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Abstract

Recent experimental data on Parkinson's disease (PD) predicts the critical role of inflammation in 

the progression of neurodegeneration and the promising preventive effects of nonsteroidal anti-

inflammatory drugs (NSAIDs). Previous studies suggest that NSAIDs minimize cyclooxygenase-2 

(COX-2) activity and thereby attenuate free radical generation. Prostaglandin E2 (PGE2) is an 

important product of COX activity and plays an important role in various physiologic and 

pathophysiologic conditions through its EP receptors (EP1–EP4). Part of the toxic effect of PGE2 

in the central nervous system has been reported to be through the EP1 receptor; however, the 

effect of the EP1 receptor in PD remains elusive. Therefore, in our pursuit to determine if deletion 

of the PGE2 EP1 receptor will attenuate 6-hydroxy dopamine (6-OHDA)-induced Parkinsonism, 

mice were given a unilateral 6-OHDA injection into the medial forebrain bundle. We found that 

apomorphine-induced contralateral rotations were significantly attenuated in the 6-OHDA-

lesioned EP1−/− mice compared with the 6-OHDA-lesioned WT mice. Quantitative analysis 

showed significant protection of dopaminergic neurons in the substantia nigra pars compacta of 

the 6-OHDA-lesioned EP1−/− mice. To the best of our knowledge, this is the first in vivo study to 

implicate the PGE2 EP1 receptor in toxin-induced Parkinsonism. We propose the PGE2 EP1 

receptor as a new target to better understand some of the mechanisms leading to PD.
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Introduction

Parkinson's disease (PD) is a progressive neurodegenerative disorder primarily marked with 

the selective loss of dopamine in the basal ganglia and the loss of dopaminergic neurons in 

the substantia nigra pars compacta (SNpc). Although the etiology of PD is relatively 

unknown, some of the factors associated with the progression of the disease include 

environmental toxins, oxidative stress, mitochondrial dysfunction, and abnormal protein 

accumulation (Dauer and Przedborski 2003; Jenner 1998; Dawson and Dawson 2003; 

Schulz et al. 2000; Hoang et al. 2009; Calabrese et al. 2005; Hardy 2010; Cuervo et al. 

2010).

Various neurotoxin-induced PD models are used to understand the neuropathology 

associated with PD (Javoy et al. 1976; Iancu et al. 2005; Blum et al. 2001; Dauer and 

Przedborski 2003; Schmidt and Ferger 2001; Shimohama et al. 2003; Gao et al. 2003; 

Chesselet and Richter 2011). A unilateral injection (in the substantia nigra, medial forebrain 

bundle, or striatum of one hemisphere) of 6-hydroxy dopamine (6-OHDA) is one widely 

used method to induce asymmetrical Parkinson's disease (Åkerud et al. 2001; Ghosh et al. 

2007; Gerlach and Riederer 1996; Dauer and Przedborski 2003; Ungerstedt 1968). A 6-

OHDA injection results in rapid neuronal death, motor deficits, and contralateral rotations in 

response to the dopaminergic D1/D2 receptor agonist, apomorphine, within one week after 

the lesion is produced (Ungerstedt 1976; Jeon et al. 1995).

Cyclooxygenases (COX-1 and COX-2), the rate limiting enzymes responsible for generation 

of prostaglandins, has multifaceted effects, and may aggravate the degenerative process 

through prostaglandin production, initiation of the pro-inflammatory cascade, or by the 

generation of reactive oxygen species (Tyurin et al. 2006; Hoozemans et al. 2002; Teismann 

et al. 2003; Esposito et al. 2007; Vijitruth et al. 2006; Mohan et al. 2012). Constitutively, 

COX-2 is present in low levels in DA neurons; however, it is up-regulated in patients and 

animal PD models (Feng et al. 2003; Wang et al. 2005). Under normal circumstances, 

COX-2 is functionally coupled with cPLA2 at post-synaptic neuronal membranes 

(Kaufmann et al. 1996; Takano et al. 2000; Balsinde et al. 1998), and thus participates in 

cPLA2-mediated neurodegeneration (Kishimoto et al. 2010). A recent study suggests that a 

unilateral 6-OHDA injection in rats upregulates cPLA2 and COX-2 (Lee et al. 2010), 

whereas another study shows that lack of COX-2 and nNOS activity prevents MPTP-

induced DNA damage (Hoang et al. 2009).

The activity of COX-2 increases in the presence of toxic stimuli (Esposito et al. 2007; 

Anderson et al. 1996), thus augmenting the PGE2 levels. The increased production of PGE2 

results in aggravated neuroinflammation and neurotoxicity (Kawano et al. 2006; Carrasco et 

al. 2007). PGE2 exerts its effect through its principal EP receptors (EP1, EP2, EP3, and 

EP4), which either initiate Ca2+ or a cAMP-signaling pathway (Ushikubi et al. 2000; 
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Suzawa et al. 2000; Hata and Breyer 2004; Narumiya 2009; Sugimoto et al. 2000; Narumiya 

et al. 1999). Recent data suggest that EP1 receptor activation propagates neurotoxicity 

through activation of the Ca2+ pathway (Kawano et al. 2006; Carrasco et al. 2007). 

Interestingly, a study from the laboratory of our collaborator, Dr. Narumiya, shows that 

EP1−/− mice have elevated levels of extracellular dopamine in the striatum as compared with 

the WT mice which potentially implies that the PGE2-EP1 signaling suppresses the SNpc 

dopaminergic neuronal activity (Tanaka et al. 2009). Moreover, we have previously shown 

that deletion of the PGE2 EP1 receptor and use of the EP1 antagonist attenuates NMDA-

induced and MCAO-induced brain damage and the use of the agonist exacerbates NMDA-

induced brain damage (Ahmad et al. 2006; Ahmad et al. 2008). This reinforces the 

contention that deletion or pharmacologic blockade of EP1 receptor is neuroprotective (Doré 

2006).

Although it has been reported that COX-2 is involved in the progression of 6-OHDA-

induced PD, the role of PGE2 and its receptor, EP1, have not been investigated in 

neurotoxin-induced PD. Based on earlier studies showing the neurotoxic role of the EP1 

receptor and, more interestingly, the hyperdopaminergic condition of the EP1−/− mice, we 

sought to determine whether EP1 deletion would protect mice from asymmetrical 

Parkinsonism. To test our hypothesis, C57BL/6 WT and EP1−/− mice were given a unilateral 

stereotaxic injection of 6-OHDA. On day 7, we monitored apomorphine-induced 

contralateral rotations; on day 8, the mice were euthanized, and the dopaminergic neurons in 

the SNpc of each genotype were counted. To the best of our knowledge, this is the first in 

vivo study that shows the neurotoxic potentials of the EP1 receptor in a 6-OHDA-induced 

mouse model of PD.

Materials and Methods

Unilateral Stereotaxic Injection of 6-OHDA

Young (20–25 g; 8–10-weeks-old) WT (N = 16) and EP1−/− (N = 13) mice were used in 

accordance with the National Institutes of Health guidelines for the use of experimental 

animals, and the protocol was approved by our Institutional Animal Care and Use 

Committees. Colonies of WT and EP1−/− C57BL/6 mice were maintained in our animal 

facility. To avoid any genetic drift these mice were back-crossed and genotyped before 

experiments. Overall, the EP1−/− mice develop normally and have no gross abnormalities in 

behavior, macroscopic anatomy, or biochemical or hematologic indices (Saleem et al. 2007; 

Watanabe et al. 1999). A unilateral stereotaxic injection of 3.6 μg 6-OHDA (kept on ice in 

darkness) in 1 μl 0.02 % ascorbic acid saline was given at a rate of 0.2 μl/min in the medial 

forebrain bundle at coordinates A: −1.2, L: −1.1 relative to the bregma, and V: 5.0 relative 

to the dura. The mice were allowed to survive for 8 days. The mice were housed under 

controlled temperature and humidity with a 12/12 h light/dark cycle, and food and water 

were provided ad libitum.

Apomorphine-Induced Contralateral Rotations

On day 7, all mice were tested for apomorphine-induced contralateral rotations. Given that 

apomorphine is a dopamine agonist, its administration produces contralateral rotations in 
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unilateral nigrostriatal degenerations, thus serving as a marker of significant dopaminergic 

cell death (Ungerstedt 1976). The mice were monitored three times in successive sessions of 

5 min each immediately after a 0.5 mg/kg SC apomorphine injection. From each group, one 

mouse died during the survival time. Following our preset exclusion criteria, that those mice 

which did not show apomorphine-induced rotations, would be eliminated, three mice from 

each group were excluded from further experiments.

Tyrosine Hydroxylase (TH) Immunohistochemistry

On day 8, the mice were deeply anesthetized with pento-barbital (35 mg/kg), and were 

transcardially perfused and fixed with 1 M PBS and 4 % paraformaldehyde (PFA), 

respectively. Harvested brains were kept in 4 % PFA overnight and then equilibrated with 

30 % sucrose.

Every 4th coronal cryosection of 25 μm from the substantia nigra was processed for tyrosine 

hydroxylase (TH) immunohistochemistry, as previously described (Feng et al. 2002). After 

washing and quenching, these sections were briefly incubated with a blocking solution (5 % 

normal goat serum and 0.2 % Triton X100 in 1 M PBS) for 30 min, and were subsequently 

incubated overnight with a rabbit Polyclonal anti-TH antibody (1:250, catalog # 

NB300-109; Novus Biologicals, Littleton, CO). Thereafter, sections were incubated with 

biotinylated secondary antibody, and immunolabeling was visualized with an avidin–biotin–

peroxidase detection kit (Vector Laboratories, Burlingame, CA, USA) and 3′,3-

diaminobenzidine. Sections were counter-stained with cresyl violet and cover-slipped.

Tallying TH-Immunoreactive (TH-ir) Dopaminergic Neurons in the SNpc

The medial terminal nucleus of the accessory optic tract was used as a landmark to 

differentiate between the ventral tegmental area and the SN. To determine the relative index 

of neuronal profiles, all TH-IR round cell bodies (TH-IR dopaminergic cells) in the 

contralateral and ipsilateral SNpc were manually counted in each section at 40×, and the 

total number of TH-IR cell bodies was multiplied by 4 (we stained every fourth section), 

which gave us the total number of TH-IR profiles in the entire SNpc.

Statistical Analysis

Data were analyzed by One-way ANOVA followed by Newman-Keuls post test to 

determine the significant difference in the total number of TH-IR profiles among the groups. 

Apomorphin-induced rotation data were analyzed by Student's t test. Values of p < 0.05 

were considered to be significant. All values are expressed as mean ± SEM.

Results

EP1−/− Mice Exhibit Declined Apomorphine-Induced Rotations

The subcutaneous injection of apomorphine resulted in contralateral rotations in 6-OHDA-

treated mice. The data shows that this rotation was significantly attenuated in 6-OHDA-

treated EP1−/− mice, and the EP1−/− mice were found to have 47.50 ± 8.96 % less 

contralateral rotations than the WT mice (Fig. 1).

Ahmad et al. Page 4

Neurotox Res. Author manuscript; available in PMC 2016 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dopaminergic Neuronal Death was Attenuated in the EP1−/− Mice

The unilateral injection of 6-OHDA led to the selective degeneration of dopaminergic 

neurons in the ipsilateral SNpc. The deletion of the EP1 receptor resulted in attenuation in 

dopaminergic neuronal death in the EP1−/− group compared with the WT group (Fig. 2a). 

The viable TH-IR cell body morphology significantly (p < 0.001) decreased to 18.73 ± 3.17 

and 34.03 ± 4.71 % in the WT and EP1−/− mice, respectively. Thus, compared with the WT 

group, there were 47.68 ± 8.08 % more TH-IR cell body morphology in the EP1−/− group (p 

< 0.05) (Fig. 2b).

Discussion

We have previously shown that the EP1 receptor propagates NMDA-induced and stroke-

induced brain damage (Ahmad et al. 2008; Ahmad et al. 2006). In this study, we wanted to 

determine if EP1 is also involved in PD, and whether the EP1−/− mice will be protected 

against 6-OHDA-induced Parkinsonism. We found that apomorphine-induced rotations were 

significantly attenuated in the EP1−/− mice. A quantitative analysis of TH-IR cell bodies in 

the SNpc showed a significant decrease in dopaminergic neuronal death in the ipsilateral 

SNpc of the EP1−/− mice compared with the WT mice. To the best of our knowledge, this is 

the first in vivo study that used EP1−/− mice and suggests a neurotoxic role of the EP1 

receptor in 6-OHDA-induced Parkinsonism in mice.

Unilateral 6-OHDA-induced SNpc degeneration causes asymmetric and quantifiable motor 

behavior after the injection of DA receptor agonists (Blum et al. 2001; Ungerstedt 1968). 

One of the DA receptor agonists is apomorphine that at low dose results in stimulation of 

both D1 and D2 DA receptors. 6-OHDA lesioning results in significant death of 

dopaminergic cells containing DA receptors. This imbalance in DA receptor population 

results in more motor function on the contralateral side, which as a consequence results in 

asymmetrical rotations toward the contralateral side following apomorphine treatment 

(Ungerstedt 1968, 1976; Iancu et al. 2005). Given the role of inflammation in PD, it has 

been reported that the increased Ca2+-dependent PLA2 activity augments neuroinflammation 

in the putamen of a PD patient and 6-OHDA-lesioned rats (Lee et al. 2010; Ross et al. 

2001). This could be due to up-regulation of COX-2, as it has been suggested by various 

reports that selective or nonselective inhibition of COX-2 provides a neuroprotective effect 

(Aubin et al. 1998; Mohanakumar et al. 2000; Nakayama et al. 1998; Scali et al. 2000). 

Likewise, COX-2 is also reported to play an important role in MPTP- and 6-OHDA-

mediated toxicity (Hoang et al. 2009; Feng et al. 2003; Teismann et al. 2003; Przybyłkowski 

et al. 2004) and MPTP-induced DNA damage (Hoang et al. 2009; Teismann et al. 2003).

Interestingly, although COX activity results in significant prostaglandin production, most 

studies implicate COX catalytic activity and oxygen species formation in the progression of 

PD rather than the increased prostaglandin production. For example, Przybyłkowski et al. 

(2004) showed that prostaglandin production did not follow a COX-2 protein increase, and 

prostaglandin production was limited to the very early stage of injury (Przybyłkowski et al. 

2004). Similarly, there are studies that propose the neuroprotective effect of NSAIDs to be 

through their free radical scavenging properties (Teismann and Ferger 2001; Aubin et al. 

1998). These studies indicate that during the early phase of MPTP toxicity, the prostaglandin 
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level increases along with COX; however, after a week, the prostaglandin level goes back to 

normal and the COX level still remains high. Thus, these studies conclude that the protective 

effect of NSAIDs against MPTP or 6-OHDA toxicity is due to their ability to quench free 

radicals rather than their effect in minimizing prostaglandin production and prostaglandin 

receptor activity.

In contrast, in this study, we have found that the apomorphine-induced rotation was 

significantly diminished in the EP1−/− mice injected with 6-OHDA. Similarly, the EP1−/− 

dopaminergic cells were significantly protected against 6-OHDA-induced toxicity. Thus, our 

rotational and immunohistochemical data implicate the PGE2 EP1 receptor in the 

progression of 6-OHDA-induced Parkinsonism. Moreover, using rat embryonic 

mesencephalon cell cultures, Carrasco et al. (2007) have shown that the EP1 receptor makes 

dopaminergic neurons more vulnerable to PGE2-induced neurotoxicity (Carrasco et al. 

2007). Although the mechanism leading to the protection of dopaminergic neurons in 

EP1−/− mice remains to be determined, it is significant that under normal physiologic 

conditions, the basal level of dopamine is found to be higher in EP1−/− mice as compared 

with the WT counterparts (Tanaka et al. 2009). We are inclined to believe that this elevated 

level of dopamine restores the dopaminergic neurotransmission by directly stimulating the 

post-synaptic dopamine receptors, as has been shown by the therapeutic use of dopamine 

agonists and L-Dopa (McCormack and Di Monte 2003). Thus, 6-OHDA toxicity is 

prevented, and dopaminergic neuronal death is attenuated in EP1−/− mice. As a proof of this 

concept, this study proposes the EP1 receptor as a new target to better understand PD and a 

potential therapeutic target for effective intervention against PD.
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Fig. 1. 
EP1 deletion prevents rotational asymmetry in 6-OHDA-induced Parkinsonism: The 

C57BL/6 WT and EP1−/− mice were given a unilateral stereotaxic injection of 3.6 μg 6-

OHDA in the medial forebrain bundle. On day 7, all mice were given a 0.5 mg/kg 

apomorphine injection SC, and were tested for apomorphine-induced contralateral rotations. 

The mice were monitored three times for a consecutive session of 5 min each immediately 

after the apomorphine injection. The figure shows that the rotations were significantly 

reduced by 47.50 ± 8.96 % in the EP1−/− mice. Data are presented as mean ± SEM. *p < 

0.01 as compared with the WT group
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Fig. 2. 
EP1 deletion prevents 6-OHDA-induced dopaminergic cell death: On day 8, the 6-OHDA-

lesioned mice were transcardially perfused and fixed, and harvested brains were fixed 

overnight in PFA, then equilibrated with sucrose. Every 4th coronal cryosection of 25 μm 

from the substantia nigra was processed for TH immunohistochemistry. TH-IR profiles 

representing dopaminergic neurons in the ipsilateral and contralateral SNpc were manually 

counted in each section at ×40. a Representative sections at ×10 showing TH-IR profiles in 

the SNpc in WT ipsilateral (left panel), and EP1−/− ipsilateral (right panel) sections. b 
Histogram showing the total number of TH-IR profiles in each hemispheric SNpc of WT 

and EP1−/− mice. Quantification of the TH-IR profiles shows significant protection of the 

dopaminergic cells in the EP1−/− ipsilateral SNpc. There was 47.68 ± 8.08 % protection in 

the EP1−/− group as compared with the WT group. Data are presented as mean ± SEM. *p < 

0.001 as compared with the WT or EP1−/− contralateral SNpc. †p < 0.05 as compared with 

the WT ipsilateral SNpc. There was no significant (ns) difference between the contralateral 

side of WT and EP1−/−
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