
Introductory statement

Several mechanisms are involved in motor neuron 
survival, which at a first glance, provide a scattered 
scenario where different features do not appear 
to integrate into a single mechanistic perspective. 
Therefore, it is important to dissect the weighted 
influence for each of these mechanisms on motor 
neuron survival in order to establish what is a robust 
versus a slight effect. It is expected that when a 
mechanism exerting a robust influence on motor 
neuron survival is impaired this leads eventually 

to serious neurotoxic effects. On the other hand, 
one would expect that by stimulating the very same 
mechanism motor neuron survival can be promoted.
Strong evidence indicates that protein clearing sys-
tems play such a robust effect in promoting motor 
neurons survival. In fact, the impairment of spe-
cific protein clearing systems leads to motor neuron 
degeneration, while enhancement of cell clearance 
confers neuroprotection. Again, the fine ultrastruc-
tural pathology of degenerating motor neurons in 
both genetic and sporadic amyotrophic lateral scle-
rosis (ALS) is characterized by intraneuronal protein 
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aggregates and mitochondria. This witnessess for 
the failure of proteins/organelles clearance in ALS 
motor neurons. A recent fact is the accumulation 
of the TAR DNA-binding protein of 43 kDa (TDP-
43) which is now widely recognized as a hallmark 
of ALS since it is mislocalized and accumulated in 
cytoplasmic aggregates both in sporadic and genetic 
ALS (Neumann et al., 2006; Yokoseki et al., 2008). 
This happens also in the absence of TDP-43 muta-
tions. Protein clearing systems are responsible for 
the clearance of TDP-43 (Wang et al., 2010), thus 
witnessing again for a protein clearing defect in ALS 
motor neurons. This is replicated when looking at 
the autophagy-dependent clearance of other proteins 
which are clustered in cytoplasmic inclusions into 
ALS motor neurons (i.e. Cu-Zn superoxide dis-
mutase type 1, SOD1, alpha-synuclein).
This evidence indicates a defect in the autophagy 
machinery as a common determinant in ALS. In 
fact, autophagy inhibitors worsen the viability of 
motor neurons in a variety of ALS models while 
the stimulation of autophagy alleviates motor neu-
ron degeneration (Pasquali et al., 2009a; Madeo 
et al., 2009). Moreover, when specific autophagy 
components are impaired by gene manipulation 
autophagy failure leads eventually to motor neuron 
loss (Ferguson et al., 2009).
On the other hand, one might argue that autophagy 
represents a mere epiphenomenal event within dying 
motor neurons, which lose their ability to metabo-
lize proteins just as a secondary phenomenon due 
to other primary mechanisms generating a bulk of 
degraded cell components. However, the primary 
loss of protein clearance per se leads to motor neu-
ron death while suppressing protein clearance accel-
erates motor neuron death in genetic ALS. Thus, 
as it will be emphasized in this review, autophagy 
failure needs to play a causative role, which cannot 
be mismatched with an accompanying phenomenon 
(Pasquali et al., 2009a).
Therefore, it is reasonable to expect that, the tuning 
of autophagy, upon appropriate pharmacological 
activation, should protect motor neurons.
This review extends the significance of autophagy 
beyond ALS to encompass different scenarios char-
acterized by the death of motor neurons.

The autophagy pathway

In every eukaryotic cell, there are two main sys-
tems for degradation of cytoplasmic proteins: the 
ubiquitin-proteasome (UP) system (Ciechanover, 
2006) and autophagy (Yorimitsu and Klionsky, 
2005). While the UP system mainly degrades short-
lived nuclear and cytosolic misfolded proteins 
(Ciechanover, 2006), autophagy is involved in the 
clearance of long-lived protein and organelles (mito-
chondria and endoplasmic reticulum). A certain 
amount of baseline autophagy activity is required in 
order to mantain organelles and proteins at turnover, 
and this slow rate can quickly change upon appropri-
ate requests.
For instance, autophagy is quickly upregulated 
when cells need to generate intracellular nutrients 
and energy during starvation or growth factor with-
drawal. Thus, nutritional status, as well as hormonal 
factors, temperature, oxygen concentrations, and 
cell density, are important autophagy modulators 
(Klionsky, 2007; Maiuri et al., 2007; Mizushima and 
Klionsky, 2007; Rubinsztein et al., 2007).
Autophagy is also upregulated during develop-
ment, to perform structural remodelling, and to 
remove damaged cytoplasmic components, that 
are produced in different stressful conditions, such 
as during oxidative stress, infections, and protein 
accumulation (Mudher et al., 2004; Rubinsztein, 
2006; Yang et al., 2006; Forman et al., 2007). In par-
ticular, autophagy is very important for degradation 
of misfolded proteins and damaged mitochondria 
(Klionsky and Emr, 2000; Ravikumar et al., 2004; 
Castino et al., 2005). The pivotal role of autophagy 
in axonal elongation is demonstrated following axo-
nal injury and results from a massive occurrence of 
autophagy components within axons compared with 
cell body and dendrites (Yue, 2007). This explains 
the important role of autophagy in synaptogenesis 
(Shen and Ganetzky, 2010).
The first autophagy step is membrane nucleation 
which leads to the formation of a dynamic struc-
ture, deriving from the endoplasmic reticulum (ER) 
and/or the trans Golgi network. This initial struc-
ture evolves into a semi-circled single membrane, 
the “phagophore”, and then into a double-layered 
vesicle, named “autophagosome”. Formation of 
the autophagosome requires the incorporation of 
phosphatidyletanolamine (PE)-light chain (LC3) I 
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and the small GTPase rab24 (Fengsrud et al., 1995; 
Oosthuyse et al., 2001). LC3 is a microtubule-
associated protein, indicated as MAP-LC3, which 
normally participates in the dynamics of the cyto-
skeleton. This isoform corresponds to the 18 kDa 
LC3 I. When autophagosome formation begins, the 
18 kDa LC3 I dissociates from the microtubules 
and is lipidated to16 kDa LC3 II isoform, bound to 
PE (lipidated LC3). This process is carried out by a 
concerted action of the serine protease Atg4, which 
removes a small peptide at the C-terminal of the 
LC3 I, and an ubiquitin-like conjugating enzyme 
that catalyzes the covalent binding of PE to LC3 II 
(Cai et al., 2008; Otomo et al., 2008). In line with 
the association of LC3 I to microtubules, this phase 
of autophagosome formation normally occurs close 
to the microtubule organizing centre. Subsequently, 
the autophagosome converts into the autophagolyso-
some. This might occur in two way: i) the autopha-
gosome first fuses with early and late endosomes, 
forming the so-called amphisome to merge with 
lysosome; ii) the autophagosome fuses directly with 
lysosome. This latter process, which by-passes the 
endosomal compartment, leads to a less effective 
autophagy (lacking the endosomal enzymes). Fusion 
of autophagosomes with lysosomes requires the 
lysosomal integral membrane glycoprotein LAMP2 
(Petiot et al., 2000). LC3 II can be rescued and 
recycled back before the autophagosome fuses with 
acidic organelles or may be degraded by lysosomal 
hydrolases after autophagolysosome formation.
Both endosomes and lysosomes represent degrad-
ing vacuoles which possess a great amount of acidic 
hydrolases allowing the digestion of a wide range 
of biomolecules, such as protein macro-aggregates, 
organelles, membranes and cytoplasmic components.
In particular, endosomes require the activity of the 
endosomal sorting complex required for transport 
(ESCRT), which plays a critical role in the traffick-
ing of ubiquitinated substrates from the endocytotic 
vesicles to multivesicular bodies (MVB; Babst et 
al., 2002).
The ESCRT system, first identified in yeast Vps 
class E mutants, consists of four major classes of 
molecules, which act consecutively: the Vps27p/Hrs 
complex, which first recognizes the ubiquitinated 
cargo, the ESCRT-I complex, belonging to the 
endosomal membrane, which delivers the cargo to 
the ESCRT-II complex and, finally, the ESCRT-III 

complex, which internalizes the cargo within the 
MVB. Then, ubiquitin is removed proteolytically 
and ESCRT machinery is dissociated from the endo-
somal membrane by the activity of ATPase Vps4p/
SKD1 (for a review see Hurley and Emr, 2006; 
Slagsvold et al., 2006; Williams and Urbe, 2007). 
MVB merges with the autophagosome to produce 
an amphisome. Within amphisome the enzymatic 
apparatus of endosomes is further implemented by 
melting with the lysosomes which leads to formation 
of autophagolysosomes allowing to produce a more 
effective autophagy, where macroaggregates are 
completely hydrolysed, due to synergistic activities 
of endosomal and lysosomal enzymes (i.e. the lyso-
somal cysteine proteases, cathepsins B, D, and L).
A defect in the ESCRT system produces defective 
endosomes that lead to aberrant MVB, which in 
turn, do not allow the formation of the amphisome. 
This was demonstrated in yeast, where alterations of 
the vacuolar protein sorting 2 (VPS2), a component 
of the ESCRTIII complex, result in the formation 
of dysmorphic hybrid vacuole-endosome structures; 
additionally, disruption of other ESCRTIII com-
ponents abolishes the ability of MVB to internal-
ize membrane-bound cargoes (Babst et al., 1998; 
Katzmann et al., 2001; Babst et al., 2002).
Mutations in the ESCRT-III subunit CHMP2B, the 
mammalian orthologue of Vps2, were recently asso-
ciated with frontotemporal dementia and ALS (Cox 
et al., 2010). Similarly, a mutation of alsin, which 
normally moves the endosomes, produces familial 
ALS (see below).
Moreover, in mammals the lysosomal transmem-
brane proteins, LAMP-2 and CLN3, are required for 
melting lysosomes with autophagosomes (Levine 
and Kroemer, 2008).
The autophagy pathway is controlled by several 
signalling molecules, that act at different steps 
throughout the enzymatic cascade (Castino et al., 
2005). The first step of the autophagy pathway is 
controlled by a hetero-oligomeric complex consist-
ing of the phosphoinositide 3-kinase (PI3k) class III, 
the mammalian counterpart of yeast Vps34, beclin 
1, the mammalian counterpart of yeast Vps30/Atg6, 
and the protein p150, the mammalian counterpart 
of yeast Vps15, and Atg14 (Olzmann et al., 2008). 
These molecules form the so-called autophagy 
interactome, which is responsible for the induction 
of the phagophore and formation of a functional 
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autophagosome (Olzmann et al., 2008). Thus, induc-
tion of autophagy passes via beclin 1, PI3k class 
III and p150 myristylated kinase (Pattingre et al., 
2005). The subcellular localization of beclin 1 is 
controversial. Levine and coworkers found beclin 
1 mainly in the ER and mitochondria (Pattingre et 
al., 2005). However, this placement may be not the 
primary site but the migration of beclin 1 towards 
altered organelles targeted for degradation. Analysis 
of endogenous beclin 1 in other cell types suggests 
that it resides in the trans-Golgi network or in as yet 
uncharacterized cytosolic structures (Kihara et al., 
2001; Høyer-Hansen et al., 2007).
A key regulator of autophagy is the mammalian 
Target Of Rapamycin, mTOR. This possesses a 
kinase activity and regulates a number of cell func-
tions, like protein translation, ribosome biogenesis, 
localization of transcription factors. mTOR is a reg-
ulator of cell growth and differentiation, integrating 
signalling from both growth factors and nutrients. 
mTOR also acts as the major inhibitory signal for 
the autophagy pathway and shuts off autophagy in 
the presence of growth factors and abundant nutri-
ents. The PI3k class I/Akt signaling molecules link 
receptor tyrosine kinases to mTOR activation and 
thereby repress autophagy in response to insulin-like 
and other growth factor signals (Lum et al., 2005). 
Other regulatory molecules that control autophagy 
include 5’-AMP-activated protein kinase (AMPK), 
which responds to low energy; the eukaryotic initia-
tion factor 2α (eIF2α), which responds to nutrient 
starvation, double-stranded RNA, and ER stress; 
BH3-only proteins that contain a Bcl-2 homology-3 
(BH3) domain and disrupt Bcl 2/Bcl-XL inhibition 
of the Beclin 1/PI3k class III complex; the tumor 
suppressor protein, p53; death-associated protein 
kinases (DAPk); the ER-membrane-associated pro-
tein, IRE1; the stress-activated kinase, c-Jun-N-
terminal kinase; the inositol trisphosphate (IP3) 
receptor (IP3R); GTPases; Erk1/2; ceramide; and 
calcium (Meijer and Codogno, 2006; Criollo et al., 
2007; Maiuri et al., 2007; Rubinsztein et al., 2007).
Autophagy can be pharmacologically induced by 
inhibiting negative regulators such as mTOR with 
rapamycin (Rubinsztein et al., 2007), or lithium, a 
molecule that lowers IP3 levels (Sarkar et al., 2005; 
Criollo et al., 2007). Pharmacological inhibition of 
autophagy can be performed by targeting the PI3k 
class III involved in autophagosome formation with 

3-methyladenine or by targeting the fusion of autopha-
gosomes with lysosomes, using the aminoacid aspara-
gine or inhibitors of the lysosomal proton pump such 
as bafilomycin A1; genetic inhibition of autophagy 
can be achieved by using viral vector containing the 
null Vps34 gene, that corresponds to the mammalian 
PI3k class III (Petiot et al., 2000; Kihara et al., 2001).
p62 protein is a selective autophagy substrate, 
also named sequestosome 1 (Talbot and Ansorge, 
2006), and represents an important molecule in 
both autophagy and ubiquitin-proteasome system. 
In fact, p62 is a shuttle either to the proteasome 
(Seibenhener et al., 2004; Babu et al., 2005), or to 
autophagy (Pankiv et al., 2007).

The merging of protein clearing systems: 
the autophagoproteasome
Recent evidence provided by our research team 
(Fornai et al., 2004; Castino et al., 2008; Pasquali et 
al., 2009a,b), demonstrates that autophagy and pro-
teasome components can melt into a single double 
membrane limited organelle previous to lysosomal 
fusion thus making different protein clearing systems 
not as alternative pathways in the cell but as conver-
gent mechanisms, which eventually, merge into the 
same organelle. In fact, proteasome components 
were described within neuronal bodies reminiscent 
of autophagosomes (Fornai et al., 2004) which we 
further characterized by using autophagy markers 
(Castino et al., 2008), thus suggesting the merging 
of clearing systems into a novel organelle we termed 
autophagoproteasome (Pasquali et al., 2009a,b). 
These findings add to the amphisome (the conver-
gence between autophagosome and endosome) the 
proteasome compartment leading to a poly-catalytic 
structure, the so-called autophagoproteasome which 
features misfolded proteins, altered mitochondria 
within multi-membrane-limited structures, and con-
tains Proteasome Activator 700, the proteasome 20 
S subunit (UP components) clustered with LC3 II, 
beclin and Rab 24 (autophagy components).

The interplay between ER stress and 
autophagy

Increasing evidence indicates that altered cellular 
organelles may regulate autophagy, featuring as 
a key event in neurodegeneration. This includes 
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damaged mitochondria and the unfolded protein 
response (UPR), which originates from the ER, a 
specialized subcellular compartment essential for 
the secretory pathway.
Mitochondria become targets for autophagy degra-
dation after nutrient deprivation, a process known as 
mitophagy (Lemasters, 2005), which regulates the 
physiological turn over of mitochondria (Menzies 
and Gold, 1971; Pfeifer, 1978).
Although mechanisms targeting mitochondria for 
mitophagy remain poorly understood, it is likely that 
this involves the membrane pore transition (MPT) 
and signaling through PI3k and possibly c-Jun amino-
terminal kinases (Rodriguez-Enriquez et al., 2006).
The UPR signalling system is triggered when mis-
folded proteins accumulate within the ER (Kaufman, 
2002). The UPR is an adaptive reaction that aims to 
restore the ER capacity to produce properly folded 
proteins (for a review, see Matus et al., 2008). In 
addition to the UPR, ER-stress leads to a release of 
Ca from the ER and an increase in cytosolic free 
Ca (Berridge, 2002). When prolonged, UPR trig-
gers apoptosis by two ER stress-specific cell death 
signals (Nakagawa et al., 2000; Urano et al., 2000; 
Hitomi et al., 2004).
Occurrence of chronic ER stress and induction of 
UPR were described in a number of experimental 
models of neurodegeneration, linked to protein mis-
folding and aggregation (the so-called proteinopa-
thies), such as Parkinson’s disease, Alzheimer’s dis-
ease, Creutzfeldt-Jacob disease, and ALS. In these 
models there is a tight correlation between disease 
progression, protein accumulation and UPR induc-
tion (Lindholm et al., 2006). More interestingly, 
upregulation of ER stress markers was observed 
in post-mortem brain tissues from human patients 
(Lindholm et al., 2006). ER stress is a potent trigger 
of autophagy (Bernales et al., 2006; Kamimoto et 
al., 2006; Ogata et al., 2006; Yorimitsu et al., 2006; 
Criollo et al., 2007; Ding et al., 2007; Fujita et al., 
2007; Høyer-Hansen et al., 2007; Kouroku et al., 
2007). While the induction of autophagy by ER 
stress is conserved from yeast to mammals, the sig-
naling pathways responsible for autophagy induc-
tion and its cellular consequences appear to vary 
according to cell type and kind of stimulus.
The direct link between ER stress and autophagy 
was established in yeast Saccharomyces cerevisiae 
treated with distinct ER stressors. The data show 

that ER itself is the major autophagosomal sub-
strate during ER stress and suggest that induction of 
autophagy represents a pro-survival response due to 
augmented removal of unfolded proteins (Bernales et 
al., 2006). Additionally, it was proposed that autoph-
agy response provides a negative feedback during the 
recovery period by removing expanded ER.

Protein clearing pathways are key
in regulating motor neuron survival

There is evidence that motor neurons are defective 
in sustaining a bulk protein misfolding (i.e. during 
a potent oxidative insult or a genetic defect). In line 
with this, stressful conditions which are bare for other 
cells cause the death of motor neurons. This might 
depend on a high threshold for autophagy induction 
within motor neurons (Manzerra and Brown, 1992; 
Brown and Rush, 1999; Mautes and Noble, 2000; 
Batulan et al., 2003). Since stress response is a major 
autophagy inducer, these findings suggest that motor 
neurons may be constitutively deficient to activate 
autophagy after common injuries.
Confirming the vulnerability to protein misfolding, 
motor neurons are more vulnerable than non motor 
neurons to the proteasome inhibitor lactacystin 
(Urushitani et al., 2002).
Among protein clearing pathways, the UP system in 
motor neuron seems to have a role in the regulation 
of axonal survival and degeneration (MacInnis and 
Campenot, 2005).
Mutant SOD1 also undergoes degradation by prote-
asomes (Hoffman et al., 1996; Johnston et al., 2000), 
and recent studies demonstrated decreased protea-
some activity in cell lines expressing mutant SOD1 
(Hyun et al., 2002; Urushitani et al., 2002) and in 
lumbar spinal cord from G93A transgenic mice 
(Kabashi et al., 2004; Cheroni et al., 2005). In G93A 
transgenic mice the loss of proteasomal function was 
found to correlate with disease progression (Kabashi 
et al., 2004) and the accumulation of mutant SOD1 
(Cheroni et al., 2005).
On the other hand, as discussed in depth in this arti-
cle, the most recent studies indicate that autophagy 
plays the major protective role for spinal motor neu-
rons against neurodegeneration.
Apart from ALS, autophagy is critical for motor 
neuron survival also in other neurodegenerative dis-
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orders such as spinal and bulbar muscular atrophy 
(SBMA, Kennedy’s disease), an X-linked motor 
neuron disease resulting from the expansion of a 
polyQ-encoding CAG tract in the 5’ end of the 
androgen receptor (AR) gene (La Spada et al., 
1991). Histopathology of SBMA presents many 
similarities with ALS. In fact, in patients with 
SBMA, lower motor neurons are markedly depleted 
through all spinal segments and in brainstem motor 
nuclei except for the third, fourth and sixth cranial 
nerves (Sobue et al., 1981, 1989). Nuclear inclusions 
containing mutant AR and several UP components 
are found within the surviving motor neurons (Li 
et al., 1998; Merry et al., 1998; Stenoien et al., 
1999; Diamond et al., 2000; Adachi et al., 2005). A 
very recent study demonstrates that the autophagy 
pathway is able to degrade cytoplasmically retained 
mutant AR proteins. In this disease, autophagy inhi-
bition worsen, while autophagy activation alleviates 
motor neuron death (Montie et al., 2009).
Taken together these findings provide a strong evi-
dence that autophagy plays a central role in motor 
neuron survival. Since the primary defect is different 
in different motor neuron diseases, it is intriguing to 
disclose the biological link bridging different patho-
logical conditions into a common defect of the final 
pathway. In this view, autophagy does represent the 
more general protective response suitable for the 
motor neuron, that independently from the primary 
cause of degeneration, is recruited due to its efficacy 
in preserve cell viability.

Protein misfolding in ALS

Protein aggregates in ALS
Motor neuron degeneration in humans ALS is char-
acterized by size variations of the cytoplasm and 
nucleus, mitochondrial damage (Martin, 2007), and 
neuronal inclusions which show different morpho-
logical features, appearing as basophilic inclusions, 
skein-like inclusions, Lewy-body-like inclusions, 
and Bunina bodies. Among them, Bunina bodies are 
small eosinophilic intraneuronal inclusions which 
are generally considered to be a specific hallmark 
of ALS. Bunina bodies were first described in 1962 
from Bunina within motor neurons of spinal cord 
and brainstem in two familial ALS cases and were 
considered as a neurotrophic virus. One year before 

publication by Bunina, van Reeth et al. described 
similar intracellular inclusions in the anterior horn 
cells of the spinal cord from a patient with Pick’s 
dementia with atypical ALS (van Reeth et al., 1961). 
Bunina bodies possess pale central areas with a ten-
dency to form chain-like clusters. Despite a variety 
of immunohistochemical studies, only two proteins 
are recognized within Bunina bodies: cystatin C12 
and transferrin (Mizuno et al., 2006a). Other inclu-
sions such as skein-like inclusions or Lewy body-
like/round inclusions, are ubiquitin-positive. Bunina 
bodies may be negative (Leigh et al., 1991) or posi-
tive (Lowe et al., 1988; Murayama et al., 1990) for 
ubiquitin and for the ubiquitin-related protein p62 
(Mizuno et al., 2006b).
Recently, TDP-43, a nuclear protein that is involved 
in transcriptional repression and alternative splicing, 
was identified as a major component of neuronal 
intracytoplasmic inclusions in motor neurons in 
ALS, as well as in frontotemporal degeneration with 
ubiquitinated inclusions (Arai et al., 2006). Skein-
like and Lewy body-like/round inclusions in ALS 
are positive for TDP-43, while Bunina bodies are 
negative (Tan et al., 2007).
SOD1 protein, which is responsible for about 20% 
of the familial cases of ALS (Rosen et al., 1993), 
is also described as a constant component of all 
ALS-associated inclusions in both familial and spo-
radic ALS (Urushitani et al., 2004; Matsumoto et al., 
2005; Tan et al., 2007; Tan et al., 2008).
Transgenic mice, overexpressing a mutant form of 
the SOD1 protein, linked to familial ALS, have been 
widely used as animal model of ALS. In particular, 
SOD1 mutant mice that contain the G93A substitution 
were created in 1994 from Gurney et al. (1994) and 
provided milestone information about ALS pathology 
(Martin and Liu, 2004). The G93A transgenic mice 
develop a severe motor impairment, beginning at 
hindlimb level and progressively extending to trunk 
and forelimb, until complete paralysis and death 
(Martin and Liu, 2004; Martin et al., 2007; Feng et 
al., 2008; Fornai et al., 2008a). Recently, these mice 
were extensively analyzed at level of the motor nuclei 
of cranial nerves (Ferrucci et al., 2010), which also 
degenerate in the human ALS (Kusaka et al., 1988; 
Hartmann et al., 1989), extending the reliability of 
this animal model to the brainstem pathology.
The degeneration seen in these mice resembles a 
prolonged necrotic-like process with cellular swell-
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ing (Martin et al., 2007; Fornai et al., 2008a,b). 
Surviving motor neurons from G93A mice analysed 
at the end of the disease show several morpho-
logical alterations, which consist of swelling of 
cell body and proximal axons, and accumulation of 
large monodansylcadaverine-positive (autophagy) 
vacuoles within the cytosol (Fornai et al., 2008a). 
Immunohistochemical analysis of such cytoplas-
mic vacuoles reveals alpha-synuclein, ubiquitin and 
SOD1 (Martin et al., 2007, Fornai et al., 2008a). 
Similarly to human pathology, electron microscopy 
shows swelled and vacuoled mitochondria within 
cytosolic autophagosomes (Fornai et al., 2008a).
Although a defective UP system was supposed to 
produce ALS-associated protein aggregates (Keller 
et al., 2000; Kabashi et al., 2004; Koyama et al., 
2006; Cheroni et al., 2009), recent knowledge 
revealed the prominent role of autophagy (Fornai 
et al., 2008a,b, Laird et al., 2008; Hetz et al., 2009; 
Madeo et al., 2009; Crippa et al., 2010).
Autophagy plays the major protective role for spi-
nal motor neurons against neurodegeneration. In 
primary motor neuron cultures obtained from G93A 
mice, induction of the autophagy pathway (using 
lithium or rapamycin) clears several autophagy 
substrates such as SOD1, ubiquitin, and alpha-synu-
clein, which accumulate in both familial ALS and 
sporadic ALS. Autophagy inducers such lithium 
clear these proteins and rescue motor neuron from 
excitotoxicity both in normal and ALS mice (Fornai 
et al., 2008a,b; Calderò et al., 2010).
Kabuta and colleagues reported that autophagy 
reduced mutant SOD1-mediated toxicity and that 
induction of autophagy decreased mutant SOD1 
protein levels (Kabuta et al., 2006).
Moreover, abundant autophagy vacuoles and an 
increase in autophagy proteins due to a defect 
in autophagy progression were found in different 
experimental models of motor neuron death (Kinch 
et al., 2003; Matyja et al., 2005; Tarabal et al., 2005; 
Calderò et al., 2007; Morimoto et al., 2007; Fornai 
et al., 2008a,b; Laird et al., 2008; Li et al., 2008).
The increase in autophagy proteins is due to a lack 
of autophagy progression as a sort of non effective 
compensatory mechanism. When autophagy is not 
impaired to progress, accumulation of autopha-
gosomes does not occur and increased levels of 
activated autophagy proteins like LC3 II are not 
accompanied by persistent increase in autophagic 

vacuoles. In contrast, in the presence of a defective 
autophagy progression LC3 II levels increase and an 
excess of misfolded proteins and/or altered organ-
elles is observed.
This is supported by a recent study, which dem-
onstrates that defective autophagy in diseased 
motor neurons is accompanied by accumulation 
of large vesicles identified as autophagosomes 
(Venkatachalam et al., 2008, Laird et al., 2008). In 
this study the presence of an autophagy defect was 
related with the onset of motor neuron disease and 
clinical motor symptoms (Venkatachalam et al., 
2008), addinging strong evidence of the pro-survival 
effect of ongoing autophagy for motor neuron.
These studies are in line with data provided by 
Klionsky (2007), who reported that defective 
autophagy can lead to a paradoxical accumulation 
of autophagosomes filled with autophagy substrates.

Genetic mutations in ALS and autophagy
More insight about the pathogenesis of ALS comes 
from familial forms of ALS caused by specific 
defects in Als genes.
Familial ALS are approximately 10% of ALS cases 
(Strong et al., 1991; Majoor-Krakauer et al., 2003). 
Analysis of Als genes shows that most mutations 
causing different familial ALS produce distinct 
molecular defects but all of them provoke impair-
ment of autophagy.

Als1

ALS1 is an adult-onset, fatal, autosomal dominant 
disorder associated with mutations in the SOD1 
gene on chromosome 21q21 (Rosen et al., 1993).
Clinically indistinguishable from sporadic ALS, 
mutations in SOD1 gene account for about 20% of 
familial cases of ALS. From the first discover, in 
1993 (Deng et al., 1993; Rosen et al., 1993), over 
100 missense point mutations have been identified 
throughout the gene (Bendotti and Card, 2004; 
Turner and Talbot, 2008), as well as deletions and 
insertions leading to C-terminal truncated forms 
(Watanabe et al., 2005). SOD1 is a 153 amino acid 
cytosolic enzyme, ubiquitously expressed in most 
aerobic organisms (Rakhit et al., 2004). The bio-
logical function of SOD1 consists of catalyzing the 
dysmutation of superoxide anion to molecular oxy-
gen and hydrogen peroxide (Liochev and Fridovich, 
2003). Most SOD1 mutations lead to autosomal 



128 M. FERRUCCI ET AL.

dominant familial ALS which only in a few cases are 
associated with reduced enzymatic activity, many 
mutants retaining high levels of dysmutase activity 
(Deng et al., 1993; Vim et al., 1996). Therefore, it 
is assumed that mutated SOD1 becomes toxic due 
to a gain of function that confers to the enzyme 
an abnormal activity (Vim et al., 1997; reviewed 
in Xu Zuoshang, 2000; Cleveland and Rothstein, 
2001). Supporting this view, null SOD1 mice do not 
develop motor neuron disease (Reaume et al., 1996) 
and mice with mutant SOD1 do not have any effects 
by modulating (increase or decrease) the expression 
of wild type SOD1 (Bruijn et al., 1998).
Mice expressing various ALS-related mutants SOD1 
recapitulate the quick paralysis seen in familial ALS 
SOD1 human patients, providing an important con-
tribution to define ALS disease mechanisms.
Despite the exact mechanism by which mutated 
SOD1 cause ALS is not known, it is intriguing to note 
that many pathological features observed in familial 
cases of ALS due to SOD1 mutations are also pres-
ent in sporadic cases of ALS, thus making trans-
genic SOD1 mice of great interest. Neuropathology 
includes astrogliosis, axonal disorganization, mito-
chondrial pathology, fragmentation of Golgi appara-
tus, as well as precipitation of both mutated and wild 
type SOD1 into cytosolic aggregates and vacuolar 
degeneration. All these represent hallmarks of both 
sporadic and familial ALS (Dal Canto and Gourney, 
1995; Wong et al., 1995; Mourelatos et al., 1996; 
Bruijn et al., 1998; Stieber et al., 2000). In addition, 
administration of antibodies directed against SOD1 
were recently suggested to protect against disease 
progression (Urushitani et al., 2007).
It is established that mutant SOD1 fails to fold prop-
erly, thus implicating accumulation of misfolded 
SOD1 as a potential toxin in ALS. The misfolded 
SOD1 forms ubiquitinated cytoplasmic inclusions 
early in the disease process which increase as dis-
ease progresses (Bruijn et al., 1997).
Recently, mutant SOD1 aggregates were found to accu-
mulate in fractions that are enriched in ER membranes 
and intensify as disease progresses. The ER-associated 
SOD1 aggregates bind to the ER-luminal polypeptide 
chain binding protein (BiP) (Kikuchi et al., 2006). 
This inhibits ER-associated degradation (ERAD). 
Multiple ALS-associated mutants of SOD1 – includ-
ing the G93A – but not the wildtype SOD1, interact 
with Derlin-1, a transmembrane ER protein that is 

involved in dislocation of misfolded proteins from 
the ER to the cytosol. Binding of mutant SOD1 to 
Derlin-1 inhibits ERAD and thereby generates ER 
stress (Nishitoh et al., 2008).
Once in the cytosol, mutant SOD1 was reported 
to co-localize with p62 in motor neurons (Gal et 
al., 2007). This would be a crucial step to deliver 
mutant SOD1 proteins to the autophagy machinery 
for degradation.
Interestingly, Saxena et al. (2009) have recently 
published a method to carry out a longitudinal analy-
sis of three transgenic SOD1 mice, aimed to identify 
motor neurons that are selectively vulnerable or 
resistant to motor neuron disease. They found that 
vulnerable motor neurons are selectively prone to 
ER stress and show upregulated ER stress markers 
from birth. This suggests a role for the ER stress in 
motor neuron degeneration and introduce the novel 
concept of different sensitivity of different subtypes 
of mutant SOD1 motor neurons to ER stress (Saxena 
et al., 2009).
This is likely to explain why different motor neu-
rons possess a variable susceptibility to ALS, being 
the large phasic motor neurons proner to cell 
death compared with the small tonic motor neurons 
(Hegedus et al., 2007). Occurrence of selective 
changes in ALS motor neurons leading to cell death 
emerge from the study of Kikuchi et al. (2006). 
These Authors found that transgenic mice express-
ing mutant SOD1 exhibit age- and region-specific 
molecular alterations indicative of a broad recruit-
ment of ER signaling pathways, including caspase 
12, a prototypical ER cell death effector (Nakagawa 
et al., 2000). They also showed that mutant SOD1, 
and to a lesser extent wild-type SOD1, accumulates 
in the ER as high molecular weight aggregates 
which interact with the ER chaperone immunoglob-
ulin-binding protein BiP, a key component of the ER 
misfolded protein recognition machinery (Schroder 
and Kaufman, 2005). The binding of mutant SOD1 
to BiP (Kikuchi et al., 2006) could mediate SOD1 
import into the ER. Another mechanism proposed 
for mutant SOD1 toxicity is the inhibition of the 
proteasome activity. This effect of mutant SOD1 is 
still discussed, since intracellular accumulations in 
familial or sporadic ALS patients are not immuno-
reactive for proteasome components (Ii et al., 1997; 
Watanabe et al., 2001) but have been reported to 
contain Dorfin, an E3 ubiquitin ligase, which physi-
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cally binds and ubiquitinates various SOD1 mutants, 
thereby enhancing their degradation, without affect-
ing the stability of wild-type SOD1 (Niwa et al., 
2002). In agreement with this, biochemical evi-
dence from spinal cords of SOD1 mice has reported 
decreased activities of the proteasome in lumbar 
spinal cords of SOD1 mutant mice (Kabashi et al., 
2004; Cheroni et al., 2009).
Remarkably, misfolded mutant SOD1 damages 
mitochondria by its deposition on the cytoplasmic 
face of the outer membrane of spinal cord mitochon-
dria (Liu et al., 2004; Vande Velde et al., 2008). The 
damaged mitochondria occur within motor neurons 
of humans and mice (Martin et al., 2007), and vacu-
oles containinig mitochondria are present at various 
stage of degeneration in these mice (Wong et al., 
1995). This supports the hypothesis that mitochon-
drial damage is key in disease initiation (Dal Canto 
and Gurney, 1994; Kong and Xu, 1998).
Swelled mitochondria are accompanied by eleva-
tion of mitochondrial calcium levels and oxida-
tive stress, which appear at presymptomatic stage 
(Brustovetsky et al., 2003), whereas at the end of 
the disease decreased activity in the respiratory 
chain has been found (Mattiazzi et al., 2002). The 
mitochondrial pathology is more severe at the end 
of disease, when large and vacuoled mitochondria 
were found in the cytosol of motor neurons (Fornai 
et al., 2008a,b).
Other mechanisms of mutant SOD1-induced toxicity 
consist of: i) extracellular secretion of mutant SOD1 
by interaction with chromogranines (Urushitani et 
al., 2006), which in turn is promoted by proteasomal 
inhibition, and subsequent microglial activation 
(Zhao et al., 2009); ii) activation of the multipro-
tein membrane-associated NADPH oxidase through 
selective interaction with the catalytic subunit Nox2, 
thus promoting extracellular formation of superox-
ide anion (Harraz et al., 2008); iii) interference with 
axonal cytoskeletal organization and/or inhibition of 
both anterograde (Williamson and Cleveland, 1999) 
and retrograde (Murakami et al., 2001; Perlson et al., 
2009) axonal transport, probably by altering dynein 
functions (Kieran et al., 2005; Ligon et al., 2005).

Als2

ALS2 is a juvenile-onset, slowly progressive, auto-
somal recessive disorder in humans (Yang et al., 
2001; Eymard-Pierre et al., 2002) and a mild pheno-

type in mice (Otomo et al., 2008), that maps to chro-
mosome 2q33 and is associated with mutations in 
the alsin gene, a putative GTPase regulator (Hadano 
et al., 2001; Yang et al., 2001). Alsin interacts with 
Rab5 that is important in many stages of endocy-
tosis and early trafficking of signalling molecules 
(Gorvel et al., 1991; McLauchlan et al., 1998; 
Nielsen et al., 1999; Sato et al., 2005). In neurons 
Rab5 is required for the formation of endocytic pits 
for internalization of different receptors (Brown et 
al., 2005). All described mutations in the Als2 gene 
are expected to cause premature protein termination 
and loss of function of the alsin protein (Devon et 
al., 2003). Als2-deficient mice have subtle motor 
neuron pathology and motor behavior abnormalities 
and neurons from these mice show marked defects 
in specific endosomal trafficking pathways with a 
severe deficit in early endosome fusion stimulating 
activity in vitro (Devon et al., 2006).
Mutation in the alsin gene is concomitant with an 
increase in autophagy markers due to such a defect 
in autophagy progression.

Dynein/dynactin mutations

Mutations in the dynactin gene (Munch et al., 2004) 
leading to a loss of function cause a familial ALS 
which markedly differs from the SOD1 mutation. 
However, both ALS-associated mutations lead to 
defective autophagy.
Transgenic mice that express the human gene encod-
ing for the mutated variant of the dynactin protein 
associated with familial ALS in humans (Puls et al., 
2003; Munch et al., 2004) show an increase in the 
ratio of LC3 II/LC3 I within motor neurons, which 
is accompanied by defective autophagy (Laird et al., 
2008).
In fact, the mutant form of dynactin produces a 
deficiency in the autophagy machinery at the level 
of fusion of the autophagosome/amphisome with 
lysosome, and increased amounts of autophagy 
vacuoles, including non cleared autophagosomes 
and endosomes as well as LC3 II.
Thus, dynactin mutation disrupts the transport of the 
phagosome, which remains clustered in perinuclear 
regions. Such an alteration is accompanied by an 
increase of ubiquitin immunoreactivity.
The dynactin protein is a component of a complex 
which is involved in vesicle trafficking beyond the 
autophagosome. In particular, dynactin interacts 
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with dynein and provides a powerful engine to 
move the vesicles along the perykarion and axon 
(Waterman-Storer et al., 1997).
Interestingly, motor neuron loss observed in humans 
or mice carrying the dynactin mutation can be 
reproduced by impairing alternatevely this vesicle-
moving apparatus.
For instance, dynein which was not yet bound to any 
familial ALS is part of this vesicle-moving appara-
tus since it promotes the movement of the autopha-
gosome to the lysosome (Ravikumar et al., 2005; 
Rubinsztein, 2006; Jahreiss et al., 2008; Kimura 
et al., 2008; Olzmann and Chin 2008; Olzmann et 
al., 2008). If a mutant form of dynein is expressed 
in experimental models, such a mutation produces 
motor neuron loss (Hafezparast et al., 2003; Teuling 
et al., 2008).
Again, overexpressing dynamitin, which disassem-
bles dynactin (LaMonte et al., 2002) impair the 
physiological activity of the dynactin/dynein com-
plex leading to motor neuron loss.
The impairment of all these steps in the autopha-
gy pathway often involves the movements of the 
autophagosome/amphisome (such as dynactin or 
alsin), and this is consistent also with alterations 
in axonal transport, which relies on similar mecha-
nisms. For the same reason, a derangement of axo-
nal transport associates with impaired autophagy. 
Komatsu et al. (2007) recently showed that deletion 
of Atg7, an autophagy gene that is essential for the 
biogenesis of autophagosomes, leads to abnormal 
swelling and dystrophy of cell axon terminals. 
Neuronal autophagy is essential for axonal homeo-
stasis, local membrane trafficking, and turnover 
(Komatsu et al., 2007). Lending substance to this 
interconnection, it is worth noting that mutant SOD1 
alters the transport of membrane-bound organelles 
(vesicles transported along the axons) and mito-
chondria, leading to accumulation in perinuclear 
position (De Vos et al., 2007). These observations 
confirm the convergence between autophagy, axonal 
transport, the cellular traffiking of altered organelles 
and the site of accumulation of misfolded toxic pro-
teins (Tooze and Schiavo, 2008).

Als4

ALS4 (also known as “distal hereditary motor neu-
ronopathy” with pyramidal features, or dHMN) is 
a rare, childhood- or adolescent-onset, autosomal 

dominant form of ALS that is characterized by 
slow disease progression, limb weakness, severe 
muscle wasting, and pyramidal signs associated 
with degeneration of motor neurons in the brain 
and spinal cord. The phenotype of ALS4 includes 
a long disease duration, absence of overt sensory 
abnormalities, and sparing of bulbar and respiratory 
muscles (Chance et al., 1998; Rabin et al., 1999; De 
Jonghe et al., 2002).
It localizes on chromosome 9q34 (Chance et al., 
1998; Rabin et al., 1999; Blair et al., 2000; De 
Jonghe et al., 2002) and consists of missense muta-
tions in the Senataxin gene (Setx), that encodes 
a DNA/RNA helicase (Chen et al., 2004). DNA/
RNA helicases are known to be involved in DNA 
repair, replication, recombination and transcription, 
RNA processing, transcript stability, and translation 
initiation (Tanner and Linder 2001). Recent stud-
ies showed that several human diseases, including 
spinal muscular atrophy (SMA), are associated with 
defects in proteins or protein complexes that possess 
helicase activity (Campbell et al., 2000; Meister et 
al., 2000; Grohmann et al., 2001). Pellizzoni et al. 
(2001) identified RNA helicase A as a novel SMN-
interacting protein and showed that this interaction 
is defective in some SMA mutants, suggesting a 
critical role for the SMN complex in several aspects 
of mRNA biogenesis.
Abnormal SETX protein in ALS4 might impair the 
capacity of neurons to produce error-free mature 
mRNA, thus leading to ER stress and motor neuron 
loss.

Tdp43 mutations

TDP-43 is 414 amino acids long, encoded by six 
exons, widely expressed and predominantly nuclear. 
This protein contains two RNA-recognition motifs 
(RRM1 and RRM2) and a C-terminal glycine-rich 
region that may mediate interactions with other 
proteins. Patients with TDP-43 mutations develop 
typical ALS with some variability within families 
in the site and age of onset (Yokoseki et al., 2008). 
Although about a half of all ALS patients develop 
cognitive impairment of varying severity, only 
one patient carrying a TDP-43 mutation has been 
reported to develop cognitive deficits (Corrado et 
al., 2009). Neuropathology of TDP43 mutations 
consists of inclusions in neurons and glial cells 
within the spinal cords and throughout the brains 
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(e.g., Neumann et al., 2006; Van Deerlin et al., 
2008). Diffuse granular cytoplasmic staining of 
TDP-43 (which may represent an earlier stage of 
inclusion development) and nuclear clearing of 
TDP-43 have also been described in the spinal cords 
and brains of ALS patients carrying TDP-43 muta-
tions. It is unclear whether TDP-43 mutations lead 
to motor neuron loss through a gain of one or more 
toxic properties or a loss of normal function due to 
sequestration of the protein in nuclear or cytoplas-
mic inclusions and the corresponding disruption of 
its interactions with protein or RNA targets.
On the other hand, TDP-43 is a major component 
of ubiquitinated protein aggregates found in many 
patients with sporadic ALS or the most common 
form of frontotemporal dementia, called FTLD-U 
(frontotemporal lobar degeneration with ubiqui-
tinated inclusions). In ALS and FTLD-U patients, 
TDP-43 immunoreactive inclusions are observed 
in the cytoplasm and nucleus of both neurons and 
glial cells. The brains and spinal cords of patients 
with TDP-43 proteinopathy present a biochemical 
signature that is characterized by abnormal hyper-
phosphorylation and ubiquitination of TDP-43 and 
the production of ~25 kDa C-terminal fragments 
that are missing their nuclear targeting domains 
(Arai et al., 2006; Neumann et al., 2006). TDP-43 
inclusions are now recognized as a common feature 
of most ALS patients, with the striking exception of 
patients with familial ALS caused by SOD1 muta-
tions. These findings suggest that TDP-43 shares 
pathological features with other neurodegenerative 
disease-associated proteins like huntingtin, SOD1 
and alpha-synuclein.
The autophagy-dependent clearance does represent 
a common feature although it is still unclear whether 
aggregation of TDP-43 is a primary event in ALS 
pathogenesis or whether it is a by-product of the 
disease process.
Knockdown of Tsg101 or Vps24, the component 
of ESCRT complex, prevents the nuclear transport 
of wild type TDP-43, resulting in cytoplasmic 
accumulation of ubiquitinated TDP-43 aggregates 
(Filimonenko et al., 2007).
Moreover, in diseased brains, TDP-43 forms patho-
genic C-terminal fragments, with lower molecular 
weight species about 25 and 35 kDa (TDP-25 and 
TDP-35, respectively), which are prone to aggre-
gation (Neumann et al., 2006; Igaz et al., 2008). 

Overexpression of the truncated fragment TDP-25 
forms ubiquitinated and phosphrylated cytoplasmic 
aggregates (Igaz et al., 2009; Zhang et al., 2009) 
that are similar to those found in FTLD-U and 
ALS brains. In a very recent study carried out by 
Wang and coll. (2010), it was demonstrated that 
UP system and autophagy degrade both TDP-43 
and its pathological fragment TDP-25. In particu-
lar, it was found that TDP-25, more than TDP-43, 
is greatly increased in cells treated with autophagy 
inhibitors, and it decreases in cells treated with an 
autophagy enhancer (Wang et al., 2010), suggesting 
that autophagy is primarily involved in clearing the 
pathological forms of TDP-43. In agreement with 
this, TDP-25 was found to colocalize with punctu-
ated LC3 in transfected cells (Wang et al., 2010), 
thus suggesting that TDP-25 is more specifically 
regulated by autophagy.
Recent report found that mutant TDP-43, when 
overexpressed in mice, causes neurodegeneration in 
the absence of cytosolic aggregation (Wegorzewska 
et al., 2009). Analogously, overexpression of wild-
type TDP-43 in Drosophila motor neurons is suf-
ficient to produce cell-autonomous toxicity in the 
absence of ALS-associated mutations (Hanson et 
al., 2010). These findings support the hypothesis of 
the intrinsic toxicity of TDP-43. In particular, given 
that the majority of TDP-43 is found in the nucleus, 
where the protein plays its physiological role, the 
Authors attribute the intrinsic toxicity of wild type 
TDP-43 to its capacity to interfere with gene expres-
sion and/or mRNA splicing within the cell nucleus 
(Hanson et al., 2010). A recent finding (Cushman et 
al., 2010) demonstrate that TDP-43 as well as FUS, 
possesses a protein domain with the structure of a 
prion protein (see Fornai et al 2011, chapter 15, this 
issue). Interestingly such a domain is characterized 
by the repeats of asparagines which is a powerful 
autophagy inhibitor.

ESCRT mutations

Recently, the ESCRT-III subunit CHMP2B (charged 
multivesicular body protein 2B)/Vps2B was found 
to be mutated in a large Danish pedigree with 
frontotemporal dementia (FTD) (Skibinski et al., 
2005), and in patients with ALS (Parkinson et al., 
2006). Cell pathology demonstrates accumulation 
of ubiquitin-positive protein deposits that are also 
positive for p62/Sequestosome-1, a common com-
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ponent of protein inclusions associated with neuro-
degenerative disease (Talbot and Ansorge, 2006). 
Filimonenko and coll. (2007) have demonstrated that 
autophagic degradation is inhibited in cells depleted 
of ESCRT subunits as well as in cells overexpress-
ing CHMP2B mutants. In these cells they studied 
the dynamics of the intracellular vacuoles by fol-
lowing the autophagy-related protein LC3 II stained 
with the green fluorescent protein (GFP). As usual, 
they found that autophagy impairment was con-
comitant with an increase in LC3 II-GFP. Moreover, 
they demonstrated that once the LC3 II-positive 
autophagosome is formed, the subsequent fusion of 
the endosome/MVB to produce an amphisome does 
not occur and production of autophagolysosome is 
impeded. Inhibition of autophagy by impairment 
of the ESCRT pathway leads to accumulation of 
protein aggregates containing ubiquitinated proteins 
and p62, which is involved in the recruitment of 
mono-ubiquitinated substrates for autophagy deg-
radation (Filimonenko et al., 2007). These protein 
aggregates in ESCRT-depleted cells also contain 
TDP-43, recently identified as the major ubiqui-
tinated protein in FTLD-U and ALS.

PI(3,5)P2 signalling mutations

In humans mutations in the phospfoinisitol-
3,5biphosphate (PI-3,5P2) regulatory complex are 
associated with ALS (Chow et al., 2009). This muta-
tion affects the conversion of the phosphatidylinosit-
ide PI-3P into the signalling lipid PI-3,5P2 and leads 
also to Charcot-Marie-Tooth Type 4J disease (Chow 
et al., 2007). In mouse models, this mutation causes 
motor neuron loss that begins in fetal life and leads 
to death in 6 weeks after birth (Zhang et al., 2007; 
Jin et al., 2008; Chow et al., 2009). This is character-
ized by accumulation of swollen intracellular vacu-
oles (Chow et al., 2007; Jin et al., 2008).
The predominant effect of deficient PI-3,5P2 is to 
block the progression of autophagy. This view is 
supported by the recent observation that inhibition 
of the PI-3P kinase FAB1 (also known as PI-P5K3) 
in cultured cells results in accumulation of LC3 II 
(de Lartigue et al., 2009).
Definitive understanding of the role of PI-3,5P2 in 
the autophagy pathway is not yet accomplished. 
Current models suggest that PI-3,5P2 is synthesized 
within endosomes and lysosomes in response to 
specific cargoes (Dove et al., 2009). Membrane-

bound PI-3,5P2 is thought to interact with membrane 
proteins, and to recruit cytosolic proteins required 
for trafficking. Through these interactions, synthesis 
of PI-3,5P2 directs trafficking of vesicles along the 
endosome-lysosome axis and promotes recycling of 
membranes to the trans-Golgi network (Rutherford 
et al., 2006).
In particular, two models for the specific role of 
PI-3,5P2 in autophagy have been proposed (Feguson 
et al., 2009). In the first model, PI-3,5P2 belongs to the 
membranes of autophagy vacuoles, such as autopha-
gosomes, late endosomes and/or lysosomes, where 
it serves as a molecular signal for vesicle fusion, 
leading to mature autophagolysosomes. Deficiency 
of PI-3,5P2 on these membranes could slow or pre-
vent vesicle fusion events leading to accumulation 
of vesicles containing p62. Alternatively, PI-3,5P2 
serves for recycling the autolysosome membranes 
after fusion of the amphisome with the lysosome. In 
this model, autophagy intermediates could accumu-
late due to the deficiency of membrane components 
required for continued generation and maturation of 
autophagosomes. The second model is supported by 
the co-localization of p62, a marker of the autopha-
gosme, with LAMP-2, which specifically labels 
the lysosome, which implies that vesicle fusion has 
occurred.
Ferguson and coll. (2009) found in two indepen-
dent mouse mutants, deficient in PI-3,5P2, elevated 
brain levels of the autophagy markers LC3-II and 
p62, which localize within neurons and astrocytes, 
associated with extended neurodegeneration. In par-
ticular, in these mutant brains p62, which typically 
accumulates in neurodegenerative disease including 
ALS (Ross and Poirier, 2004), is located within 
insoluble inclusion bodies that also contain ubiqui-
tinated proteins.

UPR and sporadic ALS
What is emerging is that ER stress and induction 
of the UPR occur in sporadic ALS, thus placing 
ER stress centrally in the pathogenesis of a wide 
spectrum of motor neuron diseases. The UPR is 
induced at symptom onset and disease end stage in 
rodents models of familial ALS expressing mutated 
SOD1 (Kikuchi et al., 2006). Up-regulation of UPR 
prior to the onset of symptoms in mutant SOD1 
rodents implies an active role in the disease. Atkin 
and coll. (2008) showed that full UPR, including 
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induction of stress sensor kinases, chaperones and 
apoptotic mediators, is also present in the spinal 
cords of patients with sporadic ALS. Furthermore, 
the UPR chaperone protein disulphide isomerase 
(PDI) was present in the cerebrospinal fluid and was 
aggregated and widely distributed throughout motor 
neurons of these patients (Atkin et al., 2008).
Ilieva et al. (2007) showed both increased phosphor-
ylation of eIF2alpha and increased expression of ER 

chaperones (PDI and KDEL-containing proteins) in 
the spinal cord of patients with sporadic ALS. This 
strongly supports the participation of ER stress in 
ALS pathogenesis. Among the potential causes of 
such ER stress the Authors proposed intense oxida-
tive stress, responsible for protein oxidative damage, 
ALS-specific changes in fatty acid concentrations, 
and mitochondrial dysfunction leading to increased 
free radical production (Ilieva et al., 2007).

Fig. 1. - Effect of autophagy induction on morphological features of motor neurons from G93A mice. a) 
Representative image of spinal motor neurons from a saline-treated wt mouse stained with H&E shows euchromatic 
nucleus, evident nucleolus, and intensely basophilic cytoplasm, due to the abundance of ribosomes bound to 
endoplasmic reticulum. b) In saline-treated G93A mice, motor neurons exhibit severe morphological alterations, 
consisting of increased size, loss of basophilic reaction in the cytosol, intracellular vacuolization and nuclear altera-
tions. d) Autophagy induction preserves the morphology of survival spinal motor neurons in G93A transgenic mice 
at the end of the disease. This effect was obtained by daily administration of lithium carbonate, 1 mEq/kg i.p., 
starting at 75 days of age (for details, see Fornai et al., 2008). c) No effects of lithium treatment were evident in wt 
mice. Scale bar = 22 µm.
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Autophagy induction and ALS

In recent studies Fornai et al. (2008a,b) enhanced the 
autophagy pathway by administering either lithium 
or rapamycin (for the pharmacology of these effects 
see Pasquali et al., 2009a). Following treatment of 
motor neuron primary cultures with these drugs, all 
the autophagy markers appeared upregulated and a 
recovery in the cell pathology was observed: large 
autophagosomes occurring in ALS motor neurons 
were replaced by newly formed, small MVB stained 
with LC3 II.
In vivo treatment led to the same results: damaged 
mitochondria in motor neurons of G93A mice 

given saline were cleared in the motor neurons of 
ALS mice treated with lithium. In particular, motor 
neurons that appear severely damaged in the saline-
treated G93A mice featuring increased size and 
packed chromatin in the nucleus, show normal size 
and normal ultrastructure in the ALS mouse treated 
with an autophagy enhancer (Fig. 1).
Primary cultures of motor neurons from G93A and 
wild type mice did not show differences in sponta-
neous cell death in baseline conditions. However, 
inhibition of autophagy by 3-methyladenine (3-MA) 
precipitated cell death only in primary motor neu-
rons from G93A mice. This effect was reverted 
by the autophagy inductor rapamycin (Fornai et 

Fig. 2. - Effect of autophagy induction on SOD1 immunopositivity in the ipoglossal nucleus of G93A mice. Deposits of 
SOD1 immunopositivity within the cytosol of brainstem motor neurons belonging to the ipoglossal nucleus (12 N) of a 
G93A mice (b), and their reduction in a G93A mouse which received chronic lithium (1 mEq/kg/day i.p., d; Fornai et 
al., 2008). SOD1 immunostaining in saline- (a) and lithium- (c) treated mice is also shown. Scale bar = 12 µm.
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al., 2008a,b). Similarly to what observed in other 
neurodegenerative disease, these in vivo and in 
vitro data demonstrate that autophagy is beneficial 
role for G93A motor neurons. In line with this, we 
recently found that following administration of the 
autophagy blocker asparagine to G93A mice ALS 
symptoms are precipitated and occur much earlier 
than in the ALS G93A mutation (unpublished data).
The beneficial role of autophagy in the ALS G93A 
mutation is further confirmed by the data of Kabuta 
et al. (2006). These Authors found that autophagy is 
neuroprotective against excitotoxicity and promotes 
clearance of mutant SOD1, as confirmed also by a 

very recent study (Crippa et al., 2010). Induction 
of autophagy in G93A mice provokes a significant 
clearance of SOD1 aggregates from motor neurons 
in the spinal cord (Fornai et al., 2008a) and brainstem 
motor nuclei (Ferrucci et al., 2010; Fig. 2). Moreover, 
activation of autophagy promotes the clearance of 
protein aggregates classically described within dis-
eased motor neurons in most forms of familial and 
sporadic ALS (Fig. 3). In particular, promoting 
autophagy enhanced the clearance of alpha-synuclein 
(Fornai et al., 2008a; Fig. 4) which accumulates in 
the spinal cord of sporadic ALS and produces motor 
neuron death when it is mutated (Martin et al., 2006). 

Fig. 3. - Effect of autophagy induction on cytosolic vacuoles in G93A motor neurons. Monodansylcadaverine-positive 
vesicles featuring large vacuolar structures are evident in G93A motor neurons (b, arrows). Induction of autophagy 
by chronic lithium (1 mEq/kg/day i.p., Fornai et al., 2008) promotes the clearance of these structures, as attested by 
reduced amount of vacuoles (arrow) occurring in motor neurons of lithium-treated G93A mice (d). Motor neurons 
of saline- (a) and lithium-(c) treated wt mice are devoid of these cytosolic vacuoles. Scale bar = 12 µm.
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Autophagy also counteracts ubiquitin aggregates in 
the SOD1 mouse model and in other forms of ALS 
(see later Filimonenko et al., 2007). All these pro-
teins, i.e. SOD1 (Rosen et al., 1993; Shibata et al., 
1994), alpha-synuclein (Doherty et al., 2004), and 
ubiquitin (Leigh et al., 1991) represent substrates 
for the autophagy pathway (Fengsrud et al., 1995; 
Ferrucci et al., 2008; Vogiatzi et al., 2008 for SOD1, 
ubiquitin, and alpha-synuclein, respectively) and they 
accumulate in both familial ALS and sporadic ALS. 
Such findings confirm the presence of a defective 
autophagy pathway. Moreover, mitochondrial dam-
age, which represents the primary defect in these 
G93A mice, appears to be completely reverted by 

autophagy activation. In fact, autophagy promotes 
sequestration of mitochondria (mitophagy). Thus, 
large and vacuolated mitochondria visible in motor 
neurons of G93A mice were rescued by autophagy 
activation, which generates high numbers of small 
and well-structured newly formed mitochondria.

Concluding remarks

Increasing evidence shows that enhanced autophagy 
counteracts the pathophysiology of ALS. At this 
regard, ubiquitin-positive aggregates and mutant 
SOD1 detergent insolubility were significantly 

Fig. 4. - Effect of autophagy induction on alpha-synuclein immunofluorescence in G93A motor neurons. Faintly 
diffused apha-synuclein immunofluorescence in motor neurons from a saline-treated wt mouse (a), features as 
intensely positive “puncta” in G93A mice administered with saline (b). (d) Induction of autophagy with lithium salts 
(1 mEq/kg/day i.p., Fornai et al., 2008) eliminates the immunofluorescent aggregates of alpha-synuclein, probably 
by enhancing the clearance of alpha-synuclein cytosolic deposits. Effect of lithium on alpha-synuclein immunopo-
sitivity in wt motor neuron is also shown (c). Scale bar = 16.7 µm.
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decreased in the mouse motor neuron-like NSC-
34 cell line transiently transfected with the human 
SOD1G93A, in the presence of millimolar concen-
trations of trehalose, possibly due to its capacity to 
induce autophagy or to its properties as chemical 
chaperone (Gomes et al., 2010).
On the other hand, since the multiple biological 
effects of lithium, neuroprotection observed after 
lithium treatment in animal models of ALS by several 
Authors was considered to be a consequence of dif-
ferent lithium-mediated effects, other than induction 
of autophagy (Shin et al., 2007; Feng et al., 2008). 
This is the case, for example, of the dramatic effect 
produced by lithium treatment on mitochondria of 
G93A mice. In this mouse model big and damaged 
mitochondria in non-treated ALS motor neurons 
appeared to be substituted with smaller and well-
structured mitochondria in lithium-treated ALS motor 
neurons (Fornai et al., 2008a,b). This phenomenon, 
which cannot be explained by mere fission, calls 
for the occurrence of mitochondriogenesis, which is 
produced by lithium also in endothelial cell cultures 
(Struewing et al., 2007). Cytofluorimetry and reverse-
transcriptase polymerase chain reaction (RT-PCR) 
for mitochondrial DNA and RNA confirmed that 
lithium is able to produce the biogenesis of mitochon-
dria within motor neurons (Fornai et al., 2008a,b).

Summary

The protein clearing systems play a key role in neu-
rodegeneration. In particular, autophagy represents 
the main pathway which through the clearance of 
the altered cell components removes the potentially 
toxic material thus counteracting cell death. There is 
now a solid evidence that links directly a defective 
autophagy to ALS. This was firstly demonstrated 
by Fornai et al (2008a,b) and firmly confirmed by 
other subsequent papers (Laird et al., 2008; Hetz et 
al., 2009). Motor neuron degeneration in familial 
forms of ALS is triggered by the impairment of 
specific proteins belonging to protein clearing sys-
tems, while promoting autophagy improves motor 
neuron loss (Fornai et al., 2008a,b; Hetz et al., 
2009). Despite further studies are needed to clear 
the actual role of autophagy in motor neuron degen-
eration, taken together, the reported data indicate a 
neuroprotective role of autophagy in ALS and help 

to explain a variety of features involved in motor 
neuron degeneration.

Acknowledgements
We wish to thank Dr L. Settimini, Dr. Xia Feng, Dr. 
A. Matarangasi for their assistance and technical sup-
port. We thank IRCCS Neuromed - Ricerca corrente 
finalizzata Min. San. 2011-2013 on “Fisiopatologia  
e meccanismi di sopravvivenza nel motoneurone” to 
provide research funds.

References

Adachi H., Katsuno M., Minamiyama M., Waza M., 
Sang C., Nakagomi Y., Kobayashi Y., Tanaka F., 
Doyu M., Inukai A., Yoshida M., Hashizume Y., 
Sobue G. Widespread nuclear and cytoplasmic 
accumulation of mutant androgen receptor in 
SBMA patients. Brain, 128: 659-670, 2005.

Arai T., Hasegawa M., Akiyama H., Ikeda K., Nonaka 
T., Mori H., Mann D., Tsuchiya K., Yoshida M., 
Hashizume Y., Oda T. TDP-43 is a component of 
ubiquitin-positive tau-negative inclusions in fron-
totemporal lobar degeneration and amyotrophic 
lateral sclerosis. Biochem. Biophys. Res. Commun., 
351: 602-611, 2006.

Atkin J.D., Farg M.A., Walker A.K., McLean C., 
Tomas D., Horne M.K. Endoplasmic reticu-
lum stress and induction of the unfolded protein 
response in human sporadic amyotrophic lateral 
sclerosis. Neurobiol. Dis., 30: 400-407, 2008.

Babst M., Wendland B., Estepa E.J., Emr S.D. The 
Vps4p AAA ATPase regulates membrane associa-
tion of a Vps protein complex required for normal 
endosome function. EMBO J, 17: 2982-2993, 1998.

Babst M., Katzmann D.J., Estepa-Sabal E.J., Meerloo 
T., Emr S.D. Escrt-III: an endosome-associated 
heterooligomeric protein complex required for 
mvb sorting. Dev. Cell., 3: 271-282, 2002.

Babu J.R., Geetha T., Wooten M.W. Sequestosome 1/
p62 shuttles polyubiquitinated tau for proteasomal 
degradation. J. Neurochem., 94: 192-203, 2005.

Batulan Z., Shinder G.A., Minotti S., He B.P., 
Doroudchi M.M., Nalbantoglu J., Strong M.J., 
Durham H.D. High threshold for induction of the 
stress response in motor neurons is associated with 
failure to activate HSF1. J. Neurosci., 23: 5789-
5798, 2003.

Bendotti C. and Card M.T. Lessons from models of 
SOD 1-linked familial ALS. Trends. Mol. Med., 
10: 393-400, 2004.



138 M. FERRUCCI ET AL.

Bernales S., McDonald K.L., Walter P. Autophagy 
counterbalances endoplasmic reticulum expansion 
during the unfolded protein response. PLoS Biol., 
4: E423, 2006.

Berridge M.J. The endoplasmic reticulum: a multi-
functional signaling organelle. Cell Calcium, 32: 
235-249, 2002.

Blair I.P., Bennett C.L., Abel A., Rabin B.A., Griffin 
J.W., Fischbeck K.H., Cornblath D.R., Chance P.F. 
A gene for autosomal dominant juvenile amyo-
trophic lateral sclerosis (ALS4) localizes to a 500-
kb interval on chromosome 9q34. Neurogenetics, 
3: 1-6, 2000.

Brown I.R. and Rush S.J. Cellular localization of the 
heat shock transcription factors HSF1 and HSF2 
in the rat brain during postnatal development and 
following hyperthermia. Brain Res., 821: 333-340, 
1999.

Brown T.C., Tran I.C., Backos D.S., Esteban J.A. 
NMDA receptor-dependent activation of the 
small GTPase Rab5 drives the removal of syn-
aptic AMPA receptors during hippocampal LTD. 
Neuron, 45: 81-94, 2005.

Bruijn L.I., Becher M.W., Lee M.K., Anderson 
K.L., Jenkins N.A., Copeland N.G., Sisodia 
S.S., Rothstein J.D., Borchelt D.R., Price D.L., 
Cleveland D.W. ALS-linked SOD1 mutant G85R 
mediates damage to astrocytes and promotes rap-
idly progressive disease with SOD1-containing 
inclusions. Neuron, 18: 327-338, 1997.

Bruijn L.I., Houseweart M.K., Kato S., Anderson 
K.L., Anderson S.D., Ohama E., Reaume A.G., 
Scott R.W., Cleveland D.W. Aggregation motor 
neuron toxicity of an ALS-linked SOD 1 mutant 
independent from wild-type SOD1. Science, 281: 
1851-1854, 1998.

Brustovetsky N., Brustovetsky T., Purl K.J., Capano 
M., Crompton M., Dubinsky J.M. Increased sus-
ceptibility of striatal mitochondria to calcium-
induced penneability transition. J. Neuroscie., 23: 
4858-4867, 2003.

Cai H., Shim H., Lai C., Xie C., Lin X., Yang W.J., 
Chandran J. ALS2/alsin knockout mice and motor 
neuron diseases. Neurodegener. Dis., 5: 359-366, 
2008.

Calderò J., Tarabal O., Casanovas A., Ciutat D., 
Casas C., Lladò J. Excitotoxic motoneuron disease 
in chick embryo evolves with autophagic neurode-
generation deregulation of neuromuscular innerva-
tion. J. Neurosci. Res., 85: 2726-2740, 2007.

Calderó J., Brunet N., Tarabal O., Piedrafita L., Hereu 
M., Ayala V., Esquerda J.E. Lithium prevents 

excitotoxic cell death of motoneurons in organo-
typic slice cultures of spinal cord. Neuroscience, 
165: 1353-1369, 2010.

Campbell L., Hunter K.M., Mohaghegh P., Tinsley 
J.M., Brasch M.A., Davies K.E. Direct interaction 
of SMN with dp103, a putative RNA helicase: a 
role for SMN in transcription regulation? Hum. 
Mol. Genet., 9: 1093-1100, 2000.

Castino R., Isidoro C., Murphy D. Autophagy-
dependent cell survival and cell death in an autoso-
mal dominant familial neurohypophyseal diabetes 
insipidus in vitro model. FASEB J., 19: 1024-1026, 
2005.

Castino R., Lazzeri G., Lenzi P., Bellio N., Follo 
C., Ferrucci M., Fornai F., Isidoro C. Suppression 
of autophagy precipitates neuronal cell death 
following low doses of methamphetamine. J. 
Neurochem., 106: 1426-1439, 2008.

Chance P.F., Rabin B.A., Ryan S.G., Ding Y., 
Scavina M., Crain B., Griffin J.W., Cornblath D.R. 
Linkage of the gene for an autosomal dominant 
form of juvenile amyotrophic lateral sclerosis to 
chromosome 9q34. Am. J. Hum. Genet., 62: 633-
640, 1998.

Chen Y.Z., Bennett C.L., Huynh H.M., Blair I.P., Puls 
I., Irobi J., Dierick I., Abel A., Kennerson M.L., 
Rabin B.A., Nicholson G.A., Auer-Grumbach M., 
Wagner K., De Jonghe P., Griffin J.W., Fischbeck 
K.H., Timmerman V., Cornblath D.R., Chance 
P.F. DNA/RNA helicase gene mutations in a form 
of juvenile amyotrophic lateral sclerosis (ALS4). 
Am. J. Hum. Genet., 74: 1128-1135, 2004.

Cheroni C., Peviani M., Cascio P., Debiasi S., Monti 
C., Bendotti C. Accumulation of human SOD1 
and ubiquitinated deposits in the spinal cord of 
SOD1G93A mice during motor neuron disease 
progression correlates with a decrease of protea-
some. Neurobiol. Dis., 18: 509-522, 2005.

Cheroni C., Marino M., Tortarolo M., Veglianese P., 
De Biasi S., Fontana E., Zuccarello L.V., Maynard 
C.J., Dantuma N.P., Bendotti C. Functional altera-
tions of the ubiquitin-proteasome system in motor 
neurons of a mouse model of familial amyotrophic 
lateral sclerosis. Hum. Mol. Genet., 18: 82-96, 2009.

Chow C.Y., Zhang Y., Dowling J.J., Jin N., Adamska 
M., Shiga K., Szigeti K., Shy M.E., Li J., Zhang 
X., Lupski J.R., Weisman L.S., Meisler M.H. 
Mutation of FIG4 causes neurodegeneration in 
the pale tremor mouse and patients with CMT4J. 
Nature, 448: 68-72, 2007.

Chow C.Y., Landers J.E., Bergren S.K., Sapp P.C., 
Grant A.E., Jones J.M., Everett L., Lenk G.M., 



 AUTOPHAGY AND MOTOR NEURON 139

McKenna-Yasek D.M., Weisman L.S., Figlewicz 
D., Brown R.H., Meisler M.H. Deleterious variants 
of FIG4, a phosphoinositide phosphatase, in patients 
with ALS. Am. J. Hum. Genet., 84: 85-88, 2009.

Ciechanover A. The ubiquitin proteolytic system: 
from a vague idea, through basic mechanisms, 
and onto human diseases and drug targeting. 
Neurology, 66: 7-19, 2006.

Cleveland D.W. and Rothstein J.D. From Charcot to 
Lou Gehrig: deciphering selective motor neuron 
death in ALS. Nat. Rev. Neurosci., 2: 806-819, 
2001.

Corrado L., Ratti A., Gellera C., Buratti E., Castellotti 
B., Carlomagno Y., Ticozzi N., Mazzini L., Testa 
L., Taroni F., Baralle F.E., Silani V., D’Alfonso 
S. High frequency of TARDBP gene mutations in 
Italian patients with amyotrophic lateral sclerosis. 
Hum. Mutat., 30: 688-694, 2009.

Cox L.E., Ferraiuolo L., Goodall E.F., Heath P.R., 
Higginbottom A., Mortiboys H., Hollinger H.C., 
Hartley J.A., Brockington A., Burness C.E., 
Morrison K.E., Wharton S.B., Grierson A.J., Ince 
P.G., Kirby J., Shaw P.J. Mutations in CHMP2B 
in lower motor neuron predominant amyotrophic 
lateral sclerosis (ALS). PLoS One, 5: e9872, 2010.

Criollo A., Vicencio J.M., Tasdemir E., Maiuri 
M.C., Lavandero S., Kroemer G. The inositol tri-
sphosphate receptor in the control of autophagy. 
Autophagy, 3: 350-353, 2007.

Crippa V., Sau D., Rusmini P., Boncoraglio A., 
Onesto E., Bolzoni E., Galbiati M., Fontana E., 
Marino M., Carra S., Bendotti C., De Biasi S., 
Poletti A. The small heat shock protein B8 (HspB8) 
promotes autophagic removal of misfolded pro-
teins involved in amyotrophic lateral sclerosis 
(ALS). Hum. Mol. Genet., 19: 3440-3456, 2010.

Cushman M., Johnson B.S., King O.D., Gitler A.D., 
Shorter J. Prion-like disorders: blurring the divide 
between transmissibility and infectivity. J. Cell. 
Sci., 123: 1191-1201, 2010.

Dal Canto M.C. and Gurney M.E. Development of 
central nervous system pathology in a murine 
transgenic model of human amyotrophic lateral 
sclerosis. Am. J. Pathol., 145: 1271-1280, 1994.

Dal Canto M.C. and Gurney M.E. Neuropathological 
changes in two lines of mice carrying a transgene 
for mutant human Cu, Zn SOD, and in mice 
overexpressing wild type human SOD: a model 
of familial amyotrophic lateral sclerosis (FALS). 
Brain Research, 676: 25-40, 1995.

De Jonghe P., Auer-Grumbach M., Irobi J., Wagner 
K., Plecko B., Kennerson M., Zhu D., De Vriendt 

E., Van Gerwen V., Nicholson G., Hartung H.P., 
Timmerman V. Autosomal dominant juvenile 
amyotrophic lateral sclerosis distal hereditary 
motor neuronopathy with pyramidal tract signs: 
synonyms for the same disorder? Brain, 125: 
1320-1325, 2002.

de Lartigue J., Polson H., Feldman M., Shokat K., 
Tooze S.A., Urbe S., Clague M.J. PIKfyve regu-
lation of endosome-linked pathways. Traffic, 10: 
883-893, 2009.

De Vos K.J., Chapman A.L., Tennant M.E., Manser 
C., Tudor E.L., Lau K.F., Brownlees J., Ackerley 
S., Shaw P.J., McLoughlin D.M., Shaw C.E., Leigh 
P.N., Miller C.C., Grierson A.J. Familial amyo-
trophic lateral sclerosis-linked SOD1 mutants perturb 
fast axonal transport to reduce axonal mitochondria 
content. Hum. Mol. Genet., 16: 2720-2728, 2007.

Deng H.X., Hentati A., Tainer J.A., Iqbal Z., 
Cayabyab A., Hung W.Y., Getzoff E.D., Hu P., 
Herzfeldt B., Roos R.P., Warner C., Deng G., 
Soriano E., Smyth C., Parge H.E., Ahmed A., 
Roses A.D., Hallewell R.A., Pericak-Vance M.A., 
Siddique T. Amyotrophic lateral sclerosis and 
structural defects in CU/Zn superoxide dismutase. 
Science, 261: 1047-1051, 1993.

Devon R.S., Helm J.R., Rouleau G.A., Leitner Y., 
Lerman-Sagie T., Lev D., Hayden M.R. The first 
nonsense mutation in alsin results in a homo-
geneous phenotype of infantile-onset ascending 
spastic paralysis with bulbar involvement in two 
siblings. Clin. Genet., 64: 210-215, 2003.

Devon R.S., Orban P.C., Gerrow K., Barbieri M.A., 
Schwab C., Cao L.P., Helm J.R., Bissada N., Cruz-
Aguado R., Davidson T.L., Witmer J., Metzler M., 
Lam C.K., Tetzlaff W., Simpson E.M., McCaffery 
J.M., El-Husseini A.E., Leavitt B.R., Hayden M.R. 
Als2-deficient mice exhibit disturbances in endo-
some trafficking associated with motor behavioral 
abnormalities. Proc. Natl. Acad. Sci. U.S.A., 103: 
9595-9600, 2006.

Diamond M.I., Robinson M.R., Yamamoto K.R. 
Regulation of expanded polyglutamine protein 
aggregation and nuclear localization by the gluco-
corticoid receptor. Proc. Natl. Acad. Sci. U.S.A., 
97: 657-661, 2000.

Ding W.X., Ni H.M., Gao W., Hou Y.F., Melan 
M.A., Chen X., Stolz D.B., Shao Z.M., Yin 
X.M. Differential effects of endoplasmic reticulum 
stress-induced autophagy on cell survival. J. Biol. 
Chem., 282: 4702-4710, 2007.

Doherty M.J., Bird T.D., Leverenz J.B. Alpha-
synuclein in motor neuron disease: an immunohis-



140 M. FERRUCCI ET AL.

tologic study. Acta Neuropathol., 107: 169-175, 
2004.

Dove S.K., Dong K., Kobayashi T., Williams F.K., 
Michell R.H. Phosphatidylinositol 3,5-bisphos-
phate and Fab1p/PIKfyve underPPIn endo-lyso-
some function. Biochem. J., 419: 13, 2009.

Eymard-Pierre E., Lesca G., Dollet S., Santorelli 
F.M., di Capua M., Bertini E., Boespflug-Tanguy 
O. Infantile-onset ascending hereditary spastic 
paralysis is associated with mutations in the alsin 
gene. Am. J. Hum. Genet., 71: 518-527, 2008.

Feng H.L., Leng Y., Ma C.H., Zhang J., Ren M., 
Chuang D.M. Combined lithium and valproate 
treatment delays disease onset, reduces neurologi-
cal deficits and prolongs survival in an amyotrophic 
lateral sclerosis mouse model. Neuroscience, 155: 
567-572, 2008.

Fengsrud M., Roos N., Berg T., Liou W., Slot J.W., 
Seglen P.O. Ultrastructural and immunocytochem-
ical characterization of autophagic vacuoles in 
isolated hepatocytes: effects of vinblastine and 
asparagine on vacuole distributions. Exp. Cell. 
Res., 221: 504-519, 1995.

Ferguson C.J., Lenk G.M., Meisler M.H. Defective 
autophagy in neurons and astrocytes from mice 
deficient in PI(3,5)P2. Hum. Mol. Genet., 18: 
4868-4878, 2009.

Ferrucci M., Pasquali L., Ruggieri S., Paparelli A., 
Fornai F. Alpha-synuclein and autophagy as com-
mon steps in neurodegeneration. Parkinsonism 
Relat. Disorder, 14: S180-184, 2008.

Ferrucci M., Spalloni A., Bartalucci A., Cantafora 
E., Fulceri F., Nutini M., Longone P., Paparelli A., 
Fornai F. A systematic study of brainstem motor 
nuclei in a mouse model of ALS, the effects of 
lithium. Neurobiol. Dis., 37: 370-383, 2010.

Filimonenko M., Stuffers S., Raiborg C., Yamamoto 
A., Malerød L., Fisher E.M., Isaacs A., Brech A., 
Stenmark H., Simonsen A. Functional multivesic-
ular bodies are required for autophagic clearance 
of protein aggregates associated with neurodegen-
erative disease. J. Cell Biol., 179: 485-500, 2007.

Forman M.S., Trojanowski J.Q., Lee V.M. TDP-43: 
a novel neurodegenerative proteinopathy. Curr. 
Opin. Neurobiol., 17: 548-555, 2007.

Fornai F., Lenzi P., Gesi M., Soldani P., Ferrucci M., 
Lazzeri G., Capobianco L., Battaglia G., De Blasi 
A., Nicoletti F., Paparelli A. Methamphetamine pro-
duces neuronal inclusions in the nigrostriatal system 
and in PC12 cells. J. Neurochem., 88: 114-123, 2004.

Fornai F., Longone P., Cafaro L., Kastsiuchenka O., 
Ferrucci M., Manca M.L., Lazzeri G., Spalloni 

A., Bellio N., Lenzi P., Modugno N., Siciliano 
G., Isidoro C., Murri L., Ruggieri S., Paparelli A. 
Lithium delays progression of amyotrophic lateral 
sclerosis. Proc. Natl. Acad. Sci. U.S.A., 105: 2052-
2057, 2008a.

Fornai F., Longone P., Ferrucci M., Lenzi P., Isidoro 
C., Ruggieri S., Paparelli A. Autophagy and 
amyotrophic lateral sclerosis: The multiple roles of 
lithium. Autophagy, 4: 527-530, 2008b.

Fujita E., Kouroku Y., Isoai A., Kumagai H., 
Mizutani A., Matsuda C., Hayashi Y.K., Momoi 
T. Two endoplasmic reticulum-associated degra-
dation systems (ERAD) for the novel variant of 
the mutant dysferlin; ubiquitin/proteasome ERAD 
(I) Autophagy/Lysosome ERAD (II). Hum. Mol. 
Genet., 16: 618-629, 2007.

Gal J., Strom A.L., Kilty R., Zhang F., Zhu H. p62 
accumulates and enhances aggregate formation 
in model systems of familial amyotrophic lateral 
sclerosis. J. Biol. Chem., 282: 11068-11077, 2007.

Gal J., Ström A.L., Kwinter D.M., Kilty R., 
Zhang J., Shi P., Fu W., Wooten M.W., Zhu H. 
Sequestosome 1/p62 links familial ALS mutant 
SOD1 to LC3 via an ubiquitin-independent mecha-
nism. J. Neurochem., 111: 1062-1073, 2009.

Gomes C., Escrevente C., Costa J. Mutant superox-
ide dismutase 1 overexpression in NSC-34 cells: 
effect of trehalose on aggregation, TDP-43 local-
ization and levels of co-expressed glycoproteins. 
Neurosci. Lett., 475: 145-149, 2010.

Gorvel J.P., Chavrier P., Zerial M., Gruenberg J. rab5 
controls early endosome fusion in vitro. Cell., 64: 
915-925, 1991.

Grohmann K., Schuelke M., Diers A., Hoffmann K., 
Lucke B., Adams C., Bertini E., Leonhardt-Horti 
H., Muntoni F., Ouvrier R., Pfeufer A., Rossi R., 
Van Maldergem L., Wilmshurst J.M., Wienker 
T.F., Sendtner M., Rudnik-Schoneborn S., Zerres 
K., Hubner C. Mutations in the gene encoding 
immunoglobulin m-binding protein 2 cause spinal 
muscular atrophy with respiratory distress type 1. 
Nat. Genet., 29: 75-77, 2001.

Gurney M.E., Pu H., Chiu A.Y., Dal Canto M.C., 
Polchow C.Y., Alexander D.D., Caliendo J., 
Hentati A., Kwon Y.W., Deng H.X., Chen W., 
Zhai P., Sunt R.L., Siddique T. Motor neuron 
degeneration in mice that express a human CU,Zn 
superoxide dismutase mutation. Science, 264: 
1772-1775, 1994.

Hadano S., Hand C.K., Osuga H., Yanagisawa Y., 
Otomo A., Devon R.S., Miyamoto N., Showguchi-
Miyata J., Okada Y., Singaraja R., Figlewicz D.A., 



 AUTOPHAGY AND MOTOR NEURON 141

Kwiatkowski T., Hosler B.A., Sagie T., Skaug J., 
Nasir J., Brown R.H. Jr, Scherer S.W., Rouleau 
G.A., Hayden M.R., Ikeda J.E. A gene encoding 
a putative GTPase regulator is mutated in familial 
amyotrophic lateral sclerosis 2. Nat. Genet., 29: 
166-173, 2001.

Hafezparast M., Klocke R., Ruhrberg C., Marquardt 
A., Ahmad-Annuar A., Bowen S., Lalli G., 
Witherden A.S., Hummerich H., Nicholson 
S., Morgan P.J., Oozageer R., Priestley J.V., 
Averill S., King V.R., Ball S., Peters J., Toda T., 
Yamamoto A., Hiraoka Y., Augustin M., Korthaus 
D., Wattler S., Wabnitz P., Dickneite C., Lampel 
S., Boehme F., Peraus G., Popp A., Rudelius 
M., Schlegel J., Fuchs H., Hrabe de Angelis M., 
Schiavo G., Shima D.T., Russ A.P., Stumm G., 
Martin J.E., Fisher E.M. Mutations in dynein link 
motor neuron degeneration to defects in retrograde 
transport. Science, 300: 808-812, 2003.

Hanson K.A., Kim S.H., Wassarman D.A., Tibbetts 
R.S. Ubiquilin modifies TDP-43 toxicity in a 
Drosophila model of amyotrophic lateral sclerosis 
(ALS). J. Biol. Chem., 285: 11068-11072, 2010.

Harraz M.M., Marden J.J., Zhou W., Zhang Y., 
Williams A., Sharov V.S., Nelson K., Luo M., 
Paulson H., Schöneich C., Engelhardt J.F. SOD1 
mutations disrupt redox-sensitive Rac regulation 
of NADPH oxidase in a familial ALS model. J. 
Clin. Invest., 118: 659-670, 2008.

Hartmann H.A., McMahon S., Sun D.Y., Abbs J.H., 
Uemura E. Neuronal RNA in nucleus ambiguus 
and nucleus hypoglossus of patients with amyo-
trophic lateral sclerosis. J. Neuropathol. Exp. 
Neurol., 48: 669-673, 1989.

Hegedus J., Putman C.T., Gordon T. Time course 
of preferential motor unit loss in the SOD1 G93A 
mouse model of amyotrophic lateral sclerosis. 
Neurobiol. Dis., 28: 154-164, 2007.

Hetz C., Thielen P., Matus S., Nassif M., Court F., 
Kiffin R., Martinez G., Cuervo A.M., Brown R.H., 
Glimcher L.H. XBP-1 deficiency in the nervous 
system protects against amyotrophic lateral scle-
rosis by increasing autophagy. Genes Dev., 23: 
2294-2306, 2009.

Hitomi J., Katayama T., Eguchi Y., Kudo T., 
Taniguchi M., Koyama Y., Manabe T., Yamagishi 
S., Bando Y., Imaizumi K., Tsujimoto Y., Tohyama 
M. Involvement of caspase-4 in endoplasmic retic-
ulum stress-induced apoptosis and Abeta-induced 
cell death. J. Cell. Biol., 165: 347-356, 2004.

Hoffman E.K., Wilcox H.M., Scott R.W., Siman R. 
Proteasome inhibition enhances the stability of 

mouse Cu/Zn superoxide dismutase with muta-
tions linked to familial amyotrophic lateral sclero-
sis. J. Neurol. Sci., 139: 15-20, 1996.

Høyer-Hansen M., Bastholm L., Szyniarowski 
P., Campanella M., Szabadkai G., Farkas T., 
Bianchi K., Fehrenbacher N., Elling F., Rizzuto 
R., Mathiasen I.S., Jäättelä M. Control of macroau-
tophagy by calcium, calmodulin-dependent kinase 
kinase-beta, and Bcl-2. Mol. Cell., 25: 193-205, 
2007.

Hurley J.H. and Emr S.D. The ESCRT complexes: 
structure and mechanism of a membrane-traf-
fi cking network. Annu. Rev. Biophys. Biomol. 
Struct., 35: 277-298, 2006.

Hyun D.H., Lee M.H., Halliwell B., Jenner P. 
Proteasomal dysfunction induced by 4-hydroxy-2, 
3-trans-nonenal, an end-product of lipid peroxida-
tion: a mechanism contributing to neurodegenera-
tion? J. Neurochem., 83: 360-370, 2002.

Ii K., Ito H., Tanaka K., Hirano A. Immunocytochemical 
colocalization of the proteasome in ubiquitinated 
structures in neurodegenerative diseases the elder-
ly. J. Neuropathol. Exp. Neuron., 56: 125-131, 
1997.

Igaz L.M., Kwong L.K., Xu Y., Truax A.C., Uryu K., 
Neumann M., Clark C.M., Elman L.B., Miller B.L., 
Grossman M., McCluskey L.F., Trojanowski J.Q., 
Lee V.M. Enrichment of C-terminal fragments in 
TAR DNA-binding protein-43 cytoplasmic inclu-
sions in brain but not in spinal cord of frontotem-
poral lobar degeneration and amyotrophic lateral 
sclerosis. Am. J. Pathol., 173: 182-194, 2008.

Igaz L.M., Kwong L.K., Chen-Plotkin A., Winton 
M.J., Unger T.L., Xu Y., Neumann M., Trojanowski 
J.Q., Lee V.M. Expression of TDP-43 C-terminal 
fragments in vitro recapitulates pathological fea-
tures of TDP-43 proteinopathies. J. Biol. Chem., 
284: 8516-8524, 2009.

Ilieva E.V., Ayala V., Jové M., Dalfó E., Cacabelos D., 
Povedano M., Bellmunt M.J., Ferrer I., Pamplona 
R., Portero-Otín M. Oxidative endoplasmic reticu-
lum stress interplay in sporadic amyotrophic lat-
eral sclerosis. Brain, 130: 3111-3123, 2007.

Jahreiss L., Menzies F.M., Rubinsztein D.C. The itin-
erary of autophagosomes: from peripheral forma-
tion to kiss-andrun fusion with lysosomes. Traffic, 
9: 574-587, 2008.

Jin N., Chow C.Y., Liu L., Zolov S.N., Bronson R., 
Davisson M., Petersen J.L., Zhang Y., Park S., 
Duex J.E., Goldowitz D., Meisler M.H., Weisman 
L.S. VAC14 nucleates a protein complex essential 
for the acute interconversion of PI3P and PI(3,5)



142 M. FERRUCCI ET AL.

P(2) in yeast and mouse. EMBO J., 27: 3221-3234, 
2008.

Johnston J.A., Dalton M.J., Gurney M.E., Kopito 
R.R. Formation of high molecular weight com-
plexes of mutant Cu, Zn-superoxide dismutase in 
a mouse model for familial amyotrophic lateral 
sclerosis. Proc. Natl. Acad. Sci. U.S.A., 97: 12571-
12576, 2000.

Kabashi E., Agar J.N., Taylor D.M., Minotti S., 
Durham H.D. Focal dysfunction of the protea-
some: a pathogenic factor in a mouse model of 
amyotrophic lateral sclerosis. J. Neurochem., 89: 
1325-1335, 2004.

Kabuta T., Suzuki Y., Wada K. Degradation of amy-
otrophic lateral sclerosis-linked mutant Cu,Zn-
superoxide dismutase proteins by macroautophagy 
and the proteasome. J. Biol. Chem., 281: 30524-
30533, 2006.

Kamimoto T., Shoji S., Hidvegi T., Mizushima N., 
Umebayashi K., Perlmutter D.H., Yoshimori T. 
Intracellular inclusions containing mutant alpha1-
antitrypsin Z are propagated in the absence of 
autophagic activity. J. Biol. Chem., 281: 4467-
4476, 2006.

Katzmann D.J., Babst M., Emr S.D. Ubiquitin-
dependent sorting into the multivesicular body 
pathway requires the function of a conserved endo-
somal protein sorting complex, ESCRT-I. Cell, 
106: 145-155, 2001.

Kaufman R.J. Orchestrating the unfolded protein 
response in health and disease. J. Clin. Invest., 
110: 1389-1398, 2002.

Keller J.N., Huang F.F., Markesbery W.R. Decreased 
levels of proteasome activity and proteasome 
expression in aging spinal cord. Neuroscience, 98: 
149-156, 2000.

Kieran D., Hafezparast M., Bohnert S., Dick J.R., 
Martin J., Schiavo G., Fisher E.M., Greensmith 
L. A mutation in dynein rescues axonal transport 
defects and extends the life span of ALS mice. J. 
Cell. Biol., 169: 561-567, 2005.

Kihara A., Kabeya Y., Ohsumi Y., Yoshimori T. 
Beclin-phosphatidylinositol 3-kinase complex 
functions at the trans-Golgi network. EMBO Rep., 
2: 330-335, 2001.

Kikuchi H., Almer G., Yamashita S., Guégan C., 
Nagai M., Xu Z., Sosunov A.A., McKhann G.M. 
II, Przedborski S. Spinal cord endoplasmic reticu-
lum stress associated with a microsomal accumula-
tion of mutant superoxide dismutase-1 in an ALS 
model. Proc. Natl. Acad. Sci. U.S.A., 103: 6025-
6030, 2006.

Kimura S., Noda T., Yoshimori T. Dynein-dependent 
movement of autophagosomes mediates efficient 
encounters with lysosomes. Cell. Struct. Funct., 
33: 109-122, 2008.

Kinch G., Hoffman K.L., Rodrigues E.M., Zee 
M.C., Weeks J.C. Steroid-triggered programmed 
cell death of a motoneuron is autophagic and 
involves structural changes in mitochondria. J. 
Comp. Neurol., 457: 384-403, 2003.

Klionsky D.J. Autophagy: from phenomenology to 
molecular understanding in less than a decade. 
Nat. Rev. Mol. Cell. Biol., 8: 931-937, 2007.

Klionsky D.J. and Emr S.D. Autophagy as a regu-
lated pathway of cellular degradation. Science, 
290: 1717-1721, 2000.

Komatsu M., Waguri S., Chiba T., Murata S., Iwata 
J., Tanida I., Ueno T., Koike M., Uchiyama Y., 
Kominami E., Tanaka K. Loss of autophagy in the 
central nervous system causes neurodegeneration 
in mice. Nature, 441: 880-884, 2006.

Komatsu M., Wang Q.J., Holstein G.R., Friedrich 
V.L.Jr., Iwata J., Kominami E., Chait B.T., Tanaka 
K., Yue Z. Essential role for autophagy protein 
Atg7 in the maintenance of axonal homeostasis 
and the prevention of axonal degeneration. Proc. 
Natl. Acad. Sci. U.S.A., 104: 14489-14494, 2007.

Kong J. and Xu Z. Massive mitochondrial degen-
eration in motor neurons triggers the onset of 
amyotrophic lateral sclerosis in mice expressing a 
mutant SOD I. J. Neurosci., 18: 3241-3250, 1998.

Kouroku Y., Fujita E., Tanida I., Ueno T., Isoai A., 
Kumagai H., Ogawa S., Kaufman R.J., Kominami 
E., Momoi T. ER stress (PERK/eIF2alpha phos-
phorylation) mediates the polyglutamine-induced 
LC3 conversion, an essential step for autophagy 
formation. Cell. Death Differ., 14: 230-239, 2007.

Koyama S., Arawaka S., Chang-Hong R., Wada M., 
Kawanami T., Kurita K., Kato M., Nagai M., Aoki 
M., Itoyama Y., Sobue G., Chan P.H., Kato T. 
Alteration of familial ALS-linked mutant SOD1 
solubility with disease progression: its modulation 
by the proteasome and Hsp70. Biochem. Biophys. 
Res. Commun., 343: 719-730, 2006.

Kusaka H., Imai T., Hashimoto S., Yamamoto T., 
Maya K., Yamasaki M. Ultrastructural study of 
chromatolytic neurons in an adult-onset sporad-
ic case of amyotrophic lateral sclerosis. Acta 
Neuropathol., 75: 523-528, 1988.

La Spada A.R., Wilson E.M., Lubahn D.B., Harding 
A.E., Fischbeck, K.H. Androgen receptor gene 
mutations in X-linked spinal and bulbar muscular 
atrophy. Nature, 353: 77-79, 1991.



 AUTOPHAGY AND MOTOR NEURON 143

Laird F.M., Farah M.H., Ackerley S., Hoke A., 
Maragakis N., Rothstein J.D., Griffin J., Price 
D.L., Martin L.J., Wong P.C. Motor neuron dis-
ease occurring in a mutant dynactin mouse model 
is characterized by defects in vesicular trafficking. 
J. Neurosi., 28: 1997-2005, 2008.

LaMonte B.H., Wallace K.E., Holloway B.A., 
Shelly S.S., Ascaño J., Tokito M., Van Winkle 
T., Howland D.S., Holzbaur E.L. Disruption of 
dynein/dynactin inhibits axonal transport in motor 
neurons causing late-onset progressive degenera-
tion. Neuron, 34: 715-727, 2002.

Leigh P.N., Whitwell H., Garofalo O., Buller J., 
Swash M., Martin J.E., Gallo J.M., Weller R.O., 
Anderton B.H. Ubiquitin-immunoreactive intra-
neuronal inclusions in amyotrophic lateral scle-
rosis. Morphology, distribution, and specificity. 
Brain, 114: 775-788, 1991.

Lemasters J.J. Selective mitochondrial autophagy, 
or mitophagy, as a targeted defense against oxida-
tive stress, mitochondrial dysfunction and aging. 
Rejuvenation Res., 8: 3-5, 2005.

Levine B. and Kroemer G. Autophagy in the patho-
genesis of disease. Cell, 132: 27-42, 2008.

Li L., Zhang X., Le W. Altered macroautophagy in 
the spinal cord of SOD1 mutant mice. Autophagy, 
4: 290-293, 2008.

Li M., Miwa S., Kobayashi Y., Merry D.E., Yamamoto 
M., Tanaka F., Doyu M., Hashizume Y., Fischbeck 
K.H., Sobue G. Nuclear inclusions of the androgen 
receptor protein in spinal and bulbar muscular 
atrophy. Ann. Neurol., 44: 249-254, 1998.

Ligon L.A., LaMonte B.H., Wallace K.E., Weber 
N., Kalb R.G., Holzbaur E.L. Mutant superoxide 
dismutase disrupts cytoplasmic dynein in motor 
neurons. Neuroreport, 16: 533-536, 2005.

Lindholm D., Wootz H., Korhonen L. ER stress neu-
rodegenerative diseases. Cell Death Differ., 13: 
385-392, 2006.

Liochev S.I. and Fridovich I. Mutant CU,Zn super-
oxide di smutases and familial amyotrophic lateral 
sclerosis: evaluation of oxidative hypotheses. Free 
Radic. Bioi. Med., 34: 1383-1389, 2003.

Liu J., Lillo C., Jonsson P.A., Vande Velde C., Ward 
C.M., Miller T.M., Subramaniam J.R., Rothstein 
J.D., Marklund S., Andersen P.M. Toxicity of 
familial ALS-linked SOD1 mutants from selective 
recruitment to spinal mitochondria. Neuron, 43: 
15-17, 2004.

Lowe J., Lennox G., Jefferson D. A filamentous 
inclusion body within anterior horn neurones in 
motor neurone disease defined by immunocyto-

chemical localization of ubiquitin. Neurosci. Lett., 
94: 203-210, 1988.

Lum J.J., Bauer D.E., Kong M., Harris M.H., Li C., 
Lindsten T., Thompson C.B.Growth factor regula-
tion of autophagy and cell survival in the absence 
of apoptosis. Cell, 120: 237-248, 2005.

MacInnis B.L. and Campenot R.B. Regulation of 
Wallerian degeneration and nerve growth factor 
withdrawal-induced pruning of axons of sympa-
thetic neurons by the proteasome and the MEK/
Erk pathway. Mol. Cell Neurosci., 28: 430-439, 
2005.

Madeo F., Eisenberg T., Kroemer G. Autophagy for 
the avoidance of neurodegeneration. Genes. Dev. 
23: 2253-2259, 2009.

Maiuri M.C., Zalckvar E., Kimchi A., Kroemer G. 
Self-eating and self-killing: crosstalk between 
autophagy and apoptosis. Nat. Rev. Mol. Cell Biol., 
8: 741-752, 2007.

Majoor-Krakauer D., Willems P.J., Hofman A. 
Genetic epidemiology of amyotrophic lateral scle-
rosis. Clin. Genet., 63: 183-101, 2003.

Manzerra P. and Brown I.R. Expression of heat shock 
genes (hsp70) in the rabbit spinal cord: localization 
of constitutive and hyperthermiainducible mRNA 
species. J. Neurosci. Res., 31: 606-615, 1992.

Martin L.J. Transgenic mice with human mutant 
genes causing Parkinson’s disease and amyo-
trophic lateral sclerosis provide common insight 
into mechanisms of motor neuron selective vul-
nerability to degeneration. Rev. Neurosci., 18: 
115-136, 2007.

Martin L.J. and Liu Z. Opportunities for neuropro-
tection in ALS using cell dealth mechanism ratio-
nales. Drug Discav. Today, 1: 135-143, 2004.

Martin L.J., Liu Z., Chen K., Price A., Pan V., Swaby 
J., Golden W.C. Motor neuron degeneration in 
amyotrophic lateral sclerosis mutant superoxide 
dismutase-I transgenic mice: mechanisms of mito-
chondropaLhy and cell death. J. Camp. Neural., 
500: 20-46, 2007.

Martin L.J., Pan Y., Price A.C., Sterling W., 
Copeland N.G., Jenkins N.A., Price D.L., Lee 
M.K. Parkinson’s disease alpha-synuclein trans-
genic mice develop neuronal mitochondrial degen-
eration and cell death. J. Neurosci., 26: 41-50, 
2006.

Matsumoto G., Stojanovic A., Holmberg C.I., Kim 
S., Morimoto R.I. Structural properties and neuro-
nal toxicity of amyotrophic lateral sclerosis-asso-
ciated Cu/Zn superoxide dismutase 1 aggregates. 
J. Cell Biol., 171: 75-85, 2005.



144 M. FERRUCCI ET AL.

Mattiazzi M., D’Aurelio M., Gajewski C.D., 
Martushova K., Kiaei M., Beal M.F., Manfredi G. 
Mutated human SOD I causes dysfunction of oxi-
dative phosphorylation in mitochondria oftrans-
genic mice. J. Biol. Chem., 277: 29626-29633, 
2002.

Matus S., Lisbona F., Torres M., León C., Thielen 
P., Hetz C. The stress rheostat: an interplay 
between the unfolded protein response (UPR) and 
autophagy in neurodegeneration. Curr. Mol. Med., 
8: 157-172, 2008.

Matyja E., Taraszewska A., Nagañska E., Rafałowska 
J. Autophagic degeneration of motor neurons in a 
model of slow glutamate excitotoxicity in vitro. 
Ultrastruct. Pathol., 29: 331-339, 2005.

Mautes A.E. and Noble L.J. Co-induction of HSP70 
and heme oxygenase-1 in macrophages and glia 
after spinal cord contusion in the rat. Brain Res., 
883: 233-237, 2000.

McLauchlan H., Newell J., Morrice N., Osborne A., 
West M., Smythe E. A novel role for Rab5-GDI 
in ligand sequestration into clathrin-coated pits. 
Curr. Biol., 8: 34-45, 1998.

Meijer A.J. and Codogno P. Signalling and autoph-
agy regulation in health, aging, and disease. Mol. 
Aspects. Med., 27: 411-425, 2006.

Meister G., Buhler D., Laggerbauer B., Zobawa M., 
Lottspeich F., Fischer U. Characterization of a 
nuclear 20S complex containing the survival of 
motor neurons (SMN) protein and a specific subset 
of spliceosomal SM proteins. Hum. Mol. Genet., 9: 
1977-1986, 2000.

Menzies R.A. and Gold P.H. The turnover of mito-
chondria in a variety of tissues of young adult and 
aged rats. J. Biol. Chem., 246: 2425-2429, 1971.

Merry D.E., Kobayashi Y., Bailey C.K., Taye A.A., 
Fischbeck K.H. Cleavage, aggregation, and toxic-
ity of the expanded androgen receptor in spinal 
and bulbar muscular atrophy. Hum. Mol. Genet., 
7: 693-701, 1998.

Mizuno Y., Amari M., Takatama M., Aizawa H., 
Mihara B., Okamoto K. Transferrin localizes in 
Bunina bodies in amyotrophic lateral sclerosis. 
Acta Neuropathol., 112: 597-603, 2006a.

Mizuno Y., Amari M., Takatama M., Aizawa H., 
Mihara B., Okamoto K. Immunoreactivities of 
p62, an ubiqutin-binding protein, in the spinal 
anterior horn cells of patients with amyotrophic 
lateral sclerosis. J. Neurol. Sci., 294: 13-18, 2006b.

Mizushima N. and Klionsky D. Protein turnover via 
autophagy: implications for metabolism. Annu. 
Rev. Nut., 27: 19-40, 2007.

Montie H.L., Cho M.S., Holder L., Liu Y., Tsvetkov 
A.S., Finkbeiner S., Merry D.E. Cytoplasmic 
retention of polyglutamine-expanded androgen 
receptor ameliorates disease via autophagy in a 
mouse model of spinal and bulbar muscular atro-
phy. Hum. Mol. Genet., 18: 1937-1950, 2009.

Morimoto N., Nagai M., Ohta Y., Miyazaki K., 
Kurata T., Morimoto M., Murakami T., Takehisa 
Y., Ikeda Y., Kamiya T., Abe K. Increased autoph-
agy in transgenic mice with a G93A mutant SOD1 
gene. Brain Res., 1167: 112-117, 2007.

Mourelatos Z., Gonatas N.K., Stieber A., Gurney 
M.E., Dal Canto M.C. The Golgi apparatus of 
spinal cord motor neurons in transgenic mice 
expressing mutant Cu,Zn superoxide dismutase 
becomes fragmented in early, preclinical stages 
of the disease. Proc. Natl. Acad. Sci. U.S.A., 93: 
5472-5477, 1996.

Mudher A., Shepherd D., Newman T.A., Mildren 
P., Jukes J.P., Squire A. GSK-3beta inhibition 
reverses axonal transport defects and behavioural 
phenotypes in Drosophila. Mol. Psychiatry, 9: 
522-530, 2004.

Münch C., Sedlmeier R., Meyer T., Homberg V., 
Sperfeld A.D., Kurt A., Prudlo J., Peraus G., 
Hanemann C.O., Stumm G., Ludolph A.C. Point 
mutations of the p150 subunit of dynactin (DCTN1) 
gene in ALS. Neurology, 63: 724-726, 2004.

Murakami T., Nagano I., Hayashi T., Manabe Y., 
Shoji M., Setoguchi Y., Abe K. Impaired retro-
grade axonal transport of adenovirus-mediated E. 
coli LacZ gene in the mice carrying mutant SOD1 
gene. Neurosci. Let., 308: 149-152, 2001.

Murayama S., Mori H., Ihara Y., Bouldin T.W., 
Suzuki K., Tomonaga M. Immunocytochemical 
and ultrastructural studies of lower motor neurons 
in amyotrophic lateral sclerosis. Ann. Neurol., 27: 
137-148, 1990.

Nakagawa T., Zhu H., Morishima N., Li E., Xu J., 
Yankner B.A., Yuan J. Caspase-12 mediates endo-
plasmic-reticulum-specific apoptosis and cytotox-
icity by amyloid-beta. Nature, 403: 98-103, 2000.

Neumann M., Sampathu D.M., Kwong L.K., Truax 
A.C., Micsenyi M.C., Chou T.T., Bruce J., Schuck 
T., Grossman M., Clark C.M., McCluskey L.F., 
Miller B.L., Masliah E., Mackenzie I.R., Feldman 
H., Feiden W., Kretzschmar H.A., Trojanowski 
J.Q., Lee V.M. Ubiquitinated TDP-43 in fron-
totemporal lobar degeneration and amyotrophic 
lateral sclerosis. Science, 314: 130-133, 2006.

Nielsen E., Severin F., Backer J.M., Hyman A.A., 
Zerial M. Rab5 regulates motility of early endo-



 AUTOPHAGY AND MOTOR NEURON 145

somes on microtubules. Nat. Cell Biol., 1: 376-
382, 1999.

Nishitoh H., Kadowaki H., Nagai A., Maruyama T., 
Yokota T., Fukutomi H., Noguchi T., Matsuzawa 
A., Takeda K., Ichijo H. ALS-linked mutant SOD1 
induces ER stress- and ASK1-dependent motor 
neuron death by targeting Derlin-1. Genes Dev., 
22: 1451-1464, 2008.

Niwa J., Ishigaki S., Hishikawa N., Yamamoto M., 
Doyu M., Murata S., Tanaka K., Taniguchi N., 
Sobue G. Dorfin ubiquitylates mutant SOD1 and 
prevents mutant SOD1-mediated neurotoxicity. J. 
Biol. Chem., 277: 36793-36798, 2002.

Ogata M., Hino S., Saito A., Morikawa K., Kondo S., 
Kanemoto S., Murakami T., Taniguchi M., Tanii 
I., Yoshinaga K., Shiosaka S., Hammarback J.A., 
Urano F., Imaizumi K. Autophagy is activated for 
cell survival after endoplasmic reticulum stress. 
Mol. Cell. Biol., 26: 9220-9231, 2006.

Olzmann J.A. and Chin L.S. Parkin-mediated K63-
linked polyubiquitination: a signal for targeting 
misfolded proteins to the aggresome-autophagy 
pathway. Autophagy, 4: 85-87, 2008.

Olzmann J.A., Li L., Chin L.S. Aggresome forma-
tion and neurodegenerative diseases: therapeutic 
implications. Curr. Med. Chem., 15: 47-60, 2008.

Oosthuyse B., Moons L., Storkebaum E., Beck 
H., Nuyens D., Brusselmans K. Deletion of the 
hypoxia-response element in the vascular endothe-
lial growth factor promoter causes motor neuron 
degeneration. Nat. Genet., 28: 131-138, 2001.

Otomo A., Kunita R., Suzuki-Utsunomiya K., 
Mizumura H., Onoe K., Osuga H., Hadano S., 
Ikeda J.E. ALS2/alsin deficiency in neurons leads 
to mild defects in macropinocytosis and axonal 
growth. Biochem. Biophys. Res. Commun., 370: 
87-92, 2008.

Pankiv S., Clausen T.H., Lamark T., Brech A., 
Bruun J.A., Outzen H., Overvatn A., Bjorkoy G., 
Johansen T. p62/SQSTM1 binds directly to Atg8/
LC3 to facilitate degradation of ubiquitinated pro-
tein aggregates by autophagy. J. Biol. Chem., 282: 
24131-24145, 2007.

Parkinson N., Ince P.G., Smith M.O., Highley R., 
Skibinski G., Andersen P.M., Morrison K.E., Pall 
H.S., Hardiman O., Collinge J., Shaw P.J., Fisher 
E.M.; MRC Proteomics in ALS Study; FReJA 
Consortium. ALS phenotypes with mutations in 
CHMP2B (charged multivesicular body protein 
2B). Neurology, 67: 1074-1077, 2006.

Pasquali L., Longone P., Isidoro C., Ruggieri S., 
Paparelli A., Fornai F. Autophagy, lithium, and 

amyotrophic lateral sclerosis. Muscle Nerve, 40: 
173-194, 2009a.

Pasquali L., Ruggieri S., Murri L., Paparelli A., 
Fornai F. Does autophagy worsen or improve the 
survival of dopaminergic neurons? Parkinsonism 
Relat. Disord., 15: 24-27, 2009b.

Pattingre S., Tassa A., Qu X., Garuti R., Liang X.H., 
Mizushima N., Packer M., Schneider M.D., Levine 
B. Bcl-2 antiapoptotic proteins inhibit Beclin 
1-dependent autophagy. Cell, 122: 927-939, 2005.

Pellizzoni L., Charroux B., Rappsilber J., Mann M., 
Dreyfuss G. Functional interaction between the 
survival motor neuron complex and RNA poly-
merase II. J. Cell. Biol., 152: 75-85, 2001.

Perlson E., Jeong G.B., Ross J.L., Dixit R., Wallace 
K.E., Kalb R.G., Holzbaur E.L. A switch in ret-
rograde signaling from survival to stress in rapid-
onset neurodegeneration. J. Neurosci., 29: 9903-
9917, 2009.

Petiot A., Ogier-Denis E., Blommaart E.F., Meijer 
A.J., Codogno P. Distinct classes of phosphati-
dylinositol 30-kinases are involved in signaling 
pathways that control macroautophagy in HT-29 
cells. J. Biol. Chem., 275: 992-998, 2000.

Pfeifer U. Inhibition by insulin of the formation of 
autophagic vacuoles in rat liver. A morphometric 
approach to the kinetics of intracellular degradation 
by autophagy. J. Cell. Biol., 78: 142-167, 1978.

Puls I., Jonnakuty C., LaMonte B.H., Holzbaur E.L., 
Tokito M., Mann E., Floeter M.K., Bidus K., 
Drayna D., Oh S.J., Brown R.H. Jr, Ludlow C.L., 
Fischbeck K.H. Mutant dynactin in motor neuron 
disease. Nat. Genet., 32: 455-456, 2003.

Rabin B.A., Griffin J.W., Crain B.J., Scavina M., 
Chance P.F., Cornblath D.R. Autosomal dominant 
juvenile amyotrophic lateral sclerosis. Brain, 122: 
1539-1550, 1999.

Rakhit R., Crow J.P., Lepock J.R., Kondejewski 
L.H., Cashman N.R., Chakrabartty A. Monomeric 
Cu,Znsuperoxide dismutase is a common misfold-
ing intermediate in the oxidation models of spo-
radic and familial amyotrophic sclerosis. J. Biol. 
Chem., 279: 15499-15504, 2004.

Ravikumar B., Vacher C., Berger Z., Davies J.E., Luo 
S., Oroz L.G., Scaravilli F., Easton D.F., Duden R., 
O’Kane C.J., Rubinsztein D.C. Inhibition of mTOR 
induces autophagy and reduces toxicity of poly-
glutamine expansions in fly and mouse models of 
Huntington disease. Nat. Genet., 36: 585-595, 2004.

Ravikumar B., Acevedo-Arozena A., Imarisio S., 
Berger Z., Vacher C., O’Kane C.J., Brown S.D., 
Rubinsztein D.C. Dynein mutations impair autoph-



146 M. FERRUCCI ET AL.

agic clearance of aggregate-prone proteins. Nat. 
Genet., 37: 771-776, 2005.

Ravikumar B., Berger Z., Vacher C., O’Kane C.J., 
Rubinsztein D.C. Rapamycin pretreatment pro-
tects against apoptosis. Hum. Mol. Genet., 15: 
1209-1216, 2006.

Reaume A.G., Elliott J.L., Hoffman E.K., Kowall 
N.W., Ferrante R.J., Siwek O.F., Wilcox H.M., 
Flood D.G., Seal M.F., Brown R.H. Jr, Scott R.W., 
Snider W.O. Motor neurons in Cu/Zn superoxide 
dismutase-deficient mice develop normally but 
exhibit enhanced cell death after axonal injury. 
Nat. Genet., 13: 43-47, 1996.

Rodriguez-Enriquez S., Kim I., Currin R.T., 
Lemasters J.J. Tracker dyes to probe mitochon-
drial autophagy (mitophagy) in rat hepatocytes. 
Autophagy, 2: 39-46 2006.

Rosen O.R., Siddique T., Panerson O., Figiewicz 
D.A., Sapp P., Hentati A., Donalsson D., Goto J., 
O’Regan J.P., Deng H.-X., Rahmani Z., Krizus A., 
McKenna-Yasek D., Cayabyab A., Gaston A.M., 
Berger R., Tanzi R.E., Halperin J.J., Harzfeldt 
B., Van den Bergh R., Hung W.Y., Bird T., Deng 
G., Mulder D.W., Smyth C., Laing N.G., Soriano 
E., Pericak-Vance M.A., Haines J., Rouleau 
G.A., Gusella J.S., Horvitz H.R., Brown R.H. Jr. 
Mutations in Cu/Zn superoxide dismutase gene 
are associated with familial amyotrophic lateral 
sclerosis. Nature, 362: 59-62, 1993.

Ross C.A. and Poirier M.A. Protein aggregation and 
neurodegenerative disease. Nat. Med., 10: 10-17, 
2004.

Rubinsztein D.C. The roles of intracellular pro-
tein-degradation pathways in neurodegeneration. 
Nature, 443: 780-786, 2006.

Rubinsztein D.C., Gestwicki J.E., Murphy L.O., 
Klionsky D.J. Potential therapeutic applications 
of autophagy. Nat. Rev. Drug Discov., 6: 304-312, 
2007.

Rutherford A.C., Traer C., Wassmer T., Pattni K., 
Bujny M.V., Carlton J.G., Stenmark H., Cullen 
P.J. The mammalian phosphatidylinositol 3-phos-
phate 5-kinase (PIKfyve) regulates endosome-to-
TGN retrograde transport. J. Cell Sci., 119: 3944-
3957, 2006.

Sarkar S., Floto R.A., Berger Z., Imarisio S., 
Cordenier A., Pasco M., Cook L.J.,, Rubinsztein 
D.C. Lithium induces autophagy by inhibiting ino-
sitol monophosphatase. J. Cell Biol., 170: 1101-
1111, 2005.

Sato M., Sato K., Fonarev P., Huang C.J., Liou W., 
Grant B.D. Caenorhabditis elegans RME-6 is a 

novel regulator of RAB-5 at the clathrin-coated 
pit. Nat. Cell Biol., 7: 559-569, 2005.

Saxena S., Cabuy E., Caroni P. A role for moto-
neuron subtype-selective ER stress in disease 
manifestations of FALS mice. Nat. Neurosci., 12: 
627-636, 2009.

Schroder M. and Kaufman R.J. The mammalian 
unfolded protein response. Annu. Rev. Biochem., 
74: 739-789, 2005.

Seibenhener M.L., Babu J.R., Geetha T., Wong H.C., 
Krishna N.R., Wooten M.W. Sequestosome 1/p62 
is a polyubiquitin chain binding protein involved 
in ubiquitin proteasome degradation. Mol. Cell. 
Biol., 24: 8055-8068, 2004.

Shen W., Ganetzky B. Nibbling away at synaptic 
development. Autophagy, 6:168-169, 2010.

Shibata N., Hirano A., Kobayashi M., Sasaki S., 
Kato T., Matsumoto S., Shiozawa Z., Komori 
T., Ikemoto A., Umahara T., Asayama K. Cu/
Zn superoxide dismutase-like immunoreactivity 
in Lewy body-like inclusions of sporadic amyo-
trophic lateral sclerosis. Neurosci. Lett., 179: 149-
152, 1994.

Shin J.H., Cho S.I., Lim H.R., Lee J.K., Lee Y.A., Noh 
J.S., Joo I.S., Kim K.W., Gwag B.J. Concurrent 
administration of Neu2000 and lithium produces 
marked improvement of motor neuron survival, 
motor function, and mortality in a mouse model 
of amyotrophic lateral sclerosis. Mol. Pharmacol., 
71: 965-975, 2007.

Skibinski G., Parkinson N.J., Brown J.M., Chakrabarti 
L., Lloyd S.L., Hummerich H., Nielsen J.E., Hodges 
J.R., Spillantini M.G., Thusgaard T., Brandner S., 
Brun A., Rossor M.N., Gade A., Johannsen P., 
Sørensen S.A., Gydesen S., Fisher E.M., Collinge 
J. Mutations in the endosomal ESCRTIII-complex 
subunit CHMP2B in frontotemporal dementia. 
Nat. Genet., 37: 806-808, 2005.

Slagsvold T., Pattni K., Malerod L., Stenmark 
H. Endosomal and nonendosomal functions of 
ESCRT proteins. Trends. Cell. Biol., 16: 317-326, 
2006.

Sobue G., Matsuoka Y., Mukai E., Takayanagi T., 
Sobue I., Hashizume Y. Spinal and cranial motor 
nerve roots in amyotrophic lateral sclerosis and 
X-linked recessive bulbospinal muscular atro-
phy: morphometric and teasedfiber study. Acta 
Neuropathol. (Berl), 55: 227-235, 1981.

Sobue G., Hashizume Y., Mukai E., Hirayama M., 
Mitsuma T., Takahashi A. X-linked recessive 
bulbospinal neuronopathy. A clinicopathological 
study. Brain, 112: 209-232, 1989.



 AUTOPHAGY AND MOTOR NEURON 147

Stenoien D.L., Cummings C.J., Adams H.P., Mancini 
M.G., Patel K., DeMartino G.N., Marcelli M., 
Weigel N.L., Mancini M.A. Polyglutamine-
expanded androgen receptors form aggregates that 
sequester heat shock proteins, proteasome compo-
nents and SRC-1, and are suppressed by the HDJ-2 
chaperone. Hum. Mol. Genet., 8: 731-741, 1999.

Stieber A., Gonatas J.O., Gonatas N.K. Aggregation 
of ubiquitin and a mutant ALS-linked SOD1 pro-
tein correlate with disease progression and frag-
mentation of the Golgi apparatus. J. Neurol. Sci., 
173: 53-62, 2000.

Strong M.J., Hudson A.J., Alvord W.G. Familial 
amyotrophic lateral sclerosis, 1850-1989: a sta-
tistical analysis of the world literature. Can. J. 
Neurol. Sci., 18: 45-58, 1991.

Struewing I.T., Barnett C.D., Tang T., Mao C.D. 
Lithium increases PGC-1alpha expression and 
mitochondrial biogenesis in primary bovine aortic 
endothelial cells. FEBS J., 274: 2749-2765, 2007.

Talbot K. and Ansorge O. Recent advances in 
the genetics of amyotrophic lateral sclerosis and 
frontotemporal dementia: common pathways in 
neurodegenerative disease. Hum. Mol. Genet., 15: 
182-187, 2006.

Tan C.F., Eguchi H., Tagawa A., Onodera O., 
Iwasaki T., Tsujino A., Nishizawa M., Kakita A., 
Takahashi H. TDP-43 immunoreactivity in neuro-
nal inclusions in familial amyotrophic lateral scle-
rosis with or without SOD1 gene mutations. Acta 
Neuropathol., 113: 535-542, 2007.

Tan J.M., Wong E.S., Kirkpatrick D.S., Pletnikova 
O., Ko H.S., Tay S.P., Ho M.W., Troncoso J., Gygi 
S.P., Lee M.K., Dawson V.L., Dawson T.M., Lim 
K.L. Lysine 63-linked ubiquitination promotes 
the formation and autophagic clearance of protein 
inclusions associated with neurodegenerative dis-
eases. Hum. Mol. Genet., 17: 431-439, 2008.

Tanner N.K. and Linder P. DExD/H box RNA heli-
cases: from generic motors to specific dissociation 
functions. Mol. Cell., 8: 251-262, 2001.

Tarabal O., Calderò J., Casas C., Oppenheim R.W., 
Esquerda J.E. Protein retention in the endoplasmic 
reticulum, blockade of programmed cell death and 
autophagy selectively occur in spinal cord moto-
neurons after glutamate receptor-mediated injury. 
Mol. Cell Neurosci., 29: 283-298, 2005.

Teuling E., van Dis V., Wulf P.S., Haasdijk E.D., 
Akhmanova A., Hoogenraad C.C., Jaarsma D.A. 
A novel mouse model with impaired dynein/
dynactin function develops amyotrophic lateral 
sclerosis (ALS)-like features in motor neurons and 

improves lifespan in SOD1-ALS mice. Hum. Mol. 
Genet., 17: 2849-2862, 2008.

Tooze S.A. and Schiavo G. Liaisons dangereuses: 
autophagy, neuronal survival and neurodegenera-
tion. Curr. Opin. Neurobiol., 18: 504-515, 2008.

Turner B.J. and Talbot K. Transgenics, toxicity and 
therapeutics in rodent models of mutant SOD1-
mediated familial ALS. Prog. Neurobio., 85: 
94-134, 2008.

Urano F., Wang X., Bertolotti A., ZhangY., Chung 
P., Harding H.P., Ron D. Coupling of stress in 
the ER to activation of JNK protein kinases by 
transmembrane protein kinase IRE1. Science, 287: 
664-666, 2000.

Urushitani M., Kurisu J., Tsukita K., Takahashi R. 
Proteasomal inhibition by misfolded mutant super-
oxide dismutase 1 induces selective motor neuron 
death in familial amyotrophic lateral sclerosis. J. 
Neurochem., 83: 1030-1042, 2002.

Urushitani M., Kurisu J., Tateno M., Hatakeyama S., 
Nakayama K., Kato S., Takahashi R. CHIP pro-
motes proteasomal degradation of familial ALS-
linked mutant SOD1 by ubiquitinating Hsp/Hsc70, 
J. Neurochem., 90: 231-244, 2004.

Urushitani M., Sik A., Sakurai T., Nukina N., 
Takahashi R., Julien J.P. Chromogranin-mediated 
secretion of mutant superoxide dismutase pro-
teins linked to amyotrophic lateral sclerosis. Nat. 
Neurosc., 9: 108-118, 2006.

Urushitani M., Ezzi S.A., Julien J.P. Therapeutic 
effects of immunization with mutant superoxide 
dismutase in mice models of amyotrophic lateral 
sclerosis. Proc. Natl. Acad. Sci. U.S.A., 104: 2495-
2500, 2007.

Van Deerlin V.M., Leverenz J.B., Bekris L.M., Bird 
T.D., Yuan W., Elman L.B., Clay D., Wood E.M., 
Chen-Plotkin A.S., Martinez-Lage M., Steinbart 
E., McCluskey L., Grossman M., Neumann M., Wu 
I.L., Yang W.S., Kalb R., Galasko D.R., Montine 
T.J., Trojanowski J.Q., Lee V.M., Schellenberg 
G.D., Yu C.E. TARDBP mutations in amyotrophic 
lateral sclerosis with TDP-43 neuropathology: a 
genetic and histopathological analysis. Lancet. 
Neurol., 7: 409-416, 2008.

van Reeth P.C., Perier O., Coers C., van Bogaert L. 
Pick’s dementia associated with atypical amyo-
trophic lateral sclerosis. Acta Neurol. Berg., 61: 
309-325, 1961.

Vande Velde C., Miller T.M., Cashman N.R., 
Cleveland D.W. Selective association of misfold-
ed ALS-linked mutant SOD1 with the cytoplas-
mic face of mitochondria. Proc. Natl. Acad. Sci. 
U.S.A., 105: 4022-4027, 2008.



148 M. FERRUCCI ET AL.

Venkatachalam K., Long A.A., Elsaesser R., 
Nikolaeva D., Broadie K., Montell C. Motor defi-
cit in a Drosophila model of mucolipidosis type IV 
due to defective clearance of apoptotic cells. Cell, 
135: 838-851, 2008.

Vim H.-S., Kang J.-H., Chock P.B., Stadtman E.R., 
Vim M.B. A familial amyotrophic lateral sclero-
sis-associated A4V Cu.Zn-superoxide disrnutase 
mutant has a lower Kill for hydrogen peroxide. J. 
Biol. Chem., 272: 8861-8863, 1997.

Vim M.B., Kang J.-H., Vim H.-S., Kwak H.-S., 
Chock P.B., Stadtman E.R. A gain-of-function of 
an amyotrophic lateral sclerosis-associated Cu,Zn-
superoxide dismulase mutant: an enhancement of 
free radical fonnation due to a decrease in Kill for 
hydrogen peroxide. Proc. Natl. Acad. Sci. U.S.A., 
93: 5709-5714, 1996.

Vogiatzi T., Xilouri M., Vekrellis K., Stefanis L. 
Wild type alpha-synuclein is degraded by chaper-
one-mediated autophagy and macroautophagy in 
neuronal cells. J. Biol. Chem., 283: 23542-23556, 
2008.

Wang X., Fan H., Ying Z., Li B., Wang H., Wang G. 
Degradation of TDP-43 and its pathogenic form by 
autophagy and the ubiquitin-proteasome system. 
Neurosci. Lett., 469: 112-116, 2010.

Watanabe M., Dykes-Hoberg M., Culotta V.C., Price 
D.L., Wong P.C., Rothstein J.D. Histological evi-
dence of protein aggregation in mutant SOD1 
transgenic mice and in amyotrophic lateral sclerosis 
neural tissues. Neurobiol. Dis., 8: 933-941, 2001.

Watanabe V., Yasui K., Nakano T., Doi K., Fukada 
Y., Kitayama M., Ishimoto M., Kurihara S., 
Kawashima M., Fukuda H., Adachi V., lnoue T., 
Nakashima K. Mouse motor neuron disease caused 
by truncated SOD I with or without C-terminal 
modification. Mol. Brain Res., 135: 12-20, 2005.

Waterman-Storer C.M., Karki S.B., Kuznetsov S.A., 
Tabb J.S., Weiss D.G., Langford G.M. The inter-
action between cytoplasmic dynein and dynactin 
is required for fast axonal transport. Proc. Natl. 
Acad. Sci. U.S.A., 94: 12180-12185, 1997.

Wegorzewska I., Bell S., Cairns N.J., Miller T.M., 
Baloh R.H. TDP-43 mutant transgenic mice devel-
op features of ALS and frontotemporal lobar 
degeneration. Proc. Natl. Acad. Sci. U.S.A., 106: 
18809-18814, 2009.

Williams R.L. and Urbe S. The emerging shape of 
the ESCRT machinery. Nat. Rev. Mol. Cell Biol., 
8: 355-368, 2007.

Williamson T.L. and Cleveland D.W. Slowing of 
axonal transport is a very early event in the toxicity 

of ALS-linked SOD1 mutants to motor neurons. 
Nat. Neurosci., 2: 50-56, 1999.

Wong P.C., Pardo C.A., Borchelt D.R., Lee M.K., 
Copeland N.G., Jenkins N.A., Sisodia S.S., 
Cleveland D.W., Price D.L. An adverse property 
of a familial ALS-linked SOD1 mutation causes 
motor neuron disease characterized by vacuolar 
degeneration of mitochondria. Neuron, 14: 1105-
1116, 1995.

Xu Z. Mechanism and treatment of motoneuron 
degeneration in ALS: what have SOD1 mutants 
told us? Amyotroph. Lateral Scler. Other Motor. 
Neuron. Disord., 1: 225-234, 2000.

Yang H., Lu P., McKay H.M., Bernot T., Keirstead H., 
Steward O., Gage F.H., Edgerton V.R., Tuszynski 
M.H. Endogenous neurogenesis replaces oligoden-
drocytes and astrocytes after primate spinal cord 
injury. J. Neurosci., 26: 2157-2166, 2006.

Yang Y., Hentati A., Deng H.X., Dabbagh O., Sasaki 
T., Hirano M., Hung W.Y., Ouahchi K., Yan J., 
Azim A.C., Cole N., Gascon G., Yagmour A., 
Ben-Hamida M., Pericak-Vance M., Hentati F., 
Siddique T. The gene encoding alsin, a protein 
with three guanine-nucleotide exchange factor 
domains, is mutated in a form of recessive amyo-
trophic lateral sclerosis. Nat. Genet., 29: 160-165, 
2001.

Yokoseki A., Shiga A., Tan C.F., Tagawa A., Kaneko 
H., Koyama A., Eguchi H., Tsujino A., Ikeuchi T., 
Kakita A., Okamoto K., Nishizawa M., Takahashi 
H., Onodera O. TDP-43 mutation in familial 
amyotrophic lateral sclerosis. Ann. Neurol., 63: 
538-542, 2008.

Yorimitsu T. and Klionsky D.J. Autophagy: molecu-
larmachinery for self-eating. Cell Death Differ., 
12: 1542-1552, 2005.

Yorimitsu T., Nair U., Yang Z., Klionsky D.J. 
Endoplasmic reticulum stress triggers autophagy. 
J. Biol. Chem., 281: 30299-30304, 2006.

Yue Z. Regulation of neuronal autophagy in axon: 
implication of autophagy in axonal function and 
dysfunction/degeneration. Autophagy, 3: 139-141, 
2007.

Zhang Y., Zolov S.N., Chow C.Y., Slutsky S.G., 
Richardson S.C., Piper R.C., Yang B., Nau J.J., 
Westrick R.J., Morrison S.J., Meisler M.H., 
Weisman L.S. Loss of Vac14, a regulator of the 
signaling lipid phosphatidylinositol 3,5-bisphos-
phate, results in neurodegeneration in mice. Proc. 
Natl. Acad. Sci. U.S.A., 104: 17518-17523, 2007.

Zhang Y.J., Xu Y.F., Cook C., Gendron T.F., Roettges 
P., Link C.D., Lin W.L., Tong J., Castanedes-Casey 



 AUTOPHAGY AND MOTOR NEURON 149

M., Ash P., Gass J., Rangachari V., Buratti E., 
Baralle F., Golde T.E., Dickson D.W., Petrucelli 
L. Aberrant cleavage of TDP-43 enhances aggre-
gation and cellular toxicity, Proc. Natl. Acad. Sci. 
U.S.A., 106: 7607-7612, 2009.

Zhao W., Beers D.R., Henkel J.S., Zhang W., 
Urushitani M., Julien J.P., Appel S.H. Extracellular 
mutant SOD1 induces microglialmediated moto-
neuron injury. Glia, 58: 231-243, 2009.


