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Time-course behavioral features are correlated
with Parkinson's disease-associated pathology in a
6-hydroxydopamine hemiparkinsonian rat model
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Abstract. Parkinson's disease (PD) is one of the most common
neurodegenerative diseases. For decades, the unilateral
6-hydroxydopamine (6-OHDA) rat model has been employed
to investigate the pathogenesis and therapy of PD. However, the
behavior and associated pathological features of the model long
term have not previously been described dynamically. In the
present study, the unilateral model was established by 6-OHDA
injection in the striatum. The PD rat model was determined
2 weeks following surgery, according to the apomorphine
(APO)-induced rotations, cylinder, rotarod and open field
tests. TH-positive neurons and fibers in the substantia nigra
pars compacta (SNpc) and striatum, respectively, and glial
activation in the SNpc, determined by glial fibrillary acidic
protein (GFAP) expression for astrocytes and CD11b (Macl)
expression for microglia, were detected by immunohistological
staining. Correlation analysis was performed to understand the
association between PD-associated behavior and pathology.
The behavioral impairment progressively deteriorated during
the process of experiment. In addition, the decrease in
TH-positive neurons was associated with an increase in GFAP-
and Macl-positive cells in the SNpc. Linear regression analysis
indicated the association between behavioral and pathological
changes. The results of the present study indicate that the
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APO-induced rotation, cylinder and rotarod tests are all sensi-
tive and reliable strategies to predict the loss of TH* neurons.
These results provide a potential intervention time-point and a
comprehensive evaluation index system for assessment of PD
therapeutic strategies using the hemiparkinsonian rat.

Introduction

Parkinson's disease (PD) is the second most common neuro-
degenerative disease, and affects ~1% of individuals >65 years
of age worldwide (1). It is associated with dopamine (DA)
depletion in the striatum caused by the progressive loss of DA
neurons in the substantia nigra pars compacta (SNpc), which
is considered to be the primary cause of the motor symptoms
of PD, which include rigidity, bradykinesia, postural insta-
bility, gait disorder and tremor (2). In the last two decades,
previous studies have employed animal models to gain an
improved understanding of the PD process, as the availability
of PD autopsy materials is limited. Although numerous animal
models of PD have been employed in experimental studies
concerning the mechanism of PD and therapeutic strate-
gies (3-6), the unilateral 6-hydroxydopamine (6-OHDA) rat
model, a neurotoxic compound-induced rat model possessing
PD-associated pathological and behavioral features, is consid-
ered to be a classic animal model in PD correlation research.
The 6-OHDA rat model of PD was previously established
by intracranial 6-OHDA injection into the SNpc, causing loss of
tyrosine hydroxylase (TH)-positive neurons in the SNpc (4) and
the TH-positive fibers in the striatum (5). It was also reported
that death of TH* fibers in the striatum occurred prior to the TH*
neurons in the SNpc. This phenomenon seems to be a duplication
of the human PD progress (6). Based on these studies, the unilat-
eral PD rat model is often established by injection of 6-OHDA
into one side of the striatum to reflect TH* neurons retrograde
degeneration. Usually, the extent of the SNpc or striatal lesion is
determined by examining turning behavior induced by amphet-
amine or apomorphine (APO). Although other behaviors,
determined by rotarod, cylinder and open field tests, have been
also observed in the model and used to determine the efficacy
of drugs as potential PD therapeutics (6-8). However, there is
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a lack of evidence demonstrating a correlation between these
non- amphetamine or -APO induced behaviors and DA neuron
loss in the SNpc. Furthermore, different injection sites in the
striatum have been employed in different studies, which makes
interpreting behavioral and biochemical results from the rat
model more difficult. Therefore, it is important to formulate a
standard pattern of model establishment and phenotype analysis.
In addition, systematic investigation of the associations between
behavior, DA neuron loss and other pathological aspects during
the course of PD in animal models should be performed, which
may improve the evaluation of novel therapeutic approaches for
PD.

In the present study, PD rat model was established by
6-OHDA unilateral injection in the neostriatal region of
the striatum, and PD-associated behaviors and pathological
features were detected. In addition, correlation analysis was
performed between these phenotypes, and a potential inter-
vention time-point, in addition to a comprehensive evaluation
index system, was proposed for the assessment of PD thera-
peutic strategies using the PD rat model.

Materials and methods

Animals. A total of 60 male Sprague-Dawley rats (age,
7 weeks; weight, 220-240 g; Beijing Vital River Lab Animal
Technology Co., Ltd., Beijing, China) were randomly assigned
to the following two groups: Model (n=38); and sham (n=22).
Rats were housed on a 12-h light/dark cycle with free access
to food and water at 22-25°C, relative humidity 40-60%,
and habituated to the housing conditions for 3 days prior to
experiments. Every effort was made to minimize suffering
and stress. All experimental procedures were approved by the
Committee on Animal Care and Usage of Capital Medical
University (Beijing, China).

Surgical procedure. Rats were anesthetized with an intra-
peritoneal injection of 6% chloral hydrate (350 mg/kg). Once
anesthetized, rats were fixed in a stereotaxic apparatus (David
Kopf Instruments, Tujunga, CA, USA) with a flat skull posi-
tion. The skull was exposed and a 1 mm burr hole was drilled
to detect the cranial cavity. The coordinates were as follows:
Anteroposterior (AP), 0.8 mm from the bregma; mediolateral
(ML), 2.7 mm from the midline; and dorsoventral (DV), -5.2
and -4.5, respectively, from the skull (Fig. 1A) (9).

Subsequently, 6-OHDA [20 ug per rat in 4 pl saline with
0.01% (w/v) ascorbic acid across two sites] was infused with an
infusion pump through a 10 xl Hamilton syringe at a constant
flow rate of 0.2 ul/min into the left striatum (2 pl was injected
at each coordinate). At the end of the infusion, the syringe was
left implanted for an additional 5 min per site and was then
slowly retracted. Sham-operated animals were submitted to
the same procedure except 4 ul vehicle [0.9% saline containing
0.01% (w/v) ascorbic acid] was infused into the striatum
instead of 6-OHDA. During the surgery and recovery, animals
were kept warm using a heating pad.

APO-induced rotations. APO-induced rotation was recorded
using a multichannel rotometer system (RotoMax; AccuScan
Instruments, Inc., Columbus, Ohio, USA), as described previ-
ously (10). Briefly, 2 weeks after surgery, all animals were
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injected subcutaneously with APO hydrochloride (0.5 mg/kg;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and indi-
vidually placed in the test cylinder. Rats that rotated in excess
of 60 turns/30 min were considered to be the PD unilateral
models. The drug-induced rotation was reexamined at 3, 4, 5
and 6 weeks after surgery.

Rotarod test. The rotarod test was performed to evaluate motor
coordination and balance, as described previously (11). Briefly,
rats were trained to stay on the rotarod apparatus during a
5 min habituation trial (10 rpm) of 2 consecutive days prior to
the first testing day. Rats were subsequently subjected to a total
of four rotarod test sessions with accelerating speeds (range,
4-40 rpm) over a period of 2 min on weeks 0, 2, 3,4, 5 and
6 after surgery. Each test session was composed of two trials
on the rotarod, with a maximum duration of 2 min per trial and
a 20 min inter-trial interval. The time duration of each animal
staying on the rod was recorded as the latency to fall, which
was registered automatically by a trip switch under the floor of
each rotating drum. The best score achieved by each rat was
used for further analysis.

Cylinder test. Because unilateral injection of 6-OHDA can
cause limb impairment, the cylinder test was performed to
investigate spontaneous forelimb lateralization, taking advan-
tage of the natural exploratory instinct of rodents to a new
environment (12). The test was performed as follows: Rats were
placed individually inside a glass cylinder (diameter, 22 cm;
height, 26 cm) with two mirrors located behind the cylinder at a
45° angle to allow 360° vision. The rats were video recorded for
5 min after rats first touched the walls of the cylinder with the
impaired or unimpaired forelimb or both simultaneously. Each
individual rearing episode was counted by a blinded researcher.
The scores were calculated by the following asymmetry ratio:
Left-right/(right + left + both). Scores on the forelimb asym-
metry ratio range from -1 to 1. The positive ratio was consistent
with greater use of the unimpaired forelimb over the impaired
forelimb. By contrast, the negative asymmetry ratio suggests
greater use of the impaired forelimb compared with the
unimpaired forelimb. Therefore, a high positive ratio would be
consistent with a hemiparkinsonian lesion.

Open field test. Open field tests were performed at 0, 2, 3,
4,5 and 6 weeks after surgery, as described previously (13).
Briefly, all behavioral procedures were performed between
9:00 am and 3:00 pm, and silence in the room was maintained
for the duration of the test. Locomotor activity was measured
in automated activity chambers connected to an analyzer
that transmitted the number of beam breaks (activity data) to
a computer (VersaMon version 2.01; Accuscan Instruments,
Inc.). The rats were placed individually in the center of the
chamber. Each chamber consisted of an individual cage
with a grid of infrared beams mounted horizontally every
2.5 cm. Locomotor activity was quantified as the number of
beam interruptions (crossings) registered by a computer and
recorded as total movement distance (cm), velocity (cm/sec),
rest time (sec), center entries (times) and moves (times) during
the 30 min recording period. The open field chambers were
washed with 75% ethanol solution each time prior to behav-
ioral testing in order to eliminate odors left by the previous rat.
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Immunohistochemistry (IHC). Following the behavioral tests
each week, 10 animals (n=6 for model and n=4 for sham)
were anesthetized with 6% chloral hydrate and perfused
intracardially with warm 0.9% NaCl at room temperature,
followed by 200 ml cold 4% paraformaldehyde (PFA/0.1 M
PBS). The brains were rapidly removed from the skull
following decapitation and immersed in 4% paraformaldehyde
for 24 h at 4°C. Subsequently, the tissues were cryoprotected
with 20 and 30% sucrose sequentially, until they sank to the
bottom of the tube. Brains were subsequently embedded in
optimal cutting temperature medium at -80°C overnight.
The coronal brain sections were obtained using a microtome
at 30 ym thickness for the striatum and 50 pgm thickness for
the midbrain including the SNpc. IHC was performed on
free-floating sections, which were rinsed in 0.1 M PBS three
times for 5 min. Sections were then permeabilized with 0.3%
Triton-X-100 for 30 min at room temperature and washed with
0.1 M PBS three times for 5 min. Sections were treated with
3% hydrogen peroxide for 30 min and washed with 0.1 M PBS
three times for 5 min. Subsequently, sections were blocked with
5% normal goat serum (Vector Laboratories, Inc., Burlingame,
CA, USA) in 0.1 M PBS for 1 h at room temperature, which
was followed by incubation with primary antibodies over-
night at 4°C. The following primary antibodies were used in
the present study: Anti-TH (mouse; 1:5,000; cat. no. T1299;
Sigma-Aldrich; Merck KGaA; USA); anti-glial fibrillary
acidic protein (GFAP; mouse; 1:500; cat. no. MAB360; EMD
Millipore, Billerica, MA, USA); and anti-CD11b (Macl;
mouse; 1:500; cat. no. MCA275G; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). All antibodies were diluted in 5 m1 0.1 M
PBS. Staining was performed using Vectastain Universal
Elite ABC kit (Vector Laboratories, Inc. USA). Biotinylated
anti-mouse IgG secondary antibodies (1:200) were used to
recognize primary antibodies at 37°C for 60 min, followed by
washing three times and incubation with a streptavidin-horse-
radish peroxidase complex (1:1,000) at 37°C for 30 min. The
immunoreactivities were visualized by 3,3-diaminobenzidine
(DAB) within 2 min. The sections were mounted, coverslipped
and dehydrated in a gradual concentration of ethanol.

The number of TH-positive cells in the SNpc was deter-
mined by stereological measurements using the optical
fractionator method in a computerized system (Stereo
Investigator software, version 8.0; Leica Microsystems GmbH,
Wetzlar, Germany), as previously described (14,15). The
sections were used for counting, including the entire SNpc
from the rostral tip of the pars compacta back to the caudal
end of the pars reticulate. Every eighth section throughout the
entire SNpc was counted, with a total of 6 sections for each
animal. The estimates of the total number of neurons were
calculated according to the optical fractionator formula, and
coefficients of error <0.10 were accepted. Both the injected
and non-injected side of the SNpc was quantified.

For measurement of TH fibers in the striatum, briefly,
high-resolution images were obtained from the sections
stained by TH using a x1.25 (objective lens) Nikon light
microscope. The extent of striatal denervation was measured
in three sections per animal corresponding to +1.2, +0.6 and
-0.2 mm from the bregma, using Image-Pro Plus 6.0 (Media
Cybernetics, Inc., Rockville, MD, USA). The entire striatum
according to the dorsoventral axis was divided into equal
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halves and the measured values were corrected for nonspecific
background staining by subtracting values of the blank area.
Data are presented as the percentage of striatal densitometry
with the non-injected hemisphere corresponding to 100% for
each individual rat.

The area occupied by Macl- or GFAP-positive staining
was defined by densitometry using Image-Pro Plus 6.0. All the
analyses were performed by an investigator blind to different
samples. Data were normalized to the contralateral normal side.

Statistical analysis. Data was analyzed with SPSS 21.0 soft-
ware (IBM Corp., Armonk, NY, USA) and presented as the
mean + standard error of the mean. Differences between the
means of two groups were analyzed using independent-samples
Student's t-test or, when data were not normally distributed,
a nonparametric Mann-Whitney U test was performed. For
correlation analysis, the Pearson's correlation coefficient, and
subsequent linear regression, was determined. P<0.05 was
considered to indicate a statistically significant difference.

Results

The behavior of PD rats. In the present study, the neostriatum
was selected as the injection site, which is illustrated in Fig. 1A.
(AP=0.8 mm, ML=2.7 mm and DV=-5.2 and -4.5 mm). The
experiment was performed according to the schedule as
presented in Fig. 1A. At 2 weeks after surgery, the rats with
>60 rotations/30 min induced by APO were considered
successful PD models. According to the criteria, a total of 30
PD model rats were obtained.

In order to characterize the behaviors of the hemiparkin-
sonian rat during the course of dopaminergic nigrostriatal
pathway degeneration, the current study observed several
behavioral parameters, including APO-induced rotation,
forelimb placement, motor coordination and locomotor
activity from weeks 2 to 6 following striatum injection. It was
demonstrated in Fig. 1B that, in the model group, the number
of APO-induced contralateral rotations during a 30 min
testing period was increased following surgery between weeks
2 (69.3+10.1 turns/30 min) and 6 (211.6+27.2 turns/30 min).
Strikingly, the rotations sharply increased from week 2
(69.3+10.1 turns/30 min) to week 3 (153.0+15.5 turns/30 min),
after which the number of turns remained quite stable at
around 200 turns/30 min. The number of turns/30 min did not
change over the course of this experiment in sham rats.

The motor coordination and balance skills in the PD rats
were assessed by the rotarod test. The mean time the model
group stayed on the accelerating rotarod was significantly
shorter compared with the sham group (P<0.01; Fig. 1C)
between weeks 2 and 6 after surgery. Notably, the latency
to fall in the rotarod test was decreased gradually across
the whole experimental period in the model group (week 2,
47.2+2 .8 sec; week 6,41.2+2 .9 sec).

To appraise the forelimb placement of PD rats, the
cylinder test was performed. The ratio of forelimb place-
ment [(left-right)/(right + left + both)] of the model group was
significantly higher compared with the sham group (P<0.01;
Fig. 1D) during the experimental period.

In addition, the open field test was performed to examine
locomotor activity and anxiety-associated behaviors (8).
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Figure 1. Behavioral performance of the 6-OHDA rat model of Parkinson's disease. (A) Stereotaxic coordinates of the left striatum (anteroposterior=0.8 mm,
mediolateral=2.7 mm and dorsoventral=-5.2 and -4.5 mm) and the study time-line. Behavior of rats was evaluated by (B) apomorphine-induced rotation,
(C) rotarod and (D) cylinder tests. (E) Representative graphs from open field test. (F) Total movement distance, (G) velocity, (H) rest time, (I) center entries and
(J) moves were recorded during the open field tests. Data are presented as the mean + standard error of the mean. Week 0, n=38 and n=22 in model and sham
groups, respectively; week 2, n=30 and n=22 in model and sham groups, respectively; week 3, n=24 and n=18 in model and sham groups, respectively; week
4,n=18 and n=14 in model and sham groups, respectively; week 5, n=12 and n=10 in model and sham groups, respectively; week 6, n=6 and n=6 in model and
sham groups respectively. P<0.05; #P<0.01 vs. sham. 6-OHDA, 6-hydroxydopamine; IHC, immunohistochemistry.

Several parameters were determined in the test, and significant
decreases in total movement distance (cm), velocity (cm/sec),
center entries (times), and an increase in rest time (sec), were
observed in the model group compared with the sham group
(P<0.01; Fig. 1E-I). However, no significant differences in
the moves (times) between the model and sham group were
observed (Fig. 1J; P>0.05).

IHC staining. TH is the rate-limiting enzyme in DA synthesis
and an established marker for DA neurons. IHC was used to

determine the effects of 6-OHDA on TH* neurons and fibers
(Fig. 2). To confirm DA neuron deficiency, stereological
quantification of TH* neurons in the SNpc was performed in
all groups at weeks 2-6 following surgery. As anticipated, the
number of surviving TH* neurons in the SNpc was signifi-
cantly decreased in PD rats compared with sham rats (P<0.01;
Fig. 2A and C). Furthermore, the survival of TH* neurons
(from 47% in week 2 to 20% in week 6) in the model group in
SNpc descended progressively across the experimental period.
Consistently, TH* fiber density in the striatum of the model
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Figure 2. Parkinson's disease-associated pathology in the 6-OHDA rat model. (A) IHC staining for TH* neurons in the SNpc. Scale bar=500 ym. (B) IHC
staining for TH* fibers in the STR following 6-OHDA or saline injection in the left STR. Scale bar=2 mm. (C) Ratio (left/right) of stereological quantification
of numbers of TH* neurons in the SNpc. (D) Ratio (left/right) of TH* fiber density in the STR. Data are presented as the mean + standard error of the mean.
n=4 in sham group and n=6 in model group at each time-point. “P<0.05 and P<0.01 vs. sham. 6-OHDA, 6-hydroxydopamine; IHC, immunohistochemistry;
TH, tyrosine hydroxylase; SNpc, substantia nigra pars compacta; STR, striatum.

group was lower compared with the sham group (P<0.01;
Fig. 2B and D).

As glial reactivity is considered to be a crucial event in the
process of 6-OHDA toxicity in the PD model (16), the present
study also observed the morphological alterations of glial cells
activated by 6-OHDA (Fig. 3). The population of astrocytes
and microglia in the rat brain were presented as the percentage
of area occupied by GFAP* (specific for astrocyte) and Macl*
(specific for microglia) cells in the ipsilateral SNpc, respec-
tively, at all time-points. There was a significant increase in
the area occupied by GFAP* cells in the SNpc of the model
group compared with the sham group (P<0.01; Fig. 3A and C)
at weeks 3, 5, 6. The area occupied with Macl* cells began to
increase at week 2 in the SNpc of the model group compared
with the sham group, and the microglial activation persisted at
weeks 3,4, 5 and 6 (P<0.01; Fig. 3B and D).

Correlation between morphological and behavioral measures.
In order to investigate the association between the survival of

nigral DA neurons and these behavioral tests in the PD rat
model, linear regression analysis was performed. The survival
of nigral DA neurons within the SNpc was correlated with
APO-induced rotations (R*=0.430, P=0.001; Fig. 4A), but not
correlated with either the area of GFAP* staining (R*=0.066,
P=0.169; Fig. 4B) or the area of Macl* staining (R?=0.018,
P=0.477; Fig. 4C) in the SNpc. The latency to fall of the rotarod
test (R*=0.163, P=0.027; Fig. 4D) and the paw preference
(asymmetry) in the cylinder test (R*=0.279, P=0.003; Fig. 4E)
were strongly correlated with the survival of DA neurons in
the SNpc, indicating that these two behavioral tests together
with APO-induced rotations may be an applicable evaluation
index for PD-associated behaviors induced by 6-OHDA.

Discussion
The customary model of PD may be established by the

injection of 6-OHDA into one of the following three targets:
SNpc, medial forebrain bundle or the neostriatal region. The
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Figure 3. The glial response in the Parkinson's disease rat model. (A) Representative IHC staining for GFAP* astrocytes and quantified percentage of area
occupied by GFAP* cells. (B) Macl* microglia IHC staining in SNpc and quantified percentage of area occupied by Macl* cells. Scale bar=1 mm in the left row,
Scale bar=50 ym in the right row. Quantified percentage area occupied by (C) GFAP* and (D) Macl* cells. Data are presented as the mean + standard error of
the mean. n=4 in sham group and n=6 in model group at each time-point. “P<0.05 and "P<0.01 vs. sham. IHC, immunohistochemistry; GFAP, glial fibrillary

acidic protein; Macl, CD11b; SNpc, substantia nigra pars compacta.

latter is established to be an appropriate site for establish-
ment of a slow progressive PD animal model (7). Although
the 6-OHDA lesion PD rat or mouse model has been widely
used for decades (17-20), the present study, to the best of
our knowledge, was the first to demonstrate, over a long
time period, the correlation between progressive nigros-
triatal neurodegeneration and the degree of APO-induced
and non-drug-induced behavioral impairments, however, no
correlation was observed with morphological glial reactivity
in the SNpc of the rat model. The present study indicates
relatively stable time-points for therapeutic interventions and
also provides a system for evaluation of the PD rat model even
when APO is not available.

In the current study, the injection site of the striatum was
selected as it is the neostriatum area in the rat that is the specific
affected field in the human brain thatresults in the PD-associated
motor deficits and the progression of PD pathology (7). It is
widely accepted that with the neurotoxin-induced neuronal
degeneration, the DA receptors on the injected side of the
striatum become relatively hypersensitive to stimulation by its
ligands. APO, a DA agonist, stimulates the receptors causing
a higher activity in the striatum on the injected side relative
to the non-injected side, ultimately inducing a rotation of the
body turning contralateral from the lesioned side (7). The
PD model is well-recognized by the characteristic rotational

behavior of rodents administrated with dopaminomimetics.
This drug-induced rotational behavior is associated with the
degree of the nigrostriatal TH* protein loss (7). Thus, the
APO-induced rotations (60 turns/30 min) is considered the
criterion to identify the rat model of PD in this experiment.

In addition, to thoroughly assess the 6-OHDA rat model
of PD, other non-drug-induced behavioral tests, including
cylinder, rotarod and open field tests, were investigated as
symptomatic parkinsonian signs of the rat model. The number
of APO-induced contralateral rotations during a 30 min testing
period sharply increased between weeks 2 and 3 following
surgery, whereas rotation number remained stable between
weeks 4 and 6. This phenomenon was consistent with the
results of cylinder and rotarod tests (Fig. 1). Previous studies
have demonstrated that 6-OHDA injection into the striatum
led to a protracted retrograde DA neuron-specific degenera-
tion, which usually occurs after 1-3 weeks (10,21-23). In the
present study, the survival of DA neurons in the SNpc of the rat
model decreased progressively (Fig. 2). When linear regression
analysis was performed, APO-induced rotations exhibited a
negative correlation with the survival of DA neurons, which
was also positively correlated with latency to fall from rotarod
and negatively correlated with paw preference (asymmetry) on
the cylinder test. Therefore, we hypothesized that the 6-OHDA
model may be evaluated by one or all of the tests that exhibited
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Figure 4. The correlation between dopamine neuron loss and glial activation, in addition to behavioral performances. (A) Apomorphine-induced rotations
were negatively correlated with the survival of TH* neurons in the SNpc. The survival of TH* neurons was not correlated with the ratio of (B) GFAP* area or
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was negatively correlated with the survival of TH* neurons in the SNpc. The fitted line is framed within the 95% confidence intervals indicated by dashed lines.
TH, tyrosine hydroxylase; SNpc, substantia nigra pars compacta; GFAP, glial fibrillary acidic protein; Macl, CD11b.

a significant correlation with the survival of DA neurons,
according to experimental conditions.

For the open field test, several parameters, including total
movement distance (cm), velocity (cm/sec), rest time (sec),
moves (times) and center entries (times), were observed as
these parameters were reported to represent the locomotor
activity and anxiety behaviors of PD rats (7,24). Locomotor
activity has also been reported to be associated with altera-
tions in DA transmitter function, for example, decreased DA
levels may lead to reduced locomotion (7). In the present study,
a reduced level of locomotor activity was observed in the PD
rats. Therefore, it is clear that the spontaneous movements
associated with alterations in DA transmitter function of PD
rats may be estimated using the open field test.

In terms of the association between PD-associated
pathology and behavior, the results indicate that the extent of
nigral DA neuron loss in the SNpc may be predicted through
both drug-induced rotations and non-drug-induced movement
behaviors. Consistently, the TH* fiber density in the striatum
of the PD rat model also decreased in a slow progressive

pattern (Fig. 2). Consistent with the results of other studies
that employed injection of 6-OHDA into the striatum, where
striatal terminal damage was observed within 1 day of injec-
tion and SNpc neuron loss was minimal until 1 week later,
reaching a maximum within 2-3 weeks (10,21,25), the present
study demonstrated a slowly developing partial lesion of the
nigrostriatal pathway induced by 6-OHDA. Compared with
other studies (18,25), a little difference in the time-point of the
lesion of nigral neuron was observed, i.e., it exhibited swift
changes from week 2 to week 3 maintained kept a stable state
from week 3 to week 6. The detectable discrepancy may result
from diverse injection sites in the striatum.

Glial responses are considered to exhibit dual effects in the
process of neurodegeneration. The activation of glial cells may
benefit DA neurons at early stages of PD, however, the exces-
sive continued activation of glia was reported to be harmful to
the neurons (16,26,27). In the present study, the activation of
astrocytes and microglia was observed throughout the impair-
ment of the nigrostriatal pathway in the SNpc (Fig. 3). Notably,
although the continued lesion of DA neurons was observed
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during the period of observation, the survival of TH* neurons
within the SNpc was not correlated with the glial activation
in the SNpc. Considering the crucial role of glial responses,
particularly microglial activation in PD pathogenesis (16), the
correlation data in the present study indicate that the abnormal
activation of glia cells was not linked with loss of dopami-
nergic neurons induced by 6-OHDA, and other pathways such
as cytokines or inflammatory factors may also be involved in
the process, which may not be associated with morphological
microglial activation (28).

In conclusion, it is of great importance to formulate a
standard index of key characteristics of the 6-OHDA lesion
PD model for assessing novel drugs, developing novel treat-
ment strategies and understanding the nature of the pathogenic
processes of PD. The results of the current study may be useful
in appraising the potential of novel treatment strategies for PD
and in investigating the mechanisms associated with func-
tional recovery of dopaminergic neurons in the PD brain.
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