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Abstract: The unfolded protein response (UPR) is a conserved adaptive reaction that increases cell survival
under conditions of endoplasmic reticulum (ER) stress. The UPR controls diverse processes such as protein
folding, secretion, ER biogenesis, protein quality control and macroautophagy. Occurrence of chronic ER
stress has been extensively described in neurodegenerative conditions linked to protein misfolding and aggregation, including Amyotrophic lateral sclerosis, Prion-related disorders, and conditions such as Parkinson’s,
Huntington’s, and Alzheimer’s disease. Strong correlations are observed between disease progression, accumulation of protein aggregates, and induction of the UPR in animal and in vitro models of neurodegeneration.
In addition, the first reports are available describing the engagement of ER stress responses in brain postmortem samples from human patients. Despite such findings, the role of the UPR in the central nervous system has not been addressed directly and its contribution to neurodegeneration remains speculative. Recently,
however, pharmacological manipulation of ER stress and autophagy – a stress pathway modulated by the
UPR – using chemical chaperones and autophagy activators has shown therapeutic benefits by attenuating
protein misfolding in models of neurodegenerative disease. The most recent evidence addressing the role of
the UPR and ER stress in neurodegenerative disorders is reviewed here, along with therapeutic strategies to
alleviate ER stress in a disease context.

INTRODUCTION
Neurodegenerative disorders such as Amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease (AD),
Parkinson’s disease (PD), Prion-related disorders (PrD)
and Huntington’s disease (HD) share a common
neuropathology, primarily featuring the presence of
abnormal protein inclusions containing specific
misfolded proteins. These groups of diseases are now
classified as Protein Misfolding Disorders [1-4].
Increasing evidence indicates that organelle stress is a
key event in neurodegeneration. For example, several
disease-related mutant proteins activate stress
signaling responses through a pathway known as the
Unfolded Protein Response (UPR), which originates
from the endoplasmic reticulum (ER) (Table 1). The ER
is a specialized subcellular compartment essential for
the folding of proteins destined for the secretory pathway. The UPR is an adaptive reaction that aims to reestablish homeostasis under stress conditions by restoring the cells capacity to produce properly folded
proteins. In doing so, activation of the UPR affects expression of proteins involved in nearly every aspect of
the secretory pathway, including folding, ER-associated
degradation, protein entry to the ER, as well as other
adaptive responses such as macroautophagy. Under
chronic or irreversible ER damage the UPR ulti*Address correspondence to this author at the Director Laboratory
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mately initiates apoptosis to eliminate damaged cells. It
has been proposed that the accumulation of protein
aggregates and/or misfolded proteins in neurodegenerative conditions may exert their deleterious effects
through direct engagement of ER stress. However, the
actual contribution of the pathway to the disease process remains speculative and most of the available data
is either correlative or based on in vitro evidence. This
review focuses on recent findings implicating the activation of the UPR in pathological conditions affecting
the nervous system. We also discuss the role of autophagy in protein misfolding disorders as a novel
mechanism that may participate in the clearance of
abnormal protein aggregates.

I. MECHANISM OF ADAPTATION TO CELLULAR STRESS
ER Stress and the UPR Pathway
The primary function of the ER is to facilitate protein
folding and secretion. An efficient and complex system
of protein chaperones is employed to promote folding
and prevent abnormal aggregation or misfolding of proteins. This organelle is responsible for regulating and
executing many posttranslational modifications, ensuring proper protein function and facilitating the formation
of protein complexes. The ER also serves as the major
calcium store, and biosynthesis of steroids, cholesterol,
and other lipids occurs within, playing a crucial role in
organelle biogenesis and signaling. A number of stress
conditions can interfere with its function and therefore
lead to abnormal protein folding in the ER lumen. Accumulation of unfolded and/or misfolded proteins
© 2008 Bentham Science Publishers Ltd.
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ER Stress and Neurodegeneration. The table summarizes information obtained from animal and cellular
models of neurodegeneration. Experimental validation for activation of the UPR in human patients affected
with neurological diseases is also indicated from analysis of post-mortem samples
Protein Conformational

ER stress

UPR

Human

Disorder

-mediated Apoptosis

markers

disorder

Alzheimer

In vitro and in vivo





Parkinson

In vitro and in vivo





Amyotrophic Lateral Sclerosis

In vitro and in vivo





Prion disorders (TSEs)

In vitro and in vivo





Retroviral Spongiform degeneration

In vitro and in vivo



Huntington

In vitro



Kennedy disease

In vitro



Spinicerebellar Ataxias

In vitro



Vanishing White Matter Disease

ND



Brain Ischemia/Brain trauma

In vitro and in vivo



causes an imbalance between the synthesis of new
proteins and the ER’s ability to process newly synthesized proteins, resulting in a condition termed ‘ER
stress’ [5]. As a result, cells activate an integrated intracellular signaling cascade, the UPR, to avert ER
stress. Activation of the UPR results in an attenuation
of the rate of protein synthesis, upregulation of genes
encoding chaperones, foldases, and proteins involved
in the retrotranslocation and degradation of ERlocalized proteins by the proteasome. These responses
are initiated to minimize accumulation and aggregation
of misfolded proteins by increasing the functional capacity of the ER to facilitate folding and ER-associated
degradation (ERAD) [6,7].
There are three main ER resident transmembrane
proteins that act as stress sensors to initiate different
UPR signaling cascades: double-stranded RNAactivated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), activating transcription factor 6
(ATF6) alpha and beta, and inositol requiring kinase 1
(IRE1) alpha and beta (Fig. 1A). Each of these stress
sensors transduces information regarding protein folding status from the ER to the nucleus by controlling
expression of specific transcription factors. Thus,
PERK, ATF6, and IRE1 operate in concert to ensure
adaptation to protein folding stress (reviewed in [8]).
Activation of PERK is mediated by its oligomerization and autophosphorylation, leading to the phosphorylation and inhibition of eukaryotic translation initiation factor 2 (eIF2) [9]. Alternatively, eIF2 phosphorylation augments the specific translation of ATF4,
a UPR transcription factor essential for the upregulation
of many essential UPR genes such as CHOP and
Grp78/BiP. Activated ATF6 translocates from the ER to
the Golgi apparatus where it is proteolyzed, releasing
its cytosolic domain which is then translocated to the
nucleus to function as an active transcription factor.
This cleaved form of ATF6 leads to the upregulation of
several ER chaperones [10-12].



The third adaptive response is regulated by IRE1
and its downstream target X-Box-binding protein 1
(XBP-1). IRE1 is a Serine/Threonine protein kinase
and endoribonuclease that, upon activation, initiates
the unconventional splicing of the mRNA encoding the
transcription factor XBP- 1 [13-15] (Fig. 1A). A 26 nucleotide intron of XBP-1 mRNA is removed by activated
IRE1, resulting in an alternative splice form which
shifts the mRNA reading frame. This splicing event
promotes the expression of a more stable and potent
transcriptional activator, XBP-1s, that controls the
upregulation of a subset of UPR-related genes (Fig.
1A). Through this process IRE1 transduces survival
signals to the nucleus to increase the folding capacity
of the ER, therefore alleviating stress. In addition, activated IRE1 binds the adaptor protein TRAF2, leading
to the activation of several signaling pathways including
ERK, JNK and NF-B [6]. The signaling activity of
IRE1 is modulated by the formation of a protein complex termed the UPRosome (reviewed in [8,16]), which
is controlled by the binding of different accessory proteins including some members of the BCL-2 protein
family and other components [16,17].
Autophagy
Autophagy is a “large-scale” cellular degradation
process for proteins and damaged organelles [18].
Autophagy is divided in three subtypes, including macroautophagy,
microautophagy,
and
chaperonemediated autophagy. This review will focus on macroautophagy, hereafter referred to as autophagy. During autophagy, double membrane vesicles termed
autophagosomes are formed, sequestering cytosolic
proteins and/or organelles as cargoes. Autophagosomes then fuse with lysosomes, and their intracellular components are degraded to ultimately result in
macromolecule recycling [18] (Fig. 1B). Autophagy occurs at basal levels in most tissues [19], yet
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Fig. (1). The unfolded protein response and autophagy. A) Accumulation of misfolded protein inside the endoplasmic reticulum (ER) lumen triggers a stress response known as the unfolded protein response (UPR). In cells undergoing ER stress, IRE1
auto-phosphorylates, leading to the activation of its endoribonuclease activity. This activity mediates the processing of the mRNA
encoding XBP-1, which is a transcription factor that upregulates many essential UPR genes involved in folding and protein quality control. Alternatively, activation of PERK increases the translation of ATF4, a transcription factor that induces the expression
of genes such as CHOP that function in amino acid metabolism, antioxidant response, and apoptosis. A third UPR pathway is
initiated by ATF6, a type II ER transmembrane protein encoding a bZIP transcriptional factor on its cytosolic domain and localized in the ER in unstressed cells. Upon ER stress induction, ATF6 is processed, increasing the expression of some ER chaperones. B) Autophagy can be induced for several stress stimuli including ER stress, nutrient starvation and accumulation of protein
aggregates. Different proteins regulate the initiation of autophagy, and the formation and activation of kinase complexes with Atg
proteins triggers nucleation and elongation leading to formation of the double-membrane autophagosome. Beclin-1 also mediates the initiation of autophagy and is negatively regulated through an interaction with BCL-2 at the ER membrane. Inhibition of
the mammalian target of rapamycin (mTOR) activates autophagy. Finally, the autophagosome matures by fusing with endosomes and lysosomes forming the autophagolysosome where the internal material is degraded, resulting in macromolecule
recycling. Phosphatidylethanolamine (PE)-conjugated LC3-II is the most used marker that specifically localizes to autophagosomes.
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activation preferentially occurs mainly under two different stress conditions: during starvation it acts to promote survival, and in times when misfolded proteins or
damaged organelles are present it acts to rid the cell of
altered intracellular components [20,21]. These complex, highly regulated processes are controlled by a
family of autophagy-related genes of the atg family. Atg
proteins have different functions in the process, including the formation of a protein kinase-autophagy regulatory complex that responds to upstream signals such
as nutrient limitation, a lipid kinase signaling complex
which is involved in vesicle nucleation, ubiquitin-like
protein conjugation pathways required for vesicle expansion and completion, and a retrieval pathway for
catalyzing the disassembly of Atg protein complexes
from matured autophagosomes. LC3, also known as
Atg8, is the most commonly used intracellular autophagy marker, as it specifically localizes to autophagosomes (Fig. 1B). Beclin-1, also known as Atg6,
was the first mammalian autophagy gene product identified as being essential for initiation of autophagy. Beclin-1 is regulated at the ER membrane by members of
the BCL-2 protein family, suggesting that signaling
events originating from the ER are crucial for autophagy.
Recent reports indicate that autophagy is critical for
the maintenance of neuronal homoeostasis and has a
role in the basal elimination of misfolded, ubiquitinated
proteins. Brain specific knockout animals for essential
autophagic-related genes develop spontaneous neurodegeneration with pathological features similar to
Alzheimer’s and Parkinson’s disease [22,23]. These
data suggest that the continuous clearance of cellular
proteins in the brain through basal autophagy is required to prevent abnormal accumulation, therefore
acting as a neuroprotective mechanism.
A connection between the ER and autophagy was
recently proposed to occur through the IP3 receptor
and BCL-2 [24-26] (reviewed in [25]). IP3 receptordependent autophagy was attributed to the activation of
Beclin-1 and other autophagic related genes, but, unexpectedly, this regulation was independent of calcium
release. Many laboratories have shown that ER stress
triggers autophagy, and this effect is also regulated by
UPR stress sensors such as IRE1 and PERK [24,2732]. Autophagy may serve as a mechanism to eliminate
portions of damaged ER under stress conditions or to
control the rate of ER expansion [30]. Unexpectedly,
the activation of autophagy by ER stress requires
IRE1 and is not inhibited by BCL-2 overexpression (a
known inhibitor of Beclin-1), suggesting the occurrence
of different autophagy pathways emerging from the ER
[18].
Apoptosis, Chronic ER Stress, and the BCL-2 Protein Family
Complex signaling responses mediate adaptation to
organelle stress or initiation of cell death processes
when a critical threshold of damage has been reached.
Execution of apoptosis depends on the activation of
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caspases, a process tightly regulated by the BCL-2
family of proteins. The BCL-2 family is comprised of
pro- and anti-apoptotic members that are defined by
the presence of up to four conserved domains (Fig.
2A). Anti-apoptotic BCL-2 family members display sequence homology in four -helical domains called BCL2 homology (BH) 1 to BH4. Pro-apoptotic BCL-2 members can be further subdivided into more highly conserved, “multidomain” members displaying homology in
the BH1, BH2 and BH3 domains (i.e. BAX and BAK), or
the “BH3-only” members (i.e. BIM, PUMA and NOXA)
which contain a single domain critical for activation of
apoptosis. BH3-only proteins are thought to operate as
sentinels of cellular damage [33], as they are activated
in response to various death stimuli such as oxidative
stress, DNA damage, or death receptor engagement by
either transcriptional upregulation or post-translational
modification. BH3-only proteins then promote the activation of the core pro-apoptotic components BAX
and/or BAK [34], resulting in mitochondrial membrane
permeabilization. Released mitochondrial proteins such
as cytochrome c then trigger caspase-mediated cell
death. BH3-only proteins can be functionally separated
into two subtypes (Fig. 2B): (i) activators (i.e. BID, BIM,
and PUMA) that directly activate BAX and BAK to trigger cytochrome c release, but are sequestered by antiapoptotic BCL-2 molecules, and (ii) sensitizers (i.e.
BAD and NOXA) that only bind to and antagonize antiapoptotic BCL-2 members to release activator BH3only proteins [35-37] (Fig. 2B). Alternatively, differential
binding to anti-apoptotic proteins may explain the separation between activator and sensitizer BH3-only proteins [38].
Chronic or irreversible ER stress results in apoptosis. The initial signal or sensing mechanism that activates apoptosis in ER damaged cells has yet to be defined, but many different players have been identified
which mediate caspase-dependent cell death downstream of ER stress [39]. Two BH3-only proteins,
PUMA and NOXA, are strongly induced at the transcriptional level in cells undergoing prolonged ER
stress. Puma or noxa deficient cells are partially resistant to apoptosis induced by ER injuries. Another BH3only family member, BIM, is highly induced by ER
stress. Under normal conditions BIM is found in the
dynein motor complex of the microtubule cytoskeleton,
whereas induction of ER stress causes BIM to translocate to the ER, where it may promote caspase activation through an unknown mechanism. In addition,
dephosphorylation of BIM by the phosphatase 2A under ER stress increases BIM levels by preventing its
ubiquitination and subsequent proteasomal degradation in different cell types. Further, expression of the
pro-apoptotic UPR transcription factor CHOP triggers
the upregulation of BIM mRNA. These results provide a
direct connection between activation of the UPR and
the core pro-apoptotic program, a phenomenon that
has remained largely unclear. Moreover, in vivo studies
have shown that BIM deficient mice are resistant to ER
stress-induced apoptosis, similar to the phenotype described for chop deficient mice [40,41]. In summary,
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Fig. (2). The BCL-2 family members. A) The BCL-2 family of proteins is defined by the presence of up to four domains homologous to BCL-2. This group of proteins is functionally subdivided into pro- and anti-apoptotic proteins. Pro-apoptotic members can be further subdivided into more fully conserved “multidomain” members possessing BCL-2 homology domains 1, 2, and
3, or “BH3-only” members which display only about nine amino acids of sequence homology within the single death-promoting
domain. B) Model of activation of BAX/BAK by BH3-only protein. Some BH3-only proteins have been proposed to activate
BAX/BAK directly (BID, PUMA), whereas others work by neutralizing prosurvival BCL-2 proteins (BAD, NOXA), lowering the
threshold for activation of apoptosis.
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irreversible ER damage triggers the upregulation of
pro-apoptotic BH3-only proteins, which may then converge to initiate activation of BAX and BAK at the mitochondria to cause cell death.
In murine cells the processing of ER-resident
caspase-12 depends on the expression of BAX and
BAK at the ER. Caspase-12 has been suggested to be
linked to the UPR pathway through an interaction with
TNF-receptor associated factor-2 (TRAF2) and possibly with active IRE1, but a complex between procaspase-12/TRAF2/IRE1 has not been described.
Although caspase-12 processing is a well established
ER stress marker, its contribution to apoptosis is actively debated. Other components have been shown to
control ER stress-induced apoptosis, and for extensive
reviews see [42,43].

II. PROTEIN MISFOLDING AND NEURODEGENERATION
As previously mentioned, a common feature of
many neurodegenerative diseases is the accumulation
and deposition of misfolded proteins, thus affecting
neuronal function and viability [1-4]. Experimental
evidence using mouse models of neurodegeration
indicate that several mutations associated with
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hereditary forms of disease activate various
components of the UPR (Table 1), implying impaired
ER function (Fig. 3). More importantly, upregulation of
ER stress markers has been observed in post-mortem
brain tissues and cell culture models of many protein
conformational disorders, including Parkinson's,
Amyotrophic lateral sclerosis, Alzheimer's and
Creutzfeldt-Jacob disease [44]. The question remains,
however, as to how much of the neurodegeneration is
due to ER stress as opposed to other pathways. Little
is known about crosstalk and signalling between organelles and how such interactions result in irreversible
neuronal damage. The expected functional significance
of ER stress to the disease process is proposed to be
both a protective component during early UPR responses and more deleterious during prolonged response due to disturbance of ER homeostasis [44]. In
the following sections we discuss specific evidence
linking ER stress to neurodegeneration and the possible involvement of other stress pathways, such as
autophagy, in the process.
Amyotrophic Lateral Sclerosis (ALS)
ALS is a progressive adult-onset motoneuron disease characterized by muscle weakness, atrophy, pa-

Fig. (3). Protein misfolding and neurodegeneration. The accumulation and deposition of misfolded protein is a common feature of many neurodegenerative diseases. Activation of various components of the UPR is observed in several Protein misfolding disorders affecting the nervous system. The early UPR response activates survival pathways to reestablish cellular homeostasis and inhibit apoptosis. These responses include increased protein folding through the upregulation of chaperones, increased protein quality control, and enhancement of autophagy. Under chronic or irreversible ER damage the UPR ultimately
initiates apoptosis to eliminate damaged cells contributing to neurodegenerative processes of disease.
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ralysis and premature death. The pathological hallmark
of ALS is the selective degeneration of motoneurons in
the spinal ventral horn, most brainstem nuclei and the
cerebral cortex [45]. The majority of ALS patients lack a
defined hereditary genetic component and are considered sporadic, whereas approximately 10% of cases
are familial (fALS). Over 100 mutations affect the gene
encoding superoxide dismutase-1 (SOD1), a causative
mutation of some forms of fALS. Mutations in SOD1
trigger its misfolding and abnormal aggregation, leading to a gain of neurotoxic activity. Overexpression of
human fALS-linked SOD1 mutations in transgenic mice
recapitulates some essential features of the human
pathology, provoking age-dependent protein aggregation, paralysis and motoneuron degeneration [45,46].
The primary mechanism by which mutations in SOD1
contribute to progressive motoneuron loss in fALS remains unknown, but it has been proposed that motoneuron apoptosis is mediated by different mechanisms
including mitochondrial dysfunction, altered axonal
transport, endoplasmic reticulum stress and other nonneuronal components [45].
Recently, the activation of UPR responses in human
post-mortem samples was described in both fALS and
sporadic ALS patients, indicating that ER stress may
be a general phenomena in different forms of ALS [45].
There are several lines of evidence for the occurrence
of ER stress in transgenic rodents expressing different
fALS-related SOD1 mutations. Pre-symptomatic
upregulation of the ER chaperone Grp78/BiP was initially reported in spinal motor neurons of transgenic
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L84V

and SOD1
mice [47]. However, this findSOD1
G93A
mice even at
ing was not clear in transgenic SOD1
paralysis. Two studies recently evaluated UPR signalG93A
rodents and found activaing in transgenic SOD1
tion of numerous UPR elements in the spinal cord, including IRE1, PERK, and processed ATF6. Upregulation of their downstream targets XPP-1s, ATF4 and
phospho-eIF2 was also observed [48]. An agedependent activation of UPR sensors specific to degenerating areas was found in mutant SOD1 mice and
associated with a direct accumulation of SOD1 aggregates at the ER [49]. Moreover, a physical interaction
between the ER chaperone Grp78/BiP and mutant
SOD1 was observed in microsomal fractions of spinal
cord extracts. Additionally, a proteomic analysis of spiG93A
transgenic mice renal cord extracts from SOD1
vealed that two UPR targets, protein disulfide
isomerase (PDI) and endoplasmic reticulum protein 57
(Grp58/ERp57), are the most highly induced proteins in
this ALS model, highlighting the relevance of ER stress
in the disease process. Similar to Grp78/BiP, an interaction between PDI and mutant SOD1 was described
at the ER which may have a neuroprotective function
against SOD1 aggregation [50]. PDI and Grp58 are
both ER chaperones of the PDI family that catalyze the
formation and rearrangement of intra- and intermolecular disulfide bonds. The importance of the
Cys57–Cys146 disulfide bond in stabilizing dimeric
SOD1 to prevent aggregation has been increasingly
recognized. In this line, mutant SOD1 aggregates are
thought to be formed by abnormally disulfide-bonded

Fig. (4). Signaling UPR and Autophagy in ALS. In animal models of ALS, mutant SOD1 accumulates at the ER, inducing the
UPR by an unknown mechanism. Extensive ER stress may contribute to neuronal apoptosis in the disease process. In addition,
there is evidence suggesting that the UPR may control autophagy, a degradation pathway known to be involved in the clearance of mutant SOD1 aggregates.
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multimers in the spinal cord of affected SOD1 mutant
mice [51]. It is possible that PDIs may play an important role in forming the correct disulfide bonds in SOD1,
suggesting a direct involvement of ER-related components in the pathogenesis of SOD1 mutants. Finally,
two reports have shown that, in addition to mislocating
to the ER, SOD1 mutants translocate to the Golgi to be
secreted into the extracellular space [52,53]. In summary, increasing reports indicate that adaptive responses against ER stress are activated in fALS, possibly due to a direct accumulation of mutant SOD1 aggregates at the ER (Fig. 4).
Different pieces of evidence suggest that chronic or
irreversible ER stress may play an important role in
motoneuron loss in ALS. Many groups have described
the upregulation of ER stress related pro-apoptotic factors in the spinal cord of late stage disease animals,
including CHOP and caspase-12 processing [50,5457]. In addition, ER stress inducible BCL-2 proapoptotic genes such as BIM and PUMA are upregulated in symptomatic mutant SOD1 transgenic mice
[55,58]. More importantly, genetic deletion of BIM or
PUMA delays ALS disease onset, possibly due to a
significant decrease of apoptosis in motoneurons. This
data is in agreement with the fact that BAX deficient or
BCL-2 transgenic mice exhibit an increased life span
due to augmented motoneuron survival [59,60].
The question remains as to how cells manage to
accumulate mutant SOD1. Kabuta and colleagues reG93A
ported that activation of autophagy reduces SOD1
mediated toxicity and overall protein levels a neuroblastoma cell line. The authors proposed that the contribution of autophagy to mutant SOD1 degradation
was comparable to that of proteasome pathway [61]
(Fig. 4). Increased levels of LC3 processing and inhibiG93A
transgenic
tion of mTOR were observed in SOD1
mice [62], possibly inferring that autophagy has a relevant role as a mechanism of elimination of SOD1 protein aggregates. The therapeutic benefits of targeting
the pathway are yet to be established.
Prion-Related Disorders
PrDs, also known as transmissible spongiform encephalopathies (TSEs), are fatal neurodegenerative
disorders characterized by spongiform degeneration of
the brain accompanied by accumulations of a misfolded and partially protease-resistant form of the prion
Sc
RES
protein (PrP or PrP ) [63]. Etiologically, TSEs can
be classified as sporadic, infectious, or autosomal
dominant inherited forms, affecting both humans and
other mammals. In humans, Prion disorders include
classic Creutzfeldt-Jakob disease (CJD), new variant
CJD, Gerstmann-Sträussler-Scheinker syndrome, fatal
familial insomnia and kuru. Prion diseases in other
mammals include bovine spongiform encephalopathy,
commonly known as mad cow disease, chronic wasting
disease in elk and deer, and scrapie in sheep and
goats [64]. This group of diseases generally presents a
long incubation period followed by rapid progression to
death shortly after the first clinical signs appear. Al-
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though clinical symptoms and progression vary among
TSEs, they commonly include progressive dementia
and ataxia as a result of extensive neuronal death due
to reactive astrocytosis and activated microglia during
neuro-inflammation [65].
The most widely accepted “protein-only” hypothesis
postulates that infectious prion pathogenicity results
from a conformational change of normal cellular prion
C
protein (PrP ) from its primarily -helical structure to a
Sc
insoluble  sheet conformation (PrP ) initiated by an
direct interaction between the two PrP forms. No amino
acid sequence or post-translational modification differences have been detected between the normal host
C
Sc
PrP and its pathological form, PrP [66]. Like other
C
membrane proteins, PrP undergoes post translational
processing in the ER and Golgi. It then localizes to cholesterol-rich lipid rafts, where it is anchored to the outer
surface of the plasma membrane with a glycosyl phosphatidyl inositol (GPI) anchor [67]. Despite the vast
C
body of research, the physiological role of PrP is still
under debate [68].
Apoptosis has been described in the brains of patients affected by CJD, Fatal Familial Insomnia, scrapie-infected hamsters, mice and sheep (reviewed in
[69]). Several in vitro and in vivo models for Prionrelated disorders have been developed to understand
the molecular basis of neuronal dysfunction in infectious and inherited forms of Prion disease [70-73].
However, the exact mechanism by which Prion misfolding affects neuronal function is not well understood.
Our group, as well as many others, has shown an engagement of ER stress responses in PrD models,
where XBP-1 splicing [74] and the activation of stress
signaling pathways linked to ER stress, such as JNK
and ERK, are observed in scrapie infected mice
[74,75]. In both human CJD patients and mouse models, the upregulation of UPR-responsive chaperones
such as Grp78/BiP, Grp94, and Grp58 is observed in
the brain [76,77]. In addition, a proteomic analysis of
post-mortem CJD brain samples demonstrated that the
disulfide isomerase Grp58 was highly expressed in the
cerebellum of humans patients affected with sporadic
CJD [78]. In vitro studies using Neuro2a neuroblastoma
cells demonstrated that inhibition of Grp58 expression
using RNA interference leads to a significant enSc
hancement of PrP toxicity. Conversely, overexpresSc
sion of Grp58 protected cells against PrP toxicity and
decreased the rate of caspase-12 activation, suggesting that ER stress is an early protective cellular response to prion replication, acting as a neuroprotective
mechanism against prion neurotoxicity [79]. Recent
evidence indicates that the activation of UPR components such as IRE1, XBP-1 and others determines
C
the rate of PrP aggregation in vitro under stress conditions [80,81] and in yeast models [82], suggesting that
the UPR has an active role in preventing neurodegeneration. We recently described conditions in which ER
C
Sc
stress facilitates in vitro conversion of PrP into PrP
C
due to partial misfolding of PrP [80], which was reverted by activation of UPR components such as XBP-
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1, ATF4 and ATF6. In addition, scrapie infected neuroblastoma cells are more sensitive to ER stress mediSc
ated apoptosis [76]. Because PrP induces ER stress,
this data present a vicious cycle where alterations of
C
ER physiology prompt PrP more susceptible to conres
version into PrP , most likely explaining the rapid progression of the disease.
Despite the fact that chronic ER stress has been extensively described in neurodegenerative conditions
linked to protein misfolding and aggregation, the role of
the UPR in the central nervous system had not been
studied directly. To address this question, we recently
described the generation of a brain specific XBP-1
Nes-/conditional knockout strain (XBP-1
) and assessed
the function of XBP-1 prion pathogenesis [74]. To our
surprise, the activation of stress responses triggered by
prion replication, such as Grp58 and PDI induction,
caspase-12 processing, JNK and ERK phosphorylation, were not influenced by XBP-1 deficiency. Neither
prion aggregation, neuronal loss or animal survival
were affected. These findings imply that this highly
conserved arm of the UPR may not contribute to the
occurrence or pathology of neurodegenerative conditions associated with Prion misfolding, despite predictions that such diseases are related to ER stress. Alternatively, one may speculate that the upregulation of
ER chaperones is due to specific regulation of their
promoters and not UPR activation. Since the UPR is
not restricted to the IRE1/XBP-1 pathway in mammals, an activation of other UPR pathways may possibly compensate for XBP-1 deficiency in our prion
model. The contribution of ATF6 and PERK to prion
pathogenesis remains to be determined using genetic
manipulation in vivo.
Similarly, Steele et al. recently described that
caspase-12 knockout mice are normally susceptible to
prion infection and pathogenesis despite a clear activation of the UPR in their model [in press]. Pro-apoptotic
BH3-only proteins such as BIM and PUMA are induced
in two different models of scrapie, suggesting that other
ER stress related pro-apoptotic pathways may modulate neuronal loss in infectious Prion-related disorders
[74, in press]. However, neither BAX deletion or BCL-2
overexpression affect infectious prion pathogenesis,
suggesting that apoptosis is not essential for disease
progression, and that it may be a downstream effect of
neuronal dysfunction (in press).
In addition to cell death with apoptotic features,
autophagic vesicles are also observed in the brain of
patients affected with TSE [84]. As mentioned, the
autophagic pathway normally functions as a cellular
defense process to degrade cellular contents, yet overproduction of autophagic vesicles may cause
autophagic cell death with the degradation of cellular
organelles [85]. In another report using prion-infected
neuronal cells, mild proteasome impairment resulted in
the formation of large cytosolic perinuclear aggresomes
Sc
that contained PrP , heat shock chaperone 70, ubiquitin, proteasome subunits and vimentin [86]. The role
of autophagy in the progression of prion diseases is
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unknown, but the potential to promote clearance of
misfolded protein aggregates may be a promising
therapeutic approach [87].
Parkinson’s Disease
PD is the second most common chronic and progressive neurodegenerative disease, affecting at least
one in one hundred of the population over 55 years old.
The major clinical symptom of PD is the impairment of
motor control as a result of extensive dopaminergic
neuron death in the substantia nigra pars compacta
(SNpc) [88,89]. The pathological hallmark of the disorder is the presence of intracellular inclusion bodies,
called Lewy bodies (LBs), which contain aggregated
and misfolded -synuclein protein [90]. Although the
cause of selective dopaminergic neuron loss and accumulation of -synuclein in patients with Parkinson´s
disease is unknown, oxidative stress as a result of mitochondrial dysfunction and impairment in the major
cellular proteolytic systems have been proposed to
contribute to the accumulation of intracellular protein
aggregates [91].
Genetic mutations have provided important insight
into cellular pathways and molecular mechanisms involved in PD. Some familial cases of PD are associated with mutations in -synuclein [92], but LBs contain
-synuclein even in sporadic PD cases lacking mutations, suggesting a more central role for this protein in
PD’s pathogenesis. A recent yeast screening identified
the earliest defect following -synuclein expression in
both wild type or A53T mutants is a block in ER to
Golgi vesicular trafficking with concomitant UPR activation [93]. The largest class of -synuclein toxicity modifiers described from this screen are proteins functioning
in ER/Golgi trafficking, including Rab1, which physically
associates with cytoplasmic -synuclein inclusions.
Remarkably, Rab1 protected against -synucleininduced dopaminergic neuron loss in animal models of
PD [93]. A recent study reported the first evidence of
UPR activation in post-mortem tissue from sporadic PD
human cases, observing activation of the PERK/eIF2
pathway in dopaminergic neurons of the SNpc. A
strong co-localization between -synuclein inclusions
and PERK phosphorylation was observed [94]. In addition, the pancreatic PDI isoform PDIp is highly induced
in PD post-mortem human brain samples [95], and
brains manifesting sporadic Parkinson's or Alzheimer's
disease were observed to have inactivated PDI due to
S-nitrosylation [96]. Inhibition of PDI activity was proposed to result in abnormal folding, triggering the accumulation of polyubiquitinated proteins and consequent ER stress and cell death. Finally, in vitro studies
A53T
deindicate that overexpression of -synuclein
creases proteasome activity and leads to ER stress
[97]. Knocking-down caspase-12 or treating of cells
with salubrinal, an inhibitor of eIF2a dephosphorylation,
A53T
partially protects against -synuclein
toxicity.
The most frequent type of familial PD is autosomal
recessive, juvenile Parkinsonism (AR-JP) [98] caused
by mutations in the parkin gene [98,99]. Parkin is ex-
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pressed diffusely in neurons throughout the brain [100]
and is suggested to be a component of the ubiquitinproteasome system (UPS) [101,102]. Parkin may be
involved in ERAD, which acts to eliminate misfolded or
unassembled proteins from the secretory pathway. The
absence of Parkin function presumably allows its protein substrates to accumulate and result in ER stress,
but data regarding the involvement of Parkin in the proteasome is controversial [103]. Experimental ER stress
results in significant upregulation of Parkin at both the
mRNA and protein level [101]. In the same study,
Parkin transfected cells were significantly more resistant to cell death induced by ER stress, indicating that it
may have a protective role [101]. A recent study in
mice found that viral overexpression of Parkinassociated endothelin-receptor (Pael-R) in the SNpc
results in increased expression of ER chaperones
Grp78 and ORP150 [104]. Conversely, overexpression
of Pael-R in Parkin null mice results in apoptotic cell
death in the SNpc.
A newly described autosomal recessive loss of
function mutation linked to PD was recently characterized in the Chilean population. The protein, identified
as a neuronal P-type ATPase gene, ATP13A2, results
in early-onset parkinsonism with pyramidal degeneration and dementia (PARK9, Kufor-Rakeb syndrome)
[105]. ATP13A2 is normally located in the lysosome,
but mutants were retained in the ER and degraded by
the proteasome. It remains to be determined if ER
stress or organelle dysfunction is altered by ATP13A2
mutants.
Toxicological models that resemble sporadic PD
also suggest an involvement of ER stress in the disease process. 6-hydroxy-dopamine (6-OHDA) and
+
MPP are the most commonly used compounds to
study PD, as they specifically induce death of dopa+
minergic neurons. Unlike MPP , 6-OHDA is produced
endogenously by dopamine metabolism and oxidation
in the SNpc, leading to mitochondrial dysfunction and
oxidative stress [106]. This neurotoxin is commonly
found in post-mortem brains of PD patients [107]. Sev+
eral pieces of evidence indicate that 6-OHDA, MPP ,
and rotenone are capable of specifically inducing ER
stress and the UPR. Remarkably, a series of gene expression profile analyses indicate an active UPRtranscriptional response to these neurotoxic agents. 6OHDA induces a clear phosphorylation of IRE1,
PERK and eIF2 followed by induction of ATF4,
CHOP/GADD153 and Grp78/BiP in vitro [108], and
post-mortem studies on sporadic PD cases exhibit activation of IRE1 and PERK as well as induction of their
downstream targets [94]. Sympathetic neurons from
PERK null mice were more sensitive to 6-OHDA, suggesting a functional role of the UPR in this PD model
[108]. At the mechanistic level, generation of radical
oxygen species by PD-triggering neurotoxins may lead
to a rapid accumulation of oxidized proteins which can
activate the UPR [109]. The expression of
CHOP/GADD153 in neurotoxin models of PD is observed, displaying nuclear expression in models of dopaminergic neuron death induced by intrastriatal injec-
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tion of 6-OHDA and MPTP, a precursor to MPP+ [110].
In
chronic
MPTP
models,
however,
while
CHOP/GADD153 is robustly expressed, chop deficient
mice are not protected from the loss of neurons, but
they are protected against 6-OHDA [110].
There is an increasing interest in studying the role
of autophagy and lysosomal pathways in PD. For example, studies in SH-SY5Y human neuroblastoma cells
show that dopamine induces features of autophagic
cell death and an increase in -synuclein expression
[111]. Depending on its conformational state and cellular conditions, -synuclein can be degraded by both the
ubiquitin-proteasome system and autophagy [112].
However, only soluble -synuclein forms can be degraded by the proteasome. In fact, fibrillar forms of synuclein usually block proteasomal activity [113].
These soluble forms can also reach the lysosomal
compartment for degradation via chaperone-mediated
autophagy (CMA) [114]. Pathogenic -synuclein mutants, however, are poorly degraded by CMA because,
while they bind to the lysosomal membrane with high
affinity, they are not translocated into the lysosomal
lumen. Furthermore, because of their high-affinity binding to the CMA receptor, mutant -synuclein inhibits
the uptake and degradation of other CMA substrates,
leading to a general CMA blockage and cellular dysfunction [114].
A recent work in SH-SY5Y cells showed that, although there are several modified forms of -synuclein,
only the aggregated and oligomeric forms of dopamine-synuclein (DA--synuclein) cannot be taken-up by
lysosomes via CMA, therefore interfering with the
pathways degredation ability [20]. This idea comes
from both in vivo mouse and human post-mortem studies of PD, where modified forms of -synuclein have
been observed in the SNpc [115-118]. Multiple posttranslational modifications have been shown to impair
the degradation of -synuclein by CMA, favoring its
oligomerization and aggregation [114,119]. A crosstalk
between both -synuclein and clearance pathways
may exist [120,121], and inhibition of the ubiquitinproteasome system and CMA activate macroautophagy, possibly to maintain normal levels of protein
degradation and removal of cytosolic toxic aggregates
[122,123]. While many studies hint at a very important
role for autophagy in the control of PD, much remains
to clarify our understanding of its involvement in the
disease process in vivo.
Huntington’s Disease and Therapeutic Strategies to
Target the UPR and Autophagy
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder characterized by progressive cognitive impairment, neuropsychiatric symptoms, and chorea. Onset depends on the severity of
the mutation, usually resulting in symptoms beginning
in the fourth or fifth decade of life. Patients typically
decline over a 15-20 year period until complications
lead to death, as there is no effective treatment for the
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selective neuronal loss affecting the frontal lobe, striatum, and basal ganglia [124].

minished by the expression of chaperones such as
Hsp70 and Hsp40 [129,138].

HD is caused by a mutation encoding an abnormal
expansion of CAG-encoded polyglutamine repeats
within the Huntingtin protein. The general population
exhibits an average of 18 poly(Q) repeats, yet expansions exceeding 35 repeats will almost always result in
disease. Increasing numbers of repeats cause the age
of onset to decrease, and individuals with more than 60
repeats will develop disease before the age of twenty
[125].

Evidence is beginning to emerge indicating that
clearance pathways responsible for elimination of
poly(Q) aggregates are closely regulated by the ER
through UPR stress sensors such as PERK/eIF2,
which control expression of the autophagy-related gene
ATG12 [27]. Thus, the UPR and ER stress pathways
may affect the accumulation of mutant Huntingtin in the
cell. The therapeutic effects of targeting the UPR were
recently demonstrated in models of diabetes where ER
stress mediates insulin resistance [139]. The authors
employed chemical chaperones, including 4-phenyl
butyric acid (4-PBA) and trimethylamine N-oxide dihydrate (TMAO), which are a group of low molecular
weight compounds known to stabilize protein conformation and improve ER folding capacity (reviewed in
[140]). Likewise, endogenous bile acid derivates, such
as TUDCA, also modulate ER function [141]. Remarkably, a positive effect of TUDCA administration
was demonstrated on different models of Huntington’s
disease [142], reducing striatal-neuron apoptosis and
the size of intranuclear Huntingtin inclusions. Locomotor and sensorimotor deficits were significantly improved in HD animal models upon treatment [142]. The
chemical chaperone 4-PBA also significantly extended
survival, improved motor performance, and delayed the
neuropathological features in the R6/2 transgenic
mouse model of HD [143]. The impact these drugs
have on ER stress in HD transgenic mouse models
remains to be determined.

The primary histopathological feature observed in
HD is the co-localization of Huntingtin positiveaggregates with ubiquitin [126]. In many cases, the
formation of intracellular Huntingtin inclusions precede
cell death [127-129], and neurotoxicity is also plausible
when considering the array of other proteins found
within such aggregates [130,131]. Changes in subcellular localization of Huntingtin-interacting proteins may
also contribute to the pathology [131].
Although the mechanism of expanded poly(Q)
pathogenesis is still highly controversial, it is well established that neurotoxicity is provoked by a dominant
gain of function. Neuronal apoptosis in HD is proposed
to be mediated by several different mechanisms, including mitochondrial dysfunction, altered axonal
transport, and proteasome dysfunction, to name a few
(reviewed in [132]). Recent data also suggests that proapoptotic pathways originating from the ER may contribute to HD neurodegeneration. Mutant Huntingtin
aggregates impair the function of the ubiquitinproteasome system [132], resulting in ER stress
through general accumulation of abnormally folded proteins, poisoning the cell with abnormal folding intermediates or immature proteins [133].
Recent attempts to understand the function of wild
type Huntingtin demonstrated that inhibition of its expression significantly alters ER morphogenesis [134].
In addition, mutant Huntingtin perturbs ER calcium homeostasis [135], and the experimental targeting of
poly(Q) peptides to the ER decreases aggregation
[136]. Thus, increasing evidence suggests that mutant
Huntingtin may exert its neurotoxic effect by directly
causing ER stress. However, the actual involvement of
ER stress-related pathways in the disease remains
speculative, as no in vivo experiments have validated
these findings.
The accumulation of mutant poly(Q) inclusions triggers activation of UPR stress sensors IRE1 and
PERK in vitro, resulting in upregulation of downstream
targets [27]. Many groups have shown that ER stress
partially mediates toxicity caused by mutant HD associated with activation of JNK, ASK1 and caspase-12
processing. ASK1 deficient neurons have been shown
to protect from poly(Q)79 toxicity [136,137,141]. One of
primary roles of the UPR is to induce expression of a
diverse set of chaperones, and many reports have
shown that mutant Huntingtin aggregation can be di-

The ability of chemical chaperones to alleviate ER
stress in vitro demonstrates the feasibility of targeting
organelle function for therapeutic gain. In this line, activation of autophagy with rapamycin, which targets the
mTor pathway, has the ability to increase the survival
of HD animal models and recover motor performance.
These therapeutic effects were associated with a decrease in Huntingin aggregate size, indicating that
pharmacological strategies aiming increasing autophagy-mediated clearance of protein aggregates may
have real therapeutic benefits [144]. A relatively new
drug, trehalose, was recently shown to act both as a
chemical chaperone and an autophagy activator, decreasing the aggregation of mutant Huntingtin and –
synuclein in vitro [145]. A recent small-molecule screen
performed in yeast by the same group yields novel
small-molecule modulators of mammalian autophagy
[146]. They identified new small-molecule enhancers
and inhibitors of the cytostatic effects of rapamycin in
yeast. Three enhancers induced autophagy independently of rapamycin in mammalian cells, facilitating the
A53T
clearance of mutant Huntingtin and -synuclein
.
These autophagy enhancers, which seem to act either
independently or downstream of rapamycin, attenuated
mutant Huntingtin-fragment toxicity in Huntington's disease in vitro models as well as in D. melanogaster
[146], reinforcing the therapeutic potential to clear mutant proteins responsible for many neurodegenerative
conditions.
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Alzheimer's Disease
Alzheimer disease (AD) is the most common neurodegenerative disease in elderly people, characterized
by the progressive decline of cognitive functions [147].
The pathological hallmarks are intracellular deposits
containing neurofibrillary tangles of Tau protein and
extracellular plaques of aggregated amyloid -peptide
(A), as well as inflammation, oxidative stress and axonal transport inhibition [147]. Genetic forms of AD are
associated with mutations in -amyloid precursor protein (-APP) and presenilin-1 (PS1) and 2 (PS2)
genes. These mutations cause increased processing of
APP and A production, leading to early onset familial
AD [148]. A recent study demonstrated that the distribution of phosphorylated PERK correlates with abnormally phosphorylated Tau in post mortem AD brains
[149]. Similarly, BiP/Grp78 levels are augmented in AD
brains, suggesting that UPR response is relevant to the
disease [150].
PS1 and PS2 are components of the -secretase
complex, located primarily in the ER [151], and their
mutations increase the production of A peptide in subjects with familial AD [152]. Cellular studies have demonstrated that PS mutations increase calcium release
from the ER [153-156] and enhance sensitivity to ER
stress mediated apoptosis [157] [158,159]. However,
evidence linking PS1/2 to the UPR is controversial.
Some in vitro studies report a reduced induction of BiP
in PS1 mutant cells [160,161], while others show that
the UPR is not affected under ER stress conditions
[162]. Interestingly, one study showed that PS1 physically interacts with IRE1 on the ER membrane [160].
In other cases, PS1 mutant cells showed decreased
BiP expression [163], PERK and eIF2 phosphorylation after ER stress induction. Thus, familial AD-linked
PS1 mutations may down-regulate the UPR, leading
cells more vulnerable to ER stress.
Diverse studies have demonstrated that A-42 signals to the ER and induces the UPR [164,165]. It has
been shown that caspase-12 deficient neurons have
reduced sensitivity to A peptide [158]. Another example associating AD with ER-stress mediated neuronal
dysfunction comes from in vivo studies injecting amyloid- in the hippocampus of rabbits. These experiments showed activation of a clear ER stress response, supporting the idea that AD-related events can
activate the UPR in vivo [166,167]. Despite AD being
the most prevalent neurological disorder in humans,
the role of ER stress in the disease is still poorly understood, and more in vivo studies are required to address
the pathways involvement in disease pathology.

III. CONCLUDING REMARKS
The UPR is an essential pathway that controls
adaptive processes to stress, which result in global
changes of ER function including ERAD, ER/Golgi biogenesis, protein folding, translocation into the ER, and
autophagy [168]. UPR genes such as XBP-1 enforce
changes in cellular structure and function consistent
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with the requirements of the UPR to maintain proper
function of professional secretory cells, but the exact
role of the UPR in the CNS is mostly unknown. A genetic link is observed between an XBP-1 promoter
polymorphism and the occurrence of bipolar disorders
[169], schizophrenia [170] and certain personality types
in the Japanese population [171]. As discussed here,
extensive studies indicate a strong association between accumulation of misfolded proteins and ER stress
induction in several important neurodegenerative conditions such as AD, PD, HD, ALS, PrD, and many others [44,172]. Direct evidence indicating that perturbation of ER function could result in neurodegeneration
came from the characterization of the Woozy mutant
mice, where disruption of a BiP co-chaperone triggers
neuronal dysfunction associated with spontaneous protein aggregation in the brain [173]. However, most of
the evidence supporting the involvement of ER stress
in neurodegeneration is correlative, and manipulation
of the UPR in vivo was required to define the actual
contribution of the pathway to the disease process.
Strong correlations have been described between
the misfolding and aggregation of an underlying protein
and the occurrence of ER stress in neurodegenerative
conditions. In addition, increasing reports describe the
activation of the UPR in human post-mortem samples
from patients affected with diverse types of protein misfolding disorders, suggesting a role as a general cellular response to neurodegeneration (Table 1). Despite
this evidence, little causal relationship is available to
link the UPR and ER stress to neurological disorders.
Predictions for the role of ER stress in disease processes are not obvious because activation of the UPR
may decrease neurodegeneration by increasing folding, protein quality control and autophagy. However,
extensive or chronic ER stress may result in irreversible neuronal damage and apoptosis (Fig. 3).
Small molecules such as chemical chaperones,
known to decrease ER stress, or autophagy activators
such as rapamycin have been shown to have protective effects against neurodegeneration in certain disease models in vivo. However, genetic manipulation of
the UPR has been needed to directly address the role
of the pathway in the disease process. To address this
question, we have recently described the generation of
a brain specific XBP-1 deficient mouse model. XBP-1
deficiency did not result in spontaneous neurological
dysfunction. Based on previous reports linking ER
stress with neurodegeneration, we hypothesized that
the IRE1/XBP-1 pathway might contribute to conditions of chronic stress rather than basal neuronal funcNes-/mice with a murtion. Thus, we challenged XBP-1
ine prion model which evokes several central features
of diverse neurodegenerative diseases, such as the
accumulation of misfolded protein aggregates, neuronal loss, and progressive appearance of neurological-disease signs leading to death of the animal. UnexNes-/with prions did not afpectedly, infection of XBP-1
fect the appearance of any of these ER stress markers,
nor did it affect prion misfolding, replication or animal
survival. The mammalian UPR is not restricted to the
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IRE1/XBP-1 pathway, however, and activation of
other UPR pathways may compensate for XBP-1 deficiency in Prion-disease models. The possible effects of
ATF6 and PERK remain to be studied in regard to prion
pathogenesis using in vivo genetic manipulation. In
addition, it may be possible that involvement of the
UPR in neurodegeneration may depend on the specific
disease condition, type, and/or localization of the disease-related misfolded protein.
In summary, the signaling pathways linking protein
misfolding and neuronal dysfunction are not well understood. Activation of the UPR may be a general phenomenon observed in these diseases, possibly reflecting a general failure of organelle function or direct engagement of stress sensors by the disease-related misfolded proteins. The latter is an interesting possibility
based on recent structural data of the ER stress sensing domain of IRE1 (reviewed in [8]). A direct binding of
misfolded proteins to the stress sensor has been proposed to mediate its activation and signaling. Mislocation of mutant proteins at the ER lumen may be a signal related to ER stress engagement, as described for
ALS and Prion disease models. While the association
between ER stress and neurodegeneration is very
strong, it remains primarily correlative. However, promising preliminary studies employing drugs known to
attenuate ER stress have proven effective in many disease models, suggesting a causal role of ER stress in
their pathology.

Current Molecular Medicine, 2008, Vol. 8, No. 3
[13]

[14]

[15]
[16]
[17]

[18]
[19]
[20]
[21]
[22]

[23]

[24]
[25]
[26]

[27]

ACKNOWLEDGEMENTS

[28]

This work was supported by FONDECYT no.
1070444, FONDAP grant no. 15010006, High Q Foundation, The M.J. Fox Foundation (CH) and FONCECYT
no. 3085017 (SM).

[29]

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

Kopito, R.R. and Ron, D. (2000) Nat. Cell Biol., 2, E207E209.
Rao, R.V. and Bredesen, D.E. (2004) Curr. Opin. Cell Biol.,
16, 653-662.
Selkoe, D.J. (2003) Nature, 426, 900-904.
Taylor, J.P., Hardy, J. and Fischbeck, K.H. (2002) Science,
296, 1991-1995.
Ron, D. and Walter, P. (2007) Nat. Rev. Mol. Cell Biol., 8,
519-529.
Schroder, M. and Kaufman, R.J. (2005) Annu. Rev. Biochem., 74, 739-789.
Hetz, C.A., Torres, V. and Quest, A.F. (2005) Biochem. Cell
Biol., 83, 579-588.
Hetz, C. and Glimcher, L. (2008) Curr Immunol Rev., In
Press.
Harding, H.P., Zhang, Y. and Ron, D. (1999) Nature, 397,
271-274.
Chen, X., Shen, J. and Prywes, R. (2002) J. Biol. Chem.,
277, 13045-13052.
Haze, K., Yoshida, H., Yanagi, H., Yura, T. and Mori, K.
(1999) Mol. Biol. Cell, 10, 3787-3799.
Ye, J., Rawson, R.B., Komuro, R., Chen, X., Dave, U.P.,
Prywes, R., Brown, M.S. and Goldstein, J.L. (2000) Mol. Cell,
6, 1355-1364.

[30]
[31]
[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]
[40]

169

Calfon, M., Zeng, H., Urano, F., Till, J.H., Hubbard, S.R.,
Harding, H.P., Clark, S.G. and Ron, D. (2002) Nature, 415,
92-96.
Lee, K., Tirasophon, W., Shen, X., Michalak, M., Prywes, R.,
Okada, T., Yoshida, H., Mori, K. and Kaufman, R.J. (2002)
Genes Dev., 16, 452-466.
Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. and Mori,
K. (2001) Cell, 107, 881-891.
Hetz, C. and Glimcher, L. (2008) Trends Cell Biol., 18, 38-44.
Hetz, C., Bernasconi, P., Fisher, J., Lee, A.H., Bassik, M.C.,
Antonsson, B., Brandt, G.S., Iwakoshi, N.N., Schinzel, A.,
Glimcher, L.H. and Korsmeyer, S.J. (2006) Science, 312,
572-576.
Maiuri, M.C., Zalckvar, E., Kimchi, A. and Kroemer, G. (2007)
Nat. Rev. Mol. Cell Biol., 8, 741-752.
Ravikumar, B. and Rubinsztein, D.C. (2004) Neuroreport, 15,
2443-2445.
Martinez-Vicente, M. and Cuervo, A.M. (2007) Lancet Neurol., 6, 352-361.
Levine, B. and Klionsky, D.J. (2004) Dev. Cell, 6, 463-477.
Hara, T., Nakamura, K., Matsui, M., Yamamoto, A., Nakahara, Y., Suzuki-Migishima, R., Yokoyama, M., Mishima, K.,
Saito, I., Okano, H. and Mizushima, N. (2006) Nature, 441,
885-889.
Komatsu, M., Waguri, S., Chiba, T., Murata, S., Iwata, J.,
Tanida, I., Ueno, T., Koike, M., Uchiyama, Y., Kominami, E.
and Tanaka, K. (2006) Nature, 441, 880-884.
Criollo,A., Vicencio, J.M., Tasdemir, E., Maiuri, M.C., Lavandero, S. and Kroemer, G. (2007) Autophagy, 3, 350-353.
Hoyer-Hansen, M. and Jaattela, M. (2007) Cell Death. Differ.
Hoyer-Hansen, M., Bastholm, L., Szyniarowski, P., Campanella, M., Szabadkai, G., Farkas, T., Bianchi, K., Fehrenbacher, N., Elling, F., Rizzuto, R., Mathiasen, I.S. and Jaattela, M. (2007) Mol. Cell, 25, 193-205.
Kouroku, Y., Fujita, E., Tanida, I., Ueno, T., Isoai, A., Kumagai, H., Ogawa, S., Kaufman, R.J., Kominami, E. and Momoi,
T. (2006) Cell Death. Differ.,14, 230-239.
Ogata, M., Hino, S.I., Saito, A., Morikawa, K., Kondo, S.,
Kanemoto, S., Murakami, T., Taniguchi, M., Tanii, I., Yoshinaga, K., Shiosaka, S., Hammarback, J.A., Urano, F. and
Imaizumi, K. (2006) Mol. Cell Biol., 26, 9220-9231.
Yorimitsu, T., Nair, U., Yang, Z. and Klionsky, D.J. (2006) J.
Biol. Chem., 281, 30299-30304.
Bernales, S., McDonald, K.L. and Walter, P. (2006) PLoS.
Biol., 4, e423.
Ding,W.X., Ni,H.M., Gao,W., Yoshimori,T., Stolz,D.B., Ron,D.
and Yin,X.M. (2007) Am. J. Pathol., 171, 513-524.
Ding, W.X., Ni, H.M., Gao, W., Hou, Y.F., Melan, M.A., Chen,
X., Stolz, D.B., Shao, Z.M. and Yin, X.M. (2007) J. Biol.
Chem., 282, 4702-4710.
Danial, N.N. and Korsmeyer, S.J. (2004) Cell, 116, 205-219.
Wei, M.C., Zong, W.X., Cheng, E.H., Lindsten, T., Panoutsakopoulou, V., Ross, A.J., Roth, K.A., MacGregor, G.R.,
Thompson, C.B. and Korsmeyer, S.J. (2001) Science, 292,
727-730.
Kim, H., Rafiuddin-Shah, M., Tu, H.C., Jeffers, J.R., Zambetti, G.P., Hsieh, J.J. and Cheng, E.H. (2006) Nat. Cell
Biol.,8, 1348-1358.
Letai, A., Bassik, M.C., Walensky, L.D., Sorcinelli, M.D.,
Weiler, S. and Korsmeyer, S.J. (2002) Cancer Cell, 2, 183192.
Kuwana, T., Bouchier-Hayes, L., Chipuk, J.E., Bonzon, C.,
Sullivan, B.A., Green, D.R. and Newmeyer, D.D. (2005) Mol.
Cell, 17, 525-535.
Willis, S.N., Fletcher, J.I., Kaufmann, T., van Delft, M.F.,
Chen, L., Czabotar, P.E., Ierino, H., Lee, E.F., Fairlie, W.D.,
Bouillet, P., Strasser, A., Kluck, R.M., Adams, J.M. and
Huang, D.C. (2007) Science, 315, 856-859.
Hetz, C.A. (2007) Antioxid. Redox. Signal., 9, 2345-2356.
Marciniak, S.J., Yun, C.Y., Oyadomari, S., Novoa, I., Zhang,
Y., Jungreis, R., Nagata, K., Harding, H.P. and Ron, D.
(2004) Genes Dev., 18, 3066-3077.

170
[41]

[42]
[43]
[44]
[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]
[56]
[57]

[58]

[59]

[60]

[61]
[62]

[63]
[64]
[65]

[66]

[67]

Current Molecular Medicine, 2008, Vol. 8, No. 3
Zinszner, H., Kuroda, M., Wang, X., Batchvarova, N., Lightfoot, R.T., Remotti, H., Stevens, J.L. and Ron, D. (1998)
Genes Dev., 12, 982-995.
Breckenridge, D.G., Germain, M., Mathai, J.P., Nguyen, M.
and Shore, G.C. (2003) Oncogene, 22, 8608-8618.
Oakes, S.A., Lin, S.S. and Bassik, M.C. (2006) Curr. Mol.
Med., 6, 99-109.
Lindholm, D., Wootz, H. and Korhonen, L. (2006) Cell Death.
Differ., 13, 385-392.
Pasinelli, P. and Brown, R.H. (2006) Nat. Rev. Neurosci., 7,
710-723.
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. and . (1994) Science, 264, 1772-1775.
Tobisawa, S., Hozumi,Y., Arawaka, S., Koyama, S., Wada,
M., Nagai, M., Aoki, M., Itoyama, Y., Goto, K. and Kato, T.
(2003) Biochem. Biophys. Res. Commun., 303, 496-503.
Nagata, T., Ilieva, H., Murakami, T., Shiote, M., Narai, H.,
Ohta, Y., Hayashi, T., Shoji, M. and Abe, K. (2007) Neurol.
Res., 29, 767-771.
Kikuchi, H., Almer, G., Yamashita, S., Guegan, C., Nagai, M.,
Xu, Z., Sosunov, A.A., McKhann, G.M. and Przedborski, S.
(2006) Proc. Natl. Acad. Sci. USA, 103, 6025-6030.
Atkin, J.D., Farg, M.A., Turner, B.J., Tomas, D., Lysaght,
J.A., Nunan, J., Rembach, A., Nagley, P., Beart, P.M.,
Cheema, S.S. and Horne, M.K. (2006). J. Biol. Chem., 281,
30152-30165.
Furukawa,Y., Fu, R., Deng, H.X., Siddique, T. and O'Halloran, T.V. (2006) Proc. Natl. Acad. Sci. USA, 103, 71487153.
Turner, B.J., Atkin, J.D., Farg, M.A., Zang, d.W., Rembach,
A., Lopes, E.C., Patch, J.D., Hill, A.F. and Cheema, S.S.
(2005) J. Neurosci., 25, 108-117.
Urushitani, M., Sik, A., Sakurai, T., Nukina, N., Takahashi, R.
and Julien, J.P. (2006) Nat. Neurosci., 9, 108-118.
Vlug, A.S., Teuling, E., Haasdijk, E.D., French, P., Hoogenraad, C.C. and Jaarsma, D. (2005) Eur. J. Neurosci., 22,
1881-1894.
Kieran, D., Woods, I., Villunger, A., Strasser, A. and Prehn,
J.H. (2007) Proc. Natl. Acad. Sci. USA, 104, 20606-20611.
Wootz, H., Hansson, I., Korhonen, L. and Lindholm, D.
(2006) Exp. Cell Res., 312, 1890-1898.
Wootz, H., Hansson, I., Korhonen, L., Napankangas, U. and
Lindholm, D. (2004) Biochem. Biophys. Res. Commun., 322,
281-286.
Hetz, C., Thielen, P., Fisher, J., Pasinelli, P., Brown, R.H.,
Korsmeyer, S. and Glimcher, L. (2007) Cell Death Differ., 14,
1386-1389.
Gould, T.W., Buss, R.R., Vinsant, S., Prevette, D., Sun, W.,
Knudson, C.M., Milligan, C.E. and Oppenheim, R.W. (2006)
J. Neurosci., 26, 8774-8786.
Vukosavic, S., Stefanis, L., Jackson-Lewis, V., Guegan, C.,
Romero, N., Chen, C., Dubois-Dauphin, M. and Przedborski,
S. (2000) J. Neurosci., 20, 9119-9125.
Kabuta, T., Suzuki, Y. and Wada, K. (2006) J. Biol. Chem.,
281, 30524-30533.
Morimoto, N., Nagai, M., Ohta, Y., Miyazaki, K., Kurata, T.,
Morimoto, M., Murakami, T., Takehisa, Y., Ikeda, Y., Kamiya,
T. and Abe, K. (2007) Brain Res., 1167, 112-117.
Prusiner, S.B. (1998) Proc. Natl. Acad. Sci. USA, 95, 1336313383.
Collinge, J. (2001) Annu. Rev. Neurosci., 24, 519-550.
Budka, H., Aguzzi, A., Brown, P., Brucher, J.M., Bugiani, O.,
Gullotta, F., Haltia, M., Hauw, J.J., Ironside, J.W., Jellinger,
K., Kretzschmar, H.A., Lantos, P.L., Masullo, C., Schlote, W.,
Tateishi, J. and Weller, R.O. (1995) Brain Pathol., 5, 459466.
Pan, K.M., Baldwin, M., Nguyen, J., Gasset, M., Serban, A.,
Groth, D., Mehlhorn, I., Huang, Z., Fletterick, R.J., Cohen,
F.E. and . (1993) Proc. Natl. Acad. Sci. U. S. A, 90, 1096210966.
Vey, M., Pilkuhn, S., Wille, H., Nixon, R., DeArmond, S.J.,
Smart, E.J., Anderson, R.G., Taraboulos,A. and Prusiner,
S.B. (1996) Proc. Natl. Acad. Sci. U S A, 93, 14945-14949.

Matus et al.
[68]
[69]
[70]

[71]
[72]

[73]

[74]

[75]

[76]
[77]

[78]
[79]

[80]
[81]
[82]
[83]

[84]
[85]
[86]

[87]
[88]
[89]
[90]
[91]
[92]

[93]

[94]

[95]

Hetz, C., Maundrell, K. and Soto, C. (2003) Trends Mol.
Med., 9, 237-243.
Hetz, C. and Soto, C. (2003) Cell Mol. Life Sci., 60, 133-143.
Chiesa, R., Drisaldi, B., Quaglio, E., Migheli, A., Piccardo, P.,
Ghetti, B. and Harris, D.A. (2000) Proc. Natl. Acad. Sci. USA,
97, 5574-5579.
Ma, J., Wollmann, R. and Lindquist, S. (2002) Science, 298,
1781-1785.
Supattapone, S., Bouzamondo, E., Ball, H.L., Wille, H.,
Nguyen, H.O., Cohen, F.E., DeArmond, S.J., Prusiner, S.B.
and Scott, M. (2001) Mol. Cell Biol., 21, 2608-2616.
Supattapone, S., Bosque, P., Muramoto, T., Wille, H., Aagaard, C., Peretz, D., Nguyen, H.O., Heinrich, C., Torchia,
M., Safar, J., Cohen, F.E., DeArmond, S.J., Prusiner, S.B.
and Scott, M. (1999) Cell, 96, 869-878.
Hetz, C., Lee, A.H., Gonzalez-Romero, D., Thielen, P., Castilla, J., Soto, C. and Glimcher, L.H. (2008) Proc. Natl. Acad.
Sci. USA, 105, 757-762.
Steele, A.D., Hetz, C., Yi, C., Jackson, W., Borkowski, A.,
Yuan, J., Wollmann, R. and Lindquist, S. (2008) Prion disease in caspase-12 knockout mice. Prion, In press.
Hetz, C., Russelakis-Carneiro, M., Maundrell, K., Castilla, J.
and Soto, C. (2003) EMBO J., 22, 5435-5445.
Brown, A.R., Rebus, S., McKimmie, C.S., Robertson, K.,
Williams, A. and Fazakerley, J.K. (2005) Biochem. Biophys.
Res. Commun., 334, 86-95.
Yoo, B.C., Krapfenbauer, K., Cairns, N., Belay, G., Bajo, M.
and Lubec, G. (2002) Neurosci. Lett., 334, 196-200.
Hetz, C., Russelakis-Carneiro, M., Walchli, S., Carboni, S.,
Vial-Knecht, E., Maundrell, K., Castilla, J. and Soto, C.
(2005) J. Neurosci., 25, 2793-2802.
Hetz, C., Castilla, J. and Soto, C. (2007) J. Biol. Chem., 282,
12725-12733.
Orsi, A., Fioriti, L., Chiesa, R. and Sitia, R. (2006) J. Biol.
Chem., 281, 30431-30438.
Apodaca, J., Kim, I. and Rao, H. (2006) Biochem. Biophys.
Res. Commun., 347, 319-326.
Steele, A.D., King, O.D., Jackson, W.S., Hetz, C.A., Borkowski, A.W., Thielen, P., Wollmann, R. and Lindquist, S.
(2007) J. Neurosci., 27, 13022-13027.
Sikorska, B., Liberski, P.P., Giraud, P., Kopp, N. and Brown,
P. (2004) 69. Int. J. Biochem. Cell Biol., 36, 2563-2573.
Klionsky, D.J. (2007). Nat. Rev. Mol. Cell Biol., 8, 931-937.
Kristiansen, M., Messenger, M.J., Klohn, P.C., Brandner, S.,
Wadsworth, J.D., Collinge, J. and Tabrizi, S.J. (2005) J. Biol.
Chem., 280, 38851-38861.
Rubinsztein, D.C., Gestwicki, J.E., Murphy, L.O. and Klionsky, D.J. (2007) Nat. Rev. Drug Discov., 6, 304-312.
Lang, A.E. and Lozano, A.M. (1998) N. Engl. J. Med., 339,
1130-1143.
Lang, A.E. and Lozano, A.M. (1998) N. Engl. J. Med., 339,
1044-1053.
Pollanen, M.S., Dickson, D.W. and Bergeron, C. (1993) Exp.
Neurol., 52, 183-191.
Ciechanover, A. and Brundin, P. (2003) Neuron, 40, 427446.
Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E.,
Dehejia, A., Dutra, A., Pike, B., Root, H., Rubenstein, J.,
Boyer, R., Stenroos, E.S., Chandrasekharappa, S., Athanassiadou, A., Papapetropoulos, T., Johnson, W.G., Lazzarini,
A.M., Duvoisin, R.C., Di, I.G., Golbe, L.I. and Nussbaum,
R.L. (1997) Science, 276, 2045-2047.
Cooper, A.A., Gitler, A.D., Cashikar, A., Haynes, C.M., Hill,
K.J., Bhullar, B., Liu, K., Xu, K., Strathearn, K.E., Liu, F.,
Cao, S., Caldwell, K.A., Caldwell, G.A., Marsischky, G.,
Kolodner, R.D., Labaer, J., Rochet, J.C., Bonini, N.M. and
Lindquist, S. (2006) Science, 313, 324-328.
Hoozemans, J.J., van Haastert, E.S., Eikelenboom, P., de
Vos, R.A., Rozemuller, J.M. and Scheper, W. (2007) Biochem. Biophys. Res. Commun., 354, 707-711.
Conn, K.J., Gao, W., McKee, A., Lan, M.S., Ullman, M.D.,
Eisenhauer, P.B., Fine, R.E. and Wells, J.M. (2004) Brain
Res., 1022, 164-172.

The Stress Rheostat
[96]

[97]

[98]

[99]

[100]
[101]
[102]

[103]
[104]

[105]

[106]
[107]

[108]
[109]
[110]

[111]

[112]
[113]
[114]
[115]
[116]

[117]

[118]
[119]
[120]

[121]

[122]

Uehara, T., Nakamura, T., Yao, D., Shi, Z.Q., Gu, Z., Ma, Y.,
Masliah, E., Nomura,Y. and Lipton, S.A. (2006) Nature, 441,
513-517.
Smith, W.W., Jiang, H., Pei, Z., Tanaka, Y., Morita, H., Sawa,
A., Dawson, V.L., Dawson, T.M. and Ross, C.A. (2005) Hum.
Mol. Genet., 14, 3801-3811.
Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y., Minoshima, S., Yokochi, M., Mizuno, Y. and Shimizu, N. (1998) Nature, 392, 605-608.
Shimura, H., Hattori, N., Kubo, S., Yoshikawa, M., Kitada, T.,
Matsumine, H., Asakawa, S., Minoshima, S., Yamamura, Y.,
Shimizu, N. and Mizuno, Y. (1999) Ann. Neurol., 45, 668672.
Solano, S.M., Miller, D.W., Augood, S.J., Young, A.B. and
Penney, J.B., Jr. (2000) Ann. Neurol., 47, 201-210.
Imai, Y., Soda, M. and Takahashi, R. (2000) J. Biol. Chem.,
275, 35661-35664.
Shimura, H., Hattori, N., Kubo, S., Mizuno, Y., Asakawa, S.,
Minoshima, S., Shimizu, N., Iwai, K., Chiba, T., Tanaka, K.
and Suzuki, T. (2000) Nat. Genet., 25, 302-305.
Klein, C. and Schlossmacher, M.G. (2007) Neurol., 69, 20932104.
Kitao, Y., Imai, Y., Ozawa, K., Kataoka, A., Ikeda, T., Soda,
M., Nakimawa, K., Kiyama, H., Stern, D.M., Hori, O., Wakamatsu, K., Ito, S., Itohara, S., Takahashi, R. and Ogawa, S.
(2007) Hum. Mol. Genet., 16, 50-60.
Ramirez, A., Heimbach, A., Grundemann, J., Stiller, B.,
Hampshire, D., Cid, L.P., Goebel, I., Mubaidin, A.F., Wriekat,
A.L., Roeper, J., Al-Din, A., Hillmer, A.M., Karsak, M., Liss,
B., Woods, C.G., Behrens, M.I. and Kubisch, C. (2006) Nat.
Genet., 38, 1184-1191.
Stokes, A.H., Hastings, T.G. and Vrana, K.E. (1999) J. Neurosci. Res., 55, 659-665.
Curtius, H.C., Wolfensberger, M., Steinmann, B., Redweik,
U. and Siegfried,J. (1974) Mass fragmentography of dopamine and 6-hydroxydopamine. J. Chromatogr., 99, 529-540.
Ryu, E.J., Harding, H.P., Angelastro, J.M., Vitolo, O.V., Ron,
D. and Greene, L.A. (2002) J. Neurosci., 22, 10690-10698.
Norris, E.H. and Giasson, B.I. (2005) Antioxid. Redox. Signal., 7, 672-684.
Silva, R.M., Ries, V., Oo, T.F., Yarygina, O., Jackson-Lewis,
V., Ryu, E.J., Lu, P.D., Marciniak, S.M., Ron, D., Przedborski, S., Kholodilov, N., Greene, L.A. and Burke, R.E. (2005)
J. Neurochem., 95, 974-986.
Gomez-Santos, C., Ferrer, I., Santidrian, A.F., Barrachina,
M., Gil, J. and Ambrosio, S. (2003) J. Neurosci. Res., 73,
341-350.
Webb, J.L., Ravikumar, B., Atkins, J., Skepper, J.N. and
Rubinsztein, D.C. (2003) J. Biol. Chem., 278, 25009-25013.
Stefanis, L., Larsen, K.E., Rideout, H.J., Sulzer, D. and
Greene, L.A. (2001) J. Neurosci., 21, 9549-9560.
Cuervo, A.M., Stefanis, L., Fredenburg, R., Lansbury, P.T.
and Sulzer, D. (2004) Science, 305, 1292-1295.
McFarlane, D., Dybdal, N., Donaldson, M.T., Miller, L. and
Cribb, A.E. (2005) J. Neuroendocrinol., 17, 73-80.
Paxinou, E., Chen, Q., Weisse, M., Giasson, B.I., Norris,
E.H., Rueter, S.M., Trojanowski, J.Q., Lee, V.M. and Ischiropoulos, H. (2001) Induction of alpha-synuclein aggregation
by intracellular nitrative insult. J. Neurosci., 21, 8053-8061.
Smith, W.W., Margolis, R.L., Li, X., Troncoso, J.C., Lee,
M.K., Dawson, V.L., Dawson, T.M., Iwatsubo, T. and Ross,
C.A. (2005) J. Neurosci., 25, 5544-5552.
Volles, M.J. and Lansbury, P.T., Jr. (2003) Biochem., 42,
7871-7878.
Kiffin, R., Christian, C., Knecht, E. and Cuervo, A.M. (2004)
Mol. Biol. Cell, 15, 4829-4840.
Liu, C., Fei, E., Jia, N., Wang, H., Tao, R., Iwata, A., Nukina,
N., Zhou, J. and Wang, G. (2007) J. Biol. Chem., 282,
14558-14566.
Rott, R., Szargel, R., Haskin, J., Shani, V., Shainskaya, A.,
Manov, I., Liani, E., Avraham, E. and Engelender, S. (2007)
J. Biol. Chem., in press.
Rideout, H.J., Lang-Rollin, I. and Stefanis, L. (2004) Int. J.
Biochem. Cell Biol., 36, 2551-2562.

Current Molecular Medicine, 2008, Vol. 8, No. 3
[123]
[124]
[125]

[126]
[127]

[128]
[129]

[130]

[131]
[132]
[133]
[134]
[135]

[136]

[137]

[138]
[139]

[140]
[141]
[142]

[143]

[144]

[145]
[146]

[147]
[148]
[149]
[150]

[151]

171

Rideout, H.J., Dietrich, P., Wang, Q., Dauer, W.T. and Stefanis, L. (2004) J. Biol. Chem., 279, 46915-46920.
HDCRG (1993) Cell, 72, 971-983.
Kremer, B., Goldberg, P., Andrew, S.E., Theilmann, J.,
Telenius, H., Zeisler, J., Squitieri, F., Lin, B., Bassett, A.,
Almqvist, E. and . (1994) N. Engl. J. Med., 330, 1401-1406.
Rubinsztein, D.C. (2002) Trends Genet., 18, 202-209.
Hackam, A.S., Singaraja, R., Wellington, C.L., Metzler, M.,
McCutcheon, K., Zhang, T., Kalchman, M. and Hayden, M.R.
(1998) J. Cell Biol., 141, 1097-1105.
Lunkes,A. and Mandel, J.L. (1998) Hum. Mol. Genet., 7,
1355-1361.
Wyttenbach, A., Carmichael, J., Swartz, J., Furlong, R.A.,
Narain, Y., Rankin.J, & Rubinsztein, D.C. (2000) Proc. Natl.
Acad. Sci. USA, 97, 2898-2903.
Nucifora, F.C., Jr., Sasaki, M., Peters, M.F., Huang, H., Cooper, J.K., Yamada, M., Takahashi, H., Tsuji, S., Troncoso, J.,
Dawson, V.L., Dawson, T.M. and Ross, C.A. (2001) Science,
291, 2423-2428.
Ravikumar, B. and Rubinsztein, D.C. (2006) Mol. Aspects
Med., 27, 520-527.
Momoi, T. (2006) Curr. Mol. Med., 6, 111-118.
Kopito, R.R. (2000) Trends Cell Biol., 10, 524-530.
Omi, K., Hachiya, N.S., Tokunaga, K. and Kaneko, K. (2005)
Biochem. Biophys. Res. Commun., 338, 1229-1235.
Rockabrand, E., Slepko, N., Pantalone, A., Nukala, V.N.,
Kazantsev, A., Marsh, J.L., Sullivan, P.G., Steffan, J.S.,
Sensi, S.L. and Thompson, L.M. (2007) Hum. Mol. Genet.,
16, 61-77.
Rousseau, E., Dehay, B., Ben-Haiem, L., Trottier, Y.,
Morange, M. and Bertolotti, A. (2004) Proc. Natl. Acad. Sci.
USA, 101, 9648-9653.
Nishitoh, H., Matsuzawa, A., Tobiume, K., Saegusa, K., Takeda, K., Inoue, K., Hori, S., Kakizuka, A. and Ichijo, H.
(2002) Genes Dev., 16, 1345-1355.
Jana, N.R., Tanaka, M., Wang, G. and Nukina, N. (2000)
Hum. Mol. Genet., 9, 2009-2018.
Ozcan, U., Yilmaz, E., Ozcan, L., Furuhashi, M., Vaillancourt,
E., Smith, R.O., Gorgun, C.Z. and Hotamisligil, G.S. (2006)
Science, 313, 1137-1140.
Welch, W.J. and Brown, C.R. (1996) Cell Stress., Chaperones. 1, 109-115.
Xie, Q., Khaoustov, V.I., Chung, C.C., Sohn, J., Krishnan, B.,
Lewis, D.E. and Yoffe, B. (2002) Hepatology, 36, 592-601.
Keene, C.D., Rodrigues, C.M., Eich, T., Chhabra, M.S.,
Steer, C.J. and Low, W.C. (2002) Tauroursodeoxycholic
acid, a bile acid, is neuroprotective in a transgenic animal
model of Huntington's disease. Proc. Natl. Acad. Sci. USA
99, 10671-10676.
Ferrante, R.J., Kubilus, J.K., Lee, J., Ryu, H., Beesen, A.,
Zucker, B., Smith, K., Kowall, N.W., Ratan, R.R., LuthiCarter, R. and Hersch, S.M. (2003) J. Neurosci., 23, 94189427.
Floto, R.A., Sarkar, S., Perlstein, E.O., Kampmann, B.,
Schreiber, S.L. and Rubinsztein, D.C. (2007) Autophagy., 3,
620-622.
Sarkar, S., Davies, J.E., Huang, Z., Tunnacliffe, A. and
Rubinsztein, D.C. (2007) J. Biol. Chem., 282, 5641-5652.
Sarkar, S., Perlstein, E.O., Imarisio, S., Pineau, S., Cordenier, A., Maglathlin, R.L., Webster, J.A., Lewis, T.A., O'Kane,
C.J., Schreiber, S.L. and Rubinsztein, D.C. (2007) Nat.
Chem. Biol., 3, 331-338.
Selkoe, D.J. (2001) Physiol Rev., 81, 741-766.
Sambamurti, K., Greig, N.H. and Lahiri, D.K. (2002) Neuromolecular. Med., 1, 1-31.
Ferreiro, E., Resende, R., Costa, R., Oliveira, C.R. and Pereira, C.M. (2006) Neurobiol. Dis., 23, 669-678.
Scheper, W., Hoozemans, J.J., Hoogenraad, C.C., Rozemuller, A.J., Eikelenboom, P. and Baas, F. (2007) Neuropathol.
Appl. Neurobiol., 33, 523-532.
Walter, J., Capell, A., Grunberg, J., Pesold, B., Schindzielorz,
A., Prior, R., Podlisny, M.B., Fraser, P., Hyslop, P.S., Selkoe,
D.J. and Haass, C. (1996) Mol. Med., 2, 673-691.

172
[152]

[153]
[154]
[155]
[156]
[157]

[158]
[159]

[160]
[161]

Current Molecular Medicine, 2008, Vol. 8, No. 3
Scheuner, D., Eckman, C., Jensen, M., Song, X., Citron, M.,
Suzuki, N., Bird, T.D., Hardy, J., Hutton, M., Kukull, W., Larson, E., Levy-Lahad, E., Viitanen, M., Peskind, E., Poorkaj,
P., Schellenberg, G., Tanzi, R., Wasco, W., Lannfelt, L.,
Selkoe,D. and Younkin, S. (1996) Nat. Med., 2, 864-870.
Chan, S.L., Mayne, M., Holden, C.P., Geiger, J.D. and
Mattson, M.P. (2000) J. Biol. Chem., 275, 18195-18200.
Stutzmann, G.E., Caccamo, A., LaFerla, F.M. and Parker, I.
(2004) J. Neurosci., 24, 508-513.
Smith, I.F., Green, K.N. and LaFerla, F.M. (2005) Cell Calcium, 38, 427-437.
Stutzmann, G.E., Smith, I., Caccamo, A., Oddo, S., Parker, I.
and Laferla, F. (2007) Ann. N. Y. Acad. Sci., 1097, 265-277.
Terro, F., Czech, C., Esclaire, F., Elyaman, W., Yardin, C.,
Baclet, M.C., Touchet, N., Tremp, G., Pradier, L. and Hugon,
J. (2002) J. Neurosci. Res., 69, 530-539.
Nakagawa, T., Zhu, H., Morishima, N., Li, E., Xu, J., Yankner, B.A. and Yuan, J. (2000) Nature, 403, 98-103.
Hitomi, J., Katayama, T., Eguchi, Y., Kudo, T., Taniguchi, M.,
Koyama,Y., Manabe, T., Yamagishi, S., Bando, Y., Imaizumi,
K., Tsujimoto, Y. and Tohyama, M. (2004) J. Cell Biol., 165,
347-356.
Niwa, M., Sidrauski, C., Kaufman, R.J. and Walter, P. (1999)
Cell, 99, 691-702.
Katayama, T., Imaizumi, K., Sato, N., Miyoshi, K., Kudo, T.,
Hitomi, J., Morihara, T., Yoneda, T., Gomi, F., Mori, Y., Nakano, Y., Takeda, J., Tsuda, T., Itoyama, Y., Murayama, O.,
Takashima, A., St George-Hyslop, P., Takeda, M. and Tohyama, M. (1999) Nat. Cell Biol., 1, 479-485.

Received: December 01, 2007

Revised: January 10, 2008

Accepted: January 14, 2008

Matus et al.
[162]

[163]

[164]
[165]
[166]
[167]
[168]
[169]

[170]

[171]

[172]
[173]

Sato, N., Urano, F., Yoon, L.J., Kim, S.H., Li, M., Donoviel,
D., Bernstein, A., Lee, A.S., Ron, D., Veselits, M.L., Sisodia,
S.S. and Thinakaran, G. (2000) Nat. Cell Biol., 2, 863-870.
Kudo, T., Katayama, T., Imaizumi, K., Yasuda, Y., Yatera,
M., Okochi, M., Tohyama, M. and Takeda, M. (2002) Ann. N.
Y. Acad. Sci., 977, 349-355.
Suen, K.C., Lin, K.F., Elyaman, W., So, K.F., Chang, R.C.
and Hugon, J. (2003) J. Neurochem., 87, 1413-1426.
Yu,Z., Luo,H., Fu,W. and Mattson,M.P. (1999) Exp. Neurol.,
155, 302-314.
Ghribi, O., Herman, M.M., DeWitt, D.A., Forbes, M.S. and
Savory, J. (2001) Brain Res. Mol. Brain Res., 96, 30-38.
Ghribi, O., Herman, M.M. and Savory, J. (2003) J. Neurosci.
Res., 71, 853-862.
Lee, A.H., Iwakoshi, N.N. and Glimcher, L.H. (2003) Mol. Cell
Biol., 23, 7448-7459.
Kakiuchi, C., Iwamoto, K., Ishiwata, M., Bundo, M., Kasahara, T., Kusumi, I., Tsujita, T., Okazaki, Y., Nanko, S.,
Kunugi, H., Sasaki, T. and Kato, T. (2003) Nat. Genet., 35,
171-175.
Chen, W., Duan, S., Zhou, J., Sun, Y., Zheng, Y., Gu, N.,
Feng, G. and He, L. (2004) Biochem. Biophys. Res. Commun., 319, 866-870.
Kusumi, I., Masui, T., Kakiuchi, C., Suzuki, K., Akimoto, T.,
Hashimoto, R., Kunugi, H., Kato, T. and Koyama, T. (2005)
Neurosci. Lett., 391, 7-10.
Hetz,C.A. and Soto,C. (2006) Curr. Mol. Med., 6, 37-43.
Zhao, L., Longo-Guess, C., Harris, B.S., Lee, J.W. and Ackerman, S.L. (2005) Nat. Genet., 37, 974-979.

