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Abstract. Heat shock proteins (HSPs), molecular chaperones 
that assist in protein folding, have become a research focus 
in Parkinson's disease (PD) since the pathogenesis of PD is 
characterized by intracellular protein misfolding and inclu-
sion body formation. This study investigated the effect of the 
knockout (KO) of the Hsp70.1 (approved gene symbol Hspa1b) 
gene on the sensitivity of murine nigrostriatal dopaminergic 
neurons to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-induced toxicity. We confirmed changes in motor 
coordination and tyrosine hydroxylase (TH) immunoreac-
tivity in the substantia nigra following MPTP treatment of 
C57BL/6 normal mice and Hspa1b KO mice. MPTP treatment 
led to motor control impairment and induced TH-positive 
dopaminergic neurodegeneration in normal mice. Compared 
to untreated normal mice, rotarod duration and the density 
of TH-positive neurons in the substantia nigra were also 
significantly lower in untreated KO mice (p<0.01). MPTP-
treated KO mice had markedly decreased rotarod duration and 
reduced density of TH-positive neurons, compared to MPTP-
treated normal mice. These results indicate that Hspa1b KO 
mice are more vulnerable to the neurotoxic effects of MPTP 
and are consistent with the hypothesis that HSPs represent an 
important molecular target for neuroprotective strategies in 
the treatment of PD.

Introduction

Parkinson's disease (PD) is a neurodegenerative disease 
characterized by progressive deterioration of motor function 
due to selective loss of dopaminergic neurons in the nigros-
triatal pathway. PD is clinically characterized by tremor, 
rigidity, postural abnormalities and bradykinesia. Although 

the etiopathogenesis of the processes underlying clinical 
deterioration remains unknown, several potential key factors, 
including genetic background and endogenous or environment-
derived neurotoxins, have been proposed (1). Several genetic 
mutations have been identified, including α-synuclein, parkin, 
UCHL1, DJ-1, PINK1 and LRRK2 (2), and provide clues to 
the molecular pathways involved in the vulnerability and loss 
of dopaminergic cells during disease progression. Multiple 
mechanisms are thought to be involved in cell death in PD. 
These include abnormal protein interactions in the ubiquitin-
proteasome system (UPS), oxidative stress, mitochondrial 
dysfunction, apoptosis, inflammation and excitotoxicity (3), 
although the precise roles of these remain unclear.

Heat shock proteins (HSPs) have a protective role against 
a variety of adverse conditions, including oxidative stress (4). 
The protection of cells by HSPs is attributed to their molecular 
chaperone function, which facilitates nascent protein folding, 
refolding, or degradation of abnormally folded protein (5,6). 
Given the critical role of HSPs in protein stabilization, 
folding, and assembly, it is not surprising that HSPs are 
involved in the pathogenesis of a variety of neurodegenera-
tive disorders characterized by abnormal protein aggregation. 
Evidence indicates that HSPs may be involved in neuronal 
cell death in PD, a disease characterized by conformational 
changes in the proteins that result in misfolding, aggregation 
and intracellular Lewy body formation (7-9). The overex-
pression of Hsp70 has been shown to prevent dopaminergic 
neuronal loss associated with α-synuclein in Drosophila (9). 
Hsp70 gene transfer to the dopamine neurons by a recom-
binant adeno-associated virus also protected the mouse 
dopaminergic system against 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced loss of dopaminergic 
neurons (10). Moreover, the induction of Hsp70 expression by 
prior exposure to heat shock offers some protection against 
1-methyl, 4-phenyl, pyridinium ion (MPP)-induced neuronal 
cell death in cultured PC12 cells (11). In addition, a recent 
epidemiological study reported that susceptibility to PD 
may be associated with a potential polymorphism in the 5' 
promoter region of the HSP70.1 gene (12). Therefore, HSPs 
may represent an important molecular target for neuroprotec-
tive strategies in PD treatments.

HSPs are classified into discrete families based on their 
molecular mass: Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, 
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and small Hsp families (13). One of the most conserved 
is the Hsp70  family (14). Three genes encoding members 
of the Hsp70 family have been defined: Hsp70.1 (Hspa1b), 
Hsp70.2 (Hspa2), and Hsp70.hom (Hspa1l) (15). Hspa1b and 
Hspa2 encode an identical protein, the major heat-inducible 
Hsp70. Hspa1b is also expressed constitutively at low levels. 
Hspa1l encodes a protein that shares 90% amino acid sequence 
identity with Hsp70 but is not heat-inducible.

In order to understand the role of Hspa1b in the pathogen-
esis of PD, this study investigated the effect of the knockout 
(KO) of the Hspa1b gene on MPTP-induced toxicity. We 
compared changes in motor function using rotarod test and the 
density of tyrosine hydroxylase (TH)-immunoreactive neurons 
after MPTP treatment in C57BL/6 normal mice and Hspa1b 
KO mice.

Materials and methods

Animals and MPTP administration. All experiments were 
carried out in accordance with the animal care guidelines of the 
National Institutes of Health and Animal Care Committee of the 
Medical College, Kyung Hee University. Male C57BL/6 mice 
(8 weeks old, weighing 25-30 g) were purchased from SLC 
Inc. (Hamamatsu, Shizuoka, Japan) and Hspa1b KO mice were 
purchased from Macrogen Inc. (Seoul, Korea). The mice were 
housed at standard temperature (22±2˚C) on a 12-h light/dark 
cycle, with free access to food and water. The C57BL/6 normal 
and Hspa1b KO mice were each divided randomly into two 
subgroups: normal controls, MPTP-treated normal controls, 
KO mice, and MPTP-treated KO mice. To generate the PD 
model, mice were injected intraperitoneally with MPTP-HCl 
(Sigma, St. Louis, MO, USA) in saline at a dose of 30 mg/kg 
at 24-h intervals on 5 consecutive days. The control group was 
injected with saline on the same schedule.

Rotarod test. An accelerating rotarod (MED Associates Inc., 
St. Albans, VT, USA) was used to measure motor balance 
and coordination in mice. Mice were required to maintain 
their balance on a horizontal rotating rod (diameter, 3 cm) 
and rotation speed was increased every 30 sec by 4 rpm. Five 
mice were tested at the same time, separated by large disks. 
A trial started when the mouse was placed on the rotating 
rod, and it stopped when the mouse fell down or when 4 min 
had passed. Falling down activated a switch that automati-
cally stopped a timer. At 24 h after the last MPTP or saline 
injection, the mice were pretrained three times with 1  h 
intervals with an accelerating rod speed mode. Then, the time 
they remained on the rod was recorded with a maximum of 
240 sec for successive rotational speeds.

Tyrosine hydroxylase (TH) immunohistochemistry. Animals 
were sacrificed by chloral hydrate overdose (300 mg/kg) 
24 h after the last MPTP or saline injection, and were then 
perfused transcardially with 4% paraformaldehyde in 0.05 M 
phosphate buffer (PB). The brains were removed, postfixed 
and cryoprotected. Immunohistochemistry was performed as 
described in a previous study (16) on free-floating cryomicro-
tome-cut sections (40 µm thick) that encompassed the entire 
substantia nigra. After incubation with 3% H2O2 in 0.05 M 
PBS, the sections were stained overnight at room temperature 

using an anti-TH (1:1000; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) primary antibody for dopamine neurons. 
The tissue sections were incubated with biotinylated anti-
rabbit IgG (Vector Laboratories Inc., Burlingame, CA, USA) 
for 1 h at room temperature, incubated with ABC reagent 
(Vector Laboratories Inc., Burlingame, CA, USA) for 1 h at 
room temperature, and incubated for 2 min in 0.02% diami-
nobenzidine and 0.003% H2O2 in 1 M Tris-buffered saline 
(pH 7.5). After the reaction, the tissue sections were mounted 
on gelatin-coated slides, dried, dehydrated and covered. 

Statistical analysis. Values are expressed as mean ± SEM. 
The significance of differences between groups was statisti-
cally analyzed using one-way analysis of variance (ANOVA), 
followed by Tukey's test. A value of p<0.05 was considered to 
indicate statistical significance. 

Results

Effect of the knockout of Hspa1b on MPTP-induced motor 
impairment. To evaluate MPTP-induced impairment of motor 
coordination, we used the rotarod test, which assessed the 
ability of mice to maintain their balance on a rotating cylinder. 
MPTP treatment of normal mice led to motor impairment 
(Fig. 1A). Time on the rotarod was significantly decreased 

Figure 1. Effect of a knockout (KO) of Hspa1b on MPTP-induced motor func-
tion impairment. (A) Motor performances on rotarod of normal and Hspa1b 
KO mice in the presence or absence of MPTP. The data are expressed as the 
mean ± SEM. **p<0.01, compared to the untreated normal group; ##p<0.01, 
compared to the untreated KO group. (B) The rotarod duration of untreated 
groups was regarded as 100%. The data are expressed as the mean ± SEM. 
**p<0.01, compared to the untreated group.
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to 141.40±15.59  sec in the MPTP-treated normal group, 
compared with 205.00±11.76  sec in the untreated normal 
group (p<0.01). Interestingly, in the absence of MPTP treat-
ment, Hspa1b KO mice showed motor deficits. MPTP-treated 
KO mice significantly showed motor impairment compared to 
untreated KO mice. 

To investigate whether mice with an Hspa1b deficiency 
are more vulnerable to MPTP-induced toxicity, we compared 

changes in motor coordination due to MPTP treatment in the 
untreated groups. As shown in Fig. 1B, the MPTP-treated 
KO group showed marked impairment of motor coordina-
tion compared to the MPTP-treated normal group. Motor 
impairment in the MPTP-treated KO group decreased by 
approximately 72% compared to the untreated KO group, 
while the MPTP-treated normal group decreased by 
approximately 32% compared to the untreated normal group, 
indicating that Hspa1b KO mice are more vulnerable to 
MPTP-induced toxicity.

TH immunohistochemistry. Fig. 2A shows the TH immuno-
reactivity of dopaminergic neurons in the substantia nigra 
sections of normal and Hspa1b KO mice after treatment with 
MPTP. We confirmed a significant reduction in the density 
of TH-positive dopaminergic neurons in the substantia 
nigra of MPTP-treated normal mice, compared to untreated 
normal mice (Fig. 2B). The MPTP-treated KO group also had 
significantly fewer TH-positive neurons in the substantia nigra 
than the untreated KO group (p<0.01). As shown in Fig. 2C, 
the MPTP-treated KO group showed a marked reduction of 
TH-positive neurons compared to the MPTP-treated normal 
group. The density of TH-positive neurons in the MPTP-
treated KO group decreased by approximately 75% compared 
to the untreated KO group, while the MPTP-treated normal 
group decreased by approximately 20% compared to the 
untreated normal group, also indicating that Hspa1b KO mice 
are more susceptible to MPTP-induced toxicity.

Discussion

The neurotoxin MPTP is capable of producing biochemical 
and neuropathological defects similar to those observed in PD 
patients (17), including progressive loss of dopaminergic neurons 
in the substantia nigra and decreases in striatal dopamine levels. 
Therefore, it is widely used as an experimental model of PD (18). 
The neurotoxicity of MPTP depends on the transformation 
of MPTP to its bioactive form MPP+, which is taken up into 
dopaminergic (DA) neurons by their DA transporters. MPP+ 
inhibits mitochondrial complex I, leading to decreased ATP 
production, increased generation of reactive oxygen species, 
apoptosis, and endoplasmic reticulum stress due to accumula-
tion of unfolded proteins (10,19,20).

Molecular chaperones, such as HSP70s, not only play crucial 
roles in protein folding and degradation, but also contribute to 
antioxidant defenses and anti-apoptotic pathways, which have 
been clearly implicated in the pathogenesis of PD (21). Several 
studies have reported that the Hsp70 gene protects against PD. 
Genetic studies in Drosophila showed that the overexpression 
of Hsp70 suppressed polyglutamine-induced neurodegeneration 
in vivo (22). Shen et al reported that the induction of Hsp70 is 
critical to the neuroprotection afforded by geldanamycin 
against MPTP-induced neurotoxicity in the mouse brain (23). 
Moreover, induction of Hsp70 by prior exposure to heat shock 
protects against MPP+-induced neuronal cell death in cultured 
PC12 cells (11) and against α-synuclein aggregation in human 
H4 neuroglioma cells (7,8). These results highlight the possi-
bility of using Hsp70 as a potential therapy for PD. Nagel et al 
also reported that Tat-Hsp70 prevented the MPTP-mediated 
loss of dopaminergic midbrain neurons in culture as well as 
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Figure 2. Effect of a knockout (KO) of Hspa1b on MPTP-induced tyrosine 
hydroxylase (TH) immunoreactive neurodegeneration. (A) Representative 
photomicrographs showing TH-positive dopaminergic neurons in the sub-
stantia nigra of each group. (B) The density of TH-positive dopaminergic 
neurons in the substantia nigra. The data are expressed as the mean ± SEM. 
**p<0.01, compared to the untreated normal group; ##p<0.01, compared to the 
untreated KO group. (C) The density of TH-positive dopaminergic neurons 
of the untreated groups was regarded as 100%. The data are expressed as the 
mean ± SEM. *p<0.05 compared to the untreated group; **p<0.01 compared 
to the untreated group.
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in the substantia nigra in a mouse model of PD (24). However, 
some reports have questioned the therapeutic potential of heat 
shock proteins in PD. Gao et al reported that ubiquitous trans-
genic overexpression of Hsp70 did not suppress MPTP-induced 
nigrostriatal dopaminergic neuronal damage at either the soma 
or the axon terminals of dopaminergic neurons (25). Moreover, 
Hsp70 overexpression did not favor the recovery of striatal 
axon terminals after MPTP treatment. Although HSP70 has 
been found to reduce α-synuclein aggregation and toxicity in 
mice (7), that finding was not repeated in a more recent study 
(26). These results indicate that Hsp70 alone is not sufficient 
to reduce MPTP-induced dopaminergic neuronal damage in 
mice. Therefore, it remains unclear whether Hsp70 overexpres-
sion or activation may be used as a therapeutic approach in PD 
patients and these effects require further study.

With ageing, the level of HSPs is decreased and they are 
insufficient to maintain homeostasis of cellular proteins, which 
may give rise to certain diseases (27). In this study, we investi-
gated whether mice with Hsp70 deficiency are more vulnerable 
to MPTP-induced toxicity in an animal model of PD that used 
Hspa1b KO mice. Our results show that MPTP-treated Hspa1b 
KO mice have more severe motor impairment compared to 
MPTP-treated normal mice. TH-immunoreactive dopami-
nergic neurons were also fewer in MPTP-treated Hspa1b KO 
mice than in MPTP-treated normal mice. These results indicate 
that Hspa1b KO mice are more susceptible to MPTP toxicity. 
Therefore, reductions in the Hspa1b gene level due to various 
factors, including ageing and genetic defects, result in hightened 
sensitivity to toxic insults such as MPTP, which affect the patho-
genesis of PD. Although it is controversial whether Hsp70 is able 
to help in the treatment of PD, it is clear that this gene is related 
to the pathogenesis of PD. We consider that therapeutic methods 
controlling the level or improving the function of the Hspa1b 
gene may be able to help in the prevention of progression of 
PD. However, this reuires further study in order to identify the 
specific molecular mechanisms involved in the relationship 
between Hspa1b and PD.
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