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A B S T R A C T

One pathological hallmark of neurodegenerative diseases and CNS trauma is accumulation of insoluble, hy-
drophobic molecules and protein aggregations found both within and outside cells. These may be the con-
sequences of an inadequate or overburdened cellular response to stresses resulting from potentially toxic changes
in extra- and intracellular environments. The upregulated expression of heat shock proteins (HSPs) is one ex-
ample of a highly conserved cellular response to both internal and external stress. Intracellularly these proteins
act as chaperones, playing vital roles in the folding of nascent polypeptides, the translocation of proteins be-
tween subcellular locations, and the disaggregation of misfolded or aggregated proteins in an attempt to
maintain cellular proteostasis during both homeostatic and stressful conditions. While the predominant study of
the HSPs has focused on their intracellular chaperone functions, it remains unclear if all neuronal populations
can mount a complete stress response. Alternately, it is now well established that some members of this family of
proteins can be secreted by nearby, non-neuronal cells to act in the extracellular environment. This review
addresses the current literature detailing the use of exogenous and extracellular HSPs in the treatment of cellular
and animal models of neurodegenerative disease. These findings offer a new measure of therapeutic potential to
the HSPs, but obstacles must be overcome before they can be efficiently used in a clinical setting.

1. Introduction

In 1962 Ferruccio Ritossa discovered an enlargement, or puffing, of
chromosomes in the cells of Drosophila salivary glands when he sub-
jected them to a prolonged thermal stimulus, otherwise known as “heat
shock” [1,2]. Under the microscope Ritossa was looking at locally en-
hanced gene transcription in response to cellular stress and became the
first person to identify and visualize the initiation of what we now know
to be the heat shock response (HSR). This finding, which would later
become recognized as a seminal discovery in the fields of genetics and
molecular biology, shaped an entire focus of cell stress research and was
the origin for the study of a family of macromolecules dubbed the heat
shock proteins (HSPs) [3,4].

The HSR, characterized specifically by the upregulated expression of
inducible members of the HSPs following cellular insult, is the single
most evolutionarily conserved system across all cells and organisms,
from yeast and bacteria to humans [5]. The HSPs are responsible for
mediating intracellular homoeostasis by maintaining the correct folding
behavior and translocation of proteins under both normal and stressful
conditions [6]. Thus, the HSR is the cellular response to potentially

toxic changes in the intra- and extracellular environment, such as al-
terations in blood flow, concentration of cytokines, metabolites, toxins,
and increases in reactive oxygen and nitrogen species [6–9].

Much of our knowledge about the stress response and cell viability
following cellular insult was shaped by the study of the HSPs, yet the
large portion of research that has been dedicated to these proteins has
focused on their intracellular role as a part of the protein quality control
system. Surprisingly, differentiated adult neuronal populations have a
weak or aberrant heat shock response, plausibly making them more
susceptible to neurodegenerative pathology [10,11–15]. Interestingly,
non-neuronal cell populations are able to secrete HSPs into the micro-
environment that can be utilized by neighboring cells, including neu-
rons [16–20]. As such, the delivery of exogenous HSPs and the in-
creased secretion of HSPs by surrounding cells have been suggested as a
therapeutic approach to treating neurodegenerative disease
[10,20,21–26]. Herein we critically review extracellular HSPs in the
context of neurodegenerative disease. We specifically focus on the
known intracellular function of the molecular chaperones, the extra-
cellular release of these proteins, and the unique roles that these HSPs
may be playing in the extracellular space to promote neuronal viability
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Table 1
Subcellular localization and sequence homologies of the Hsp70, Hsp90, and Hsp110 families.

Family HSP Isoform Other Name Subcellular Location % Sequence Identity to
Isoform 1

Reference # (If Studied Extracellularly in
Neurodegenerative Disease)

Hsp110 HSPH1* HSP105α Cytosol 100% N/A
HSPH2 Apg-2 Cytosol 63.00% N/A
HSPH3 Apg-1 Cytosol 60.00% N/A
HSPH4 Grp170 Endoplasmic Reticulum 27.00% N/A

Hsp90 HSPC1* HSP90α Cytosol 100% [10]
HSPC2 HSP90α A2

(Pseudogene)
Cytosol 96% N/A

HSPC3 HSP90β (Constitutive) Cytosol 86% N/A
HSPC4 GRP94 Mitochondria 50% N/A
HSPC5 TRAP1 Endoplasmic Reticulum 34% N/A

Hsp70 HSPA1A* Hsp70-1 Nucleus/Cytosol 100% [10,19,21–26,148,149,180]
HSPA1B Hsp70-2 Cytosol 100% N/A
HSPA1L hum70t Cytosol 89% N/A
HSPA2 Heat-shock 70 kD

Protein-2
Cytosol 85% N/A

HSPA5 Bip, GRP78 Endoplasmic Reticulum 64% N/A
HSPA6 Hsp70-6 Cytosol 82.55% N/A
HSPA7 Hsp70-7 Cytosol 84% N/A
HSPA8 Hsc70 (Constitutive) Cytosol 86% 10, 21
HSPA9 GRP75 Mitochondria 52% N/A
HSPA12A FLJ13874 Unknown 26% N/A
HSPA12B RP23-32L15.1 Unknown 25% N/A
HSPA13 Stch Microsomes 40% N/A
HSPA14 HSP70-4 Unknown 35% N/A

Hsp40 Type I DNAJA1* DJ-2 Nucleus/ Mitochondria/
Endoplasmic Reticulum

100% N/A

DNAJA2 DNJ3 Membrane 54.17% N/A
DNAJA3 Tid-1 Cytosol/ Mitochondria/

Membrane
30.56% N/A

DNAJA4 DJ4 Membrane 73.37% N/A
Hsp40 Type II DNAJB1* Hsp40 Nucleus 100% 10

vs DNAJA1** 33.89%
DNAJB2 HSJ1 Nucleus/Endoplasmic Reticulum 53.45% N/A
DNAJB3 Hsj3 Unknown 52.68% N/A
DNAJB4 Hsc40 Cytosol/Membrane 65.70% N/A
DNAJB5 Hsp40-3 Nucleus/ Cytosol 59.94% N/A
DNAJB6 Mrj Nucleus 54.04% N/A
DNAJB7 Dj5 Unknown 46.40% N/A
DNAJB8 mDj6 Nucleus/ Cytosol 41.14% N/A
DNAJB9 Mdg1 Endoplasmic Reticulum 43.12% N/A
DNAJB11 Dj9 Endoplasmic Reticulum 31.78% N/A
DNAJB12 Dj10 Nucleus/ Endoplasmic Reticulum 47.11% N/A
DNAJB13 Tsarg6 Flagellum 48.52% N/A
DNAJB14 EGNR9427 Nucleus/ Endoplasmic Reticulum 40.16% N/A

Hsp40 Type III DNAJC1* MTJ1 Nucleus/ Endoplasmic Reticulum N/A
vs DNAJA1** 45.90%
vs DNAJB1** 41.94%
DNAJC2 Zrf1 Nucleus/Cytosol 55.17% N/A
DNAJC3 p58 Endoplasmic Reticulum 41.79% N/A
DNAJC4 HSPf2 Unknown 34.29% N/A
DNAJC5 Csp Membrane 41.27% N/A
DNAJC5B CSP-beta Membrane 41.94% N/A
DNAJC5G gamma-CSP Membrane 29.63% N/A
DNAJC6 auxilin Cytosol 27.91% N/A
DNAJC7 Ttc2 Nucleus/ Cytoskeleton 36.76% N/A
DNAJC8 AL024084 Nucleus 32.29% N/A
DNAJC9 AU020082 Nucleus/ Membrane 38.30% N/A
DNAJC10 JPDI Endoplasmic Reticulum 48.61% N/A
DNAJC11 FLJ10737 Mitochondria 39.39% N/A
DNAJC12 Jdp1 Cytosol 31.75% N/A
DNAJC13 Rme8 Endosome 35.85% N/A
DNAJC14 HDJ3 Endoplasmic Reticulum 39.71% N/A
DNAJC15 Dnajd1 Mitochondria 44.83% N/A
DNAJC16 mKIAA0962 Membrane 53.33% N/A
DNAJC17 C87112 Nucleus 40.00% N/A
DNAJC18 MGC29463 Membrane 35.85% N/A
DNAJC19 TIM14 Mitochondria 48.15% N/A
DNAJC20 JAC1 Mitochondria No Homology N/A
DNAJC21 GS3 Nucleus 50.79% N/A
DNAJC22 FLJ13236 Membrane 39.62% N/A
DNAJC24 DPH4 Cytoskeleton 27.54% N/A
DNAJC25 DnaJ-like protein Membrane 39.19% N/A
DNAJC26 GAK Golgi Apparatus 24.39% N/A

(continued on next page)
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in response to stress and pathology.

2. The molecular chaperones

The heat shock proteins are classified based on their molecular
weight and intracellular functions [27–29]. The most prevalent of the
HSPs are grouped in broadly conserved families: the Hsp100s, Hsp90s,
Hsp70s, Hsp40s, and small HSPs. Within each family, individual protein
isoforms vary by amino acid sequence homology, level of constitutive
expression (e.g. constitutive Hsc70 vs stress-inducible Hsp70), and
cellular location (see Table 1). In general, chaperone function is con-
sistent within each group and the families can be architecturally de-
fined by the presence of their two terminal domains – the nucleotide
binding domain (NBD) and the substrate binding domain (SBD) (Fig. 1).
The HSPs use these domains in conjunction to aid in the folding of
nascent polypeptides, the subcellular translocation of proteins, and the
degradation of unwanted proteins or complexes [30–35]. All of the
molecular chaperones indiscriminately interact with a variety of un-
folded proteins, which allows them to be present and active in all parts
of a protein life cycle – from synthesis to degradation.

During de novo protein synthesis, there is a perpetual necessity for
chaperone assistance in the folding and stabilization of nonnative
proteins. Newly synthesized amino-acid sequences typically fold in an
organized pattern, from a linear polypeptide chain to a three dimen-
sional native state via structural intermediates that provide increasing
kinetic favorability and architectural stability [29,36]. When a cell
begins to undergo stress the molecular chaperone model predicts that
this process is significantly perturbed, resulting in an increase in cyto-
solic protein species incapable of achieving their native folded state and
the undesirable surface expression of large sequences of hydrophobic
amino acids. In short, the surrounding environment traps the peptide in
a less kinetically favorable and more reactive intermediate structure
[37]. The molecular chaperones are responsible for accelerating the
folding of the peptide’s structure by reducing the activation energy
required to move to the next kinetically favored intermediate [38,39].

In general, the HSPs are recruited to proteins that express large
hydrophobic stretches, which act as a marker for partially or globally
unfolded, misfolded, or aggregated proteins. The SBD of the HSPs binds
to these hydrophobic patches, allowing the chaperones to reduce the
potential for further damaging molecular interactions between non-
native peptides and for the subsequent refolding of the peptide back to
a stabilized quaternary structure [39]. Part of what makes the HSPs so
efficient in this process is their component structure. The SBD of each
member of the molecular chaperones is comprised of a hydrophobic
pocket that is capable of promiscuously binding to any and all peptides

that present an attractive and available sequence, while the NBD is
externally available for interaction with cochaperones which accelerate
the turnover of adenosine-triphosphate (ATP) [40,41]. Additionally,
this structural framework allows the HSPs to contribute to the re-
folding of the client peptide without providing any structural mod-
ifications to the protein sequence [29,38]. The functional binding and
release of proteins by the HSPs is highly regulated and usually requires
an ATP-dependent conformational change that is directed by a tightly
coupled cochaperone network [35].

3. Hsp110

Hsp110 is a highly-conserved molecular chaperone that is able to
directly associate with Hsp70 and J-domain proteins to form the major
mammalian cytosolic disaggregase machinery [42]. As shown in
Table 1, there are four, human Hsp110 isoforms [43,44]. The Hsp110s
have the same general structure as that of the Hsp70 proteins, sharing
the same N-terminal NBD and C-terminal SBD architecture (Fig. 1). The
main function of the Hsp110s seem to be less associated with the re-
folding of nascent polypeptides, and instead appear to assist pre-
dominantly with nucleotide exchange for Hsp70 [43–46], although one
recent report suggests that human Hsp105α can act as an ATP-depen-
dent foldase capable of refolding misfolded polypeptides back to a
native state [47]. In vitro, all three of the cytosolic Hsp110s appear to
support nucleotide exchange, and thus protein disaggregation in an
equal manner, however, in vivo there appears to be a hierarchy among
Hsp110 family members as genetic knockout of Hsp105α in mice re-
sults in a severe deficit in the reactivation of aggregated proteins fol-
lowing heat shock [48,49]. As the major cellular mechanism for
mammalian protein quality control, it seems logical that the individual
components required to make the disaggregase machinery are abun-
dantly available in the cytosol of the cell, yet the Hsp110 machinery is
expressed at much lower concentrations compared to the constitutive
Hsp70 (Hsc70) indicating that the availability of Hsp110 may be a
necessary and crucial factor in using the HSPs as intracellular ther-
apeutic modulators for neurodegenerative disease [48,50,51].

4. Hsp90

The Hsp90s are the most unique, and arguably sophisticated,
members of the molecular chaperones. In contrast with the Hsp70s, the
Hsp90s appear to be much more selective in the client proteins with
which they will associate [52,53]. Continually, these client proteins will
more often than not be native-like proteins – those that are in the
secondary and tertiary intermediate structures – rather than misfolded

Table 1 (continued)

Family HSP Isoform Other Name Subcellular Location % Sequence Identity to
Isoform 1

Reference # (If Studied Extracellularly in
Neurodegenerative Disease)

DNAJC27 auxilin-2 Nucleus 43.18% N/A
DNAJC28 RabJ Golgi Apparatus 25.00% N/A
DNAJC29 SACS Cytosol 40.00% N/A
DNAJC30 WBSCR18 Mitochondria 29.65% N/A

Hsp27 HSPB1* HSP27 Nucleus/ Cytosol/ Cytoskeleton 100% 10
HSPB2 MKBP Nucleus/Cytosol 40.99% N/A
HSPB3 HSPL27 Nucleus/Cytosol 40.24% N/A
HSPB4 crystallin alpha A Nucleus/Cytosol 41.18% N/A
HSPB5 crystallin alpha B Nucleus/Cytosol 45.03% N/A
HSPB6 HSP20 Nucleus/Cytosol 40.29% N/A
HSPB7 cvHSP Nucleus/Cytosol 32.14% N/A
HSPB8 HSP22 Nucleus/Cytosol 39.56% N/A
HSPB9 FLJ27437 Nucleus/Cytosol 28.74% N/A
HSPB10 ODF1 Nucleus/Cytoskeleton 31.17% N/A
HSPB11 HSP16.2 Cilium 42.86% N/A

* Indicates isoform used to compare sequence homology via NCBI BLAST protein-protein alignment.
** Indicates sequence homology comparison between the first members of the different types (I, II, or III) of DNAJ/Hsp40 proteins (eg. DNAJA1 vs DNAJB1).
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peptides. In vitro experiments using temperature-sensitive mutant pro-
tein strains to explore this relationship have demonstrated that Hsp90
preferentially interacts with nonnative polypeptides that have already
attained a strong secondary structure [54–56]. This has led to the hy-
pothesis that Hsp90’s chaperone activity is responsible for preventing
protein aggregation and providing the final acceleration in the forma-
tion of the mature protein [57,58]. Additionally, the Hsp90 machinery
appears to have the most organized network of sequentially binding co-
chaperones which work together in a defined order [59–61]. Interest-
ingly, the Hsp90s appear to be more active in protein synthesis in
homeostatic conditions than when the cell is under stress, thanks to a
widely diminished co-chaperone network under heat shock. Experi-
ments elucidating this in yeast demonstrated the upregulation of one
major Hsp90 co-chaperone, Sti1, a non-competitive inhibitor of Hsp90
ATPase function. Upregulation of Sti1 forces Hsp90 into a “holdase” by
preventing the necessary conformational changes required for release
of the client peptide [62,63]. Thus, it appears that the state of the
cellular environment mediates the co-chaperone networks that are re-
quired for the different functions of the molecular chaperones.

There are three main cytosolic mammalian isoforms of Hsp90: the
stress inducible Hsp90α (HSPC1), its pseudogene (HSPC2), and the
constitutively expressed Hsp90β (HSPC3) (Table 1). Similar to Hsc70
and Hsp70, these proteins are highly homologous [64,65]. Ad-
ditionally, there is an endoplasmic reticulum isoform – GRP94 (HSPC4)
that shares 50% homology with cytoplasmic Hsp90 – and a mitochon-
drial isoform – TRAP1 (HSPC5) that shares roughly 34% amino acid
identity with its cytosolic counterparts [66,67].

5. Hsp70

Hsp70 is evolutionarily preserved across all prokaryotic and eu-
karyotic species. The mammalian protein shares roughly 60% amino

acid similarity with its prokaryotic homolog, DnaK [68]. The human
Hsp70 family is comprised of 13 unique isoforms encoded by 13 dif-
ferent genes, all of which differ from the next by amino acid sequence
and expression level during homeostatic or stressful conditions [69]
(Table 1). Two of these family members, HSPA5 and HSPA9 are orga-
nelle specific and remain confined to the endoplasmic reticulum and
the mitochondria, respectively, while 7 different Hsp70 members are
found in the cytosol or nucleus of the cell [69,70]. The high number of
different Hsp70s is likely indicative of specialized functions (e.g. dif-
ferent binding affinities for co-chaperones or specific client peptides)
for each individual member, however few, if any, studies have per-
formed functional side-by-side comparisons with the individual, cyto-
solic isoforms. The 4 remaining Hsp70s – HSPA12A, HSPA12B,
HSPA13, and HSPA14 – are more distantly related members, with little
data available [69].

The two members of the human Hsp70 family that share the highest
amount of structural similarity are the stress-induced Hsp70 (encoded
by the HSPA1 and HSPA2 genes) and the constitutively expressed
Hsc70 (encoded by the HSPA8 gene), which share 86% amino acid
identity. Under normal physiological conditions, the Hsp70s are gen-
erally involved in folding newly formed proteins and under stress they
act to prevent aggregation and refold misfolded proteins [71]. There are
a wide range of co-chaperones and nucleotide exchange factors that
participate with Hsp70 in the protein refolding process under both
homeostatic and stressful conditions. The major co-chaperones that
associate with the Hsp70s are the Hsp40s/J-domain-containing proteins
and Hsp110s, which are responsible for accelerating the catch and re-
lease of client proteins by stimulating nucleotide exchange [72,73].

6. Hsp40

The Hsp40 protein family constitutes the third piece of the major

Fig. 1. Structural architecture and basic functions of human heat shock proteins. Hsp110 (HSPH1; Hsp105α) is comprised of an N-terminal nucleotide binding
domain (blue) and a C-terminal substrate binding domain (yellow) connected by a short linker region (orange). Hsp110 is responsible for stimulating nucleotide
exchange for Hsp70 as well as helping to stabilize the unfolded peptide/Hsp70 complex by binding to Hsp70 with the α-binding domain and, if close enough, the
linear peptide with the β-binding domain. Hsp90 (HSPC1; Hsp90α) is comprised of three major domains – the N-terminal domain (blue) responsible for nucleotide
exchange, the Middle domain (yellow) responsible for substrate folding, and the C-terminal domain (green). Hsp90 catalyzes the continued folding of polypeptides
that have already achieved secondary structure. Hsp70 (HSPA1A; Hsp70-1), much like Hsp110, is comprised of an N-terminal nucleotide exchange site (blue), and a
c-terminal substrate binding domain (yellow) available for interaction with client proteins. Hsp70 typically functions with Hsp110 to stabilize a linear peptide chain
and promote folding to the secondary structure. Hsp40 (Type I J-domain containing proteins) are comprised of an N-terminal J-domain site (blue) that contains a His-
Pro-Asp tripeptide motif responsible for stimulating Hsp70 nucleotide exchange, a short region of Gly-Phe (G/F) residues (grey) that allow the protein to have a
strong level of flexibility, and a C-terminal domain (green). Hsp40 is responsible for stimulating ATP hydrolysis for Hsp70 so that it may close its binding domain
around an unfolded peptide chain. Hsp27 (HSPB1) is structurally comprised of an α-crystallin domain (light grey) that is approximately 100 amino acid residues in
length, flanked by both an N-terminal domain (blue) and a C-terminal domain (green). Hsp27 is typically seen as an oligomeric “holdase”, responsible for holding
partially unfolded proteins and preventing their aggregation.
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mammalian cytosolic Hsp70-Hsp110-Hsp40 disaggregase machinery.
Functionally, the Hsp40s are responsible for binding to misfolded client
peptides and delivering them to Hsp70, while simultaneously stimu-
lating the ATPase activity of Hsp70 to promote protein refolding
[74,75]. All Hsp40 family members have a 70 amino acid residue
stretch that comprises a J-domain (Fig. 1). Type I and II Hsp40s are
classified by the presence of an N-terminal J-domain, where type III
Hsp40’s present with a J-domain in a separate region of the protein
[72,73]. Structurally, J-domains consist of 4 α-helices with a highly
conserved region between helices I and II called the His-Pro-Asp (HPD)
tripeptide motif [73]. This HPD motif is essential for Hsp40s ability to
stimulate ATP Hydrolysis for Hsp70 [72,76].

As shown in Table 1, there are over 50 members in the Hsp40/J-
domain family of proteins that vary drastically in size and molecular
weight [69]. Known mutations in 14 of these members contribute to a
number of neurodegenerative pathologies including cerebellar ataxia,
distal hereditary motor neuropathy, and Charcot Marie Tooth disease
type II [77,78]. Intracellular upregulation of Hsp40 has been previously
used as a therapeutic tool in models of a number of neurodegenerative
diseases [79–83]; however a role for extracellular Hsp40 in the treat-
ment of disease has yet to be established.

7. Hsp27

In terms of sequence homology, the small HSPs are the most vari-
able members of the molecular chaperones (Table 1). Structurally these
proteins are comprised of a 100 amino acid residue sequence called the
α-crystallin domain, which is flanked by N- and C-terminals of varying
size (Fig. 1) [84]. The small HSPs are typically found in large oligo-
meric complexes involving one or more family members, which have
been suggested to provide cells with a large diversity of chaperone
specificity [69,85–88]. Hsp27 – also known as HSPB1 – is, arguably, the
most studied member of the 11 small HSPs [69,88]. Functionally,
Hsp27 is an ATP-independent molecular chaperone involved in protein
refolding, and serves a major role to trap and hold mis-folded poly-
peptides to prevent their aggregation and indirectly promote their re-
folding or proteolytic degradation under stress [89–91]. Additionally,
Hsp27 is involved in cytoskeletal organization and has been shown to
exhibit both antioxidant and anti-apoptotic properties [85,87,92–96].

Similar to many members of the HSPs, the upregulated expression of
Hsp27 has been used as a tool to treat models of neurodegeneration
[97–100], yet there are no established extracellular roles reported for
this protein in the context of neurodegenerative disease, despite evi-
dence of its secretion [101–105].

8. A role for extracellular HSPs

In 1986, Tytell and colleagues, while looking to extend the “Glia-
Neuron Protein Transfer Hypothesis”, were the first group to describe
the presence of an extracellular “heat shock-like protein” that acted as a
glia-axon transfer protein in the squid giant axon [16,106]. This was a
70–80 kDa polypeptide, that the group initially named Traversin. When
the protein’s expression and transfer was increased by exposure of the
axon to heat, the investigators identified it as Hsp70 [16]. Shortly after,
Hightower and Guidon demonstrated the rapid release of Hsp110,
Hsp71, and Hsc70 from cultured rat embryo cells [18]. These two initial
reports of the presence of extracellular HSPs (eHSPs) perpetuated two
major questions: How do intracellular HSPs become eHSPs, and what
function do these chaperones have in the extracellular space?

9. How do intracellular HSPs become extracellular?

Early experiments addressing the secretion of HSPs into the extra-
cellular milieu suggested that these proteins are actively and selectively
released by cells [18]. In Hightower and Guidon’s initial work, they
demonstrated that inhibition of the common secretory pathway with

monensin or colchicine did not prevent the release of HSPs by stimu-
lated cells. Importantly, they also demonstrated a strong association
between Hsp70 and fatty acids, suggesting that if these proteins were
being actively exported from the cell it was happening through a sec-
ondary, possibly lipid-derived mechanism [18]. A number of follow up
studies exploring the active release of HSPs in different cell types have
gone on to confirm the initial hypothesis that these proteins are pur-
posefully exported by viable cells [10,20,107–109]. In one such ex-
ample, Hsp70 release was identified by healthy peripheral blood
mononuclear cells following heat shock [107]. The export of Hsp70 in
this study was seen to be independent of classical secretory pathways
and is once again suggestive of an alternative mechanism of secretion.

The accumulation of eHSPs following blockade of classical secretory
pathways in stressed cells is an interesting observation. Hsp70, for ex-
ample, lacks a classical N-terminal leader sequence supporting the
finding that its release is not occurring through conventional exocy-
tosis. This has led investigators in the field to pose independent hy-
potheses as to how these proteins escape the cytosol, many of which
take aim at Hsp70’s specific interaction with lipids and lipid mem-
branes [108–110]. The proposed mechanism for the release of HSPs
that has garnered the most support is through release by extracellular
vesicles, most notably lipid rafts and exosomes [20,110–112]. Cells
release extracellular vesicles in response to stress, and included in those
vesicles are stress signals that allow neighboring cells to communicate.
It’s likely that, because of their abundance in the cytosol under stressful
conditions, the HSPs either become trapped or are actively loaded into
these extracellular vesicles and released into the extracellular space. A
number of studies have detected members of HSP families within ex-
tracellular vesicles released by a variety of different cell types including
reticulocytes, dendritic cells, B cells, hepatocytes, and astrocytes
[20,113–116]. The presence of HSP containing vesicles in these cell
types has driven this hypothesis to the forefront of the field [117,118].

10. Predominant extracellular sources of HSPs for neurons

Active release of HSPs may be a source of trophic support for neu-
rons [10,13–15]. Many studies have established that astrocytes rapidly
upregulate Hsp70 in response to stress in vitro, and that the upregula-
tion of Hsp70 in astrocytes is crucial to the release of specific neuro-
trophic factors [10,20,119–124]. Previous work from our group de-
monstrated that astrocytes in culture readily release exosomes
containing Hsp70 into the microenvironment in a signaling kinase de-
pendent manner following thermal or oxidative stress. In this study it
was determined that Hsp70 release was promoted by the increased
activity of extracellular-signal-regulated kinase (ERK1/2) and phos-
phalidylinositol-3 kinase (PI3K), and tempered by activation of c-jun N-
terminal kinase/stress activated protein kinase (JNK/SAPK) [20]. Thus
it would appear that both the upregulation and release of Hsp70 by
astrocytes may be supportive to neurons.

Another predominant source of eHSPs for neurons is skeletal
muscle. The dependence of motor neurons (MNs) on trophic support is
well documented and the loss of trophic support has been presented as
an underlying hypothesis for neurodegenerative diseases [21,125–127].
It has been well established that limb muscle extract (MEx) – a solution
derived from embryonic hind limbs containing a combination of target
derived neurotrophic factors – promotes MN survival in vitro better than
any single trophic factor alone [125]. Previous work from our group has
demonstrated that Hsp70 is a major and crucial component of MEx, and
that depletion of Hsp70 from MEx potently reduced its survival pro-
moting effect [10]. Further, we found that administration of either
purified recombinant Hsp70, or the constitutively expressed isoform
Hsc70, to MN cultures devoid of MEx ameliorated cell death, con-
firming that extracellular Hsp70 is a critical component for the survival
of MNs. It is of note to mention that exogenously administered Hsp90
also ameliorated MN cell death, Hsp27 had no effect, and Hsp40 in-
creased MN cell death in these experiments, suggesting that some, but
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not all eHSPs are protective for neurons [10].

11. A role for extracellular HSPs in neurodegenerative diseases

A key hallmark in many neurodegenerative diseases is potentially
neuro-toxic changes in the intra- and extracellular environment. Protein
aggregation is another hallmark feature of neurodegenerative diseases.
Whether cause or effect, a contributing factor to these environmental
change is the misfolding and aggregation of a protein species, that re-
sults in a further perturbation of the protein quality control system.
Indeed, the subsequent increase in misfolded and reactive cytosolic
proteins in affected cells should initiate the HSR. However, differ-
entiated neurons appear to have an aberrant or attenuated HSR without
increased expression of Hsp70 [10–15]. Consequently, the increased
synthesis of intracellular HSPs through pharmacological and genetic
mechanisms has been investigated as a therapeutic approach in treating
several neurodegenerative disorders [128–132]. Why neurons have a
diminished capacity to specifically upregulate Hsp70 is unclear. Some
have reported attenuated neuronal HSR is a result of inadequate tran-
scription or activation of heat shock factor 1 (HSF1) – the master reg-
ulator of stress proteins [133,134]. This, however, cannot be the only
reason for the deficit in Hsp70 expression in neurons since these cells
are capable of upregulating other HSPs (e.g., Hsp90) that are synthe-
sized under the transcription of HSF1 [10,21].

The failure to upregulate Hsp70 may further contribute to potential
toxic changes in the cytosol of neurons that may be amplified at the
synapse. In animal models of neurodegenerative diseases, damage to
synapses and axons has been reported to occur long before clinical
pathology and activation of cell death pathways that lead to cell de-
generation [106,135–141]. Lack of readily accessible proteins distant to
the site of production may generate further dysfunction in the distal
axon or synapse. Thus, particularly under times of stress, supple-
mentation of nutritive proteins, such as Hsp70, to axons and synapses
far distal to their neuronal cell bodies may be a key factor in slowing
neurodegenerative disease [23,142,143]. Several studies have begun to
investigate whether administration of extracellular HSPs is effective for
delaying or abrogating neuropathology in animal models of disease
[22–26,144–149]. Below we review potential mechanisms that have
been investigated in Alzheimer’s disease and ALS where extracellular
Hsp70s may exert a therapeutic effect.

12. Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease character-
ized by difficulty remembering newly acquired information and subtle
behavioral changes that progress to increased severity of dementia and
disorientation [150]. These symptoms likely result from the dysfunction
and degeneration of neuronal populations in brain structures including
the hippocampal formation, entorhinal cortex, and neocortex [151].
The mechanisms precipitating pathology and clinical symptoms have
been fiercely investigated and debated. Pathologically, there are two
main hallmarks of AD: the presence of extracellular amyloid beta (Aβ)
plaques and intracellular neurofibrillary tangles of hyperpho-
sphorylated tau (NFTs). The deposition of amyloid, generally, develops
first in the neocortex before spreading to entorhinal and hippocampal
areas, whereas the presence of NFTs seem to appear first in the sub-
cortical structures before spreading to the cortex [151,152]. The for-
mation of NFTs appears to be a downstream process from the amyloi-
dosis of Aβ [153]. In addition to these two pathological protein
products, the impairment of synaptic function and synapse loss are
tightly coupled with diseae progression. Indeed, even at early stages in
the Tg2576 mouse model of AD, detectable increases in Aβ levels are
seen concomittant with synapse dysfunction, and it is well established
that the presence of Aβ is detrimental to both long-term potentiation
(LTP) and depression (LTD), both of which are key processes in the
formation or extinguishing of memories [154–158]. Interestingly,

knockout of endogenous Tau mitigates both Aβ-induced synapto-toxi-
city and cognitive dysfunction, suggesting that Tau is required for Aβ
toxicity in neurons in vivo [158,159]. Continually, RNAi knockdown of
Tau is capable of attenuating Aβ-induced destruction of microtubules
and dendritic spines in vitro [160,161]. Together these studies suggest
that both Aβ and Tau play roles to drive synapse impairment and
contribute to AD pathogenesis.

The progressive buildup of amyloidogenic Aβ as the root cause for
AD was initially proposed in the mid 1980’s and has since become one
of the dominant models of AD pathogenesis, despite a high-level of
skepticism and scrutiny [153,162–167]. Aβ, a 42 kDa protein, is the
product of improper cleavage of amyloid precursor protein (APP) by β-
& γ-secretases – the latter of which is formed by a complex including the
presenilin 1 & 2 proteins [168]. Self-assembly of Aβ results in the for-
mation of distinct structures including dimers, oligomers, unstructured
aggregates, and fibrils, with evidence suggesting that the oligomers are
the most neurotoxic [169,170]. It is still largely unclear whether the
accumulation of amyloid aggregates is a driving cause behind AD. One
reason why the amyloid cascade hypothesis has been questioned is the
presence of a lengthy phase in AD pathogenesis in which abnormal Aβ
is generated in the absence of clinical evidence for the disease. The
importance of this phase has only recently been acknowledged in the
field, and its presence in the pathogenesis of the disease supports a role
for either unrelated or related-but-downstream mechanisms in AD pa-
thology [171]. It is most likely that AD, as in most neurodegenerative
diseases, has a multitude of pathological mechanisms that accumulate
overtime, until the cell is no longer able to compensate and reaches the
point of dysfunction and failure. Indeed a number of other driving
mechanisms, such as slow accumulation of DNA damage in the aging
brain, aberrant re-entry of neurons into the cell cycle, myelin de-
gradation, disruptions in de novo protein synthesis, disruptions in cel-
lular metabolism, hippocampal hyperactivity, and abnormal wnt sig-
naling have all been suggested as independent mechanisms capable of
driving AD pathogenesis [167,172–174]. Considering the roles of HSPs
in gene transcription, protein synthesis, folding, transport and de-
gradation, potential consequence of neurons’ inability to adequately
mount an HSP response may contribute to pathology.

Intracellular overexpression of Hsp70 in neurons has cytoprotective
roles in models of AD most notably through its chaperone functions
[175–177]. Intranasal injection of recombinant human Hsp70 was
shown to ameliorate spatial memory deficits as measured by latency to
platform in the Morris water maze, and decreased levels of soluble Aβ
in cortex and area CA1 of the hippocampus in two rodent AD models
[25]. Intranasal administration of Hsp70 was subsequently shown to
preserve neuronal morphology and revert gene expression of cortical
and hippocampal neurons in transgenic AD model mice to a pattern
similar to that seen in non-transgenic controls [148].

A strong binding affinity for Aβ by extracellular Hsp70 has been
reported previously, and it has been hypothesized that extracellular
Hsp70 can bind to soluble monomers, dimers, or trimers of Aβ, pre-
venting them from (a) forming larger oligomeric species that are cy-
totoxic and (b) disturbing neuronal cell membranes [178,179]. While
this is speculation, it seems likely that the hydrophobic surface residues
on Aβ peptides would be the most attractive client for Hsp70 in the
areas where the intranasally injected protein localized. One could fur-
ther posit that the removal of extracellular Aβ by Hsp70 is then re-
sponsible for the amelioration of stress, and thus the appearance of the
“normal” hippocampal and cortical spectrum of gene expression seen in
the transgenic mice treated in the group’s follow up study. Additionally
we suggest that the removal of Aβ by extracellular Hsp70 would have a
positive impact on synaptic transmission by decreasing the interaction
between Aβ and synaptic membrane proteins. This hypothesis is further
supported by a recent report demonstrating that the holdase activity of
secreted Hsp70 is capable of masking Aβ in the extracellular space,
suppressing neurotoxicity, and protecting structural integrity in adult
neurons in Drosophila [180].
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13. Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by progressive and rapid muscle weakness, spasticity, and
atrophy leading to the inevitable paralysis and death of patients within
an average of 2–5 years following diagnosis [181,182]. All of these
symptoms arise from the denervation of neuromuscular junctions
(NMJs) and the dysfunction and death of spinal and cortical motor
neurons (MNs). While the vast majority (∼90%) of ALS cases are
sporadic, approximately 20% of the genetic, or familial, cases have
been associated with autosomal dominant mutations in the gene coding
for the protein Cu/Zn superoxide dismutase-1 (SOD1) [183]. To date,
over 100 different mutations in the SOD1 protein have been discovered,
all of which promote varying degrees of SOD1 demetallation and a
reduction of the stability of SOD1 monomers. These molecular changes
result in a toxic gain of function, non-specific interaction with un-
natural targets, and the insufficient degradation of superoxide radicals
by the mutant protein [184–188]. Soon after the discovery of SOD1
mutations in a subset of familial ALS patients, the first mouse model for
ALS was created. The SOD1G93A mouse model of ALS is the best char-
acterized rodent model for the disease, and is still the most commonly
used today.

A number of distinct, damaging mechanisms within MNs, including
mitochondrial dysfunction, increased oxidative and nitrative stress,
axonal transport dysfunction, and aberrant RNA and protein metabo-
lism, coupled together with NMJ denervation and pathological activa-
tion of surrounding glial cells have been implicated in the pathogenesis
of ALS [189–190]. Each of these proposed mechanisms independently
contributes to cellular stress, but culminate to produce an environment
that is highly detrimental to MN survival. Pathologically, early changes
in the cell bodies of spinal cord MNs correlate with the initial signs of
denervation at the NMJ, both of which long precede cell death
[189,191,192]. While the mechanism of denervation is not yet clear,
evidence from both human sporadic ALS patients and the SOD1G93A

mouse model has led to the hypothesis that these early disturbances in
motor neuron cell bodies propagate axonal and synaptic deficits that
lead to a retraction of the motor axon from the neuromuscular synapse
[192–196]. The combination of the early intracellular damage and loss
of trophic support due to denervation lends support to exploring both
central and peripheral regions of MNs as areas of potential therapeutic
intervention early in disease pathology.

The diminished capacity for MNs to mount a routine stress response
in the face of cellular insult is well documented [10,14,21]. As men-
tioned above, the exogenous administration of both stress-inducible and
constitutively expressed isoforms of Hsp70 is capable of maintaining
cell viability for MNs devoid of trophic support in vitro [10]. These
initial experiments from our group suggest that the exogenous delivery
of Hsp70 or the secretion of the protein from non-neuronal sources may
be crucial to maintaining MN viability in disease [10,20,21]. Indeed,
evidence from our follow up studies using systemic injection of re-
combinant human Hsp70 in vivo supports these hypotheses [22,23]. In
these studies, we found that intraperitoneal injection of Hsp70 was
capable of delaying disease onset, prolonging survival, and maintaining
NMJ innervation in the SOD1G93A mouse model. An interesting ob-
servation from this work was the localization of recombinant protein to
peripheral tissues, including skeletal muscle. The protein was not de-
tected centrally. These results suggest that exogenous Hsp70 has a di-
rect, survival promoting effect for MNs in disease through a mechanism
at the neuromuscular synapse.

The failure of MNs to upregulate a “normal” stress response is an
observation that has piqued the interest of other investigators as a
potential therapeutic target for the treatment of MN disease. As such, a
strong line of investigation using both genetic and pharmacological
manipulation to restore a complete heat shock response in models of
ALS pathology has been explored [50,197–202]. However these studies
have provided ambivalent evidence towards the effectiveness of

intracellular upregulation of HSPs in MNs.
Using a cross between two different SOD1 mouse strains and mice

engineered to overexpress Hsp70 specifically in MNs, investigators
determined that genetic upregulation of Hsp70 was incapable of ame-
liorating disease [199]. One explanation for the striking ineffectiveness
of intraneuronal Hsp70 upregulation could be a deficiency in shuttling
the synthesized protein down the axon. This study demonstrated the
inclusion of Hsp70 in cytosolic aggregates, suggesting that it was not
freely translocating down the axon to feasibly more disease-prone areas
of the MN, such as the NMJ. Indeed, axonal transport deficits in MNs
are early pathological events in SOD1 mice [203], thus it may not be
sufficient to simply increase cytosolic protein expression in MN cell
bodies. Instead, perhaps the local delivery of HSPs to the synapse may
offer a more accessible and protective route.

The pharmacological approach to manipulation of the HSPs that has
garnered the most interest is the hydroxylamine-derived compound
Arimoclomol – a co-inducer of HSP expression. Indeed, treatment with
Arimoclomol considerably increased the life span and motor function of
SOD1G93A animals compared to untreated controls [198,204]. Me-
chanistically, Arimoclomol acts to amplify HSP expression by stabi-
lizing active HSF1 in the cytosol and nucleus of cells that are under-
going stress [129]. Following treatment in these studies, SOD1 mice
showed a significant upregulation of Hsp70 and Hsp90 in spinal cord
MNs, however the non-cell autonomous nature of ALS pathology sug-
gests that cells other than neurons are undergoing high levels of stress
[205]. As a result, the amplification of HSPs through arimoclomol, and
its survival promoting effects, must be considered in the context of
surrounding cell types as well as the failure of genetic upregulation of
Hsp70 in MNs to confer a survival promoting effect.

Arimoclomol has previously demonstrated profound effects in aug-
menting a stress response in astrocytes, generating a preferential up-
regulation of Hsp70 and Hsp90 following peripheral nerve injury [206].
The release of Hsp70 by astrocytes is well established [20]. It is possible
that Arimoclomol exerts its protective effects, at least in part, by in-
creasing the expression, and secretion, of astrocytic Hsp70, which may
be capable of providing extracellular support to vulnerable neurons in
ALS. Skeletal muscle cells also represent a non-neuronal target for the
effects of Arimoclomol. It is well established that the denervation of
NMJs happens far before the frank degeneration of MN cell bodies in
ALS mouse models [189,192–196], suggesting that therapeutic strate-
gies aimed at maintaining peripheral MN-muscle connections may have
profound effects on slowing disease progression [22,23,138,199,207].
Additionally, muscle cells have a more robust HSR than MNs [14,208],
and indeed Hsp70 is a critical trophic component of MEx [10]. Thus,
just like with astrocytes, the upregulation and increased secretion of
HSPs by muscles to maintain NMJ innervation may be a contributing
factor to the survival promoting effects of Arimoclomol in ALS models.
Excitingly, Arimoclomol was recently advanced to a Phase III clinical
trial to assess the drug’s efficacy in slowing ALS disease progression
after succeeding in a Phase II safety and tolerability trial at a dose of
200 mg tid [209].

The failure of intraneuronal upregulation of Hsp70 to confer pro-
tection to MNs in disease is a striking observation [199]. Another
reason for the lack of the protective effect of Hsp70 could be a dimin-
ished cytosolic co-chaperone network. Indeed, the cytosolic expression
of Hsp110 is far lower than that of Hsc70 in neurons [51]. If the pri-
mary effect is a result of co-upregulation of Hsp70 and Hsp90 in neu-
rons, then treatment of SOD1 mice with arimoclomol is supportive of
this hypothesis, as is a recent study from the Horwich group [50]. In
this study SOD1G85R rats were crossed with rats genetically engineered
to overexpress either Hsp110 or both Hsp110 and Hsp70. The over-
expression of Hsp110 in the rat model of ALS was sufficient to increase
lifespan, an effect that was exaggerated following co-overexpression of
Hsp110 and Hsp70 [73]. Hsp110 works predominantly with the Hsp70s
to catalyze a rate limiting step in Hsp70 nucleotide exchange [48], thus
increasing Hsp70’s effectiveness. While this study provides exciting

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

7



evidence for the role of HSP upregulation as a treatment in ALS, a
protective role for exogenous Hsp110 is still to be determined.

Similar to Hsp110, the genetic upregulation of Hsp27 as a ther-
apeutic tool has been attempted in a mouse model of ALS. Interestingly,
these experiments had ambivalent results. In one study, the over-
expression of Hsp27 was capable of delaying symptom onset, but did
not increase survival in the SOD1G93A mouse [99]. In a second study,
Krishnan and colleagues found that the over expression of Hsp27 was
capable of protecting against spinal cord ischemia, but had no effect on
SOD1G93A mouse viability [100]. Together, these studies suggest that
there might be a minimally protective role for the intracellular upre-
gulation of Hsp27 early on in ALS disease progression; however a
protective role for exogenous Hsp27 is still to be determined in disease.

14. Proposed mechanisms by which extracellular HSPs confer
neuroprotective effects: areas for future research

While there is now substantial evidence supporting a mechanism of
release for HSPs, the specific mechanism by which extracellular HSPs
exert protective effects is less understood. The endocytosis of HSPs by
neurons in culture systems has been readily described [10,16,19–21].
Indeed, extracellular Hsp70 has been shown to be taken up by neurons/
axons following axotomy when added directly to the stump [210], a
phenomenon that may be mediated by toll-like receptors [211], how-
ever there are no reports of systemically injected HSPs freely entering
the nervous system at a detectable level. This raises an interesting
question: Do extracellular HSPs need to be taken up by neurons in order
to provide a survival promoting effect?

We have postulated that the protective effect of systemically ad-
ministered Hsp70 in the SOD1 mouse model of ALS was due to a per-
ipheral function at the neuromuscular junction, as muscle was the
primary localization of the protein following treatment [22,23]. As
discussed above, synaptic dysfunction is an early event in neurological
disorders. Extracellular HSPs may exert beneficial effects through spe-
cific interactions with macromolecules that may promote this dys-
function. One hypothesis is that the protein localizes to the synapse and

works to either remove or mask potentially toxic extracellular proteins
or maintain a steady flow of trophic factors to the motor neurons
(Fig. 2). Indeed a similar function could be taking place in the struc-
tures affected in Alzheimer’s disease [25].

Another possibility is that extracellular HSPs may be playing a role
in the protection of synapses by blocking expression of proteins in-
volved in synaptic pruning or stripping. An exciting line of investigation
implicating a role for the complement cascade in neurodegenerative
diseases has recently gained traction as a novel mechanism for the se-
lective pruning of synapses [212–214]. In the developing nervous
system microglia selectively prune back synapses that express “eat me”
signals such as complement components C1q and C3 [215,216], and
seem to avoid synapses expressing “don’t eat me” signals such as CD47
[217]. A similar exclusionary principle may also be regulating the mi-
croglial phagocytosis of synapses early in Alzheimer’s disease
[212,213]. One of the major “eat me” signals, phosphatidylserine (PS),
is a small hydrophobic molecule that presents itself on the exterior
surface of injured or dying cells, marking them for phagocytosis [218].
Hsp70 has a prominent binding affinity for hydrophobic [38,39] and
negatively charged proteins, and indeed a strong attraction between
Hsp70 and PS has been reported [219]. Hsp70’s high propensity for
binding these types of proteins may allow it to mask hydrophobic,
membrane-bound “eat me” signals like PS and complement proteins
extracellularly at synapses, thus preventing their recognition by mi-
croglia or peripheral tissue macrophages in neurodegenerative diseases
[215,216] (Fig. 2). This is an open line of investigation that we are
currently pursuing in a mouse model of ALS.

There is a long-standing argument in the field as to whether or not
there is an immune-modulating role for extracellular Hsp70. Hsp70 has
demonstrated profound effects associated with both im-
munostimulatory and immunosuppressive activities [220]. Ad-
ditionally, extracellular Hsp70 has been reported to increase phagocy-
tosis, modulate monocyte response to endotoxin, and increase
chemotaxis of neutrophils, however the mechanisms by which Hsp70
affects these immune cells is still unknown [221–224]. Both in-
flammatory and immune responses have been hypothesized to play a

Fig. 2. Hypothesized neuroprotective roles for
extracellular Hsp70. A key early pathological
event in most neurodegenerative diseases is the
dysfunction and removal of synapses in af-
fected neuronal populations. Here we spec-
ulate that extracellular Hsp70 may play key
roles in ameliorating some of the driving me-
chanisms of synaptic impairment and clear-
ance. (1) Neuronal support cells such as as-
trocytes, skeletal muscle cells, and terminal
Schwann cells release Hsp70 into the extra-
cellular space in times of stress. (2) In the ex-
tracellular space, Hsp70 is capable of binding
to toxic protein species that express large
stretches of hydrophobic amino acid residues,
such as aggregates or oligomers of Beta-amy-
loid, preventing them from interacting with
synaptic proteins and disrupting synaptic
transmission. (3) Additionally, Hsp70 may be
capable of binding to and increasing trafficking
of trophic factors from supporting cells to their
target neurons, helping to strengthen synapses
and maintain innervation. (4) Hsp70 may also
be able to block apoptotic signaling to popu-
lations of cells, such as motor neurons, by
masking the p75NTR at synapses, preventing
its activation by potentially toxic signaling
factors released by muscle. (5) Hsp70 has a
strong binding affinity for the hydrophobic

stretches present on membrane bound complement proteins and phosphatidylserine, and may prevent synaptic stripping by masking these “find me” and “eat me”
signals from tissue-resident phagocytes.
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role in the pathogenesis of neurodegenerative diseases [225,226]. One
possible immunosuppressive role for extracellular Hsp70 is to mask
toxic species at the synapse, thus reducing synapse dysfunction and
preventing neurons from signaling to and activating glial cells (Fig. 2).
Another possibility is that extracellular Hsp70 is driving adaptive im-
mune signaling by neurons. Indeed one recent report has demonstrated
that intranasal infusion of Hsp70 in a rodent model of AD resulted in a
significant increase in the neuronal expression of genes responsible for
surface antigen presentation, specifically major histocompatibility
complex I and II [144], suggesting that Hsp70 may be exerting a pro-
tective effect through an activation of adaptive immunity. While this
study provides a compelling argument to continue the study of an im-
munomodulatory role for the HSPs, at present there is not enough
evidence to definitively conclude that extracellular Hsp70 is exerting a
protective effect through immunomodulation in the context of neuro-
degenerative diseases.

15. Considerations for treatment with exogenous HSPs

The treatment of neurodegenerative diseases with exogenous HSPs
is in a stage of infancy. There is strong promise for the protection of
neurons susceptible to pathological stressors in disease, but in-
vestigators must be wary of a few considerations. The first of these
considerations is in the choice of chaperone isoform. Because of their
structural similarities, the cytosolic members of the HSP families have
long been considered functionally redundant; however, very few stu-
dies have explored the functional prowess of each of these members in
specific side by side assays. Thus, it is imperative to consider that the
small changes in sequence homology between these proteins may ac-
count for stronger functional differences than originally appreciated.
Indeed, data from our group indicate that the small differences in
homology between Hsc70 and Hsp70 may have a profound effect on the
way that these proteins are metabolized following exogenous delivery.

In follow up experiments to our previous work treating SOD1G93A

mice with recombinant human Hsp70 [22,23], we purified an en-
dotoxin free, recombinant human Hsc70 (rhHsc70) with a 6x-Histadine
tag on the substrate binding domain, and repeated the same systemic
treatment paradigm we used previously (for purification methods, see
[21]). Since there is uncontrollable variability in the recombinant
protein production process, we aimed to normalize our doses based on
the ATPase activity of the protein before treating the animals (1 unit of
activity was equal to approximately 1 ug of protein). We treated age-,
litter-, and sex-matched SOD1G93A mice with either rhHsc70 or an
equivalent sized dose of bovine serum albumin (BSA), a protein of
roughly the same molecular weight that we previously found to have no
survival promoting effect. Surprisingly, unlike in the previous study
[23] all doses of rhHsc70 were ineffective in delaying the denervation
of NMJs in the tibialis anterior, a muscle comprised predominantly of
type IIb muscle fibers – those that are most susceptible to denervation –
compared to BSA treated controls (Data not shown). To determine if
Hsc70 had a toxic effect, we next assessed NMJ denervation in the
soleus, a muscle comprised predominantly of slow muscle fibers – those
most resistant to denervation. We observed no significant difference in
NMJ denervation in the soleus at any dose of rhHsc70 compared to BSA
treated controls, suggesting that rhHsc70 was not promoting denerva-
tion. Using a nickel affinity chromatography approach, we precipitated
out the rhHsc70 from a subset of treated animals and prepared the
elutant for western blot to determine the final localization of injected
protein. In the previous study full length Hsp70 was detected in liver
and muscle of treated animals [22]. In the experiments using rhHsc70,
lower molecular weight fragments were identified in liver as a 40 Kda
protein band that had positive immunoreactivity with an antibody to
6x-Histidine, but no full length protein was able to be detected. This
band appeared to be the correct molecular weight for the 6x histidine-
tagged substrate binding domain of Hsc70. These results suggest that
the subtle differences in amino acid sequence between Hsp70 and

Hsc70 have profound effects on the way the protein is processed fol-
lowing exogenous delivery.

The second consideration for the treatment of neurodegenerative
diseases with exogenous HSPs is the method of delivery. It would ap-
pear, at least in the case of models of AD that intranasal delivery of
Hsp70 is efficient at allowing the protein to get into the CNS without
much difficulty [25,148]. Conversely, our group has never detected
Hsp70 or Hsc70 in the CNS following intraperitoneal injection. If ex-
tracellular HSPs are required for synaptic protection in some way, local
administration of the protein to those synapses is likely the best method
to pursue. In the case of neurodegenerative diseases that manifest in the
CNS, intranasal administration or intracerebroventricular injections
should be considered. In neurodegenerative diseases like ALS, where
MNs synapse onto muscle in the periphery, intramuscular injection of
the protein may offer a more targeted approach to the NMJ as com-
pared to systemic administration. Intramuscular injection may also
provide a route of administration where injected protein is less likely to
be metabolised.

The final consideration for treatment with exogenous HSPs is an
immune response. Extracellular HSPs are capable of interacting with
membrane bound Toll-like receptors [211], which are present on an-
tigen presenting cells (APCs). In the early 2000s, two studies demon-
strated that recombinant Hsp70 was capable of stimulating increased
activity in macrophages, suggesting that these extracellular proteins
had a role in regulating the immune system [227,228]. These original
studies characterizing the immunomodulatory role of Hsp70 were in-
itially challenged due to early preparations of recombinant heat shock
proteins being contaminated with lipopolysaccharide or other bacterial
proteins [229,230], however subsequent investigation with endotoxin-
free protein purification methods has confirmed that Hsp70 is capable
of activating inflammatory cells [231–233]. Thus, while it is imperative
to use endotoxin-free proteins, one must also account for an immune
response to the protein itself. Indeed, our group has determined that
antibodies are made to recombinant human Hsp70 following exogenous
administration to mice [22], however mice also created antibodies to
BSA in these experiments, suggesting that this was not a targeted re-
sponse to the recombinant Hsp70. While an immune response needs to
be considered, it should not deter investigators from exploring the use
of exogenous HSPs to treat neurodegenerative diseases, as antibodies
are made to other recombinant proteins (e.g. insulin, IFN, etc.) used in
clinical treatment.

16. Conclusion

With the prominence of damaging, hydrophobic proteins implicated
in a vast number of neurodegenerative pathologies (e.g. mSOD1 in fa-
milial amyotrophic lateral sclerosis, Aβ in Alzheimer’s disease, α-sy-
nuclein in Parkinson’s disease, etc.), it seems intuitive that biology
would provide us with a protective macromolecule capable of masking
toxic protein species before they can wreak havoc on vulnerable cells.
Intracellularly, the HSPs perform a number of crucial and well-under-
stood functions under homeostatic and stressful conditions in order to
maintain proteostasis; however these internal functions do not protect
cells from the effect that toxic extracellular species can exert.
Excitingly, the findings that HSPs can be secreted into the extracellular
environment provide investigators with new opportunities to target
previously unmanageable sources of stress and mask extracellular sig-
nals that may mark susceptible cells for clearance. These findings offer
a new measure of therapeutic potential to the HSPs, but obstacles must
be overcome before they can be efficiently used in a clinical setting.
Future exploration into the mechanism by which these proteins are
released, the roles they play in the extracellular environment and the
route by which they can be optimally delivered to aid vulnerable cells is
imperative to unlocking their full therapeutic potential.

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

9



Declaration of Competing Interest

The authors confirm that we have read the Journal’s position on
issues involved in ethical publication and affirm that this report is
consistent with those guidelines.

None of the authors has any conflict of interest to disclose.

Acknowledgements

CM’s laboratory is supported by the National Institute of Health
(NS091953), The Blazeman Foundation for ALS, The Hope for
Tomorrow Foundation a gift made in memory of Dr. Murray Abrams,
The Tab Williams Family Endowment, and the WFSM Brian White ALS
Fund.

References

[1] F. Ritossa, A new puffing pattern induced by temperature shock and DNP in
Drosophila, Experientia 18 (1962) 571–573, https://doi.org/10.1007/
BF02172188.

[2] A. De Maio, M. Gabriella Santoro, R.M. Tanguay, L.E. Hightower, Ferruccio
Ritossa’s scientific legacy 50 years after his discovery of the heat shock response: a
new view of biology, a new society, and a new journal, Cell Stress Chaperones 17
(2) (2012) 139–143, https://doi.org/10.1007/s12192-012-0320-z.

[3] M. Ashburner, J. Bonner, The induction of gene activity in Drosophila by heat
shock, Cell 17 (2) (1979) 241–254.

[4] N. Peterson, G. Moller, H. Mitchell, Genetic mapping of the coding reginos for
three heat-shock proteins in Drosophila melanogaster, Genetics 92 (3) (1979)
891–902.

[5] S. Lindquist, E. Craig, The heat-shock proteins, Annu. Rev. Genet. 22 (1988)
631–677, https://doi.org/10.1146/annurev.ge.22.120188.003215.

[6] W. Welch, The role of heat-shock proteins as molecular chaperones, Curr. Opin.
Cell Biol. 3 (6) (1991) 1033–1038.

[7] R.I. Morimoto, M.P. Kline, D.N. Bimston, J.J. Cotto, The heat-shock response:
regulation of heat-shock proteins and molecular chaperones, Essays Biochem. 32
(1997) 17–29.

[8] H.M. Beere, B.B. Wolf, K. Cain, D.D. Mosser, A. Mahboubi, T. Kuwana, P. Tailor,
R.I. Morimoto, G.M. Cohen, D.R. Green, Heat-shock protein 70 inhibits apoptosis
by preventing recruitment of procaspase-9 to the Apar-1 apoptosome, Nat. Cell
Biol. 2 (8) (2000) 469–475, https://doi.org/10.1038/35019501.

[9] Y.O. Ali, B.M. Kitay, R.G. Zhai, Dealing with misfolded proteins: examining the
neuroprotective role of molecular chaperones in neurodegeneration, Molecules 15
(10) (2010) 6859–6887, https://doi.org/10.3390/molecules15106859.

[10] M.B. Robinson, J.L. Tidwell, T. Gould, A.R. Taylor, J.M. Newbern, J. Graves,
M. Tytell, C.E. Milligan, Extracellular heat shock protein 70: a critical component
for motoneuron survival, J. Neurosci. 25 (42) (2005) 9735–9745, https://doi.org/
10.1523/JNEUROSCI.1912-05.2005.

[11] G.K. Sprang, I.R. Brown, Selective induction of a heat shock gene in fibre tracts
and cerebellar neurons of the rabbit brain detected by in situ hybridization, Brain
Res. 427 (1) (1987) 89–93.

[12] C.J. Marcuccilli, S.K. Mathur, R.I. Morimoto, R.J. Miller, Regulatory differences in
the stress response of hippocampal neurons and glial cells after heat shock, J.
Neurosci. 16 (2) (1996) 478–485.

[13] K. Kaarniranta, N. Oksala, H.M. Karjalainen, T. Suuronen, L. Sistonen,
H.J. Helminen, A. Salminen, M.J. Lammi, Neuronal cells show regulatory differ-
ences in the hsp70 gene response, Brain Res. Mol. Brain Res. 101 (1-2) (2002)
136–140.

[14] Z. Batulan, G.A. Shinder, S. Minotti, B.P. He, M.M. Doroudchi, J. Nalbantoglu,
M.J. Strong, H.D. Durham, High threshold for induction of the stress response in
motor neurons is associated with failure to activate HSF1, J. Neurosci. 23 (13)
(2003) 5789–5798.

[15] J. Oza, J. Yang, K.Y. Chen, A.Y.C. Liu, Changes in the regulation of heat shock gene
expression in neuronal cell differentiation, Cell Stress Chaperones 13 (1) (2008)
73–84, https://doi.org/10.1007/s12192-008-0013-9.

[16] M. Tytell, S.G. Greenberg, R.J. Lasek, Heat shock-like protein is transferred from
glia to axon, Brain Res. 363 (1) (1986) 161–164, https://doi.org/10.1016/0006-
8993(86)90671-2.

[17] M.F. Barbe, M. Tytell, D.J. Gower, W.J. Welch, Hyperthermia protects against light
damage in the rat retina, Science 241 (1988) 1817–1820.

[18] L.E. Hightower, P.T. Guidon, Selective release from cultured mammalian cells of
heat-shock (stress) proteins that resemble glia-axon transfer proteins, J. Cell
Physiol. 138 (2) (1989) 257–266, https://doi.org/10.1002/jcp.1041380206.

[19] I. Guzhova, K. Kislyakova, O. Moskaliova, I. Fridlanskaya, M. Tytell, M. Cheetham,
B. Margulis, In vitro studies show that Hsp70 can be released by glia and that
exogenous Hsp70 can enhance neuronal stress tolerance, Brain Res. 914 (1–2)
(2001) 66–73.

[20] A.R. Taylor, M.B. Robinson, D.J. Gifondorwa, M. Tytell, C.E. Milligan, Regulation
of heat shock protein 70 release in astrocytes: role of signaling kinases, Dev.
Neurobiol. 67 (13) (2007) 1815–1829, https://doi.org/10.1002/dneu.20559.

[21] M.B. Robinson, A.R. Taylor, D.J. Gifondorwa, M. Tytell, C.E. Milligan, Exogenous

Hsc70, but not thermal preconditioning, confers protection to motoneurons sub-
jected to oxidative stress, Dev. Neurobiol. 68 (1) (2008) 1–17, https://doi.org/10.
1002/dneu.20550.

[22] D.J. Gifondorwa, M.B. Robinson, C.D. Hayes, A.R. Taylor, D.M. Pryvette,
R.W. Oppenheim, J. Caress, C.E. Milligan, Exogenous delivery of heat shock
protein 70 increases lifespan in a mouse model of amyotrophic lateral sclerosis, J.
Neurosci. 27 (48) (2007) 13173–13180, https://doi.org/10.1523/JNEUROSCI.
4057-07.2007.

[23] D.J. Gifondorwa, R. Jimenz-Moreno, C.D. Hayes, H. Rouhani, M.B. Robinson,
J.L. Strupe, J. Caress, C.E. Milligan, Administration of recombinant heat shock
protein 70 delays peripheral muscle denervation in the SOD1(G93A) mouse model
of amyotrophic lateral sclerosis, Neurol. Res. Int. (2012) 170426, https://doi.org/
10.1155/2012/170426.

[24] I.V. Emikova, L.E. Nitsinskaya, I.V. Romanova, Y.F. Pashtukov, B.A. Margulis,
I.V. Guzhova, Exogenous protein Hsp70/Hsc70 can penetrate into brain structures
and attenuate the severity of chemically-induced seizures, J. Neurochem. 115 (4)
(2010) 1035–1044, https://doi.org/10.1111/j.1471-4159.2010.06989.x.

[25] N.V. Bobkova, D.G. Garbuz, I. Nesterova, N. Medvinskaya, A. Samokhin,
I. Alexandrova, M. Evgen’Ev, Therapeutic effect of exogenous Hsp70 in mouse
models of Alzheimer’s disease, J. Alzheimer Dis. 38 (2) (2014) 425–435, https://
doi.org/10.3233/JAD-130779.

[26] Y.F. Pashtukov, D.V. Plaksina, K.V. Lapshina, I.V. Guzhova, I.V. Ekimova,
Exogenous protein HSP70 blocks neurodegeneration in the rat model of the clin-
ical stage of Parkinson’s disease, Dokl. Biol. Sci. 457 (1) (2014) 225–227, https://
doi.org/10.1134/S0012496614040139.

[27] M.B. Eisen, P.T. Spellman, P.O. Brown, D. Botstein, Cluster Analysis and display of
genome-wide expression patterns, Proc. Natl. Acad. Sci. U. S. A. 95 (25) (1998)
14863–14868, https://doi.org/10.1073/pnas.95.25.14863.

[28] A.P. Gasch, P.T. Spellman, C.M. Kao, O. Carmel-Harel, M.B. Eisen, G. Storz,
P.O. Brown, Genomic expression programs in the response of yeast cells to en-
vironmental changes, Mol. Biol. Cell 11 (12) (2000) 4241–4257, https://doi.org/
10.1091/mbc.11.12.4241.

[29] K. Richter, M. Haslbeck, J. Buchner, The heat shock response: life on the verge of
death, Mol. Cell 40 (2) (2010) 253–266, https://doi.org/10.1016/j.molcel.2010.
10.006.

[30] B. Bercovich, I. Stancovski, A. Mayer, N. Blumenfeld, A. Laszio, A.L. Schwartz,
A. Ciechanover, Ubiquitin-dependent degredation of certain protein substrates in
vitro requires the molecular chaperone Hsc70, J. Biol. Chem. 272 (14) (1997)
9002–9010, https://doi.org/10.1074/jbc.272.14.9002.

[31] E. Schaffitzel, S. Rudiger, B. Bukau, E. Deuerling, Functional dissection of trigger
factor and DnaK: interactions with nascent polypeptides and thermally denatured
proteins, Biol. Chem. 382 (8) (2001) 1234–1235, https://doi.org/10.1515/BC.
2001.154.

[32] J. Frydman, Folding of newly translated proteins in vivo: the role of molecular
chaperones, Annu. Rev. Biochem. 70 (2001) 603–647, https://doi.org/10.1146/
annurev.biochem.70.1.603.

[33] W.B. Pratt, D.O. Toft, Regulation of signaling protein function and trafficking by
the hsp90/hsp70-based chaperone machinery, Exp. Biol. Med. (Maywood) 228 (2)
(2003) 111–133.

[34] J.C. Young, J.M. Barral, F. Ulrich Hartl, More than folding: localized functions of
cytociolic chaperones, Trends Biochem. Sci. 28 (10) (2003) 541–547, https://doi.
org/10.1016/j.tibs.2003.08.009.

[35] F.U. Hartl, A. Bracher, M. Hayer-Hartl, Molecular chaperones in protein folding
and proteostasis, Nature 475 (7365) (2011) 324–332, https://doi.org/10.1038/
nature10317.

[36] F.U. Hartl, M. Hayer-Hartl, Converging concepts in protein folding in vitro and in
vivo, Nat. Struct. Mol. Biol. 16 (6) (2009) 574–581, https://doi.org/10.1038/
nsmb.1591.

[37] T.R. Jahn, S.E. Radford, The Yin and Yang of protein folding, FEBS J. 272 (23)
(2005) 5962–5970, https://doi.org/10.1111/j.1742-4658.2005.05021.x.

[38] S. Sharma, K. Chakraborty, B.K. Muller, N. Astola, Y.C. Tang, D.C. Lamb,
F.U. Hartl, Monitoring protein conformation along the pathway of chaperonin-
assisted folding, Cell 133 (1) (2008) 142–153, https://doi.org/10.1016/j.cell.
2008.01.048.

[39] K. Chakraborty, M. Chatila, J. Sinha, Q. Shi, B.C. Poschner, M. Skior, M. Hayer-
Hartl, Chaperonin-catalyzed rescue of kinetically trapped states in protein folding,
Cell 142 (2) (2010) 112–122, https://doi.org/10.1016/j.cell.2010.05.027.

[40] B. Bukau, T. Heckerkamp, J. Luirink, Growing up in a dangerous environment: a
network of multiple targeting and folding pathways for nascent polypeptides in
the cytosol, Trends Cell Biol. 6 (12) (1996) 480–486, https://doi.org/10.1016/
0962-8924(96)84946-4.

[41] P.V. Viitenan, A.A. Gatenby, G.H. Lorimer, Purified chaperonin 60 (groEL) inter-
acts with the nonnative states of a multitude of Escherichia coli proteins, Protein
Sci. 1 (3) (1992) 363–369, https://doi.org/10.1002/pro.5560010308.

[42] J. Shorter, The mammalian disaggregase machinery: Hsp110 synergizes with
Hsp70 and Hsp40 to catalyze protein disaggregation and reactivation in a cell-free
system, PLoS One 6 (10) (2011) e26319, https://doi.org/10.1371/journal.pone.
0026319.

[43] Z. Dragovic, S.A. Broadley, Y. Shomura, A. Bracher, F.U. Hartl, Molecular cha-
perones of the Hsp110 family act as nucleotide exchange factors of Hsp70s, EMBO
J. 25 (11) (2006) 2519–2528, https://doi.org/10.1038/sj.emboj.7601138.

[44] L. Shaner, R. Sousa, K.A. Morano, Characterization of Hsp70 binding and nu-
cleotide exchange by the yeast Hsp110 chaperone Sse1, Biochemistry 45 (50)
(2006) 15075–15084, https://doi.org/10.1021/bi061279k.

[45] H. Raviol, H. Sadlish, F. Rodriguez, M.P. Mayer, B. Bukau, Chaperone network in
the yeast cytosol: Hsp110 is revealed as an Hsp70 nucleotide exchange factor,

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

10

https://doi.org/10.1007/BF02172188
https://doi.org/10.1007/BF02172188
https://doi.org/10.1007/s12192-012-0320-z
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0015
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0015
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0020
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0020
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0020
https://doi.org/10.1146/annurev.ge.22.120188.003215
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0030
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0030
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0035
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0035
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0035
https://doi.org/10.1038/35019501
https://doi.org/10.3390/molecules15106859
https://doi.org/10.1523/JNEUROSCI.1912-05.2005
https://doi.org/10.1523/JNEUROSCI.1912-05.2005
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0055
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0055
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0055
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0060
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0060
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0060
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0065
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0065
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0065
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0065
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0070
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0070
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0070
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0070
https://doi.org/10.1007/s12192-008-0013-9
https://doi.org/10.1016/0006-8993(86)90671-2
https://doi.org/10.1016/0006-8993(86)90671-2
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0085
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0085
https://doi.org/10.1002/jcp.1041380206
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0095
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0095
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0095
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0095
https://doi.org/10.1002/dneu.20559
https://doi.org/10.1002/dneu.20550
https://doi.org/10.1002/dneu.20550
https://doi.org/10.1523/JNEUROSCI.4057-07.2007
https://doi.org/10.1523/JNEUROSCI.4057-07.2007
https://doi.org/10.1155/2012/170426
https://doi.org/10.1155/2012/170426
https://doi.org/10.1111/j.1471-4159.2010.06989.x
https://doi.org/10.3233/JAD-130779
https://doi.org/10.3233/JAD-130779
https://doi.org/10.1134/S0012496614040139
https://doi.org/10.1134/S0012496614040139
https://doi.org/10.1073/pnas.95.25.14863
https://doi.org/10.1091/mbc.11.12.4241
https://doi.org/10.1091/mbc.11.12.4241
https://doi.org/10.1016/j.molcel.2010.10.006
https://doi.org/10.1016/j.molcel.2010.10.006
https://doi.org/10.1074/jbc.272.14.9002
https://doi.org/10.1515/BC.2001.154
https://doi.org/10.1515/BC.2001.154
https://doi.org/10.1146/annurev.biochem.70.1.603
https://doi.org/10.1146/annurev.biochem.70.1.603
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0165
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0165
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0165
https://doi.org/10.1016/j.tibs.2003.08.009
https://doi.org/10.1016/j.tibs.2003.08.009
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nsmb.1591
https://doi.org/10.1038/nsmb.1591
https://doi.org/10.1111/j.1742-4658.2005.05021.x
https://doi.org/10.1016/j.cell.2008.01.048
https://doi.org/10.1016/j.cell.2008.01.048
https://doi.org/10.1016/j.cell.2010.05.027
https://doi.org/10.1016/0962-8924(96)84946-4
https://doi.org/10.1016/0962-8924(96)84946-4
https://doi.org/10.1002/pro.5560010308
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1371/journal.pone.0026319
https://doi.org/10.1038/sj.emboj.7601138
https://doi.org/10.1021/bi061279k


EMBO J. 25 (11) (2006) 2510–2518, https://doi.org/10.1038/sj.emboj.7601139.
[46] S. Polier, Z. Dragovic, F.U. Hartl, A. Bracher, Structural basis for the cooperation of

Hsp70 and Hsp110 chaperones in protein folding, Cell 133 (6) (2008) 1068–1079,
https://doi.org/10.1016/j.cell.2008.05.022.

[47] R.U. Mattoo, S.K. Sharma, S. Priya, A. Finka, P. Goloubinoff, Hsp110 is a bona fide
chaperone using ATP to unfold stable misfolded polypeptides and reciprocally
collaborate with Hsp70 to solubilize protein aggregates, J. Biol. Chem. 288 (29)
(2013) 21399–21411, https://doi.org/10.1074/jbc.M113.479253.

[48] H. Rampelt, J. Kirstein-Miles, N.B. Nillegoda, K. Chi, S.R. Scholz, R.I. Morimoto,
B. Bukau, Metazoan Hsp70 machines use Hsp110 to power protein disaggregation,
EMBO J. 31 (21) (2012) 4221–4235, https://doi.org/10.1038/emboj.2012.264.

[49] N. Yamagishi, M. Yokota, K. Yasuda, Y. Saito, K. Nagata, T. Hatayama,
Characterization of stress sensitivity and chaperone activity of Hsp105 in mam-
malian cells, Biochem. Biophys. Res. Commun. 409 (1) (2011) 90–95, https://doi.
org/10.1016/j.bbrc.2011.04.114.

[50] M. Nagy, W.A. Fenton, D. Li, K. Furtak, A.L. Horwich, Extended Survival of mis-
folded g85R SOD1-linked ALS mice by transgenic expression of chaperone
Hsp110, Proc. Natl. Acad. Sci. U. S. A. 113 (19) (2016) 5424–5428, https://doi.
org/10.1073/pnas.1604885113.

[51] N.B. Nillegoda, J. Kirstein, A. Szlachcic, M. Berynskyy, A. Stank, F. Stengel,
B. Bukau, Crucial HSP70 co-chaperone complex unlocks metazoan protein dis-
aggregation, Nature 524 (7564) (2015) 247–251, https://doi.org/10.1038/
nature14884.

[52] D. Picard, Heat-shock protein 90, a chaperone for folding and regulation, Cell.
Mol. Life Sci. 59 (2002) 1640–1648, https://doi.org/10.1007/PL00012491.

[53] R.E. Lackie, A. Maciejewski, V.G. Ostapchenko, J. Marques-Lopes, W.Y. Choy,
M.L. Duennwald, M.A.M. Prado, The Hsp70/Hsp90 chaperone machinery in
neurodegenerative diseases, Front. Neurosci. 11 (254) (2017), https://doi.org/10.
3389/fnins.2017.00254.

[54] S. Bose, T. Weikl, H. Bugl, J. Buchner, Chaperone function of Hsp90-associated
proteins, Science 274 (5293) (1996) 1715–1717.

[55] B.C. Freeman, R.I. Morimoto, The human cytosolic molecular chaperones hsp90,
hsp70 (hsc70) and hdj-1 have distinct roles in recognition of a non-native protein
and protein refolding, EMBO J. 15 (12) (1996) 2969–2979.

[56] B.C. Freeman, D.O. Toft, R.I. Morimoto, Molecular chaperone machines: cha-
perone activities of the cyclophilin Cyp-40 and the steroid aporeceptor-associated
protein p23, Science 274 (5293) (1996) 1718–1720.

[57] U. Jakob, H. Lilie, I. Meyer, J. Buchner, Transient interaction of Hsp90 with early
unfolding intermediates of citrate synthase: implications for heat shock in vivo, J.
Biol. Chem. 270 (13) (1995) 7288–7294, https://doi.org/10.1074/jbc.270.13.
7288.

[58] D.F. Nathan, M.H. Vos, S. Lundquist, In vivo functions of the Saccharomyces
cerevisiae Hsp90 chaperone, Proc. Natl. Acad. Sci. U. S. A. 94 (24) (1997)
12949–12956, https://doi.org/10.1073/pnas.94.24.12949.

[59] L.H. Pearl, C. Prodromou, Structure and mechanism of the Hsp90 molecular
chaperone machinery, Annu. Rev. Biochem. 75 (2006) 271–294, https://doi.org/
10.1146/annurev.biochem.75.103004.142738.

[60] M. Taipale, D.F. Jarosz, S. Lindquist, HSP90 at the hub of protein homeostasis:
emerging mechanistic insights, Nat. Rev. Mol. Cell Biol. 11 (7) (2010) 515–528,
https://doi.org/10.1038/nrm2918.

[61] A. Hoter, M.E. El-Sabban, H.Y. Naim, The HSP90 family: structure, regulation,
function, and implications in health and disease, Int. J. Mol. Sci. 19 (9) (2018),
https://doi.org/10.3390/ijms19092560.

[62] K. Richter, P. Muschler, O. Hainzl, J. Reinstein, J. Buchner, Sti1 is a non-compe-
titive inhibitor of the Hsp90 ATPase. Binding prevents the N-terminal dimerization
reaction during the ATPase cycle, J. Biol. Chem. 278 (12) (2003) 10328–10333,
https://doi.org/10.1074/jbc.M213094200.

[63] M. Hessling, K. Richter, J. Buchner, Dissection of the ATP-induced conformational
cycle of the molecular chaperone Hsp90, Nat. Struct. Mol. Biol. 16 (3) (2009)
287–293, https://doi.org/10.1038/nsmb.1565.

[64] A.S. Sreedhar, E. Kalmar, P. Csermely, Y.F. Shen, Hsp90 isoforms: functions, ex-
pression and clinical importance, FEBS Lett. 562 (1–3) (2004) 11–15.

[65] J.L. Johnson, Evolution and function of diverse Hsp90 homologs and cochaperone
proteins, Chin. J. Biochem. Biophys. 1823 (3) (2012) 607–613, https://doi.org/
10.1016/j.bbamcr.2011.09.020.

[66] R.S. Gupta, Phylogenetic analysis of the 90 kD heat shock family of protein se-
quences and an examination of the relationship among animals, plants, and fungi
species, Mio Biol Evol. 16 (6) (1995) 1063–1073, https://doi.org/10.1093/
oxfordjournals.molbev.a040281.

[67] H.Y. Song, J.D. Dunbar, Y.X. Zhang, D. Guo, D.B. Donner, Identification of a
protein with homology to hsp90 that binds the type 1 tumor necrosis factor re-
ceptor, J. Biol. Chem. 270 (8) (1995) 3574–3581.

[68] S.R. Gupta, B. Singh, Phylogenetic analysis of 70 kDa heat shock protein sequences
suggests a chimeric origin for the eukaryotic cell nucleus, Curr. Biol. 4 (12) (1994)
1104–1114, https://doi.org/10.1016/S0960-9822(00)00249-9.

[69] H.H. Kampinga, J. Hageman, M.J. Vos, H. Kubota, R.M. Tanguay, E.A. Bruford,
M.E. Cheetham, B. Chen, L.E. Hightower, Guidelines for the nomenclature of the
human heat shock proteins, Cell Stress Chaperones 14 (2009) 105–111, https://
doi.org/10.1007/s12192-008-0068-7.

[70] M. Daugaard, M. Rohde, M. Jaattela, The heat shock protein 70 family: highly
homologous proteins with overlapping and distinct functions, FEBS Lett. 581 (19)
(2007) 3702–3710, https://doi.org/10.1016/j.febslet.2007.05.039.

[71] M.P. Mayer, B. Bakau, Hsp70 chaperones: cellular functions and molecular me-
chanism, Cell. Mol. Life Sci. 62 (6) (2005) 670–684, https://doi.org/10.1007/
s00018-004-4464-6.

[72] H.H. Kampinga, E.A. Craig, The HSP70 chaperone machinery: j proteins as drivers

of functional specificity, Nat. Rev. Mol. Cell Biol. 11 (8) (2010) 579–592, https://
doi.org/10.1038/nrm2941.

[73] T.R. Alderson, J.H. Kim, J.L. Markley, Dynamic structures of Hsp70 and Hsp70-
Hsp40 complexes, Structure 24 (7) (2016) 1014–1030, https://doi.org/10.1016/j.
str.2016.05.011.

[74] D.M. Cyr, C.H. Ramos, Specification of Hsp70 function by type I and type II Hsp40,
Subcell. Biochem. 78 (2015) 91–102, https://doi.org/10.1007/978-3-319-11731-
7_4.

[75] F.U. Hartyl, M. Hayer-Hartyl, Molecular chaperones in the cytosol: from nascent
chain to folded protein, Science 295 (5561) (2002) 1852–1858, https://doi.org/
10.1126/science.1068408.

[76] J. Tsai, M.G. Douglas, A conserved HPD sequence of the J-domain in necessary for
YDJ1 stimulation of Hsp70 ATPase activity at a site distinct from substrate
binding, J. Biol. Chem. 271 (16) (1996) 9347–9354, https://doi.org/10.1074/jbc.
271.16.9347.

[77] C. Zarouchlioti, D.A. Parfitt, W. Li, L.M. Gittings, M.E. Cheetham, DNAJ Proteins
in neurodegeneration: essential and protective factors, Phios. Trans. R. Soc. Lond.
B: Biol Sci. 373 (1738) (2017) 20160534, https://doi.org/10.1098/rstb.2016.
0534.

[78] C. Koutras, J.E. Braun, J protein mutations and resulting proteostasis collapse,
Front Cell Neurosci. 8 (2014) 191, https://doi.org/10.3389/fncel.2014.00191.

[79] C.J. Cummings, M.A. Mancini, B. Antalffy, D.B. DeFranco, H.T. Orr, H.Y. Zoghbi,
Chaperone suppression of aggregation and altered subcellular proteasome locali-
zation imply protein misfolding in SCA1, Nat. Genet. 19 (2) (1998) 148–154,
https://doi.org/10.1038/502.

[80] X.C. Gao, C.J. Zhou, Z.R. Zhou, Y.H. Zhang, X.M. Zheng, A.X. Song, H.Y. Hu, Co-
chaperone HSJ1a dually regulates the proteasomal degredation of ataxin-3, PLoS
One 6 (5) (2011) e19763, https://doi.org/10.1371/journal.pone.0019763.

[81] A. Wyttenbach, J. Carmichael, J. Swartz, R.A. Furlong, Y. Narain, J. Rankin,
D.C. Rubinsztein, Effects of heat shock, heat shock protein 40 (HDJ-2), and pro-
teasome inhibition on protein aggregation in cellular models of Huntington’s
disease, Proc. Natl. Acad. Sci. U. S. A. 97 (6) (2000) 2898–2903, https://doi.org/
10.1073/pnas.97.6.2898.

[82] C.K. Bailey, I.F. Andriola, H.H. Kampinga, D.E. Merry, Molecular chaperones en-
hance the degradation of expanded polyglutamine repeat androgen receptor in a
cellular model of spinal and bulbar muscular atrophy, Hum. Mol. Genet. 11 (5)
(2002) 515–523, https://doi.org/10.1093/hmg/11.5.515.

[83] Y. Kuo, S. Ren, U. Lao, B.A. Edgar, T. Wang, Suppression of polyglutamine protein
toxicity by co-expression of a heat-shock protein 40 and a heat-shock protein 110,
Cell Death Dis. 4 (2013) e833, https://doi.org/10.1038/cddis.2013.351.

[84] G. Kokolakis, M. Tatari, A. Zacharopoulou, A.C. Mintzas, The hsp27 gene of the
Mediterranean fruit fly, Ceratitis capitata: structural characterization, regulation
and developmental expression, Insect Mol. Biol. 17 (6) (2008) 679–710, https://
doi.org/10.1111/j.1365-2583.2008.00840.x.

[85] A.P. Arrigo, D. Pauli, Characterization of HSP27 and three immunologically re-
lated polypeptides during Drosophila development, Exp. Cell Res. 175 (1) (1988)
169–183.

[86] A.P. Arrigo, W.J. Welch, Characterization and purification of the small 28,000-
dalton mammalian heat shock protein, J. Biol. Chem. 262 (32) (1987)
15359–15369.

[87] A.P. Arrigo, et al., Mammalian HspB1 (Hsp27) is a molecular sensor linked to the
physiology and environment of the cell, Cell Stress Chaperones 22 (4) (2017)
517–529, https://doi.org/10.1007/s12192-017-0765-1.

[88] Z. Liu, D. Xi, M. Kang, X. Guo, B. Xu, Molecular cloning and characterization of
Hsp27.6: the first reported small heat shock protein from Apis cerana cerana, Cell
Stress Chaperones 17 (5) (2012) 539–551, https://doi.org/10.1007/s12192-012-
0330-x.

[89] U. Jakob, M. Gaestel, K. Engel, J. Buchner, Small heat shock proteins are mole-
cular chaperones, J. Biol. Chem. 268 (3) (1993) 1517–1520.

[90] M. Ehrnsperger, H. Lilie, M. Gaestel, J. Buchner, The dynamics of Hsp25 qua-
ternary structure. Structure and function of different oligomeric species, J. Biol.
Chem. 274 (21) (1999) 14867–14874, https://doi.org/10.1074/jbc.274.21.
14867.

[91] M. Ehrnsperger, M. Gaestel, J. Buchner, Analysis of chaperone properties of small
Hsp’s, Methods Mol. Biol. 99 (2000) 421–429, https://doi.org/10.1385/1-59259-
054-3:421.

[92] I. Dalle-Donne, R. Rossi, A. Milzani, P. Di Simplicio, R. Colombo, The actin cy-
toskeleton response to oxidants: from small heat shock phosphorylation to changes
in the redox state of actin itself, Free Radic. Biol. Med. 31 (12) (2001) 1624–1632.

[93] N. Mounier, A.P. Arrigo, Actin cytoskeleton and small heat shock proteins: how do
they interact? Cell Stress Chaperones 7 (2) (2002) 167–176, https://doi.org/10.
1379/1466-1268(2002)007<0167:acashs>2.0.co;2.

[94] A.P. Arrigo, Hsp27: novel regulation or intracellular redox state, IUBMB Life 62
(6) (2001) 303–307, https://doi.org/10.1080/152165401317291165.

[95] C. Paul, F. Manero, S. Gonin, C. Kretz-Remy, S. Virot, A.P. Arrigo, Hsp27 as a
negative regulator of cytochrome C release, Mo Cell Biol. 22 (3) (2002) 816–834,
https://doi.org/10.1128/mcb.22.3.816-834.2002.

[96] X. Preville, F. Salvemini, S. Giraud, S. Chaufour, C. Pauli, G. Stepien, M.V. Ursini,
A.P. Arrigo, Mammalian small stress proteins protect against oxidative stress
through their ability to increase glucose-6-phosphate dehydrogenase activity and
by maintaining optimal cellular detoxifying machinery, Exp. Cell Res. 247 (1)
(1999) 61–78, https://doi.org/10.1006/excr.1998.4347.

[97] M.E. Toth, V. Szegedi, E. Varga, G. Juhasz, J. Hovarth, E. Borbely, B. Csibrany,
R. Alfoldi, N. Lenart, B. Penke, M. Santha, Overexpression of Hsp27 ameliorates
symptoms of Alzheimer’s disease in APP/PS1 mice, Cell Stress Chaperones 18 (6)
(2013) 759–771, https://doi.org/10.1007/s12192-013-0428-9.

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

11

https://doi.org/10.1038/sj.emboj.7601139
https://doi.org/10.1016/j.cell.2008.05.022
https://doi.org/10.1074/jbc.M113.479253
https://doi.org/10.1038/emboj.2012.264
https://doi.org/10.1016/j.bbrc.2011.04.114
https://doi.org/10.1016/j.bbrc.2011.04.114
https://doi.org/10.1073/pnas.1604885113
https://doi.org/10.1073/pnas.1604885113
https://doi.org/10.1038/nature14884
https://doi.org/10.1038/nature14884
https://doi.org/10.1007/PL00012491
https://doi.org/10.3389/fnins.2017.00254
https://doi.org/10.3389/fnins.2017.00254
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0270
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0270
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0275
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0275
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0275
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0280
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0280
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0280
https://doi.org/10.1074/jbc.270.13.7288
https://doi.org/10.1074/jbc.270.13.7288
https://doi.org/10.1073/pnas.94.24.12949
https://doi.org/10.1146/annurev.biochem.75.103004.142738
https://doi.org/10.1146/annurev.biochem.75.103004.142738
https://doi.org/10.1038/nrm2918
https://doi.org/10.3390/ijms19092560
https://doi.org/10.1074/jbc.M213094200
https://doi.org/10.1038/nsmb.1565
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0320
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0320
https://doi.org/10.1016/j.bbamcr.2011.09.020
https://doi.org/10.1016/j.bbamcr.2011.09.020
https://doi.org/10.1093/oxfordjournals.molbev.a040281
https://doi.org/10.1093/oxfordjournals.molbev.a040281
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0335
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0335
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0335
https://doi.org/10.1016/S0960-9822(00)00249-9
https://doi.org/10.1007/s12192-008-0068-7
https://doi.org/10.1007/s12192-008-0068-7
https://doi.org/10.1016/j.febslet.2007.05.039
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1038/nrm2941
https://doi.org/10.1038/nrm2941
https://doi.org/10.1016/j.str.2016.05.011
https://doi.org/10.1016/j.str.2016.05.011
https://doi.org/10.1007/978-3-319-11731-7_4
https://doi.org/10.1007/978-3-319-11731-7_4
https://doi.org/10.1126/science.1068408
https://doi.org/10.1126/science.1068408
https://doi.org/10.1074/jbc.271.16.9347
https://doi.org/10.1074/jbc.271.16.9347
https://doi.org/10.1098/rstb.2016.0534
https://doi.org/10.1098/rstb.2016.0534
https://doi.org/10.3389/fncel.2014.00191
https://doi.org/10.1038/502
https://doi.org/10.1371/journal.pone.0019763
https://doi.org/10.1073/pnas.97.6.2898
https://doi.org/10.1073/pnas.97.6.2898
https://doi.org/10.1093/hmg/11.5.515
https://doi.org/10.1038/cddis.2013.351
https://doi.org/10.1111/j.1365-2583.2008.00840.x
https://doi.org/10.1111/j.1365-2583.2008.00840.x
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0425
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0425
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0425
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0430
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0430
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0430
https://doi.org/10.1007/s12192-017-0765-1
https://doi.org/10.1007/s12192-012-0330-x
https://doi.org/10.1007/s12192-012-0330-x
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0445
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0445
https://doi.org/10.1074/jbc.274.21.14867
https://doi.org/10.1074/jbc.274.21.14867
https://doi.org/10.1385/1-59259-054-3:421
https://doi.org/10.1385/1-59259-054-3:421
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0460
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0460
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0460
https://doi.org/10.1379/1466-1268(2002)007<0167:acashs>2.0.co;2
https://doi.org/10.1379/1466-1268(2002)007<0167:acashs>2.0.co;2
https://doi.org/10.1080/152165401317291165
https://doi.org/10.1128/mcb.22.3.816-834.2002
https://doi.org/10.1006/excr.1998.4347
https://doi.org/10.1007/s12192-013-0428-9


[98] L. Korngut, C.H. Ma, J.A. Martinez, C.C. Toth, G.F. Guo, V. Singh, C.J. Woolf,
D.W. Zochodne, Overexpression of human HSP27 protects sensory neurons from
diabetes, Neurobiol. Dis. 47 (3) (2012) 436–443, https://doi.org/10.1016/j.nbd.
2012.04.017.

[99] P.S. Sharp, M.T. Akbar, S. Bouri, A. Senda, K. Joshi, H.J. Chen, D.S. Latchman,
D.J. Wells, J. de Belleroche, Protective effects of heat shock protein 27 in a model
of ALS occur in the early stages of disease progression, Neurobiol. Dis. 30 (1)
(2007) 42–55, https://doi.org/10.1016/j.nbd.2007.12.002.

[100] J. Krishnan, K. Vannuvel, M. Andries, E. Waelkens, W. Robberecht, L. Van Den
Bosch, Over-expression of Hsp27 does not influence disease in the mutant
SOD1(G93A) mouse model of amyotrophic lateral sclerosis, J. Neurochem. 106 (5)
(2008) 2170–2183, https://doi.org/10.1111/j.1471-4159.2008.05545.x.

[101] J.T. Feng, Y.K. Liu, H.Y. Song, Z. Dai, L.X. Qin, M.R. Almofti, Cy Fang, H.J. Lu,
P.Y. Yang, Z.Y. Tang, Heat-shock protein 27: a potential biomarker for hepato-
cellular carcinoma identified by serum proteome analysis, Proteomics 5 (17)
(2005) 4581–4588, https://doi.org/10.1002/pmic.200401309.

[102] I. Kardys, N. Rifai, O. Meilhac, J.B. Michel, J.L. Martin-Ventura, J.E. Buring,
P. Libby, P.M. Ridker, Plasma concentration of heat shock protein 27 and risk of
cardiovascular disease: a prospective, nested case-control study, Clin. Chem. 54
(1) (2008) 139–146, https://doi.org/10.1373/clinchem.2007.094961.

[103] D. Thuringer, G. Jego, G. Wettstein, O. Terrier, L. Cronier, N. Yousfi, S. Hebrard,
A. Bouchot, A. Hazoume, A.L. Joly, M. Gleave, M. Rosa-Calatrava, E. Solary,
C. Garrido, Extracellular HSP27 mediates angiogenesis through Toll-like receptor
3, FASEB J. 27 (10) (2013) 4169–4183, https://doi.org/10.1096/fj.12-226977.

[104] Y.J. Lee, H.J. Lee, S.H. Choi, Y.B. Jin, H.J. An, J.H. Kang, S.S. Yoon, Y.S. Lee,
Soluble HSPB1 regulates VEGF-mediated angiogenesis through their direct inter-
action, Angiogenesis 15 (2) (2012) 229–242, https://doi.org/10.1007/s10456-
012-9255-3.

[105] M.B. Stope, G. Klinkmann, K. Diesing, D. Koensgen, M. Burchardt, A. Mustea, Heat
shock protein HSP27 secretion by ovarian cancer cells is linked to intracellular
expression levels, occurs independently or the endoplasmic reticulum pathway
and HSP27’s phosphorylation status, and is mediated by exosome liberation, Dis.
Markers (2017) 1575374, https://doi.org/10.1155/2017/1575374.

[106] M. Tytell, R.J. Lasek, H. Gainer, Axonal maintenance, glia, exosomes, and heat
shock proteins, F1000Res. 5 (2016), https://doi.org/10.12688/f1000research.
7247.1.

[107] C. Hunter-Lavin, E.L. Davies, M.M. Baclear, M.J. Marshall, S.M. Andrew,
J.H. Williams, Hsp70 release from peripheral blood mononuclear cells, Biochem.
Biophys. Res. Commun. 324 (2) (2004) 511–517, https://doi.org/10.1016/j.bbrc.
2004.09.075.

[108] S.S. Mambula, S.K. Calderwood, Heat shock protein 70 is secreted from tumor cells
by a nonclassical pathway involving lysosomal endosomes, J. Immunol. 177 (11)
(2006) 7849–7857, https://doi.org/10.4049/jimmunol.177.11.7849.

[109] A.L. Evdonin, M.G. Martynova, O.A. Bystrova, I.V. Guzhova, B.A. Margulis,
N.D. Medvedeva, The release of Hsp70 from A431 carcinoma cells is mediated by
secretory-like granules, Eur. J. Cell Biol. 85 (6) (2006) 443–455, https://doi.org/
10.1016/j.ejcb.2006.02.008.

[110] R. Gastpar, M. Gehrmann, M.A. Bausero, A. Asea, C. Gross, J.A. Schroeder,
G. Multhoff, Heat shock protein 70 surface-positive tumor exosomes stimulate
migratory and cytolytic activity of natural killer cells, Cancer Res. 65 (12) (2005)
5238–5247, https://doi.org/10.1158/0008-5472.CAN-04-3804.

[111] A.H. Broquet, G. Thomas, J. Masliah, G. Trugnan, M. Bachelet, Expression of the
molecular chaperone Hsp70 in detergent-resistant microdomains correlates with
its membrane delivery and release, J. Biol. Chem. 278 (24) (2003) 21601–21606,
https://doi.org/10.1074/jbc.M302326200.

[112] S. Chen, D. Bawa, S. Besshoh, J.W. Gurd, I.R. Brown, Association of heat shock
proteins and neuronal membrane components with lipid rafts from the rat brain, J.
Neruosci. Res. 81 (4) (2005) 522–529, https://doi.org/10.1002/jnr.20575.

[113] A. Clayton, A. Turkes, H. Navabi, M.D. Mason, Z. Tabi, Induction of heat shock
proteins in B-cell exosomes, J. Cell. Sci. 118 (Pt. 16) (2005) 3631–3638, https://
doi.org/10.1242/jcs.02494.

[114] A. Mathew, A. Bell, R.M. Johnstone, Hsp-70 is closely associated with the trans-
ferrin receptor in exosomes from maturing reticulocytes, Biochem. J. 308 (Pt. 3)
(1995) 823–830, https://doi.org/10.1042/bj3080823.

[115] C. Thery, A. Regnault, J. Garin, L. Wolfers, L. Zitvogel, P. Ricciardi-Castagnoli,
G. Raposo, S. Amigorena, Molecular characterization of dendritic cell-derived
exosomes. Selective accumulation of the heat shock protein hsc73, J. Cell Biol. 147
(3) (1999) 599–610, https://doi.org/10.1083/jcb.147.3.599.

[116] J. Conde-Vancells, E. Rodriguez-Suarez, N. Embade, D. Gil, R. Matthiessen,
M. Valle, F. Elortza, S.C. Lu, J.M. Mato, J.M. Falcon-Perez, Characterization and
comprehensive proteome profiling of exosomes secreted by hepatocytes, J.
Proteome Res. 7 (12) (2008) 5157–5166.

[117] A. De Maio, Extracellular heat shock proteins, cellular export vesicles, and the
Stress Observation System: a form of communication during injury, infection, and
cell damage. It is never known how far a controversial finding will go! Dedicated
to Ferruccio Ritossa, Cell Stress Chaperones 16 (3) (2011) 235–249, https://doi.
org/10.1007/s12192-010-0236-4.

[118] A. De Maio, D. Vazquez, Extracellular heat shock proteins: a new location, a new
function, Shock 40 (4) (2013) 239–246, https://doi.org/10.1097/SHK.
0b013e3182a185ab.

[119] R.N. Nishimura, B.E. Dwyer, W. Welch, R. Cole, J. de Vellis, K. Liotta, The in-
duction of the major heat-stress protein in purified rat glial cells, J. Neurosci. Res.
20 (1) (1988) 12–18, https://doi.org/10.1002/jnr.490200103.

[120] B.E. Dwyer, R.M. Nishimura, J. de Vellis, K.B. Clegg, Regulation of heat shock
protein synthesis in rat astrocytes, J. Neurosci. Res. 28 (3) (1991) 352–358,
https://doi.org/10.1002/jnr.490280306.

[121] D.L. Feinstein, E. Galea, D.A. Aquino, G.C. Li, H. Xu, D.J. Reis, Heat shock protein
70 suppresses astroglial-inducible nitric-oxide synthase expression by decreasing
NFkappaB activation, J. Biol. Chem. 271 (30) (1996) 17724–17732, https://doi.
org/10.1074/jbc.271.30.17724.

[122] T. Uehara, M. Kaneko, S. Tanaka, Y. Okuma, Y. Nomura, Possible involvement of
p38 MAP Kinase in HSP70 expression induced by hypoxia in rat primary astro-
cytes, Brain Res. 823 (1-2) (1999) 226–230.

[123] M.S. de Freitas, T.C. Spohr, A.B. Benedito, M.S. Caetano, B. Margulis, U.G. Lopes,
V. Moura-Neto, Neurite outgrowth is impaired on HSP70-positive astrocytes
through a mechanism that requires NF-kappaB activation, Brain Res. 958 (2)
(2002) 359–370.

[124] H. Sun, M. Jiang, X. Fu, Q. Cai, J. Zhang, Y. Yin, J. Guo, L. Yu, Y. Jiang, Y. Liu,
L. Feng, Z. Nie, J. Fang, L. Jin, Mesencephalic astrocyte-derived neurotrophic
factor reduces cell apoptosis via upregulating HSP70 in SHSY-5Y cells, Transl.
Neurodegener. 6 (2017) 12, https://doi.org/10.1186/s40035-017-0082-8.

[125] R.W. Oppenheim, L.J. Haverkamp, D. Prevette, J.L. McManaman, S.H. Appel,
Reduction of naturally occurring motoneuron death in vivo by a target-derived
neurotrophic factor, Science 240 (4854) (1988) 919–922.

[126] L.L. Crews, D.J. Wingston, The dependence of motoneurons on their target muscle
during postnatal development of the mouse, J. Neurosci. 10 (1990) 1643–1653.

[127] K.L. Eaglson, F. Haun, T.J. Cunningham, Different populations of dorsal lateral
geniculate nucleus neurons have concentration-specific requirements for a corti-
cally derived neuron survival factor, Exp. Neurol. 110 (1990) 284–290.

[128] R.C. Lu, M.S. Tan, H. Wang, A.M. Xie, J.T. Yu, L. Tan, Heat shock protein 70 in
Alzheimer’s disease, Biomed Res. Int. (2014) 435203, https://doi.org/10.1155/
2014/435203.

[129] B. Kalmar, C.H. Lu, L. Greensmith, The role of heat shock proteins in amyotrophic
lateral sclerosis: the therapeutic potential of arimoclomol, Pharmacol. Ther. 141
(1) (2014) 40–54, https://doi.org/10.1016/j.pharmthera.2013.08.003.

[130] P. Rusmini, R. Cristofani, M. Galbiati, M.E. Cicardi, M. Meroni, V. Ferrari,
G. Vezzoli, B. Tedesco, E. Messi, M. Piccolella, S. Carra, V. Crippa, A. Poletti, The
role of the heat shock protein B8 (HSPB8) in motoneuron diseases, Front. Mol.
Neurosci. 10 (2017) 176, https://doi.org/10.3389/fnmol.2017.00176.

[131] S. Chaterjee, T.F. Burns, Targeting heat shock proteins in cancer: a promising
therapeutic approach, Int. J. Mol. Sci. 18 (9) (2017) E1978, https://doi.org/10.
3390/ijms18091978.

[132] C.W. Zhang, H.B. Adeline, B.H. Chai, E.T. Hong, C.H. Ng, K.L. Lim,
Pharmacological or genetic activation of Hsp70 protects against loss of parkin
function, Neurodegenerative Dis. 16 (5-6) (2016) 304–316, https://doi.org/10.
1159/000443668.

[133] J. Tonkiss, S.K. Calderwood, Regulation of heat shock gene transcription in neu-
ronal cells, Int. J. Hyperthermia 21 (5) (2005) 433–444, https://doi.org/10.1080/
02656730500165514.

[134] Z. Batulan, D.M. Taylor, R.J. Aarons, S. Minotti, M.M. Doroudchi, J. Nalbantoglu,
H.D. Durham, Induction of multiple heat shock proteins and neuroprotection in a
primary model of familial amyotrophic lateral sclerosis, Neurobiol. Dis. 24 (2)
(2006) 213–225, https://doi.org/10.1016/j.nbd.2006.06.017.

[135] J.R. Bae, S.H. Kim, Synapses in neurodegenerative diseases, BMB Rep. 50 (5)
(2017) 237–246, https://doi.org/10.5483/BMBRep.2017.50.5.038.

[136] T.W. Gould, R.R. Buss, S. Vinsant, D. Prevette, W. Sun, C.M. Knudson,
C.E. Milligan, R.W. Oppenheim, Complete dissociation of motor neuron death
from motor dysfunction by Bax deletion in a mouse model of ALS, J. Neurosci. 26
(34) (2006) 8774–8786, https://doi.org/10.1523/JNEUROSCI.2315-06.2006.

[137] M.P. Coleman, V.H. Perry, Axon pathology in neurological disease: a neglected
therapeutic target, Trends Neurosci. 25 (10) (2002) 532–537.

[138] M.C. Raff, A.V. Whitmore, J.T. Finn, Axonal self-destruction and neurodegenera-
tion, Science 296 (5569) (2002) 868–871, https://doi.org/10.1126/science.
1068613.

[139] I.M. Medana, M.M. Esiri, Axonal damage: a key predictor of outcome in human
CNS diseases, Brain 126 (Pt. 3) (2003) 515–530, https://doi.org/10.1093/brain/
awg061.

[140] J.J. Palop, J. Chin, L. Mucke, A network dysfunction perspective on neurode-
generative diseases, Nature 443 (7113) (2006) 768–773, https://doi.org/10.
1038/nature05289.

[141] S. Sexena, P. Caroni, Mechanisms of axon degeneration: from development to
disease, Prog. Neurobiol. 83 (8) (2007) 174–191, https://doi.org/10.1016/j.
pneurobio.2007.07.007.

[142] M. Piper, C. Holt, RNA translation in axons, Annu. Rev. Cell Dev. Biol. 20 (2004)
505–523, https://doi.org/10.1146/annurev.cellbio.20.010403.111746.

[143] C.E. Holt, E.M. Schuman, The central dogma decentralized: new perspectives on
RNA function and local translation in neurons, Neuron 80 (3) (2013) 648–657,
https://doi.org/10.1016/j.neuron.2013.10.036.

[144] N. Bobkova, I. Guzhova, B. Margulis, I. Nesterova, N. Medvinskaya, A. Samokhin,
I. Alexandrova, D. Garbuz, E. Nudler, M. Evgen’ev, Dynamics of endogenous
Hsp70 synthesis in the brain of olfactory bulbectomized mice, Cell Stress
Chaperones 18 (1) (2013) 109–118, https://doi.org/10.1007/s12192-012-0359-x.

[145] M. Yurinskaya, O.G. Zatsepina, M.G. Vinokurov, N.V. Bobkova, D.G. Garbuz,
A.V. Morozov, D.A. Kulikova, V.A. Mitkevich, A.A. Makarov, S.Y. Funikov,
M.B. Evgen’ev, The fate of exogenous human HSP70 introduced into animal cells
by different means, Curr. Drug Deliv. 12 (5) (2015) 524–532.

[146] N.V. Bobkova, M. Evgen’ev, D.G. Garbuz, A.M. Kulikov, A. Morozov, A. Samokhin,
D. Velmeshev, N. Medvinskaya, I. Nesterova, A. Pollock, E. Nudler, Exogenous
Hsp70 delays senescence and improves cognitive function in aging mice, Proc.
Natl. Acad. Sci. U. S. A. 112 (52) (2015) 16006–16011, https://doi.org/10.1073/
pnas.1516131112.

[147] A.V. Morozov, T.M. Astakhova, D.G. Garbuz, G.S. Krasnov, N.V. Bobkova,

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

12

https://doi.org/10.1016/j.nbd.2012.04.017
https://doi.org/10.1016/j.nbd.2012.04.017
https://doi.org/10.1016/j.nbd.2007.12.002
https://doi.org/10.1111/j.1471-4159.2008.05545.x
https://doi.org/10.1002/pmic.200401309
https://doi.org/10.1373/clinchem.2007.094961
https://doi.org/10.1096/fj.12-226977
https://doi.org/10.1007/s10456-012-9255-3
https://doi.org/10.1007/s10456-012-9255-3
https://doi.org/10.1155/2017/1575374
https://doi.org/10.12688/f1000research.7247.1
https://doi.org/10.12688/f1000research.7247.1
https://doi.org/10.1016/j.bbrc.2004.09.075
https://doi.org/10.1016/j.bbrc.2004.09.075
https://doi.org/10.4049/jimmunol.177.11.7849
https://doi.org/10.1016/j.ejcb.2006.02.008
https://doi.org/10.1016/j.ejcb.2006.02.008
https://doi.org/10.1158/0008-5472.CAN-04-3804
https://doi.org/10.1074/jbc.M302326200
https://doi.org/10.1002/jnr.20575
https://doi.org/10.1242/jcs.02494
https://doi.org/10.1242/jcs.02494
https://doi.org/10.1042/bj3080823
https://doi.org/10.1083/jcb.147.3.599
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0580
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0580
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0580
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0580
https://doi.org/10.1007/s12192-010-0236-4
https://doi.org/10.1007/s12192-010-0236-4
https://doi.org/10.1097/SHK.0b013e3182a185ab
https://doi.org/10.1097/SHK.0b013e3182a185ab
https://doi.org/10.1002/jnr.490200103
https://doi.org/10.1002/jnr.490280306
https://doi.org/10.1074/jbc.271.30.17724
https://doi.org/10.1074/jbc.271.30.17724
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0610
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0610
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0610
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0615
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0615
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0615
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0615
https://doi.org/10.1186/s40035-017-0082-8
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0625
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0625
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0625
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0630
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0630
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0635
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0635
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0635
https://doi.org/10.1155/2014/435203
https://doi.org/10.1155/2014/435203
https://doi.org/10.1016/j.pharmthera.2013.08.003
https://doi.org/10.3389/fnmol.2017.00176
https://doi.org/10.3390/ijms18091978
https://doi.org/10.3390/ijms18091978
https://doi.org/10.1159/000443668
https://doi.org/10.1159/000443668
https://doi.org/10.1080/02656730500165514
https://doi.org/10.1080/02656730500165514
https://doi.org/10.1016/j.nbd.2006.06.017
https://doi.org/10.5483/BMBRep.2017.50.5.038
https://doi.org/10.1523/JNEUROSCI.2315-06.2006
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0685
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0685
https://doi.org/10.1126/science.1068613
https://doi.org/10.1126/science.1068613
https://doi.org/10.1093/brain/awg061
https://doi.org/10.1093/brain/awg061
https://doi.org/10.1038/nature05289
https://doi.org/10.1038/nature05289
https://doi.org/10.1016/j.pneurobio.2007.07.007
https://doi.org/10.1016/j.pneurobio.2007.07.007
https://doi.org/10.1146/annurev.cellbio.20.010403.111746
https://doi.org/10.1016/j.neuron.2013.10.036
https://doi.org/10.1007/s12192-012-0359-x
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0725
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0725
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0725
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0725
https://doi.org/10.1073/pnas.1516131112
https://doi.org/10.1073/pnas.1516131112


O.G. Zastepina, V.L. Karpov, M.B. Evgen’ev, Interplay between recombinant
Hsp70 and proteasomes: proteasome activity modulation and ubiquitin-in-
dependent cleavage of Hsp70, Cell Stress Chaperones 22 (5) (2017) 687–697,
https://doi.org/10.1007/s12192-017-0792-y.

[148] M.B. Evgen’ev, G.S. Krasnov, I.V. Nesterova, D.G. Garbuz, V.L. Karpov,
A.V. Morozov, A.V. Snezhkina, A.N. Samokhin, A. Sergeev, A.M. Kulikov,
N.V. Bobkova, Molecular mechanisms underlying neuroprotective effect of in-
tranasal administration of human Hsp70 in mouse model of Alzheimer’s disease, J.
Alzhaimers Dis. 59 (4) (2017) 1415–1426, https://doi.org/10.3233/JAD-170398.

[149] M. Evgen’ev, N. Bobkova, G. Krasnov, D. Garbuz, S. Funikov, A. Kudryavtseva,
A. Kulikov, A. Samokhin, A. Maltsev, I. Nesterova, The effect of human HSP70
administration on a mouse model of Alzheimer’s disease strongly depends on
transgenicity and age, J. Alzheimers Dis. 67 (4) (2019) 1391–1404, https://doi.
org/10.3233/JAD-180987.

[150] K. Maurer, S. Volk, H. Gerbaldo, Auguste D and Alzheimer’s disease, Lancet 349
(9064) (1997) 1546–1549, https://doi.org/10.1016/S0140-6736(96)10203-8.

[151] C.A. Lane, J. Hardy, J.M. Schott, Alzheimer’s disease, Eur. J. Neurol. 25 (1) (2017)
59–70, https://doi.org/10.1111/ene.13439.

[152] A. Serrano-Pozo, M.P. Frosch, E. Masliah, B.T. Hyman, Neuropathological altera-
tions in Alzheimer disease, Cold Spring Harb. Perspect. Med. 1 (1) (2011)
a006189, https://doi.org/10.1101/cshperspect.a006189.

[153] J. Hardy, D.J. Selkoe, The amyloid hypothesis of Alzheimer’s disease: progress and
problems on the road to therapeutics, Sicence 297 (5580) (2002) 353–356,
https://doi.org/10.1126/science.1072994.

[154] F. Tamagnini, C. Burattini, T. Casoli, M. Balietti, P. Fattoretti, G. Aicardi, Early
impairment of long-term depression in the perirhinal cortex of a mouse model of
Alzheimer’s disease, Rejuvenation Res. 15 (2) (2012) 231–234, https://doi.org/
10.1089/rej.2011.1311.

[155] W.K. Cullen, Y.H. Suh, R. Anwyl, M.J. Rowan, Block of LTP in rat hippocampus in
vivo by beta-amyloid precursor protein fragments, Neuroreport 8 (15) (1997)
3213–3217.

[156] M.P. Lambert, A.K. Barlow, B.A. Chromy, C. Edwards, R. Freed, M. Liosatos,
T.E. Morgan, I. Rozovsky, B. Trommer, K.L. Viola, P. Wals, C. Zhang, C.E. Finch,
G.A. Krafft, W.L. Klein, Diffusible, nonfibrillar ligands derived from Abeta 1-42 are
potent central nervous system neurotoxins, Proc. Natl. Acad. Sci. U. S. A. 95 (11)
(1998) 6448–6453, https://doi.org/10.1073/pnas.95.11.6448.

[157] (a) J.H. Kim, R. Anwyl, Y.H. Suh, M.B. Djamgoz, M.J. Rowan, Use-dependent
effects of amyloidogenic fragments of (beta)-amyloid precursor protein on sy-
naptic plasticity in rat hippocampus in vivo, J. Neurosci. 21 (4) (2001)
1327–1333;
(b) S. Nabavi, R. Fox, C.D. Proulx, J.Y. Lin, R.Y. Tsien, R. Mallinow, Engineering a
memory with LTD and LTP, Nature 511 (7509) (2014) 348–352, https://doi.org/
10.1038/nature13294.

[158] E.D. Roberson, B. Halabisky, J.W. Yoo, J. Yao, J. Chin, F. Yan, T. Wu, P. Hamto,
N. Devidze, G.Q. Yu, J.J. Palop, J.L. Noebels, L. Mucke, Amyloid-β/Fyn-induced
synaptic, network, and cognitive impairments depend on tau levels in multiple
mouse models of Alzheimer’s disease, J Neurosci. 31 (2) (2011) 700–711, https://
doi.org/10.1523/JNEUROSCI.4152-10.2011.

[159] J.J. Palop, J. Chin, E.D. Roberson, J. Wang, M.T. Thwin, N. Bien-Ly, J. Yoo,
K.O. Ho, G.Q. Yu, A. Kreitzer, S. Finkbeiner, J.L. Noebels, L. Mucke, Abberant
excitatory neuronal activity and compensatory remodeling of inhibitory hippo-
campal circuits in mouse models of Alzheimer’s disease, Neuron 55 (5) (2007)
697–711, https://doi.org/10.1016/j.neuron.2007.07.025.

[160] M. Jin, N. Shepardson, T. Yang, G. Chen, D. Walsh, D.J. Selkoe, Soluble amyloid
beta-protein dimers isolated from Alzheimer cortex directly induce Tau hyper-
phosphorylation and neuritic degeneration, Proc. Natl. Acad. Sci. U. S. A. 108 (14)
(2011) 5819–5824, https://doi.org/10.1073/pnas.1017033108.

[161] H. Zempel, E. Thies, E. Mandelkow, E.M. Mandelkow, Abeta oligomers cause lo-
calized Ca(2+) elevation, missorting endogenous Tau into dendrites, Tau phos-
phorylation, and destruction of microtubules and spines, J. Neurosci. 30 (36)
(2010) 11938–11950, https://doi.org/10.1523/JNEUROSCI.2357-10.2010.

[162] G.G. Glenner, C.W. Wong, Alzheimer’s disease: initial report of the purification
and characterization of a novel cerebrovascular amyloid protein, Biochem.
Biophys. Res. Commun. 120 (3) (1984) 885–890.

[163] J.A. Hardy, G.A. Higgins, Alzheimer’s disease: the amyloid cascade hypothesis,
Science 256 (5054) (1992) 184–185.

[164] C.R. Jack, D.S. Knopman, W.J. Jagust, L.M. Shaw, P.S. Aisen, M.W. Weiner,
R.C. Petersen, J.Q. Trojanowski, Hypothetical model of dynamic biomarkers of the
Alzheimer’s pathological cascade, Lancet Neurol. 9 (1) (2010) 119–128, https://
doi.org/10.1016/S1474-4422(09)70299-6.

[165] R.J. Castellani, M.A. Smith, Compounding artefacts with uncertainty, and an
amyloid cascade hypothesis that is ‘too big to fail’, J. Pathol. 224 (2) (2011)
147–152, https://doi.org/10.1002/path.2885.

[166] D.J. Selkoe, J. Hardy, The amyloid hypothesis of Alzheimer’s disease at 25 years,
EMBO Mol. Med. 8 (6) (2016) 595–608, https://doi.org/10.15252/emmm.
201606210.

[167] K.H. Tse, K. Herrup, Re-imagining Alzheimer’s disease—the diminishing im-
portance of amyloid and a glimpse of what lies ahead, J. Neurochem. 143 (4)
(2017) 432–444, https://doi.org/10.1111/jnc.14079.

[168] R. Vassar, BACE1: the beta-secretase enzyme in Alzheimer’s disease, J. Mol.
Neurosci. 23 (1–2) (2004) 105–114, https://doi.org/10.1385/JMN:23:1-2:105.

[169] G.M. Shanker, B.L. Bloodgood, M. Townsend, D.M. Walsh, D.J. Selkoe,
B.L. Sabatini, Natural oligomers of the Alzheimer amyloid-beta protein induce
reversible synapse loss by modulating an NMDA-type glutamate receptor-depen-
dent signaling pathway, J. Neurosci. 27 (11) (2007) 2866–2875, https://doi.org/
10.1523/JNEUROSCI.4970-06.2007.

[170] K. Honjo, S.E. Black, N.P. Verhoeff, Alzheimer’s disease, cerebrovascular disease,
and the β-amyloid cascade, Can. J. Neurol. Sci. 39 (6) (2012) 712–728.

[171] C. Sala Frigerio, B. De Strooper, Alzheimer’s disease mechanisms and emerging
roads to novel therapeutics, Annu. Rev. Neurosci. 39 (2016) 57–59, https://doi.
org/10.1146/annurev-neuro-070815-014015.

[172] T. Ma, M.A. Trinh, A.J. Wexler, C. Bourbon, E. Gatti, P. Pierre, D.R. Cavener,
E. Klann, Suppression of eIF2α kinases alleviates Alzheimer’s disease-related
plasticity and memory deficits, Nat. Neurosci. 16 (9) (2013) 1299–1305, https://
doi.org/10.1038/nn.3486.

[173] A. Mudher, S. Lovestone, Alzheimer’s disease-do tauists and Baptists finally shake
hands? Trends Neurosci. 25 (1) (2002) 22–26.

[174] F.T. Hane, B.Y. Lee, Z. Leonenko, Recent progress in Alzheimer’s disease research,
part 1: pathology, J. Alzheimers Dis. 57 (1) (2017) 1–28, https://doi.org/10.
3233/JAD-160882.

[175] J. Magrane, R.C. Smith, K. Walsh, H.W. Quefurth, Heat shock protein 70 partici-
pates in the neuroprotective response to intracellularly expressed beta-amyloid in
neurons, J. Neurosci. 24 (7) (2004) 1700–1706, https://doi.org/10.1523/
JNEUROSCI.4330-03.2004.

[176] U.K. Jinwal, Y. Miyata, J. Koren, J.R. Jones, J.H. Trotter, L. Chang, J. O’Leary,
D. Morgan, D.C. Lee, C.L. Shults, A. Rousaki, E.J. Weeber, E.R. Zuiderweg,
J.E. Gestwicki, C.A. Dickey, Chemical manipulation of hsp70 ATPase activity
regulates tau stability, J. Neurosci. 29 (39) (2009) 12079–12088, https://doi.org/
10.1523/JNEUROSCI.3345-09.2009.

[177] T. Hoshino, N. Murao, T. Namba, M. Takehara, H. Adachi, M. Katsuno, G. Sobue,
T. Masushima, T. Suzuki, T. Mizushima, Suppression of Alzheimer’s disease-re-
lated phenotypes by expression of heat shock protein 70 in mice, J. Neurosci. 31
(14) (2011) 5225–5234, https://doi.org/10.1523/JNEUROSCI.5478-10.2011.

[178] I. Rivera, R. Capone, D.M. Cauvi, N. Arispe, A. De Maio, Modulation of Alzheimer’s
amyloid β peptide oligomerization and toxicity by extracellular Hsp70, Cell Stress
Chaperones 23 (2) (2018) 269–279, https://doi.org/10.1007/s12192-017-0839-0.

[179] N. Arispe, A. De Maio, Memory loss and the onset of Alzheimer’s disease could be
under the control of extracellular heat shock proteins, J. Alzheimers Dis. 63 (3)
(2018) 927–934, https://doi.org/10.3233/JAD-180161.

[180] P. Fernandez-Funez, J. Sanchez-Garcia, L. de Mena, Y. Zhang, Y. Levites, S. Khare,
T.E. Golde, D.E. Rincon-Limas, Holdase activity of secreted Hsp70 masks amyloid-
β42 neurotoxicity in Drosophila, Proc. Natl. Acad. Sci. U. S. A. 113 (35) (2016)
5212–5221, https://doi.org/10.1073/pnas.1608045113.

[181] L. Rowland, N. Schneider, Amyotrophic lateral sclerosis, N. Engl. J. Med. 344 (22)
(2001) 1688–1700, https://doi.org/10.1056/NEJM200105313442207.

[182] J.-P. Julien, Amyotrophic lateral sclerosis: unfolding the toxicity of the misfolded,
Cell 104 (4) (2001) 581–591, https://doi.org/10.1016/S0092-8674(01)00244-6.

[183] D.R. Rosen, T. Siddique, D. Patterson, D.A. Figlewicz, P. Sapp, A. Hentati,
H.X. Deng, Mutations in Cu/Zn superoxide dismutase gene are associated with
familial amyotrophic lateral sclerosis, Nature 362 (6415) (1993) 59–62, https://
doi.org/10.1038/362059a0.

[184] D. Jaarsma, F. Rognoni, W. van Duijn, H.W. Verspaget, E.D. Haasdijk,
J.C. Holstege, CuZn superoxide dismutase (SOD1) accumulates in vacuolated
mitochondria in transgenic mice expressing amyotrophic lateral sclerosis-linked
SOD1 mutations, Acta Neuropathol. 102 (4) (2000) 293–305, https://doi.org/10.
1007/s004010100399.

[185] J.S. Beckman, A.G. Estevez, J.P. Crow, L. Barbeito, Superoxide dismutase and the
death of motoneurons in ALS, Trens Neurosci. 24 (11) (2001) S15–S20, https://
doi.org/10.1016/S0166-2236(00)01981-0.

[186] V. Crippa, M. Galbiati, A. Boncoraglio, P. Rusmini, E. Onesto, E. Giorgetti,
A. Poletti, Motoneuronal and muscle-selective removal of ALS-related misfolded
proteins, Biochem. Soc. Trans. 41 (2013) 1598–1604, https://doi.org/10.1042/
BST20130118.

[187] S.J. Kaur, S.R. McKeown, S. Rashid, Mutant SOD1 mediated pathogenesis of
amyotrophic lateral sclerosis, Gene 577 (2) (2016) 109–118, https://doi.org/10.
1016/j.gene.2015.11.049.

[188] V. Banerjee, T. Shani, B. Katzman, M. Vyazmensky, N. Papo, A. Israelson, S. Engel,
Superoxide dismutase 1 (SOD1)-derived peptide inhibits amyloid aggregation of
familial amyotrophic lateral sclerosis SOD1 mutants, ACS Chem. Neurosci. 7 (11)
(2016) 1595–1606, https://doi.org/10.1021/acschemneuro.6b00227.

[189] S. Vinsant, C. Mansfield, R. Jimenez-Moreno, V.D.G. Moore, M. Yoshikawa,
T.G. Hampton, C. Milligan, Characterization of early pathogenesis in the
SOD1G93A mouse model of ALS: part II, results and discussion, Brain Behav. 3 (4)
(2013) 431–457, https://doi.org/10.1002/brb3.142.

[190] J.P. Taylor, R.H. Brown Jr., D.W. Cleveland, Decoding ALS: from genes to me-
chanism, Nature 539 (7628) (2016) 197–206, https://doi.org/10.1038/
nature20413.

[191] Z. Mourelatos, N.K. Gonatas, A. Stieber, M.E. Gurney, M.C. Dal Canto, The Golgi
apparatus of spinal cord motor neurons in transgenic mice expressing mutant
CuZn superoxide dismutase becomes fragmented in early, preclinical stages of the
disease, Proc. Natl. Acad. Sci. U. S. A. 93 (11) (1996) 5472–5477, https://doi.org/
10.1073/pnas.93.11.5472.

[192] C. Bendotti, N. Calvaresi, L. Chiveri, A. Prelle, M. Moggio, M. Braga, S. De Biasi,
Early vacuolization and mitochondrial damage in motor neurons of FALS mice are
not associated with apoptosis or with changes in cytochrome oxidase histochem-
ical activity, J. Neurol. Sci. 191 (1–2) (2001) 25–33, https://doi.org/10.1016/
S0022-510X(01)00627-X.

[193] L. Siklos, J. Engelhardt, Y. Harati, R.G. Smith, F. Joo, S.H. Appel, Ultrastructural
evidence for altered calcium in motor nerve terminals in amyotrophic lateral
sclerosis, Ann. Neurol. 39 (2) (1996) 203–216, https://doi.org/10.1002/ana.
410390210.

[194] B. Zhang, P. Tu, F. Abtahian, J.Q. Trojanowski, V.M. Lee, Neurofilaments and

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

13

https://doi.org/10.1007/s12192-017-0792-y
https://doi.org/10.3233/JAD-170398
https://doi.org/10.3233/JAD-180987
https://doi.org/10.3233/JAD-180987
https://doi.org/10.1016/S0140-6736(96)10203-8
https://doi.org/10.1111/ene.13439
https://doi.org/10.1101/cshperspect.a006189
https://doi.org/10.1126/science.1072994
https://doi.org/10.1089/rej.2011.1311
https://doi.org/10.1089/rej.2011.1311
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0775
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0775
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0775
https://doi.org/10.1073/pnas.95.11.6448
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0785a
https://doi.org/10.1038/nature13294
https://doi.org/10.1523/JNEUROSCI.4152-10.2011
https://doi.org/10.1523/JNEUROSCI.4152-10.2011
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1073/pnas.1017033108
https://doi.org/10.1523/JNEUROSCI.2357-10.2010
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0810
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0810
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0810
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0815
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0815
https://doi.org/10.1016/S1474-4422(09)70299-6
https://doi.org/10.1016/S1474-4422(09)70299-6
https://doi.org/10.1002/path.2885
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1111/jnc.14079
https://doi.org/10.1385/JMN:23:1-2:105
https://doi.org/10.1523/JNEUROSCI.4970-06.2007
https://doi.org/10.1523/JNEUROSCI.4970-06.2007
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0850
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0850
https://doi.org/10.1146/annurev-neuro-070815-014015
https://doi.org/10.1146/annurev-neuro-070815-014015
https://doi.org/10.1038/nn.3486
https://doi.org/10.1038/nn.3486
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0865
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0865
https://doi.org/10.3233/JAD-160882
https://doi.org/10.3233/JAD-160882
https://doi.org/10.1523/JNEUROSCI.4330-03.2004
https://doi.org/10.1523/JNEUROSCI.4330-03.2004
https://doi.org/10.1523/JNEUROSCI.3345-09.2009
https://doi.org/10.1523/JNEUROSCI.3345-09.2009
https://doi.org/10.1523/JNEUROSCI.5478-10.2011
https://doi.org/10.1007/s12192-017-0839-0
https://doi.org/10.3233/JAD-180161
https://doi.org/10.1073/pnas.1608045113
https://doi.org/10.1056/NEJM200105313442207
https://doi.org/10.1016/S0092-8674(01)00244-6
https://doi.org/10.1038/362059a0
https://doi.org/10.1038/362059a0
https://doi.org/10.1007/s004010100399
https://doi.org/10.1007/s004010100399
https://doi.org/10.1016/S0166-2236(00)01981-0
https://doi.org/10.1016/S0166-2236(00)01981-0
https://doi.org/10.1042/BST20130118
https://doi.org/10.1042/BST20130118
https://doi.org/10.1016/j.gene.2015.11.049
https://doi.org/10.1016/j.gene.2015.11.049
https://doi.org/10.1021/acschemneuro.6b00227
https://doi.org/10.1002/brb3.142
https://doi.org/10.1038/nature20413
https://doi.org/10.1038/nature20413
https://doi.org/10.1073/pnas.93.11.5472
https://doi.org/10.1073/pnas.93.11.5472
https://doi.org/10.1016/S0022-510X(01)00627-X
https://doi.org/10.1016/S0022-510X(01)00627-X
https://doi.org/10.1002/ana.410390210
https://doi.org/10.1002/ana.410390210


orthograde transport are reduced in ventral root axons of transgenic mice that
express human SOD1 with a G93A mutation, J. Cell Biol. 139 (5) (1997), https://
doi.org/10.1083/jcb.139.5.1307.

[195] D. Frey, C. Shneider, L. Xu, J. Borg, W. Spooren, P. Caroni, Early and selective loss
of neuromuscular synapse subtypes with low sprouting competence in moto-
neuron diseases, J. Neurosci. 20 (7) (2000) 2453–2542.

[196] L.R. Fischer, D.G. Culver, P. Tennant, A.A. Davis, M. Wang, A. Castellano-Sanchez,
J.D. Glass, Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice
and man, Exp. Neurol. 185 (2) (2004) 232–240, https://doi.org/10.1016/j.
expneurol.2003.10.004.

[197] W. Bruening, J. Roy, B. Giassin, D.A. Figlewicz, W.E. Mushynski, H.D. Durham,
Up-regulation of protein chaperones preserves viability of cells expressing toxic
Cu/Zn-superoxide mutants associated with amyotrophic lateral sclerosis, J.
Neurochem. 72 (2) (1999) 693–699.

[198] D. Kieren, B. Kalmar, J.R.T. Dick, J. Riddoch-Contreras, G. Burnstock,
L. Greensmith, Treatment with arimoclomol, a coinducer of heat shock proteins,
delays disease progression in ALS mice, Nat. Med. 10 (4) (2004) 402–405, https://
doi.org/10.1038/nm1021.

[199] J. Liu, L.A. Shinobu, C.M. Ward, D. Young, D.W. Cleveland, Elevation of the Hsp70
chaperone does not effect toxicity in mouse models of familial amyotrophic lateral
sclerosis, J. Neurochem. 93 (4) (2005) 875–882, https://doi.org/10.1111/j.1471-
4159.2005.03054.x.

[200] M. Kiaei, K. Kipiani, S. Petri, J. Chen, N.Y. Calingasan, M.F. Beal, Celastrol blocks
neuronal cell death and extends life in transgenic mouse model of amyotrophic
lateral sclerosis, Neurodegener. Dis. 2 (5) (2005) 246–254, https://doi.org/10.
1159/000090364.

[201] Y.J. Patel, M.D. Payne Smith, J. de Belleroche, D.S. Latchman, Hsp27 and Hsp70
administered in combination have a potent protective effect against FALS-asso-
ciated SOD1-mutant induced cell death in mammalian neuronal cells, Brain Res.
Mol. Brain Res. 134 (2) (2005), https://doi.org/10.1016/j.molbrainres.2004.10.
028.

[202] B. Kalmar, E. Edet-Amana, L. Greensmith, Treatment with a coinducer of the heat
shock response delays muscle denervation in the SOD1-G93A mouse model of
amyotrophic lateral sclerosis, Amyotroph. Lateral Scler. 13 (4) (2012) 378–392,
https://doi.org/10.3109/17482968.2012.660953.

[203] L.A. Ligon, B.H. LaMonte, K.E. Wallace, N. Weber, R.G. Kalb, E.L. Holzbaur,
Mutant superoxide dismutase disrupts cytoplasmic dynein in motor neurons,
Neuroreport 16 (2005) 533–536.

[204] B. Kalmar, S. Novoselov, A. Gray, M.E. Cheetham, B. Margulis, L. Greensmith, Late
stage treatment with arimoclomol delays disease progression and prevents protein
aggregation in the SOD1 mouse model of ALS, J. Neurochem. 107 (2) (2008)
339–350, https://doi.org/10.1111/j.1471-4159.2008.05595.x.

[205] S. Boilee, C. Vande Velde, D.W. Cleveland, ALS: a disease of motor neurons and
thei nonneuronal neighbors, Neuron 52 (1) (2006) 39–59, https://doi.org/10.
1016/j.neuron.2006.09.018.

[206] B. Kalmar, G. Burnstock, G. Vrbova, L. Greensmith, The effect of neonatal nerve
injury on the expression of heat shock proteins in developing rat motoneurones, J.
Neurotrauma 19 (5) (2002) 667–679, https://doi.org/10.1089/
089771502753754127.

[207] A. Ferri, J.R. Sanes, M.P. Coleman, J.M. Cunningham, A.C. Kato, Inhibiting axon
degeneration and synapse loss attenuates apoptosis and disease progression in a
mouse model of motoneuron disease, Curr. Biol. 13 (8) (2003) 669–673.

[208] J. Lee, K. Himori, D. Tatebayashi, M. Abe, T. Yamada, Response of heat shock
protein 72 to repeated bouts of hyperthermia in rat skeletal muscle, Physiol. Res.
64 (6) (2015) 935–938.

[209] M. Benatar, J. Wuu, P.M. Anderson, N. Atassi, W. David, M. Cudkowicz,
D. Schoenfeld, Randomized, double-blind, placebo-controlled trial of arimoclomol
in rapidly progressive SOD1 ALS, Neurology 90 (7) (2018) e565–e574, https://
doi.org/10.1212/WNL.0000000000004960.

[210] J.L. Tidwell, L.J. Houenou, M. Tytell, Administration of Hsp70 in vivo inhibits
motor and sensory neuron degeneration, Cell Stress Chaperones 9 (1) (2004)
88–98, https://doi.org/10.1379/csc-9r.1.

[211] S.K. Calderwood, S.S. Mambula, P.R. Gray Jr., J.R. Theriault, Extracellular heat
shock proteins in cell signaling, FEBS Lett. 581 (19) (2007) 3689–3694, https://
doi.org/10.1016/j.febslet.2007.04.044.

[212] S. Hong, V.F. Beja-Glasser, B.M. Nfonoyim, A. Frouin, S. Li, S. Ramakrishnan,
K.M. Merry, Q. Shi, A. Rosenthal, B.A. Barres, C.A. Lemere, D.J. Selkoe, B. Stevens,
Complement and microglia mediate early synapse loss in Alzheimer mouse
models, Science 352 (6286) (2016) 712–716, https://doi.org/10.1126/science.
aad8373.

[213] Q. Shi, S. Chowdhury, R. Ma, K.X. Le, S. Hong, B.J. Caldarone, B. Stevens,
C.A. Lemere, Complement C3 deficiency protects against neurodegeneration in
aged plaque-rich APP/PS! Mice, Sci. Transl. Med. 9 (392) (2017), https://doi.org/
10.1126/scitranslmed.aaf6295 eaaf6295.

[214] A.H. Stephan, B.A. Barres, B. Stevens, The complement system: an unexpected role
in synaptic pruning during development and disease, Annu. Rev. Neurosci. 35

(2012) 369–389, https://doi.org/10.1146/annurev-neuro-061010-113810.
[215] B. Stevens, N.J. Allen, L.E. Vazquez, G.R. Howell, K.S. Christopherson, N. Nouri,

K.D. Micheva, A.K. Mehalow, A.D. Huberman, B. Stafford, A. Sher, A.M. Litke,
J.D. Lambris, S.J. Smith, S.W. John, B.A. Barres, The classical complement cascade
mediates CNS synapse elimination, Cell 131 (6) (2007) 1164–1178, https://doi.
org/10.1016/j.cell.2007.10.036.

[216] D.P. Schafer, E.K. Lehrman, A.G. Kautzman, R. Koyama, A.R. Mardinly,
R. Yamasaki, R.M. Ransohoff, M.E. Greenberg, B.A. Barres, B. Stevens, Microglia
sculpt postnatal neural circuits in an activity and complement-dependent manner,
Neuron 74 (4) (2012) 691–705, https://doi.org/10.1016/j.neuron.2012.03.026.

[217] E.K. Lehrman, D.K. Wilton, E.Y. Litvina, C.A. Welsh, S.T. Chang, A. Frouin,
A.J. Walker, M.D. Heller, H. Umemori, C. Chen, B. Stevens, CD47 protects sy-
napses from excess microglia-mediated pruning during development, Neuron 100
(1) (2018) 120–134, https://doi.org/10.1016/j.neuron.2018.09.017.

[218] J. Savill, C. Gregory, C. Haslett, Cell biology. Eat me or die, Science 302 (5650)
(2003) 1516–1517, https://doi.org/10.1126/science.1092533.

[219] N. Arispe, M. Doh, O. Simakova, B. Kurganov, A. De Maio, Hsc70 and Hsp70 in-
teract with phosphatidylserine on the surface of Pc12 cells resulting in a decrease
of viability, FASEB J. 18 (2004) 1636–1645.

[220] Z. Prohaszka, M. Singh, K. Nagy, E. Kiss, G. Lakos, J. Duba, G. Fust, Heat shock
protein 70 is a potent activator of the human complement system, Cell Stress
Chaperones 7 (1) (2002) 17–22, https://doi.org/10.1379/1466-1268(2002)
007<0017:hspiap>2.0.co;2.

[221] P.A. Abboud, P.M. Lahni, K. Page, J.S. Giuliano Jr., K. Harmon, K.E. Dunsmore,
H.R. Wong, D.S. Wheeler, The role of endogenously produced extracellular hsp72
in mononuclear cell reprogramming, Shock 30 (3) (2008) 285–292, https://doi.
org/10.1097/SHK.0b013e318164e2c3.

[222] E. Ortega, M.D. Hinchado, L. Martin-Cordero, A. Asea, The effect of stress-in-
ducible extracellular Hsp72 on human neutrophil chemotaxis: a role during acute
intense exercise, Stress 12 (3) (2009) 240–249, https://doi.org/10.1080/
10253890802309853.

[223] E. Ortega, E. Giraldo, M.D. Hinchado, M. Martinez, S. Ibanez, A. Cidoncha,
M.E. Collazos, J.J. Garcia, Role of Hsp72 and norepinephrine in the moderate
exercise-induced stimulation of neutrophils’ microbicide capacity, Eur. J. Appl.
Physiol. 98 (3) (2006) 250–255, https://doi.org/10.1007/s00421-006-0269-7.

[224] R. Wang, T. Town, V. Gokarn, R.A. Flavell, R.Y. Chandawarker, HSP70 enhances
macrophage phagocytosis by interaction with lipid raft-associated TLR-7 and up-
regulating p38 MAPK and PI3K pathways, J. Surg. Res. 136 (1) (2006) 58–69,
https://doi.org/10.1016/j.jss.2006.06.003.

[225] C.H. Latta, H.M. Brothers, D.M. Wilcock, Neuroinflammation in Alzheimer’s dis-
ease; a source of heterogeneity and target for personalized therapy, Neuroscience
302 (2015) 103–111, https://doi.org/10.1016/j.neuroscience.2014.09.061.

[226] M.S. Lyon, M. Wosiski-Kuhn, R. Gillespie, J. Caress, C. Milligan, Inflammation,
Immunity, and amyotrophic lateral sclerosis: I. Etiology and pathology, Muscle
Nerve 59 (1) (2019) 10–22, https://doi.org/10.1002/mus.26289.

[227] S. Basu, R.J. Binder, R. Suto, K.M. Anderson, P.K. Srivastava, Necrotic but not
apoptotic cell death releases heat shock proteins, which deliver a partial ma-
turation signal to dendritic cells and activate the NF-Kappa B pathway, Int.
Immunol. 12 (11) (2000) 1539–1546, https://doi.org/10.1093/intimm/12.11.
1539.

[228] A. Asea, S.K. Kraeft, E.A. Kurt-Jones, M.A. Stevenson, L.B. Chen, R.W. Finberg,
G.C. Koo, S.K. Calderwood, HSP70 stimulates cytokine production through a
CD14-dependent pathway, demonstrating its dual role as a chaperone and cyto-
kine, Nat. Med. 6 (4) (2000) 435–442, https://doi.org/10.1038/74697.

[229] B. Gao, M.F. Tsan, Endotoxin contamination in recombinant human heat shock
protein 70 (Hsp70) preparation is responsible for the induction of tumor necrosis
factor alpha release by murine macrophages, J. Biol. Chem. 278 (1) (2003)
174–179, https://doi.org/10.1074/jbc.M208742200.

[230] H. Bendz, B.C. Marincek, F. Momburg, J.W. Elwart, R.D. Issels, P.J. Nelson,
E. Noessner, Calcium signaling in dendritic cells by human or mycobacterial
Hsp70 is caused by contamination and is not required for Hsp70-mediated en-
hancement of cross-presentation, J. Biol. Chem. 283 (39) (2008) 26477–26483,
https://doi.org/10.1074/jbc.M803310200.

[231] V.L. Vega, M. Rodriguez-Silva, T. Frey, M. Gehrmann, J.C. Diaz, C. Steinem,
G. Multhoff, N. Arispe, A. De Maio, Hsp70 translocates into the plasma membrane
after stress and is released into the extracellular environment in a membrane-
associated form that activates macrophages, J. Immunol. 180 (6) (2008)
4299–4307, https://doi.org/10.4049/jimmunol.180.6.4299.

[232] H. Zheng, G.M. Nagaraja, P. Kaur, E.E. Asea, A. Asea, Chaperokine function of
recombinant Hsp72 produced in insect cells using a baculovirus expression system
is retained, J. Biol. Chem. 285 (1) (2010) 349–356, https://doi.org/10.1074/jbc.
M109.024612.

[233] B. Henderson, Integrating the cell stress response: a new view of molecular cha-
perones as immunological and physiological homeostatic regulators, Cell
Biochem. Funct. 28 (1) (2010) 1–14, https://doi.org/10.1002/cbf.1609.

M.S. Lyon and C. Milligan Neuroscience Letters 711 (2019) 134462

14

https://doi.org/10.1083/jcb.139.5.1307
https://doi.org/10.1083/jcb.139.5.1307
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0975
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0975
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0975
https://doi.org/10.1016/j.expneurol.2003.10.004
https://doi.org/10.1016/j.expneurol.2003.10.004
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0985
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0985
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0985
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref0985
https://doi.org/10.1038/nm1021
https://doi.org/10.1038/nm1021
https://doi.org/10.1111/j.1471-4159.2005.03054.x
https://doi.org/10.1111/j.1471-4159.2005.03054.x
https://doi.org/10.1159/000090364
https://doi.org/10.1159/000090364
https://doi.org/10.1016/j.molbrainres.2004.10.028
https://doi.org/10.1016/j.molbrainres.2004.10.028
https://doi.org/10.3109/17482968.2012.660953
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1015
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1015
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1015
https://doi.org/10.1111/j.1471-4159.2008.05595.x
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1016/j.neuron.2006.09.018
https://doi.org/10.1089/089771502753754127
https://doi.org/10.1089/089771502753754127
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1035
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1035
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1035
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1040
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1040
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1040
https://doi.org/10.1212/WNL.0000000000004960
https://doi.org/10.1212/WNL.0000000000004960
https://doi.org/10.1379/csc-9r.1
https://doi.org/10.1016/j.febslet.2007.04.044
https://doi.org/10.1016/j.febslet.2007.04.044
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1126/scitranslmed.aaf6295
https://doi.org/10.1146/annurev-neuro-061010-113810
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1016/j.neuron.2018.09.017
https://doi.org/10.1126/science.1092533
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1095
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1095
http://refhub.elsevier.com/S0304-3940(19)30565-8/sbref1095
https://doi.org/10.1379/1466-1268(2002)007<0017:hspiap>2.0.co;2
https://doi.org/10.1379/1466-1268(2002)007<0017:hspiap>2.0.co;2
https://doi.org/10.1097/SHK.0b013e318164e2c3
https://doi.org/10.1097/SHK.0b013e318164e2c3
https://doi.org/10.1080/10253890802309853
https://doi.org/10.1080/10253890802309853
https://doi.org/10.1007/s00421-006-0269-7
https://doi.org/10.1016/j.jss.2006.06.003
https://doi.org/10.1016/j.neuroscience.2014.09.061
https://doi.org/10.1002/mus.26289
https://doi.org/10.1093/intimm/12.11.1539
https://doi.org/10.1093/intimm/12.11.1539
https://doi.org/10.1038/74697
https://doi.org/10.1074/jbc.M208742200
https://doi.org/10.1074/jbc.M803310200
https://doi.org/10.4049/jimmunol.180.6.4299
https://doi.org/10.1074/jbc.M109.024612
https://doi.org/10.1074/jbc.M109.024612
https://doi.org/10.1002/cbf.1609

	Extracellular heat shock proteins in neurodegenerative diseases: New perspectives
	Introduction
	The molecular chaperones
	Hsp110
	Hsp90
	Hsp70
	Hsp40
	Hsp27
	A role for extracellular HSPs
	How do intracellular HSPs become extracellular?
	Predominant extracellular sources of HSPs for neurons
	A role for extracellular HSPs in neurodegenerative diseases
	Alzheimer’s disease
	Amyotrophic lateral sclerosis
	Proposed mechanisms by which extracellular HSPs confer neuroprotective effects: areas for future research
	Considerations for treatment with exogenous HSPs
	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References




