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Abstract

Emotional changes, impairment on object recognition, and neuroinflammation are

seen in Parkinson’s disease with dementia (PDD). Here, we showed that bilateral

infusion of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into the rat substantia

nigra pars compacta (SNc) of Wistar rats caused degeneration of nigrostriatal

dopaminergic neurons, microglial activation in the SNc and hippocampus, as well as

cell loss in the hippocampal CA1 area. With regard to behavior, increase of anxiety-like

behavior and impairment of object recognition were observed during the fourth week

after the MPTP lesion. The behavioral changes were not caused by motor impairment,

since the rats had already recovered from MPTP-induced catalepsy before the tests were

performed. These findings show that MPTP-induced neuroinflammation and its

consequences, for example, microglial activation and cell loss in the hippocampus, may

contribute to dopaminergic degeneration-related behavioral deficits and suggest that, in

addition to the dopaminergic system, the limbic system may also participate in the

pathophysiology of PDD.

Keywords: Parkinson’s disease, dementia, object recognition, neuroinflammation,

microglial activation, MPTP
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1. Introduction

Parkinson’s disease (PD) is a high prevalent neurodegenerative disorder

(Aarsland et al., 2005). In addition to the motor dysfunctions, cognitive impairment and

dementia are seen in a high percentage of PD patients (Brown and Marsden, 1984;

Owen et al., 1995). The proportion of PD patients with dementia is 25-30%, an

incidence up to six times higher than that in healthy people (Aarsland et al., 2001).

Emotional changes (Levin et al., 1991), for example elevation of anxiety levels

(Fenelon et al., 2000), visuospatial dysfunctions (Crucian and Okun, 2003; Emre, 2003),

as well as impairments on facial recognition and object perception (Barnes et al., 2003;

Laatu et al., 2004; Ramirez-Ruiz et al., 2006) are the main symptoms in Parkinson’s 

disease dementia (PDD).

Although the loss of dopamine (DA)-containing neurons originated in the

substantia nigra is the main character of PD (McGeer and McGeer, 2004), inflammation

has also been proposed as a possible mechanism in the pathogenesis of PD, as the

intensity of inflammation in the substantia nigra is considerably higher in PD patients

than in controls (Abramsky and Litvin, 1978; McGeer and McGeer, 2004). Nigrostriatal

dysfunction alone is probably not sufficient for the development of dementia in PD

because activated microglia have been observed not only in the substantia nigra and

putamen, where DA loss is prominent, but also in the hippocampus of PD patients

(McGeer et al., 1988; McGeer and McGeer, 1995; Sawada et al., 2006). Microglial

activation in the hippocampus has been suggested to be responsible for functional

changes in neurons and cognitive decline in PD and dementia with Lewy bodies

(Imamura et al., 2005). Emotional changes and cognitive disturbances, particularly in

tests involving spatial learning and memory, are linked with aberrations in the
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mesocorticolimbic and striatal systems (Caraceni et al., 1993; Denicoff et al., 1987;

West et al., 1987). Thus, microglial activation in these areas may also be involved in the

pathophysiology of PDD.

Literatures have reported deficits in habit learning and spatial memory in the

active avoidance test (Da Cunha et al., 2001) and in water maze test (Da Cunha et al.,

2002; Da Cunha et al., 2003), respectively, in MPTP-induced rat PD model.

Disturbance in visual discrimination in MPTP-treated monkeys has also been indicated

(Schneider et al., 2000). However, no data are available in object recognition in

MPTP-treated rodents, which would better model the disability of object recognition in

PDD. To better understand the pathophysiology of PDD, it is necessary to detect

neuronal changes occur after degeneration of the nigrostriatal DAergic system. Animals

treated with 1-methyl-4-phenyl-1,2,3,6-terahydropyriding (MPTP) are widely used as a

PD animal model, as MPTP selectively destroys the DAergic system and causes

microglial activation in humans (Mogi et al., 1996). Impairment of executive and

visuospatial functions is observed not only in patients with PDD (Crucian and Okun,

2003; Emre, 2003) but also in people exposed to MPTP (Stern et al., 1990). However, it

is not known whether the MPTP-induced inflammation and behavioral changes seen in

animal studies resemble the pathophysiology and symptoms seen in PDD. We examined

motor and emotional behavior as well as object recognition in rats after MPTP lesion

using a battery of behavioral tests, namely a bar test as a measure of catalepsy (Sanberg

et al., 1988), an elevated plus-maze as a measure of anxiety-like behavior (Ho et al.,

2002), and an object recognition test in an open field (Mumby et al., 2005). In addition,

we analyzed microglial activation and cell loss in the brain. The results showed that

MPTP-induced DAergic degeneration and deficits in emotional behavior and object
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recognition were accompanied with neuroinflammation in the hippocampus. It is thus

suggested that, in addition to the DAergic system, the limbic system may also

participate in the pathophysiology of PDD.

2. Methods

2.1 Animals

Male Wistar rats (384 4.5 g; n = 40; National Laboratory Animal Center, ROC)

were housed in groups of five in acrylic cages (35 56 19 cm) in an animal room

with a 12 h light-dark cycle (lights on at 07:00 h) with food and water available ad

libitum. Each animal was handled for 5 min/day on 3 consecutive days, starting one day

after arrival. All the experimental procedures were performed according to the NIH

Guide for Care and Use of Laboratory Animals and were approved by the Animal Care

Committee of Chung Shan Medical University (IACUC approval NO: 699).

2.2 General procedures

All animals underwent stereotaxic surgery and bilateral infusion into the

substantia nigra pars compacta (SNc) of either MPTP-HCl (1 μmol in 2 μl of saline;

Sigma, USA) or vehicle (day 0) (see surgery section below). They were then subjected

to a bar test on days 3, 5, 7, and 9 and an elevated plus-maze test on day 25, followed by

an object recognition test starting on day 25 and finishing on day 27, all of which were

started at least 2 h after the beginning of the light-phase (7:00 h). Behavioral tests were

performed in a dim observation room (28 lux red light). The test equipment and object

were cleaned using 20% ethanol and thoroughly dried before each test trial. On day 28

after MPTP treatment, the rats were sacrificed by exposure to CO2, transcardially

perfused with phosphate-buffered saline (PBS) and followed by 4% paraformaldehyde
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in PBS. The brains were immediately removed and post-fixed in 20% sucrose solution

with 4% paraformaldehyde at 4°C for histochemical assessment.

2.3. Surgery

Brain surgery was performed on a stereotaxic instrument. The rats received

intraperitoneal injection (IP) of atropine sulfate (0.4 mg/kg) to suppress salivation and

were anesthetized using Zoletil (2 mg/kg, IP; Virbac, Carros, France). In the lesion

group (n = 25), MPTP-HCl (1 μmolin 2 μl of saline) was bilaterally infused into the

SNc through a 30 gauge stainless needle at a rate of 0.7 μl/min at a site with the

following coordinates adapted from the rat brain atlas (Paxinos and Watson, 1986): AP

-5.0 mm, ML ± 1.8 mm, DV -8.0 mm from the bregma. Sham-operated rats were

subjected to the same procedure, but were infused with 2 μl of saline instead of MPTP

(n = 15). Immediately after surgery, the rats received a muscular injection with

penicillin-G procaine (0.2 ml, 20,000 IU) and housed individually in plastic cages (25 

41 19 cm) for 10 days, then were re-grouped in their home cages (rats from the same

home cage underwent the same treatment). During the first 5 post-operative days, 10%

sucrose solution was provided ad libitum to prevent weight loss after surgery and reduce

mortality (Da Cunha et al., 2001; Ferro et al., 2005).

2.4. Behavioral tests

Behavior in the bar test was scored manually by a trained observer blind to the

treatment conditions. The elevated plus-maze and object recognition test was monitored

and scored by using a video camera positioned above the apparatus and a home-made

video image analysis system (VIAS) (Li and Chao, 2008). The spatial resolution of the

VIAS was set to 0.7 cm; and the image processing capability was higher than 14

pictures/sec.
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Bar test: The bar test was performed on days 3, 5, 7, and 9 after MPTP lesion.

Catalepsy was measured as the mean time spent by a rat to climb over a 9 cm high bar

after being laid across it with its hind limbs on the floor (Sanberg et al., 1988). Each

animal was tested in 3 consecutive trials on each trial day.

Elevated plus-maze test: Unconditioned anxiety-like avoidance behavior was

assessed as our previous report, using the elevated plus-maze test (Ho et al., 2005),

performed on day 25. The measures recorded were: (1) open arm latency, that is, the

time from placing the rat into the plus-maze until it entered one of the open arms, (2)

the time spent on and (3) the number of entries into open or enclosed arms, (4) total

distance, that is, the distance traveled by the rat in cm, and (5) rearing number.

Object recognition test: The apparatus and testing procedure for the object

recognition test were similar to those described previously (Mumby et al., 2005). An

open field arena was constructed of black polyvinyl plastic (100 cm long × 100 cm wide

× 60 cm high). Each rat was subjected to 3 exposure sessions at 24 h intervals. Five

minutes after the last exposure session, a test trial was performed. Four different objects

made of transparent glass, paper, porcelain, or metal (all sizes around 10 × 10 × 10 cm)

were used for each rat. All objects were unfamiliar to the rats before the experiment.

Three of the objects (“A”, “B”, and “C”) were fixed to the floor 27 cm from three 

corners of the arena. On day 25 (5 min after the elevated plus-maze test), the rat was

placed in the only free corner and allowed to explore the objects for a 5 min exposure

session, and also on the next 2 consecutive days. Five minutes after the last exposure

session, object “B” was replaced by a novel object “D” and the animal was returned to 

the open field for a 5 min test session. The time spent exploring the objects and the

number of rearing during the exposure and test sessions were recorded. The percentage
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of the exploration time spent on object B or D in the sessions [(Time B or D / Time all objects)

× 100%] was calculated. The percentage of time spent exploring the novel object “D” 

served as the measure of recognition memory for the familiar object. Exploration of an

object was defined as the rat approaching an object and having physical contact with it,

either with its snout and/or forepaws.

2.5. Histological assay

To detect DAergic degeneration and microglial activation, frozen coronal brain

sections (30 μm) were cut, rinsed in PBS, picked up on gelatinized slides, and 

immunostained at 4°C overnight with mouse monoclonal antibodies against rat tyrosine

hydroxylase (TH) (1:4 000; Zymade, USA) or rat MHC class II (OX-6; 1:400; BD

Biosciences Pharmingen, CA, USA) diluted in PBS. OX-6 selectively stains activated

microglia (Ogura et al., 1994). The sections were incubated sequentially for 30 min at

37ºC with biotinylated horse anti-mouse IgG antibody (Vector Laboratory, CA, USA)

and avidin-biotin-horseradish peroxidase complex (ABC Elite HRP kit; Vector

Laboratory, CA, USA), then were incubated for 30 min at room temperature with 0.02%

3,3'-diaminobenzidine (Sigma, USA). The reaction was stopped by extensive washing

with PBS. To detect cell loss, Nissl staining was used to identify neurons.

Image analysis: The stained brain sections, identified according to the rat brain

atlas (Paxinos and Watson, 1986), were used for measuring histological changes with

the methods described previously (Xavier et al., 2005), using a microscope (ZEISS

AXioskop2, Germany) coupled to a CCD (Optronics, USA) and the Image Pro Plus

Software 4.1 (Media Cybernetics, CA, USA). In this study, an area of interest were

created, measuring 24 585 μm2, to determine the optical density of TH

immunoreactivity in the striatum and neuronal density in the SNc, and 40 000 μm2 for
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counting the neuronal density in the hippocampal CA1 area. To measure the intensity of

DAergic projections in the striatum, the images of TH staining were converted to gray

scale. The gray level of area of interest was measured, and the background staining,

measured in non-immunoreactive corpus callosum, was subtracted. Thus, the relative

optical density was restricted to the values generated by the TH reactive tissue. To

measure the density of DAergic neurons in the SNc, the images were captured, not

converted to gray scale, and an area of interest was overlaid in this region. The somas of

TH immunoreactive neurons located in this area were counted. Because the neurons are

tightly packed, it was difficult to directly calculate the number of pyramidal neurons in

the CA1 area from a 30 μm-thick brain section. Thus, a semi-quantitative method,

percentage of area of Nissl-stained neurons in an area of interest in the CA1 area, was

used to represent the neuronal density.

2.6. Data analysis

Statistical testing was performed to compare the two groups using the t-test.

Analysis of variance (ANOVA) for repeated measures, followed by Scheffé’s post hoc 

test, and evaluation of behavioral correlations were used when appropriate. All results

are expressed as the mean SEM. The level of significance was defined as P < 0.05

(two-tailed).

3. Results

Behavior: After MPTP lesion, the animals showed a significant and transitory

catalepsy, i.e., an increase in the crossing latency in the bar test. ANOVA with repeated

measures revealed significant main effects of time (F(3,114) = 7.03, P < 0.001) and

lesion (F(1,38) = 10.05, P < 0.01) as well as time×lesion interaction (F(3,114) = 6.66, P
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< 0.001). Significant longer crossing latencies in the MPTP-treated animals were seen

on days 3 and 5 after MPTP lesion (d.f. = 38, t–values ≧ 2.54, P-values < 0.05), while,

on days 7 and 9, MPTP- and sham-treated rats displayed comparable crossing latencies

(Fig. 1.).

【Figure 1 should be here】

An increased open arm latency, decreased open arm time, and less number of

open arm entries in the elevated plus-maze test, compared to the controls, were seen in

MPTP-treated rats on day 25 (d.f. = 38, t-values > 1.98, P-values < 0.05), indicating

higher anxiety-like levels. However, the number of rearing, enclosed arm entries, and

total distance traveled by the rats in the elevated plus-maze test, which are commonly

used to measure general activity, were not different between the groups (Table 1).

【Table 1 should be here】

MPTP-treated rats spent a lower percentage of time exploring the novel object

“D” on day 27 after MPTP lesion than the sham-operated controls (d.f. = 38, t = 2.94, P

< 0.01) (Fig. 2A). As shown in Fig. 2B, ANOVA with repeated measures revealed a

significant time effect (F(1,114) = 24.86, P < 0.001) for rearing number, but no

significant lesion effect or time×lesion interaction.

【Figure 2 should be here】

The open arm time and number of open arm entries in the elevated plus-maze test

were significantly correlated with percentage of time spent on exploring novel object

(P-values < 0.05). However, enclosed arm time in the elevated plus-maze test was

negatively correlated with percentage of time spent on exploring novel object and the

number of rearing in the object recognition test (P-values < 0.05) (Tab. 2.).

【Table 2 should be here】
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Histology: Representative photomicrographs of immunostained and Nissl-stained

brain sections are shown in Figs. 3-5. TH positive neurons were found in the striatum

and SNc of the brain from sham-operated and MPTP-treated groups. TH

immunoreactivity was observed in neuronal cell bodies and their processes. MPTP

treatment induced a reduction in relative optical density of TH immunoreactivity in the

striatum (df = 14, t = 3.71, P < 0.01) and a decrease in density of DAergic neurons in

the SNc (df = 14, t = 2.62, P < 0.05), compared to the sham-operated group (Fig. 3).

Microglial activation, indicated by an accumulation of OX-6-positive cells, was evident

in the SNc and hippocampus (Fig. 4), but not in the prefrontal cortex, striatum, or

cerebral cortex (data not shown). Semi-quantitative analysis confirmed that MPTP

lesion decreased the neuronal density in the pyramidal cell layer in the hippocampal

CA1 area (df = 14, t = 4.92, P < 0.001), compared to the sham-operated rats (Fig. 5).

【Figure 3-5 should be here】

4. Discussion

Four weeks after intra-SNc infusion of MPTP, there were neurodegeneration of

the nigrostriatal DAergic system, cell loss in the hippocampal CA1 area, as well as

microglial activation in the SNc and hippocampus. Furthermore, emotional-related and

cognitive changes were also observed during the fourth week after MPTP lesion,

namely, increased anxiety-like avoidance behavior and impairment of object recognition.

We did not find evidence of motor impairment 7 days after MPTP lesion when

catalepsy was no longer observed, suggesting that the behavioral differences seen in

subsequent tests were not due to motor deterioration. These results suggest that the

MPTP-induced neuroinflammation and cell loss in the hippocampus may contribute to
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DAergic degeneration-related behavioral deficits.

MPTP is a toxin commonly used to induce PD animal model because it causes

specific degeneration of DAergic neurons in the substantia nigra and the loss of nerve

terminals in the striatum. In the current study, intra-SNc infusion of MPTP resulted in a

significant decrease in TH immunohistochemical staining in the SNc and striatum,

indicating DAergic lesion. Although calculating the cell number in the representative

brain sections yielded similar histological results reported in the literature, stereologic

approach by counting cells in a complete series of sections can provide additional data

(Ferro et al., 2005; Meissner et al., 2003). MPTP-lesioned rats have been reported

showing lower than controls in spontaneous locomotion in the open field test one day

after the surgery (Capitelli et al., 2008; Perry et al., 2005; Reksidler et al., 2008).

However, the behavioral changes were no longer observed 7 (Capitelli et al., 2008) and

18 days (Ferro et al., 2005; Perry et al., 2005) after the lesion. Further, in line with

previous reports showing transitory catalepsy by using the bar test (Ferro et al., 2005;

Sedelis et al., 2001), catalepsy was seen during the first 5 days, but not on days 7 and 9

after MPTP lesion. Recovery of motor function was further supported by the lack of

differences between the groups in the rearing number, enclosed arm entries, and

distance traveled by the rats in the elevated plus-maze test, as well as rearing number in

the object recognition test, indicating absence of gross motor impairment and

suggesting that the behavioral performance in the tests was not confounded by motor

impairment.

In consistent with the fact that high anxiety levels have been indicated in the late

course of PD (Fenelon et al., 2000), MPTP lesion caused an enhancement of

anxiety-like behavior in the elevated plus-maze test, indicated as lowered open arm time
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and increased enclosed arm time. In addition, dysfunction of object recognition in

animal model may be compatible with some phenomenon of visuospatial (Girotti et al.,

1988), facial recognition, and object perception deficits (Barnes et al., 2003;

Ramirez-Ruiz et al., 2006) in PD patients. Interestingly, anxiety levels were negatively

correlated with the time spent exploring novel object but not correlated with total

exploration time. This result was consistent with the findings that cognitive despaired

PD patients show co-existence of anxiety disorders (Fenelon et al., 2000). It has been

reported that cognitively deteriorated PD patients performed more poorly than the

healthy controls and cognitively preserved PD patients in discriminating objects, where

the subjects used visual sensation for the object recognition task because they need to

response to the stimuli, pictures or written words, presented on a screen (Laatu et al.,

2004). It is noteworthy that the animals in the current study may not totally rely on

visual sensation to recognize the objects. Further, it has been demonstrated that

MPTP-treated rats show deficits in performing a spatial working memory in the Morris

water maze task (Ferro et al., 2005), and in acquisition and retention processes in an

active avoidance test (Da Cunha et al., 2001), suggesting that MPTP-treated rats may be

a model for early Parkinson’s disease amnesia. The hippocampus is important for spatial

navigation (Zhang et al., 2004), recognition memory (Broadbent et al., 2004), and

short-term memory associating objects and their locations (Li and Chao, 2008; Piekema

et al., 2006). Moreover, the hippocampal CA1 region plays a critical role in object

recognition because ischemia-induced cell loss in the hippocampal CA1 area of rats

produced object recognition deficits in the acquisition and retention in delayed

nonmatching-to-sample task (Wood et al., 1993). Furthermore, local pharmacological

manipulations in the CA1 area are also affecting consolidation of object recognition
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memory (Clarke et al., 2008; de Lima et al., 2006). In agree with the above findings, our

present data showing that MPTP lesion causes inflammation and cell loss in the

hippocampal CA1 pyramidal neurons may provide possible neuronal mechanisms

underling the MPTP-induced object recognition impairment and may prove to be a

useful tool in assessing the ability of pharmacological agents to prevent

neurodegeneration-related recognition deficits.

Immunohistochemical alterations in the brain have been suggested to be involved

the behavioral changes seen after DAergic degeneration (Kurosaki et al., 2004).

Although DAergic deficit is the main neurochemical impairment in PD, clinical data

show that dementia in PD patients does not improve with levodopa treatment (Lewis et

al., 2005) and that motor symptoms and cognitive dysfunction in PDD patients are

correlated strongly with non-DAergic systems (Levy et al., 2002). Microglia, the

resident immune cells of the central nervous system, act as regulators of the secretion of

neurotrophic and neurotoxic factors (Kadiu et al., 2005). Sawada et al. have proposed

that activated microglia may change in vivo from neuroprotective to neurotoxic subsets

as degeneration of DAergic neurons in the substantia nigra progresses in PD (Sawada et

al., 2006). Chronic activation of microglia causes inflammatory responses and may,

through the release of cytokines, lead to neuronal damage (Dheen et al., 2007; Imamura

et al., 2003). Microglial activation and increased levels of inflammatory cytokines have

been observed in the substantia nigra, putamen, and hippocampus in PD patients

(McGeer et al., 1988; McGeer and McGeer, 1995; Sawada et al., 2006). Furthermore,

neuroinflammation has been suggested to be responsible for neuronal degeneration and

cognitive decline in PD and dementia with Lewy bodies (Imamura et al., 2005).

Similarly, in the present study, MPTP caused a chronic activation of microglia in the
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SNc and hippocampus, which may participate in the MPTP-induced emotional and

cognitive deficits, notwithstanding the fact that other factors are probably also involved.

The mechanisms by which degeneration of DAergic neurons causes neuroinflammation

in the limbic system need to be studied further. In addition, non-steroidal

anti-inflammatory drugs are able to reduce neuronal death induced by activated

microglia and improve the motor impairment in PD (Hirohata et al., 2008; Klegeris and

McGeer, 2005). Thus, suppression of microglial activation by using anti-inflammatory

compounds may therefore be a feasible strategy for preventing neuronal and cognitive

decline in PD (Sriram et al., 2006).

In addition to the DAergic degeneration in the SNc and striatum, consistent with

the pathophysiology of PD, intra-nigral infusion of MPTP also caused increases in

microglial activation in the brain, cell loss in the hippocampal CA1 area, emotional

changes, and object recognition deficits. These findings show that MPTP-induced

neuroinflammation and its consequences may contribute to DAergic

degeneration-related behavioral deficits and suggest that, in addition to the DAergic

system, the limbic system may also participate in the pathophysiology of PDD.
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Figure Legends

Fig. 1. Effects of MPTP on catalepsy in the bar test. MPTP was bilaterally infused into

the substantia nigra pars compacta (SNc), then the catalepsy bar test was

performed on days 3, 5, 7, and 9 after the treatment. * P < 0.05, ** P < 0.01

compared to the sham-operated group on the same day. The data are expressed

as the mean ± SEM for the indicated number of animals.

Fig. 2. Effects of MPTP on behavior in the object recognition test. (A) shows the

percentage of time spent exploring object “B” or “D” during the test. (B) shows

the rearing number during the test. Data are expressed as the mean ± SEM for

the indicated number of animals. ** P < 0.01 compared to the sham-operated

group at the same time point.

Fig. 3. Effects of MPTP on dopamine (DA)-containing neurons in the striatum and

substantia nigra pars compacta (SNc). The brains were taken 28 days after

MPTP treatment. DAergic neurons, stained by tyrosine hydroxylase (TH)

immunoreaction, are shown in the representative coronal sections of the striatum

(A, B) and SNc (C, D) (magnification, ×50; bar, 200μm) in sham-operated and

MPTP-treated rats. Black squares (24 585μm2) in the schematic drawings are

used for measuring optical density (OD) of TH immunoreactivity in the striatum

and neuronal density (per mm2) in the SNc. MPTP-treated rats show decreases

in relative OD of TH immunoreactivity in the striatum (E) and in density of

DAergic neurons in the SNc (F). * P < 0.05, ** P < 0.01, compared to
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corresponding sham-operated rats. The schematic drawings are modified from

the rat brain atlas (Paxinos and Watson, 1986).

Fig. 4. Effects of MPTP on microglial activation in the brain. The brains were taken 28

days after MPTP lesion. No activated microglia, OX-6-positive cells, was found

in the substantia nigra pars compacta (SNc) and hippocampus (HIP) of

sham-operated rats. MPTP treatment caused a massive accumulation of

activated microglia in the SNc and HIP (magnification, ×50; bar, 200 μm).

Insets show activated microglia at magnification of ×400, bar, 20μm.

Fig. 5. Effects of MPTP on neurons in the hippocampal CA1 area. The brains were

taken 28 days after MPTP treatment. Images show Nissl-stained pyramidal

neurons in the CA1 area of hippocampus, as indicated in the square of schematic

drawing, in sham-operated (A) and MPTP-treated (B) rats (magnification, ×200;

bar, 100 μm). MPTP-treated rats show decrease in neuronal area in the CA1 area,

** p < 0.001, compared to sham-operated rats (C).
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Table 1.

Table 1. Effect of MPTP on behavior in the elevated plus-maze test on day 25.

Sham

(n=15)

MPTP

(n=25)

Open arm latency (sec) 154.0 ± 36.9 242.0 ± 20.2*

Open arm time (sec) 37.4 ± 12.5 11.0 ± 4.6*

Enclosed arm time (sec) 191.7 ± 21.0 248.6 ± 10.2*

Open arm entries (no.) 4.1 ± 1.1 1.4 ± 0.5*

Enclosed arm entries (no.) 8.1 ± 1.4 5.9 ± 0.8

Total distance (cm) 2 270.8 ± 265.7 1 934.9 ± 192.7

Total rearing (no.) 16.9 ± 1.3 14.7 ± 1.0

* p < 0.05, compared to the sham-operated group. The data are expressed as the mean ±

SEM for the indicated number of animals.
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Table 2.

Table 2. Correlations between behavior in the elevated plus-maze and object recognition

tests.

Object recognition

Total exploratory time

(sec)
% D exploration time Rearing (no.)

Elevated plus-maze Pearson

Correlation
p value

Pearson

Correlation
p value

Pearson

Correlation
p value

Open arm latency

(sec)
-0.172 0.289 -0.03 0.856 -0.152 0.348

Open arm time (sec) -0.072 0.661 0.321 0.043* 0.167 0.302

Enclosed arm time

(sec)
-0.126 0.44 -0.39 0.013* -0.33 0.037*

Open arm entries

(no.)
-0.008 0.96 0.314 0.049* 0.104 0.523

Enclosed arm

entries (no.)
0.284 0.076 0.177 0.275 -0.033 0.841

Total distance (cm) 0.171 0.403 0.108 0.601 -0.091 0.658

Total rearing (no.) 0.355 0.025 0.034 0.836 0.289 0.07

P values, 2-tailed.
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Fig. 1.
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Abstract

Emotional changes, impairment on object recognition, and neuroinflammation are

seen in Parkinson’s disease with dementia (PDD). Here, we showed that bilateral

infusion of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) into the rat substantia

nigra pars compacta (SNc) of Wistar rats caused degeneration of nigrostriatal

dopaminergic neurons, microglial activation in the SNc and hippocampus, as well as

cell loss in the hippocampal CA1 area. With regard to behavior, increase of anxiety-like

behavior and impairment of object recognition were observed during the fourth week

after the MPTP lesion. The behavioral changes were not caused by motor impairment,

since the rats had already recovered from MPTP-induced catalepsy before the tests were

performed. These findings show that MPTP-induced neuroinflammation and its

consequences, for example, microglial activation and cell loss in the hippocampus, may

contribute to dopaminergic degeneration-related behavioral deficits and suggest that, in

addition to the dopaminergic system, the limbic system may also participate in the

pathophysiology of PDD.

Keywords: Parkinson’s disease, dementia, object recognition, neuroinflammation,

microglial activation, MPTP
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1. Introduction

Parkinson’s disease (PD) is a high prevalent neurodegenerative disorder

(Aarsland et al., 2005). In addition to the motor dysfunctions, cognitive impairment and

dementia are seen in a high percentage of PD patients (Brown and Marsden, 1984;

Owen et al., 1995). The proportion of PD patients with dementia is 25-30%, an

incidence up to six times higher than that in healthy people (Aarsland et al., 2001).

Emotional changes (Levin et al., 1991), for example elevation of anxiety levels

(Fenelon et al., 2000), visuospatial dysfunctions (Crucian and Okun, 2003; Emre, 2003),

as well as impairments on facial recognition and object perception (Barnes et al., 2003;

Laatu et al., 2004; Ramirez-Ruiz et al., 2006) are the main symptoms in Parkinson’s 

disease dementia (PDD).

Although the loss of dopamine (DA)-containing neurons originated in the

substantia nigra is the main character of PD (McGeer and McGeer, 2004), inflammation

has also been proposed as a possible mechanism in the pathogenesis of PD, as the

intensity of inflammation in the substantia nigra is considerably higher in PD patients

than in controls (Abramsky and Litvin, 1978; McGeer and McGeer, 2004). Nigrostriatal

dysfunction alone is probably not sufficient for the development of dementia in PD

because activated microglia have been observed not only in the substantia nigra and

putamen, where DA loss is prominent, but also in the hippocampus of PD patients

(McGeer et al., 1988; McGeer and McGeer, 1995; Sawada et al., 2006). Microglial

activation in the hippocampus has been suggested to be responsible for functional

changes in neurons and cognitive decline in PD and dementia with Lewy bodies

(Imamura et al., 2005). Emotional changes and cognitive disturbances, particularly in

tests involving spatial learning and memory, are linked with aberrations in the
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mesocorticolimbic and striatal systems (Caraceni et al., 1993; Denicoff et al., 1987;

West et al., 1987). Thus, microglial activation in these areas may also be involved in the

pathophysiology of PDD.

Literatures have reported deficits in habit learning and spatial memory in the

active avoidance test (Da Cunha et al., 2001) and in water maze test (Da Cunha et al.,

2002; Da Cunha et al., 2003), respectively, in MPTP-induced rat PD model.

Disturbance in visual discrimination in MPTP-treated monkeys has also been indicated

(Schneider et al., 2000). However, no data are available in object recognition in

MPTP-treated rodents, which would better model the disability of object recognition in

PDD. To better understand the pathophysiology of PDD, it is necessary to detect

neuronal changes occur after degeneration of the nigrostriatal DAergic system. Animals

treated with 1-methyl-4-phenyl-1,2,3,6-terahydropyriding (MPTP) are widely used as a

PD animal model, as MPTP selectively destroys the DAergic system and causes

microglial activation in humans (Mogi et al., 1996). Impairment of executive and

visuospatial functions is observed not only in patients with PDD (Crucian and Okun,

2003; Emre, 2003) but also in people exposed to MPTP (Stern et al., 1990). However, it

is not known whether the MPTP-induced inflammation and behavioral changes seen in

animal studies resemble the pathophysiology and symptoms seen in PDD. We examined

motor and emotional behavior as well as object recognition in rats after MPTP lesion

using a battery of behavioral tests, namely a bar test as a measure of catalepsy (Sanberg

et al., 1988), an elevated plus-maze as a measure of anxiety-like behavior (Ho et al.,

2002), and an object recognition test in an open field (Mumby et al., 2005). In addition,

we analyzed microglial activation and cell loss in the brain. The results showed that

MPTP-induced DAergic degeneration and deficits in emotional behavior and object
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recognition were accompanied with neuroinflammation in the hippocampus. It is thus

suggested that, in addition to the DAergic system, the limbic system may also

participate in the pathophysiology of PDD.

2. Methods

2.1 Animals

Male Wistar rats (384 4.5 g; n = 40; National Laboratory Animal Center, ROC)

were housed in groups of five in acrylic cages (35 56 19 cm) in an animal room

with a 12 h light-dark cycle (lights on at 07:00 h) with food and water available ad

libitum. Each animal was handled for 5 min/day on 3 consecutive days, starting one day

after arrival. All the experimental procedures were performed according to the NIH

Guide for Care and Use of Laboratory Animals and were approved by the Animal Care

Committee of Chung Shan Medical University (IACUC approval NO: 699).

2.2 General procedures

All animals underwent stereotaxic surgery and bilateral infusion into the

substantia nigra pars compacta (SNc) of either MPTP-HCl (1 μmol in 2 μl of saline;

Sigma, USA) or vehicle (day 0) (see surgery section below). They were then subjected

to a bar test on days 3, 5, 7, and 9 and an elevated plus-maze test on day 25, followed by

an object recognition test starting on day 25 and finishing on day 27, all of which were

started at least 2 h after the beginning of the light-phase (7:00 h). Behavioral tests were

performed in a dim observation room (28 lux red light). The test equipment and object

were cleaned using 20% ethanol and thoroughly dried before each test trial. On day 28

after MPTP treatment, the rats were sacrificed by exposure to CO2, transcardially

perfused with phosphate-buffered saline (PBS) and followed by 4% paraformaldehyde
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in PBS. The brains were immediately removed and post-fixed in 20% sucrose solution

with 4% paraformaldehyde at 4°C for histochemical assessment.

2.3. Surgery

Brain surgery was performed on a stereotaxic instrument. The rats received

intraperitoneal injection (IP) of atropine sulfate (0.4 mg/kg) to suppress salivation and

were anesthetized using Zoletil (2 mg/kg, IP; Virbac, Carros, France). In the lesion

group (n = 25), MPTP-HCl (1 μmolin 2 μl of saline) was bilaterally infused into the

SNc through a 30 gauge stainless needle at a rate of 0.7 μl/min at a site with the

following coordinates adapted from the rat brain atlas (Paxinos and Watson, 1986): AP

-5.0 mm, ML ± 1.8 mm, DV -8.0 mm from the bregma. Sham-operated rats were

subjected to the same procedure, but were infused with 2 μl of saline instead of MPTP

(n = 15). Immediately after surgery, the rats received a muscular injection with

penicillin-G procaine (0.2 ml, 20,000 IU) and housed individually in plastic cages (25 

41 19 cm) for 10 days, then were re-grouped in their home cages (rats from the same

home cage underwent the same treatment). During the first 5 post-operative days, 10%

sucrose solution was provided ad libitum to prevent weight loss after surgery and reduce

mortality (Da Cunha et al., 2001; Ferro et al., 2005).

2.4. Behavioral tests

Behavior in the bar test was scored manually by a trained observer blind to the

treatment conditions. The elevated plus-maze and object recognition test was monitored

and scored by using a video camera positioned above the apparatus and a home-made

video image analysis system (VIAS) (Li and Chao, 2008). The spatial resolution of the

VIAS was set to 0.7 cm; and the image processing capability was higher than 14

pictures/sec.
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Bar test: The bar test was performed on days 3, 5, 7, and 9 after MPTP lesion.

Catalepsy was measured as the mean time spent by a rat to climb over a 9 cm high bar

after being laid across it with its hind limbs on the floor (Sanberg et al., 1988). Each

animal was tested in 3 consecutive trials on each trial day.

Elevated plus-maze test: Unconditioned anxiety-like avoidance behavior was

assessed as our previous report, using the elevated plus-maze test (Ho et al., 2005),

performed on day 25. The measures recorded were: (1) open arm latency, that is, the

time from placing the rat into the plus-maze until it entered one of the open arms, (2)

the time spent on and (3) the number of entries into open or enclosed arms, (4) total

distance, that is, the distance traveled by the rat in cm, and (5) rearing number.

Object recognition test: The apparatus and testing procedure for the object

recognition test were similar to those described previously (Mumby et al., 2005). An

open field arena was constructed of black polyvinyl plastic (100 cm long × 100 cm wide

× 60 cm high). Each rat was subjected to 3 exposure sessions at 24 h intervals. Five

minutes after the last exposure session, a test trial was performed. Four different objects

made of transparent glass, paper, porcelain, or metal (all sizes around 10 × 10 × 10 cm)

were used for each rat. All objects were unfamiliar to the rats before the experiment.

Three of the objects (“A”, “B”, and “C”) were fixed to the floor 27 cm from three 

corners of the arena. On day 25 (5 min after the elevated plus-maze test), the rat was

placed in the only free corner and allowed to explore the objects for a 5 min exposure

session, and also on the next 2 consecutive days. Five minutes after the last exposure

session, object “B” was replaced by a novel object “D” and the animal was returned to 

the open field for a 5 min test session. The time spent exploring the objects and the

number of rearing during the exposure and test sessions were recorded. The percentage
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of the exploration time spent on object B or D in the sessions [(Time B or D / Time all objects)

× 100%] was calculated. The percentage of time spent exploring the novel object “D” 

served as the measure of recognition memory for the familiar object. Exploration of an

object was defined as the rat approaching an object and having physical contact with it,

either with its snout and/or forepaws.

2.5. Histological assay

To detect DAergic degeneration and microglial activation, frozen coronal brain

sections (30 μm) were cut, rinsed in PBS, picked up on gelatinized slides, and 

immunostained at 4°C overnight with mouse monoclonal antibodies against rat tyrosine

hydroxylase (TH) (1:4 000; Zymade, USA) or rat MHC class II (OX-6; 1:400; BD

Biosciences Pharmingen, CA, USA) diluted in PBS. OX-6 selectively stains activated

microglia (Ogura et al., 1994). The sections were incubated sequentially for 30 min at

37ºC with biotinylated horse anti-mouse IgG antibody (Vector Laboratory, CA, USA)

and avidin-biotin-horseradish peroxidase complex (ABC Elite HRP kit; Vector

Laboratory, CA, USA), then were incubated for 30 min at room temperature with 0.02%

3,3'-diaminobenzidine (Sigma, USA). The reaction was stopped by extensive washing

with PBS. To detect cell loss, Nissl staining was used to identify neurons.

Image analysis: The stained brain sections, identified according to the rat brain

atlas (Paxinos and Watson, 1986), were used for measuring histological changes with

the methods described previously (Xavier et al., 2005), using a microscope (ZEISS

AXioskop2, Germany) coupled to a CCD (Optronics, USA) and the Image Pro Plus

Software 4.1 (Media Cybernetics, CA, USA). In this study, an area of interest were

created, measuring 24 585 μm2, to determine the optical density of TH

immunoreactivity in the striatum and neuronal density in the SNc, and 40 000 μm2 for



9

counting the neuronal density in the hippocampal CA1 area. To measure the intensity of

DAergic projections in the striatum, the images of TH staining were converted to gray

scale. The gray level of area of interest was measured, and the background staining,

measured in non-immunoreactive corpus callosum, was subtracted. Thus, the relative

optical density was restricted to the values generated by the TH reactive tissue. To

measure the density of DAergic neurons in the SNc, the images were captured, not

converted to gray scale, and an area of interest was overlaid in this region. The somas of

TH immunoreactive neurons located in this area were counted. Because the neurons are

tightly packed, it was difficult to directly calculate the number of pyramidal neurons in

the CA1 area from a 30 μm-thick brain section. Thus, a semi-quantitative method,

percentage of area of Nissl-stained neurons in an area of interest in the CA1 area, was

used to represent the neuronal density.

2.6. Data analysis

Statistical testing was performed to compare the two groups using the t-test.

Analysis of variance (ANOVA) for repeated measures, followed by Scheffé’s post hoc 

test, and evaluation of behavioral correlations were used when appropriate. All results

are expressed as the mean SEM. The level of significance was defined as P < 0.05

(two-tailed).

3. Results

Behavior: After MPTP lesion, the animals showed a significant and transitory

catalepsy, i.e., an increase in the crossing latency in the bar test. ANOVA with repeated

measures revealed significant main effects of time (F(3,114) = 7.03, P < 0.001) and

lesion (F(1,38) = 10.05, P < 0.01) as well as time×lesion interaction (F(3,114) = 6.66, P
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< 0.001). Significant longer crossing latencies in the MPTP-treated animals were seen

on days 3 and 5 after MPTP lesion (d.f. = 38, t–values ≧ 2.54, P-values < 0.05), while,

on days 7 and 9, MPTP- and sham-treated rats displayed comparable crossing latencies

(Fig. 1.).

【Figure 1 should be here】

An increased open arm latency, decreased open arm time, and less number of

open arm entries in the elevated plus-maze test, compared to the controls, were seen in

MPTP-treated rats on day 25 (d.f. = 38, t-values > 1.98, P-values < 0.05), indicating

higher anxiety-like levels. However, the number of rearing, enclosed arm entries, and

total distance traveled by the rats in the elevated plus-maze test, which are commonly

used to measure general activity, were not different between the groups (Table 1).

【Table 1 should be here】

MPTP-treated rats spent a lower percentage of time exploring the novel object

“D” on day 27 after MPTP lesion than the sham-operated controls (d.f. = 38, t = 2.94, P

< 0.01) (Fig. 2A). As shown in Fig. 2B, ANOVA with repeated measures revealed a

significant time effect (F(1,114) = 24.86, P < 0.001) for rearing number, but no

significant lesion effect or time×lesion interaction.

【Figure 2 should be here】

The open arm time and number of open arm entries in the elevated plus-maze test

were significantly correlated with percentage of time spent on exploring novel object

(P-values < 0.05). However, enclosed arm time in the elevated plus-maze test was

negatively correlated with percentage of time spent on exploring novel object and the

number of rearing in the object recognition test (P-values < 0.05) (Tab. 2.).

【Table 2 should be here】
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Histology: Representative photomicrographs of immunostained and Nissl-stained

brain sections are shown in Figs. 3-5. TH positive neurons were found in the striatum

and SNc of the brain from sham-operated and MPTP-treated groups. TH

immunoreactivity was observed in neuronal cell bodies and their processes. MPTP

treatment induced a reduction in relative optical density of TH immunoreactivity in the

striatum (df = 14, t = 3.71, P < 0.01) and a decrease in density of DAergic neurons in

the SNc (df = 14, t = 2.62, P < 0.05), compared to the sham-operated group (Fig. 3).

Microglial activation, indicated by an accumulation of OX-6-positive cells, was evident

in the SNc and hippocampus (Fig. 4), but not in the prefrontal cortex, striatum, or

cerebral cortex (data not shown). Semi-quantitative analysis confirmed that MPTP

lesion decreased the neuronal density in the pyramidal cell layer in the hippocampal

CA1 area (df = 14, t = 4.92, P < 0.001), compared to the sham-operated rats (Fig. 5).

【Figure 3-5 should be here】

4. Discussion

Four weeks after intra-SNc infusion of MPTP, there were neurodegeneration of

the nigrostriatal DAergic system, cell loss in the hippocampal CA1 area, as well as

microglial activation in the SNc and hippocampus. Furthermore, emotional-related and

cognitive changes were also observed during the fourth week after MPTP lesion,

namely, increased anxiety-like avoidance behavior and impairment of object recognition.

We did not find evidence of motor impairment 7 days after MPTP lesion when

catalepsy was no longer observed, suggesting that the behavioral differences seen in

subsequent tests were not due to motor deterioration. These results suggest that the

MPTP-induced neuroinflammation and cell loss in the hippocampus may contribute to
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DAergic degeneration-related behavioral deficits.

MPTP is a toxin commonly used to induce PD animal model because it causes

specific degeneration of DAergic neurons in the substantia nigra and the loss of nerve

terminals in the striatum. In the current study, intra-SNc infusion of MPTP resulted in a

significant decrease in TH immunohistochemical staining in the SNc and striatum,

indicating DAergic lesion. Although calculating the cell number in the representative

brain sections yielded similar histological results reported in the literature, stereologic

approach by counting cells in a complete series of sections can provide additional data

(Ferro et al., 2005; Meissner et al., 2003). MPTP-lesioned rats have been reported

showing lower than controls in spontaneous locomotion in the open field test one day

after the surgery (Capitelli et al., 2008; Perry et al., 2005; Reksidler et al., 2008).

However, the behavioral changes were no longer observed 7 (Capitelli et al., 2008) and

18 days (Ferro et al., 2005; Perry et al., 2005) after the lesion. Further, in line with

previous reports showing transitory catalepsy by using the bar test (Ferro et al., 2005;

Sedelis et al., 2001), catalepsy was seen during the first 5 days, but not on days 7 and 9

after MPTP lesion. Recovery of motor function was further supported by the lack of

differences between the groups in the rearing number, enclosed arm entries, and

distance traveled by the rats in the elevated plus-maze test, as well as rearing number in

the object recognition test, indicating absence of gross motor impairment and

suggesting that the behavioral performance in the tests was not confounded by motor

impairment.

In consistent with the fact that high anxiety levels have been indicated in the late

course of PD (Fenelon et al., 2000), MPTP lesion caused an enhancement of

anxiety-like behavior in the elevated plus-maze test, indicated as lowered open arm time
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and increased enclosed arm time. In addition, dysfunction of object recognition in

animal model may be compatible with some phenomenon of visuospatial (Girotti et al.,

1988), facial recognition, and object perception deficits (Barnes et al., 2003;

Ramirez-Ruiz et al., 2006) in PD patients. Interestingly, anxiety levels were negatively

correlated with the time spent exploring novel object but not correlated with total

exploration time. This result was consistent with the findings that cognitive despaired

PD patients show co-existence of anxiety disorders (Fenelon et al., 2000). It has been

reported that cognitively deteriorated PD patients performed more poorly than the

healthy controls and cognitively preserved PD patients in discriminating objects, where

the subjects used visual sensation for the object recognition task because they need to

response to the stimuli, pictures or written words, presented on a screen (Laatu et al.,

2004). It is noteworthy that the animals in the current study may not totally rely on

visual sensation to recognize the objects. Further, it has been demonstrated that

MPTP-treated rats show deficits in performing a spatial working memory in the Morris

water maze task (Ferro et al., 2005), and in acquisition and retention processes in an

active avoidance test (Da Cunha et al., 2001), suggesting that MPTP-treated rats may be

a model for early Parkinson’s disease amnesia. The hippocampus is important for spatial

navigation (Zhang et al., 2004), recognition memory (Broadbent et al., 2004), and

short-term memory associating objects and their locations (Li and Chao, 2008; Piekema

et al., 2006). Moreover, the hippocampal CA1 region plays a critical role in object

recognition because ischemia-induced cell loss in the hippocampal CA1 area of rats

produced object recognition deficits in the acquisition and retention in delayed

nonmatching-to-sample task (Wood et al., 1993). Furthermore, local pharmacological

manipulations in the CA1 area are also affecting consolidation of object recognition
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memory (Clarke et al., 2008; de Lima et al., 2006). In agree with the above findings, our

present data showing that MPTP lesion causes inflammation and cell loss in the

hippocampal CA1 pyramidal neurons may provide possible neuronal mechanisms

underling the MPTP-induced object recognition impairment and may prove to be a

useful tool in assessing the ability of pharmacological agents to prevent

neurodegeneration-related recognition deficits.

Immunohistochemical alterations in the brain have been suggested to be involved

the behavioral changes seen after DAergic degeneration (Kurosaki et al., 2004).

Although DAergic deficit is the main neurochemical impairment in PD, clinical data

show that dementia in PD patients does not improve with levodopa treatment (Lewis et

al., 2005) and that motor symptoms and cognitive dysfunction in PDD patients are

correlated strongly with non-DAergic systems (Levy et al., 2002). Microglia, the

resident immune cells of the central nervous system, act as regulators of the secretion of

neurotrophic and neurotoxic factors (Kadiu et al., 2005). Sawada et al. have proposed

that activated microglia may change in vivo from neuroprotective to neurotoxic subsets

as degeneration of DAergic neurons in the substantia nigra progresses in PD (Sawada et

al., 2006). Chronic activation of microglia causes inflammatory responses and may,

through the release of cytokines, lead to neuronal damage (Dheen et al., 2007; Imamura

et al., 2003). Microglial activation and increased levels of inflammatory cytokines have

been observed in the substantia nigra, putamen, and hippocampus in PD patients

(McGeer et al., 1988; McGeer and McGeer, 1995; Sawada et al., 2006). Furthermore,

neuroinflammation has been suggested to be responsible for neuronal degeneration and

cognitive decline in PD and dementia with Lewy bodies (Imamura et al., 2005).

Similarly, in the present study, MPTP caused a chronic activation of microglia in the



15

SNc and hippocampus, which may participate in the MPTP-induced emotional and

cognitive deficits, notwithstanding the fact that other factors are probably also involved.

The mechanisms by which degeneration of DAergic neurons causes neuroinflammation

in the limbic system need to be studied further. In addition, non-steroidal

anti-inflammatory drugs are able to reduce neuronal death induced by activated

microglia and improve the motor impairment in PD (Hirohata et al., 2008; Klegeris and

McGeer, 2005). Thus, suppression of microglial activation by using anti-inflammatory

compounds may therefore be a feasible strategy for preventing neuronal and cognitive

decline in PD (Sriram et al., 2006).

In addition to the DAergic degeneration in the SNc and striatum, consistent with

the pathophysiology of PD, intra-nigral infusion of MPTP also caused increases in

microglial activation in the brain, cell loss in the hippocampal CA1 area, emotional

changes, and object recognition deficits. These findings show that MPTP-induced

neuroinflammation and its consequences may contribute to DAergic

degeneration-related behavioral deficits and suggest that, in addition to the DAergic

system, the limbic system may also participate in the pathophysiology of PDD.
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Figure Legends

Fig. 1. Effects of MPTP on catalepsy in the bar test. MPTP was bilaterally infused into

the substantia nigra pars compacta (SNc), then the catalepsy bar test was

performed on days 3, 5, 7, and 9 after the treatment. * P < 0.05, ** P < 0.01

compared to the sham-operated group on the same day. The data are expressed

as the mean ± SEM for the indicated number of animals.

Fig. 2. Effects of MPTP on behavior in the object recognition test. (A) shows the

percentage of time spent exploring object “B” or “D” during the test. (B) shows

the rearing number during the test. Data are expressed as the mean ± SEM for

the indicated number of animals. ** P < 0.01 compared to the sham-operated

group at the same time point.

Fig. 3. Effects of MPTP on dopamine (DA)-containing neurons in the striatum and

substantia nigra pars compacta (SNc). The brains were taken 28 days after

MPTP treatment. DAergic neurons, stained by tyrosine hydroxylase (TH)

immunoreaction, are shown in the representative coronal sections of the striatum

(A, B) and SNc (C, D) (magnification, ×50; bar, 200μm) in sham-operated and

MPTP-treated rats. Black squares (24 585μm2) in the schematic drawings are

used for measuring optical density (OD) of TH immunoreactivity in the striatum

and neuronal density (per mm2) in the SNc. MPTP-treated rats show decreases

in relative OD of TH immunoreactivity in the striatum (E) and in density of

DAergic neurons in the SNc (F). * P < 0.05, ** P < 0.01, compared to
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corresponding sham-operated rats. The schematic drawings are modified from

the rat brain atlas (Paxinos and Watson, 1986).

Fig. 4. Effects of MPTP on microglial activation in the brain. The brains were taken 28

days after MPTP lesion. No activated microglia, OX-6-positive cells, was found

in the substantia nigra pars compacta (SNc) and hippocampus (HIP) of

sham-operated rats. MPTP treatment caused a massive accumulation of

activated microglia in the SNc and HIP (magnification, ×50; bar, 200 μm).

Insets show activated microglia at magnification of ×400, bar, 20μm.

Fig. 5. Effects of MPTP on neurons in the hippocampal CA1 area. The brains were

taken 28 days after MPTP treatment. Images show Nissl-stained pyramidal

neurons in the CA1 area of hippocampus, as indicated in the square of schematic

drawing, in sham-operated (A) and MPTP-treated (B) rats (magnification, ×200;

bar, 100 μm). MPTP-treated rats show decrease in neuronal area in the CA1 area,

** p < 0.001, compared to sham-operated rats (C).
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Table 1.

Table 1. Effect of MPTP on behavior in the elevated plus-maze test on day 25.

Sham

(n=15)

MPTP

(n=25)

Open arm latency (sec) 154.0 ± 36.9 242.0 ± 20.2*

Open arm time (sec) 37.4 ± 12.5 11.0 ± 4.6*

Enclosed arm time (sec) 191.7 ± 21.0 248.6 ± 10.2*

Open arm entries (no.) 4.1 ± 1.1 1.4 ± 0.5*

Enclosed arm entries (no.) 8.1 ± 1.4 5.9 ± 0.8

Total distance (cm) 2 270.8 ± 265.7 1 934.9 ± 192.7

Total rearing (no.) 16.9 ± 1.3 14.7 ± 1.0

* p < 0.05, compared to the sham-operated group. The data are expressed as the mean ±

SEM for the indicated number of animals.
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Table 2.

Table 2. Correlations between behavior in the elevated plus-maze and object recognition

tests.

Object recognition

Total exploratory time

(sec)
% D exploration time Rearing (no.)

Elevated plus-maze Pearson

Correlation
p value

Pearson

Correlation
p value

Pearson

Correlation
p value

Open arm latency

(sec)
-0.172 0.289 -0.03 0.856 -0.152 0.348

Open arm time (sec) -0.072 0.661 0.321 0.043* 0.167 0.302

Enclosed arm time

(sec)
-0.126 0.44 -0.39 0.013* -0.33 0.037*

Open arm entries

(no.)
-0.008 0.96 0.314 0.049* 0.104 0.523

Enclosed arm

entries (no.)
0.284 0.076 0.177 0.275 -0.033 0.841

Total distance (cm) 0.171 0.403 0.108 0.601 -0.091 0.658

Total rearing (no.) 0.355 0.025 0.034 0.836 0.289 0.07

P values, 2-tailed.
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Fig. 1.
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Fig. 3.

Fig. 4.
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Fig. 5.


