressed genes and
pathways. This molecular stratification of SALS patients has permitted us to reveal a novel
etiopathogenic mechanism that was not emerged by considering SALS as a single entity,
providing new interesting opportunities for defining molecular signatures for the disease.
Moreover, our analysis has revealed a good number of potential therapeutic targets for the
treatment of ALS patients [9, 10]. In the following sections, we will review our results,
highlighting their potentiality for developing a new molecular taxonomy of ALS disease
moving increasingly toward the idea of a personalized medicine for patients.

4.1. Data and results

To uncover the entire spectrum of genes and pathways involved in ALS pathology, we have
analyzed whole-genome expression profiles of motor cortex samples from control and SALS
patients [8]. In particular, we monitored whole genome mRNA expression profiles of genes in
motor cortex of control (10) and SALS (31) patients. Unsupervised hierarchical clustering was
used to cluster control and SALS patients on the basis of their similarities measured over the
most informative genes (9646). Transcriptomic profiles obtained in cortex samples produced
a good separation of controls and SALS patients, segregating these latter into two greatly
divergent groups: SALS1 and SALS2 (Figure 1a). Interestingly, this patient stratification was
not related to technical variations (arrays hybridization) or patient demographics (gender, age
at onset, age at death, survival time from the date of onset, post-mortem intervals (PMIs))
(Figure 1a). By comparing gene expression profiles in SALS patients to controls, we identified
a good number of significantly differentially expressed genes: 4485 in SALS1 and 16144 in
SALS2. Although some of these genes (1268) were differentially expressed in both pairwise
comparisons, the majority of differentially expressed genes were cluster specific (Figure 1b).
A larger number of genes (21,930) were differentially expressed between SALS1 and SALS2,
indicating these clusters were greatly divergent at the genomic level. Moreover, in order to
depict genome changes within a framework of pathways, the most informative genes were
subjected to pathway analysis by using functional ontologies represented in the MetaCore
repository [31]. Statistically significant canonical pathways emerged from our analysis were
involved in different cellular processes: apoptosis and survival, cell adhesion, cytoskeleton
remodeling and axonal transport, cell cycle, immune response, energy metabolism, and signal
transduction (Figures 2–5).

4.2. Pathway analysis and exploration of potential drug targets in ALS

In the following sections, we will review functional clusters of coregulated genes and path‐
ways emerged in our previous work in light of the main pharmacological targets present,
potentially useful for the development of more effective and personalized treatments for
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Figure 1. Panel a: Unsupervised hierarchical clustering of control and SALS patients and correlation between patient
stratification and technical variation (array hybridization) or patient demographic (gender, age at onset, age at death,
survival time from date of onset, and PMIs). Unsupervised hierarchical clustering (similarity measure: Pearson cen‐
tered; linkage rule: average) was used to cluster control and SALS patients on the basis of their similarities measured
over the most informative genes expressed in motor cortex (9646 genes with a standard deviation >1.5). Similarly, the
same genes were clustered on the basis of their similarities measured over the motor cortex of control and SALS pa‐
tients. In this two-dimensional presentation, each row represents a single gene and each column a motor cortex from
control or SALS patients. In the “microarray slide” bar, samples hybridized on the same array are shown with the
same color. As shown in the color bar, red indicates upregulation, green downregulation, and black no change. White
squares indicate the n/a values. In the dendrograms shown (left and top), the length and the subdivision of the branch‐
es display the relatedness of the expression of the genes (left) and the motor cortex (top). Although SALS patients
could be clearly distinguished on the basis of their motor cortex gene expression patterns, no significant association
was found between their clinical characteristics and cluster assignment. Panel b: Venn diagrams of differentially ex‐
pressed genes in the motor cortex of control and SALS (clusters 1 and 2) patients. Panel c: Pathways differentially de‐
regulated in cluster SALS patients. Red boxes represent cellular processes mainly upregulated, green bars
downregulated, red/green bars indicate signal pathways both up- and downregulated, and gray bars indicate no sig‐
nificant change when compared to controls.
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ALS patients [8–10]. In particular, we focused our attention on primary targets of drugs ac‐
tually undergoing to preclinical or clinical studies for several clinical diseases, including
neurodegenerative [8, 9]. As described below and represented in Figure 1c, deregulation of
identified genes and pathways in SALS patients was cluster specific.

4.2.1. Apoptosis and survival

A shift in the delicate balance between apoptosis- and survival-inducing genes plays a role in
most neurodegenerative diseases, including ALS. We identified a number of genes, some
encoding for potential drug targets, previously associated with apoptosis and survival that
resulted deregulated in the cortex of SALS patients (Figure 2a) [8].

SALS2 patients showed increased expression of some genes involved in the triggering of the
neuroinflammation and extrinsic apoptotic signaling cascade (Fas-L, FADD, RIPK1, and p38

Figure 2. MetaCore analysis of altered signaling pathways in the motor cortex of SALS patients. Panel a: Apoptosis
and survival. Panel b: Cell cycle. Panel c: Immune response. All maps are drawn from scratch by GeneGo annotators
and manually curated and edited. Experimental data are visualized on the maps as blue (for downregulation) and red
(upregulation) thermometers indicating expression ratio in the following conditions: 1 (SALS1/control) and 2 (SALS2/
control). Some of the differentially expressed genes (highlighted with a yellow circle) are direct or indirect targets of
experimental or therapeutic drugs. For each known drug target-pharmacological compound, we connect (dashed line)
the drug to the target on which it acts. The line color indicates drug effect on target: red for inhibition and green for
activation. Pathway objects and links are described separately in Supplementary Figure 1.
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MAPK), accordingly with previous data found in degenerating spinal cord and cerebral cortex
motor neurons of ALS mouse models [8]. Among these genes, Fas ligand (FasL or CD95L) may
represent a possible target to block or slow the progressive degeneration of the motor neurons
in ALS. In fact, preclinical studies have shown that Lenalidomide, a potent immunomodula‐
tory agent that inactivates downstream effector caspases also by reducing the Fas-L expression,
extends survival in transgenic mouse models of ALS [9]. Expression of genes encoding proteins
(caspase-4, 6, 9, ICAD, and CAD) involved in one of the major processes responsible for the
execution phase of cell apoptosis, the caspases signaling, resulted deregulated in SALS2
patients (Figure 2a), in accordance with previous findings showing their involvement in
motoneuron degeneration in ALS [8].

Deregulated expression of pro- and antiapoptotic regulators (BAD, BID, BCL-2, BAX, and
cytochrome c) involved in the mitochondrial intrinsic signaling pathway was also observed in
SALS patients, supporting the evidence that the altered functionality of this system contributes
to trigger motor neurons degeneration in both ALS patients and animal models [8]. Although
the role of these factors in ALS pathogenesis should be further investigated, promising results
were obtained from their pharmacological modulation. An example is represented by sodium
phenylbutyrate, a programmed cell death inhibitor actually in phase II clinical trials for ALS
that exerts its neuroprotective effects by pharmacological induction of BCL-2 with subsequent
block both of cytochrome c release and caspase activation, contributing to slow the motor
neuron death in ALS mice and patients [9].

The expression of Beclin1, a key autophagy-related gene previously linked to ALS neurode‐
generation, was found increased in SALS patients, while that of NF-κB (nuclear factor kappa
light chain enhancer of activated B cells) was identified with an opposite regulation in SALS
patients (decreased in cluster 1 and increased in cluster 2) [8]. This apparent discrepancy may
be explained by the controversial role of NF-κB on neurons. It is, in fact, a protein complex
involved in various cellular mechanisms, including immune response and transcription
regulation, cytokine production, and cellular responses to oxidative stress as well as processes
of synaptic plasticity and memory. Although low levels of NF-κB have been related to loss of
neuroprotection, its increased expression has been related to neuroinflammatory processes
[32]. Several NF-κB pharmacological inhibitors, including dl-3-n-butylphthalide (dl-NBP),
have been tested in preclinical studies showing to exert a neuroprotective role in ALS mainly
by inhibiting programmed cell death and inflammation, reducing oxidative damage and
improving mitochondrial function [9]. Based on these promising results, further studies aimed
at defining the role of NF-κB in ALS pathogenesis are needed to elucidate its potentiality as a
pharmacological target for personalized treatments of ALS patients.

4.2.2. Cell cycle

Progress in cell cycle is driven by oscillations in the activities of cyclin-dependent kinases
(CDKs), which are controlled by periodic synthesis and degradation of cyclins as well as by
other regulators. Alterations in gene expression and cellular distribution of these and other
cell-cycle regulating proteins characterize several human neurodegenerative diseases, in‐
cluding ALS [33–35]. In accordance with this hypothesis, we observed deregulated expres‐
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sion of genes encoding key regulators of G1, S, M, and G2 phases (Figure 2b), some of them
may represent an interesting candidate therapeutic target for ALS [9].

Increased expression of CDK4 and its regulatory subunit G1/S-specific cyclin-D3 were
observed in SALS patients (Figure 2b), supporting the theory that dysregulation of the cyclin
system may contribute to ALS neurodegeneration and that cell death may be the result of an
unsuccessfully attempt by terminally differentiated neurons to re-entry into the cell cycle [8].
If so, drug inhibitors of the cell cycle might counteract neuronal degeneration in ALS, as
suggested by in vitro studies on motor neurons. In fact, it has been observed that the pharma‐
cological treatment with the CDK4 inhibitors (AT7519M, Alvocidib, R547, P276-00, Palbociclib,
and Minocycline) currently studied for cancer treatment attenuates microgliosis and slows
down the neuronal degeneration in a series of CNS disease models, including ALS [9].
Additionally, drugs inhibiting cyclin D3 signaling, including the natural flavonoid silibinin,
also decrease CDK4 activity indirectly, with a consequent reduction of oxidative stress and
inflammation. Given this, inhibitors of the cyclin–CDK complexes may represent a new
promising avenue for ALS therapy and future clinical trials should be truly undertaken to
measure their efficacy in ALS patients.

In accordance with previous observations in both SOD1 transgenic mice and ALS patients, in
SALS2 patients we found the upregulation of Ataxia-telangiectasia-mutated (ATM), cell-cycle
checkpoint kinases (CHK1/CHK2), and the tumor suppressor gene P53, whose increased levels
have been associated with the arrest of the cell-cycle progression (Figure 2b) [8]. Although the
role of CHK2 in ALS pathology remains unclear, our data suggest that an increased activity
of this kinase may be the result of a DNA damage induced, for example, by diverse stress
conditions, resulting in the alteration of neuronal apoptotic mechanisms. Therefore, pharma‐
cological inhibitors of CHK2 (e.g., Rabusertib) may represent a promising therapeutic ap‐
proach for delaying the progressive motor neurons degeneration in ALS.

4.2.3. Immune response

The immune response has been implicated in ALS and may contribute to the pathogenesis of
disease or represent a response to damage. Reactive microglia and inflammatory processes
have been observed to coincide with ALS onset and disease progression in SOD1 transgenic
mice as well as post-mortem examinations of neural tissues in ALS patients show both innate
and adaptive immunity activation [36, 37]. Similarly, we found differential expression of an
extensive number of immune-related genes in the cortex of SALS patients (Figure 2c). While
further explorations are needed to clarify the positive and negative effects of this system in
ALS pathogenesis, its potential as a drug target is being explored [38].

Toll-like receptor 4 (TLR4) is among the immune-cell-specific genes upregulated in SALS
patients, which is a marker of innate immunity response and monocyte/macrophage activation
previously observed in reactive glial cells of spinal cords of ALS patients [8]. Several studies
have shown that TLR4-signaling inhibition could reduce neuroinflammatory processes
associated with ALS, supporting the potential therapeutic role of TLR4 inhibitors (Resatorvid,
Reparixin, and E5531) in improving the neurological functionality recovery after brain injury
and neuroinflammation [9].
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SALS patients sowed differential expression of genes encoding Janus kinase (JAK-1, KAK-2,
JAK-3, and Tyk-2) (Figure 2c), a family of tyrosine kinases mainly involved in the regulation
of gene expression whose dysregulation has been already associated with inflammation and
neurodegenerative diseases, including ALS [8]. The pharmacological blockade of JAK-STAT
pathway with JAKs inhibitors (AG490, AZD1480, and WHI-P131) has shown neuroprotective
effects also for slowing disease progression and increasing survival in an animal model of ALS
[9].

In SALS patients, we also observed deregulated expression of several gene encoding proteins
involved in antigen processing and presentation. Most of these genes were increased in SALS1
and reduced in SALS2 patients. Proteins involved in antigen presentation include major
histocompatibility complex (MHC) class I and class II molecules (HLA-A, HLA-B, and HLA-
C), TAP1, and calreticulin. MHC class I antigens were yet observed in the ALS affected tissues
and their pharmacological inhibition with the immunomodulatory drug glatiramer acetate
(GA) has shown neuroprotective effects in several neurological conditions [9]. This drug,
clinically used for the treatment of multiple sclerosis, is currently object of phase II clinical
trials for ALS. Proteins involved in antigen processing mainly belong to the proteasome/
immunoproteasome system (Figure 2c), one of the major intracellular proteolytic mechanisms
controlling the degradation of misfolded/abnormal proteins whose accumulation into
damaged neurons represents a common hallmark in ALS. The deregulation of the constitutive
and inducible proteasome subunits may not only influence the ubiquitin-mediated protein
degradation but also lead to the generation of peptides that can be used by MHC I molecules
for antigen presentation to the immune system, providing an interesting connection between
the immune responses and proteasome function [39]. In this regard, SALS1 patients also
showed the increased expression of serpin peptidase inhibitor, clade A, member 3 (SERPI‐
NA3), an acute phase reactant protein considered an important link between the immune/
inflammatory response and proteasomal turnover [8]. Our findings are consistent with the
previous results showing the upregulation of SERPINA3 in several ALS mouse models and
human studies.

The upregulation of several cytokines and IFNβ was also observed in SALS2 patients (Figure
2c). Enhanced expression of IFNβ was already demonstrated in the spinal cord of SOD1 mice
which seems to represent an early response to pathological changes in ALS. The downregu‐
lation of the potent anti-inflammatory cytokine interleukin-10 (IL-10) was observed in SALS2
patients (Figure 2c), sustaining the neuroprotective role of this factor against motor neuron
injury in ALS [8]. It is of interest to note that glatiramer acetate, in addition to its activity as
MHC regulator (as discussed above), also increases IL-10 levels suggesting that the multitarget
action of this drug may provide an avenue for the treatment of ALS [9]. Although the patho‐
genic role of cytokines in ALS is still unknown, previous studies have associated their
abnormal expression with the clinical status and some of these (IL8R, IL-5, IL-6R, IL-12, and
IL-23) have been suggested as potential targets for the pharmacological treatment of ALS
patients [9]. In this regard, different interleukin inhibitors, including those targeting the
chemokine receptor interleukin 8 receptor (IL8R, also known as CXCR2) (Reparixin, Navarixin,
Elubrixin, and SB332235) and IL-6 receptor (IL6R) (i.e., tocilizumab), showed excellent activity
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in vitro against inflammatory cascade activation in SALS patients. In addition, the anti-IL-12/
IL-23 monoclonal antibody ustekinumab has also shown neuroprotective properties, reversing
cognitive decline related to Alzheimer’s disease. Based on these evidences, further studies will
be needed to elucidate the potential clinical benefits of these and other inflammatory cytokine
inhibitors (such as JTP-27536) in the clinical treatment of ALS.

4.2.4. Cell adhesion

Dysfunction of the cell adhesion system may lead to alterations in cell–cell communication
and the formation of multicellular structure, promoting the development of neurodegenera‐
tive diseases, such as ALS [40]. Consistently, our analysis has revealed differential expres‐
sion of numerous genes involved in cell adhesion, mainly in SALS2 patients (Figure 3a).
These genes encode for 12 integrin receptors (ITGA1, ITGA2, ITGA3, ITGA5, ITGA6, ITGA7,
ITGA8, ITGA10, ITGA11, ITGAV, ITGB1, and ITGB4), three extracellular matrix molecules
(Collagen IV, Laminin 1, and Fibronectin), seven components of tight junctions (Claudin-1,
Claudin-3, Caludin-5, Jam1, Jam2, ZO-1, and ZO-2), and one component of Gap junctions
(Connexin 43) [8]. A significant decrease in both protein and mRNA levels of tight junction
components has been previously described in ALS patients and animal models. Although
such a vast deregulation of integrins has not yet been described, changes in plasma Fibro‐
nectin levels were already found in ALS patients and were significantly correlated with the
clinical progression of this disorder. A progressive decrease of Collagen IV has also been
demonstrated in serum and vascular structures of ALS spinal cord while high levels of Lam‐
inin 1, previously observed in ALS spinal anterior horn, may represent a protective measure
to aid neuronal survival. Integrins also play a role in the activation of focal adhesion kinase
1 (FAK-1) whose expression was upregulated in SALS patients (Figure 3a) as well as in oth‐
er neurological diseases, such as Alzheimer’s [8]. Interestingly, the pharmacological inhibi‐
tion of FAK-1 signaling cascade by the administration of FAK-1 inhibitors (such as PF562271
and Sulindac) was observed to extend the survival of G93A SOD1 mice [9].

SALS2 patients also show the differential expression of four extracellular matrix metallopro‐
teinases (MMP-1, 2, 9, and 13) together with the metallopeptidase inhibitor TIMP1. MMPs are
a family of zinc-dependent endoproteinases that regulate the extracellular matrix structure
and play an important role in synaptic remodeling, neuronal regeneration, and remyelination,
modulation of blood–brain and blood–cerebrospinal fluid barrier permeability and leukocyte
invasion in neuroinflammatory diseases [8]. Although the role of MMPs in ALS pathogenesis
is currently unknown, their altered levels may reflect degenerative processes of motor neurons
and tissues remodeling. Moreover, deletion of MMP-9 gene has shown to accelerate motor
neuron disease and shorten survival in mutant SOD-1 mice. Several studies have sustained
the potential role of MMP inhibitors as attractive candidates for ALS therapy and demonstrat‐
ed the beneficial effects of compounds inhibiting MMP expression, synthesis, and activity in
various neurodegenerative conditions [9]. Among these drugs, a particular attention should
be addressed to thalidomide, a potent anti-inflammatory drug, which is able to reduce MMP-2
and increase the lifespan of ALS animal models. Although this drug has shown promising
results in ALS patients, its clinical use is limited by a variety of side effects. Even so, other
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MMPI inhibitors (Marimastat, Tanomastat, Batimastat, ONO4817, Doxycycline, Rebimastat,
Pravastatin, S3304, Halofuginone, and Melphalan) in addition to their antineoplastic proper‐
ties have also gained interest for their therapeutic effects in several neurodegenerative
conditions, including Alzheimer’s disease [9].

Figure 3. MetaCore analysis of altered signaling pathways in the motor cortex of SALS patients. Panel a: Cell adhesion.
Panel b: Cytoskeleton remodeling and axonal transport. All maps are drawn from scratch by GeneGo annotators and
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the drug to the target on which it acts. The line color indicates drug effect on target: red for inhibition and green for
activation. Pathway objects and links are described separately in Supplementary Figure 1.

4.2.5. Cytoskeleton remodeling and axonal transport

The cytoskeleton is critical for neuronal maintenance and plasticity, neurite outgrowth, axonal
caliber, and transport. Our analysis uncovered differential expression of genes encoding major
components of the cytoskeleton in SALS patients, including intermediate filaments proteins
(Nestin, GFAP, Desmin, Desmuslin, Vimentin, Peripherin, Keratins 5, 8, 14, and 18), Actin,
Tubulin (alpha, beta, and gamma), Myosin, and all three neurofilament subunits (NEFL,
NEFM, and NEFH) (Figure 3b).

Tubulin beta proteins (TUBBs) belong to the tubulin family of proteins that, together with
alpha-tubulin, form and organize structures called microtubules. TUBBs are expressed in
neurons which are involved in several processes, including neurogenesis and axon guidance
and maintenance/remodeling. Differential expression of genes encoding TUBB1/TUBB3 was
observed in SALS patients (Figure 3b), supporting previous data that propose tubulin system
recovery as a possible mechanism for restoring the altered nerve signal in ALS [8]. In this
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regard, several studies support the ability of taxanes (Paclitaxel and Docetaxel) and other
microtubule-targeting drugs (Batabulin, Vinorelbine, and ABT751) to restore lost nerve signals
in neurodegenerative conditions, such as Alzheimer’s [9]. Although the potential neurotoxicity
of these drugs has limited their clinical use, the development of novel compounds may prevent
this side effect. Among these novel compounds, olesoxime, a potent trophic factor able to
promote neuronal survival and axonal sprouting, has shown prominent neuroprotective
properties for motor neurons in both in vitro and in vivo models.

Despite the controversial role of neurofilaments (NFs) in ALS, their aberrant accumulation in
the cell body and proximal axons of motor neurons is a hallmark of ALS [8]. A deletion of
NEFL subunits in an ALS mouse model, in fact, is accompanied by an increase of the NEFH
and NEFM subunits in the motor neuron cell bodies and their reduction in the axons, slowing
the onset and progression of the disease. Increased expression of the NEFH subunit has similar
effects, suggesting that NFs may act as buffer for processes that would otherwise be deleteri‐
ous, for example, offering phosphorylation sites for dysregulated intracellular tyrosine kinases
or reducing the axonal burden. Decreasing the axonal burden of NFs may thus protect motor
neurons, at least in part, by enhancing axonal transport, a hypothesis supported by the
observation of defects in slow axonal transport in presymptomatic ALS animal models.

Consistent with the view that impaired axonal transport may be involved in the degeneration
of motor neurons, we observed in SALS2 patients the downregulation of cytoplasmic Dynein
intermediate, light, and heavy chains, together with the p150Glued subunit of Dynactin
(DCTN1), implicated in retrograde transport of cargoes, such as endosomes (Figure 3b).
Mutations in the cytoplasmic Dynein heavy-chain gene have previously been found in two
mouse models, Legs at odd angles (Loa) and Cramping 1 (Cra1), with late-onset motor neuron
degeneration, while mutations of DCTN1 gene are responsible for a lower motor neuron
disorder with vocal cord paresis. In addition to this, decreased expression of DCTN1 has been
reported in motor neurons of patients with SALS suggesting that abnormalities in Dynactin
may play a role in the pathogenesis of ALS [8].

Aberration in axon guidance may also result from differential expression of Semaphorins,
Plexins, and Ephrins as well as of their receptors in SALS patients, together with their down‐
stream signaling factors (Cdc42, Rac, and RhoA) (Figure 3b). Increased expression of Sema‐
phorin 3A (SEMA3A), a protein involved in the regulation of axon and dendrite growth
guidance and neural system development, has previously been associated with deadhesion or
repulsion of motor axons away from the neuromuscular junction in terminal Schwann cell of
SOD1G93A transgenic mice, probably resulting in axonal denervation and motor neuron
degeneration [8]. An altered expression of SEMA3A, in fact, might lead to aberrant outgrowth
of corticospinal tract fibers from the cortex, the inappropriate guidance of cranial motor axons
and hyperfasciculation or defasciculation of both cranial nerves and MMC and LMC motor
axons. Although these changes in SEMA3A expression might be small and may not cause
obvious defects during early life, minor changes in motor neuron circuitry due to altered
SEMA3A expression may result in motor connections, which are more vulnerable to additional
genetic or environmental changes. Although the precise role of SEMA3A in the pathogenesis
of ALS is unclear, vinaxanthone and xanthofulvin, two selective SEMA3A inhibitors, have
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shown to promote neuronal regeneration, suggesting a potential role of this and other
SEMA3A modulatory drugs as protective agents against neurodegenerative conditions,
including ALS [9]. Promising results have also been obtained by the pharmacological inhibi‐
tion of downstream mediators of SEMA3A signaling cascade, such as cell division protein
kinase 5 (CDK5), whose expression resulted augmented in SALS1 patients (Figure 3b), in
accordance with previously published studies [8]. It has been, in fact, demonstrated that the
treatment with CDK5 inhibitors, including olomoucine and roscovitine, is able to reduce
neuronal death and microglial neurotoxicity as well as reverse axonal transport defects,
contributing to reduce ALS neurodegeneration [9]. The promising effects shown by these and
other CDK5 inhibitors (e.g., Alvocidib) encourage further studies aimed to evaluate the clinical
utility of this drug class in ALS therapy.

Similarly to Semaphorins, Ephrins have a variety of important functions including axonal
outgrowth and cytoskeletal structure development, neuronal connectivity, neuronal apopto‐
sis, synaptic maturation, and plasticity. It is, therefore, plausible that variability in such
molecules could contribute to the initiation and progression of neurodegenerative diseases. A
marked increase of Ephrin A1 has previously been found in motor neurons of SALS patients
and SNPs in several Ephrin and Eph receptor genes, including Ephrin B1, have been used to
predict susceptibility, survival free, and age at onset of ALS [8]. Our findings in ALS motor
cortex support the hypothesis that aberrant expression or function of Ephrins may induce
pathological changes in motor neuron circuitry and contribute to ALS pathogenesis.

4.2.6. Energy metabolism

Energy metabolism is an extremely complicated series of chemical reactions that breakdown
organic matter to harvest energy and involved two main processes: glycolysis and mitochon‐
drial oxidative phosphorylation (Figure 4). Among the proteins implicated in the glycolysis
process are 6-phosphofructokinase (PFKM and PFKP) and pyruvate kinase (KPYR and PKM2),
and MDH1, some enzymes of the rate-limiting step that were previously linked to ALS [8].
These genes were mainly downregulated in SALS2 patients. In the same patients, we observed
the coordinated decrease of several gene encoding proteins involved in the oxidative phos‐
phorylation pathway, including those encoding proteins of respiratory complex I (36/46
subunits), II (SDHB and SDHD), III (7/11 subunits), IV (6/13 subunits), and V (10/14 subunits
of the catalytic and membrane proton channel of ATP synthase), while a limited but significant
number of these genes were increased in SALS1 (Figure 4). Our findings are in agreement with
previous studies conducted on post-mortem ALS tissues in which an increase of complex I and
a deficiency of complex IV are reported. This apparent discrepancy may be explained by the
opposite behavior of SALS patients found in the present study (increase of complex I in SALS1
and decrease of complex IV in both clusters). Oxidative phosphorylation represents one of the
major cellular energy supply systems and its deregulation has been widely reported to play
an important role in ALS pathology [8]. Dysfunctional mitochondria, in fact, exhibit a reduction
in bioenergetics efficiency, putting neurons at risk of death when energy demands exceed
cellular energy production. Based on these findings, it appears evident that treatments
designed to improve respiratory chain function may ameliorate the progression of this
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disorder. In this regard, some drugs that can reverse mitochondrial dysfunction (Acetyl-L-
carnitine, Creatine, Minocycline, Olesoxime, Dexpramipexole, and Cyclosporine A) are
currently in clinical trials for ALS, showing to be effective and well tolerated [9]. Promising
preclinical results for ALS were also reported by other members of this drug class (Uridine,
Pyruvate, and Dichloroacetate), supporting the idea that mitochondria-targeted therapies may
restore bioenergetics defects observed in SALS2 patients.

Figure 4. MetaCore analysis of altered energy metabolism pathways in the motor cortex of SALS patients. The map is
drawn from scratch by GeneGo annotators and manually curated and edited. Experimental data are visualized on the
maps as blue (for downregulation) and red (upregulation) thermometers indicating expression ratio in the following
conditions: 1 (SALS1/control) and 2 (SALS2/control). Drugs potentially useful for reversing mitochondrial dysfunction
are shown on the right side of the map. Pathway objects and links are described separately in Supplementary Figure 1.
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4.2.7. Signal transduction

Neurosignaling involves the largest class of proteins and receptors that transmit chemical
signals from the cell surface to their intracellular targets. This section, for the multitude of
signaling cascades resulted altered in SALS patients, will be divided into two subsections
(neuropeptides and receptors, and neuromodulation and ion homeostasis).

4.2.7.1. Neuropeptides and receptors

Neurotrophins is a protein family that, among other things, is able to influence the survival
and death as well as the development, proliferation, and differentiation of neuronal and non-
neuronal cells. The loss of neurotrophins and their receptors and the consequent deleterious
effect on neuron health and stability is one of the major pathologic hallmarks of neurodege‐
nerative disorders, including ALS [41]. In accordance with this concept, our results showed
the differential expression of genes encoding several neuropeptides and relative receptors,
many of them represented potential drug targets, in the motor cortex of SALS patients (Figure
5a).

Deregulated expression of diverse adipokines, including Adiponectin, Leptin, and their
receptors, was found in SALS patients (Figure 5a) [8]. Beyond their peripheral effects on fat
metabolism and insulin sensitivity, these proteins and receptors are expressed in the brain
which regulate neuronal excitability and exert neurotrophic and neuroprotective effects.
Decreased expression of PTCH1 in SALS2 patients is in agreement with the neuroprotective
effects of Sonic hedgehog (Shh) signaling observed in ALS mouse models. The same patients
also showed downregulated expression of three gene encoding proteins implicated in neurite
outgrowth and ALS pathology: Myelin-associated glycoprotein (MAG), Reticulon-4, and its
receptor. Anti-MAG antibodies have been yet observed in ALS patients, whereas a number of
studies have implicated Reticulon-4 in ALS pathology, demonstrating a protective effect
against ALS-like neurodegeneration.

Several trophic factors and their receptors were also differentially expressed in SALS cortex
(Figure 5a) [8]. Among these, all are the epidermal growth factor receptors (EGFRs) and some
of their ligands, according to previous findings in liquor of ALS patients. Evidence suggests
that the activation of this signaling pathway may trigger quiescent astrocytes into reactive
astrocytes and, consequently, activate the neurodegenerative process. Pharmacological studies
showed that EGFR/ErbB2 inhibitors, clinically used in cancer treatment, have recently also
gained interest for their neuroprotective properties [9]. Particularly, some of these drugs
(Erlotinib, Genistein, and Masoprocol) seem to delay significantly disease onset in ALS animal
models. Belonging to the same pharmacological class is Suramin, a drug actually in preclinical
phase for several neurological diseases, including Alzheimer’s and Parkinson’s. Besides
inhibiting EGF signaling, Suramin is also able to inhibit the activity of histone deacetylase
(HDAC), nitric oxide synthase (NOS), and P2Y2, three proteins already widely associated with
ALS pathogenesis [42, 43]. The promising preclinical results obtained with above-mentioned
and other EGFR/ErbB2 inhibitors (PKI166, BMS690514, Canertinib, Gefitinib, and PD153035)
stimulate their future developments and clinical validations in the hope of translating them
into clinical practice.
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Decreased levels of Neuregulin were observed in SALS patients, coherently with previous
findings observed in cerebral spinal fluid of ALS patients, as well as aberrant Neuregulin
signaling was detected in both ALS patients and SOD1 mice [8]. Moreover, altered expression
of genes encoding three fibroblast growth factor receptors and seven of their ligands was
detected in SALS patients (Figure 5a). Reduced expression of FGF9 may be consistent with its
role as an autocrine or paracrine survival factor for motoneurons [8]. On the other hand, the
release of FGF-1 from motor neurons is expected to happen in response to oxidative stress
stimuli, leading to the accumulation of FGFR1 and activation of astrocytes that, in turn, could
initiate or promote apoptotic processes in ALS. In support of this theory, studies conducted
on FGFR inhibitors (e.g., PD166866) have shown promising effects, by preventing motor
neuron apoptosis in ALS mouse models, sustaining the need for additional studies to further
investigate the role of this and other inhibitors of FGF signal transduction (Orantinib, Brivanib,
Dovitinib, Suramin, and Pentosan polysulfate) in ALS therapy [9].

SALS patients also showed altered expression of genes encoding brain-derived neurotrophic
factor (BDNF), one member of the neurotrophin family of growth factors, and their receptors
(TrkA, TrkB, TrkC, and NGFR) (Figure 5a), according to an extensive amount of data sup‐
porting their implication in ALS humans and animal models [8]. In particular, a prolonged
TrkB activation may render motor neurons vulnerable to excitotoxic insult, contributing to
developing ALS. Therefore, therapeutic strategies aimed to inhibit TrkB signaling may result
promising for treating ALS. Although the development of TrkB inhibitors has been difficult,
mainly because of the central role of BDNF in cognitive functions, some selective compounds
(Cyclotraxin-B and Ana-12) have shown to decrease neurotoxicity without affecting neuronal
survival [9].

The expression of vascular endothelial growth factors (VEGF-A, VEGF-B, VEGF-C, and VEGF-
D) and their receptors (VEGF-R1, VEGF-R2, Neuropilin 1, and Neuropilin 2) was mainly
downregulated in SALS2 patients (Figure 5a). There are extensive evidence linking this family
of ligands and receptors to ALS pathology [44, 45] and treatment with VEGF was found to
strongly protect motor neurons from excitotoxicity and prevent neuronal death in different
models of ALS [8]. In addition, some drugs activating VEGF (SB-509 and Celecoxib) have been
tested in phase II clinical trials for ALS, showing encouraging results [9].

The downregulation of hepatocyte growth factor (HGF) was observed in SALS2 patients,
which is one of the most potent survival-promoting factors for motor neurons with potential
therapeutic effects on ALS (Figure 5a) [8]. Likewise, decreased expression of thyrotropin-
releasing hormone (TRH) receptor in SALS2 patients supports previous studies showing a
reduction of this receptor in the spinal cord of ALS patients and may explain the conflicting
results obtained by TRH therapy. Masoprocol is among TRHR agonist, which, besides its EGFR
inhibitor activity, is also able to exert neuroprotective effects through anti-inflammatory and
antioxidant properties as well as by reducing the glutamate neurotoxicity. In addition,
Taltirelin, another TRH analog, also exerts neuroprotective effects in several neurodegenera‐
tive conditions, contributing to make these attractive candidates for restore damaged or
maladaptive neural systems in ALS patients [9].
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The expression of several gene encoding G-protein coupled receptors and/or their ligands is
resulted altered in SALS patients (Figure 5a). Some of these, such as the Muscarinic acetyl‐
choline receptors, the endothelin-1, and its receptor EDNR-B, have been previously associated
with ALS pathology and pharmacological approaches, aimed to repair these defective
neuromodulatory signaling, are thought to slow motor neuron degeneration in ALS [8].
Several preclinical and clinical studies have corroborated this hypothesis, suggesting that
muscarinic agonists (such as Cevimeline, Xanomeline, Bethanechol, and Clozapine) may be
able to restore neuronal loss associated with diverse CNS disorders, including ALS. In the
same way, evidence has demonstrated that EDNR-B antagonists (such as BQ-788, Bosentan,
and IRL-2500) exert neuroprotective and neuroinflammatory properties [9].

Differential expression of leukemia inhibitory factor (LIF) and its receptor emerged from our
analysis is consistent with a study proposing LIF as a modifier gene in ALS, while that of
Angiotensin II and its type-1 receptor (AGTR1) is in agreement with previous studies showing
altered levels of Angiotensin II in liquor of ALS patients [8]. Moreover, angiotensin signaling
pathway has been recently proposed as a new potential target in ALS therapy [9]. In fact, agents
able to block AGTR1 (ARBs), such as Telmisartan, Olmesartan, and Candesartan, in addition
to their clinical usefulness as antihypertensive agents have also shown neuroprotective effects
in Alzheimer’s and other neuronal diseases. Among these drugs, olmesartan has manifested
neurotrophic properties on spinal motor neurons in vitro and in vivo. This drug class also exerts
its neuroprotective actions by significantly enhancing GLT-1 expression, whose loss of
function has been widely implicated in the pathogenesis of ALS.

The upregulation of purinergic receptor P2Y2 found in SALS patients (Figure 5a) is in
agreement with previous studies as well as that of insulin-like growth factor 1 receptor
(IGFR-1) that supports the critical role of this signaling cascade in ALS pathogenesis [8]. In this
regard, the inhibition of the IGF signaling pathway has been seen to increase lifespan and
prevent neurodegeneration in a variety of model organisms [9]. Simvastatin is among IGF
receptor inhibitors, which has shown to reduce the excitotoxicity and neuronal death occurring
in neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, suggesting that treatment
with this and other IGF receptor inhibitors (such as Masoprocol, BMS-754807, and Linsitinib)
may represent a potential strategy for the treatment of ALS.

4.2.7.2. Ion homeostasis

A number of genes encoding proteins and/or their receptors involved in the regulation of ion
homeostasis were deregulated in the motor cortex of SALS patients and some of them
(CACNA1C, GRIAs, and GABRs) may be taken into account as targets in ALS therapy (Figure
5a).

Decreased expression of L-type voltage-gated calcium channels (CACNA1C) (Figure 5a) is
consistent with the presence of immunoglobulins against this L-type voltage-gated calcium
channels in ALS patients, which correlate with disease progression and exert neurotoxicity [8].
The downregulation of three subunits of the N-methyl-d-aspartate (NMDA) receptor (GRIN1,
GRIN2A, and GRIN2D) observed in SALS2 patients (Figure 5a) is in agreement with previous
studies in animal models and with a large literature indicating that a dysfunction of these
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ligand-gated cation channels may be an underlying molecular mechanism in ALS [8]. Three
subunits of the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) glutamate
receptor were differentially expressed in SALS patients: GRIA1 increased in SALS1 patients,
whereas GRIA2 and GRIA3 were reduced in SALS2 (Figure 5a). Similar changes in expression
of GRIA1 and GRIA2 have been reported in SOD1 mice, whereas in human a defect in the
editing of the messenger RNA encoding GRIA2 has been previously reported. AMPA receptors
lacking the GRIA2 subunit are permeable to Ca2+ and the entrance of this cation might be
responsible for the selective vulnerability of spinal motoneurons in ALS. These results are in
accordance with the theory that the receptor-mediated glutamate toxicity, together with
alteration in neuronal calcium homeostasis, may induce pathological changes associated with
motor neurons in ALS. Therefore, pharmacological strategies aimed to minimize glutamate-
mediated neurotoxicity and restore impaired calcium homeostasis could result useful for the
treatment of the ALS condition. In this regard, preclinical studies conducted on FPL 64176 and
Bay K 8644, two CACNA1C agonists, have highlighted neuroprotective effects exerted by these
compounds in ALS [9]. Moreover, the administration of AMPA receptor antagonists has

Figure 5. MetaCore analysis of altered signaling pathways in the motor cortex of SALS patients. Panel a: Signal trans‐
duction. Panel b: FALS-linked genes. All maps are drawn from scratch by GeneGo annotators and manually curated
and edited. Experimental data are visualized on the maps as blue (for downregulation) and red (upregulation) ther‐
mometers indicating expression ratio in the following conditions: 1 (SALS1/control) and 2 (SALS2/control). Some of the
differentially expressed genes (highlighted with a yellow circle) are direct or indirect targets of experimental or thera‐
peutic drugs. For each known drug target-pharmacological compound, we connect (dashed line) the drug to the target
on which it acts. The line color indicates drug effect on target: red for inhibition and green for activation. Pathway ob‐
jects and links are described separately in Supplementary Figure 1.
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shown promising effects by re-establishing Ca2+ homeostasis and reducing glutamate
excitotoxicity. Among these, ZK 187638, NBQX, and GYKI-52,466 have shown protective
effects on motor neurons in ALS animal models, by improving motor functions and prolonging
survival. Moreover, also talampanel, another exponent of this drug class, has shown promising
results in preclinical stages for ALS, but only a limited efficacy has been observed when tested
in ALS patients. This clinical failure may be at least partly explained by the differential
expression of GRIA1 and GRIA2 observed in SALS patients (Figure 5a). In the light of this,
further studies are needed to re-evaluate the potential therapeutic benefits of talampanel for
the personalized treatment of ALS patients.

Downregulated expression of six subunits of the gamma-aminobutyric acid type A receptor
(GABA-A) was also found in SALS2 patients (Figure 5a) [8]. Although impaired GABAergic
signaling has been previously observed in the motor cortex of ALS patients, little is known
about its receptor composition. The few studies present in the literature confirm the reduced
expression of the alpha1 subunit in ALS patients. This may suggest GABA-A signaling agonists
as potential therapeutic agents able to reduce or prevent the progressive degeneration of motor
neurons occurring in ALS. In accordance with this theory, some GABA-A agonists (Ganaxo‐
lone, Clomethiazole, GT 1061, Clorazepate, Zolpidem, Eszopiclone, Pentobarbital, and GT
1061) have shown neuroprotective properties in several neurological conditions by preventing
excitotoxicity and neuronal loss [9].

4.2.8. Genes previously linked to FALS

Our analysis has revealed differential expression in the cortex of SALS patients of a large
number of genes whose mutations have been previously associated with FALS (Figure 5b)
and available in online databases, such as OMIM, ALSGene, ALS mutation database, and
ALSoD [8]. Deregulation of these genes provides a potential common pathogenic link between
familiar and sporadic ALS that may lead to the development of new strategies for the treatment
of both forms of ALS. VEGF is among these whose protective effects on motor neurons have
been previously discussed. Decreased expression of gene encoding VEGF was found in SALS2
patients (Figure 5b) as well as in individuals homozygous for a variety of mutations in the
VEGF promoter region, suggesting the loss of the neuroprotective role of this factor may
contribute to both forms of ALS [8].

Reduced expression of the sigma-1 receptor (SRBP1) and Spastin, an ATPase microtubules-
binding protein necessary for normal neurite outgrowth, was also found in SALS2 patients
(Figure 5b). Mutations in SRBP1 and SPAST (also known as SPG4) genes were proposed as
potential genetic risk factors in ALS [46, 47]. These observations support the neuroprotective
role of these proteins in maintaining physiological motor neurons functions, including
proliferation, survival, and death, and highlight their potential role as a new therapeutic target
in both forms of ALS. In this regard, some microtubule-targeting drugs (Noscapine and
Vinblastine) and SRBP1 pharmacological ligands (Igmesine, Dextromethorphan, and PRE-084)
have shown to exert neuroprotective effects in a variety of neurodegenerative diseases,
including ALS [9].
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In SALS2 patients, we also observed the increased expression of voltage-gated sodium channel
(SCN7) (Figure 5b), according to previous literature data reporting an abnormal increase in
the persistent Na+ currents in animal models of ALS [48]. Therefore, pharmacological agents
that can restore sodium current, reducing consequently the neuronal hyperexcitability, may
represent innovative strategies to treat both familial and sporadic ALS. In this regard, the only
approved treatment for ALS, Riluzole, is able to block sodium currents, reducing the motor
neuronal hyperexcitability and the firing rate observed in ALS [49]. Other sodium channel
blockers (Topiramate, Mexiletine, Lamotrigine, Valproic Acid, Zonisamide, Riluzole, and
Tetrodotoxin) have also shown promising results in human and animal models of several
neurodegenerative diseases, including ALS [9].

Decreased expression of Ataxin-1 (ATXN1), a protein mainly implicated in mRNA processing
by forming an RNA-dependent complex with PolyQ binding protein-1 (PQBP-1), was found
in SALS2 patients (Figure 5b). ATXN1 normally contains a polyglutamine (polyQ) tract with
22–23 repeats while an augmented number of polyQ repeats (23–34) may increase genetic risk
for ALS [50]. Thus, alterations of ATXN-1 functions may be involved in the development of
both sporadic and familial ALS and its pharmacological modulation may represent a potential
therapeutic strategy against ALS. Bromocriptine is among the agents that prevent mutant
ATXN-1 aggregation and the consequent neurotoxicity, which is an FDA-approved drug for
the treatment of Parkinson’s disease that has also shown promising results in preclinical stages
for ALS [9].

SALS patients showed deregulated expression of genes involved in the regulation of the
oxidative stress response. Among these, the upregulation of D-amino acid oxidase (DAAO),
a flavoenzyme localized in motor neurons that metabolizes D-serine, was found in SALS2
patients (Figure 5b), coherently with the observation that altered DAAO activity which leads
to an increased accumulation of D-serine in ALS mouse models and patients [51]. Moreover,
a mutation in DAAO gene (R199W) has been associated with classical adult onset familial ALS
[52]. Drugs inhibiting or controlling the activity of D-serine and DAAO enzymes may thus
represent therapeutic strategies for treating both forms of ALS. Recent studies have, in fact,
demonstrated that DAO inhibitors (AS057278, Sodium Benzoate, and Chlorpromazine) show
promising beneficial effects in several neuronal conditions, including Alzheimer’s [9].

Decreased expression of genes encoding for PON2 and PON3, two enzymes involved in the
prevention of oxidative damage [53], was also observed in SALS2 patients (Figure 5b) and
mutations in these two genes have been associated with both familial and sporadic ALS [54].
Decreased expression of PON2 and PON3 was also observed in SALS2 patients (Figure 5b),
supporting the neuroprotective role exerted by these factors and their modulators into
preventing or reducing neurodegeneration in ALS. Among drugs that are able to improve
PON-2/PON-3 activity, genistein (previously mentioned for its activity as EGFR/ErbB2
inhibitor) has shown promising results in preclinical studies for ALS and other PON-activating
drugs (Montelukast and Berberine) have manifested neuroprotective effects in several animal
models of neuronal diseases [9].

Another potential genetic risk factor in FALS patients is gene encoding Valosin-containing
protein (VCP), a protein belonging to the ATP-binding cassette superfamily, involved in a
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multitude of cellular processes, such as vesicle transport and protein degradation. In accord‐
ance with literature studies, VCP mutations represent one of the major genetic causes of
frontotemporal dementia but, recently, a specific mutation in this gene (p.R191Q) has been
detected in some cases of FALS [55]. In our analysis, we observed the differential expression
of VCP in SALS patients (Figure 5b). Moreover, several studies have highlighted the existence
of a link between alterations in VCP functionality and the toxic gain of function of full-length
TDP-43 [56]. The latter is a DNA/RNA binding protein, involved in several processes, includ‐
ing transcription, pre-mRNA splicing, mRNA stability, and mRNA transport [57]. Because of
various types of insults, such as dysregulation in calcium homeostasis and oxidative damage,
TDP-43 can migrate from the nucleus to the cytoplasm which can cause sequestration of RNA
stress granule as well as a loss or gain of splicing functions. Although several studies have
focused their attention on the role of TDP-43 in ALS etiopathogenesis, additional investigations
are needed. Recent literature data showed the presence of aberrant nuclear or cytoplasmic
TDP-43 inclusions in the nervous tissue of ALS patients [58]. It is thus evident that the
pharmacological modulation of VCP may represent a promising strategy for ALS treatment,
also through the reduction of TDP-43-mediated motor neuron toxicity. Some VCP inhibitors
(Vesnarinone and Xanthohumol) have, in fact, demonstrated how to prevent neuronal death
and inflammatory processes occurring in diverse neurological conditions [9].

5. Conclusion

ALS is a fatal neurodegenerative disease characterized by the influence of diverse mechanisms
that interacting among each other promote the development and progression of the disease.
Despite intensive research, ALS is still incurable and the only approved drug, Riluzole,
conveys only modest benefits to patients. This clinical failure may be mainly due to the actual
classification of ALS diseases, which is mainly based on clinical observation of symptoms and
physical signs and does not take into account the complexity and heterogeneity of molecular
pathogenic mechanisms underlying ALS.

The advent of high-throughput techniques in the biomedical sciences has provided a frame‐
work for developing a new, more accurate, and refined “molecular taxonomy” of human
diseases that implies the use of molecular data to classify patients into distinct subgroups with
differing diagnostic, prognostic, or therapeutic implications. In our previous work, we used
unsupervised hierarchical clustering to identify two subgroups of SALS patients, characterized
by their gene expression pattern, and revealed new clues to pathogenesis and potential
therapeutic targets.

We argue that, as it is already happening in the genomic cancer field, our genomic analysis in
combination with other “omics” data will complement and augment existing phenotypic
information, providing a much deeper understanding of etiopathogenic mechanisms, which
may have been masked by considering SALS as a single entity, and facilitating the develop‐
ment of a more precise diagnosis and individualized treatments for ALS patients.
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Abstract

Amyotrophic lateral sclerosis (ALS) is one of the most common adult-onset debilitat‐
ing neurodegenerative diseases (NDs) which is characterized by a chronic progres‐
sive degeneration of upper and lower motor neurons, resulting in muscular atrophy,
paralysis and ultimately death. It has been established that in ALS, the canonical Wnt/
beta-catenin  pathway  is  upregulated.  Peroxisome  proliferator-activated  receptor
gamma (PPAR gamma) generally varies in opposite way compared with the Wnt/beta-
catenin signaling. Several studies carried out on ALS transgenic mice have shown the
beneficial  effects  induced  after  treatment  by  PPAR  agonists  partly  due  to  anti-
inflammatory effects induced by PPAR gamma. The coupling between the Wnt/beta-
catenin signaling and PPAR gamma has led to divide NDs into two classes: NDs in
which  the  Wnt/beta-catenin  pathway  is  upregulated  whereas  PPAR  gamma  is
downregulated  (ALS,  Parkinson’s  disease,  Huntington’s  disease  and  Friedreich’s
ataxia); and NDs in which the Wnt-beta-catenin pathway is downregulated while PPAR
gamma is upregulated (Alzheimer’s disease, bipolar disorder and schizophrenia).

Keywords: Wnt/beta-catenin, PPAR gamma, amyotrophic lateral sclerosis, riluzole,
ALS

1. Introduction

Neurodegenerative diseases (NDs) are frequent and often present a pejorative prognosis. Two
major systems play a key role in the pathophysiology of NDs, i.e., the canonical Wnt/beta-
catenin pathway and PPAR gamma. Several studies have demonstrated the opposite interac‐
tion between the canonical Wnt/beta-catenin pathway and the PPAR gamma [1–7]. It has
recently been shown that certain NDs can be divided into two classes [8]: on one hand, NDs
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in which the Wnt/beta-catenin pathway is upregulated whereas PPAR gamma is downregu‐
lated. Among these NDs, we find amyotrophic lateral sclerosis (ALS), Parkinson’s disease,
Huntington’s disease and Friedreich’s ataxia. PPAR agonists exert protective effects in ALS
neurons of transgenic mice and may represent therapeutic targets in human ALS. On the other
hand, NDs in which the Wnt-beta-catenin pathway is downregulated while PPAR gamma is
upregulated. Among these NDs, we find Alzheimer’s disease, bipolar disorder and schizo‐
phrenia. This list is not exhaustive.

2. Amyotrophic lateral sclerosis (ALS)

ALS is one of the most common adult-onset debilitating NDs with the prevalence of about 5
per 100,000 individuals. The pathophysiology of ALS in humans is particularly complex, due
to the numerous interconnected pathological processes and, today, has not been fully eluci‐
dated. However, it remains to determine those really responsible for the disease from those
simply involved in its development. ALS has been first described by J.M. Charcot in 1869. ALS
is a fatal neurodegenerative disorder and is characterized by chronic progressive degeneration
of upper and lower motor neurons, resulting in muscular atrophy, paralysis and ultimately
death. And, 82% of ALS are sporadic. The most frequent mutations in inherited or familial ALS
(FALS) are found in the gene for Cu, Zn superoxide dismutase (SOD1). Among numerous
abnormalities, this FALS presents glutamate toxicity, axonal transport defects, aberrant
neurotrophic factors, mitochondrial dysfunction [9]. Numerous in vivo studies have used
transgenic mice expressing FALS mutants of human SOD1 [10]. This transgenic model
develops a progressive motor neuron pathology which is reminiscent of the human ALS
phenotype [11]. The human sporadic ALS differs little clinically from SOD1-related FALS. Both
forms of ALS induce degeneration of motor neurons which leads to paralysis and death within
3–5 years from the appearance of the first symptoms. Today, no pharmacological therapeutic
can really stop the progression of the disease. Although riluzole is approved for ALS patients,
the benefits of this drug are marginal [12–15].

3. Canonical Wnt/beta-catenin pathway

Wnt signaling plays a key role in carcinogenesis, embryonic development, cell fate, cell
migration and NDs [16, 17]. A hallmark of the canonical Wnt pathway activation by Wnt
ligands is the increase in the cytoplasmic beta-catenin protein level, the subsequent nuclear
translocation and further activation of beta-catenin specific gene transcription [4, 18–20]. In
the absence of Wnt ligands, beta-catenin is recruited into a destruction complex that contains
adenomatous polyposis coli (APC) and Axin, which facilitate the phosphorylation of beta-
catenin by glycogen synthase kinase-3beta (GSK-3beta). GSK-3beta phosphorylates the N-
terminal domain of beta-catenin, thereby targeting it for ubiquitination and proteasomal
degradation. In the presence of a Wnt ligand, the binding of Wnt to Frizzled (Fzd) leads to
activation of the phosphoprotein Dishevelled (Dsh). Dsh recruits Axin and the destruction
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complex to the plasma membrane, where Axin directly binds to the cytoplasmic tail of the low-
density lipoprotein-receptor-related proteins (LRP5-6). The activation of Dsh also leads to the
inhibition of GSK-3beta by phosphorylation, which further reduces the phosphorylation and
degradation of beta-catenin. The beta-catenin degradation complex is inactivated with
recruitment of Axin to the plasma membrane, thus stabilizing the non-phosphorylated beta-
catenin which translocates to the nucleus. Beta-catenin binds to T cell/lymphoid-enhancing
binding (Tcf/Lef) transcription factors. The resulting complex becomes active by displacing
Grouchos, leading to activation of numerous target genes including c-myc, cyclin D1, TIFF-1,
Axin-2, CD44, Cox2, MMP-7, PPAR beta/delta, [21–23]. Upregulation of the canonical Wnt/
beta-catenin pathway is observed in metabolic diseases such as type 2 diabetes, hypertension,
in cancers (colon, lung, breast, leukemias) and certain NDs. Downregulation is observed in
osteoporosis, cardiac hypoxia, cardiac hypertrophy, arrhythmogenic right ventricular dyspla‐
sia/cardiomyopathy (ARVC) and certain NDs [8].

4. PPAR gamma

Peroxisome proliferator-activated receptor gamma (PPAR gamma) is a ligand-activated
transcriptional factor that belongs to the nuclear hormone receptor superfamily. PPAR gamma
regulates the expression or activity of a large number of genes in a variety of signaling
pathways, including regulation of insulin sensitivity, glucose homeostasis, lipid metabolism,
immune responses, inflammation, redox balance, cardiovascular integrity and cell fate [24,
25]. PPAR gamma is expressed in various cell types, such as adipose tissues, immune cells and
brain cells including microglia and astrocytes which contribute to anti-inflammatory response
in the central nervous system. During the past decade, the role of PPAR gamma in neurode‐
generation has been established. The administration of PPAR gamma ligands has been shown
to be beneficial in many NDs such as ALS, Alzheimer's disease, Parkinson's disease, multiple
sclerosis, Huntington's disease and stroke [26]. PPAR gamma has been shown to have anti-
inflammatory and neuroprotective effects [27, 28]. Astrocytic GLT1/EAAT2 gene is a target of
PPAR gamma, leading to neuroprotection by increasing the glutamate uptake [29]. PPAR
gamma is a direct transcriptional modulator of the pyruvate carboxylase gene [30]. Given the
fact that ALS patients suffer from massive weight loss, this provides a possible explanation for
the potential protective effects of pioglitazone through increased lipogenesis.

5. PPAR gamma activation induces repression of the beta-catenin pathway

The thiazolidinedione PPAR gamma agonists (TZDs), troglitazone, rosiglitazone and piogli‐
tazone, and a non-thiazolidinedione PPAR gamma activator, GW1929, inhibit the beta-catenin-
induced transcription in a PPAR gamma-dependent fashion [1–3, 5]. Troglitazone-mediated
activation of PPAR gamma is associated with an inhibition of beta-catenin at a post-transcrip‐
tional level. The functional interaction between beta-catenin and PPAR gamma involves the
Tcf/Lef factor-binding domain of beta-catenin and a catenin-binding domain within PPAR
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gamma [5]. Treatment with PPAR gamma agonists decreases mRNA and protein levels of beta-
catenin in 3T3L1 adipocytes [1]. TZDs induce a reduction in the levels of cytoplasmic beta-
catenin in hepatocytes [3]. PPAR gamma suppresses Wnt/beta-catenin pathway during
adipogenesis [2].

6. Deactivation of the Wnt/beta-catenin pathway induces activation of
PPAR gamma

Inhibition of Wnt/beta-catenin pathway leads to an increase in transcription of PPAR gamma.
Activation of the Wnt/beta-catenin signaling leads to osteogenesis, but not to adipogenesis.
The canonical Wnt/beta-catenin-PPAR gamma system regulates the molecular switching of
osteablastogenesis versus adipogenesis [6]. Wnt signaling maintains preadipocytes in an
undifferentiated state through inhibition of both adipogenic transcription factors C/EBP alpha
and PPAR gamma. Deactivation of Wnt/beta catenin pathway and activation of PPAR gamma
are observed in ARVD [4, 31]. Taken together, these studies suggest that the canonical Wnt/
beta-catenin signaling downregulates PPAR gamma expression, inhibition of Wnt/beta-
catenin signaling upregulates PPAR gamma expression and PPAR gamma agonists inhibit the
canonical Wnt/beta-catenin pathway.

7. ALS and Wnt/beta-catenin pathway

The canonical Wnt/beta-catenin signaling is involved in numerous NDs, particularly in ALS.
Several studies have shown that this pathway is upregulated in motor neurons of ASL model
mice [32–35]. In the spinal cord of SOD1(G93A) ALS transgenic mice, expression of Wnt2,
Wnt7a and GSK-3beta has been determined [32]. Both Wnt2, Wnt7a mRNA and protein in the
spinal cord of ALS mice have been found to be upregulated when compared with wild type.
The immune-reactivity of Wnt2 and Wnt7a is strong in ALS adult transgenic mice, whereas it
is weak in wild-type mice. Neurodegeneration upregulates the expression of Wnt2 and Wnt7a
in the spinal cord of ALS mice, which in turn activates Wnt signaling and inhibits GSK-3beta
activity in ALS adult transgenic mice. Expression of Wnt3a, beta-catenin and Cyclin D1, three
key molecules of the Wnt/beta-catenin signaling, have been determined in the adult spinal
cord of SOD1(G93A) ALS transgenic mice at different stages [33]. It has been found that mRNA
and protein of Wnt3a and Cyclin D1 in the spinal cord of the ALS mice are upregulated
compared with wild-type mice. Moreover, beta-catenin translocates from the cell membrane
to the nucleus and subsequently activated transcription of the target gene Cyclin D1. Wnt3a,
beta-catenin and Cyclin D1 are also expressed in both neurons and astrocytes. For the authors,
these findings suggest that neurodegeneration activates the Wnt/beta-catenin pathway, in the
spinal cord of adult ALS transgenic mice. Changes in Wnt5a and Fzd2 expression in the spinal
cord of SOD1(G93A) transgenic mice (ALS), SOD1(G93A) transfected NSC-34 cells and
primary cultures of astrocytes from SOD1(G93A) transgenic mice have been observed [35].
Expression of Wnt1 and Fzd1 has been found to be increased in the spinal cords of SOD1G93A
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ALS transgenic mice [34]. In the in vitro model of ALS (G93A mutated forms of human Cu/Zn
superoxide dismutase-1; SOD1), a cytosolic aggregation of beta-catenin has been observed.
This suggests that Wnt/beta-catenin pathway could play critical role in the neurodegeneration
of motor neurons in ALS [36]. Beta-catenin is activated in a subset of myofibers in extraocular
muscles and limb muscles in ALS subjects [37].

8. ALS and riluzole

Today, no really efficient treatment exists for ALS [38, 39]. However, riluzole has been
approved for the treatment of ALS in most countries and is tested in people based on results
supporting a role of glutamate toxicity in ALS. Riluzole has numerous pharmacodynamics
properties, i.e., presynaptic inhibition of the glutamate release, inhibition of G-protein-
dependent processes, modulation of N-methyl-D-aspartate ionotropic receptor and blockade
of the voltage-gated sodium channel, etc. [39]. Two trials [12, 13] have demonstrated the weak
efficacy of riluzole in ALS with prolongation of median survival by 2 to 3 months and safety
of riluzole. Thus, riluzole appears to slow the progression of ALS, and may improve survival
in patients with disease of bulbar onset [12]. Riluzole is well tolerated and lengthens survival
of patients with ALS [13]. Two other studies have led to almost the same conclusions [14, 15].
The FDA-approved drug, riluzole, 100 mg daily is reasonably safe and probably prolongs
median survival by about 2 to 3 months in patients with ALS.

Importantly, riluzole has been found to be an enhancer of the Wnt/beta-catenin signaling in
melanoma [40]. For the authors, treating melanoma cells with riluzole in vitro enhances the
ability of WNT3A to regulate gene expression, promote pigmentation and decrease cell
proliferation. Like WNT3A, riluzole decreases metastases in a mouse melanoma model.
Moreover, riluzole enhances Wnt/beta-catenin signaling in the primary screen both in HT22
neuronal cells and in adult hippocampal progenitor cells [40]. As the Wnt/beta-catenin
pathway is upregulated, at least in genetic ALS mice [32–35], this can partly explain poor
results in trials testing riluzole in ALS as shown previously [12–15]. Lithium, an activator of
the Wnt/beta catenin signaling, has also been evaluated as a treatment for ALS [41]. Surpris‐
ingly, in ALS patients treated with lithium, the disease progression has been shown to be
markedly attenuated. In the genetic ALS G93A mouse model, there is a marked neuroprotec‐
tion induced by lithium, which delayed disease onset and duration and augmented the life
span. The use of the enhancer Wnt/beta-catenin lithium can be discussed in ALS in which the
Wnt/beta-catenin pathway has been shown to be upregulated in several animal studies [32–
35]. GSK-3beta-inhibitor lithium chloride enhances activation of the canonical Wnt signaling
[42–44]. Lithium activates downstream components of the Wnt signaling pathway in vivo,
leading to an increase of the beta-catenin protein. This pathway is implicated in the patho‐
physiology and treatment of bipolar disorder [45, 46]. Riluzole reduces symptoms of obsessive-
compulsive disorder, unipolar and bipolar depression and generalized anxiety disorder [47].
This is not surprising due to the fact that the Wnt/beta-catenin pathway is downregulated in
bipolar syndrome [8] and that like lithium, riluzole is an enhancer of Wnt/beta-catenin
signaling.
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9. ALS and PPAR gamma

In ALS, expression of PPAR gamma (mARN and protein) has not been precisely investigated
in neurons. However, the upregulation of Wnt/beta-catenin signaling observed in ALS
suggests that PPAR gamma might be downregulated due to the fact that these two systems
generally operate in the opposite way [1–3, 5]. Neuroinflammation is a common pathological
feature in NDs, particularly in ALS. PPAR gamma may be a key regulator of neuroinflamma‐
tion. PPAR gamma inhibits NF-kappaB-mediated inflammatory signaling at multiple sites
[48]. PPAR gamma might be a relevant regulator of neuroinflammation and possibly a new
target for the development of therapeutic strategies for ALS. A potentially therapeutic pathway
in ALS may be the activation by PPAR gamma agonists due to their ability to block neuropa‐
thological damages caused by inflammation [49]. The neuroprotective effect of pioglitazone
has been demonstrated in G93A SOD1 transgenic mouse model of ALS and shows a significant
increase in their survival. Pioglitazone protects motor neurons against p38-mediated neuronal
death and NF-kappaB-mediated glial inflammation via a PPAR gamma-independent mecha‐
nism [50]. In ALS, PPAR gamma controls natural protective mechanisms against lipid
peroxidation [51]. PPAR gamma-driven transcription selectively increases in the spinal cord
of hSOD1G93A mice. This is correlated with the upregulation of lipid detoxification enzymes
such as the lipoprotein lipase and glutathione S-transferase alpha-2, implied in scavenging
lipid peroxidation by-products. Anticipation of protective reactions by pharmacological PPAR
gamma modulation of the transcriptional activity attenuates neurodegeneration induced by
lipid peroxidation. PPAR gamma activation is neuroprotective in a Drosophila model of ALS
[52]. This Drosophila model of ALS based on TDP-43 recapitulates several aspects of ALS
pathophysiology. Pioglitazone rescues TDP-43-dependent locomotor dysfunction in motor
neurons and glia. PPAR gamma activation in neurons and glia is partially neuroprotective and
restores metabolic alterations in ALS. Superoxide dismutase (SOD1)-G93A transgenic mice
benefit from oral treatment with the PPAR gamma agonist pioglitazone [53]. Pioglitazone-
treated transgenic mice reveal improved muscle strength and body weight, exhibit a delayed
disease onset and survive significantly longer than non-treated SOD1-G93A mice. Pioglita‐
zone-induced neuroprotection of motor neurons of the spinal cord is complete at day 90. There
is also preservation of the median fiber diameter of the quadriceps muscle, indicating a
morphological and functional protection of motor neurons induced by pioglitazone. However,
in a phase II double-blind controlled clinical trial, the PPAR gamma agonist pioglitazone in
combination with riluzole does not increase survival in ALS patients [54].

PPAR gamma coactivator-1alpha (PGC-1alpha) is a transcriptional coactivator that works
together with the transcription factor PPAR gamma in the regulation of mitochondrial
biogenesis. PGC-1alpha plays a role in several neurodegenerative pathologies [26]. PGC-1al‐
pha protects neurons and alters disease progression in a PGC-1alpha transgenic mice crossed
with SOD1 mutant G93A DL mice [55]. In these mice, the progression of the disease has been
shown to be significantly slower. There is also a markedly improved performance on the
rotarod test associated with an improved motor activity with a decreased loss of motor neurons
and less degeneration of neuromuscular junctions. By using a double transgenic mouse model
where PGC-1alpha is over-expressed in a SOD1 transgenic mouse (TgSOD1-G93A/
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PGC-1alpha), it has been found that motor function and survival are improved [56]. This is
accompanied by a reduction of motor neuron loss, a restoration of mitochondrial electron
transport chain activities and an inhibition of stress signaling in the spinal cord. Thus, in the
double-transgenic mice, there are improved motor performance, slowed ALS progression,
decreased weight loss, and reduced motor neuronal death. Survival and disease improvement
are greater in higher-expressing PGC-1alpha mice. Therefore, PPAR gamma is a possible target
for ALS as it functions as a transcription factor that interacts with PGC-1alpha. Elevated
PGC-1alpha activity sustains mitochondrial biogenesis and muscle function without extend‐
ing survival in a mouse model of inherited ALS [57]. Increasing PGC-1alpha activity in muscles
represents an attractive therapy for maintaining muscle function during the progression of
ALS.

10. Conclusions

PPAR agonists represent promising therapeutics for NDs such as multiple sclerosis, ALS and
Alzheimer’s disease (AD). Their activation affects many pathological mechanisms. PPAR
activation can weaken or reprogram the immune response, stimulate metabolism, improve
mitochondrial function, promote axon growth and induce progenitor cells to differentiate into
myelinating oligodendrocytes [58]. The mechanisms of action of PPAR agonists are various
and may be useful at many stages of diseases. Type, timing and dose of PPAR agonists may
vary depending on injury severity, progression of disease or cellular targets such as neurons,
microglia, oligodendrocytes, and may explain a number of conflicting results in several
studies. PPAR gamma may be useful due to its anti-inflammatory properties. Moreover, PPAR
gamma agonists induce beta-catenin inhibition [3, 5], which represents a rationale to use it
when the Wnt/beta-catenin pathway is upregulated such as in Parkinson’s disease, multiple
sclerosis, ALS, Huntington's disease and Friedreich's ataxia [8]. However, in AD, PPAR gamma
levels (mRNA and protein) have been found to be elevated in brain tissues [59, 60]. Although
PPAR gamma expression is high in AD, PPAR gamma agonists have been used in AD humans
and various AD animal models and have been shown to induce beneficial effects, partly due
to their anti-inflammatory effects [61–67]. Even if the PPAR gamma agonist pioglitazone, in
combination with riluzole, does not increase survival in ALS patients [54], PPAR gamma
represents a useful therapeutic target in several animal models. Inhibition of the Wnt/beta-
catenin pathway might also represent a therapeutic approach in ALS animal model.
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