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Neuronal expression of constitutive
heat shock proteins: implications for
neurodegenerative diseases
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Abstract Neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral
sclerosis have been termed ‘‘protein misfolding disorders.’’ These diseases differ widely in frequency and impact
different classes of neurons. Heat shock proteins provide a line of defense against misfolded, aggregation-prone
proteins and are among the most potent suppressors of neurodegeneration in animal models. Analysis of constitutively
expressed heat shock proteins revealed variable levels of Hsc70 and Hsp27 in different classes of neurons in the adult
rat brain. The differing levels of these constitutively expressed heat shock proteins in neuronal cell populations cor-
related with the relative frequencies of the previously mentioned neurodegenerative diseases.

INTRODUCTION

Neurodegenerative disorders, such as Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic lateral sclero-
sis (ALS), are characterized by the accumulation of intra-
cellular and extracellular protein aggregates and selective
neuronal loss in the central nervous system. Increasing
evidence supports the view that these neurodegenerative
diseases have common molecular mechanisms associated
with protein misfolding and aggregation; hence, they
have been termed ‘‘protein misfolding disorders’’ (Mu-
chowski and Wacker 2005). These diseases impact differ-
ent classes of neurons. In Alzheimer’s disease, neuronal
loss is prominent in the entorhinal cortex and hippocam-
pus and is accompanied by memory loss and dementia
(Martin 1999). Parkinson’s disease is characterized by a
loss of dopaminergic neurons in the substantia nigra and
is accompanied by muscle rigidity, brandykinesia, and
resting tremor (Schapira and Olanow 2004). In ALS, mo-
tor neurons of the spinal cord and motor cortex are se-
lectively lost, resulting in progressive muscle wasting and
weakness and culminating in paralysis and respiratory
failure (Bruijn et al 2004).

Neurons are particularly vulnerable to the detrimental
effects of misfolded and /or aggregated proteins because
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they are postmitotic and cannot dilute potentially toxic
species through cell division; hence, misfolded proteins
accumulate in neurons during aging (Muchowski and
Wacker 2005). Alzheimer’s disease, Parkinson’s disease,
and ALS impact different classes of neurons and differ
widely in frequency (Martin 1999; Bruijn et al 2004;
Schapira and Olanow 2004). This suggests that all types
of neurons may not be equally susceptible to protein mis-
folding disorders that are the hallmarks of neurodegen-
erative diseases.

Heat shock proteins (Hsps) are the major molecular
chaperones whose function is to mediate the proper fold-
ing of other proteins and to ensure that these proteins
maintain their native conformations during conditions of
stress (Becker and Craig 1994; Morimoto et al 1997). In
addition, Hsps are required for protein trafficking to tar-
get organelles and to facilitate the transfer of misfolded
proteins to the proteasome for degradation (Becker and
Craig 1994). Hsps can be induced by various stresses such
as heat shock, ischemia, hypoxia, heavy metals, and ami-
no acid analogs. Some Hsps are expressed constitutively
in unstressed cells (Morimoto et al 1997). Mammalian
Hsps have been classified into families on the basis of
their molecular weight including Hsp110, Hsp90, Hsp70,
Hsp60, Hsp40, and Hsp27. The Hsp70 family is com-
prised of constitutively expressed Hsc70 and stress-in-
ducible Hsp70. Because of the functions of Hsps in pro-
tein quality control, recent studies have investigated the
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role of these proteins in neurodegenerative diseases and
found that Hsps provide a line of defense against mis-
folded or aggregation-prone proteins and are among the
most potent suppressors of neurodegeneration in animal
models (Sherman and Goldberg 2001; Muchowski and
Wacker 2005).

Previously we have shown that constitutively expressed
Hsc70 is enriched in the mammalian nervous system
(Manzerra et al 1997). Here, we examine levels of consti-
tutively expressed Hsps in different classes of neurons
that are affected in Alzheimer’s disease, Parkinson’s dis-
ease, and ALS. We find that motor neurons of the spinal
cord show significantly higher levels of Hsc70 and Hsp27
than dopaminergic neurons of the substantia nigra,
which in turn have higher Hsc70 expression than neurons
of the entorhinal cortex and hippocampus. The overall
level of constitutively expressed Hsps in different classes
of neurons correlates with the frequency of Alzheimer’s
disease, Parkinson’s disease, and ALS.

MATERIALS AND METHODS

Treatment of animals

All procedures using animals were approved by the An-
imal Care Committee of the University of Toronto and
were in accordance with the guidelines established by the
Canadian Council on Animal Care. The body tempera-
ture of adult male Wistar rats (42 days old) was raised
3.5�C above normal (38�C) by using a dry incubator set
at 45�C. Body temperature of the animal was monitored
with a rectal thermal probe (Physitemp Instruments, Clif-
ton, NJ, USA) and maintained at the elevated temperature
for 1 hour. After heat shock, the rats were placed at room
temperature to recover for 24 hours.

Immunohistochemistry

Rats were anesthetized with sodium pentobarbital and
perfused intracardially with cold 0.1 M phosphate-buff-
ered saline (PBS, pH 7.4), followed by 4% paraformal-
dehyde in PBS. Brain and spinal cord tissues were re-
moved and fixed overnight in 4% paraformaldehyde in
PBS at 4�C. Tissue was then equilibrated with 20% su-
crose in PBS, mounted in OCT embedding compound
(Miles Inc., Elkhart, IN, USA), and frozen at �70�C until
use. Cryostat sections (10 �m) were collected on gelatin-
coated microscope slides and air dried for 3 h. Following
rehydration in PBS-T buffer (0.1 M PBS, pH7.4, 0.2% Tri-
ton X-100, 0.1% BSA), tissue sections were blocked in 10%
goat serum in PBS-T for 1 hour. Sections were incubated
overnight with primary antibodies diluted in PBS-T:
1:500 mouse anti-NeuN (MAB377, Chemicon, Temecula,
CA, USA) or 1:300 mouse anti-tyrosine hydroxylase

(MAB5278, Chemicon) in combination with one of the fol-
lowing Hsps antibodies: rabbit 1:500 anti-Hsp110 (SPA-
1103, StressGen Biotechnologies, Victoria, British Colum-
bia, Canada), 1:500 mouse anti-Hsp90 (SPA-830,
StressGen Biotechnologies), 1:1000 rat-anti-Hsc70 (SPA-
815, StressGen Biotechnologies), 1:1000 rabbit anti-Hsp70
(SPA-812, StressGen Biotechnologies), 1:1000 rabbit anti-
Hsp60 (SPA-805, StressGen Biotechnologies), 1:1000 rab-
bit anti-Hsp40 (SPA-400, StressGen Biotechnologies), or
1:1000 rabbit Hsp25 (SPA-801, StressGen Biotechnolo-
gies). After washing in PBS-T, sections were incubated for
2 hours with secondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA, USA) diluted in
PBS-T consisting of Cy5-labeled 1:100 anti-mouse IgG
and 1:200 Cy3-labeled anti-rabbit IgG or Rodamine-
red-X labeled anti-rat IgG diluted in PBS-T for 2 hours.
For nucleic acid staining, slides were then incubated with
2 �M Yo-pro-1 (Invitrogen, Carlsbad, CA, USA) in PBS-T
for 30 minutes. Following washes in PBS-T, sections were
mounted with antifading fluorescent mounting medium
(DAKO, Glostrup, Denmark).

Image analysis

Quantitative immunohistochemistry with confocal mi-
croscopy and image analysis software has been used
widely in biomedical research to compare fluorescent in-
tensities representing proteins levels in selected image ar-
eas (Kretz et al 2004; Buttini et al 2005). Slides were an-
alyzed using a LSM510 confocal microscope (Carl Zeiss
Inc., Germany). Detection configurations were adjusted to
obtain images with a pixel intensity within a linear range
and were kept constant for different regions of the brain
that were examined on each microscope slide. Image
analysis was carried out with Zeiss LSM510 software
(version 3.2 with SP2). NeuN, a neuronal specific marker
(Mullen et al 1992), or tyrosine hydroxylase (TH) , a do-
paminergic neuron marker, was used to outline the cell
body of individual neurons, and fluorescent intensity of
Hsps was measured within those areas as average inten-
sity per pixel. Fifty neurons for each neuronal population
were randomly selected for fluorescent intensity quanti-
fication. The immunohistochemical results are from 3 an-
imal trials. Omission of either the primary or the second-
ary antibody resulted in a total loss of fluorescent signal.

Western blotting

Regions of the rat nervous system were harvested and
kept at �70�C until use. Tissues were homogenized in
ice-cold 0.32 M sucrose with a protease inhibitor cocktail
containing 5 �g/mL of antipain, aprotinin, and leupetin
(BioShop Canada Inc., Burlington, Ontario, Canada). Pro-
tein concentration of the homogenates was determined



Cell Stress & Chaperones (2007) 12 (1), 51–58

Neuronal expression of constitutive Hsps 53

Fig 1. Relative frequencies of Alzheimer’s disease, Parkinson’s dis-
ease, and amyotrophic lateral sclerosis (ALS). Alzheimer’s disease
is 4-fold more frequent than Parkinson’s disease and 133-fold more
frequent than ALS, while Parkinson’s disease exhibits a frequency
that is 33-fold greater than ALS. Calculations are based on the prev-
alence of these neurodegenerative diseases in the US population.

with a protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA). Equal amounts of protein samples were solu-
bilized by boiling in 2 � SDS loading buffer (100 mM
Tris, pH 7.4, 4% SDS, 200 mM DTT, 20% glycerol, 0.2%
bromophenol blue), separated by SDS-PAGE with 5%
stacking gel and 10% separating gel, and transferred to a
nitrocellulose membrane. After blocking for 1 hour with
5% fat-free milk powder in TBST (10 mM Tris, 250 mM
NaCl, 0.5% Tween-20, pH 7.4), blots were incubated over-
night at room temperature with primary antibodies di-
luted 1:5000 for Hsp110 (SPA-1103, StressGen Biotech-
nologies), 1:3000 for Hsp90 (SPA-830, StressGen Biotech-
nologies), 1:30 000 for Hsc70 (SPA-815, StressGen Biotech-
nologies), 1:5000 for Hsp70 (SPA-810, StressGen
Biotechnologies), 1:5000 for Hsp60 (SPA-805, StressGen
Biotechnologies), 1:5000 for Hsp40 (SPA-400, StressGen
Biotechnologies) and 1:10 000 for Hsp25 (SPA-801,
StressGen Biotechnologies). Following washes, blots were
incubated with HRP-conjugated secondary antibodies
(Sigma, St. Louis, MO, USA) for 2 hours at room temper-
ature. Immunoactivity was visualized with ECL Western
blot detection reagents (Amersham, Piscataway, NJ, USA).
Data representative of 3 experimental repeats are shown.

Statistical analysis

The average fluorescent intensity of Hsps in entorhinal
cortical and hippocampal neurons (n � 50) was stan-
dardized as 100%, and the fluorescent intensity of other
populations of neurons (n � 50) was calculated accord-
ingly. The results are expressed as the mean � SD, and
the statistical significance was assessed by 1-way analysis
of variance.

RESULTS

Frequencies of neurodegenerative diseases

Neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and ALS have been termed as ‘‘pro-
tein misfolding disorders.’’ Hsps have been shown to
provide a line of defense against misfolded proteins and
are among the most potent suppressors of neurodegen-
eration in animal models (Muchowski and Wacker 2005).
Alzheimer’s disease, Parkinson’s disease, and ALS affect
approximately 4 million (Martin 1999), 1 million (Schap-
ira and Olanow 2004), and 30 000 people (Bruijn et al
2004), respectively, in the United States, whose popula-
tion was 281 421 906 in 2000 (US Census Bureau). There-
fore, the occurrence rate per 100 000 is 1421 for Alzhei-
mer’s, 355 for Parkinson’s, and 10.7 for ALS. Hence, Alz-
heimer’s disease is 4-fold more frequent than Parkinson’s
disease and 133-fold more frequent than ALS, while Par-
kinson’s is 33-fold more frequent than ALS (Fig 1).

Constitutive expression of Hsc70 and Hsp27 in
different classes of neurons

Our results demonstrate that different populations of
neurons in the mammalian brain show widely differing
levels of the constitutively expressed Hsc70 and Hsp27.
As indicated in Figure 2a by the arrowheads, motor neu-
rons in the rat spinal cord show high levels of Hsc70 com-
pared to dopaminergic neurons of the substantia nigra,
while neurons in the entorhinal cortex and hippocampus
demonstrate even lower levels of Hsc70. Glial cells in
these brain regions (indicated by the arrows) do not show
a detectable signal for Hsc70. Neurons were identified by
the neuron-specific marker NeuN or tyrosine hydroylase
(TH) for dopaminergic neurons in the substantia nigra.

Hsp27 is constitutively expressed at high levels in mo-
tor neurons of the spinal cord but is not detectable in
neurons of the entorhinal cortex, hippocampus, and sub-
stania nigra (Fig 2b, indicated by arrowheads). Glial cells
(indicated by arrows in Fig 2b) do not show a detectable
signal for constitutive expression of Hsp27.

Quantitative analysis of constitutively expressed Hsps
in neurons

A quantitative analysis confirmed that Hsc70 is present
at significantly higher levels in motor neurons of the spi-
nal cord compared to dopaminergic neurons of the sub-
stania nigra, which in turn express higher levels of Hsc70
than neurons of the enthorhinal cortex and hippocampus
(Fig 3). Other constitutively expressed Hsps, such as
Hsp110, Hsp90, Hsp60, and Hsp40, do not demonstrate
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Fig 2. Constitutive expression of heat
shock proteins in different classes of
neurons. (a) Constitutive Hsc70 ex-
pression pattern. As indicated by the
arrowheads, motor neurons in the spi-
nal cord, labeled with the neuron-spe-
cific marker NeuN, exhibited a high lev-
el of constitutively expressed Hsc70.
Dopaminergic neurons of the substan-
tia nigra, labeled with tyrosine hydrox-
ylase (TH), showed moderate Hsc70
expression, whereas neurons in the en-
torhinal cortex and hippocampus exhib-
ited low levels of Hsc70. Glial cells in
these regions (indicated by the arrows)
did not show a detectable signal for ex-
pression of constitutive Hsc70.

significant differences in levels in the various classes of
neurons.

Effect of thermal stress on neural expression of Hsps

To confirm that Hsc70 is a constitutively expressed Hsp
that is not stress inducible, the effect of elevation of body
temperature was examined. A Western blot analysis re-
vealed that thermal stress did not induce changes in lev-
els of the constitutively expressed Hsp110, Hsp90, Hsc70,
Hsp60, or Hsp40 in various regions of the rat nervous
system (Fig 4). However, thermal stress induced expres-
sion of stress-inducible Hsp70 and Hsp27.

Cellular expression pattern of stress-inducible Hsp70
and Hsp27

An immunocytochemical investigation was undertaken to
explore if elevation of body temperature affected the level
of Hsps in the neuronal cell populations that were under
investigation. Immunocytochemistry revealed that ther-
mal stress induced Hsp70 and Hsp27 in glial cells (ar-
rows) and not in neurons (arrowheads) in all neural re-

gions that were examined. Representative data are shown
in Figure 5 for the entorhinal cortex. A similar pattern of
glial induction in response to thermal stress and lack of
induction in neuronal cells was evident in the hippocam-
pus, substantia nigra, and spinal cord (data not shown).
Our previous reports have fully documented this glial
response to hyperthermic stress (reviewed by Brown and
Sharp 1999).

DISCUSSION

Evidence is accumulating to suggest that neurodegener-
ative diseases are caused by a combination of events that
impair normal neuronal function. The intracellular and
extracellular accumulation of protein aggregates is the
hallmark of these diseases. Although the specific proteins
that aggregate in particular neurodegenerative disorders
are unrelated in size and primary amino acid sequence,
the characteristic lesions of each disease typically contain
fibrillar, amyloid-like structures with common biochem-
ical features (Dobson 2003). While it is controversial
whether these protein aggregates are pathogenic, inert,
or even protective, many studies indicate that interme-
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Fig 2. Continued. (b) Constitutive
Hsp27 expression patterns. As indicat-
ed by the arrowheads, motor neurons
of the spinal cord demonstrated a high
level of constitutive Hsp27 expression.
An Hsp27 signal was not detectable in
dopaminergic neurons of the substantia
nigra and neurons of the entorhinal cor-
tex and hippocampus. Glial cells (indi-
cated by arrows) did not show detect-
able constitutive Hsp27 in any of these
regions. Bar � 16 �m.

Fig 3. Quantitative analysis of constitutively expressed heat shock proteins in neuronal populations. Motor neurons, that are impacted in
ALS, have a higher defense capacity against protein-misfolding disorders because of their elevated levels of Hsc70 and Hsp27 compared to
dopaminergic neurons of the substantia nigra that are affected during Parkinson’s disease, which in turn have higher levels of these consti-
tutively expressed Hsps than entorhinal cortical and hippocampal neurons that are impacted in Alzheimer’s disease. Fluorescence intensity
is shown relative to a 100% value for entorhinal cortical and hippocampal neurons. Mean and standard deviation are shown. (n � 50; *, P
� 0.05, compared to entorhinal cortical and hippocampal neurons; #, P � 0.05, compared to dopaminergic neurons).
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Fig 4. Western blot analysis of the effects of heat stress on the
expression of heat shock proteins in regions of rat nervous system.
Hsp110, Hsp90, Hsc70, Hsp60, and Hsp40 were constitutively ex-
pressed in the cerebral cortex, hippocampus, midbrain, and spinal
cord. Thermal stress did not alter levels of expression of these con-
stitutive Hsps; however, it did induce expression of Hsp70 and
Hsp27. C, control; H, heat shock (24-hour recovery).

diates formed during the aggregation process, termed
diffusible oligomers or protofibrils, are potent neurotox-
ins that may trigger neuronal dysfunction by initiating a
cascade of events that culminates in neuronal degenera-
tion (Ross and Poirier 2004; Muchowski and Wacker
2005). Toxic diffusible oligomers from different neuro-
degenerative diseases appear to share conformational
similarities. It has been demonstrated that a single mono-
clonal antibody that recognizes a common conformation-
al epitope displayed by several disease-associated protein
oligomers, including A	 of Alzheimer’s disease, 
-synu-
clein of Parkinson’s disease, and Huntingtin of
Huntington’s disease, can block the toxicity of these olig-
omers when applied to cultured cells (Kayed et al 2003).
These commonalities suggest that a conserved mecha-
nism of pathogenesis may connect phenotypically diverse
neurodegenerative diseases (Ross and Poirier 2004; Mu-
chowski and Wacker 2005). The accumulation of misfold-
ed proteins, protofibril formation, and ubiquitin-proteo-
some system dysfunction represent unifying events in

these neurodegenerative diseases (Bossy-Wetzel et al
2004).

Hsps acting as molecular chaperones have essential
roles in many cellular processes associated with protein
quality control, including protein folding, targeting,
transport, and degradation (Becker and Craig 1994; Mor-
imoto et al 1997). This has led to the hypothesis that Hsps
may provide a line of defense against protein misfolding
in neurodegenerative diseases. Recent evidence from in
vitro and in vivo studies indicates that Hsps are potent
suppressors of neurodegeneration and are therefore
promising therapeutic targets for neurodegenerative dis-
orders (Sherman and Goldberg 2001; Muchowski and
Wacker 2005).

In Alzheimer models, overexpression of Hsp70 rescues
neurons from A	42 mediated toxicity (Magrane et al
2004). Hsp27 decreases the level of hyperphosphorylated
Tau, another Alzheimer-related disease protein, and sup-
presses Tau-mediated cell death (Shimura et al 2004).
Knockdown of Hsp70 and Hsp90 by RNAi increases the
accumulation of insoluble, aggregated Tau and impairs
the association of Tau with microtubules (Dou et al 2003).

Expression of human Hsp70 suppresses 
-synuclein-
mediated dopaminergic neuron toxicity in a Drosophila
model of Parkinson’s disease (Auluck et al 2002). Hsp70
overexpression protects cultured cells from 
-synuclein-
dependent toxicity and influences the aggregation process
of 
-synuclein in a transgenic mouse model (Klucken et
al 2004). Overexpression of Hsp27 has a potent protective
effect against 
-synuclein-induced cell death in mam-
malian neuronal cells (Zourlidou et al 2004).

In ALS models, intranuclear co-microinjection of the
expression vectors for Hsp70 and mutant SOD1, one of
the familial ALS disease proteins, into primary cultured
motor neurons reduces the toxicity of mutant SOD1 and
enhances motor neuron survival (Bruening et al 1999).
Hsp27 and Hsp70, overexpressed in combination, have a
potent protective effect against SOD1-mutant-induced
cell death in mammalian neuronal cells (Patel et al 2005).
Arimoclomol, a small molecule that acts as a co-inducer
of the heat shock response, increases Hsp70 expression in
spinal cord motor neurons and improves behavioral phe-
notype, prevents neuronal loss, and extends survival rate
in transgenic ALS mice (Kieran et al 2004).

Many of these studies have focused on the effects of
engineering elevations of inducible Hsp70 on neuronal
protection. Hsc70, the constitutively expressed protein of
the Hsp70 family, shares about 90% amino acid homology
with Hsp70 and has almost identical molecular structure
and indistinguishable biochemical functions with Hsp70
(Welch 1992). Interfering with endogenous Hsc70 accel-
erates dopaminergic neuronal loss in an 
-synuclein
transgenic Drosophila model for Parkinson’s disease, sug-
gesting that constitutively expressed Hsc70 protects do-
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Fig 5. Cellular expression pattern of
stress-inducible Hsp70 and Hsp27 in
the entorhinal cortex. Thermal stress
induced expression of stress-inducible
Hsp70 (upper panel) and Hsp27 (lower
panel) in glial cells (indicated by ar-
rows) but not in neuronal cells (indicat-
ed by arrowheads) in the entorhinal
cortex. C, control; H, heat shock (24-
hour recovery). Bar � 16 �m.

paminergic neurons against 
-synuclein toxicity by de-
laying the onset of degeneration (Auluck et al 2002). The
previously mentioned studies emphasize the defense ca-
pacity of Hsps against neurodegeneration and suggest
that the overall levels of Hsps in neurons, including con-
stitutively expressed members, may be intimately related
to the age of onset, kinetics of progression, and severity
of pathological and behavioral phenotypes in experimen-
tal models of neurodegenerative diseases (Muchowski
2002).

Neurodegenerative diseases such as Alzheimer’s dis-
ease, Parkinson’s disease, and ALS exhibit common mo-
lecular mechanisms associated with protein misfolding,
yet they differ widely in frequency and impact different
populations of neurons. Hsps provide a line of defense
against misfolded, aggregation-prone proteins and are
among the most potent suppressors on neurodegenera-
tion in animal models (Sherman and Goldberg 2001; Mu-
chowski and Wacker 2005). We suggest that differing lev-
els of constitutively expressed Hsc70 and Hsp27 in dif-
ferent neuronal cell populations confers a variable buff-
ering capacity against protein misfolding disorders that
correlates with the relative frequencies of these neuro-
degenerative disorders. The defense capacity against pro-
tein misfolding disorders is higher in motor neurons in

the spinal cord because of their elevated levels of consti-
tutively expressed Hsc70 and Hsp27, compared to neu-
rons of the substantia nigra, which in turn have a higher
defense capacity than neurons of the entorhinal cortex
and hippocampus. Levels of these constitutively ex-
pressed Hsps may correlate with the low frequency of
ALS that impacts motor neurons, whereas a higher dis-
ease frequency is apparent for Parkinson’s disease that
affects neurons of the substania nigra and an even higher
frequency for Alzheimer’s disease that impacts neurons
of the entorhinal cortex and hippocampus. Following
stress, such as temperature elevation, the induction of
stress-inducible Hsps is selective, occurring primarily in
glial cells rather than in neurons. Neuron may rely on
their constitutive levels of Hsc70 and Hsp27 as a ‘‘pre-
protection’’ mechanism for defense against protein mis-
folding triggered by stressful stimuli or that associated
with neurodegenerative diseases. Variable levels of these
constitutive Hsps in different neuronal cells types may
modulate their relative susceptibility to protein misfold-
ing disorders. Our present investigation has been carried
out in the rat brain. It would be beneficial to extend the
analysis to relevant neuronal cell populations in the hu-
man brain.
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