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Abstract

Introduction:  Amyotrophic  lateral  sclerosis  (ALS)  is the  most  common  neurodegenerative  dis-

ease affecting  motor  neurons.  Although  a small  proportion  of  ALS  cases  are familial  in  origin

and linked  to  mutations  in specific  genes,  most  cases  are sporadic  and  have  a multifactorial

aetiology. Some  recent  studies  have increased  our  knowledge  of  ALS  pathogenesis  and  raised

the question  of  whether  this  disorder  is a  proteinopathy,  a  ribonucleopathy,  an  axonopathy,  or

a disease  related  to  the  neuronal  microenvironment.

Development:  This  article  presents  a  review  of  ALS  pathogenesis.  To  this end,  we  have

reviewed published  articles  describing  either  ALS  patients  or  ALS  animal  models  and  we  discuss

how the  main  cellular  pathways  (gene  processing,  protein  metabolism,  oxidative  stress,  axonal

transport, relationship  with  neuronal  microenvironment)  may  be  involved  in  motor  neurons

degeneration.

Conclusions:  ALS  pathogenesis  has  not  been  fully  elucidated.  Recent  studies  suggest  that

although initial  triggers  may  differ  among  patients,  the  final motor  neurons  degeneration

mechanisms  are  similar  in  most patients  once  the  disease  is fully  established.
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¿Por  qué degeneran  las  motoneuronas?  Actualización  en  la patogenia  de la esclerosis

lateral  amiotrófica

Resumen

Introducción:  La  esclerosis  lateral  amiotrófica  (ELA)  es  la  enfermedad  degenerativa  de  las

motoneuronas  más  frecuente.  Aunque  un pequeño  porcentaje  de  los  casos  de ELA  tienen  un

origen  familiar  y  son  secundarios  a  mutaciones  en  genes  concretos,  a  la  gran  mayoría  de

ellos se  les  presupone  un  origen  multifactorial,  sin  que  su  patogenia  haya  sido  completamente

aclarada.  No obstante,  en  los  últimos  años  varios  estudios  han  aumentado  el conocimiento  sobre

la patogenia  de  la  enfermedad,  planteando  la  cuestión  de si se  trata  de una  proteinopatía,  una

ribonucleinopatía,  una  axonopatía  o una  enfermedad  del microambiente  neuronal.

Desarrollo:  En  el presente  artículo  revisamos  los  trabajos  publicados  tanto  en  pacientes  como

en modelos  animales  de ELA  y  discutimos  la  implicación  de  los  principales  procesos  celulares

que parecen  contribuir  a  su patogenia  (procesamiento  génico,  metabolismo  de  proteínas,  estrés

oxidativo,  transporte  axonal  y  relación  con  el  microambiente  neuronal).

Conclusiones:  Aunque  la  patogenia  de  la  ELA  dista  de  estar  aclarada,  los  estudios  recientes

apuntan a  la  idea  de  que  hay unos  desencadenantes  iniciales  que  varían  de  unos  sujetos  a  otros,

y unas  vías  finales  de  degeneración  de  las  motoneuronas  que  están  implicadas  en  la  mayor  parte

de los  casos  de  enfermedad.

©  2015  Sociedad  Española  de Neuroloǵıa.  Publicado  por  Elsevier  España,  S.L.U.  Este  es  un

art́ıculo Open  Access  bajo  la  licencia  CC  BY-NC-ND  (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

Introduction

Amyotrophic  lateral  sclerosis  (ALS)  is  the most frequent
degenerative  motor  neuron  disease,  with  incidence  ranging
from  1 to  3 cases  per  100 000 person-years.1,2 Although  cases
have  been reported  in patients  in the  second  and  third
decades  of  life,  peak  incidence  occurs  between  the ages
of  60 and  70.3 ALS is  characterised  by  involvement  of  both
the  upper  and  the lower  motor  neurons,  which  causes  the
typical  symptoms  of  the  disease:  muscle  weakness,  atro-
phy,  fasciculations,  and  spasticity.  There  are 2  types  of  ALS:
familial  ALS  (fALS),  which  represents  5%  to  10%  of cases,  is
characterised  by  familial  aggregation  and normally  follows
an  autosomal  dominant  inheritance  pattern;  and sporadic
ALS  (sALS),  which  is  not  clearly  associated  with  a  family
history  of  the disease  and is  therefore  believed  to  be  spo-
radic  in  origin.3 Familial  ALS is  secondary  to  mutations  in
genes  directly  associated  with  motor  neuron  degeneration,
whereas  sporadic  forms  are  though  to be  caused  by  multiple
factors.  This  study  aims  to  review  the  different  dysfunc-
tional  cellular  pathways  in ALS and  to  analyse how  such
alterations  predispose  to  motor  neuron  degeneration.

Development

ALS  specifically  affects  cells,  leading  to  tissue  alterations;
the  most  frequently  affected  cells  are motor  neurons
(Fig.  1).  Although  the  precise  factors  determining  prefer-
ential  involvement  of motor  neurons  are yet  to  be  fully
understood,  certain  factors  have been  associated  with  the
particular  vulnerability  of these  cells:  (1)  the  large  size
of  the  cells  and  their  robust  cytoskeleton,  which  has  high

Figure  1  Spinal motor  neuron  stained  with  propidium  iodide,

a marker  for  nucleic  acids.  The  image  shows  a  typical  motor  neu-

ron: large,  polygonal  in  shape,  and  with  a  prominent  nucleolus

and well-developed  protein  synthesis  machinery.

metabolic  demands  to  maintain  cell  functions;  (2)  high
reliance  on  optimal  mitochondrial  function;  (3)  high  vulner-
ability  to  excitotoxicity  and dysregulation  of  intracellular
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Figure  2  Pathogenic  alterations  in ALS.  The  diagram  displays  the multiple  cell  function  alterations  that  have  been  described  in

patients with  ALS.  (1) Alterations  at the  level  of  RNA  processing,  resulting  in aberrant  and/or  toxic  RNA.  (2) High  levels  of  oxidative

stress and  difficulty  eliminating  free  radicals.  (3)  Protein  metabolism  alterations  associated  with  UPS  inhibition/dysfunction  and

hyperactivation of  autophagy.  (4)  Alterations  in axonal  transport  proteins.  (5)  Alterations  in glial  cells  leading  to motor  neuron

degeneration.

calcium  homeostasis;  and  (4)  reduced  capacity  for  heat
shock  response  and chaperone  activity,  and possibly  reduced
function  of  the  ubiquitin  proteasome  system.4 Although  ALS
involves  multiple  pathogenic  mechanisms  which  are  yet  to
be  determined,  a  number  of  genetic  factors  and  alterations
in  the  main  cellular  pathways  have  been  characterised
and  associated  with  disease  onset.  These  factors  will  be
addressed  in  the following  sections  (Fig.  2).

Genetic  factors

Familial  forms  of  ALS account  for  5% to  10% of  cases
and  are  frequently  associated  with  an autosomal  dominant
inheritance  pattern.  The  most  frequent  forms  of  fALS are
secondary  to  mutations  in the  superoxide  dismutase  1  (SOD1)
gene  and  mutations  on  chromosome  9.  Table  1 lists  the muta-
tions  identified  to  date in  patients  with  fALS.  The  study  of
familial  cases  of  ALS  is  essential  since  it  opens the door
to  new  hypotheses  on  the aetiopathogenesis  of  the  disease
which  may  be  extrapolated  to  sALS.4

Some  mutations  affect  the  genes  coding  for  the vascular
endothelial  growth  factor  and  the  hereditary  haemochro-
matosis  protein.  Copy  number  variants  have  also  been
described  in  the  survival  motor  neuron  genes  (SMN1  and
SMN2).5 However,  the correlation  of  these  mutations  with
ALS  has  not been  fully  replicated  in subsequent  studies  of
other  populations.  The  study  of  candidate  genes  in  patients
with  sporadic  forms  of  ALS  has  identified  several  polymor-
phisms  associated  with  increased  risk  of  the  disease.  Several
genome-wide  association  studies  of  ALS  have  been  published
to  date.  These  studies  have  identified  several  loci  associated
with  increased  susceptibility  to the  disease,  including  those
containing  the  FGGY  carbohydrate  kinase  domain  containing

gene  (FGGY),  the  dipeptidyl  peptidase  like  6  gene (DPP6),
or  the 1,4,5-triphosphate  receptor  type 2  gene  (ITPR2).6—8

However,  most  of these  findings  have  not been  replicated
in  subsequent  studies  with  larger  samples.  The  pathogenic
role  of other  genes,  such  as  the gene  coding  for protein
unc-13  homologue  A (UNC13A), seems  more  robust,  although
this  association  is  yet  to  be replicated  in other  studies.9 In
2010,  an intronic  expansion  in  C9ORF72  was  identified  in a
high  percentage  of  patients  with  both  sporadic  and  familiar
forms  of  ALS;  until  then,  this was  classified  as  chromosome
9p-linked  ALS.10,11 This  expansion  has  also  been  described
in  patients  with  frontotemporal  dementia  (FTD)  and  those
with  ALS-FTD.12,13 This  highly  relevant  finding  is  addressed
in  detail  in a  later  section.

Until  now,  genetic  studies  have  mainly  focused  on  Euro-
pean  populations.  Future  genetic  studies  including  patients
of different  ethnic  origins  and  analyses  of  rare  variants
(that is,  polymorphisms  with  an allele  frequency  < 5%)  will
enable  the identification  of  new  pathogenic  loci.  A  recent
exome  sequencing  study  has  revealed  de novo  mutations
in  some  genes  mainly involved  in forms  of  fALS,  such as
those  secondary  to  mutations  in SOD  and  in  the fused-in
sarcoma  gene  (FUS). However,  not all  of  these are  nec-
essarily  pathogenic.14—16 The  field  of  exome  sequencing
promises  to  provide  valuable  new information  in the coming
years.

Transcriptional  alterations  and  alterations  in  RNA
processing

A  large  number  of proteins  which  have  been  linked  to  ALS
are  directly  or  indirectly  involved  in nucleic  acid  processing.
The  first  findings  came  after  mutations  in SMN1  were  identi-
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Table  1  Genes  involved  in the  pathogenesis  of  some  forms

of familial  ALS.

Mutant  molecule Locus  Inheritance  %  of  fALS

RNA-binding/processing  proteins

TDP-43  1p36.2  AD  1-5

FUS 16p11.2  AD  1-5

TAF15  17q11.1-q11.2  Unknown  Unknown

EWSR1  Unknown  Unknown  Unknown

Angiogenin  14q11.2  AD  <1

Senataxin  9q34  AD  Unknown

C9ORF72  9p21.3-p13.3  AD  40-50

Proteins  involved  in  protein  metabolism

Ubiquitin  2  Xp11  XR  <1

Optineurin  10p15-p14  AD  <1

Sequestosome  1 5q35  AD  Unknown

Valosin-

containing

protein

9p13  AD  <1

CHMP2B  3p11  AD  Unknown

PI(3,5)P2

(encoded  by

FIG4)

6q21  AD  Unknown

Enzymes  and oxidative  stress

Superoxide

dismutase  1

(SOD1)

21q22.1  AD  20

Cytoskeleton  and  cell  transport

VAPB  20q13.3  AD  <1

Peripherin  12q13.12  Sporadic  Unknown

Dynactin  1 2p13  AD  Unknown

Neurofilament

heavy chain

(NFH)

22q12.2  AD  Unknown

Profilin  1  17p13.2  AD  Unknown

Excitotoxicity

D-amino acid

oxidase  (DAO)

12q24  AD  <1

Uncertain  significance

Spatacsin  15q21.1  AR  Unknown

Alsin 2q33.2  AR  <1

Not identified  18q21  AD  Unknown

Not identified  20ptel-p13  AD  Unknown

Not identified 15q15.1-q21.1  AR  Unknown

fied  as being  responsible  for spinal  muscular  atrophy.17 The
SMN  protein  is  vital  for  the survival  of  motor  neurons.  This
protein  is involved  in  pre-mRNA  splicing18 and the  axonal
transport  of mRNA  for  subsequent  translation  in the  pre-
synaptic  terminal,  more  specifically  in the  neuromuscular
junction.18,19

Subsequent  identification  of mutations  in TDP-43  and FUS

confirmed  that  aberrant  RNA  metabolism  may  contribute  to
the  pathogenesis  of  ALS.

TAR-DNA  binding  protein  43

Mutations  in the  TARDBP  gene,  which  codes  for  the  TAR-
DNA  binding  protein  43  (TDP-43),  are a rare  cause  of fALS,

following  an  autosomal  dominant  inheritance  pattern.20

Research  into  TDP-43  as  a  candidate  gene  began  after  intra-
cellular  TDP-43  aggregates  were  found in  a majority  of
patients  with  both  sporadic  and  familial  ALS.21 Strikingly,
these  aggregates  are  not  seen  in  cases  secondary  to  SOD

or  FUS  mutations.21 TDP-43  is a  protein  of  the  ribonucleo-
protein  family,  present  predominantly  in the cell nucleus.  It
interacts  with  DNA  and  RNA molecules,  regulating  the  tran-
scription,  splicing,  and  subsequent  transport  of  RNA.22 Most
mutations  of  the TARDBP  gene  are located  in  exon 6  and
constitute  nonsense  mutations.23 The  TARDBP  protein  has 2
prion-like  domains  which  bind  to  GU-rich  intronic  regions
in  RNA  molecules,  interacting  with  over 6000  different  RNA
messengers.22 During  situations  of stress,  TDP-43  remains
mainly  in the cytoplasm,  forming  cytoplasmatic  aggregates
known  as  stress  granules.24 To  prioritise  the  translation  of
proteins  that  are essential  to  cell  survival,  these  aggre-
gates  sequester  RNA  molecules  that are not  involved  in the
neuronal  stress  response,  blocking their  translation  until
the stressor  is  no  longer  present.  Aggregates  then  dissoci-
ate  due  to  the  action  of peptidases  and  chaperones,  and
TDP-43  returns  to  the nuclear  compartment.25 The  mecha-
nisms  by  which  TDP-43 mutations  lead  to  the  development
of  ALS  are  yet  to  be determined.  Mutations  associated
with  the development  of  the  disease  increase  the protein’s
translocation  from  the  nucleus  to  the cytoplasm  and  pro-
mote  aggregation.  The  abnormal  protein  will  therefore  be
unable  to  play  its  normal  role  in RNA  transcription  and
processing,  promoting  aggregation  in  the cytoplasm  and
the sequestration  of  other  molecules  necessary  for  cell
homeostasis.22,26,27

FET  protein  family:  the  FUS  protein

Genes  coding  for proteins  of  the  FET  family  are also  associ-
ated  with  gene  processing  and  involved  in the pathogenesis
of  ALS.  The  FET  family  includes  the TAF15  protein  (TATA
box-binding  protein-associated  factor  15),  EWSR1  (Ewing
sarcoma  breakpoint  region  1),  and  FUS.28

FUS  is  a  DNA-  and  RNA-binding  nuclear  protein  involved
in transcriptional  regulation,  DNA and  RNA  processing,  and
mRNA  transport.  FUS  mutations  account  for  4%  of all  cases
of  fALS  and  fewer  than  1%  of  cases of  sALS.21 Most FUS  muta-
tions  are  located  on  exons  13  and  15,  which  code  for  a
nuclear  localisation  signal.  These  mutations  cause  abnormal
translocation  to  the  cytoplasm,  leading  to  the  recruitment
of  FUS  into  stress  granules.29,30 As  in the case  of TDP-43,
FUS  interacts  with  a wide  range  of  genes,  possibly  over
5500,  through  a prion-like  domain;  it  would  therefore  seem
to  affect a  large  number  of  cell processes.31 Although  the
exact  mechanisms  of  FUS  cytotoxicity  are yet  to  be  under-
stood,  it has  been  suggested  that  gain-  and loss-of-function
phenomena  may  coexist,  as  occurs  with  TDP-43.

Mutations  in  the  C9ORF72  gene

C9ORF72  contains  the hexanucleotide  repeat  GGGGCC,
which  is  located  between  2  transcription  start  sites.  The
C9ORF72  hexanucleotide  repeat  expansion  has  been found
in  up  to 40%  of  families  with  ALS  and  in 7%  of  patients
with  sALS.32 As previously  mentioned,  this  expansion  has
also  been  reported  in patients  with  FTD  with  and  without
ALS.10,32 Healthy  individuals  normally  carry  2-5  repeats,  and
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Figure  3  Ubiquitin-stained  motor  neurons  from  a  healthy  control  mouse  (A)  and  a  transgenic  mouse  model  of  ALS  (SOD1-G93A)

(B). The  motor  neuron  of  the  healthy  mouse  shows  no cytoplasmic  inclusions  whereas  that  of  the  transgenic  mouse  displays  multiple

polyubiquitinated  aggregates  secondary  to  proteasomal  degradation.

never  over  30.  The  function  of C9ORF72  is  unknown.  The
protein  is  known  to  be  structurally  related  to  the  family
of DENN  (differentially  expressed  in normal  and  neoplas-
tic  cells)  domain  proteins.33 From  a functional  viewpoint,
the  DENN  domain  is  involved  in  the  regulation  of  a  series
of  GTPases,  which use  and  degrade  guanosine  triphosphate
(GTP).34 Penetrance  of  this  mutation  is  estimated  at 50%
by  the  age  of  60  and  nearly 100% after  the age  of  80.32

The  pathogenic  mechanism  by  which  an excessive  number
of  repeats  is  associated  with  disease  development  is  yet  to
be  determined.  Numerous  questions  remain  to  be  answered,
for  example  whether  homozygosity  or  a larger  number  of
repeats  are associated  with  more  aggressive  phenotypes.
Some  studies  including  patients  with  this  expansion  have
shown  that  their  levels  of  C9ORF72  mRNA  were  up  to  50%
lower,  which  suggests  that  the  mutant  allele is probably
unable  to produce  mature  RNA;  this would  be  linked  to
the  hypothesis  of a  loss-of-function  process.35 On the other
hand,  in  situ  hybridisation  studies  of  ALS  patients  carrying
this  expansion  have  demonstrated  the presence  of  nuclear
RNA  aggregates  in the cortex  and  the  spinal  cord, which
points  to  a  toxic  gain-of-function  mechanism.10

Other  proteins  involved  in  gene processing

Though  less important,  other  proteins  involved  in gene
processing,  such  as  angiogenin  and senataxin,  have  also  been
found  to  be  altered  in  patients  with  ALS.36

Alterations in protein metabolism

Protein  synthesis

The  nucleolus  and  the  endoplasmic  reticulum  (ER),  which
synthesise  ribosomal  RNA  and  proteins,  respectively,
together  with  the  ubiquitin  proteasome  system  (UPS)  and
the  autophagy-lysosome  system,  which  play a major  role
in  protein  elimination,  are the  main  elements  involved  in

protein  metabolism  in human  cells. Most  neurodegenera-
tive  diseases  are  characterised  by  cellular  accumulation  of
aberrant  or  misfolded  proteins.  In the  case  of  ALS,  it  has
been  suggested  that  such aggregates  and  their  oligomeric
precursors  alter  normal  cell  function,  inducing  a high  level
of  oxidative  stress  which interferes  with  the cell’s  basic
function,  ultimately  leading  to  cell death.37

Some  of  the  ER’s  major  functions  include  protein  syn-
thesis,  folding,  and  ‘‘quality  control’’.  Cellular  stress  may
induce  an  ER  stress  response,  characterised  by  chromatol-
ysis  and  accumulation  of aberrant  and  misfolded  proteins
in  cytoplasmic  inclusions.  Chromatolysis  is  the fragmenta-
tion  and  subsequent  cytoplasmic  dissolution  of  ER  cisternae.
A  number  of  studies  have reported  chromatolysis  and
protein  aggregates  both  in patients  with  ALS and  in exper-
imental  models  (Fig.  3).38—41 ER  disaggregation  results  in
alterations  in  this  structure’s  ability  to  synthesise  pro-
teins,  frequently  leading  to  the activation  of  apoptotic
mechanisms.39 Ribosomes  constitute  a  fundamental  part
of  the rough  ER;  ribosome  biogenesis  is  therefore  essen-
tial  to  maintain  the structural  and  functional  integrity
of this  organelle.  The  process  of  ribosome  synthesis  is
strictly  regulated  and  nucleolus-mediated.42—44 The  nucle-
olus  therefore  plays  a crucial  role  in coordinating  ER  stress
responses.45—48 Disrupted  nucleolar  function  has  been  asso-
ciated  with  some neurodegenerative  diseases.49—53 Some
researchers  have  observed  increased  nucleolar  diameter  in
a  transgenic  model  of  ALS,  which  may  be  linked  to  the  cells’
attempt  to  increase  ribosomal  gene  synthesis  in response  to
stress.54

Protein  degradation

New  forms  of  fALS  secondary  to  mutations  in genes  cod-
ing  for  proteins  directly  involved  in proteostasis  have  been
described  in recent  years.  The  UPS  and  the  autophagy-
lysosome  system  constitute  the  2 major  cellular  proteolytic
pathways.  Due  to  functional  overlap  between  these  pro-
tein  degradation  pathways,  it is  difficult  to  determine  which
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plays  the  primary  role  in cell dysfunction.  Some  experimen-
tal  studies  have  attempted  to  use  mouse  models  to  evaluate
the  role  of  each  of  these  pathways  separately.  These  stud-
ies  showed  how  proteasome  inhibition  was  correlated  with
neuronal  loss  and  the  accumulation  of  cells  rich  in  TDP-
43,  OPTN,  and  FUS;  these  effects  were  not  observed  after
inhibiting  autophagy.55 These  findings  suggest that  motor
neuron  homeostasis  in ALS may  be  more  compromised  in
cases  of  UPS dysfunction  than  in those  of  autophagy  dysfunc-
tion.  However,  this  conclusion  should be  interpreted  with
caution  and  confirmed  in  future  studies.  In any  case,  there
is  solid  evidence  that  proteostasis  dysfunction  secondary  to
UPS  and  autophagy  malfunction  contributes  to  the  loss  of
neuronal  homeostasis.  Addressed  below  are particular  muta-
tions  of  genes  involved  in protein  degradation  pathways,
identified  in patients  with  ALS.

Ubiquilin-2

Ubiquilin-2  (UBQLN2)  is  a  ubiquitin-like  protein  involved
in  proteostasis  which  promotes  proteasomal  proteolysis.56

Mutations  in  the  gene coding  for this protein  (UBQLN2)  were
found  several  years  ago  in patients  with  Alzheimer  disease.57

Mutations  in UBQLN2  have recently  been  found  to  play  a
role  in  the  pathogenesis  of some  sporadic  cases of  ALS and
ALS-FTD;  UBQLN2  inclusions  have been  observed  in motor
neurons  of  the  anterior  horn  in  patients  with  ALS.  These
inclusions  have  also  been observed  in  ALS  patients  with  no
mutations  in UBQLN2,  which  suggests  that  UBQLN2  may  play
an  important  role  in the  degeneration  mechanisms  of  motor
neurons.58

Valosin-containing  protein

Exome  sequencing  studies  have  identified  nonsense  muta-
tions  in  the  gene  coding  for valosin-containing  protein  (VCP)
in  patients  with  fALS.59 VCP  is  a  chaperone  involved  in mul-
tiple  biological  processes,  including  proteostasis.60 In this
process,  VCP  participates  in protein  degradation  at the  level
of  the  UPS and the  autophagy-lysosome  system.61

CHMP2B,  optineurin,  and  PI(3,5)P2 5-phosphatase

Mutations  in the  genes  coding  for the charged  multivesicular
body  protein  2B  (CHMP2B),  optineurin,  and  phosphatidylin-
ositol  3,5-bisphosphate  (PI[3,5]P2)  5-phosphatase  have  been
found  in  some  patients  with  fALS.62—64 CHMP2B  is  a protein
involved  in  autophagic  clearance.65 Optineurin,  on  the other
hand,  regulates  multiple  cell processes,  including  mem-
brane  trafficking  and  protein  secretion.66 Lastly,  mutations
in  factor-induced  gene  4  (FIG4), which  codes  for  PI(3,5)P2

5-phosphatase,  have  been  reported  in a  small  series  of
patients  with  ALS.  This  enzyme  is  located  in the endosome
membrane,  where  it mediates  lysosomal  function.67

SOD1 and  oxidative stress

SOD1  is  a  cytosolic  enzyme  containing  150 amino  acids,  a
copper  atom,  and  a zinc  atom.  It catalyses  the conversion

of  superoxide  into  oxygen  and  hydrogen  peroxide,  which
explains  its  importance  in  the  antioxidant  defence  of  cells
with  aerobic  metabolism,  as  is  the case  of motor  neurons.
In fact,  SOD1  mutations  are present  in 20%  of  patients  with
fALS.  Over  150 different  mutations  have  been described  to
date,  of  which  most are nonsense  mutations  and  nearly
all  follow  an autosomal  dominant  inheritance  pattern.23

SOD1  mutations  result  in considerable  SOD1  misfolding,
which  causes  the protein  to be processed  for  degradation
by  the  UPS.  However,  a large  proportion  of misfolded  pro-
teins  will not  be degraded  by  the UPS,  interfering  with
proteostasis68,69 and  causing secondary  autophagic  activa-
tion.  Both  mouse  models  and  patients  with  ALS  have  been
shown  to  have  increased  numbers  of  autophagosomes.70,71

Progressive  accumulation  of  the misfolded  mutant  protein,
combined  with  the  action  of other  stress  factors  such as
ageing,  induces  a cell  stress  response.72 SOD1  misfolding  is
not  exclusive  to mutant  forms  of  the  protein.  It  has been
demonstrated  that  oxidative  stress  leads  to  misfolding  and
aggregation  of  the wild-type  SOD1 protein,  as  occurs  with
the mutant  protein.73,74 These  findings  suggest  that  SOD1
may  also  play  a role  in sporadic  forms  of ALS,  contributing
to  disease  pathogenesis  once  cell stress  is  established  by
other  mechanisms.

Oxidative  stress  occurs  when  there  is  an imbalance
between  free  radical  generation  and  elimination  or  when
the  cell  is  unable  to  repair or  eliminate  damage  caused
by  this  stress.  Various  studies  suggest  that  oxidative  stress
is  involved  in  ALS pathogenesis.  Blood,  urine,  and cere-
brospinal  fluid (CSF)  samples  from  patients  with  sALS
have  revealed  increased  levels  of  markers  of  free  radi-
cal  damage.75—77 Autopsy  studies  have  also  confirmed  the
presence  of  protein,  lipid,  and  DNA alterations  secondary
to oxygen  radicals  in  both  sALS  and  in fALS  secondary
to  SOD1 mutations.78—80 Experimental  studies  with  mouse
models  of mutant  SOD1  have shown  increased  levels  of
oxidation  of  different  mRNA  in presymptomatic  stages  of
the  disease,  with  a correlation  between  this  oxidation
and  decreased  expression  of  the protein.  The  most  widely
accepted  hypothesis  at present  is  that  in addition  to the
damage  it  causes  directly,  oxidative  stress  promotes  other
pathogenic  mechanisms  which  contribute  to  neuronal  alter-
ations,  including  excitotoxicity,  protein  aggregation,  ER
stress  response,  and mitochondrial  dysfunction,  and it also
affects  the interaction  between  motor  neurons  and  the neu-
ronal  microenvironment.

Alterations  in axonal transport

Given  the length  of  motor  neuron  axons,  axonal  trans-
port  constitutes  a key  feature  in  the  biology  of  these
cells.  Axonal  transport,  which  is  ATP-dependent,  is  essen-
tial  to  the supply  of  necessary  cell components  (RNA,
proteins,  and various  different  organelles)  to  the presynap-
tic  terminal.  The  machinery  of  axonal  transport  comprises
mainly  microtubules  and  motor  proteins,  kinesins,  and
dyneins,  which  are associated  to  microtubules.72,81 Sev-
eral  studies  in  transgenic  mice  and  patients  with  ALS  have
reported  denervation  and  axon  retraction  in very  early
stages  of  the  disease,  even  before  neuronal loss  becomes
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evident.82,83 Studies  with  a  mouse  model  of  mutant  SOD1

have  shown  alterations  in anterograde  and  retrograde  trans-
port  in  early  stages  of ALS and  how  these alterations  are
cargo-dependent;  anterograde  mitochondrial  transport  is
especially  compromised.83—85 Alterations  in  axonal  trans-
port  have  traditionally  been  thought  to  be  secondary  to
multiple  disorders,  including  mitochondrial  dysfunction,
resulting  in insufficient  ATP production,  disrupted  kinesin
function,  and  protein  aggregation.86—88 In recent  years,
however,  alterations  have  also  been  identified  in genes
coding  for  proteins  directly  involved  in axonal  transport.
Some  patients  with  ALS  have  shown  decreased  neurofila-
ment  light  chain  expression.89 Strikingly,  some researchers
have  reported  that  neurofilament  light chain  mRNA is  pref-
erentially  sequestered  within  stress  granules  in  the  motor
neurons  of patients  with  ALS.90 Another  recent  finding
is  the  description  of mutations  in the  profilin  1 gene
(PFN1).91 Profilin  1 is  essential  for  actin  filament  polymeri-
sation;  PFN1  mutations  therefore  inhibit  axonal  growth,
promoting  axonal  retraction  and denervation.  Some  patients
with  ALS  have  also  been  found  to  have  mutations  in  the
genes  coding  for the neurofilament  heavy  chain,  periph-
erin,  dynactin,  and  alsin,  among  other  proteins.92—95 In
contrast,  it  has  been  suggested  that  those  factors  promot-
ing  axonal  growth  and  regeneration,  such as  the  vascular
endothelial  growth  factor,  may  have  a  neuroprotective
effect.96,97

Lastly,  recent  GWAS  have  demonstrated  a link  between
some  cases  of  sALS  and  particular  polymorphisms  in  genes
coding  for  such  axonal  proteins  as  kinesin-associated  protein
3  and  acetyltransferase  complex  subunits.98,99

Excitotoxicity

Glutamate  is  the principal  excitatory  neurotransmitter
in  the  central  nervous  system  (CNS).  After glutamate  is
released  and interacts  with  postsynaptic  receptors,  excit-
atory stimuli  disappear  with  neurotransmitter  removal  from
the  synaptic  cleft by  glutamate  reuptake  transporters.
Excitatory  amino  acid  transporter  2  is  the most  abundant
of  these  transporters.  Excitotoxicity  due  to  hyperactiva-
tion  of  glutamatergic  receptors  may  result  from  increased
synaptic  levels  of  the neurotransmitter  or  greater  sensi-
tivity  to  glutamate  in  the postsynaptic  terminal.100 AMPA
receptors  constitute  one of  the most  important  mediators
of  glutamatergic  neurotransmission  in the CNS. The  perme-
ability  of  these  receptors  to  calcium  is  largely  determined
by  a  subunit  protein  called  GluR2.  Motor  neurons  are  espe-
cially  sensitive  to excitotoxicity  secondary  to  AMPA  receptor
activation,  given  the low expression  of  GluR2  and calcium
buffering  proteins  in these  cells.101,102 Several  studies  have
suggested  that  excitotoxicity  plays  a  role  in  the pathogen-
esis  of  ALS.  Some  patients  with  the disease  have  displayed
high  CSF  glutamate  levels  and  decreased  expression  of  excit-
atory amino  acid  transporter  2 in the  affected  areas  of  the
CNS.103,104 Other  studies  have  shown  cortical  hyperexcitabi-
lity  in presymptomatic  stages  of the  disease  and abnormal
calcium  permeability  in the AMPA  receptors.105,106 Whether
excitotoxic  damage  is  a  primary  pathogenic  mechanism
or  the  consequence  of  a failure  of  neuronal  homeostasis,

it  seems  clear  that  once  symptoms  are  established,
alterations  in neuronal  homeostasis  contribute  to  disease
progression.

Neuroinflammation  and the  role  of  glial cells

Although  motor  neuron  degeneration  and loss  is the
main  finding  in  patients  with  ALS,  the  condition  has  also
been  associated  with  activation  of  a  neuroinflammatory
response.  Histological  studies  of the  spinal  cord  of  patients
with  ALS  have  found  activated  microglia  and lymphocytic
infiltrates.107 This  inflammatory  response  contributes  to
the  progressive  degeneration  and  phenotypic  alteration  of
motor  neurons,  starting  with  the first  manifestations  of  the
disease.108,109 Studies of  biological  samples  from  patients
with  ALS have  revealed  inflammatory  mediators  (increased
CSF  levels  of  interleukin-8)  and  parameters  suggestive  of
immune  response  activation  in  peripheral  blood.110

Astrocytes  are  glial cells  which  are closely  associated
with  motor  neurons.  According  to  the literature,  astrocytes
can  also  induce  motor  neuron  degeneration.  Mutant  SOD1

astrocytes  have  been  shown  to  secrete  a  series  of  inflam-
matory  mediators,  including  prostaglandin  E2,  leukotriene
B4, and nitric  oxide,  which  damage  motor  neurons.111 Sub-
sequent  studies  have found  the astrocytes  of sALS  patients
not  carrying  SOD1  mutations  to  have  a similar  toxic  effect.112

Oligodendrocytes  have  also  been  reported  to play  a role
in  the pathogenesis  of  motor  neuron  diseases,  although
to  a lesser  extent.  In addition  to  myelinating  CNS  nerve
fibres,  oligodendrocytes  contribute  to  regulating  axonal
metabolism,  reducing  lactic  acid  concentration  in neurons
by  means  of lactate  transporter  MCT1.113 According  to  sev-
eral  researchers,  MCT1  loss  is  toxic  to  motor  neurons.
Likewise,  decreased  expression  of  the  transporter  has  been
observed  in patients  with  ALS and  mouse  models  of  mutant
SOD1.114

Conclusions

There  is  mounting  evidence  that  ALS is  not  a disease,  but
rather  a clinical  syndrome  characterised  by  upper  and  lower
motor  neuron  degeneration  and  distinctive  clinical  symp-
toms.  A small  percentage  of  cases  of ALS  are  associated  with
mutations  in specific genes;  alterations  in these  genes  lead
to  motor  neuron  degeneration.  Although  the  aetiopathogen-
esis  of sporadic  forms  of ALS is  yet  to  be fully  understood,  it
has  been  hypothesised  that  it may  involve  alterations  in  sev-
eral  cell  pathways,  including  gene  processing,  proteostasis
and  protein  aggregation,  oxidative  stress,  and  alterations
in  the  neuronal  microenvironment.  These  forms  of  ALS
are  probably  due  to  the interaction  between  environmen-
tal factors  and  a  genetic  predisposition  to  the condition.
Future  research  will  contribute  to  our  understanding  of  ALS
pathogenesis,  enabling  the development  of  new  therapeutic
strategies.



34  J.  Riancho  et al.

Conflicts of  interest

The  authors  have  no  conflicts  of  interest  to  declare.

References

1. Lopez-Vega JM, Calleja J,  Combarros O, Polo JM, Berciano

J. Motor neuron disease in Cantabria. Acta Neurol Scand.

1988;77:1—5.

2. Zarranz JJ. Neurología. 4.a ed. Madrid: Elsevier; 2008.

3. Amato A, Russell J.  Neuromuscular disorders. China: McGraw

Hill; 2008.

4. Ferraiuolo L, Kirby J, Grierson AJ, Sendtner M, Shaw PJ. Molec-

ular pathways of motor neuron injury in amyotrophic lateral

sclerosis. Nat Rev Neurol. 2011;7:616—30.

5. Schymick JC, Talbot K, Traynor BJ. Genetics of  sporadic

amyotrophic lateral sclerosis. Hum Mol Genet. 2007;2(Spec

No.):R233—42.

6. Dunckley T, Huentelman MJ, Craig DW, Pearson JV, Szelinger

S,  Joshipura K, et  al. Whole-genome analysis of sporadic

amyotrophic lateral sclerosis. N Engl J Med. 2007;357:

775—88.

7. Van Es MA, van Vught PW,  Blauw HM, Franke L, Saris CG,

van Den BL, et  al. Genetic variation in DPP6 is associated

with susceptibility to amyotrophic lateral sclerosis. Nat Genet.

2008;40:29—31.

8. Van Es MA, van Vught PW,  Blauw HM, Franke L, Saris CG,

Andersen PM, et al. ITPR2 as a susceptibility gene in spo-

radic amyotrophic lateral sclerosis: a genome-wide association

study. Lancet Neurol. 2007;6:869—77.

9. Ahmeti KB, Ajroud-Driss S, Al Chalabi A, Andersen PM, Arm-

strong J, Birve A, et  al. Age of  onset of amyotrophic lateral

sclerosis is modulated by a locus on 1p34.1. Neurobiol Aging.

2013;34:357—419.

10. DeJesus-Hernandez M,  Mackenzie IR, Boeve BF, Boxer AL, Baker

M, Rutherford NJ, et  al. Expanded GGGGCC hexanucleotide

repeat in noncoding region of  C9ORF72 causes chromosome

9p-linked FTD and ALS. Neuron. 2011;72:245—56.

11. Renton AE, Majounie E, Waite A, Simon-Sanchez J,  Rollinson S,

Gibbs JR, et  al. A hexanucleotide repeat expansion in C9ORF72

is the cause of  chromosome 9p21-linked ALS-FTD. Neuron.

2011;72:257—68.

12. Byrne S,  Elamin M, Bede P, Shatunov A, Walsh C, Corr

B, et al. Cognitive and clinical characteristics of patients

with amyotrophic lateral sclerosis carrying a C9orf72 repeat

expansion: a population-based cohort study. Lancet Neurol.

2012;11:232—40.

13. Van Rheenen W,  van Blitterswijk M, Huisman MH, Vlam L,  van

Doormaal PT, Seelen M, et al. Hexanucleotide repeat expan-

sions in C9ORF72 in the spectrum of  motor neuron diseases.

Neurology. 2012;79:878—82.

14. Alexander MD, Traynor BJ, Miller N, Corr B, Frost E, McQuaid

S, et al. «True» sporadic ALS associated with a novel SOD-1

mutation. Ann Neurol. 2002;52:680—3.

15. Chio A, Calvo A, Moglia C, Ossola I, Brunetti M,  Sbaiz L,  et al. A

de novo missense mutation of the FUS gene in a  «true» sporadic

ALS case. Neurobiol Aging. 2011;32:553—6.

16. Chesi A, Staahl BT, Jovicic A, Couthouis J, Fasolino M,

Raphael AR, et  al.  Exome sequencing to identify de novo

mutations in sporadic ALS trios. Nat Neurosci. 2013;16:

851—5.

17. Lefebvre S, Burglen L,  Reboullet S, Clermont O,  Burlet P,

Viollet L, et al. Identification and characterization of a

spinal muscular atrophy-determining gene. Cell. 1995;80:

155—65.

18. Burghes AH, Beattie CE. Spinal muscular atrophy: why do low

levels of survival motor neuron protein make motor neurons

sick? Nat Rev Neurosci. 2009;10:597—609.

19. Fallini C, Bassell GJ, Rossoll W. Spinal muscular atrophy:

the role of SMN in axonal mRNA regulation. Brain Res.

2012;1462:81—92.

20. Rutherford NJ,  Zhang YJ,  Baker M,  Gass JM, Finch NA, Xu

YF, et  al. Novel mutations in TARDBP (TDP-43) in patients

with familial amyotrophic lateral sclerosis. PLoS Genet.

2008;4:e1000193.

21. Mackenzie IR, Rademakers R, Neumann M. TDP-43 and FUS in

amyotrophic lateral sclerosis and frontotemporal dementia.

Lancet Neurol. 2010;9:995—1007.

22. Lee EB, Lee VM, Trojanowski JQ. Gains or losses: molecular

mechanisms of  TDP43-mediated neurodegeneration. Nat Rev

Neurosci. 2012;13:38—50.

23. Andersen PM, Al  Chalabi A. Clinical genetics of amyotrophic

lateral sclerosis: what do we really know? Nat Rev Neurol.

2011;7:603—15.

24. Dewey CM, Cenik B, Sephton CF, Dries DR, Mayer P III, Good

SK, et al. TDP-43 is directed to stress granules by sorbitol,

a  novel physiological osmotic and oxidative stressor. Mol Cell

Biol. 2011;31:1098—108.

25. Shorter J. The mammalian disaggregase machinery: Hsp110

synergizes with Hsp70 and Hsp40 to catalyze protein disag-

gregation and reactivation in a cell-free system. PLoS ONE.

2011;6:e26319.

26. Tollervey JR, Curk T, Rogelj B, Briese M,  Cereda M, Kayikci M,

et al.  Characterizing the RNA targets and position-dependent

splicing regulation by TDP-43. Nat Neurosci. 2011;14:

452—8.

27. Johnson BS,  Snead D,  Lee JJ, McCaffery JM, Shorter J,  Gitler

AD. TDP-43 is intrinsically aggregation-prone, and amyotrophic

lateral sclerosis-linked mutations accelerate aggregation and

increase toxicity. J  Biol Chem. 2009;284:20329—39.

28. Bertolotti A,  Lutz Y,  Heard DJ, Chambon P, Tora L.  hTAF(II)68,

a novel RNA/ssDNA-binding protein with homology to the pro-

oncoproteins TLS/FUS and EWS is associated with both TFIID

and RNA polymerase II. EMBO J. 1996;15:5022—31.

29. Ito D, Seki M, Tsunoda Y, Uchiyama H, Suzuki N.  Nuclear

transport impairment of  amyotrophic lateral sclerosis-linked

mutations in FUS/TLS. Ann Neurol. 2011;69:152—62.

30. Dormann D, Rodde R,  Edbauer D, Bentmann E, Fischer I,

Hruscha A, et al. ALS-associated fused in sarcoma (FUS) muta-

tions disrupt Transportin-mediated nuclear import. EMBO J.

2010;29:2841—57.

31. Lagier-Tourenne C, Polymenidou M,  Hutt KR, Vu AQ, Baughn

M, Huelga SC, et  al. Divergent roles of  ALS-linked proteins

FUS/TLS and TDP-43 intersect in processing long pre-mRNAs.

Nat Neurosci. 2012;15:1488—97.

32. Majounie E, Renton AE, Mok K, Dopper EG, Waite A, Rollinson

S,  et al. Frequency of the C9orf72 hexanucleotide repeat

expansion in patients with amyotrophic lateral sclerosis and

frontotemporal dementia: a cross-sectional study. Lancet Neu-

rol. 2012;11:323—30.

33. Levine TP, Daniels RD, Gatta AT, Wong  LH, Hayes MJ. The

product of  C9orf72, a gene strongly implicated in neu-

rodegeneration, is structurally related to DENN Rab-GEFs.

Bioinformatics. 2013;29:499—503.

34. Marat AL, Dokainish H, McPherson PS. DENN domain pro-

teins: regulators of Rab GTPases. J Biol Chem. 2011;286:

13791—800.

35. Gijselinck I,  van Langenhove T,  van der ZJ, Sleegers K, Philtjens

S, Kleinberger G, et  al. A C9orf72 promoter repeat expansion

in a Flanders-Belgian cohort with disorders of  the  fron-

totemporal lobar degeneration-amyotrophic lateral sclerosis

spectrum: a  gene identification study. Lancet Neurol. 2012;11:

54—65.



Why  do  motor  neurons  degenerate?  Actualisation  in the pathogenesis  of  ALS  35

36. Greenway MJ, Andersen PM, Russ C, Ennis S, Cashman S,

Donaghy C, et al. ANG mutations segregate with famil-

ial and ‘sporadic’ amyotrophic lateral sclerosis. Nat Genet.

2006;38:411—3.

37. Saxena S,  Caroni P. Selective neuronal vulnerability in neurode-

generative diseases: from stressor thresholds to degeneration.

Neuron. 2011;71:35—48.

38. Kusaka H, Imai T, Hashimoto S,  Yamamoto T, Maya K, Yamasaki

M. Ultrastructural study of  chromatolytic neurons in an adult-

onset sporadic case of amyotrophic lateral sclerosis. Acta

Neuropathol. 1988;75:523—8.

39. Martin LJ. Neuronal death in amyotrophic lateral sclero-

sis is apoptosis: possible contribution of  a programmed

cell death mechanism. J Neuropathol Exp Neurol. 1999;58:

459—71.

40. Oyanagi K, Yamazaki M, Takahashi H, Watabe K, Wada M,

Komori T,  et al. Spinal anterior horn cells in sporadic amyo-

trophic lateral sclerosis show ribosomal detachment from, and

cisternal distention of  the rough endoplasmic reticulum. Neu-

ropathol Appl Neurobiol. 2008;34:650—8.

41. Sasaki S. Endoplasmic reticulum stress in motor neurons of  the

spinal cord in sporadic amyotrophic lateral sclerosis. J Neu-

ropathol Exp Neurol. 2010;69:346—55.

42. Raska I, Shaw PJ, Cmarko D.  New insights into nucleolar archi-

tecture and activity. Int Rev  Cytol. 2006;255:177—235.

43. Boisvert FM, van Koningsbruggen S, Navascues J, Lamond

AI. The multifunctional nucleolus. Nat Rev Mol Cell Biol.

2007;8:574—85.

44. Grummt I.  The nucleolus-guardian of cellular homeostasis and

genome integrity. Chromosoma. 2013;122:487—97.

45. Olson MO. Sensing cellular stress: another new function for the

nucleolus? Sci STKE. 2004;2004:e10.

46. Boulon S, Westman BJ, Hutten S, Boisvert FM, Lamond AI. The

nucleolus under stress. Mol Cell. 2010;40:216—27.

47. Kreiner G, Bierhoff H, Armentano M, Rodriguez-Parkitna J,

Sowodniok K, Naranjo JR, et  al. A neuroprotective phase pre-

cedes striatal degeneration upon nucleolar stress. Cell Death

Differ. 2013;20:1455—64.

48. Parlato R, Liss B. How Parkinson’s disease meets nucleolar

stress. Biochim Biophys Acta. 2014;1842:791—7.

49. Hetman M, Vashishta A, Rempala G. Neurotoxic mechanisms of

DNA damage: focus on transcriptional inhibition. J Neurochem.

2010;114:1537—49.

50. Baltanas FC, Casafont I,  Weruaga E, Alonso JR, Berciano MT,

Lafarga M.  Nucleolar disruption and cajal body disassembly are

nuclear hallmarks of DNA damage-induced neurodegeneration

in  Purkinje cells. Brain Pathol. 2011;21:374—88.

51. Hetman M, Pietrzak M.  Emerging roles of the neuronal nucle-

olus. Trends Neurosci. 2012;35:305—14.

52. Parlato R, Kreiner G.  Nucleolar activity in neurodegenerative

diseases: a missing piece of  the puzzle? J  Mol Med (Berl).

2013;91:541—7.

53. Lee J, Hwang YJ,  Ryu H, Kowall NW, Ryu H.  Nucleolar

dysfunction in Huntington’s disease. Biochim Biophys Acta.

2014;1842:785—90.

54. Riancho J, Ruiz-Soto M,  Villagrá NT, Berciano J, Berciano MT,

Lafarga M. Compensatory motor neuron response to chroma-

tolysis in the murine hSOD1 G93A model of  amyotrophic lateral

sclerosis. Front Cell Neurosci. 2014:8.

55. Gary JD, Sato TK, Stefan CJ,  Bonangelino CJ, Weisman LS,

Emr SD. Regulation of Fab1 phosphatidylinositol 3-phosphate

5-kinase pathway by Vac7 protein and Fig. 4, a polyphos-

phoinositide phosphatase family member. Mol  Biol Cell.

2002;13:1238—51.

56. Ko HS, Uehara T, Tsuruma K, Nomura Y. Ubiquilin inter-

acts with ubiquitylated proteins and proteasome through its

ubiquitin-associated and ubiquitin-like domains. FEBS Lett.

2004;566:110—4.

57. Bertram L, Hiltunen M, Parkinson M, Ingelsson M, Lange

C, Ramasamy K, et al. Family-based association between

Alzheimer’s disease and variants in UBQLN1. N Engl J Med.

2005;352:884—94.

58. Williams KL,  Warraich ST, Yang S, Solski JA, Fernando R,

Rouleau GA, et al. UBQLN2/ubiquilin 2 mutation and pathol-

ogy in familial amyotrophic lateral sclerosis. Neurobiol Aging.

2012;33:2527—610.

59. Johnson JO, Mandrioli J, Benatar M,  Abramzon Y, Van Deer-

lin VM, Trojanowski JQ, et al. Exome sequencing reveals

VCP mutations as a cause of familial ALS. Neuron. 2010;68:

857—64.

60. Ritson GP,  Custer SK, Freibaum BD, Guinto JB, Geffel D,  Moore

J,  et  al. TDP-43 mediates degeneration in a novel Drosophila

model of disease caused by mutations in VCP/p97. J  Neurosci.

2010;30:7729—39.

61. Song C, Wang Q,  Li  CC. ATPase activity of p97-valosin-

containing protein (VCP). D2 mediates the major enzyme

activity, and D1 contributes to the heat-induced activity. J Biol

Chem. 2003;278:3648—55.

62. Parkinson N, Ince PG, Smith MO, Highley R, Skibinski G,

Andersen PM, et  al.  ALS phenotypes with mutations in

CHMP2B (charged multivesicular body protein 2B). Neurology.

2006;67:1074—7.

63. Maruyama H,  Morino H, Ito  H, Izumi Y,  Kato H, Watanabe Y,

et  al. Mutations of  optineurin in amyotrophic lateral sclerosis.

Nature. 2010;465:223—6.

64. Chow CY, Landers JE, Bergren SK, Sapp PC, Grant AE, Jones

JM, et  al. Deleterious variants of FIG4, a phosphoinositide

phosphatase, in patients with ALS. Am J  Hum Genet. 2009;84:

85—8.

65. Filimonenko M, Stuffers S,  Raiborg C, Yamamoto A, Malerod L,

Fisher EM, et al. Functional multivesicular bodies are required

for autophagic clearance of  protein aggregates associated with

neurodegenerative disease. J  Cell Biol. 2007;179:485—500.

66. Kachaner D, Genin P, Laplantine E, Weil R. Toward

an integrative view of Optineurin functions. Cell Cycle.

2012;11:2808—18.

67. Albagha OM, Visconti MR, Alonso N,  Langston AL, Cundy T,

Dargie R, et al. Genome-wide association study identifies vari-

ants at  CSF1, OPTN and TNFRSF11A as genetic risk factors for

Paget’s disease of bone. Nat Genet. 2010;42:520—4.

68. Bendotti C, Marino M,  Cheroni C, Fontana E, Crippa V,

Poletti A, et  al.  Dysfunction of constitutive and inducible

ubiquitin—proteasome system in amyotrophic lateral sclero-

sis: implication for protein aggregation and immune response.

Prog Neurobiol. 2012;97:101—26.

69. Chen S, Zhang X, Song L, Le W. Autophagy dysregulation in

amyotrophic lateral sclerosis. Brain Pathol. 2012;22:110—6.

70. Morimoto N,  Nagai M, Ohta Y, Miyazaki K, Kurata T, Morimoto

M, et  al. Increased autophagy in transgenic mice with a  G93A

mutant SOD1 gene. Brain Res. 2007;1167:112—7.

71. Sasaki S. Autophagy in spinal cord motor neurons in spo-

radic amyotrophic lateral sclerosis. J Neuropathol Exp Neurol.

2011;70:349—59.

72. Robberecht W, Philips T. The changing scene of amyotrophic

lateral sclerosis. Nat Rev Neurosci. 2013;14:248—64.

73. Ezzi SA, Urushitani M, Julien JP. Wild-type superoxide

dismutase acquires binding and toxic properties of ALS-

linked mutant forms through oxidation. J  Neurochem.

2007;102:170—8.

74. Bosco DA, Morfini G, Karabacak NM, Song Y, Gros-Louis F,

Pasinelli P, et  al. Wild-type and mutant SOD1 share an aberrant

conformation and a common pathogenic pathway in ALS. Nat

Neurosci. 2010;13:1396—403.

75. Smith RG, Henry YK, Mattson MP, Appel SH. Presence of 4-

hydroxynonenal in cerebrospinal fluid of  patients with sporadic

amyotrophic lateral sclerosis. Ann Neurol. 1998;44:696—9.



36  J.  Riancho  et al.

76. Simpson EP, Henry YK, Henkel JS, Smith RG, Appel SH.

Increased lipid peroxidation in sera of ALS patients: a potential

biomarker of  disease burden. Neurology. 2004;62:1758—65.

77. Mitsumoto H, Santella RM, Liu X, Bogdanov M, Zipprich J, Wu

HC, et al. Oxidative stress biomarkers in sporadic ALS. Amy-

otroph Lateral Scler. 2008;9:177—83.

78. Shaw PJ, Ince PG, Falkous G, Mantle D.  Oxidative damage

to protein in sporadic motor neuron disease spinal cord. Ann

Neurol. 1995;38:691—5.

79. Shibata N,  Nagai R, Uchida K,  Horiuchi S, Yamada S, Hirano A,

et al. Morphological evidence for lipid peroxidation and pro-

tein glycoxidation in spinal cords from sporadic amyotrophic

lateral sclerosis patients. Brain Res. 2001;917:97—104.

80. Fitzmaurice PS, Shaw IC, Kleiner HE, Miller RT, Monks TJ, Lau

SS, et al. Evidence for DNA damage in amyotrophic lateral

sclerosis. Muscle Nerve. 1996;19:797—8.

81. Graham D, Lantos P. Greenfield’s neuropathology. 7th ed. Lon-

don: Arnold; 2002.

82. Tashiro Y, Urushitani M,  Inoue H, Koike M, Uchiyama Y,  Komatsu

M, et al. Motor neuron-specific disruption of proteasomes, but

not autophagy, replicates amyotrophic lateral sclerosis. J  Biol

Chem. 2012;287:42984—94.

83. De Vos KJ, Chapman AL, Tennant ME, Manser C, Tudor

EL, Lau KF, et al. Familial amyotrophic lateral sclerosis-

linked SOD1 mutants perturb fast axonal transport to reduce

axonal mitochondria content. Hum Mol  Genet. 2007;16:

2720—8.

84. Vinsant S,  Mansfield C, Jimenez-Moreno R, del GM, Yoshikawa

VM, Hampton TG, et  al. Characterization of early pathogenesis

in  the  SOD1(G93A) mouse model of  ALS: Part II. Results and

discussion. Brain Behav. 2013;3:431—57.

85. Vinsant S,  Mansfield C, Jimenez-Moreno R,  del Gaizo Moore

V, Yoshikawa M, Hampton TG, et al. Characterization of  early

pathogenesis in the SOD1(G93A) mouse model of  ALS: Part I.

Background and methods. Brain Behav. 2013;3:335—50.

86. Miller KE,  Sheetz MP. Axonal mitochondrial transport and

potential are correlated. J Cell Sci. 2004;117 Pt 13:

2791—804.

87. Kiaei M, Kipiani K, Calingasan NY, Wille E, Chen J,  Heissig B,

et al. Matrix metalloproteinase-9 regulates TNF-alpha and FasL

expression in neuronal, glial cells and its  absence extends life

in a  transgenic mouse model of  amyotrophic lateral sclerosis.

Exp Neurol. 2007;205:74—81.

88. Ackerley S, Grierson AJ, Brownlees J, Thornhill P, Anderton

BH, Leigh PN, et  al. Glutamate slows axonal transport of

neurofilaments in transfected neurons. J Cell Biol. 2000;150:

165—76.

89. Bergeron C, Beric-Maskarel K, Muntasser S, Weyer L,  Somerville

MJ, Percy ME. Neurofilament light and polyadenylated mRNA

levels are decreased in amyotrophic lateral sclerosis motor

neurons. J Neuropathol Exp Neurol. 1994;53:221—30.

90. Volkening K,  Leystra-Lantz C, Yang W, Jaffee H, Strong MJ.

Tar DNA binding protein of  43  kDa (TDP-43), 14-3-3 proteins

and copper/zinc superoxide dismutase (SOD1) interact to

modulate NFL mRNA stability. Implications for altered RNA

processing in amyotrophic lateral sclerosis (ALS). Brain Res.

2009;1305:168—82.

91. Wu CH, Fallini C, Ticozzi N, Keagle PJ, Sapp PC, Piotrowska K,

et al. Mutations in the profilin 1 gene cause familial amyotro-

phic lateral sclerosis. Nature. 2012;488:499—503.

92. Figlewicz DA, Krizus A, Martinoli MG, Meininger V, Dib M,

Rouleau GA, et al. Variants of the heavy neurofilament subunit

are associated with the development of amyotrophic lateral

sclerosis. Hum Mol Genet. 1994;3:1757—61.

93. Gros-Louis F, Lariviere R, Gowing G,  Laurent S, Camu W,

Bouchard JP, et al. A frameshift deletion in peripherin gene

associated with amyotrophic lateral sclerosis. J  Biol Chem.

2004;279:45951—6.

94. Puls I,  Jonnakuty C, LaMonte BH, Holzbaur EL, Tokito M, Mann

E, et al. Mutant dynactin in motor neuron disease. Nat Genet.

2003;33:455—6.

95. Yang Y, Hentati A, Deng HX, Dabbagh O, Sasaki T, Hirano

M, et  al. The gene encoding alsin, a protein with three

guanine-nucleotide exchange factor domains, is mutated in  a

form of recessive amyotrophic lateral sclerosis. Nat Genet.

2001;29:160—5.

96. Ruiz DA, Fabre PJ, Knevels E, Coulon C, Segura I, Haddick

PC, et  al. VEGF mediates commissural axon chemoattraction

through its receptor Flk1. Neuron. 2011;70:966—78.

97. Storkebaum E, Lambrechts D, Dewerchin M,  Moreno-Murciano

MP, Appelmans S,  Oh H, et al. Treatment of motoneuron degen-

eration by intracerebroventricular delivery of  VEGF in a rat

model of ALS. Nat Neurosci. 2005;8:85—92.

98. Landers JE, Melki J, Meininger V,  Glass JD, van den Berg LH,

van Es MA, et  al. Reduced expression of the Kinesin-Associated

Protein 3  (KIFAP3) gene increases survival in sporadic amyo-

trophic lateral sclerosis. Proc Natl Acad Sci U S  A. 2009;106:

9004—9.

99. Van Es MA, Veldink JH, Saris CG,  Blauw HM, van Vught

PW, Birve A, et al.  Genome-wide association study identi-

fies 19p13.3 (UNC13A) and 9p21.2 as susceptibility loci  for

sporadic amyotrophic lateral sclerosis. Nat Genet. 2009;41:

1083—7.

100. Van Damme P, Dewil M, Robberecht W, van Den BL.  Excito-

toxicity and amyotrophic lateral sclerosis. Neurodegener Dis.

2005;2:147—59.

101. Carriedo SG, Yin HZ, Weiss JH. Motor neurons are selectively

vulnerable to AMPA/kainate receptor-mediated injury in vitro.

J Neurosci. 1996;16:4069—79.

102. Williams TL, Day NC, Ince PG, Kamboj RK, Shaw PJ. Calcium-

permeable alpha-amino-3-hydroxy-5-methyl-4-isoxazole pro-

pionic acid receptors: a molecular determinant of selective

vulnerability in amyotrophic lateral sclerosis. Ann Neurol.

1997;42:200—7.

103. Shaw PJ, Forrest V, Ince PG, Richardson JP, Wastell HJ. CSF and

plasma amino acid levels in motor neuron disease: elevation

of CSF glutamate in a subset of patients. Neurodegeneration.

1995;4:209—16.

104. Rothstein JD, Martin LJ, Kuncl RW.  Decreased glutamate trans-

port by the brain and spinal cord in amyotrophic lateral

sclerosis. N  Engl J Med. 1992;326:1464—8.

105. Vucic S, Nicholson GA, Kiernan MC. Cortical hyperexcitability

may precede the onset of familial amyotrophic lateral sclero-

sis. Brain. 2008;131 Pt 6:1540—50.

106. Kwak S, Hideyama T, Yamashita T, Aizawa H. AMPA receptor-

mediated neuronal death in sporadic ALS. Neuropathology.

2010;30:182—8.

107. Henkel JS, Engelhardt JI, Siklos L, Simpson EP, Kim SH, Pan

T, et al. Presence of  dendritic cells, MCP-1, and activated

microglia/macrophages in amyotrophic lateral sclerosis spinal

cord tissue. Ann Neurol. 2004;55:221—35.

108. Yamanaka K, Chun SJ, Boillee S, Fujimori-Tonou N,  Yamashita

H, Gutmann DH, et  al. Astrocytes as determinants of dis-

ease progression in inherited amyotrophic lateral sclerosis. Nat

Neurosci. 2008;11:251—3.

109. Boillee S, Vande VC, Cleveland DW. ALS:  a disease of

motor neurons and their nonneuronal neighbors. Neuron.

2006;52:39—59.

110. Kuhle J, Lindberg RL, Regeniter A, Mehling M,  Steck AJ, Kap-

pos L, et  al.  Increased levels of inflammatory chemokines in

amyotrophic lateral sclerosis. Eur J  Neurol. 2009;16:771—4.

111. Hensley K, Abdel-Moaty H, Hunter J,  Mhatre M, Mou S,  Nguyen

K, et al. Primary glia expressing the G93A-SOD1 mutation

present a neuroinflammatory phenotype and provide a cellular

system for studies of  glial inflammation. J Neuroinflammation.

2006;3:2.



Why  do  motor  neurons  degenerate?  Actualisation  in the pathogenesis  of  ALS  37

112. Haidet-Phillips AM, Hester ME, Miranda CJ, Meyer K, Braun

L, Frakes A, et al. Astrocytes from familial and sporadic

ALS patients are toxic to motor neurons. Nat Biotechnol.

2011;29:824—8.

113. Lee Y, Morrison BM, Li Y,  Lengacher S,  Farah MH, Hoff-

man PN, et al. Oligodendroglia metabolically support axons

and contribute to neurodegeneration. Nature. 2012;487:

443—8.

114. Philips T, Bento-Abreu A, Nonneman A, Haeck W, Staats K,  Gee-

len V,  et al. Oligodendrocyte dysfunction in the pathogenesis

of  amyotrophic lateral sclerosis. Brain. 2013;136 Pt 2:471—82.


	Why do motor neurons degenerate? Actualisation in the pathogenesis of amyotrophic lateral sclerosis
	Introduction
	Development
	Genetic factors
	Transcriptional alterations and alterations in RNA processing
	TAR-DNA binding protein 43
	FET protein family: the FUS protein
	Mutations in the C9ORF72 gene

	Other proteins involved in gene processing

	Alterations in protein metabolism
	Protein synthesis
	Protein degradation
	Ubiquilin-2
	Valosin-containing protein
	CHMP2B, optineurin, and PI(3,5)P2 5-phosphatase

	SOD1 and oxidative stress
	Alterations in axonal transport
	Excitotoxicity
	Neuroinflammation and the role of glial cells
	Conclusions
	Conflicts of interest
	References


