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Abstract. Heat shock proteins (HSPs) or stress proteins
participate in protein synthesis, protein folding, transport
and translocalization processes. Stress situations trigger a
heat shock response leading to their induction. Similarly,
they can be upregulated by impairment of the proteaso-
mal degradation pathway. The upregulation of stress pro-
teins is an important step in prevention of protein aggre-
gation and misfolding after stress, and also is essential
during development and differentiation. A number of
HSPs are constitutively or inducibly expressed in the ner-
vous system and connected to protection of nerve cells
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and glia. The cytoskeleton is affected by stress, and HSPs
have been shown to interact with the cytoskeleton in nor-
mal cells and to assist proper assembly, spatial organiza-
tion and cross-linking properties. The integrity of the cy-
toskeleton is disturbed in many neurodegenerative disor-
ders, and filamentous cytoplasmic inclusion bodies,
containing a variety of HSPs, are observed. This review
summarizes the recent literature on the presence and in-
duction of HSPs in neural cells, and their possible func-
tional roles in health and disease are discussed.

Key words. Heat shock proteins; nerve cells; oligodendrocytes; inclusion bodies; neurodegenerative diseases; 
cytoskeleton.

Introduction

Accumulation of abnormally folded proteins as a result of
a variety of stress situations, including hyperthermia, vi-
ral infection, ischemia, anoxia, oxidative stress [1] and
exposure to heavy metals, triggers a heat shock response,
which involves induction of heat shock proteins (HSPs)
or so-called stress proteins in many cellular systems (fig.
1). Similarly, HSPs can be induced by direct impairment
of the proteasomal degradation pathway by proteasome
inhibitors [2]. Stress proteins may serve as biomarkers to
identify stress specificity and localize pathological
processes leading to cell and organelle damage. Stress-in-
duced elevation of HSPs might play protective roles, pro-
vide tolerance against further stress situations and is in-
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volved in modulation of  the proteolytic machinery, pre-
venting protein misfolding and aggregation, thereby ac-
celerating cellular repair processes (for review see [3]).
Most HSPs are classified according to their molecular
weights. The major classes comprise five families:
HSP100, HSP90, HSP70, HSP60 and the small heat
shock proteins (sHSPs), with molecular weights ranging
from 12 to 43 kDa and which includes the a-crystallin
family of proteins [4]. Also, members of the glucose-reg-
ulated proteins (Grps), e.g. Grp 78 and 94, which are in-
duced by perturbation of the endoplasmatic reticulum
(ER) (for a recent review see [5]), are markers for stress
responses. Constitutively expressed HSPs function as
molecular chaperones and participate in protein synthe-
sis, protein folding, transport and translocalization
processes, and upon stress prevent irreversible aggrega-
tion of proteins (fig. 2). The role of chaperones in protein
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folding has been extensively summarized in a number of
excellent articles [3, 4, 6, 7], and will not be reviewed
here. Chaperones not only contribute to in vivo protein
folding but also prevent nonproductive interactions with
other proteins and cellular components, such as the cy-
toskeleton and cell membranes. HSP40, HSP60 and
HSP70 are the major HSPs that comprise chaperone ac-
tivity.
The rapid production of HSPs after stressful insults is
regulated by heat shock transcription factors (HSFs) (fig.
2). In mammalian cells, three HSFs, namely HSF1, HSF2
and HSF4, have been identified (for review see [8]), with
HSF1 as the prototype in vertebrates being the major reg-
ulator of the heat shock response and other environmen-
tal stressors. Under nonstressed conditions HSF1 is main-
tained as an inactive monomer with little DNA binding
activity. In response to stress, HSF1 acquires DNA bind-
ing activity by trimerization and phosphorylation, and
mediates heat shock gene expression by binding to highly
conserved heat shock elements (HSEs) in the promoter
regions of heat shock genes [9, 10]. The heat shock re-
sponse is attenuated by the chaperones HSP70 and
HSP40, which associate with the activation domain of

Figure 1. Physiological and nonphysiological conditions can mod-
ulate the heat shock responses and regulate the constitutive and in-
ducible expression of HSPs.

HSF1, and HSP90 also has been shown to play a role in
maintaining HSF1 in an inert state [11]. Hence, high lev-
els of chaperone activity are sensed by the stress- induced
activator and downregulate the stress response.
Thus, upregulation of stress proteins is an important step
in the prevention of protein aggregation and misfolding
after stress, and is also essential during development and
differentiation. It is linked to the cell cycle and controlled
by mitogenic signals and growth factors (as schematized
in fig. 1). The chaperone system and the proteolytic ma-
chinery closely function together and determine the fate
of proteins within the cells. Misfunctions have patho-
genic consequences and may lead to cell death and de-
generation. In this article we review the recent literature
on the presence and induction of heat shock proteins and
their functional significance in neural cells, particularly
in glial cells. Major emphasis is laid on the association of
stress proteins with insoluble inclusions, identified in a
number of neurodegenerative diseases, and their possible
potential as biomedical markers of cell death and sur-
vival.

HSPs in the nervous system

A number of HSPs are constitutively expressed in the
central nervous system (CNS), and their upregulation and
presence has been connected to neuroprotection of nerve
cells and glia [12–14]. Among these are the HSP90 fam-
ily, HSP70 family, HSP60, the small HSPs including aB-
crystallin, HSP32 and ubiquitin (table 1). HSPs are lo-
cated in the cytosol, and in eucaryotic cells they can be
associated with various cellular compartments or are
translocated upon stimulation, e.g. mitochondria, ER or
the nucleus. Below we briefly summarize the properties
of the HSPs most relevant to this review.

HSP90 family
HSP90 is a ubiquitous cytoplasmic protein which is con-
stitutively expressed in the mammalian brain [15].
HSP90 has chaperone activity and cooperates with
HSP70 in the degradation of misfolded proteins [16]. It
specifically interacts with cytoskeletal elements, such as
actin and protein kinases, and might be a necessary com-
ponent of fundamental cellular processes, e.g. in hor-
mone signalling and cell cycle control [17, 18]. Another
member of this family is Grp94, which is located in the
ER and is induced in response to ER stress [5].

HSP70 family
The 70-kDa HSPs are most abundant and have been ex-
tensively characterized after their initial discovery (for re-
view see [19]). They include the constitutively expressed,



only moderately inducible, cognate protein HSC70 with
an apparent molecular weight of 73 kDa, its closely re-
lated inducible form HSP70, with an apparent molecular
weight of 72 kDa, and Grp78 or BiP (for binding protein),
which is located in the lumen of the ER. The inducible
form HSP70 is not constitutively expressed and strongly
induced following neural trauma, including tissue injury
and ischemia [15, 20]. After induction, HSP70 appears in
the cytoplasm and also in the nucleus [21]. Grp78 is a
stress-response protein which is induced by agents or
conditions that adversely affect ER function [22]. This
protein is essential for the proper glycosylation, folding
and assembly of many membrane-bound and secreted
proteins [23]. Grp78 is critical for maintenance of cell
homeostasis and prevention of apoptosis [24]. Levels of
Grp78 serve as a reliable biomarker to monitor hypo-
glycemia [25], and its protective function in neurons ex-
posed to glutamate and oxidative stress has been de-
scribed [22].

All members of this family bind to ATP and comprise
chaperone activity. HSP70 members recognize and bind
to nascent polypeptide chains as well as to partially
folded intermediates of proteins, preventing their aggre-
gation and misfolding. The binding of ATP triggers a crit-
ical conformational change leading to the release of the
bound substrate protein [4]. HSC70 has been reported to
participate in folding and assembly of nascent proteins, to
maintain proteins in their unfolded state and to promote
their translocation through intracellular membranes. Ac-
cordingly, HSC70 is thought to participate in protein-tar-
geting processes to the nucleus [26], the ER [27] and the
mitochondria [28]. HSP70 interacts with HSP40, a heat-
inducible DnaJ homologue [29]. Together they promote
cellular protein folding and repair misfolded proteins
[30–32]. HSJ1, a human DnaJ homologue, has been
shown to be preferentially expressed in neurons [33], and
recently the DnaJ-like protein MRJ with the potential to
inhibit polyglutamine aggregation and its cellular toxic-
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Figure 2. Illustration of the multiple functions of heat shock proteins and their induction pathway. HSPs bind to the nascent polypeptide
chain emerging from the ribosome, and participate in their folding and assembly. HSPs also target proteins for translocation to the nucleus,
the mitochondria and endoplasmatic reticulum (ER). Upon stress, the presence of denatured proteins induce the release of mutant heat
shock transcription factor 1 (HSF1) from the HSP, followed by trimerization, phosphorylation and translocation to the nucleus, where HSF1
binds to the heat shock element (HSE) in the promoter region of heat shock genes. HSF1 induction results in an increase in HSP synthe-
sis. HSPs help to refold denatured proteins to prevent their aggregation. Proteins that fail to properly fold again are ubiquitinated and guided
to the proteasome for degradation. If the capacity of the cell to degrade or refold abnormal polypeptides is exceeded, denatured proteins
accumulate, tend to aggregate and form aggresomes.



ity, a hallmark of Huntington’s disease, was found to be
highly enriched in the CNS [34].
In vitro, HSC70 binding to substrates prone to thermal
aggregation was found to rely on the HSP40-enhanced
ATP hydrolysis [30]. In addition, HSP70 activity is as-
sisted by cochaperones such as BAG-1 and CHIP (car-
boxy terminus of HSP70-interacting protein), which re-
cently have been demonstrated to provide a direct link be-
tween protein folding and targeting aberrant polypeptides
to the proteasome for degradation (for review see [4, 16]). 

HSP60
The proteins of this family are also called chaperonins.
They are ring-shaped oligomeric protein complexes
which bind nonnative proteins within a large cavity. In
eukaryotes HSP60 is constitutively expressed and highly
abundant, synthesized in the cytoplasm and then trans-
ported to the mitochondria. Its functions are dependent
on HSP10, which binds to HSP60 and regulates its sub-

strate binding and ATPase activity. HSP60 is associated
with the mitochondrial matrix and participates in the
folding and assembly of transported proteins into the mi-
tochondrion [35, 36]. HSP60 was described to protect
substrate proteins from thermally induced aggregation
[37]. Recently, it was shown that HSP60 and its cochap-
erone HSP10 may also function in the regulation of pro-
caspase-3 activation in mitochondria and hence partici-
pate in apoptotic signaling pathways [38]. The data im-
ply that pro-caspase-3 is present in mitochondria in a
complex with HSP60 and HSP10. Upon induction of
apoptosis by staurosporine, pro-caspase-3 was activated
and dissociated from the complex. HSPs were then re-
leased from the mitochondria simultaneously with cy-
tochrome c, which mediates caspase activation in the cy-
tosol. The authors hypothesize that these HSPs act as
docking molecules and play a passive role in amplifica-
tion of the caspase cascade [38]. Hence, HSPs which are
constitutively expressed can act as positive regulators of
apoptosis, while inducible HSPs might promote cell sur-
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Table 1. HSPs, their localization and potential functions.

HSP kDa Loc Potential function

Grp94 94 ER chaperone
Grp78 (BiP) 78 GRPs

Ca2+-binding proteins
cytoprotection against ER stress

HSP90 90 C chaperone 
cooperates with HSP70
interacts with cytoskeleton
hormone signalling
cell cycle control

HSC70 (HSP73) 73 C chaperone
HSP70 (HSP72) 72 N binds to unfolded proteins

interacts with cochaperone HSP40 (DnaJ-homologue)
neuroprotection
synaptic plasticity

HSP60 60 M chaperonin 
interacts with cochaperone HSP10
folding and assembly of transported proteins to mitochondria
involved in apoptotic signalling pathway

HSP32/HO-1 32 C comprises enzymatic activity
sensor and regulator of oxidative stress
contributes to pathological iron deposition

HSP25/27 25–27 C chaperone
phosphorylated upon stress

aB-crystallin 20 associated with cytoskeleton and centrosome
stabilization of microfilaments
modulator of cytoskeleton

Ubiquitin 8.5 C covalent attachment to proteins
N targets proteins to the proteasome for degradation

proteolysis-independent transcription regulation
signal transduction
hallmark of inclusions detected in neurodegenerative diseases
marker for cell damage

Abbreviations: Loc, localization; C, cytoplasm; ER, endoplasmatic reticulum; M, mitochondrial matrix; N, nucleus.



vival through the inhibition of apoptosis (for review see
[39]).

sHSPs and aaB-crystallin
The sHSPs and a-crystallin are closely related and con-
tain a highly conserved carboxy-terminal region termed
the a-crystallin domain [4, 40]. They exhibit chaperone
activity, are stress inducible and confer thermoprotection
[41]. Small HSPs associate with the cytoskeleton, specif-
ically with microfilaments and intermediate filaments,
have physiological roles as modulators of the cytoskele-
ton and might protect the cytoskeleton during stress [42,
43]. In mammalian cells only one small HSP is expressed,
with a molecular weight of 25–28 kDa in rodents or
27–28 kDa in humans [36]. HSP27 is regulated by phos-
phorylation through serine protein kinases, and phospho-
rylation is increased upon various stimuli, such as heat
shock, sodium arsenite, oxidative stress, mitogens, tumor
promoters and calcium ionophores (for review see [44]).
Nonphosphorylated HSP27 stabilizes actin filaments
[45] and also modulates glial fibrillary acidic protein
(GFAP) assembly [46].
a-Crystallins are the major structural proteins in the verte-
brate eye lenses [47]. Large aggregates of a-crystallin (800
kDa) consist of two types of related subunits: acidic aA
(173 amino acids) and basic aB (175 amino acids) [48,
49]. These two subunits have a sequence homology of ap-
proximately 57%. The aA subunit is lens specific, and aB-
crystallin, with a molecular weight of 20 kDa, has been de-
tected in a number of nonlenticular tissues, including car-
diac tissue and glial cells in the peripheral nervous system
(PNS) and CNS [50–52]. aB-Crystallin is a major com-
ponent of glial filament inclusions (see below) and in the
CNS is primarily expressed in oligodendrocytes [43, 53].

HSP32
HSP32, also known as heme oxygenase 1 (HO-1), is a
small stress protein with enzymatic activity that belongs
to the heme oxygenase (HO) family. HO catalyzes the ox-
idative degradation of heme to biliverdin, which is subse-
quently converted to bilirubin, and equimolar amounts of
carbon monoxide and iron. Heme and iron may increase
the formation of reactive oxygen intermediates, and
hence exacerbate intracellular oxidative stress [54].
Biliverdin and bilirubin, on the other hand, have antioxi-
dant capacity [55, 56, for review see 57]. Three mam-
malian isoforms of HO have been identified: HO-1, an
inducible enzyme that is synthesized in response to heat
shock, heme and oxidative stress [13, 58]. HO-1 is most
highly concentrated in tissues that are involved in the ca-
tabolism of heme proteins [59]; HO-2, the constitutively
expressed and noninducible isoform, which is present in
highest concentrations in the brain and testes and is

thought to be particularly involved in signalling pathways
[60]; HO-3, an isoform with low catalytic activity and
nonresolved physiological roles [61]. HO-1 interacts with
the mitogen-activated kinase (MAPK) cascade [58],
might be an effective system to counteract oxidative
stress and is  considered as a sensor and regulator of many
forms of oxidative stress [54, 57].

Ubiquitin
Chaperones play a key role in assisting protein folding
and also participate in the degradation of misfolded pro-
teins, which cannot be converted to the native state in the
chaperone system [62, 63]. Chaperone proteins assist and
enable these proteins to enter the ubiquitin-proteasome
pathway, which has been extensively reviewed in the past
and is referred to [64–66]. Ubiquitin is a small, evolu-
tionarily highly conserved protein (8.5 kDa) which is co-
valently attached in successive steps to the target protein
and degraded by the 26S proteasome [64]. Protein modi-
fication by ubiquitination is one of the most common reg-
ulatory processes in eukaryotes.
Besides its classic role in proteolytic events, ubiquitin is
involved in diverse proteasome-independent regulatory
processes, including regulation of transcription by di-
rectly modifiying transcription factors [67], and is an im-
portant factor in signal transduction processes in immu-
nity [68].
Ubiquitin is a stress-induced protein, one of the smallest
HSPs and expressed throughout the brain, where it is el-
evated under stress and a variety of pathological situa-
tions (for review see [69, 70]). An increase in ubiquitin
immunoreactivity is commonly observed in many neuro-
logical disorders and a hallmark of cellular inclusions de-
tected in neurodegenerative diseases [63, 65, 71], which
will be discussed below. Hence, ubiquitin is a useful
marker of cell damage.

Differential expression of stress proteins
in nerve cells and glia: indicators of
cytoprotection or cell death?

Numerous studies have been carried out in a variety of
cell culture systems on the presence and induction of
HSPs. These studies have shown that HSPs are differen-
tially expressed in nerve cells and glia and that cell-type-
specific responses to various stressors might be observed.
Also, individual cell types in the brain show different sus-
ceptibilities to stress situations. Hence, depending on the
level of stress, some cells remain unaffected, while others
are already severely stressed and respond by induction of
stress proteins. Induction of HSPs, instead of playing a
protective role, might pass a certain threshold and con-
tribute to the onset of cell death.
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HSP70
HSP70 is the one most extensively studied, and it is gen-
erally accepted that its overexpression in neurons and glia
leads to neuroprotection (for review see [14]). The con-
stitutive isoform, HSC70, and its cooperator HSP40 are
present in the postsynaptic structures of rat brain, where
they might be related to synaptic plasticity phenomena
[7]. While in nerve cells HSP70 is only weakly inducible
[72–75], it is highly upregulated by hyperthermia and a
variety of other stress situations in astrocytes, oligoden-
drocytes and microglia, respectively [53, 76–82]. In
oligodendrocytes HSP70 induction was not observable
after oxidative stress exerted by micromolar concentra-
tions of hydrogen peroxide [53, 80]. Interestingly, when
oligodendrocytes were treated with hydrogen peroxide
and then subjected to heat shock, HSP70 was induced to
a much greater extent than by heat stress alone. However,
cells were not rescued and died by programmed cell death
[53]. Recently it was shown that HSP70 can be released
by glia cells and that exogenous HSP70 can enhance neu-
ronal stress tolerance [83]. Another study indicates that
the addition of HSP90, HSP70 or HSP32 to rat microglial
cultures caused microglia activation and an increase in
cytokine production, which might contribute to neuro-
protective roles in the brain [84].

HSP60
HSP60 is constitutively expressed in neuronal cells [85,
86], astrocytes [87] and oligodendrocytes [53, 88, 89]. Fig-
ure 3 demonstrates its constitutive expression in rat brain
oligodendrocytes, where it is present in the cell soma and
the cytoplasmic extensions. After heat shock or oxidative
stress it is only slightly induced in oligodendrocytes [53]
and astrocytes [unpublished results] in vitro. However, el-
evated HSP60 expression was described as a prominent
feature in acute lesions of multiple sclerosis brains, and at
the height of the disease, astrocytes and oligodendrocytes
displayed both mitochondrial and cytosolic immunoreac-
tivity [90]. Similarly to HSP70, HSP60 can elicit strong
immunological reactions and is a target for autoimmune at-
tacks [36]. In this respect, it is of interest that a secreted
HSP60-like protein was detected in the conditioned media
derived from a human neuroblastoma cell line and rat brain
astrocytes [91]. Furthermore, its increased expression in
human adult astrocytes in response to proinflammatory cy-
tokines, e.g. tumor necrosis factor a (TNF-a), interleukin
(IL)-1b, IL-4, IL-6 and IL-10, points to an important role
of HSP60 in the pathogenesis of autoimmune diseases
[87]. Also HSP90, which is constitutively expressed at high
levels in all brain cells [15, 85, O. Goldbaum and C.
Richter-Landsberg, unpublished results], might be in-
volved in immunregulatory processes, since it recently was
shown to mediate macrophage activation by taxol and the
bacterial lipopolysaccharide [92].
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Figure 3. Distribution of HSP60 in mature oligodendrocytes de-
rived from rat brain. Cells were fixed with paraformaldehyde (3%),
and indirect immunofluorescence staining was carried out, using
anti-tubulin or anti-HSP60 antibodies. (a) Tubulin, (b) HSP60, (c)
double image of HSP60 and tubulin. HSP60 is present in the mito-
chondria in the cell soma and cellular extensions. Bar, 20 mm.



HSPs  and aaB-crystallin
A number of studies (reviewed in [43, 93]) suggest that
the sHSPs are not constitutively expressed in the brain,
and aB-crystallin before and after stimulation is mainly
restricted to glial cells. Data from our laboratory demon-
strate that in primary cultures of oligodendrocytes de-
rived from the brains of newborn rats, HSP25 and aB-
crystallin immunoreactivity is detectable only after cells
have been stressed, while HSP25 could be detected in
primary cultures of unstressed astrocytes [53, O. Gold-
baum and C. Richter-Landsberg, unpublished observa-
tion]. In oligodendrocytes aB-crystallin was inducible by
heat and oxidative stress, whereas HSP25 was induced
only by heat shock and not by oxidative stress [53]. An-
other study showed that in organotypic brain cultures
HSP25 was expressed mainly in reactive astrocytes,
while aB-crystallin was predominant in oligodendro-
cytes. A marked induction of both proteins in astrocytes
was seen after heat shock [94]. Accumulation of HSP27,
aB-crystallin and ubiquitin was demonstrated to be lo-
calized to spheroid bodies in astroglial processes in old
rhesus monkeys and baboons [95, 96]. An increase in aB-
crystallin in astrocytes is characteristic for a wide variety
of neurodegenerative disorders, including Alzheimer’s
disease (AD), Parkinson’s disease (PD) and Alexander’s
disease [43], and is also a consistent component of glial
cell inclusions (see below).
aB-Crystallin was present in astrocytes and oligodendro-
cytes in multiple sclerosis (MS) lesions [97] and is dis-
cussed as an autoantigen in MS [98]. In a transgenic
mouse line for aA-crystallin driven by a vimentin-pro-
moter, large deposits of aA-crystallin were seen in astro-
cytes of the spinal cord, in Schwann cells of dorsal roots
and sciatic nerves. These mice developed peripheral and
central neuropathy, and the intracellular deposits of aA-
crystallin possibly led to axonal dystrophy and demyeli-
nation [99]. Since aA- and aB-crystallin have a strong
structural resemblance, it seems likely that overexpression
of aB-crystallin in a transgenic model might induce simi-
lar changes. The presence of aB-crystallin in neurons was
only described during neuropathological situations, e.g. in
ballooned neurons in several neurodegenerative diseases
and stroke [100, 101]. For example, intraneuronal aB-
crystallin was found in AD [102, 103], and in telen-
cephalic neurons without Lewy bodies in PD [104].

HO-1/HSP32
Expression of HO-1/HSP32 in the brain is normally very
low [105] and restricted to select neuronal and nonneu-
ronal cell populations in the forebrain, diencephalon,
cerebellum and brainstem [106]. After heat shock or is-
chemia increased levels were seen in neuronal and glial
cells [105, 107–109]. The prolonged expression of HO-1
after focal cerebral infarctions and traumatic human brain

injury was detected mainly in microglia at the border of
the lesion [110], and was transiently induced in astrocytes
after cortical stab wound injury [111]. In these models
HO-1 positive neuronal cells were only rarely observed.
Cell culture studies further indicate that HO-1 was pre-
sent in astrocytes and could be induced by hydrogen per-
oxide, while in cortical neurons it was barely detectable,
and cells did not respond to oxidative stress by upregula-
tion of HO-1 [112]. In rat brain oligodendrocytes, low
levels of HO-1 were constitutively expressed during in
vitro development, and its upregulation after oxidative
stress exerted by hydrogen peroxide but not by heat stress
was observed [53]. Although still debatable, growing ev-
idence supports a role for HO-1 in protecting cells from
oxidative stress and the brain against blood- and hemo-
globin-mediated injury. Cerebellar granule neurons over-
expressing HO-1 were protected against glutamate-medi-
ated oxidative stress, and the accumulation of reactive
oxygen species was attenuated [113]. Similarly, pretreat-
ment of immortalized neuronal SN56 cells with hemin,
an HO-1 inducer, led to elevation of HO-1 accompanied
by protection against oxidative stress-induced neuronal
injury [114]. Also, HO-1 antisense oligonucleotide treat-
ment inhibited hemin-induced HO-1 upregulation and
greatly increased the sensitivity of the cells to oxidative
stress [114]. 
HO-1 is upregulated in a number of neurodegenerative
diseases, including PD and AD, which points to a contri-
bution of oxidative stress in the pathogenesis of these
neurological disorders (for review see [54]). In AD brains
the presence of other HSPs, e.g. aB-crystallin, HSP70
and ubiquitin, has been consistently reported. Interest-
ingly, overexpression of HO-1 in neuroblastoma cells led
to the suppression of physiologically expressed micro-
tubule-associated protein tau, the major protein of neu-
rofibrillary tangles (NFTs), and conferred enhanced re-
sistance to oxidative stress injury exerted by hydrogen
peroxide [115]. The possible connection of HO-1 induc-
tion and pathological changes (Alz50 epitope) of tau was
demonstrated in another study by the same group. Here it
was shown that oxidative stress triggers the cytoskeletal
pathology in AD, and that HO-1 immunoreactivity in
neurons is coincident with a conformational change in
tau, recognized by antibody Alz50, while tau-hyperphos-
phorylation, recognized by AT8 antibody, is also found in
neurons lacking HO-1 immunoreactivity [116]. The au-
thors hypothesize that the colocalization of pathological
tau and HO-1 may be a protective response of neuronal
cells against oxidative stress. Again, as mentioned before,
cell survival and cell death are closely linked processes,
and depending on the level and duration of stress, the
presence of HSPs may also be an indication of degenera-
tive processes. 
Reactive oxygen and nitrogen species play a role in in-
flammation and also in inflammatory demyelinating dis-
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orders, such as MS [117]. Oligodendrocytes are specifi-
cally sensitive to oxidative stress and respond by the on-
set of programmed cell death [118, 119]. Our data show
that oligodendrocytes specifically upregulate HO-1 after
oxidative stress [53], and the presence of HO-1 in MS le-
sions could indicate that oxidative stress plays an impor-
tant role in MS pathogenesis. HO-1 expression was sig-
nificantly increased in experimental autoimmune en-
cephalomyelitis (EAE), a commonly used animal model
of MS, and could be localized to infiltrating monocytes
[120] and reactive microglia and astrocytes, respectively
[121]. The heat shock response, induced by whole body
hyperthermia, reduced the severity of EAE in mice [122].
On the other hand, proinflammatory cytokines TNF-a
and IL-1b, which are upregulated in MS and EAE, caused
the upregulation of  HO-1 in cultured rat astroctyes, fol-
lowed by iron sequestration by the mitochondrial com-
partment [123]. 
Hence, prolonged HO-1 upregulation in glia might be an
indicator of the pathological consequences of oxidative
stress, exerted by inflammatory processes or damage to
the blood brain barrier. The sustained upregulation is not
cytoprotective and might promote further oxidative
stress, which irreversibly leads to cell death and degener-
ative processes.
The data summarized above on the expression of HSPs
and their individual induction in nerve cells and glia (see
also table 2) demonstrate that HSPs may provide protec-
tion against subsequent stressors and sustain survival re-
sponses. On the other hand, stress responses may con-
tribute to the onset of programmed cell death in the acti-
vated cells. HSPs are involved in regulation of the
molecular pathways controlling cell survival and the cel-
lular death programme, and the coordinated interaction of
both. It has been suggested that HSPs directly modulate
elements of the apoptotic pathways, such as cytochrome
c, caspases, Bcl-2 and c-Jun NH2-terminal kinase (JNK)

[124–126]. Another important factor and promising can-
didate determining cell fate might be the transcription
factor nuclear factor kappa B (NF-kB). Proteasome in-
hibitors, such as MG132 or lactacystin, and the heat
shock response prevented NF-kB activation by accumu-
lation of IkBa, an endogenous inhibitor of NF-kB, and in
this paradigm promoted cell survival. However, depend-
ing on the state of the cells and the sequence of stressors,
inhibition of NF-kB can either be cytoprotective or cyto-
toxic, a process which has been linked to the downstream
effects of IkBa induction [127]. Thus, the complex inter-
actions between stress responses and apoptotic cell death
pathways, determining the final fate of the cells, are yet
not predictable. To elucidate the mechanistic regulation
of these closely linked processes is a major challenge in
the field.

The cytoskeleton and cytoplasmic inclusions

The dynamic properties and spatial organization of the
cytoskeletal network, consisting of microtubules (MTs),
intermediate filaments (IFs) and microfilaments (MFs),
is essential for establishing and maintaining cell mor-
phology, organelle trafficking and cellular sorting
processes. Nerve cells and glia can be distinguished by
their IF system. In adult neurons the major IF system is
composed of three subunits distinguished by their appar-
ent molecular weights, namely NF-L (68 kDa), NF-M
(160 kDa), and NF-H (210 kDa). Glia filaments, com-
posed of GFAP, are the IFs characterisitc for astrocytes.
Mature oligodendrocytes are devoid of IFs, and like neu-
rons are characterized by their numerous MTs (for review
see [128]). HSPs interact with the cytoskeleton of normal
cells and might assist the proper assembly, spatial organi-
zation and cross-linking (for review see [42]). Specifi-
cally, the sHSPs, including aB-crystallin and HSP25, in-
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Table 2. HSPs in nerve cells and glia and their occurrence in neurodegenerative diseases.

HSP Cell type Overexpr. Examples of HSPs in disease

HSC/HSP70 constitutive and inducible in prot. AD, MS, PSP
all brain cells

HSP60 constitutive in all brain cells n.d. AD, MS PSP

HSP32/HO-1 inducible mainly in glia, less prot. AD, EAE, PD
in neurons

HSP27 inducible mainly in glia n.d. Alexander’s disease, PD

aB-crystallin constitutive in astrocytes n.d. AD, Alexander’s disease, CBD,
and inducible mainly in glia MS, MSA, Pick’s disease, PD

The major pathological features which are positive for HSPs are cytoplasmic inclusions in nerve cells and glia which also stain positive for
ubiquitin, e.g. Lewy bodies in PD, neurofibrillary tangles in AD and Rosenthal fibers containing GFAP in Alexander’s disease. Glial cy-
toplasmic inclusions are a major hallmark of MSA, where they are found especially in oligodendrocytes. 
Abbreviations: AD, Alzheimer’s disease; CBD, cortocibasal degeneration; EAE, experimental autoimmune encephalomyelitis; MS, multi-
ple sclerosis; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; Overexpr., overexpression in neural cells; n.d., not determined;
prot., protective. 



teract with all three cytoskeletal elements (for review see
[43]). The cytoskeleton is affected by stress [42, 70], and
heat shock or other stressors can cause the collapse of the
filament network, alter the MT properties, also through
modulation of the phosphorylation of microtubule-asso-
ciated proteins, including tau [129], or induce a loss of
stress fibers. The integrity of the cytoskeletal network is
disturbed in many neurodegenerative disorders (for re-
view see [130]); abnormalities in the organization of the
filament system often are histopathological hallmarks
and may provide diagnostic markers for different stages
of neurodegeneration [131].
Filamentous inclusions, which are observed in a variety
of neurodegenerative disorders in nerve cells and glia
[132], often contain cytoskeletal proteins and stain with
antibodies against ubiquitin and a variety of HSPs (for
review see [43, 70, 133, 134]). For example, tau-positive
neurofibrillary lesions in AD are associated with ubiqui-
tin and may also exhibit aB-crystallin immunoreactivity
[103]. Lewy bodies in PD contain aB-crystallin and,
prior to the discovery of a-synuclein, for many years
were identified by immunohistochemistry using ubiqui-
tin antibodies [135]. Glial fibrillary tangles are specifi-
cally observed in progressive supranuclear palsy (PSP),
corticobasal degeneration and Pick’s disease [136]. Their
appearance in astrocytes is considerably variable, and
they often contain ubiquitin and aB-crystallin, while in
oligodendrocytes hyperphosphorylated tau and no ubiq-
uitin was detected [137]. aB-Crystallin is a major com-
ponent of Rosenthal fibers, the characteristic glial fila-
ment inclusion bodies found in astrocytes of patients
with Alexander’s disease [43]. Glial cytoplasmic inclu-
sions (GCIs) in oligodendroglia cytoplasm and nucleus
are a histological hallmark of multiple system atrophy
(MSA), a specific adult onset degenerative disease of the
nervous system, characterized by varying degrees of
Parkinsonism, cerebellar ataxia and autonomic dysfunc-
tion [134, 138]. GCIs stain consistently and intensely
with antibodies against ubiquitin, aB-crystallin, less in-
tensely with antibodies against a- and b-tubulin, MAP 5
(1B), and variable reports indicate that they are tau posi-
tive [139, for review see 133, 134]. More recently the
presence of a-synuclein in GCIs was shown by immuno-
cytochemistry and in GCIs immunoisolated from MSA
brain tissue [132, 140–142]. Interestingly, overexpres-
sion of a-synuclein in a neuronal cell line can promote
mitochondrial dysfunction leading to oxidative stress
[143]. a-Synuclein toxicity in a Drosophila model sys-
tem could be suppressed by augmenting HSP70. HSP70
prevented dopaminergic neuronal cell loss and inclusion
bodies were positive for HSP70 [144]. These studies im-
ply that a lack of available HSPs possibly is an important
factor in inclusion body formation. On the other hand, a
chaperone-like activity has been attributed to synucleins
in vitro [145]. It remains to be investigated whether ag-

gregation of a-synuclein in Lewy bodies or GCIs is
causally related to or a result of stress-induced upregula-
tion.
The presence of stress proteins in cytoplasmic inclusions
in nerve cells and glia suggest that stress situations, such
as oxidative stress, thermal stress or multiple stressors,
contribute to the formation of inclusion bodies and con-
sequently to the pathogenesis of the respective neurode-
generative diseases (see also table 2). It might be assumed
that the upregulation of HSPs in most cases is an attempt
to rescue the cells, and to prevent protein denaturation
and aggregate formation. The occurance of cytoplasmic
inclusions indicates that the chaperone machinery either
was not sufficient or defective. Furthermore, the presence
of ubiquitin in most of the inclusions suggests that pro-
teins initially were targeted for degradation by the protea-
some system, though without success. Hence, severe
structural changes or an impairment or overload of the
ubiquitin-proteasome pathway might render the proteins
inaccessible to proteolysis. Nonnative monomers might
assemble into growing polymers, which eventually lead
to inclusion body formation [71, 146]. The molecular
mechanisms underlying aggregate formation are still not
resolved. Recent studies show that inclusions in mam-
malian cells are formed when the proteasome activity is
decreased. Individual small aggregates were delivered to
the nascent inclusion body by an active, retrograde trans-
port system on microtubules [147]. These microtubule-
dependent cytoplasmic inclusions have been termed ag-
gresomes (for review see [148]).
The question remains, whether the formation of cytoplas-
mic inclusion bodies is a death signal leading to neurode-
generation or a protective means. The fact that cells with
inclusions can be monitored in brains of patients with
neurodegenerative diseases at late stages (some examples
are given in table 2), might be an indication that these
cells were capable of resisting and were not phagocy-
tosed, while others were doomed to apoptotic cell death
and possibly eliminated earlier. 

Concluding remarks

HSPs can prevent protein aggregation, facilitate protein
repair and renaturation, and support proteolytic degrada-
tion by targeting nonreparable proteins for the ubiquitin-
proteasome pathway (fig. 2). They also exhibit important
functions in maintaining physiological processes, target
proteins to the mitochondria and ER, and play an essen-
tial role in the establishment and functioning of the cy-
toskeletal network. The heat shock response and stress
proteins are involved in defense mechanisms against cel-
lular stress. Yet, when a certain threshold is passed, the
stress responses cause cellular dysfunction and degener-
ative processes. Cell-type-specific effects are observed,
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converting either neurons or glial cells or both to be the
primary target. A major mystery to be solved is, What are
the molecular mechanisms underlying the system-, re-
gion-, and cell-type specific responses in the nervous sys-
tem that are observed after  single or multiple stress situ-
ations and during neurodegenerative disorders?
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