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Abstract. Animal models for Parkinson's disease (PD) are
very useful in understanding the pathogenesis of PD and
screening for new therapeutic approaches. The present study
compared two commonly used neurotoxin-induced mouse
models of chronic PD to guide model selection, explore the
pathogenesis and mechanisms underlying PD and develop effec-
tive treatments. The chronic PD mouse models were established
via treatment with rotenone or 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) for 6 weeks. The effects of rotenone
and MPTP in the mice were compared by assessing neurobe-
havior, neuropathology and mitochondrial function through the
use of the pole, rotarod and open field tests, immunohistochem-
istry for tyrosine hydroxylase (TH), glial fibrillary acidic protein
(GFAP), ionized calcium-binding adapter molecule 1 (Iba-1),
neuronal nuclear antigen (NeuN) and (p)S129 a-synuclein,
immunofluorescence for GFAP, Iba-1 and NeuN, western blot-
ting for TH, oxygen consumption, complex I enzyme activity.
The locomotor activity, motor coordination and exploratory
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behavior in both rotenone and MPTP groups were significantly
lower compared with the control group. However, behavioral
tests were no significant differences between the two groups.
In the MPTP group, the loss of dopaminergic (DA) neurons in
the substantia nigra (SN) pars compacta, the reduction of the
tyrosine hydroxylase content in the SN and striatum and the
astrocyte proliferation and microglial activation in the SN were
more significant compared with the rotenone group. Notably,
mitochondrial-dependent oxygen consumption and complex
I enzyme activity in the SN were significantly reduced in the
rotenone group compared with the MPTP group. In addition,
Lewy bodies were present only in SN neurons in the rotenone
group. Although no significant differences in neurobehavior
were observed between the two mouse models, the MPTP
model reproduced the pathological features of PD more
precisely in terms of the loss of DA neurons, decreased dopa-
mine levels and neuroinflammation in the SN. On the other
hand, the rotenone model was more suitable for studying the
role of mitochondrial dysfunction (deficient complex I activity)
and Lewy body formation in the SN, which is a characteristic
pathological feature of PD. The results indicated that MPTP
and rotenone PD models have advantages and disadvantages,
therefore one or both should be selected based on the purpose
of the study.

Introduction

Parkinson's disease (PD) is the second most common chronic
progressive neurodegenerative disorder in the elderly popula-
tion (1). The typical motor symptoms of PD include tremors,
bradykinesia, muscle stiffness and postural instability (2). The
typical pathological characteristics of PD include degenera-
tion and loss of dopaminergic (DA) neurons in the substantia
nigra (SN) pars compacta (SNpc) and the formation of Lewy
bodies in residual neurons (3). Previous studies have indicated
that aging, mitochondrial defects, oxidative stress, protein
misfolding and aggregation and neuroinflammation are all
involved in PD pathogenesis (4,5). Defects in mitochondrial
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complex I activity and reduced ATP synthesis are routinely
observed in PD (6).

In general, the etiology of PD is not clear. Genetic suscep-
tibility and environmental exposures increase the risk of
developing PD (7,8). As the majority of PD cases are sporadic,
environmental factors may be also important (9). At present,
there is no definitive cure, and the clinical diagnosis of PD is
still based on the characteristic symptoms of motor dysfunc-
tion (10). Therefore, the etiology, pathology and therapeutic
approaches for PD require detailed research for which the
selection of appropriate animal models is essential.

Rotenone and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) are common neurotoxins used to create animal
PD models (11-15). Rotenone is a natural toxic substance
extracted from plants in the Leguminosae family and is
widely used in crop pest control and to eliminate fish from
fish ponds (16). Epidemiological studies have demonstrated
that the incidence of PD in individuals chronically exposed
to rotenone is higher compared with that in the general
population (17). Rotenone is liposoluble, allowing it to enter
neurons directly without additional metabolic conversion or
transporter-mediated movement, and inhibits mitochondrial
complex I inducing neuronal degeneration (18,19).

MPTP is non-toxic to neurons and freely enters the brain,
where it is taken up by astrocytes, and is rapidly converted
to the toxic metabolite 1-methyl-4-phenylpyridinium-iodide
(MPP*) by monoamine oxidase. Once MPP* enters DA neurons
via the dopamine transporter (DAT), a part of the MPP* is
sequestered into synaptic vesicles by the vesicular monoamine
transporter (20). In DA neurons, MPP* accumulates in the
mitochondria, synaptic vesicles and cytoplasm; a part of the
accumulated MPP* inhibits mitochondrial complex I (21).
Although their mechanisms of action are not entirely under-
stood, MPTP and rotenone both effectively induce PD-like
symptoms (22).

Both rotenone and MPTP inhibit the activity of mitochon-
drial complex I, but they exhibit differences in the manner
in which they enter neurons and their specific intracellular
destinations (23). In the present study, the rotenone and
MPTP-induced mouse PD models were produced using
chronic exposure protocols, then compared based on aspects
of neurobehavior, neuropathology and mitochondrial function.
The aim of the present study was to provide a foundation to
construct and select the most suitable PD animal model to
explore the pathogenesis and mechanism of PD and develop
more effective treatments.

Materials and methods

Experimental animals and groups. The animal research
was approved by the Animal Care and Use Committee of
Wenzhou Medical University (approval no. wydw2020-0840;
Wenzhou, China). All animal experiments were performed
in accordance with the Guide for the Care and Use of
Laboratory Animals (NRC 2011) (http://oacu.od.nih.
gov/regs/guide/guide_2011.pdf) and Guidelines for the
ethical review of laboratory animal welfare People's Republic
of China National Standard GB/T 35892-2018 (24). All
animal experiments were performed by adequately trained
researchers. Appropriate anesthetics (isoflurane, 3% for

induction; 1-1.5% for maintenance) were administrated to ease
pain and suffering.

A total of 80 C57BL/6 male mice (age, 10-12 weeks;
weight, 20-25 g) were purchased from Shanghai Shrek
Experimental Animal Co., Ltd. All of the animal rooms were
maintained at 20-25°C and humidity of 40-60%, with a 12-h
light/dark cycle and free access to food and water. The mice
were randomly divided into three groups. The MPTP group
was injected intraperitoneally (IP), first with 250 mg/kg proben-
ecid (MilliporeSigma), then 1 h later with 20 mg/kg MPTP
(MilliporeSigma) dissolved in sterile physiological saline. The
IP injections of probenecid and MPTP occurred twice a week for
a total of 12 doses over 6 consecutive weeks (25). The rotenone
group was administered 30 mg/kg rotenone suspended in 0.5%
sodium carboxymethyl cellulose (CMC; MilliporeSigma) via
daily administration by gavage for 6 consecutive weeks (26). The
control group was administered the same volume (200-250 ul)
of 0.5% CMC by gavage. After 6 weeks of administration, the
survival rates were 100% (25/25) for the control group, 86.7%
(26/30) for the rotenone group and 80% (20/25) for the MPTP
group. In our study, the control group that received 0.5% CMC
by gavage was compared with the control group that received
250 mg/kg probenecid via IP injection. The experiment was
repeated three times and the results revealed no significant
differences between these two control groups. Therefore, based
on the previously published control data, the probenecid control
group in the present study was not included.

Pole test. A total of five mice in each group were assessed
for the degree of motor impairment using the pole test.
Briefly, each mouse was placed at the top end of a 50 cm pole
that had a radius of 4 mm. The time each mouse needed to
completely turn 180° and climb down from the pole to the floor
was recorded and averaged over three trials (27). Before the
timed experiments, the mice in each group received 3 days of
training with three trials per day.

Rotarod test. A total of five mice in each group were evaluated
for motor coordination using the rotarod test. Briefly, mice
were trained once a day for 3 days using a rotation speed of 10
revolutions per minute (rpm). The experiment was conducted
on the fourth day using a rotation speed of 40 rpm. The dura-
tion each mouse remained on the rod with a maximum of
300 sec was recorded (28).

Open field test. A total of five mice in each group were assessed
using the open field test to evaluate their exploratory behavior.
Each mouse was placed in an open field chamber (40x40 cm)
for 15 min. The mouse movements were tracked, recorded
and analyzed using the EthoVisionXT 11 software (Shanghai
Jiliang Software Technology Co., Ltd.). The center zone was
defined as a 20x20 cm area in the center of the open field. The
following data were analyzed: i) Total distance traveled; and
ii) time in the center zone expressed as a percentage of the
total distance traveled (29,30).

Immunohistochemistry. Following the behavioral tests, five mice
in each group were anesthetized with isoflurane (3% induction;
1-1.5% maintenance) and perfused transcardially with 4% para-
formaldehyde and post-fixed in PFA at 4°C overnight. The brain
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was removed and embedded in paraffin using routine protocols.
The immunohistochemical methods have been previously
described (31). Tissue sections (4-ym) mounted on glass micro-
scope slides were deparaffinized in xylene and rehydrated in
graded alcohols. Then the tissue sections were boiled for 15 min
in 10 mM citric acid buffer (pH 6.0) for antigen retrieval. After
the sections were cooled to room temperature (RT), they were
incubated with 3% H,O, for 15 min at 37°C to block endogenous
peroxidase activity. Then the sections were blocked with 5% goat
serum (Scientific Phygene) for 45 min at room temperature, and
incubated with primary antibodies, including mouse anti-mouse
tyrosine hydroxylase (TH; 1:1,000; cat. no. 22941; Immunostar,
Inc.), rabbit anti-mouse phosphorylated (p)S129 a-synuclein
(1:8,000; cat. no. ab51253; Abcam), rabbit anti-mouse glial fibril-
lary acidic protein (GFAP; 1:1,000; cat. no. ab68428; Abcam),
rabbit anti-mouse ionized calcium-binding adapter molecule 1
(Iba-1; 1:1,000; cat. no. abl78847; Abcam) or mouse anti-mouse
neuronal nuclear antigen (NeuN; 1:500; cat. no. MAB377,
MilliporeSigma), overnight at 4°C. Subsequently, the sections
were incubated with secondary antibodies, including
HRP-conjugated goat anti-mouse IgG antibody (1:1,000;
cat.no. ab6823; Abcam) or goat anti-rabbit IgG antibody (1:1,000;
cat. no. ab6112; Abcam), for 90 min at RT. Finally, the substrate
color was developed using a diaminobenzidine substrate kit
(Abcam), and the sections were counterstained with hematoxylin
(Beijing Solarbio Science & Technology Co., Ltd.) for 1 min at
room temperature. Image acquisition was performed using a
light microscope (Nikon Corporation). Immunohistochemistry
results were quantified using ImageJ software (version 1.8.0;
National Institutes of Health). One field was randomly imaged
from each of five different sections in each group to count the
positive cells, and the average value was calculated.

Immunofluorescence. Three mice in each group were anes-
thetized with isoflurane as aforementioned and perfused
transcardially with 4% paraformaldehyde to obtain brain
tissue sections and post-fixed in PFA at 4°C overnight. The
tissue sections were permeabilized with 0.5% Triton X-100
for 20 min at room temperature and incubated with 5% goat
serum for 45 min at room temperature. After washing in PBS,
the sections were incubated overnight in rabbit anti-mouse
GFAP antibody (1:1,000; cat. no. ab68428; Abcam), rabbit
anti-mouse Iba-1 antibody (1:1,000; cat. no. ab178847; Abcam)
or mouse anti-mouse NeuN antibody (1:500; cat. no. MAB377,
MilliporeSigma) at 4°C. Then the sections were incubated with
secondary antibodies at 37°C, Alexa Fluor 555-labeled donkey
anti-rabbit IgG antibody (1:500; cat. no. A0453; Beyotime
Institute of Biotechnology) or Alexa Fluor 488-labeled goat
anti-mouse IgG antibody (1:500; cat. no. A0428; Beyotime
Institute of Biotechnology), for 3 h and stained with DAPI
(Beyotime Institute of Biotechnology) for 5 min at room
temperature. Image acquisition was performed using a laser
confocal microscope (Nikon Corporation). Immunofluorescent
cells were quantified using ImagelJ software. One field was
randomly imaged from five different sections in each group to
count the positive cells, and the average value was calculated.

Western blotting. A total of six mice in each group were
anesthetized with isoflurane as aforementioned and perfused
transcardially with PBS, the brain was removed and the SN
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tissue was isolated from both sides of the brain. The SN
tissue was placed in RIPA lysis buffer (Beyotime Institute
of Biotechnology), maintained for 30 min on ice and then
centrifuged at 12,000 x g for 2 min at 4°C. The supernatant
was collected from the homogenized tissue after centrifuga-
tion. The protein concentration was determined using a BCA
reagent (Beyotime Institute of Biotechnology) with bovine
serum albumin as the protein standard. Proteins (20 ug/lane)
were separated on 10% SDS-PAGE and transferred to poly-
vinylidene fluoride membranes for immunoblotting. After
that, the membrane was blocked using 5% skim milk powder
at room temperature for 90 min, The membranes were incu-
bated overnight with primary antibodies, including rabbit
anti-mouse TH (1:1,000; cat. no. AF2185; Beyotime Institute
of Biotechnology) and mouse anti-mouse GAPDH (1:5,000;
cat. no. 60004-lg; Wuhan Sanying Biotechnology), at 4°C.
Subsequently, the membranes were incubated at RT with
secondary antibodies, including HRP-labeled goat anti-mouse
IgG antibody (1:1,000; cat. no. A0216; Beyotime Institute of
Biotechnology) or HRP-labeled goat anti-rabbit IgG antibody
(1:1,000; cat. no. A0208; Beyotime Institute of Biotechnology),
for 90 min. The blots were developed utilizing electrochemilu-
minescence reagent (Beyotime Institute of Biotechnology), and
detection was accomplished using the ChemiDoc MP Imaging
System (Bio-Rad Laboratories, Inc.). The gray values of the
bands were scanned and analyzed using ImagelJ software.

Oxygen consumption measurement. A total of three mice
in each group were anesthetized with isoflurane as afore-
mentioned and perfused transcardially with PBS, and the
SN tissue on both sides of the dissected brain was removed.
Briefly, the SN tissue was homogenized in ice-cold buffer A
{pH 7.4, 5 mM KCl, 5.8 mM NaCl, 2 mM MgCl,, 0.75 mM
CaCl,, 137 mM sucrose and 10 mM 2-[4-(2-hydroxyethyl)
piperazin-1-yl)] ethanesulfonic acid (HEPES)} and centri-
fuged for 5 min at 1,000 x g at 4°C (32). The supernatant
was removed and further centrifuged for 2 min at 15,000 x g
at 4°C. The resulting pellets were resuspended in Buffer B
[20 mM HEPES (pH 7.1), 250 mM sucrose, 2 mM KH,PO,,
10 mM MgCl, and 1 mM ADP]. The mitochondrial protein
concentration was determined using a BCA kit (Beyotime
Institute of Biotechnology). Subsequently, 80 ug of the
mitochondrial solution was transferred to an Oxygraph-2k
chamber (O2k; Oroboros Instruments GmbH). Subsequently,
5 mM malic acid, 5 mM glutamic acid and 5 mM succinate
were added to measure the total oxygen consumption of
mitochondrial complexes I and II. Oligomycin (2.5 pg/ml) was
added to record the level of oxygen consumption uncoupled
to ATP synthase. Subsequently, 0.1 M carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) was added to
determine the maximum respiration rate. All measurements
were performed according to the manufacturer's instruc-
tions of the O2k chamber and the oxygen flux per mass was
recorded using Oroboros DatLab Software 5.2.1.51 (Oroboros
Instruments GmbH).

Mitochondrial respiratory chain complex I enzyme activity. A
total of five mice in each group were anesthetized with isoflu-
rane as aforementioned and perfused transcardially with PBS,
and the SN tissue was removed on both sides of the dissected
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brain. Briefly, the tissue was homogenized in ice-cold tissue
lysis buffer (Beijing Solarbio Science & Technology Co., Ltd.)
and centrifuged for 5 min at 1,000 x g at 4°C. The supernatant
was removed and further centrifuged for 10 min at 12,000 x g
at 4°C. The resulting pellets were resuspended in Buffer A
as aforementioned (33). The mitochondria were frozen and
thawed three times using liquid nitrogen, and the mitochon-
drial protein concentration was measured using a BCA kit
(Thermo Fisher Scientific, Inc.).

The mitochondrial respiratory chain complex I enzyme
and citrate synthase activity in the SN were detected using
a U-3900 spectrophotometer (Hitachi, Ltd.). The reaction
mixture consisting of 0.5M NaNj;, 10 mM nicotinamide
adenine dinucleotide (NADH) and 4 pg mitochondrial protein,
was incubated at 37°C for 2 min. The oxidation rate of NADH
was measured by adding 6 mM ubiquinone and assessed
at 340 nm. Subsequently, the reaction mixture including 1 mM
5,5'-dithiobis (2-nitrobenzoic acid), 10 mM acetyl coenzyme
A and 4 ug mitochondrial protein, was incubated at 37°C for
2 min. The rate of citric acid generation was measured by
adding oxaloacetic acid and assessed at 412 nm. The enzyme
activity of mitochondrial complex I was normalized with the
activity of citric acid synthase. Enzyme activity measurements
were repeated three times independently.

Statistical analysis. Data are presented as mean + standard
deviation. P-values were calculated using SPSS 22.0 software
(IBM Corp.). Unpaired Student's t-tests were used to compare
data between two groups. Comparisons among three groups
were performed using one-way ANOVA. First, the homoge-
neity of variance was tested. If equal variances were observed,
then the P-values were calculated using Tukey's post hoc test.
Otherwise, the P-values were calculated using Tamhane's
T2 test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Results of behavioral tests are significantly altered in the
rotenone and MPTP mouse PD models compared with the
control, but no significant difference is observed between
the models. Behavioral assessments were conducted to inves-
tigate the motor function of the rotenone and MPTP models,
including the pole, rotarod and open field tests, to evaluate
changes in locomotion, motor coordination and exploratory
behavior, respectively. In the pole test (Fig. 1A and B), rote-
none and MPTP treatments significantly extended the time
required to turn 180° and the total time needed for the mouse
to reach the floor (locomotion activity time) compared with the
control group (both P<0.01). There was no significant differ-
ence between the MPTP and rotenone groups. The images
of the pole test are presented in Fig. S1. In the rotarod test
(Fig. 1C), the fall latencies for the rotenone and MPTP groups
were significantly shorter compared with the control group
(both P<0.01). By contrast, there was no significant difference
between the MPTP and rotenone groups. The images of the
rotarod test are presented in Fig. S2.

In the open field test (Fig. 1D-F), the total distance traveled
was significantly shorter and the ratio of the central distance
to the total distance was smaller in the rotenone and MPTP

groups compared with the control group (all P<0.01). However,
there was no significant difference between the MPTP and
rotenone groups. These results indicated that the rotenone
and MPTP-treated mice exhibited a significant decrease in
motor function and exploratory behavior, but there was no
significant difference between the two experimental groups.
After completion of the neurobehavioral tests, the survival
rates for the control, rotenone and MPTP groups were 100,
86.7 and 80%, respectively.

Degeneration and death of DA neurons in the SNpc of the
rotenone and MPTP mouse PD models are significantly
increased compared with the control, especially in the MPTP
model. An important pathological process in the brains
of patients with PD is the degeneration of DA neurons in
the SNpc (34). TH, the rate-limiting enzyme in dopamine
synthesis, is widely recognized as a specific marker to evaluate
the survival status of DA neurons (35). DA neuronal survival
was evaluated by determining the number of TH-positive
neurons in the SNpc. The distribution of neurons in the
positively stained region appeared to be in the shape of an
inverted, elongated comma (Fig. 2A). To detect the degree of
DA neuronal damage in the SNpc of the rotenone and MPTP
models, the number of surviving DA neurons in the ventral
tegmental area (VTA) and the SNpc were quantitatively
compared in each group. There was no significant difference
in the numbers of DA neurons in the VTA among all groups
(Fig. 2B). Furthermore, the results demonstrated that exposure
to rotenone and MPTP resulted in no detectable damage in the
VTA (Fig. 2B). However, the number of surviving neurons in
the SNpc was significantly lower in the rotenone and MPTP
groups compared with the control group (P<0.001; Fig. 2C).
In addition, the number of surviving neurons was significantly
lower in the MPTP group compared with the rotenone group
(P<0.01; Fig. 2C). No significant difference in the number of
surviving DA neurons in SNpc and VTA (Fig. S3A-C) were
revealed between the control group of 0.5% CMC administered
via gavage and the control group of 250 mg/kg probenecid
administered via IP injection.

In PD, degeneration and loss of DA neurons in the SN
results in decreased TH expression (36). To further explore the
degree of damage to DA neurons in the SN in the rotenone
and MPTP models, the expression level of TH in the SN
was assessed using western blotting. TH expression in the
SN (Fig. 2D and E) was significantly lower in the rotenone
and MPTP groups compared with the control group (both
P<0.01). Notably, the TH expression was considerably lower
in the MPTP group compared with that of the rotenone group
(P<0.01). These results revealed that rotenone and MPTP
caused the degeneration and death of DA neurons in the
SNpc and indicated that the toxic effects of MPTP were more
pronounced.

TH protein content in the striatum of the rotenone and
MPTP mouse PD models is significantly lower compared
with the control, especially in the MPTP model. The TH
protein content in the striatum is considered to be an indirect
indication of the striatal dopamine content (37). The TH
protein expression level in the striatum was detected using
immunohistochemistry. The optical density of TH-positive
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Figure 1. Neurobehavioral tests. (A) Time taken for mice to turn 180°. (B) Total time taken for mice to reach the floor. (C) Time the mouse remained on the
rod in the rotarod test. (D) A total of 15 min movement track segments of open field exploration by the mice. (E) Total distance traveled in the open field test.
(F) Ratio of central distance to the total distance in the open field test. “P<0.01, ““P<0.001. ns, no significant difference; T-turn, time to turn; T-LA, time of
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in brown represents the VTA. Magnification, x40. Quantitative analysis of the number of surviving neurons in the (B) VTA and (C) SNpc. (D) Expression
level of TH protein in the SN was detected using western blotting; GAPDH was used as the internal reference standard. (E) Quantitative analysis of TH
expression in the SN. “P<0.01, “"P<0.001. ns, no significant difference; VTA, ventral tegmental area; SN, substantia nigra; SNpc, SN pars compacta;
MPTP, I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TH, tyrosine hydroxylase.
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Figure 3. TH expression in the striatum of the rotenone and MPTP mouse Parkinson's disease models. (A) Immunohistochemical staining for TH in the
striatum. Magnification, x40. (B) Quantitative analysis of TH optical density in the striatum. (C) Expression level of TH protein was detected using western
blotting; GAPDH was used as the internal reference standard. (D) Quantitative analysis of TH expression. ‘P<0.05, “P<0.01, “"P<0.001. TH, tyrosine hydroxy-

lase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

striatum was detected using western blotting. TH expression
in the striatum (Fig. 3C and D) was significantly lower in the
rotenone and MPTP groups compared with the control group
(both P<0.001), and it was significantly lower in the MPTP
group compared in the rotenone group (P<0.05). These results
demonstrated that both rotenone and MPTP treatments signifi-
cantly reduced the protein level of TH in the striatum and
indicated more pronounced toxic effects for MPTP.

Lewy bodies appear in SNpc neurons in the rotenone model
but not the MPTP model. Another characteristic pathological
change observed in PD is the formation of Lewy bodies in the
residual SNpc neurons. Lewy bodies can activate surrounding
microglia, promote the release of inflammatory mediators, and
aggravate neuronal injury (38). A small fraction of a-synuclein
is phosphorylated at the S129 site (<4%) in healthy brains, but
it has been observed to be accumulated (~90%) in the brains of

patients with PD (39). Therefore, pS129 a-synuclein was used as
a marker to evaluate the pathological changes associated with
a-synuclein. Lewy bodies were observed in the rotenone group
using immunohistochemical staining for pS129 a-synuclein,
but not in the control or MPTP groups (Fig. 4A and B). These
results demonstrated that, compared with MPTP, rotenone
could induce the formation of Lewy bodies in the residual
neurons in the SNpc and provided a more accurate simulation
of the pathological processes that occur in patients with PD.

MPTP and rotenone induce glial activation and damaged
neurons. The importance of neuroinflammation in mediating
the progressive death of DA neurons in PD has been recog-
nized. Astrocyte and microglial activation in the central
nervous system provides evidence of the existence of inflam-
mation in PD (40,41). GFAP and Iba-1 are molecular markers
of activated astrocytes and microglia, respectively, and their
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Figure 4. Lewy body formation in substantia nigra pars compacta neurons in rotenone-treated mice. (A) Phosphorylated S129 a-synuclein protein expression in
the cytoplasmic region of dopaminergic neurons indicated the presence of Lewy bodies. The grainy-appearing brown bodies marked by the red arrows are Lewy
bodies. Magnification, x1,000. (B) Quantitative analysis of the proportion of Lewy body-positive cells. MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

activation is closely associated with injury or inflammation
in the brain (42). To reveal the activation of astrocytes and
microglia in the SN, GFAP and Iba-1 in the SN were detected
using immunofluorescence and immunohistochemistry. The
number of GFAP-positive cells in the SN (Fig. 5A, D, G and H)
was significantly increased in the rotenone and MPTP groups
compared with the control group (all P<0.01). Also, the number
was significantly higher in the MPTP group compared with the
rotenone group (both P<0.01). The number of Iba-1-positive
cells in the SN (Fig. 5B, E, G and I) was significantly increased
in the rotenone and MPTP groups compared with the control
group (all P<0.01). The number was significantly higher in
the MPTP group compared with in the rotenone group (both
P<0.01). Thus, these results demonstrated that treatment with
rotenone and MPTP could enhance the activation of astrocytes
and microglia in the SN and revealed that MPTP exhibited
more pronounced toxic effects.

NeuN is expressed in the nucleus of the majority of neurons
in the vertebrate nervous system (43). It is one of the most
commonly used markers for neurons. Thus, the present study
examined NeuN expression to determine whether there was a
similar effect as observed with TH expression. The number of
NeuN-positive cells in the SN (Fig. 5C, F, G and J) was signifi-
cantly decreased in the rotenone and MPTP groups compared
with the control group (all P<0.01). Also, the number was
significantly decreased in the MPTP group compared with the
rotenone group (both P<0.05). These observations suggested
that there was neuronal loss in addition to decreased TH
expression in the surviving neurons in the rotenone and MPTP
mouse PD models. The results also suggested that MPTP
exhibited more toxic effects compared with rotenone.

Rotenone and MPTP decreased mitochondrial-dependent
oxygen consumption and complex I enzyme activity compared
with the control, especially in the rotenone model. Rotenone
and MPTP are direct and indirect inhibitors of mitochondrial
complex I, respectively, and the underlying mechanisms are
different (23). Therefore, the present study determined the
oxygen consumption and complex I activity to assess the
effects of rotenone and MPTP on mitochondrial function.
The mitochondrial oxygen consumption level in the SN
was detected using O2k. In Fig. 6A, complex I and complex 1T
(CI + CII) represented the total oxygen consumption of mito-
chondrial complexes I and II, which were significantly lower

in the rotenone and MPTP groups compared with the control
group (both P<0.001). Also, the total oxygen consumption for
the rotenone group was considerably lower compared with the
MPTP group (P<0.05). Oxygen consumption after oligomycin
treatment (Oligo), an inhibitor of complex V (ATP synthase)
of the electron transport chain, was significantly lower in
the rotenone and MPTP groups compared with the control
group (both P<0.05). The oligo was not different between the
rotenone and MPTP groups. FCCP (oxygen consumption after
FCCP treatment) represents the maximum oxygen consump-
tion after uncoupling the electron transport chain, which was
significantly lower in the rotenone and MPTP groups compared
with the control group (both P<0.001). Also, the FCCP in the
rotenone group was considerably lower compared with the
MPTP group (P<0.05). These results indicated that both rote-
none and MPTP significantly altered the oxygen consumption
of mitochondria in the SN and suggested that rotenone had a
more pronounced effect on oxygen consumption.

To examine whether the coupling of substrate oxidation to
ATP production was impaired, the present study assessed the
mitochondrial coupling efficiency using the respiratory control
ratio (RCR) and leak control ratio (LCR). For the RCR that
was defined as the (CI + ClII)/oligo ratio (Fig. 6B), the lower
the value, the lower the efficiency of electron transport chain
coupling with oxidative phosphorylation. The RCR values
decreased significantly in the rotenone and MPTP groups
compared with the control group (both P<0.01). The RCR was
not significantly different between the rotenone and MPTP
groups. For the LCR, which was defined as the oligo/FCCP
ratio (Fig. 6C), the larger the value the lower the coupling effi-
ciency of mitochondria. The LCR was significantly higher in
the rotenone and MPTP groups compared with in the control
group (both P<0.01). Furthermore, the LCR was consider-
ably higher in the rotenone group compared with the MPTP
group (P<0.05). These results revealed that both rotenone and
MPTP decreased the coupling efficiency of mitochondria in
the SN and suggested that the effects of rotenone were more
pronounced.

Mitochondrial complex I enzyme activity was measured
as the rate of NADH oxidation (Fig. 6D). This assessment
was based on the characteristic that complex I (NADH dehy-
drogenase) catalyzes NADH dehydrogenation to NAD* when
measured at 340 nm and was normalized with the activity
of citric acid synthase (44). The activity of mitochondrial
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Figure 5. Number of astrocytes, microglia and neurons in the substantia nigra of the rotenone and MPTP mouse Parkinson's disease models. (A) Number of
astrocytes (GFAP-positive) was measured using LCM. GFAP protein (red) is expressed in the cytoplasmic regions of the astrocytes. DAPI (blue) indicates
the nucleus. Magnification, Annexin V. (B) Number of microglia (Iba-1-positive) was detected using LCM. Iba-1 protein (red) is expressed in the cytoplasmic
regions of the microglia. DAPI (blue) indicates the nucleus. Magnification, Annexin V. (C) Number of NeuN-positive cells was detected using LCM. NeuN
protein was expressed in the nuclei of the majority of neurons. DAPI (blue) indicates the nucleus. Magnification, 600x. (D) Quantitative analysis of the
proportion of astrocytes (GFAP-positive). (E) Quantitative analysis of the proportion of microglia (Iba-1-positive). (F) Quantitative analysis of the proportion
of NeuN-positive cells. (G) Number of astrocytes (GFAP-positive), microglia (Iba-1-positive) and NeuN-positive cells were detected using IHC. GFAP, Iba-1
and NeuN proteins are expressed in the cytoplasmic regions of astrocytes, microglia and the nucleus of the majority of neurons, respectively. Scale bar,
100 zm. Quantitative analysis of the proportion of (H) astrocytes, (I) microglia and (J) NeuN-positive cells. “P<0.05, “P<0.01, ““P<0.001. LCM, laser confocal
microscopy; IHC, immunohistochemistry; NeuN, neuronal nuclear antigen; GFAP, glial fibrillary acidic protein; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine; Iba-1 ionized calcium-binding adapter molecule 1.

complex I enzyme was significantly lower in the rotenone  Discussion

and MPTP groups compared with the control group (both

P<0.001), and the activity in the rotenone group was consider-  The incidence of PD may result from genetic and environ-
ably lower compared with the MPTP group (P<0.01). These = mental factors and is divided into two forms, familial and
results demonstrated that both rotenone and MPTP could  sporadic. Overall, ~95% of PD cases are sporadic and may
significantly inhibit mitochondrial complex I enzyme activity = be associated with environmental factors (45). Currently,
and indicated that the effects produced by rotenone were more  animal models of PD primarily include neurotoxin-based
important. animal models and genetic animal models, each of which have
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Figure 6. Oxygen consumption levels and complex I enzyme activity of mitochondria in the substantia nigra of rotenone and MPTP Parkinson's disease mouse
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advantages and disadvantages (46). Although the pathogenic
mechanisms underlying the genetic animal models of PD
are precise, these models are complex, time-consuming and
expensive to produce. Compared with the genetic animal
models, neurotoxin-based PD animal models can reproduce
the behavioral changes and pathological characteristics of PD
(mainly sporadic PD), and the modeling protocols are more
straightforward (47). The neurotoxin-based PD animal models
reproduce the effects of toxic environmental factors associated
with PD and have been widely used in model construction (48).
For example, rotenone is widely used as a crop insecticide and
fish poison in fish culture systems (49). Studies have demon-
strated that long-term, low-concentration exposure to toxicants
may be an environmental factor that can lead to PD (50-52).
It also has been reported that MPTP is associated with PD
caused by drug abuse (53). Therefore, the present study is of
considerable practical importance for the neurotoxin-based
PD models.

MPTP administration currently has become the most
commonly used animal model of PD. There are three main
models that use MPTP, including acute, subacute and
chronic (54). The acute mouse model of PD has been created
by injecting MPTP four times within 6 h (55,56). The subacute
mouse PD model has been produced by injecting MPTP once a
day for several days to several weeks (57). Finally, the chronic
mouse model has been created by injecting MPTP and proben-
ecid at 3.5-day intervals for 6 weeks. The acute model causes
neuronal necrosis instead of apoptosis, which is not consistent

with the actual disease (58). Zhang et al (59) revealed that
it was challenging for the subacute MPTP administration
to accurately simulate the motor dysfunction that occurs in
patients with PD due to the compensatory response of the
norepinephrine and DA systems, although it could produce
damage to DA neurons and lead to the depletion of dopamine
in the striatum. The chronic MPTP-induced mouse models
exhibit a low mortality rate, chronic symptoms and stable
pathology, which more accurately simulate the pathological
process of PD (60). Therefore, MPTP (20 mg/kg) and proben-
ecid were injected intraperitoneally twice a week for 6 weeks
in the present study (61).

The chronic rotenone-induced mouse model also simulates
the pathological and biochemical characteristics of patients
with PD. The use of gavage administration effectively avoids
severe injury that can result from repeated subcutaneous
injections at the neck and back of the mouse (46). The chronic
rotenone-induced mouse model is useful for studying changes
that occur during PD and developing therapeutic drugs due to
the low mortality rate and high success rate in model estab-
lishment (62). Inden et al (63,64) reported that the survival rate
of rotenone-treated mice administered 30 mg/kg via gavage
was 70% within 7 days and remained at 70% until 42 days.
Therefore, rotenone is typically administered by gavage once
a day for 6 weeks, using a dose of 30 mg/kg.

In the present study, the results indicated that this dose
selection, route and interval of administration of the neuro-
toxins resulted in the development of a stable animal model
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and minimized mortality. The survival rates of the rotenone
and MPTP groups were 86.7 and 80%, respectively, which
provided feasible models to study PD. Since the results
revealed no significant differences between the control group
of 0.5% CMC administered via gavage and the control group
of 250 mg/kg probenecid administered via IP injection, the
probenecid control group was not included in the present study.

The results demonstrated that the PD models induced
by rotenone and MPTP produced significant alterations in
behavior with no significant differences between the two
groups. This observation suggested that chronic rotenone
and MPTP exposure could accurately reproduce behavioral
changes associated with PD. Although the differences were
not significant, the motor function in the MPTP group demon-
strated a trend to be more impaired compared with the rotenone
group. Also, tremor was observed in the MPTP group but not
in the rotenone group. These differences may be caused by a
more severe damage of the SN-striatum pathway in the MPTP
group, which has a more prominent effect on the regulation of
movement by the basal ganglia (65).

When considering the pathological changes, the results
indicated that the degeneration of DA neurons in the SNpc,
dopamine depletion in the striatum and neuroinflammation
in the SN induced by MPTP were significantly more severe
compared with the rotenone group. It has been previously
reported that both rotenone and MPTP are effective in inhib-
iting mitochondrial complex I, but they do so by acting on
different sites of the complex (21). Rotenone inhibits complex
I by binding to the coenzyme Q site competitively (66).
However, increasing evidence supports the possibility that
rotenone also reduces reactive oxygen species (ROS) produc-
tion produced by the electron transport in the respiratory
chain (67). Zawada et al (68) reported that the rotenone
exposure of MPP*-treated N27 cell cultures suppressed H,O,
production by 50%. Astrocytes convert MPTP into the neuro-
toxic molecule MPP*, which is taken up into DA neurons via
the DAT (21). MPP* induces an initial wave of ROS produc-
tion by binding to complex I and, subsequently, the second
wave of ROS is mediated by extra-mitochondrial NADPH
oxidase, which leads to multiple forms of cell damage (68).
Furthermore, both rotenone and MPTP do not cause damage to
DA neurons in the VTA (69). Due to the neuroinflammation in
the SN induced by MPTP and rotenone, it may be necessary to
detect the expression of soluble triggering receptor expressed
on myeloid cells 2 (TREM2) in future studies, since soluble
TREM2 in the cerebrospinal fluid (CSF) has been revealed
to be a biomarker of neurodegeneration and glial activation
in Alzheimer's disease (70). In several recent studies, soluble
TREM?2 in CSF has been reported as a potential biomarker of
neuronal injury in Parkinson's disease (71-73).

It has been indicated that ATP-sensitive K* (K ,1p) channels
are selectively activated in the SNpc but not in VTA, suggesting
that the death of DA neurons in the SNpc may be associated
with the activation of K1, channels (74). K ,;p channels are
hetero-octamers formed with four regulatory sulphonyl urea
receptor (SUR) subunits (SUR1, SUR2A or SUR2B) and four
inwardly rectifying potassium channel subunits (Kir6.1 or
Kir6.2). In a previous study on an MPTP-induced PD mouse
model, SUR1 mRNA expression has been indicated to be
two-fold higher in the SNpc DA neurons compared with the

VTA, suggesting that the selective upregulation of SUR1 leads
to DA neuronal damage (75). In addition to DA neuronal loss,
the presence of Lewy bodies in the remaining neurons repre-
sents a central pathological feature of PD (76). In the present
study, chronic, low-dose rotenone treatment was more likely to
lead to the accumulation of phosphorylated a-synuclein in DA
neurons, resulting in the formation of Lewy bodies, but MPTP
treatment did not. This observation was consistent with several
previous reports (21,26).

a-synuclein is a ubiquitously expressed small protein that
is highly enriched in presynaptic nerve terminals, specifically
on the highly curved membrane of synaptic vesicles (77). It
has been demonstrated that rotenone accelerates the aggre-
gation process of a-synuclein monomers to form amyloid
fibrils (78). Rotenone exposure also leads to the localiza-
tion of a-synuclein aggregates in the mitochondria and to
decreased mitochondrial membrane potential, resulting in
cell death (79). Rotenone may lead to a-synuclein accumula-
tion in the following two ways: i) Increasing the expression
of a-synuclein protein by enhancing the transcription of
the a-synuclein gene; and ii) preventing the degradation of
a-synuclein protein through the ubiquitin-proteasomal system
and increasing phosphorylation of a-synuclein at S129, which
makes it more prone to aggregation (80). These observations
suggested that the neuropathology of MPTP is more robust
compared with rotenone, but MPTP does not reproduce all the
pathological features of PD.

Mitochondria are indispensable for sustaining the high
energy demand of neurons.Italsois well known that mitochon-
dria regulate programmed cell death, calcium homeostasis
and numerous other important cellular processes (81).
Mitochondrial dysfunction has been strongly implicated
in the pathogenesis of PD. Plotegher and Duchen (82) have
reported that a number of the causative or risk factor genes
for PD are associated with mitochondrial quality-control
pathways, ranging from mitochondrial proteins to proteins
that regulate the endo-lysosomal function. Mitochondrial
dysfunction also serves an important role in the pathogen-
esis of sporadic PD. Turner and Schapira (83) have reported
decreased activity of respiratory chain complex I in the SN
in brain tissue obtained from patients with PD at autopsy.
Betarbet ef al (84) observed complex I deficiencies in skeletal
muscle and platelets from patients with PD. When mitochon-
drial complex I activity is decreased, a lower concentration
of H,0, can reduce the membrane potential of nerve fiber
terminals. At the same time, blocking electronic respiratory
chain transmission leads to increased free radical produc-
tion and additional damage to complex I. Both rotenone and
MPP* inhibit the activity of mitochondrial complex I (85),
which impairs oxidative phosphorylation. Mitochondrial
function studies have revealed a notable decrease in
complex I activity and oxygen consumption in both PD
models (86,87). In the present study, rotenone exhibited
a greater effect compared with MPTP. Abnormalities in
mitochondrial function represented by the coupling level of
electron transport and oxidative phosphorylation also were
significantly aggravated in the Rotenone and MPTP groups
compared with the control.

Rotenone exerts a stronger inhibition on mitochondrial
complex I compared with MPTP, which may be attributed



to the fact that rotenone can enter DA neurons directly and
competitively bind to coenzyme Q to inhibit mitochondrial
complex I without the interference of metabolism or the need
for transporters. On the other hand, MPTP must be metabo-
lized into MPP* in astrocytes and then enter DA neurons
through the DAT. In addition, MPP* accumulates in mitochon-
dria, synaptic vesicles and the cytoplasm in DA neurons. Thus,
only a portion of the MPP* enters mitochondria and inhibits
complex I (21,88). Moreover, Plotegher and Duchen (82) have
demonstrated that the inhibition of mitochondrial complex I
activity by rotenone impairs lysosomal function and mitochon-
drial autophagy, resulting in an imbalance in the mitochondrial
quality control mechanism.

In conclusion, the use of appropriate animal models
will help researchers explore the causes and mechanisms of
diseases and design more effective treatments. The present
study indicated that the effects produced by the rotenone-
and MPTP-induced chronic PD mouse models exhibited
several important differences. While there was no significant
difference in neurobehavior between the two models, the
motor function of the animal models decreased significantly
compared with the control group. Based on the current study,
the MPTP model may be more suitable to study the loss of DA
neurons, decreases in dopamine content and neuroinflamma-
tion in the SN. However, the chronic MPTP model had a higher
mortality rate and lacked the most important neuropatho-
logical feature of PD, which is the formation of Lewy bodies.
The rotenone model was more suited to study mitochondrial
dysfunction (deficient complex I activity) and the formation of
Lewy bodies in the SNpc. However, the degeneration of DA
neurons in the SNpc, dopamine depletion in the striatum and
neuroinflammation in the SN induced by rotenone were not as
severe as in the MPTP model. Thus, the MPTP and rotenone
PD models have advantages and disadvantages, therefore one
or both should be selected based on the purpose of the study.
The present study has provided a baseline for exploring the
mechanism of the pathogenesis of PD, especially when seeking
effective treatment methods for PD.
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