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Parkinson's Disease 

Parkinson's disease (PD) is a chronically progressive age-related 

neurodegenerative disease, largely of idiopathic nature with the exceptions of 

rare familial forms (Cicchetti et al., 2009). The incidence of disease in the 

population increases with age from 1-2% at 50 years to approximately 5% by 

the age of 85 (Drechsel and Patel, 2008), though young adults can also be 

affected (Schober, 2004). Epidemiological studies and pathological analyses 

demonstrate that sporadic PD cases with late onset occur in 95% patients 

(Tanner, 2003), whereas the remaining 5% PD cases are seen in familial 

clusters with early onset (Mizuno et al., 2001). Although the majority of PD 

cases cannot be linked to a specific causative factor, familial PD has been 

linked with mutations in several genes (Gwinn-Hardy, 2002). 

PD was first described in 1817 by James Parkinson as the shaking palsy 

(Playfer, 1997). Patients suffer from a clinical syndrome of parkinsonism, 

characterized by tremor, rigidity, bradykinesia and postural instability. The 

presence of two or more of these features enables the diagnosis of parkinsonism 

to be made (Playfer, 1997). However, parkinsonism may arise from several 

different pathologies, of which PD is the most common cause accounting for 

80% of all cases (Dauer and Przedborski, 2003). Parkinson-plus syndromes 

refer to diseases that include parkinsonism combined with other clinical signs 

(Mark, 2001). These include Lewy body dementia, multiple system atrophy 

and corticobasal degeneration (Mark, 2001). In patients with idiopathic PD, 

parkinsonian features correlate with characteristic pathological changes in the 

substantia nigra (SN) (Playfer, 1997). 

The underlying pathological feature in PD is the dramatic degeneration of 

the nigrostriatal dopaminergic neurons, which cell bodies are in SN and nerve 
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terminals in the striatum, where they release dopamine, thereby assuring 

dopaminergic neurotransmission (Hornykiewicz and Kish, 1987). As part of 

the neurodegeneration of the nigrostriatal pathway, both cell bodies and, to a 

greater extent, striatal nerve terminals degenerate (Hornykiewicz and Kish, 

1987) with a resultant loss of dopamine in the striatum, an area of the brain 

which is critical for the control of movement. Striatal dopamine deficiency and 

the resultant changes in motor circuitry are believed to underlie many of the 

clinical manifestations of PD (Albin et al., 1989; Greenamyre, 1993). Another 

prominent pathological feature of PD is the presence of cytoplasmic inclusions 

called Lewy bodies in the surviving dopaminergic neurons of SN as well as in 

other brain regions, which consist of numerous proteins including ubiquitin and 

-synuclein (Braak et al., 1995; Baba et al., 1998). Degeneration of other 

neurotransmitter systems is also involved in the disease including 

noradrenergic, serotonergic and cholinergic systems, which accounts for non-

motor symptomatology such as autonomic, mood, arousal and cognitive 

disturbances (Lim et al., 2009).  

1. Clinical features 

Clinical parkinsonian symptoms appear when approximately 50% of the 

dopaminergic neurones in SN and 80% of the striatal dopamine are lost 

(Toulouse and Sullivan, 2008). PD is clinically characterized by four cardinal 

features which include rest tremor, rigidity, bradykinesia and postural instability 

(Fahn, 2003). Although motor impairements define the disorder, other non-

motor features can also develop as later symptoms including autonomic 

dysfunction, cognitive and psychiatric changes, sensory abnormalities and sleep 

disturbances (George et al., 2009).  
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1.1. Motor symptoms  

1.1.1. Rest tremor  

Rest tremor is the most common and easily recognized symptom of PD. 

It is the first symptom in 70% of PD patients. Tremors are unilateral at onset, 

occur at a frequency between 4 and 6 Hz and are always prominent in the distal 

part of an extremity (Martinez-Martin et al., 1994; Jankovic, 2008). Hand 

tremor, as a presenting sign, is described as pill-rolling tremor that spreads from 

one hand to the other; however, rest tremor in patients with PD can also involve 

the lips, chin, jaw and legs. Characteristically, rest tremor disappears with 

action and during sleep. Clinical-pathological studies have demonstrated that 

patients with PD and prominent tremor have degeneration of a subgroup of 

midbrain (A8) neurons, whereas this area is spared in PD patients without 

tremor (Jankovic, 2008). 

1.1.2. Bradykinesia 

Bradykinesia refers to slowness of movement, which is the most 

characteristic clinical feature of PD. Bradykinesia is a hallmark of basal ganglia 

disorders and it encompasses difficulties with planning, initiating and executing 

a movement, besides performing the sequential and simultaneous tasks 

(Berardelli et al., 2001). The initial manifestation is often slowness in 

performing activities of daily living, which may include difficulties with fine 

motor tasks as well as slow movement and reaction times (Cooper et al., 1994), 

thus considered the most disabling symptom of early PD (Martinez-Martin et 

al., 1994).  

Bradykinesia is the cardinal PD feature that appears to correlate best with 

degree of dopamine deficiency (Vingerhoets et al., 1997). This is supported by 

the observation of decreased neuronal density in SN in elderly patients with 
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parkinsonism regardless of PD diagnosis (Ross et al., 2004).  It is hypothesised 

that bradykinesia is the result of a disruption in normal motor cortex activity 

mediated by reduced dopaminergic function in the striatum; resulting in a 

reduction in the muscle force produced at the initiation of movement (Lozza et 

al., 2002; Jankovic, 2008).  

1.1.3. Rigidity 

Rigidity is characterised by increased resistance present throughout the 

range of passive movement of a limb, namely flexion, extension or rotation 

about a joint.  Reinforcing voluntary movements of the contralateral limb 

usually enhances rigidity and is particularly useful in detecting mild cases of 

rigidity (Martinez-Martin et al., 1994; Jankovic, 2008). 

1.1.4. Postural instability 

Postural instability refers to the gradual development of poor balance due 

to loss of postural reflexes. It is generally a manifestation of the late stages of 

PD and usually occurs after the onset of other clinical features (Samii et al., 

2004). Furthermore, it is the most common cause of falls contributing 

significantly to the risk of hip fractures (Williams et al., 2006) and the 

frequency of falls is correlated with the severity of disease (Koller et al., 1989). 

Treatment usually does not robustly improve postural instability (Maurer et al., 

2003).  

1.2. Non-motor symptoms 

PD encompasses more than just motor symptoms. The non-motor 

symptoms are equally significant and potentially disabling, although, under 

appreciated features of PD (Zesiewicz et al., 2006; Pallone, 2007). They should 
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be recognized and treated whenever possible to maximize functionality as well 

as quality of life (Pallone, 2007).  

 Autonomic dysfunction is generally manifested by constipation, urinary 

incontinence  and orthostatic hypotension (Jost, 2003). Cognitive dysfunction 

as manifested by dementia develops in about 40% of individuals with PD 

(Emre, 2003), although in one study that followed up patients until death it was 

noted in more than 80% of end-stage patients (Cedarbaum and McDowell, 

1987). The combination of dementia and the drugs used to treat parkinsonism 

can lead to psychiatric disturbances, such as depression and hallucinations in 

some individuals. Depression due to PD is common, affecting nearly half of 

patients (McDonald et al., 2003).  

Sensory disturbances, such as pain and paresthesiae, arise in PD in 

various patterns (Quinn et al., 1986). Disturbed sleep is common in this 

disorder and has many different causes, including nocturnal stiffness, nocturia, 

depression as well as periodic limb movement and rapid eye movement sleep 

behaviour disorders (Stacy, 2002). 

2. Etiology 

The exact etiology and the underlying mechanism responsible for the 

progressive neurodegeneration remain poorly understood (Cicchetti et al., 

2009). However, a complex interplay of multiple ageing, environmental and 

genetic factors has been implicated suggesting that PD likely represents a 

syndrome instead of a single disorder with the same primary cause in all cases 

(Pallone, 2007; Yacoubian and Standaert, 2009). 
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2.1. Role of ageing 

Ageing is the strongest risk factor for developing the disease (Drechsel 

and Patel, 2008). It is associated with a slow decrease of pigmented neurons in 

the SN (McGeer et al., 1977) and striatal dopamine transporters (van Dyck et 

al., 2002). Incidental Lewy bodies are also reported in up to 16% of elderly 

asymptomatic people at autopsy (Fearnley and Lees, 1991). Moreover, 

oxidative stress increases during ageing and it can be considered as an 

important age-dependent factor making brain more susceptible to several 

neurodegenerative diseases such as PD (Casetta et al., 2005). 

2.2. Role of genetic predisposition 

The majority of PD cases are sporadic and do not result from obvious 

genetic defects, however, a small percentage of patients have a familial form of 

PD (Betarbet et al., 2002) with increased frequency of disease among relatives 

of patients (Drechsel and Patel, 2008). Genetic susceptibility plays a more 

significant role in early-onset than in late-onset disease (Samii et al., 2004; 

Pallone, 2007). Several gene mutations have been identified as contributing to 

both autosomal dominant and recessive inheritance in familial aggregates of PD 

including the parkin, ubiquitin C-terminal hydrolase like 1 (UCH-L1) and -

synuclein genes, among others (Abeliovich and Flint Beal, 2006). The 

relevance of these specific genes or mutations to sporadic PD, however, is only 

clearly established for -synuclein, the gene in which the first PD-causing 

mutations were discovered (Chesselet, 2008).  

2.3. Role of environmental exposure 

While a fraction of PD occurrence is related to mutations in genes, over 

90% of PD is likely linked to environmental causes, in part due to pesticide 
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exposure (Hatcher et al., 2008). Environmental factors have long been 

suspected to participate in the pathogenesis of PD due to the existence of 

neurotoxins that preferentially damage the dopaminergic nigrostriatal pathway 

(Corti et al., 2005). In 1983, young drug-addicts involuntary intoxicated with 

the synthetic narcotic contaminant 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) developed a severe and unremitting Parkinsonian 

syndrome (Langston et al., 1983). In experimental models of parkinsonism, the 

active MPTP metabolite, 1-methyl-4-phenyl-2,3-dihydropyridinium ion 

(MPP
+
), is selectively taken up by dopaminergic cells and inhibits the 

mitochondrial complex I leading to preferential degeneration in dopaminergic 

neurons (Dauer and Przedborski, 2003). 

 Since the discovery of MPTP, epidemiological investigations have 

suggested that exposure to pesticides might be associated with a high risk of 

developing PD (Di Monte, 2003). The structurally related herbicide, paraquat 

leads to selective degeneration of nigral dopaminergic neurons when 

administered to mice (McCormack et al., 2002). Similarly, the common 

insecticide and fish poison rotenone was reported to induce an apparently 

selective death of the nigrostriatal dopaminergic neurons in rats (Betarbet et 

al., 2000; Sherer et al., 2003c). Pesticide exposure has received by far the most 

attention presumably due to the implications of wide spread use of such agents 

on global public health (Drechsel and Patel, 2008). Epidemiological and 

toxicological studies have suggested a consistent correlation between pesticide 

exposure and PD with the strongest connection resulting from long duration of 

exposure (Brown et al., 2006; Drechsel and Patel, 2008). Recently, the use of 

pesticides in toxin-based models of PD has become increasingly popular and 

provided valuable insight into the neurodegenerative process, partially due to 

oxidative stress (Drechsel and Patel, 2008).  
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3. Pathogenesis 

Several interconnected pathways have been implicated as crucial to the 

degeneration of dopaminergic neurons (Figure 1), including: oxidative stress, 

mitochondrial dysfunction, protein aggregation and misfolding, inflammation, 

excitotoxicity and cell death pathways (Yacoubian and Standaert, 2009). No 

one mechanism appears to be primary in all cases of PD and these pathogenic 

mechanisms likely act synergistically through complex interactions to promote 

neurodegeneration (Schulz, 2007; Yacoubian and Standaert, 2009). 

 

 

 

 
Figure 1: Mechanism of neurodegeneration in PD; adapted from Dauer and 

Przedborski (2003). 
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3.1. Oxidative stress and mitochondrial dysfunction 

Oxidative stress results from an overabundance of reactive free radicals 

secondary to either an overproduction of reactive species or a failure of cell 

buffering mechanisms that normally limit their accumulation. Excess reactive 

oxygen species (ROS) can damage cellular macromolecules resulting in 

extensive cellular injury and ulitamtely leading to cell death (Yacoubian and 

Standaert, 2009). Oxidative damage to proteins, lipids and nucleic acids has 

been found in SN of patients with PD (Dexter et al., 1994; Alam et al., 1997). 

Moreover, both overproduction of reactive species and failure of cellular 

protective mechanisms appear to be operative in PD (Yacoubian and 

Standaert, 2009). Dopaminergic neurons are characteristically vulnerable to 

oxidative damage due to their reduced antioxidant capacity and high content of 

oxidation-prone dopamine, lipids and iron (Greenamyre et al., 1999). 

The metabolism of dopamine produces hydrogen peroxide and 

superoxide radicals and auto-oxidation of dopamine produces dopamine 

quinone (Graham, 1978), a molecule that damages a variety of intracellular 

components such as enzymes, transmitters, proteins, fatty acids and DNA (Radi 

et al., 2002). Dopamine quinone is a highly reactive electron-deficient species 

that may readily bind to cellular nucleophiles such as DNA and reduced 

sulphydryl groups contained in protein cysteinyl residues and the thiol 

antioxidant glutathione (GSH) (Stokes et al., 1999) leading to inactivation of 

essential cellular constituents and reduction of cellular antioxidant capacity 

(Drukarch and van Muiswinkel, 2000). It damages proteins directly by 

forming protein-bound 5-S-cysteinyl dopamine, a type of posttranslational 

modification that can seriously affect protein functions (Teismann et al., 

2003c). In this context, dopamine quinones have been shown to inhibit 

glutamate and dopamine transporter function in synaptosomes (Berman et al., 
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1996; Berman and Hastings, 1999), inhibit tyrosine hydroxylase (Kuhn et al., 

1999) and promote H
+
 leakage from mitochondria resulting in uncoupling of 

respiration to adenosine triphosphate (ATP) synthesis (Berman and Hastings, 

1999). 

Iron mediated catalysis of hydroxyl radicals could be a key pathogenic 

mechanism contributing to oxidative stress in PD (Gerlach et al., 1994). 

Increased iron levels seen in the SN of PD patients (Dexter et al., 1989b) 

promote free radical damage through catalyzing the conversion of hydrogen 

peroxide, produced during the metabolism of dopamine, into the highly reactive 

hydroxyl radical (Maker et al., 1981), which is capable of reacting with 

virtually every cellular macromolecule (Gerlach et al., 1994). 

Mitochondrial dysfunction is another source for the production of ROS. 

Complex I activity is diminished in the dopaminergic neurons of SN of PD 

patients (Schapira et al., 1989), while inhibitors of complex I, such as MPP
+
 

and rotenone, cause a Parkinsonian syndrome in animal models (Langston et 

al., 1984; Betarbet et al., 2000). The mechanisms responsible for 

mitochondrial dysfunction in PD are not well understood, but inherited or 

acquired mutations in mitochondrial DNA may contribute (Cantuti-Castelvetri 

et al., 2005; Schapira, 2008). Inhibition of complex I increases the production 

of the reactive superoxides, which may form toxic hydroxyl radicals or react 

with nitric oxide (NO) to form peroxynitrite. These molecules may cause 

cellular damage by reacting with nucleic acids, proteins and lipids (Dauer and 

Przedborski, 2003). Another target of these reactive species may be the 

electron transport chain itself (Cohen, 2000) leading to mitochondrial damage 

and further production of ROS. Moreover, mitochondrial related energy failure 

may also disrupt vesicular storage of dopamine, causing the free cytosolic 

concentration of the auto-oxidizable neurotransmitter to rise and allowing 
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harmful dopamine-mediated reactions to damage cellular macromolecules 

(Dauer and Przedborski, 2003). Thus, dopamine oxidation may be pivotal in 

rendering dopaminergic neurons particularly susceptible to oxidative attack 

(Dauer and Przedborski, 2003).  Finaly, ROS serve as important signaling 

molecules that trigger increases in inflammation and apoptosis, i.e. cell death 

initiated by mitochondrial swelling and the release of cytochrome c (Perier et 

al., 2005). 

3.2. Protein misfolding and aggregation  

Protein misfolding and aggregation have emerged as important 

mechanisms in many neurodegenerative disorders, including PD. The primary 

aggregating protein is α-synuclein, which links to PD was first identified 

through rare families with autosomal dominant PD caused by mutations in this 

protein (Polymeropoulos et al., 1997; Kruger et al., 1998). While mutations in 

α-synuclein are found in a very small number of inherited PD cases (Conway et 

al., 2000), α-synuclein is the major component of Lewy bodies and neurites 

found in sporadic PD (Spillantini et al., 1997; Irizarry et al., 1998).  

Overexpression (Masliah et al., 2000) and oxidative damage of α-

synuclein (Souza et al., 2000) have also been postulated to promote self-

aggregation. Environmental factors, namely polyamines and copper, also 

interact with the C-terminus of α-synuclein, destabilize the monomer, disturb its 

long-range interactions and change the structure to an unfolded state 

(Fernandez et al., 2004; Rasia et al., 2005). In this state, α-synuclein readily 

builds up a β-sheet structure and then forms oligomers and, finally, fibrils. It 

has been suggested that -synuclein oligomers might form pores on 

intracellular membranes such as the plasma membrane and may increase cation 

permeability (Schulz, 2007). There is also a tight connection between 
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mitochondrial dysfunction and α-synuclein. Firstly, MPTP toxicity increases α-

synuclein expression; however α-synuclein-deficient mice are protected from 

MPTP toxicity (Dauer et al., 2002). Furthermore, α-synuclein-overexpressing 

cells appear to be more sensitive to inhibition of complex I (Cookson, 2005). 

Several lines of evidence have strongly demonstrated that dopamine can 

inhibit -synuclein fibrillization, whereby the dopamine oxidation product 

quinone reacts with -synuclein to generate -synuclein-quinone adducts 

(Conway et al., 2001; Li et al., 2005). The covalently cross-linked -synuclein 

adducts are high molecular mass oligomers (Chae et al., 2008). It is also 

speculated that cyclooxygenase-2 (COX-2) contributes to stabilization of the 

soluble oligomeric intermediates of -synuclein, which are known to be the 

major toxic elements to neuronal cells (Li et al., 2005), beside its role in 

facilitating dopamine oxidation to quinone species (Chae et al., 2008). This 

interaction of COX-2 and dopamine with -synuclein may be relevant to the 

selective dopaminergic loss observed in PD (Chae et al., 2008). The 

mechanism by which overabundance or aggregation of α-synuclein causes 

neuronal injury may include toxic effects of oligomers on cell membranes or 

proteosomal function, effects of α-synuclein on gene transcription or regulation, 

interactions of α-synuclein with cell signaling and cell death cascades, 

alterations in dopamine storage and release and α-synuclein-mediated activation 

of inflammatory mechanisms (Yacoubian and Standaert, 2009).  

Previous studies implicating parkin and UCH-L1 in genetic forms of PD 

reinforce the connection between protein aggregation and PD pathogenesis 

(Kitada et al., 1998). Parkin is a component of a multiprotein E3 ubiquitin 

ligase complex which in turn is part of the ubiquitin proteasomal system 

involved in targeting misfolded proteins for degradation. Mutations of parkin 

http://en.wikipedia.org/wiki/Ubiquitin_ligase
http://en.wikipedia.org/wiki/Ubiquitin_ligase
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found in genetic forms of PD disrupt its E3 ubiquitin ligase activity (Shimura 

et al., 2000). Moreover, various studies suggest that apart from inducing protein 

aggregation, oxidative stress can also impair cellular systems that protect 

against misfolded or aggregated proteins (Tsang and Chung, 2009). It was 

found that parkin was affected by two types of oxidative modification (Chung 

et al., 2004; LaVoie et al., 2005). Parkin can be S-nitrosylated on the critical 

cysteine residues within its catalytic domains thus impairing its E3 ligase 

activity and neuroprotective function (Chung et al., 2004). Additionally, 

dopamine can catalyze the oxidative modification of parkin, promoting its 

aggregation and impairing its normal E3 ligase activity (LaVoie et al., 2005).  

UCH-L1, moreover, serves as a ubiquitin recycling enzyme in neurons 

and its dysfunction promotes aggregation of damaged proteins, including α-

synuclein (Nishikawa et al., 2003).  

3.3. Neuroinflammation 

Neuroinflammation has been increasingly recognized as a primary 

mechanism involved in PD pathogenesis (McGeer and McGeer, 2007; Tansey 

et al., 2007). Elevated levels of reactive microglia and COX-2 have been 

observed in SN and striatum from postmortem PD brains and in PD animal 

models (McGeer et al., 1988a; Sherer et al., 2003a; Teismann et al., 2003a). 

Pro-inflammatory cytokines, such as interleukin-1β, interleukin-6 and tumor 

necrosis factor-α (TNF-α), are also elevated in the cerebrospinal fluid and 

striatum of deceased PD patients (Mogi et al., 1994a; Mogi et al., 1994b).  

Microglia, the resident macrophage-like population of brain cells, 

contribute to the neuropathological changes in several CNS diseases, such as 

the autoimmune disease multiple sclerosis (Matsumoto et al., 1992), PD 

(McGeer et al., 1988b) and Alzheimer's disease (Itagaki et al., 1989). The 
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activation of microglia in PD is not fully understood, but α- synuclein 

aggregation and oxidative stress-modified biomolecules can promote microglia 

activation (Hald and Lotharius, 2005; McGeer and McGeer, 2007). 

Moderately activated microglia appear to play a homeostatic role in the CNS by 

removing cellular debris and dying cells, destruction of pathogens (Nakamura, 

2002) and by promoting tissue repair (Perry and Gordon, 1988). However, 

excess microglial activation can be deleterious (Banati et al., 1993) via 

structural invasion and release of a wide array of cytotoxic factors, including 

proinflammatory cytokines, ROS, NO and excitatory amino acids that impact 

on neurons to induce neurodegeneration (Hirsch, 2000; Liu et al., 2002).  

Reactive microglia inhibit neuronal cell respiration via NO (Sanchez-

Pernaute et al., 2004) and cause neuronal cell death in vitro (Bal-Price and 

Brown, 2001) and in vivo (Gao et al., 2002b). NO can potently and reversibly 

inhibit mitochondrial complex I respiration via nitrosylation or oxidation of 

protein thiols and subsequent removal of iron from iron-sulfur clusters in the 

cytochrome complexes (Kavya et al., 2006) leading to glutamate release, via 

probable reversal of glutamate transporters, which subsequently causes 

excitotoxic death of the neurons (McNaught and Brown, 1998). Moreover, 

NO readily reacts with superoxide, also produced by activated microglia, to 

produce highly reactive peroxynitrite. It irreversibly inhibited mitochondrial 

respiration by oxidizing and damaging mitochondrial complex I, III and IV 

(Brown, 1999). In addition, peroxynitrite can lead to DNA base modifications 

and strand breaks (Kennedy et al., 1997) as well as disruption of enzymes 

function and structural protein integrity, events that can trigger cellular 

apoptosis (Estevez and Jordan, 2002). Finally, these activated microglia 

cluster around dopaminergic neurons in an active mechanism of cell death 

called phagocytosis (McGeer et al., 1988a; Banati et al., 1998). 
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 The COXs metabolize arachidonic acid to prostaglandins and 

thromboxanes (FitzGerald and Patrono, 2001), which exist as three 

isoenzymes, COX-1, COX-2 and COX-3 (Vane et al., 1998). COX-1 is 

constitutively expressed in most tissues to maintain stable physiological 

processes, whereas, COX-2, although constitutively expressed in low amounts 

in some organs such as brain and kidney, is  highly inducible in response to a 

wide variety of stimuli, including inflammatory mediators, growth factors and 

tumor promoters and is responsible for the synthesis of prostaglandins involved 

in acute and chronic inflammatory states (Gong et al., 2000; FitzGerald and 

Patrono, 2001; Graham and Hickey, 2003). COX-3 is an enzyme variant of 

COX-1; it is mainly expressed in the CNS, spinal cord and, to a lesser extent, in 

the heart, endothelial cells and monocytes. However, the precise functions of 

COX-3 have not yet been fully clarified (Antoniou et al., 2007). 

COX-2, a key enzyme responsible for the synthesis of inflammation-

related prostaglandins (Hoozemans et al., 2002), is present in selected neurons 

in the brain and its expression is up-regulated in numerous pathological 

conditions (Pasinetti, 1998). Especially, microglia is one of the major cell types 

expressing COX-2 in the brain (Bauer et al., 1997; Minghetti et al., 1999). 

Upon COX-2 induction in dopaminergic neurons, these cells start to produce 

significant amounts of prostaglandin E2 (PGE2) that would amplify microglial 

response and the production of microglia-derived deleterious mediators such as 

ROS and proinflammatory cytokines (Teismann et al., 2003c). COX-2 derived 

PGE2 can be directly toxic to neurons through activation of caspase-3 or 

indirectly through the release of glutamate by astrocytes leading to 

excitotoxicity (Consilvio et al., 2004). Another route by which COX-2 could 

contribute to the progression of nigrostriatal neurodegeneration is via oxidation 

and the enhancement of dopamine-induced cytotoxicity (Hastings, 1995; 
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Teismann et al., 2003a). COX-2 is a bifunctional enzyme with peroxidase and 

cyclooxygenase activity. As compounds containing phenol or catechol rings are 

excellent cofactors for the peroxidase reaction, dopamine may serve as an 

endogenous cofactor for peroxidase activity and be easily converted to 

dopamine quinones (Chae et al., 2008). 

In cell cultures and animal models, inflammation contributes to neuronal 

damage and anti-inflammatory drugs have been shown to provide some 

neuroprotection in different paradigms (Hara et al., 1998; Drachman et al., 

2002) including PD models (Teismann and Ferger, 2001; Wu et al., 2002). 

Epidemiological studies have also suggested that nonsteroidal anti-

inflammatory drugs (NSAIDs) might delay or prevent onset of PD (Yacoubian 

and Standaert, 2009). 

3.4. Excitotoxicity 

Excitotoxicity and disturbance in calcium homeostasis have been 

implicated as mechanisms leading to neurodegeneration (Mattson, 2007). 

Glutamate is the major excitatory neurotransmitter in the CNS and the primary 

driver of the excitotoxic process (Yacoubian and Standaert, 2009). 

Dopaminergic neurons in the SN have high levels of glutamate receptors and 

receive glutamatergic innervation from the subthalamic nucleus and cortex 

(Mody and MacDonald, 1995). Glutamate transporters play an important role 

in maintaining extracellular glutamate concentrations below neurotoxic levels, 

thereby contributing to the prevention of neuronal damage from excessive 

activation of glutamate receptors (Maragakis and Rothstein, 2001). Some 

serious neuronal diseases, such as PD (Ferrarese et al., 1999) and Alzheimer's 

disease (Ferrarese et al., 2000) may be linked to the dysfunction of glutamate 

transporters. It has been reported that mitochondrial dysfunction and the 
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resultant disruption of the ionic gradients can lead to impairment of glutamate 

transports (Massieu and Garcia, 1998). Furthermore, glutamate transporters 

are vulnerable to the action of ROS, resulting in reduced uptake function and 

build-up of extracellular glutamate levels that can be toxic to neurons and 

astrocytes (Trotti et al., 1998). Finally, prostaglandins may directly induce the 

release of glutamate from astrocytes (Bezzi et al., 1998) leading to the 

stimulation of glutamate receptors and may also indirectly elevate the 

extracellular level of glutamate by inhibiting its reuptake by astrocytes 

(Rothstein et al., 1993). 

Moreover, mitochondrial damage lowers vital energy levels, disrupts 

functional ion pumps, augments the formation of ROS and reduces the plasma 

membrane potential, which in turn decreases the activation threshold for N-

methyl-D-aspartate (NMDA) receptors (Novelli et al., 1988; Smith and Grace, 

1992) and cells lose their ability to sequester or pump out calcium (Ca
2+

) 

(Perier et al., 2005), thus increasing the neuron's vulnerability to damage by 

glutamate (Blandini et al., 1996). Prolonged exposure to glutamate leads to 

hyperactivation of NMDA receptors (Lipton and Rosenberg, 1994) and to the 

concomitant influx of ions and water into the cell (Choi, 1992). In particular, 

excessive activation of NMDA receptors increases intracellular Ca
2+

 levels, 

which is known to promote a great number of processes contributing to cell 

death (Nicholls and Budd, 1998; Duan et al., 2007). These processes include 

stimulation of phospholipase A2 and Ca
2+

-dependent protein kinases and 

production of ROS that may trigger a vicious cycle worsening mitochondrial 

dysfunction that in turn predisposes neurons to excitotoxic damage. Ca
2+ 

influx 

can also promote peroxynitrite production through the activation of nitric oxide 

synthase (Dawson and Dawson, 1996). Levels of 3-nitrotyrosine, a marker of 

peroxynitrite formation, are increased in postmortem SN from PD patients 
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(Good et al., 1998). NMDA receptor antagonists protect against dopaminergic 

cell loss in MPTP models (Turski et al., 1991; Brouillet and Beal, 1993). In 

addition, treatment with dihydropyridines, specifically isradipine, blocked 

neurodegeneration induced by MPTP and rotenone (Chan et al., 2007).   

3.5. Cell death pathways  

Although necrosis might play a role in neurodegeneration in PD, the 

mitochondrial-mediated apoptosis pathway is the key player of neuronal loss in 

PD (Yao and Wood, 2009). Extensive mitochondrial injury may impact the 

maintenance of sufficient cellular ATP, which can lead to necrotic cell death 

(Yao and Wood, 2009). Wherase, mild mitochondrial dysfunction can cause 

abnormal intracellular Ca
2+

 accumulation in neurons in response to 

excitotoxicity induced by glutamate (Fiskum, 2000) and can also lead to 

excessive production of ROS and trigger apoptotic cell death. Mitochondria are 

one of the key players in apoptosis. Apoptotic stimuli lead to the release of a 

pro-apoptotic protein cytochrome c, which is normally localized in the 

mitochondrial intermembrane space, into cytosol to trigger a caspase-dependent 

mechanism. Cytochrome c can bind to apoptotic protease-activating factor-1 

and form the apoptosome. The apoptosome then activates caspase-9, which 

further cleaves and activates caspase-3. Caspase-3 then processes a variety of 

caspase-activated DNase and leads to DNA fragmentation, cytoskeletal 

alterations and cell death (Yao and Wood, 2009). 

Apoptotic cell death has been suggested to play an important role in 

dopaminergic neuron loss. In postmortem brain tissue, a positive correlation 

was detected between the level of dopaminergic neuron loss and the percentage 

of caspase-3-positive neurons in the SN tissue (Hartmann et al., 2000). In PD 

mouse models induced by chronic regimens of MPTP, inhibition of 
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mitochondrial complex I led to cytochrome c release and activation of 

mitochondrial-dependent cell death pathways (Perier et al., 2007). Caspase-3 

activation and DNA fragmentation has also been reported in those models 

(Tatton and Kish, 1997).   

In addition to apoptosis, autophagy is another pathway of programmed 

cell death. Autophagy is a degradative process, which can be protective for 

neurons (Kiffin et al., 2004). Under conditions of oxidative stress or injury, this 

pathway is activated and abnormal proteins and damaged organelles are 

engulfed by autophagic vacuoles which fuse with lysosomes (Komatsu et al., 

2007). However, the recycling of organelles such as mitochondria is 

energetically expensive and under conditions of prolonged stress autophagic 

death ensues (Alirezaei et al., 2008). Autophagy has been associated with 

abnormal protein accumulations and the engulfing of damaged mitochondria in 

PD (Zhu et al., 2003; Butler et al., 2005) and human post-mortem studies 

report both apoptosis and autophagy in the melanin-containing neurons in the 

SN (Anglade et al., 1997). 

Several pathological studies have revealed signs of both apoptotic and 

autophagic cell death in the SN of PD patients (Anglade et al., 1997; Hirsch et 

al., 1999; Tatton et al., 2003), although the extent is limited, perhaps because 

of the slow process of cell death which underlies PD. Alterations in cell death 

pathways are unlikely to be the primary cause for PD, but both apoptotic and 

autophagic cell death pathways are hypothesized to become activated in PD 

through oxidative stress, protein aggregation, excitotoxicity or inflammatory 

processes. Activation of these cell death pathways most likely represents end-

stage processes in PD neurodegeneration (Yacoubian and Standaert, 2009). 
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4. Animal models of Parkinson's disease 

Animal models are important tools to study pathogenic mechanisms and 

therapeutic strategies in human diseases. On the basis of experimental and 

clinical findings, PD was the first neurological disease to be modeled and, 

subsequently, to be treated by neurotransmitter replacement therapy (Carlsson 

et al., 1957). Pharmacological agents and environmental toxins, that selectively 

disrupt the nigrostriatal dopaminergic pathway and thereby mimic the striatal 

dopamine deficiency observed in PD patients, were used to develop 

experimental PD models in a wide variety of species. Moreover, the discovery 

of mutations in the -synuclein gene in a subset of PD patients had led to the 

development of transgenic animals that overexpress -synuclein gene to study 

the role of this protein in dopaminergic degeneration (Betarbet et al., 2002). 

No single model is likely to be suitable for all studies. Animal models are 

valuable only to the extent to which they accurately simulate the pathogenic, 

histological, biochemical or clinical features of PD that an investigator wants to 

examine (Betarbet et al., 2002).  

4.1. Reserpine model 

Systemic reserpine administration depletes dopamine at the nerve 

terminals (Figure 2) leading to a hypokinetic state in rodents (Hornykiewicz, 

1966) and rabbits (Carlsson et al., 1957). Furthermore, 3,4-dihydroxy-L-

phenylalanine (L-dopa) administration alleviated the reserpine-induced 

hypokinetic state, indicating that behavioral recovery is dopamine-dependent 

(Carlsson et al., 1957). These movement deficits are due to loss of dopamine 

storage capacity in intracellular vesicles (Hornykiewicz, 1966). Whilst the 

reserpine model was fundamental to the development of L-dopa and dopamine 

receptor agonists (Gossel et al., 1995), the monoamine depletions it evokes are 
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transient and non-selective and there is no concomitant cell death in the 

dopaminergic neurons of the SN. Moreover, the predictive value of 

symptomatic drug testing in the reserpine model is imperfect since some drugs 

that reverse reserpine-induced locomotor deficits are ineffective in PD 

(Betarbet et al., 2002). 

 

 

 

 

Figure 2:  Molecular mechanisms used to develop animal models for PD. 

Schematic diagram illustrates site of action of pharmacological agents or genetic 

manipulations resulting in nigrostriatal degeneration and striatal dopamine 

depletion. The cell represents a SN dopaminergic neuron with its cell body in 

the SN and its terminals in the striatum (Betarbet et al., 2002). 
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4.2. Methamphetamine model 

The amphetamines are psychostimulatory drugs with addictive potential. 

At very high doses, methamphetamine (METH) has neurotoxic effects on 

rodents and non-human primates (Wagner et al., 1979; Wagner et al., 1980) 

via dopamine depletion at the level of dopaminergic nerve terminals in the 

striatum (Figure 2) with minimal effect in the nigral cell bodies (Fibiger and 

Mogeer, 1971). However, unlike reserpine, the mechanism of METH action is 

unclear; oxidative stress via dopamine autoxidation and excitotoxicity (Lafon-

Cazal et al., 1993) as a result of perturbations in energy (Beal, 1992) are some 

of the causative factors in the neurotoxic actions of METH. 

The major drawback of the METH model is that the histological changes 

of PD, including degeneration of dopaminergic neurons and presence of 

intracellular inclusions have not been documented as it is an acute model of 

striatal dopamine depletion (Betarbet et al., 2002). 

4.3. 6-Hydroxydopamine model 

6-Hydroxydopamine (6-OHDA) was the first chemical agent discovered 

that had specific neurotoxic effects on catecholaminergic pathways 

(Ungerstedt, 1968; Sachs and Jonsson, 1975). This toxin is unable to cross the 

blood-brain-barrier, but must be injected unilaterally into the SN, the 

nigrostriatal tract or the striatum (Figure 2) (Perese et al., 1989; Przedborski et 

al., 1995) to specifically target the nigrostriatal dopaminergic neurons and their 

terminals (Jonsson, 1980). Following delivery of 6-OHDA to SN or the 

nigrostriatal tract, dopaminergic neurons start degenerating within 24 hours 

after and striatal dopamine is depleted 2 to 3 days later (Faull and Laverty, 

1969; Przedborski et al., 1995).  
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6-OHDA is structurally similar to dopamine and noradrenaline and has a 

high affinity for membrane dopamine and noradrenaline transporters (Breese 

and Traylor, 1971). Once inside the neurons, it is readily oxidized and 

produces hydrogen peroxide and paraquinone, both of which are highly toxic 

(Saner and Thoenen, 1971) causing oxidative stress and respiratory inhibition 

(Cleeter et al., 1992). Sufficient evidence exists that the formation of free 

radicals and the involvement of oxidative stress in 6-OHDA model are 

contributors in its neurotoxic effects (Betarbet et al., 2002) that involves the 

generation of hydrogen peroxide and hydroxyl radicals (Sachs and Jonsson, 

1975). It has also been shown that 6-OHDA is toxic to mitochondrial complex I 

and leads to production of superoxide free radicals (Hasegawa et al., 1990; 

Cleeter et al., 1992). 

The degree of loss of dopaminergic neurons and their striatal terminals is 

dependent upon the location and dose of the toxin, as well as inherent 

differences in sensitivity between animal species. Extensive striatal dopamine 

loss (80-90%) is achieved in most studies and corresponds to specific 

behavioral changes. When injected into the striatum, 6-OHDA produces a slow, 

retrograde degeneration of the nigrostriatal system over a period of weeks 

leading to more progressive loss of dopaminergic nigrostriatal pathway than 

with injections in other locations (Przedborski et al., 1995).   

The 6-OHDA lesion model has been used to screen pharmacotherapies 

for symptomatic relief (Meredith et al., 2008). Additionally, this experimental 

model has been useful for evaluating abnormal locomotion, balance and posture 

(Truong et al., 2006). Indeed, this model may be more effective in detecting 

motor abnormalities than other ‘bilateral’ toxin models, because the unilateral 

nature of the lesion forces a rat to shift its weight abnormally for locomotion 

and balance, thereby creating quantifiable deficits that are analogous to many 
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seen in PD (Johnson et al., 1999). Moreover, PD often begins as a unilateral 

disorder progressing rapidly to bilateral symptoms and the 6-OHDA model may 

recapitulate early motor signs, especially with a partial lesion (Meredith et al., 

2008). However, the 6-OHDA model does not mimic all the clinical and 

pathological features characteristic of PD. 6-OHDA does not produce 

extranigral pathology, nor does it result in formation of cytoplasmic inclusions 

like those seen in PD. Furthermore, the acute nature of the experimental model 

differs from the progressive degeneration of the dopaminergic nigral neurons in 

PD (Betarbet et al., 2002). 

4.4. The MPTP model  

MPTP, a byproduct in the synthesis of heroin, becomes among the most 

widely used toxins to mimic the hallmarks of PD (Fornai et al., 1997) after 

development of clinical symptoms in drug addicts, which are remarkably 

similar to idiopathic PD in humans (Langston et al., 1983). MPTP is highly 

lipophilic that rapidly crosses the blood-brain-barrier where it is metabolized to 

its active metabolite MPP
+
 by monoamine oxidase-B (MAO-B) in non-

dopaminergic cells, especially in astrocytes and serotonergic neurons. Then 

MPP
+
 is selectively taken up into dopaminergic neurons via its affinity for the 

dopamine transporter (Figure 2) and is thus selectively toxic to dopaminergic 

neurons (Javitch et al., 1985), where it inhibits complex I of the mitochondrial 

respiratory chain leading to oxidative stress (Tipton and Singer, 1993). This 

mechanism of action of MPP
+
 suggested a role for mitochondrial dysfunction in 

typical PD. Subsequently, PD patients were found to express systemic 

reductions in complex I activity (Shoffner et al., 1991).  

The MPTP model of PD has been invaluable in studying the role of 

mitochondrial dysfunction and environmental exposures in the etiology of PD 
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(Le Couteur et al., 1999) and studying the molecular changes that underlie 

mitochondrial dysfunction (Dauer and Przedborski, 2003). This model has 

also been useful for testing potential neuroprotective therapies in preventing 

nigrostriatal dopaminergic degeneration (Le Couteur et al., 1999). However, 

there are some limitations of the MPTP model of PD. Most protocols of MPTP 

administration utilize acute drug treatments and fail to mimic the progressive 

nature of PD (Betarbet et al., 2002). Additionally, the MPTP model does not 

directly address the involvement of systemic mitochondrial impairment in PD 

as MPP
+
 inhibits complex I activity solely in cells expressing the dopamine 

transporter, i.e. dopaminergic cells. Thus, this model only tests the hypothesis 

that complex I dysfunction is toxic to dopaminergic neurons (Betarbet et al., 

2002).  

4.5. Rotenone model 

Several epidemiological studies link pesticide exposure to PD (Ascherio 

et al., 2006; Dick et al., 2007). Rotenone, a naturally occurring pesticide used 

in the environment, is a complex I mitochondrial inhibitor that has been used to 

generate the first chronic PD model (Betarbet et al., 2000; Sherer et al., 

2003c). It inhibits the oxidation of NADH to NAD
+
, blocking the mitochondrial 

oxidation of NAD
+
-linked substrates such as glutamate, α-ketoglutarate and 

pyruvate, which are the primary sources of reducing equivalents 

to mitochondrial electron transport (Goodman et al., 1985). Additionally, 

rotenone is lipophilic, readily crosses cell membranes and easily penetrates the 

blood-brain-barrier. Chronic exposure to low doses of rotenone resulted in 

uniform inhibition of mitochondrial complex I throughout the rat brain. In this 

way, rotenone exposure differs from that of MPTP, which selectively inhibits 

complex I in dopaminergic neurons due to its dependence on the dopamine 



 

27 

 

transporter (Figure 2). Despite this uniform complex I inhibition, rotenone 

caused selective degeneration of the nigrostriatal dopaminergic pathway via 

oxidative damage, microgliosis and increased iron deposits and formation of 

ubiquitin and -synuclein-positive inclusions in nigral cells, which were similar 

to the Lewy bodies of PD (Betarbet et al., 2002).  

Behaviorally, the rotenone-exposed rats were hypokinetic with a flexed 

posture similar to the stooped posture of PD patients. Some developed severe 

rigidity and a few had spontaneously shaking paws that were reminiscent of 

resting tremor in PD (Betarbet et al., 2002; Fleming et al., 2004).  

The rotenone model shows that the features of PD can be produced by 

systemic complex I inhibition. This indicates that the nigrostriatal pathway is 

intrinsically and selectively sensitive to complex I dysfunction. The previously 

described occurrence of complex I dysfunction in PD may further link 

environmental toxins to the pathogenesis of PD (Degli Esposti, 1998). 

Furthermore, complex I impairment may predispose neurons to excitotoxicity 

and oxidative damage, both of which have been implicated in PD (Greene and 

Greenamyre, 1996). 

The rotenone model appears to be an accurate model in that systemic 

complex I inhibition results in specific, progressive and chronic degeneration of 

the nigrostriatal pathway similar to that observed in human PD. It also 

reproduces the neuronal inclusions and oxidative damage seen in PD. Thus, the 

rotenone model recapitulates most of the mechanisms thought to be important 

in PD pathogenesis. For this reason, neuroprotective drug treatment trials in this 

model may be more relevant to PD than other more acute model systems 

(Betarbet et al., 2002). The major disadvantages of this model are its labor-

intensive nature and the high mortality observed in the animals. In addition, the 
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sick bilaterally lesioned animals are difficult to maintain as with animals treated 

bilaterally with 6-OHDA (Betarbet et al., 2002). 

4.6. Paraquat and Maneb 

Exposure to the herbicide paraquat has emerged as a putative risk factor 

for PD on the basis of its structural similarity to MPP
+
, the active metabolite of 

MPTP. Paraquat crosses the blood-brain-barrier and has been systemically 

administered to produce mouse PD models. It causes a dose-dependent decrease 

in dopaminergic nigral neurons and striatal dopaminergic innervation, followed 

by reduced ambulatory movement (Brooks et al., 1999). Its neurotoxicity can 

be attributed to oxidative stress and modification of mitochondrial function at 

comlex I due to its structural similarity to MPP
+
 (Figure 2). Within cells, 

paraquat is transported into mitochondria by a carrier-mediated process 

(Cocheme and Murphy, 2008), where it is reduced by complex I forming a 

paraquat radical capable of oxidatively damaging the mitochondria. Thus, 

whereas MPP
+
 and rotenone directly inhibit complex I function, paraquat 

indirectly disrupts mitochondrial function via intra-mitochondrial ROS 

formation through complex I interactions with paraquat (Meredith et al., 2008).  

Paraquat, however, is only one of the many agricultural chemicals known 

to impact the dopamine systems adversely (Betarbet et al., 2002). Maneb, a 

fungicide which is used in overlapping geographical areas with paraquat, has 

been shown to decrease locomotor activity and potentiate MPTP effects 

(Takahashi et al., 1989). It inhibits glutamate transport and disrupts dopamine 

uptake and release (Vaccari et al., 1996; Vaccari et al., 1998) and is generally 

co-administered with paraquat subchronically to enhance toxicity. The paraquet 

and maneb models give credence to the theory that environmental toxins might 

have a role in PD pathogenesis (Betarbet et al., 2002).  



 

29 

 

Indeed, combined paraquat and maneb exposures produced greater 

effects on the dopaminergic system than either of the chemicals alone 

(Thiruchelvam et al., 2000). Thiruchelvam et al. (2000) and Norris et al. 

(2007) reported that only when mice were exposed to a combination of the 

maneb and paraquat, not to either pesticide alone, did they exhibit increased 

neuronal pathology and progressive reductions in dopamine. Studies in rats 

have shown that they are very sensitive to the toxic effects of the combination 

paraquat/maneb at the same doses used in mice (Cicchetti et al., 2005; Saint-

Pierre et al., 2006). Loss of dopaminergic neurons, motor impairment and 

microgliosis mimic different stages of clinical PD. However, a potential 

disadvantage of paraquat/maneb treatment for rats is systemic lung toxicity, 

which can be lethal (Saint-Pierre et al., 2006).  

4.7. Genetic models of Parkinson's disease 

Several mutations in genes causing familial forms of PD have been 

recently discovered leading to new approaches to the study of mechanisms 

leading to disease (Terzioglu and Galter, 2008). Thus, many models of PD 

have been established that rely on genetic manipulations in mice. Different 

mouse strains that carry mutations in proteins or receptors that are critical for 

the function of the dopaminergic system had been generated; such as -

synuclein-overexpressing mice (Masliah et al., 2000), -synuclein-knockout 

mice (Abeliovich et al., 2000), parkin-knockout mice (Goldberg et al., 2003), 

several knockout mice for dopamine receptors (Baik et al., 1995; Nishii et al., 

1998) and tyrosine hydroxylase, the rate-limiting enzyme of dopamine 

synthesis and a mouse with a UCH-L1 gene mutation (Saigoh et al., 1999). 

However, none of the genetic models based on PD-linked genes demonstrate 

the key features of the disease, such as loss of dopamine neurons, but more 
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subtle effects on the dopaminergic system have been detected, such as a small 

decrease in dopamine transporter binding and slightly reduced dopamine levels 

in the striatum, abnormal response to dopamine agonists, motor disturbances, 

including decreased spontaneous activity (Fleming et al., 2005). 

5. Treatment strategies 

The major underlying neurochemical abnormality of PD is a reduction in 

striatal dopamine content resulting from impaired function in nigrostriatal 

neurons. Currently effective treatment strategies are aimed at improving the 

motor impairment which results from reduced dopamine levels, with the 

primary goal being to improve motor function sufficiently to minimize 

disability. However, it is important to employ strategies that provide 

symptomatic benefit, while delaying as much as possible the development of 

motor fluctuations and dyskinesias induced by dopaminergic therapy (Martin 

and Wieler, 2003). Moreover, these symptomatic therapies still do not address 

the fundamental problem underlying PD, the continual loss of dopaminergic 

neurons. Thus, neuroprotective therapies that aim to interfer with the ongoing 

process of neuronal cell death, in order to preserve the remaining neurones and 

stop disease progression, as well as neurorestorative techniques aimed at 

increasing the number of surviving dopaminergic neurones are expected to have 

a major impact on the treatment of PD (Schapira, 2004; Wu and Frucht, 

2005). 

5.1. Symptomatic therapy 

The focus of current PD therapy has been on dopamine replacement 

therapy with the dopamine precursor L-dopa or dopamine receptor agonists, 

namely bromocriptine, lisuride, pergolide and apomorphine or increasing the 
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availability of brain dopamine with inhibitors of dopamine metabolic enzymes 

such as MAO-B including selegiline and rasagiline and catechol-o-methyl-

transferase (COMT), such as entacapone (Grunblatt et al., 2000). This 

approach has, in some respects, been remarkably effective and has led to 

treatments which can substantially improve both the duration and quality of life 

of patients affected by PD. Ultimately; however, with continued use most 

patients develop motor complications which are difficult to control with 

currently available treatments (Yacoubian and Standaert, 2009).  

L-Dopa has been used for almost 40 years and is still the most powerful 

drug available for the relief of motor symptoms. It is usually administered with 

a peripheral decarboxylase inhibitor to prevent the formation of dopamine in 

peripheral tissues and a COMT inhibitor to prevent it from being quickly 

metabolised, therefore extending the efficiency of each dose (Fahn, 2003; 

Samii et al., 2004). Unfortunately, more than 50% of the patients using L-dopa 

develop complications within the first 5 years of treatment (Koller et al., 1999; 

Ahlskog and Muenter, 2001). These are mostly severe motor fluctuations, i.e. 

wearing-off effect and dyskinesia, i.e. drug-induced involuntary movements 

(Koller et al., 1999; Ahlskog and Muenter, 2001). These phenomena appear 

to be related to the short half-life of L-dopa (90-120 minutes), the pulsatile 

dopamine receptor stimulation (Kessler and Rezak, 2007) and the consequent 

receptor hypersensitivity to L-dopa via NMDA receptors (Calon et al., 2003). It 

has been suggested that the benefits of L-dopa wear off with disease 

progression and ongoing death of dopaminergic neurons (Lee et al., 2008). In 

the absence of dopaminergic neurons L-dopa is metabolized into dopamine by 

neural cells that lack “dopaminergic machinery”. As a result, dopamine release 

becomes pulsatile rather than continuous and eventually leads to post-synaptic 

changes and development of motor complications (Agid et al., 1985; Carta et 
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al., 2006). Moreover, L-dopa results in a marked increase of free dopamine, 

thus could hasten neurodegeneration by increasing oxidative stress within PD 

brains (Ogawa et al., 2005).  

Prevention and/or delaying the development of these motor 

complications have been a major goal in the treatment of the PD patients 

(Kessler and Rezak, 2007). Various strategies have been proposed to provide a 

more uniform dopamine supply including new delivery methods, e.g. 

transdermal delivery, increased frequency of delivery and new sustained release 

formulations (Stocchi, 2005; Steiger, 2008).  Moreover, dopamine receptor 

agonists are effective in the treatment of the motor symptoms of PD; so 

postpone the use of L-dopa. They present the advantage of a longer half-life and 

reducing the frequency of dosage. They are generally well tolerated and present 

a lower risk of wearing-off. Dopamine receptor agonists are potent in 

controlling primary motor symptoms, but because of their side effects, i.e. 

hallucinations, confusion and psychosis, they are often contraindicated, 

especially in older patients (Fahn, 2003). 

MAO-B inhibitors are sometimes useful as monotherapy for early PD 

and can also be used in conjunction with L-dopa therapy (Schapira, 2007). 

They reduce the intraneuronal metabolism of dopamine, enhancing the 

antiparkinsonian effects of L-dopa and allowing a dose reduction (Singh et al., 

2007). COMT inhibitors can also be effective in reducing the risk of the 

development of motor complications by prolonging the half-life of circulating 

L-dopa (Schapira et al., 2000).  

Whilst most of these drugs are becoming more successful in relieving the 

motor symptoms of the disease, their limited efficiency over the course of the 

disease and their incapacity to mitigate progression of the disease process 

underlying PD illustrate clearly the need for novel therapies in the treatment of 
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PD (Toulouse and Sullivan, 2008). Thus, a therapy aimed at stopping the 

continual loss of dopaminergic neurons is an urgent priority in order to prevent 

or delay the later complications of the disorder (Emborg, 2004). 

5.2. Neuroprotective therapy 

Neuroprotective therapies are those that slow or prevent further 

neurodegeneration of neuronal populations involved in PD, both dopaminergic 

and non-dopaminergic, by targeting the mechanisms involved in the 

pathogenesis of PD (Wu and Frucht, 2005; Yacoubian and Standaert, 2009). 

Neuroprotection requires early intervention in the course of the disease to 

safeguard as much as possible of the dopaminergic nigral population (Emborg, 

2004). The long slow course of neurologic impairment in PD offers an 

important opportunity for such treatments that could be employed at an early 

stage of the disease to prevent the severely debilitating complications of 

advanced PD (Yacoubian and Standaert, 2009). 

 Currently, there are no treatments that are clearly established as 

neuroprotective in PD and the discovery of such treatments is an important goal 

of much work in the field (Yacoubian and Standaert, 2009). Oxidative stress, 

mitochondrial dysfunction, excitotoxicity and inflammatory factors all 

contribute to apoptosis and cell death. Medications aimed at countering the 

factors implicated in neuronal degeneration could act as neuroprotective (Wu 

and Frucht, 2005). Thus, several intervention strategies have been investigated 

for their neuroprotective properties such as dietary antioxidants (vitamin E, 

flavonoids, polyphenols), anti-inflammatory (aspirin, meloxicam), NMDA 

receptor antagonists (amantadine, memantine), iron chelators (deferoxamine, 

epigallocatechin-3-gallate), bioenergetic drugs (coenzyme Q10) and anti-

apoptotic agents (propargylamine TCH346) (Mandel et al., 2003).  
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5.3. Neurorestorative therapy 

In contrast to the design of drugs intended to protect or rescue 

dopaminergic neurons, attempts have also been made to “restock” neurons or to 

encourage outgrowth from surviving neurons (Schapira, 2004). The process of 

brain repairing may be triggered, substantially, via two different strategies 

which may also be combined: promoting neuronal restoration via neurotrophic 

factors and replacing lost neurons with stem cells able to differentiate into 

dopaminergic neurons (Blandini, 2009).  

5.3.1. Neurotrophic factors 

The progressive nature of the dopaminergic neurons loss that 

characterizes PD may favor the use of neurotrophic factors to protect neurons 

from cell death and promote both growth and maintenance (Blandini, 2009). 

Glial cell line-derived neurotrophic factor (GDNF) is a potent and consistent 

agent in counteracting the effects of the neurotoxins used to reproduce PD-like 

pathology (Aoi et al., 2000). In parkinsonian animals, intracerebral delivery of 

GDNF by chronic infusion using pump or via viral vectors has given 

encouraging results (Cho et al., 2006; Desplats et al., 2009). In PD patients, 

delivery of GDNF directly in the putamen was well tolerated and led to an 

improvement of motor symptoms and a reduction of antiparkinsonian 

medications (Takahashi et al., 2009). Indeed, GDNF is crucial for the correct 

development and functionality of the nigrostriatal pathway and seems to play a 

central role in the resistance of neuronal cells to neurotoxic insults (Burke et 

al., 1998; Boger et al., 2008). SN neurons contain relatively low levels of 

GDNF compared to neurons of the adjacent ventral tegmental area, which, as a 

result, are far more resistant than SN neurons to the neurotoxins used to 

replicate PD pathological features in animals (Barroso-Chinea et al., 2005).  
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5.3.2. Dopaminergic cell-replacement therapy 

The idea of replacing the dead dopaminergic neurons of SN has emerged 

more than 20 years ago (Perlow et al., 1979). Striatal transplantation of fetal 

mesencephalic dopaminergic cells has first been investigated in parkinsonian 

animals models and secondly in parkinsonian patients (Perlow et al., 1979; 

Brundin et al., 1988). Many clinical, anatomical and functional imaging 

studies have given evidence that graft survived, was functional in terms of 

dopamine release, metabolism and motor cortical activation and reduced motor 

impairment (Thobois et al., 2005). Traditionally, fetal ventral mesencephalic 

tissue has been used for grafting because this region of the developing brain 

contains precursors of dopaminergic cells which differentiate into functional 

dopamine-producing cells in vivo. However, ethical issues essentially limit the 

use of human fetal-derived ventral mesencephalic tissue (George et al., 2009). 

An alternative approach has been developed, whereby embryonic stem cells can 

undergo directed in vitro differentiation into dopamine-producing cells, these 

are then harvested and used for transplantation (Bjorklund et al., 2002).  
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6. Drugs used in the current study 

6.1. Pyrrolidine dithiocarbamate  

 

 

 

 

 

 

 

Pyrrolidine dithiocarbamate (PDTC) is a chemical compound of the 

dithiocarbamates (DTCs) class, a class of low-molecular-weight thiol 

antioxidants with potent nuclear factor kappa B (NF-κB) inhibition in both in 

vivo and in vitro (Schreck et al., 1992; Cuzzocrea et al., 2002). They have 

been used in medicine and industry for more than 20 years (Chabicovsky et al., 

2010).  

PDTC, a stable pyrrolidine derivative of DTCs, is widely used in both 

basic and clinical research (Topping and Jones, 1988; Orrenius et al., 1996). 

It has been used clinically in the treatment of heavy metal poisoning, fungal and 

bacterial infections and has been considered for use in the treatment of AIDS 

(Reisinger et al., 1990; Kim et al., 2001). PDTC has been reported to have 

protective effects in animal models of various diseases including arthritis liver 

and brain ischemia, spinal cord injury and Alzheimer’s disease (Ahtoniemi et 

al., 2007; Malm et al., 2007).  

1-Pyrrolidine dithiocarbamate 

Figure 3: The chemical structure of pyrrolidine dithiocarbamate (Zhu et al., 

2002) 
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PDTC is capable of crossing the blood-brain-barrier exerting several 

potentially beneficial effects on neurodegeneration processes (Malm et al., 

2007). PDTC is eliminated from plasma after intraperitoneal and oral 

administration within 24 hours. Oral administration of DTCs is expected to 

favor acid-promoted decomposition with the generation of carbon disulfide 

(CS2), a highly toxic metabolite; resulting in detectable levels of protein cross-

linking (Johnson et al., 2003). However, due to the pyrrolidine ring structure, 

PDTC is substantially more resistant to acid-promoted decomposition to 

pyrrolidine and CS2 relative to straight-chain dialkyl dithiocarbamates 

(Valentine et al., 2006). In consequence, CS2-mediated protein cross-linking 

following intraperitoneal administration of PDTC has not been detected due to 

its much greater stability and decreased generation of CS2 at neutral pH 

(Thompson et al., 2002; Tonkin et al., 2003). The oral LD50 was calculated at 

above 1500 mg⁄kg for mice and rats, however, acute toxicity was observed at 

doses starting from 500 mg⁄kg, mainly affecting the autonomous and central 

nervous system (Chabicovsky et al., 2010). Such effects might in part be 

derived from acid-induced decomposition to CS2 in the stomach (Chabicovsky 

et al., 2010). 

PDTC enhances cellular defense mechanisms via upregulation of 

cytoprotective genes, including heat shock protein 70 (DeMeester et al., 1998; 

Kim et al., 2001) and endogenous antioxidants such as superoxide dismutase 

(Orrenius et al., 1996; Borrello and Demple, 1997; Li et al., 1999). It induces 

the genes encoding the two subunits of the enzyme γ-glutamylcysteine 

synthetase and consequently increased de novo synthesis of the cellular 

protectant GSH (Wild and Mulcahy, 1999). As an antioxidant compound, it 

counteracts the toxic effects of free radicals (Muller et al., 2000) via reducing 

oxidant-mediated cellular injury (Nathens et al., 1997). PDTC is also a potent 
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inhibitor of NF-κB (Schreck et al., 1992; Li et al., 1999). NF-κB is a 

transcription factor that initiates the transcription of numerous pro-

inflammatory mediators, such as TNF-, IL-1b, IL-6 and inducible NO-

synthase (Ziegler-Heitbrock et al., 1993; Xie et al., 1994). Accordingly, 

PDTC has been documented to interfere with the generation of pro-

inflammatory mediators (Liu et al., 1999a) via NF-κB inhibition. Beside this 

variety of biochemical activities, PDTC possesses a metal chelating activity 

(Iseki et al., 2000), thus transion metals involved in Haber-Weiss and Fenton 

reactions could be captured ultimately reducing hydroxyl radical production 

(Halliwell and Gutteridge, 1990). 

The effective PDTC concentration range is narrow, where an 

experimental study in rats showed that the minimal tolerated concentration after 

intraperitoneal injection of PDTC lies between 25 and 50 mg/kg, whereas at 

200 mg/kg animals showed acute toxic manifestations such as hypersalivation, 

excitability and neuromuscular irritability (Liu et al., 1999b). These effects 

were transient, lasting 10 minutes after injection, which have been documented 

only at doses greater than 450 mg/kg (Nathens et al., 1997). Other 

manifistations of autonomous activation also includes piloerection, while 

impairements in CNS are shown as tremor, sedation, unconsciousness and tonic 

convulsion (Chabicovsky et al., 2010). The observed neurotoxic effects are 

similar to the known DTCs toxicity profile and seem to result from an 

impairment of dopamine and glutamate neurotransmitter pathways (Vaccari et 

al., 1996; Vaccari et al., 1999). 
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6.2. α-Lipoic acid  

 

 

 

 

 
 

 

α-Lipoic acid (LA), a commonly used dietary supplement, is a natural 

potent dithiol antioxidant that acts as an essential cofactor for mitochondrial 

bioenergetic enzymes (Randle, 1998). LA is unique among natural 

antioxidants, because it retains protective functions in both its reduced and 

oxidized forms (Packer et al., 1995) and it acts as an antioxidant both in 

hydrophilic and lipophilic environments. Though de novo synthesis supplies all 

LA (trace amounts) needed for its function in intermediary metabolism, it can 

also be absorbed from dietary supplements and food such as leafy green 

vegetables and meat (Petersen Shay et al., 2008). Exogenously supplied LA is 

readily absorbed, easily crosses the blood-brain-barrier (Seaton et al., 1996) 

and is taken up by all areas of the central and peripheral nervous system; where 

a large proportion is rapidly converted to its reduced form dihydrolipoic acid 

(DHLA) (Packer et al., 1997) by enzymes such as lipoamide dehydrogenase, 

thioredoxin reductase and glutathione reductase at the expense of cellular-

reducing equivalents (Roy et al., 1997). Due to its potent antioxidant activity, 

LA has been proposed as a treatment for oxidative disorders of the nervous 

system since it exerts a profound neuroprotective effect in a number of models 

1,2-Dithiolane-3-pentanoic acid or thioctic acid  

Figure 4: The chemical structure of α-lipoic acid (Biewenga et al., 1997) 
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or clinical conditions, including ischemia reperfusion injury (Roy et al., 1997), 

diabetic neuropathy (Ziegler et al., 1999), ageing (Arivazhagan and 

Panneerselvam, 2000), stroke, trauma and neurodegenerative diseases (Packer 

et al., 1997).   

α-Lipoic acid exists as a mixture of two interconvertible structures, a 

closed ring disulfide form (oxidized α-lipoic) and an open-chain dihydrolipoic 

acid (reduced α-lipoic) (Scott et al., 1994). Exogenous LA orally administered 

to rats is readily absorbed, with a limited absolute bioavailability of about 30% 

caused by high hepatic extraction (Peter and Borbe, 1995; Teichert et al., 

1998). Plasma LA levels typically reach a maximum between 0.5 and 2 hours 

after intake (Smith et al., 2004). Rapid gastrointestinal transport of LA into the 

blood plasma is followed by an equally rapid clearance, reflecting both uptake 

into tissues as well as glomerular filtration and renal excretion (Harrison and 

McCormick, 1974). LA undergoes extensive catabolism following its transport 

into the cells and tissues, reduction and β-oxidation are the major metabolic 

outcome in vivo, accompanied by oxidation of the dithiolane ring (Schupke et 

al., 2001). In addition to DHLA, other metabolites may contribute to the 

antioxidant effect of LA in vivo (Biewenga et al., 1997).  Finally, LD50 of LA is 

approximately 200 and 1130 mg/kg following intraperitoneal and oral 

administration, repectively, in rats which indicates its relative safety. Moreover, 

animal and human studies have not shown serious side effects with 

administration of LA (Biewenga et al., 1997).   

α-Lipoic acid is a non-vitamin nutrient that is essential for life. LA and 

DHLA are physiological constituents of the mitochondrial membranes and are 

components of the α-ketoacid dehydrogenase multienzyme complexes such as 

pyruvate dehydrogenase and α-ketoglutarate dehydrogenase that is involved in 

the regulation of carbohydrate metabolism (Arivazhagan et al., 2001). Linked 
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to the lysine residue of the dehydrogenase enzymes, LA transfers acyl groups 

from one part of the enzyme complexes to another. In this process, LA is 

reduced to DHLA which is subsequently reoxidized by lipoamide 

dehydrogenase under the formation of NADH and thus the two substances 

operate as a redox couple carrying electrons from the substrate of mitochondrial 

dehydrogenase to NAD
+
 (Biewenga et al., 1997). Aside from their co-

enzymatic roles, the redox couple LA/DHLA possesses high antioxidant 

activity due to their high reactivity against ROS and reactive nitrogen species 

both in vivo and in vitro (Moini et al., 2002; Smith et al., 2004). LA protects 

biomembranes from the damage induced by various kinds of oxidative stresses 

(Persson et al., 2001), thus, it may protect against atherosclerosis, lung disease, 

chronic inflammation and some neurological disorders (Packer et al., 1997; 

Suh et al., 2001). In addition, LA protects against programmed cell death in 

some cells (Persson et al., 2001; Voloboueva et al., 2005) and induces GSH 

increase via γ-glutamylcysteine synthetase gene expression (Bharat et al., 

2002; Suh et al., 2004).  

Furthermore, LA can scavenge intracellular free radicals acting as second 

messengers, down-regulating pro-inflammatory redox-sensitive signal 

transduction processes including NF-κB translocation and thus attenuates the 

release of more free radicals and cytotoxic cytokines (Bierhaus et al., 1997; 

Wong et al., 2001). Beside quenching of free radicals, LA and DHLA have 

other antioxidant properties, including the chelation of redox-active transition 

metals, inhibiting the formation of hydrogen peroxide and hydroxyl radicals 

(Maczurek et al., 2008) and the regeneration of other natural antioxidants, such 

as vitamin C or vitamin E from their radical or inactive forms (Biewenga et al., 

1997). 

Moreover, LA induces a scope of cellular antioxidants as well as phase II 
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detoxification enzymes including catalase, glutathione reductase and 

glutathione-S-transferase (Cao et al., 2003).  LA is useful in treatment of 

patients with type 2 diabetes mellitus, since it increases sensitivity of insulin 

receptors (Kamenova, 2006). All the above mentioned properties make LA a 

very promising drug for treatment of neurological diseases whose etiology is 

related to oxidative stress (Bilska et al., 2007). 

6.3. Celecoxib 

 

 

 

 

 

 

Celecoxib (COXIB) belongs to the first generation of selective COX-2 

inhibitors (COXIBs) introduced into the market. All COXIBs have comparable 

efficacy to conventional NSAIDs with a superior gastrointestinal safety profile. 

COXIB is approved for the relief of acute pain, symptoms of chronic 

inflammatory conditions such as osteoarthritis and rheumatoid arthritis (Shi 

and Klotz, 2008) and management of familial adenomatous polyposis 

(Steinbach et al., 2000). Moreover, several clinical trials have shown the 

4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl] 

benzenesulfonamide 

Figure 5: The chemical structure of celecoxib (Davies et al., 2000) 
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effectiveness of COXIB in the chemoprevention of colorectal lung and breast 

cancer. However, long-term use of COXIBS can be associated with an 

increased risk for cardiovascular adverse events; also seen with NSAIDs (Shi 

and Klotz, 2008).  

Celecoxib is a poorly soluble drug with a low oral bioavailability 

between 20-40%, which is dissolution rate limited (Paulson et al., 2000). Peak 

plasma concentrations occur approximately 3 hours after an oral dose. A high-

fat diet had minimal effect on the extent of COXIB absorption in humans. It 

prolongs time for reaching maximum plasma concontration between 1-2 hours 

compared with that under fasting state; most likely as a result of delayed gastric 

emptying. However, the resultant increase in systemic exposure to COXIB 

following administration with food is not clinically relevant (Paulson et al., 

2001). COXIB is highly protein bound and has large distribution volume, 

indicating extensive tissue distribution which is attributed to extremely high 

lipophilicity (Paulson et al., 2001; Brune and Hinz, 2004). COXIB is 

eliminated by extensive hepatic metabolism with an elimination half-life of 

approximately 12 to 16 hours. The metabolism involves hydroxylation at the 

methyl moiety followed by further oxidation of the hydroxyl group to form a 

carboxylic acid, which is the major metabolite of COXIB (Tang et al., 2000; 

Paulson et al., 2001). Less than 2% of the drug is excreted unchanged in urine 

and only 2.6% is excreted unchanged in faeces (Davies et al., 2000). Since 

COXIB is eliminated by the liver, it is not recommended in patients with 

hepatic impairment, the plasma level of COXIB increases about two-fold (Shi 

and Klotz, 2008). 

Celecoxib exhibits anti-inflammatory, analgesic and antipyretic 

activities; the mechanism of action of COXIB could be attributed to the 

inhibition of prostaglandin synthesis mainly via inhibition of COX-2 as 
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compared to the inhibition of COX-1 activity. COXIB has been considered as 

being 375 times more selective for COX-2 than for COX-1(Antoniou et al., 

2007). Thus, selective COX-2 inhibitors lack the adverse effects of 

conventional NSAIDs, which inhibit both the constitutive and inducible 

isoforms of COX (Vane et al., 1998). The selective inhibition of COX-2 would 

provide anti-inflammatory effects without disrupting gastric cytoprotection and 

platelet function (Seibert et al., 1995). 

COX-2 is present in the central nervous system in neurons and astrocytes 

as well as macrophages and microglia (Graham and Hickey, 2003). COX-2, 

the predominant isoform within the neuron itself, has a special role in regulating 

synaptic activity and contributes to neuronal death in a variety of disease states 

(Graham and Hickey, 2003; Iadecola, 2003). In PD, evidence exists for an 

increase in inflammatory nigral environment (Hirsch et al., 1998) that includes 

the presence of COX-immunoreactive activated microglial cells in SN (Knott 

et al., 2000), that elevate levels of TNF-α and other pro-inflammatory cytokines 

in the cerebrospinal fluid (Nagatsu et al., 2000). 

Celecoxib has been reported to have anti-inflammatory, neuroprotective 

and antioxidant effects in ischemia models (Chu et al., 2004). In experimental 

studies, COXIB can reduce inflammation and oedema in intracerebral 

hemorrhage (Chu et al., 2004) as well as apoptosis (Sinn et al., 2007). It has 

been reported that COX-2 expression is associated with increased PGE2 tissue 

levels and neuronal apoptosis (Li et al., 2003; Sasaki et al., 2004). Moreover, it 

has been observed that PGE2 can induce caspase-dependent apoptosis in rat 

cortical cells (Takadera et al., 2002). A reduction of the PGE2 production 

induced by COX-2 inhibition may lead to a reduction of cell death receptor 

activation and ultimately to a limiting caspase-3 activation (Kaloustian et al., 

2007).  
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Parkinson’s disease (PD) is the second most common neurodegenerative 

disease after Alzheimer's disease, affecting people over the age of 50 and tends 

to increase dramatically with ageing. In the setting of an ageing population, the 

social cost of this condition is destined to increase, thereby increasing the social 

relevance of the disease.  Current therapeutic strategies for PD focus primarily 

on reducing the severity of its symptoms using dopaminergic medications. 

Although providing substantial benefit, the progressive loss of non-replaceable 

neurons in PD cannot be stopped or reverted by these medications. The 

emerging view that PD is a multifactorial disease, offers clues to potential 

therapeutic strategies that could halt or slow disease progression. Several 

mechanisms have been involved in the pathogenetic cascade of events leading 

to cell dysfunction and death in PD, including oxidative stress, mitochondrial 

dysfunction, protein aggregation and misfolding, inflammation, excitotoxicity, 

apoptosis and other cell death pathways. Thus, the main challenge is to develop 

a neuroprotective therapy that can be administered early in the course of the 

disease and slow, stop or reverse dopaminergic degeneration by targeting the 

mechanisms involved in the pathogenesis of PD. This realization has led to 

intensive investigation of the neuroprotective potential of various agents, such 

as antioxidants, anti-inflammatory, antiglutaminergic and antiapoptotic drugs. 

Indeed, compounds with broad cytoprotective properties may represent a 

promising avenue for the treatment of PD. 

In order to achieve the aim of the present study, the rotenone model was 

chosen to induce parkinsonism in rats as it reproduces selective nigrostriatal 

dopaminergic neurodegeneration, as well as behavioral, neurochemical and 

neuropathological hallmarks of PD. The present work was performed to assess 

the possible antiparkinsonian action of several drugs, namely pyrrolidine 

dithiocarbamate (PDTC), -lipoic acid (LA) and celecoxib (COXIB). PDTC is 
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a thiol antioxidant reported to be a potent inhibitor of nuclear factor-kappa B, a 

transcriptional factor that is involved in inflammatory processes both in vivo 

and in vitro. The commonly used dietary supplement LA is a natural potent 

dithiol antioxidant, which has been proposed as a treatment for oxidative 

disorders of the CNS since it exerts a profound neuroprotective effect in a 

number of experimental models and clinical conditions. COXIB is a selective 

COX-2 inhibitor used for the relief of acute pain and symptoms of chronic 

inflammatory conditions. COXIB has been reported to have anti-inflammatory, 

neuroprotective and antioxidant effects in several CNS pathologies.  

Hence, it seemed interesting to assess the neuroprotective potential of 

PDTC, LA and COXIB in rotenone-induced parkinsonism in rats by their daily 

administration to rats starting from the first day of rotenone administration till 

the end of the experiment. Behavioral parameters, namely the locomotor and 

motor coordination activites as well as mortality were recorded to judge the 

possible antiparkinsonian effect of the tested drugs. In addition, the striatal 

contents of monoamines, namely noradrenaline, dopamine and serotonin and an 

excitatory as well as inhibitory amino acid, namely glutamate and -

aminobutyric acid respectively, were estimated. The influence of the used drugs 

on the striatal oxidative stress biomarkers, namely thiobarbituric acid reactive 

substances, reduced glutathione and nitric oxide were assayed. The 

inflammatory biomarkers evaluated in striatum were myeloperoxidase activity 

and tumor necrosis factor- content, while the cell death biomarkers evaluated 

were lactate dehydrogenase and caspase-3 activities. Furthermore, histological 

examination of brain was conducted. 

 

 

 



 

48 

 

 

 

 

 

MATERIAL 

& 

METHODS 

 

 

 

 



 

49 

 

Material 

1. Animals 

 Adult male albino Wistar rats, weighing 200-270 g, were used in the 

present study. Animals were allocated in groups, maintained on a 12/12 hour 

light dark cycle, had free access to food and water and were allowed to 

accommodate for one week in the animal house at the Faculty of Pharmacy, 

Cairo University. 

2. Drugs 

 Drugs used in the present study were celecoxib (COXIB) and -lipoic 

acid (LA), which were provided as gifts from Sedico Pharmaceutical and EVA 

Companies, as well as pyrrolidine dithiocarbamate (PDTC) (Fisher Scientific, 

USA). 

 All drugs were administered intraperitoneally in a volume of 10 ml/kg.  

COXIB and PDTC were suspended in 1% (v/v) tween 80 physiological saline 

solution. LA was dissolved in 1N sodium hydroxide and diluted in 

physiological saline solution. Control animals received an equivalent volume of 

the corresponding vehicles.  

3. Chemicals and reagents 

 The chemicals, reagents and reagent kits used in the present study were 

of analytical grade and their sources are displayed in Table 1. 
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Table 1: Chemicals, reagents and reagent kits 
 

Item Source 

-Aminobutyric acid Waters, USA 

Acetonitrile Merck, Germany 

Bovine serum albumin Fluka, USA 

Caspase-3 colorimetric assay kit R&D Systems, USA 

Copper sulphate.5H2O El Nasr Pharmaceutical 

Company, Egypt 

Dimethyl sulfoxide  Merck, Germany 

Dipotassium hydrogen phosphate Merck, Germany 

Disodium hydrogen phosphate Merck, Germany 

Dopamine hydrochloride Sigma-Aldrich, USA 

Ellman’s reagent [5,5`-dithiobis (2-

nitrobenzoic acid)] 

Sigma-Aldrich, USA 

Eluent (1) for amino acids analysis Waters, USA 

Eluent (2) for amino acids analysis Waters, USA 

Ethanol (absolute) Riedel-de Haën, Germany 

Folin-Ciocalteus phenol reagent Oxford Laboratory, India 

Glutamate Waters, USA 

Glutatione, reduced Sigma-Aldrich, USA 

Hexadecyltrimethylammonium bromide  Sigma-Aldrich, USA 

Horseradish peroxidase Fluka, USA 

Hydrochloric acid  Merck, Germany 

Hydrogen peroxide  El Nasr Pharmaceutical 

Company, Egypt 



 

51 

 

Lactate dehydrogenase (SCE mod) assay kit Emapol, Poland 

Malondialdehyde (1,1-3,3-

tetramethoxypropane) 

Sigma-Aldrich, USA 

Methanol Sigma-Aldrich, USA 

N-(1-Naphthyl) ethylene diamine 

dihydrochloride 

Prolabo, France 

Noradrenaline hydrochloride Sigma-Aldrich, USA 

o-Dianisidine hydrochloride MP Biomedicals Inc., France 

Phenylisothiocyanate Waters, USA 

Phosphoric acid Merck, Germany 

Potassium tartarate El Nasr Pharmaceutical 

Company, Egypt 

Rat Tumor Necrosis Factor- ELISA kit Invitrogen, USA 

Rotenone Sigma-Aldrich, USA 

Serotonin hydrochloride Sigma-Aldrich, USA 

Sodium acetate trihydrate Sigma-Aldrich, USA 

Sodium carbonate Merck, Germany 

Sodium hydroxide Riedel-de Haën, Germany 

Sodium nitrate Fluka, USA 

Sulfanilamide Sigma-Aldrich, USA 

Sulfosalicylic acid BDH Chemicals, England 

Thiobarbituric acid Fluka, USA 

Trichloroacetic acid Sigma-Aldrich, USA 

Triethylamine Waters, USA 

Tween 80 Prolabo, France 

Vanadium trichloride  Sigma-Aldrich, USA 



 

52 

 

Experimental Design 

In the present investigation, two main sets of experiments were 

performed. 

1. Preliminary experiments 

Four sets of experiments were performed to estimate the dose and route 

of rotenone administration and the doses for the selected three drugs.  

1.1. Induction of parkinson’s-like disease in rats  

This set was carried out to select a suitable dose and route of 

administration for rotenone to induce parkinsonian-like behaviors and 

neurochemical changes in rats. The tested doses were selected based on 

published literatures, namely 1.25 mg/kg (Ling et al., 2004), 1.5 mg/kg (Abd-

El Gawad et al., 2004; Bashkatova et al., 2004) and 2 mg/kg (Alam and 

Schmidt, 2004).  Rotenone was injected either subcutaneously every other day 

for a total of six injections (Abd-El Gawad et al., 2004) or intraperitoneally 

daily for one month (Bashkatova et al., 2004). Control animals received an 

equivalent volume of the corresponding vehicles. The study was conducted 

using eight groups of animals each consisting of 3-8 rats, which were treated as 

displayed in Table 2. 
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Table 2: Different dose levels and routes of administration of rotenone 

Regimen 
Dose of 

Rotenone 

Vehicle 

Dimethyl sulfoxide 

(DMSO) 

Sunflower oil  

(SO) 

I - 2 ml/kg - 

II 1.25 mg/kg, s.c. 1 ml/kg - 

III 1.5 mg/kg, s.c. 2 ml/kg - 

IV 1.5 mg/kg, s.c. 1 ml/kg - 

V 1.5 mg/kg, s.c. 0.4 ml/kg  - 

VI - - 1 ml/kg  

VII 1.5 mg/kg, i.p. - 1 ml/kg 

VIII 2 mg/kg, i.p. - 1 ml/kg 

 

Mortalities were recorded and measurement of locomotor activity was 

conducted 24 hours after the last rotenone injection. In addition, striatal 

dopamine content of the surviving animals was estimated. Based on the 

recorded mortalities [Table 3; Figure 18] as well as the exclusion of regimen 

VII since the behavioral results and dopamine assay were not promising, 

regimen V was chosen in the current study to induce parkinsonism in rats. 

1.2. Effect of different dose levels of administration of pyrrolidine 

dithiocarbamate on rotenone-induced parkinsonism in rats 

This study was performed to choose a suitable dose of PDTC against 

rotenone-induced parkinsonism. In this study, five groups of animals each 
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consisting of 10-25 rats were used. PDTC was daily administered 60 minutes 

before rotenone injection. Three doses of PDTC were selected, namely 50 

mg/kg (Rangan et al., 2001), 100 mg/kg (Rangan et al., 1999; Tsuchihashi et 

al., 2003) and 200 mg/kg (Godzich et al., 2006). The groups were treated as 

follows: 

Group I: 1% (v/v) tween 80 (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: PDTC (50 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Group IV: PDTC (100 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Group V: PDTC (200 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Twenty-four hours after the last rotenone and PDTC injection, behavioral 

experiments were conducted and mortalities were recorded. Based on the 

obtained results for mortality [Table 4(i); Figure 19(i)], PDTC (50 mg/kg, i.p.) 

was chosen to be used in the rest of the experiments as described by Rangan et 

al. (1999). At the end of the observation period, animals treated with the chosen 

doses were sacrificed by decapitation and brains were carefully removed. 

Dissection of each brain was performed for the separation of both striata, which 

were homogenized in physiological saline solution and used for the 

determination of thiobarbituric acid reactive substances (TBARS) content and 

myeloperoxidase (MPO) activity.  

1.3. Effect of different dose levels of administration of -lipoic acid on 

rotenone-induced parkinsonism in rats 

This experiment aimed at choosing a suitable dose of LA against 

rotenone-induced parkinsonism. In this study, five groups of animals each 

consisting of 10-25 rats were used. LA was daily administered 60 minutes 

before rotenone injection. Three doses of LA were selected, namely 25 mg/kg 
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(das Neves et al., 2004), 50 mg/kg (Rangan et al., 2001; Bilska et al., 2007) 

and 100 mg/kg (Arivazhagan and Panneerselvam, 2000; das Neves et al., 

2004). The groups were treated as follows: 

Group I: alkaline saline (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: LA (25 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Group IV: LA (50 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Group V: LA (100 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Experimental conditions and parameters measured were previously 

described (1.1). Based on the obtained results for mortality [Table 4(ii); Figure 

19(ii)], LA (25 mg/kg, i.p.) was chosen to be used in the rest of the 

experiments. 

 

1.4. Effect of different dose levels of administration of celecoxib on 

rotenone-induced parkinsonism in rats 

This experiment was conducted to choose a suitable dose of COXIB 

against rotenone-induced parkinsonism. In this study, five groups of animals 

each consisting of 10-25 rats were used. COXIB was daily administered 60 

minutes before rotenone injection. Three doses of COXIB were selected, 

namely 10 mg/kg (Sairam et al., 2003), 20 mg/kg (Sanchez-Pernaute et al., 

2004; Ghahremani et al., 2006) and 40 mg/kg (Gobbo and O'Mara, 2005). 

The groups were treated as follows: 

Group I: 1% (v/v) tween 80 (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: COXIB (10 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Group IV: COXIB (20 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 
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Group V: COXIB (40 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Experimental conditions and parameters measured were previously 

described (1.1). Based on the obtained behavioral results [Table 17; Figure 35] 

where the mortalities were taken into consideration [Table 4(iii); Figure 19(iii)], 

COXIB (20 mg/kg, i.p.) was chosen to be used in the rest of the experiments. 

2. Protective potential of pyrrolidine dithiocarbamate, -lipoic acid and 

celecoxib treatments against rotenone-induced parkinsonism in rats  

Three sets of experiments were performed to evaluate the possible 

protective effects of PDTC, LA and COXIB against rotenone-induced 

parkinsonism in rats. These sets were repeated twice, one for the estimation of 

striatal monoamines, glutamate and -aminobutyric acid (GABA) contents and 

the other for the estimation of striatal reduced glutathione (GSH), nitric oxide 

(NO), tumor necrosis factor- (TNF-) contents and activities of lactate 

dehydrogenase (LDH) and caspase-3 as well as histological manifestations. 

2.1. Effect of treatment with pyrrolidine dithiocarbamate 

In this experiment, animals were allocated into three groups each 

consisting of 10-25 rats. Groups were treated as follows: 

Group I: 1% (v/v) tween 80 (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: PDTC (50 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Twenty-four hours after the last rotenone and PDTC injection, animals 

were sacrificed by decapitation and brains were carefully removed. Dissection 

of each brain was performed for the separation of both striata, which were 

homogenized in 75% (v/v) methanol (HPLC grade) and used for the 
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determination of monoamines, namely noradrenaline, dopamine and serotonin 

and an excitatory a well as inhibitory amino acid, namely glutamate and 

GABA. The second set of animals were treated similarly except that both striata 

were homogenized in physiological saline solution for the estimation of GSH, 

NO, TNF- contents and activities of LDH and caspase-3. Histological 

assessment of striatum and midbrain was also conducted. 

2.2. Effect of treatment with -lipoic acid 

In this study, three groups of animals each consisting of 10-25 rats were 

used. The groups were treated as follows: 

Group I: alkaline saline (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: LA (25 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Experimental conditions and parameters measured were previously 

described (2.1). 

2.3. Effect of treatment with celecoxib 

In this experiment, rats were allocated into three groups consisting of 10-

25 rats were used. The groups were treated as follows: 

Group I: 1% (v/v) tween 80 (i.p.) + DMSO (s.c.) and served as control. 

Group II: rotenone (1.5 mg/kg, s.c.). 

Group III: COXIB (20 mg/kg, i.p.) + rotenone (1.5 mg/kg, s.c.). 

Experimental conditions and parameters measured were previously 

described (2.1). 
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Methods 

1. Induction of parkinson’s-like disease  

Parkinsonian behaviors were induced in rats by subcutaneous injection of 

1.5 mg/kg rotenone in the back of the neck every other day for a total of six 

injections. The selected route and dose were chosen from a published literature 

(Abd-El Gawad et al., 2004), as well as preliminary experiments.  

2. Behavioral experiments 

The surviving rats were screened for motor behavioral impairment using 

the open-field and rotarod apparatus one day after the last injection of rotenone. 

2.1.  Locomotor activity 

2.1.1. Principle 

Open-field is the most commonly used method to measure alterations of 

behavioral activities such as locomotor activity and exploratory behavior 

(Genaro and Schmidek, 2000; Sedelis et al., 2001). Behavioral measures 

sensitive to varying degrees of dopamine loss in the striatum and substantia 

nigra (Fleming et al., 2004) such as locomotor activity, latency and rearing 

were used to assess motor function (Schallert et al., 2000; Sedelis et al., 2001). 

2.1.2. Procedure  

The experiment was carried out using a square wooden box measuring 80 

x 80 x 40 cm with red walls and white smooth polished floor divided by black 

lines into 16 equal squares 4 x 4 (van den Buuse and de Jong, 1989). The 

experiment was performed during the morning day light in a quite lab in order 

to avoid interference with any external stimuli. Each rat was placed gently in 

the central area of the open-field and allowed to freely explore the area for 3 
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minutes. The floor and walls were cleaned after testing each rat to eliminate 

possible bias due to odors left by previous rats. A video camera was fixed on 

the top of the box to record movement and behavior of rats for later off-line 

analysis (van den Buuse and de Jong, 1989; Capitelli et al., 2008).  The 

following behavioral items were scored: 

1. Latency: time elapsed (in seconds) till the animal decides to leave the 

first rectangle.  

2. Rearing (vertical activity): number of times the animal stood stretched on 

hind limbs with or without fore limbs support.  

3. Ambulation (horizontal activity): number of squares crossed by the 

animal. 

4. Immobility time: time elapsed (in seconds) with lack of animal 

movement during testing.  

5. Grooming: number of episodes of face washing and scratching with the 

hind limbs, licking of the fore limbs, fur and genitals. 

The latency to start the movement in the open-field was used to evaluate 

akinesia, while the decrease of locomotion and/or rearing and the increase in 

immobility time indicated hypokinesia (Sedelis et al., 2001; Capitelli et al., 

2008). The latter is an important feature of models for the study of PD 

(Capitelli et al., 2008). Furthermore, dopaminergic mechanisms may be 

involved in the grooming behavior (Van Wimersma Greidanus et al., 1989). 
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Figure 6: The open-field apparatus 

2.2.  Motor coordination activity 

The rotarod apparatus, which requires animals to balance and walk on a 

rotating rod, is widely used to measure coordinated motor skills (Kelly et al., 

1998). 

2.2.1. Principle 

 Dunham and Miya (1957) suggested that neurological deficit in rats and 

mice were indicated by inability of the animal to remain on a revolving rod for 

the test period. Rotarod is used to evaluate the activity of drugs interfering with 

motor coordination. 

2.2.2. Procedure 

 The apparatus consists of a horizontal wooden rod attached to a motor to 

turn the rod around its longitudinal axis at a speed of 10 revolutions per minute 

(rpm). The diameter of the rod was 3 cm, the length was 75 cm and the height 

from the cages was 90 cm in order to discourage the animals from jumping off 
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the roller. In order to perform multiple tests simultaneously, the rod is divided 

into 6 equal compartments by circular plastic discs. The animals were gently 

placed in the orientation opposite to that of the rotating rod, so that forward 

locomotion was necessary in order to prevent a fall. The time taken for each 

animal to fall off the rod was recorded. Before starting the experiment, rats 

were trained for 3 days to remain on the stationary rod for 1 minute and on the 

rotating rod for 3 sessions lasting one minute each. After the last injection of 

rotenone, the behavior of the animals was evaluated for a period of 5 minutes.  

2.2.3. Calculation 

 The time spent by each rat on the rotarod (falling time) was recorded in 

seconds. 

 

 

 

Figure 7: The rotarod apparatus 

3. Brain tissue preparation 

Twenty-four hours after the last injection of rotenone, the surviving rats 

were sacrificed by decapitation and brains were carefully removed and washed 

with ice-cold saline. Dissection of each brain was performed on an ice-cold 
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glass plate for the separation of both striata. In the first sets of animals, both 

striata were weighed and homogenized in ice-cold physiological saline to attain 

a 10% (w/v) homogenate using a homogenizer [IKA T10 basic ULTRA-

TURRAX, Germany]. Homogenate was divided into two aliquots, the first 

aliquot was spun [4000 rpm, 20 minutes, 4C; Hettich Universal 32R, 

Germany] and the resultant supernatant served for the estimation of TBARS 

content. The second aliquot was used for the assay of MPO activity. 

In the second sets of animals, both striata were weighed and 

homogenized in 75% (v/v) aqueous methanol (HPLC grade) to obtain a 10% 

(w/v) homogenate. Homogenates were spun [4000 rpm, 20 minutes, 4C; 

Hettich Universal 32R, Germany] and supernatants were divided into two 

portions. The first portion was used for the determination of monoamines, viz. 

noradrenaline, dopamine and serotonin. The second one was evaporated till 

dryness using vacuum (70 Millitore) and the residues were derivatized for the 

determination of glutamate and GABA. In the last sets of rats, both striata were 

weighed and homogenized in ice-cold saline to attain a 10% (w/v) homogenate, 

which was divided into four aliquots. The first one was centrifuged at 3000 rpm 

for 30 minutes and the resultant supernatant served for the estimation of NO 

content. The second portion was deproteinized with ice-cold 5% (w/v) 

sulfosalicylic acid and centrifuged at 3000 rpm for 15 minutes, the supernatant 

was used for the estimation of GSH. The supernatant of the third fraction, 

centrifuged at 14000 rpm for 30 minutes at 4C and was employed for the 

determination of TNF- content and LDH activity. The last aliquot was 

centrifuged at 1000 rpm for 10 minutes and tissue pellets were collected and 

lysed for the assay of caspase-3 activity. Histological manifestation of striatum 

and midbrain was also conducted using Hematoxylin & Eosin stain. 
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4. Determination of lipid peroxides 

 The method described by Ruiz-Larrea et al. (1994), modified from a 

previously established procedure (Sinnhuber et al., 1958), was employed to 

determine lipid peroxides formation in striatal supernatant. 

4.1.  Principle 

Lipid peroxidation products were determined by the estimation of the 

level of TBARS that were measured as malondialdehyde (MDA). The latter is 

the decomposition product of the process of lipid peroxidation and is used as an 

indicator of this process. The principle of the assay depends on a colorimetric 

determination of a pink pigment product, which results from the reaction of 

TBARS with thiobarbituric acid in acidic medium at high temperature, at 

wavelength 535 nm.  

4.2.  Reagents 

1. Reagent A: 0.8% (w/v) thiobarbituric acid solution in distilled water. 

Warming as well as the use of magnetic stirring was necessary for 

completed dissolution. 

2. Reagent B: 20% (w/v) trichloroacetic acid solution in distilled water. 

3. Working reagent: prepared by mixing one volume of reagent A and three 

volumes of reagent B. 

4. Standard MDA solution: serial dilutions of MDA in concentrations 

ranging from 0.6 to 20 nmol/ml were prepared by dissolving 1,1-3,3-

tetramethoxypropane in distilled water. The latter when dissolved in 

water is hydrolysed to produce MDA. A standard curve constructed using 

serial dilutions of MDA is shown in Figure 8. 
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4.3.  Procedure 

In an Eppendorf tube, 2.25 ml of the working reagent was added to 0.25 

ml sample (striatal supernatant or standard). The mixture was heated for 20 

minutes in a boiling water bath, cooled and centrifuged at 4000 rpm for 5 

minutes. The absorbance of the pink colored product was measured at 535 nm 

against blank containing 0.25 ml distilled water instead of the sample, using a 

double beam spectrophotometer [Thermo Electron Corporation, evolution 100, 

England].  

4.4.  Calculation 

The concentration of TBARS in striatal supernatant was expressed as 

nmol/g tissue. This was carried out by first calculating the TBARS as nmol/ml 

from the constructed standard curve (Figure 8) then multiplying by a dilution 

factor of 10.  

 

 

Figure 8: Standard curve for malondialdehyde (MDA) 

 

R² = 0.998 

0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20 25

A
b

so
rb

an
ce

 a
t 

5
3

5
 n

m
 

MDA concentration (nmol/ml) 



 

65 

 

5. Determination of myeloperoxidase  

The method described by Bradley et al. (1982) was employed to 

determine MPO activity in striatal homogenate. 

5.1.  Principle 

 MPO, being a plentiful constituent of neutrophils, served as a marker for 

neutrophil tissue content. It has been used as a quantitative index of neutrophil 

infiltration and inflammation in several tissues. Since MPO is located within the 

primary granules of neutrophils, extraction of MPO depends upon procedures to 

disrupt the granules which render MPO soluble in aqueous solution. This could 

be achieved by freeze-thawing and sonication in 50 mM phosphate buffer of pH 

6 containing 0.5% (w/v) of hexadecyltrimethylammonium bromide (HTAB), 

where HTAB is a detergent that releases MPO from the primary granules of 

neutrophils.  

The assay method is based on measuring the hydrogen peroxide-

dependent oxidation of -dianisidine that is catalyzed by MPO. This results in 

the formation of a compound exhibiting an increased absorbance at 460 nm. 

5.2.  Reagents 

1. 100 mM potassium phosphate buffer of pH 6 containing 1% (w/v) 

HTAB: 100 mM potassium phosphate buffer was first prepared by 

dissolving 17.428 g dipotassium hydrogen phosphate in one liter of 

distilled water and the pH was adjusted to 6 using 1N hydrochloric acid 

(HCl). 10 g HTAB were then added to this buffer. 

2. 50 mM potassium phosphate buffer of pH 6: prepared by dissolving 

8.709 g dipotassium hydrogen phosphate in one liter of distilled water 

and the pH was adjusted to 6 using 1N HCl.  
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3. 50 mM phosphate buffer, pH 6, containing 0.167 mg/ml -dianisidine 

hydrochloride and 0.0005% (v/v) hydrogen peroxide: freshly prepared by 

dissolving 5 mg of -dianisidine hydrochloride and 50 μl of 0.3% (v/v) 

hydrogen peroxide in 30 ml of 50 mM phosphate buffer of pH 6. 

4. Standard peroxidase solution: horseradish peroxidase (HRP, 1067 U/mg) 

was used to prepare serial dilutions ranging from 0.002 to 0.133 U/ml in 

50 mM phosphate buffer of pH 6.   

5.3.  Procedure 

To 0.25 ml of the striatal homogenate, 0.25 ml of 100 mM potassium 

phosphate buffer containing 1% (w/v) HTAB was added. The mixture was then 

frozen, thawed and sonicated for 10 seconds, followed by centrifugation at 

10,000 rpm for 15 minutes at 4C, using a cooling centrifuge [Hettich Universal 

32R, Germany]. To 30 μl of either the resulting supernatant or standard 

solution, 1 ml of 50 mM phosphate buffer containing 0.167 mg/ml -dianisidine 

hydrochloride and 0.0005% (v/v) hydrogen peroxide was added. The change in 

absorbance at 460 nm was measured at 1 minute intervals for 3 minutes at room 

temperature, using a double beam spectrophotometer [Thermo Electron 

Corporation, evolution 100, England].  

5.4.  Calculation 

 A standard curve was constructed by plotting the change in absorbance 

per minute for each standard against the different concentrations of MPO 

(U/ml). A unit of MPO activity is defined as that converting 1 μmole of 

hydrogen peroxide to water in a minute at 25C. The MPO activity in striatal 

samples was expressed as U/g tissue and was determined by calculation from 

the standard curve (Figure 9) then multiplying by a dilution factor of 10. 
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Figure 9: Standard curve for myeloperoxidase enzyme (MPO) 

6. HPLC determination of monoamines 

The method described by Pagel et al. (2000) was used for the estimation 

of noradrenaline, dopamine and serotonin contents in striatal supernatant using 

high performance liquid chromatography (HPLC).  

6.1.  Reagents 

1. Acetonitrile. 

2. Methanol (absolute). 

3. Phosphate buffer (pH = 3): composed of 20 mM disodium hydrogen 

phosphate, pH was adjusted by 10% (v/v) phosphoric acid. 

4. Standards: known concentrations of each monoamine were prepared. 

6.2.  Apparatus specifications 

The HPLC system of Perkin-Elmer [Perkin-Elmer, MA, USA] consisted 

of quaternary pump, column oven, Rheodine injector, 20 l loop and UV 

variable wavelength detector. AQUA column 150 × 4.6 mm 5 C18 
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[Phenomenex, USA] and mobile phase composed of   methanol: acetonitrile 

(97:3 v/v) were used for monoamines analysis. The assay conditions were set at 

UV 270 nm with a flow rate of 1.5 ml/min. 

6.3.  Sample preparation 

The sample was immediately extracted from the trace elements and lipids 

by the use of solid phase extraction Chromabond column NH2 phase (Cat. No. 

730031, Chromabond, USA). 20 l of monoamine standards or samples were 

then injected directly into the AQUA column for separation. Noradrenaline, 

dopamine and serotonin were separated for 12 minutes. 

6.4.  Calculation 

The chromatogram was integrated by Turbochrome software program 

[Perkin-Elmer, MA, USA]. The resulting chromatogram identified each 

monoamine position and concentration for each sample as compared to that of 

the standard and finally, the determination of the striatal content of each 

monoamine as g/g tissue was made using the following formula:             

Monoamines content (g/g tissue) =  
weightwettissue

Cs
A

A

S

T

  

1
  

Where: 

AT = Area under the test sample. 

AS = Area under the standard. 

CS = Concentration of the standard (g/ml). 
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Figure 10: Chromatogram showing the separation of monoamines by HPLC 

Retention times in minutes for monoamines were: noradrenaline (1.085), 

dopamine (2.825) and serotonin (10.559).  

7. HPLC determination of glutamate and  -aminobutyric acid 

   Glutamate and GABA were detected in striatal supernatant by HPLC 

according to the method of Heinrikson and Meredith (1984); using the 

precolumn phenylisothiocyanate derivatization technique.  

7.1.  Reagents 

1. Re-drying solution: prepared by mixing absolute methanol, 1M sodium 

acetate trihydrate and triethylamine (TEA) in ratio 2:2:1 (v/v).  

2. Derivatizing agent: prepared by mixing absolute methanol, TEA, water 

and phenylisothiocyanate (PITC) in ratio 7:1:1:1 (v/v). 
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3. Phosphate buffer (pH = 7.4): composed of 5 mM disodium hydrogen 

phosphate, pH was adjusted by 10% (v/v) phosphoric acid. 

4. Sample diluents: prepared by mixing phosphate buffer and acetonitrile in 

ratio 95:5 (v/v). 

5. Eluent (1). 

6. Eluent (2).  

7. Standards: known concentrations of each amino acid were prepared. 

7.2.  Apparatus specifications 

The HPLC system of Perkin-Elmer [Perkin-Elmer, MA, USA] was used, 

which consisted of quaternary pump, column oven, Rheodine injector, 20 l 

loop and UV variable wavelength detector. PICO-TAG column 3.9 x 30 cm 

[Waters, MA, USA], Eluent (1) and Eluent (2) were used for free amino acids 

analysis. The assay conditions were set at 46°C, 254 nm with a flow rate of 

1ml/min. 

7.3.  Derivatization procedure 

The derivatization started by re-drying the sample, where 50 μl of the re-

drying solution was added to the dry sample, shaken well and then put under 

vacuum (70 Millitore) till complete dryness. 50 μl of the derivatizing solution 

was then added to the re-dried sample, shaken well and left to stand at room 

temperature for 20 minutes, then applied to vacuum till dryness. The dried 

sample was then reconstituted using 250 μl of the sample diluents. 20 l of 

derivatized amino acid standards or samples were injected into the column for 

separation by HPLC for 20 minutes. 

7.4.  Calculation 

The chromatogram was integrated by Turbochrome software program 
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[Perkin-Elmer, MA, USA]. The striatal content of each amino acid was 

expressed as mol/g tissue and was calculated using the following formula: 

Amino acid content (mol/g tissue) =  
weightwettissue

Cs
A

A

S

T

  

1
  

Where: 

AT = Area under the test sample. 

AS = Area under the standard. 

CS = Concentration of the standard (mol/ml). 

 

 
 

Figure 11: Chromatogram showing the separation of glutamate and -

aminobutyric acid by HPLC 

Retention time for glutamate was 3.42 minutes and for GABA was 15.56 

minutes.   
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8. Determination of reduced glutathione 

The method described by Beutler et al. (1963) was used for the 

determination of GSH content in striatal homogenate. 

8.1.  Principle 

The method depends on the fact that both protein and non-protein SH-

groups (mainly GSH) react with Ellman's reagent [5,5`-dithiobis (2-

nitrobenzoic acid)] (DTNB) to form a stable yellow color of 5-mercapto-2-

nitrobenzoic acid, which can be measured colorimetrically at 412 nm (see the 

reaction below). In order to determine GSH level in blood or tissue, 

precipitation of protein SH-groups was necessary before the addition of 

Ellman's reagent. 

HOOC

N

S
S

NO2

COOH

2GSH

SHOOC

N

2
+ 2H + GSSG

DTNB

5-mercapto-2-nitrobenzoic acid 

412nm (yellow)

O2

O2

 

 

Figure 12: Formation of the chromophore 5-mercapto-2-nitrobenzoic acid 

8.2.  Reagents 

1. Precipitating solution: 5% (w/v) sulfosalicylic acid in bidistilled water. 

2. Phosphate solution (0.3M; pH = 7-8): prepared by dissolving 42.59 g 

disodium hydrogen phosphate in one liter of bidistilled water. This 

solution is stable indefinitely unless mold forms and if crystals develop 

during storage at 4C; they may be re-dissolved by heating.  
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3. Ellman's reagent (DTNB): prepared by dissolving 40 mg of 5,5`-dithiobis 

(2- nitrobenzoic acid) in 100 ml of 1% (w/v) sodium citrate. Sodium 

citrate has been selected since its pH is appropriate for both the solubility 

and stability of the reagent.  

4. Standard GSH solution: serial dilutions of GSH in concentrations ranging 

from 5 to 80 µg/ml were prepared by dissolving 8 mg of GSH in 100 ml 

of bidistilled water.  A standard curve constructed using serial dilutions 

of GSH is shown in Figure 13. 

8.3.  Procedure 

Protein precipitation: 0.25 ml of the precipitating agent was added to 0.25 

ml homogenate, mixed and allowed to stand for 30 minutes on ice followed by 

centrifugation at 3000 rpm for 15 minutes. The resultant supernatant was used 

for the assay of GSH. 

Assay: to 0.25 ml of the resultant supernatant or standard GSH solution, 

1 ml of phosphate solution was added followed by 125 µl of Ellman's reagent. 

The absorbance of the resulting yellow color was measured within 5 minutes at 

412 nm using a double beam spectrophotometer [Thermo Electron Corporation, 

evolution 100, England] against a blank, treated exactly as the sample but using 

bidistilled water. 

8.4.  Calculation 

GSH content in striatal homogenate was expressed as mg/g tissue. This 

was carried out by first calculating GSH as µg/ml from the standard curve 

(Figure 13), then multiplying by a dilution factor of 20. 
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Figure 13: Standard curve for glutathione (GSH) 

9. Determination of nitric oxide 

 The method described by Miranda et al. (2001) was used for the 

determination of total nitrate/nitrite as an index of NO production in striatal 

homogenate. 

9.1.  Principle 

 NO is relatively unstable in the presence of molecular oxygen with an 

apparent half life of approximately 3-5 seconds and is rapidly oxidized to 

nitrate and nitrite. A high correlation between endogenous NO and 

nitrite/nitrate levels has been established, hence providing a reliable and 

quantitative estimate of NO output in vivo. This assay is based on the reduction 

of nitrate to nitrite by vanadium, which in acidic medium is diazotized with 

sulfanilamide. The diazophore is then coupled with bicyclic amines, such as N-

(1-naphthyl) ethylenediamine, to form the chromophore of the Griess reaction, 

measured colorimetrically at 540 nm.     
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NO NO3

NO2

vanadium NH2

SO2NH2

H
+

sulfanilamide

N

SO2NH2

diazonium ion

HN NH2

N-(1-naphthyl)elhylenediamine

HN NH2

N N

SO2NH2

Azo derivative

540nm (pink)

N

 

 Figure 14: Formation of the chromophoric azo derivative 

9.2.  Reagents 

1. Absolute ethanol: it was used for deproteinization of the sample. 

2. Vanadium trichloride (VCl3): saturated solution of VCl3 was prepared by 

dissolving 0.4 g in 50 ml 1M HCl. The blue solution was stored in the 

dark at 4C for less than 2 weeks. Development of a lighter blue color 

indicated oxidation, after which the solution was discarded. 

3. Griess reagent: 

a. N-(1-Naphthyl) ethylenediamine dihydrochloride (NEDD): 0.1% 

(w/v) in bidistilled water. 

b. Sulfanilamide: 2% (w/v) in 5% (v/v) HCl.  

Complete dissolution of each solution may require stirring and heating 
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after which each solution was filtered to remove trace particulates. Both 

solutions are stable for several months when stored in dark at 4C and 

must be discarded if become colored. Solutions used to prepare Griess 

reagent can be added as separate solutions in the reaction medium or they 

may be mixed immediately before addition. 

4. Standard nitrate solution: sodium nitrate standard was used to prepare 

serial dilutions ranging between 1.56-50 µM. A standard curve 

constructed using serial dilutions of nitrate is shown in Figure 15. 

9.3.  Procedure 

In Eppendorf tube, 0.5 ml cold absolute ethanol was added to 250 µl 

striatal homogenate. Samples were mixed well and stored in a deep freeze for 

48 hours to attain complete protein precipitation.  Supernatants were separated 

by centrifugation at 14,000 rpm for 1 hour using cooling centrifuge [Hettich 

Universal 32R, Germany]. To 250 µl of either sample supernatant or standard 

solution, 250 µl VCl3 was added followed by rapid addition of 125 µl 

sulfanilamide and 125 µl NEDD. The mixture was incubated at 37C for 30 

minutes then cooled and the absorbance of the pink colored chromophore was 

measured at 540 nm using a double beam spectrophotometer [Thermo Electron 

Corporation, evolution 100, England] against a blank treated in a similar 

manner to the test but using 250 µl bidistilled water instead of the sample.  

9.4.  Calculation 

NO content in striatal homogenate was expressed as µmol/g tissue. This 

was carried out by first calculating NO as µmol/ml from the standard curve 

(Figure 15), then multiplying by a dilution factor of 30. 
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Figure 15: Standard curve for nitrate 

10. Determination of tumor necrosis factor- 

The Invitrogen Rat TNF-α ELISA kit was used for the in vitro 

quantitative determination of TNF-α in striatal supernatant. 

10.1. Principle  

The Invitrogen Rat TNF-α kit is a solid phase sandwich Enzyme Linked-

Immuno-Sorbent Assay. A monoclonal antibody specific for rat TNF-α has 

been coated onto the wells of the microplate. Standards, controls and samples 

are pipetted into these wells. During the first incubation, the rat TNF-α antigen 

binds to the immobilized antibody on one site. After washing, a biotinylated 

monoclonal antibody specific for rat TNF-α is added. During the second 

incubation, this antibody binds to the immobilized rat TNF-α captured during 

the first incubation. After removal of excess second antibody, Streptavidin-

Peroxidase is added. This binds to the biotinylated antibody to complete the 

four-member sandwich. After a second incubation and washing to remove all 

the unbound enzyme, a substrate solution is added, which is acted upon by the 
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bound enzyme to produce color. The intensity of this colored product is directly 

proportional to the concentration of rat TNF-α present in the original specimen. 

10.2. Reagents  

 The test reagent kit used for estimation of TNF-α content consists of the 

following reagents: 

1. Standard diluent buffer: containing 15 mM sodium azide. 

2. Incubation buffer: containing 8 mM sodium azide. 

3. Wash buffer concentrate (25x). 

4. Rat TNF-α high and low controls: lyophilized recombinant rat TNF-α. 

5. Rat TNF-α standard: lyophilized recombinant rat TNF-α. 

6. Rat TNF-α antibody-coated wells. 

7. Rat TNF-α biotin conjugate (Biotin-labeled anti-Rat TNF-α): containing 

15 mM sodium azide. 

8. Streptavidin-peroxidase (HRP), (100x) concentrate: containing 3.3 mM 

thymol. 

9. Streptavidin-peroxidase (HRP) diluent: containing 3.3 mM thymol. 

10. Stabilized chromogen: composed of tetramethylbenzidine (TMB). 

11. Stop solution. 

10.3. Procedure  

Sample and reagent preparations:  

1- Tissue supernatant: striatal supernatants were diluted 1:2 in standard 

diluent buffer and mixed thoroughly prior to loading the samples in the 

microplate wells. 

2- Reagents: all reagents were allowed to reach room temperature before 

use and gently mixed prior to use. Standard was reconstituted to 2,000 pg/ml 

with standard diluent buffer, mixed gently and allowed to sit for 10 minutes to 



 

79 

 

ensure complete reconstitution. Standard was used within 1 hour of 

reconstitution to prepare serial dilutions of rat TNF-α in concentrations ranging 

from 11.7 to 375 pg/ml (Figure 16). 

Streptavidin-HRP working solution was prepared within 15 minutes of 

usage. The Streptavidin-HRP (100x concentrate), which was viscous, was 

pipetted slowly and excess concentrate solution was removed from pipette tip 

by gently wiping with clean absorbent paper. 10 μl of this 100x concentrated 

solution was diluted with 1 ml of Streptavidin-HRP diluent for each 8-well strip 

used in the assay.  

Wash buffer (25x concentrate) was allowed to reach room temperature 

and mixed to ensure that any precipitated salts had redissolved. One volume of 

the 25x wash buffer concentrate was diluted with 24 volumes of deionized 

water and labeled as working wash buffer. Both the concentrate and the 

working wash buffer were stored in the refrigerator and the diluted buffer 

should be used within 14 days. 

Assay: 100 μl of the samples, standards and controls were added to the 

appropriate microplate wells.  100 μl of the standard diluent buffer was added to 

the zero standard well, while the well reserved for chromogen blank was left 

empty. The plate was covered with plate cover and incubated for 2 hours at 

room temperature. Solution from wells was then thoroughly decanted and 

discarded. Wells were washed 4 times using the working wash buffer. The plate 

was flooded with the diluted wash buffer, completely filling all wells, for 30 

seconds. After the washing procedure, the plate was inverted and tapped dry on 

absorbent tissue. 

100 μl of TNF-α biotin conjugate solution was then pipetted into each 

well except the chromogen blank; the plate was covered and incubated for 1 

hour at room temperature. Solution from wells was then thoroughly decanted 
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and wells were washed 4 times as previously mentioned. 100 μl Streptavidin-

HRP working solution was added to each well except the chromogen blank and 

the plate was covered, incubated for 30 minutes at room temperature. Solution 

from wells was then thoroughly decanted and wells were washed 4 times.  

100 μl of stabilized chromogen was added to each well and the liquid in 

the wells turned blue. The plate was incubated for 30 minutes at room 

temperature and in the dark. To each well, 100 μl of stop solution was added 

and side of plate was taped gently to mix. The solution in the wells changed 

from blue to yellow. The absorbance of each well was read at 450 nm using a 

microplate reader (Stat Fax 2100, USA) against a chromogen blank composed 

of 100 μl each of stabilized chromogen and stop solution, within 30 minutes 

after adding the stop solution. 

10.4. Calculation 

TNF-α content in striatal supernatant was expressed as pg/g tissue. This 

was carried out by first calculating TNF-α as pg/ml from the standard curve 

(Figure 16), then multiplying by a dilution factor of 20. 

 

 
 

Figure 16: Standard curve for tumor necrosis factor- (TNF-α) 
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11.  Determination of lactate dehydrogenase  

The Emapol LDH (SCE mod) kit was used for the determination of LDH 

activity in striatal supernatant. 

11.1. Principle 

A modified method based on the recommendation of the Scandinavian 

Committee on Enzymes (SCE) was used. LDH specifically catalyzes the 

reduction of pyruvate to lactate with the subsequent oxidation of NADH to 

NAD
+
 leading to decrease in absorbance at 340 nm. The rate at which NADH 

decreases is proportional to LDH activity. The reaction is illustrated as follows:  

 

Pyruvate + NADH + H
+
                 Lactate + NAD

+
 

11.2. Reagents 

The test reagent kit used for estimation of LDH activity consists of the 

following reagents: 

1. Buffer: consisting of 50 mmol/l tris buffer (pH 7.4) and 1.5 mmol/l 

pyruvate. 

2. Substrate: containing 0.8 mmol/l NADH. 

11.3. Procedure 

Reagent preparation: all reagents were allowed to reach room 

temperature before use. 2 ml from the substrate bottle was pipetted into one 

buffer bottle and mixed thoroughly. The working reagent was stable for 3 

weeks at 2-8C. The working reagent must be kept light protected. 

LDH 
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Assay: 20 μl of the sample was pipetted into a quartz cuvette. 1 ml of the 

working reagent was added and mixed. The absorbance was recorded after 1, 2 

and 3 minutes at 340 nm against air using a double beam spectrophotometer 

[Thermo Electron Corporation, evolution 100, England].  

 

11.4. Calculation 

Using the absorbance readings, the mean absorbance change per minute 

(∆A/min) was calculated. If ∆A/min exceeds 0.15 at 340 nm; 0.1 ml of the 

sample was diluted with 0.9 ml physiological saline solution, the assay was 

repeated using this dilution and results were multiplied by 10. The LDH activity 

is expressed as U/g tissue. The activity of LDH was first calculated as U/l from 

the following formula and the obtained values were converted to U/ml and 

finally multiplied by the dilution factor: 

LDH (U/l) = A/min x 8095 

12.  Determination of caspase-3  

The R&D Caspase-3 colorimetric kit was employed to determine the 

increased enzymatic activity of the caspase-3 class of proteases in apoptotic 

cells by colorimetric reaction in striatal tissue pellets.  

12.1. Principle  

Cells that are suspected to/or have been induced to undergo apoptosis are 

first lysed to collect their intracellular contents. The cell lysate can then be 

tested for protease activity by the addition of a caspase-specific peptide that is 

conjugated to the color reporter molecule p-nitroanaline (pNA). The cleavage 

of the peptide by the caspase releases the chromophore pNA, which can be 

quantitated spectrophotometrically at a wavelength of 405 nm. The level of 
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caspase enzymatic activity in the cell lysate is directly proportional to the color 

reaction. 

 

12.2. Reagents  

 The test reagent kit used for estimation of caspase-3 activity consists of 

the following reagents: 

1. DEVD-pNA substrate: composed of 4 mM DEVD substrate peptide 

conjugated to p-nitroanaline. 

2. Lysis buffer. 

3. 2X Reaction buffer 3. 

4. Dithiothreitol solution (1 M; DTT). 

5. Dilution buffer. 

12.3. Procedure 

Sample Preparation: cells that had been induced to undergo apoptosis 

were collected by centrifugation of 100 μl of homogenate in an Eppendorf tube 

at 1000 rpm for 10 minutes. The supernatant was gently removed and discarded 

while the cell pellet was lysed by the addition of 100 μl lysis buffer. The 

amount of lysis buffer to be added to the pellet is determined by the protein 

content of the cell lysate (this can be estimated using a protein assay). The cell 

lysate was incubated on ice for 10 minutes and then centrifuged at 14,000 rpm 

for 1 minute. The supernatant was transferred to a new tube and keep on ice that 

yielded a cell lysate with an approximate protein concentration of 2-4 mg/ml.  

Assay: the enzymatic reaction for caspase activity is carried out in a 96 

well flat bottom microplate. To 50 μl of cell lysate (i.e. derived from 100-200 

μg of total protein), 50 μl of 2X reaction buffer 3 was added. If larger volumes 

of cell lysate are necessary to meet the above requirements, the total reaction 

volume may be scaled up (i.e. the volume of each reagent added should be 
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proportionally increased) and prior to using the 2X reaction buffer 3, 10 μl of 

fresh DTT stock was added per 1 ml of 2X reaction buffer 3. To each reaction 

well 5 μl of caspase-3 colorimetric substrate (DEVD-pNA) was added and the 

plate was incubated at 37°C for 2 hours. The plate was read on a microplate 

reader (Stat Fax 2100, USA) using 405 nm wavelength light. Additional 

controls that should be included in this assay are a) no cell lysate and b) no 

substrate. The total reaction volume must be kept constant and therefore 

distilled water was used to replace the volume normally occupied by either the 

cell lysate or the substrate reagent. 

12.4. Calculation 

The results were expressed as fold change in caspase activity of treated 

cells relative to the corresponding non-treated control cells, which was assigned 

a value of 1. If the background controls (reactions where no cell lysate is added 

or where no DEVD-pNA substrate is added) give a substantial reading, it was 

subtracted from the experimental results prior to calculation. 

13.  Determination of lysate protein  

The method described by Lowry et al. (1951) was used for the 

determination of protein content in cell lysates. 

13.1. Principle 

The method depends on the reduction of Folin-Ciocalteus phenol reagent 

(phosphomolybdic-phosphotungestate reagent) by the copper-treated protein in 

alkaline medium at room temperature to yield a blue color which can be 

measured colorimetrically at 500 nm. This method is characterized by its great 

sensitivity and was described for measuring protein in solutions or tissues after 
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precipitation with acids or other reagents and for determination of as little as 0.2 

µg of protein. 

13.2. Reagents  

1. Solution A: 2% (w/v) sodium carbonate in 0.1N sodium hydroxide. 

2. Solution B: 0.5% (w/v) copper sulphate.5H2O in 1% (w/v) sodium or 

potassium tartrate. 

3. Solution C (alkaline copper solution): This solution was freshly prepared 

by mixing 50 ml of solution (A) with 1 ml of solution (B). 

4. Solution D: 1N Folin-Ciocalteus phenol reagent prepared by diluting a 

2N solution 1:1 (v/v) with distilled water prior to use. 

5. Standard protein solution: 0.1 g bovine serum albumin was dissolved in 

10 ml distilled water and was used to prepare serial dilutions ranging 

between 0.5-10 mg/ml.  A standard curve constructed using serial 

dilutions of protein is shown in Figure 17. 

13.3. Procedure 

An aliquot of 10 µl of the cell lysate or standard was completed to 0.1 ml 

with distilled water then mixed with 0.5 ml of solution C and allowed to stand 

for exactly 10 minutes at room temperature. 50 µl of solution D was then added, 

thoroughly mixed using vortex mixer and allowed to stand for 30 minutes at 

room temperature. The absorbance of the developed blue color was recorded at 

500 nm using a double beam spectrophotometer [Thermo Electron Corporation, 

evolution 100, England] against a blank treated in a similar manner to the test 

but using 10 µl distilled water instead of the cell lysate. 
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13.4. Calculation 

The protein content of the cell lysate was expressed as mg/ml and was 

calculated from the standard curve (Figure 17). 

 

 
 

Figure 17: Standard curve for albumin 

14.  Histological examination 

Histological assessment was performed on the brain of 2 rats randomly 

selected from each representative experiment. The method described by 

Banchroft  et al. (1996) was used for the histological examination to evaluate 

the brain injury. 

Brains were carefully removed, rinsed with ice-cold saline solution then 

placed in well-sealed containers containing 10% (v/v) formalin in saline for 24 

hours to become hard enough to be sectioned. Brains were washed in tap water 

and serial dilutions of alcohol (methyl, ethyl and absolute ethyl) were used for 

dehydration. Specimens were cleared in xylene embedded in paraffin at 56C in 

hot air oven for 24 hours. Paraffin bees wax tissue blocks were prepared for 

R² = 0.9851 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 2 4 6 8 10 12

A
b

so
rb

an
ce

 a
t 

5
0

0
 n

m
 

Albumin concentration (mg/ml) 



 

87 

 

sectioning at 4 microns thickness by slidge microtome. The obtained tissue 

sections were collected on glass slides, deparaffinized, stained by hematoxylin 

and eosin staining and the examination was done through the light electric 

microscope.  

15. Statistical analysis 

Data were expressed as mean ± S.E.M. Comparisons between means 

were carried out using One-Way analysis of variance (ANOVA) followed by 

Tukey-Krumer multiple comparisons test (Tukey, 1951). Results of rearing, 

ambulation and grooming were analyzed using Kruskal-Wallis non-parametric 

One-Way ANOVA followed by Dunn’s multiple comparisons test (Kruskal 

and Wallis, 1952). However, results of mortality were expressed as number 

and analyzed using Fisher’s exact test (Fisher, 1954). A probability level of 

less than 0.05 was accepted as being significant in all types of statistical tests. 

SPSS statistical software package, version 16 (SPSS Inc., Chicago, IL), 

was used to carry out all statistical tests except for Fisher’s exact test and 

Kruskal-Wallis non-parametric One-Way ANOVA which were performed 

using Instat software, version 2 (GraphPad Software, Inc., San Diego, USA). 
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1. Effect of different dose levels and routes of administration of 

rotenone on mortality in rats 

Repeated subcutaneous injection of rotenone in doses 1.25 and 1.5 mg/kg 

dissolved in 1 ml/kg dimethyl sulfoxide (DMSO) as well as 1.5 mg/kg 

dissolved in 2 ml/kg DMSO resulted in 100% mortality of rats. Animals 

subcutaneously injected with 1.5 mg/kg dissolved in 0.4 ml/kg DMSO 

exhibited 71.4% mortality [Table 3(i); Figure 18(i)]. 

 Similarly, mortality was observed in 100% of rats after daily 

intraperitoneal injection with rotenone in a dose of 2 mg/kg dissolved in 1 

ml/kg sunflower oil (SO). Animals injected intraperitoneally with rotenone in a 

dose of 1.5 mg/kg dissolved in 1 ml/kg SO showed 50% mortality without 

reaching statistical significance [Table 3(ii); Figure 18(ii)]. 

Regimen V in which rats were given rotenone subcutaneously (1.5 mg/kg 

dissolved in 0.4 ml/kg DMSO) was chosen in the current study to induce 

Parkinonism in rats. 
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Table 3(i): Effect of of different dose levels of subcutaneous administration of 

rotenone on mortality in rats 

Regimen Dose of Rotenone Vehicle (DMSO) No. of deaths/total 

I 0 mg/kg, s.c. 2 ml/kg 0/8 

II 1.25 mg/kg, s.c. 1 ml/kg 3/3
@

 

III 1.5 mg/kg, s.c. 2 ml/kg 8/8
@

 

IV 1.5 mg/kg, s.c. 1 ml/kg 3/3
@

 

V 1.5 mg/kg, s.c. 0.4 ml/kg 5/7
@

 

 

Table 3(ii): Effect of of different dose levels intraperitoneal administration of 

rotenone on mortality in rats                   

Regimen Dose of Rotenone Vehicle (SO) No. of deaths/total 

VI 0 mg/kg, i.p. 1 ml/kg 0/4 

VII 1.5 mg/kg, i.p. 1 ml/kg 2/4 

VIII 2 mg/kg, i.p. 1 ml/kg 4/4
#
 

Rotenone (1.25 and 1.5 mg/kg, s.c.) dissolved in different volumes of dimethyl sulfoxide 

(DMSO), using different regimens (II-V) were injected to rats every other day for a total of 

six injections, while rotenone (1.5 and 2 mg/kg, dissolved in 1 ml/kg sunflower oil (SO), 

regimens VII-VIII) were injected intraperitoneally to rats daily for one month. Control 

animals received either 2 ml/kg DMSO subcutaneously (regimen I) or 1 ml/kg SO 

intraperitoneally (regimen VI) as vehicles. Mortality was recorded 24 hours after the last 

rotenone injection. Data are expressed as number of 3-8 animals. 
@

 p < 0.05 vs regimen I,  
#
 p 

< 0.05 vs regimen VI (Fisher’s Exact Test).   
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Figure 18: Effect of different dose levels and routes of administration of 

rotenone on mortality induced in rats 

(i) Rotenone (1.25 and 1.5 mg/kg, s.c.) dissolved in different volumes of dimethyl sulfoxide 

(DMSO), using different regimens (II-V) were injected to rats every other day for a total of 

six injections, while (ii) rotenone (1.5 and 2 mg/kg, dissolved in 1ml/kg sunflower oil (SO), 

regimens (VII-VIII) were injected intraperitoneally to rats daily for one month. Control 

animals received either 2 ml/kg DMSO subcutaneously (regimen I) or 1 ml/kg SO 

intraperitoneally (regimen VI) as vehicles. Mortality was recorded 24 hours after the last 

rotenone injection. Data are expressed as % of 3-8 animals. 
@

 p < 0.05 vs regimen I,  
#
 p < 

0.05 vs regimen VI (Fisher’s exact test).   
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2. Effect of different dose levels of administration of pyrrolidine 

dithiocarbamate, -lipoic acid and celecoxib on rotenone-

induced mortality in rats 

 Subcutaneous injection of rotenone resulted in mortality of 68% of rats, 

while administration of the vehicle (DMSO, s.c. and 1% (v/v) tween 80, i.p. or 

alkaline saline, i.p.) showed no mortality [Table 4; Figure 19]. Intraperitoneal 

administration of pyrrolidine dithiocarbamate (PDTC) in a dose of 50 mg/kg, 

resulted in 50% mortality; however, mortality was observed in 90 and 100% of 

rats receiving the two higher doses of PDTC, namely 100 and 200 mg/kg, 

respectively [Table 4(i); Figure 19(i)]. Intraperitoneal administration of -lipoic 

acid (LA) in a dose of 25 mg/kg caused 40% mortality in rats without reaching 

statistical significance, while the two higher doses (50 and100 mg/kg) resulted 

in 90 and 100% mortality, respectively [Table 4(ii); Figure 19(ii)]. 

Intraperitoneal administration of celecoxib (COXIB) resulted in mortality 

of 40, 30 and 50%, respectively, for dose levels 10, 20 and 40 mg/kg; without 

reaching statistical significance in the two smaller doses [Table 4(iii); Figure 

19(iii)].   

PDTC (50 mg/kg, i.p.), LA (25 mg/kg, i.p.) and COXIB (20 mg/kg, i.p.) 

were chosen to be used in the rest of the experiments. 
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Table 4(i): Effect of different dose levels of administration of pyrrolidine 

dithiocarbamate on rotenone-induced mortality in rats 

Groups No. of deaths/total 

Control (Vehicle) 0/10 

Rotenone 17/25* 

PDTC (50 mg/kg, i.p.) 5/10* 

PDTC (100 mg/kg, i.p.) 9/10* 

PDTC (200 mg/kg, i.p.) 10/10* 

Three different doses of PDTC (50, 100 and 200 mg/kg, i.p.) were administered to rats daily. 

Rotenone (1.5 mg/kg, s.c.) was injected, 1 hour after PDTC administration, every other day 

for a total of six injections. Control animals received 1% (v/v) tween 80 intraperitoneally and 

DMSO subcutaneously as vehicles. Mortality was recorded 24 hours after the last rotenone 

injection. Data are expressed as number of 10-25 animals. * p < 0.05 vs control (Fisher’s 

exact test).   

Table 4(ii): Effect of different dose levels of administration of -lipoic acid on 

rotenone-induced mortality in rats 

Groups No. of deaths/total 

Control (Vehicle) 0/10 

Rotenone 17/25* 

LA (25 mg/kg, i.p.) 4/10 

LA (50 mg/kg, i.p.) 9/10* 

LA (100 mg/kg, i.p.) 10/10* 

Three different doses of LA (25, 50 and 100 mg/kg, i.p.) were administered to rats daily. 

Rotenone (1.5 mg/kg, s.c.) was injected, 1 hour after LA administration, every other day for a 

total of six injections. Control animals received alkaline saline intraperitoneally and DMSO 

subcutaneously as vehicles. Mortality was recorded 24 hours after the last rotenone injection. 

Data are expressed as number of 10-25 animals. * p < 0.05 vs control (Fisher’s exact test).   
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Table 4(iii): Effect of different dose levels of administration of celecoxib on 

rotenone-induced mortality in rats 

Groups No. of deaths/total 

Control (Vehicle) 0/10 

Rotenone 17/25* 

COXIB (10 mg/kg, i.p.) 4/10 

COXIB (20 mg/kg, i.p.) 3/10 

COXIB (40 mg/kg, i.p.) 5/10* 

Three different doses of COXIB (10, 20 and 40 mg/kg, i.p.) were administered to rats daily. 

Rotenone (1.5 mg/kg, s.c.) was injected, 1 hour after COXIB administration, every other day 

for a total of six injections. Control animals received 1% tween 80 intraperitoneally and 

DMSO subcutaneously as vehicles. Mortality was recorded 24 hours after the last rotenone 

injection. Data are expressed as number of 10-25 animals. * p < 0.05 vs control (Fisher’s 

exact test).   
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Figure 19: Effect of different dose levels of administration of pyrrolidine 

dithiocarbamate, -lipoic acid and celecoxib on rotenone-induced mortality in 

rats 

Three different doses of (i) PDTC (50, 100 and 200 mg/kg, i.p.), (ii) LA (25, 50 and 100 

mg/kg, i.p.) and (iii) COXIB (10, 20 and 40 mg/kg, i.p.) were administered to rats daily. 

Rotenone (1.5 mg/kg, s.c.) was injected, 1 hour after drug administration, every other day for 

a total of six injections. Control animals received 1% tween 80 intraperitoneally and DMSO 

subcutaneously as vehicles. Mortality was recorded 24 hours after the last rotenone injection. 

Data are expressed as % of 10-25 animals. * p < 0.05 vs control (Fisher’s exact test).   
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3. Effects of pyrrolidine dithiocarbamate administration on 

behavioral parameters in rotenone-induced parkinsonism in 

rats 

 In the open-field, control animals showed normal rearing (9.37±1.54), 

ambulation (30.12±4.9) and grooming (9.50±2.14). Their latency and 

immobility time were 1.30±0.15 and 45.00±11.15 seconds, respectively. In 

addition, the control rats were able to remain on the rotarod for 269.20±13.83 

seconds [Table 5]. 

Repeated subcutaneous injection of rotenone caused deterioration in the 

motor performance of rats (i.e. locomotor activity and motor coordination) in 

both the open-field and rotarod experiments. In the open-field, rotenone 

significantly decreased rearing, ambulation and grooming by 90.28, 79.71 and 

85.26%, respectively and increased immobility time by 201.22% as compared 

to the control group [Table 5; Figure 20(ii-vi)]. Meanwhile, there was no 

significant alteration in latency when compared with that of the control group 

[Table 5; Figure 20(i)].  

Furthermore, rotenone significantly affected muscle coordination 

observed by shortening the time the animal spent on the rotating rod by 92.23% 

as compared to the control rats [Table 5; Figure 20(vi)].  

Treatment with PDTC  significantly increased rearing and falling time 

from the rotating rod by 297.8 and 418.1%, respectively [Table 5; Figure 

20(ii&vi)]and decreased immobility time by 39.1% as compared to the rotenone 

group [Table 5; Figure 20(iv)], however these results were still significant from 

control values.                                                                                                                                                                                                                                                                                                                           
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Table 5: Effects of pyrrolidine dithiocarbamate administration on behavioral parameters in rotenone-induced 

parkinsonism in rats 

Groups 
Latency 

 (sec) 

Rearing  

(No.) 

Ambulation  

(No. of squares) 

Immobility 

time (sec) 

Grooming  

(No.) 

Falling time  

(sec) 

Control (Vehicle) 1.30±0.15 9.37±1.54 30.12±4.9 45.00±11.15 9.50±2.14 269.20±13.83 

Rotenone 2.00±0.52 0.91
a 
±0.18 6.11

a 
±0.94 135.55

a
 ±7.78

 
 1.40

a
 ±0.88 20.90

a
 ±4.09 

PDTC 1.44±0.24 3.62
b 
±0.4 10.37

a
 ±1.03 82.55

 ab
 ±5.03 2.10

a
 ±1.02 108.30

ab
 ±9.45 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every other day for a total of six 

injections) was injected 1 hour after PDTC administration. Control animals received 1% (v/v) tween 80 intraperitoneally and 

DMSO subcutaneously as vehicles. After 24 hours from the last rotenone injection, latency, rearing, ambulation, immobility time, 

grooming (open-field) and falling time (rotarod) were recorded. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs 

control, 
b
 p < 0.05 vs rotenone (parametric One-Way ANOVA followed by Tukey-Krumer multiple comparisons test for latency, 

immobility and falling time, as well as nonparametric One-Way ANOVA followed by Dunn’s multiple comparisons test for 

rearing, ambulation and grooming).  
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Figure 20: Effects of pyrrolidine dithiocarbamate administration on behavioral 

parameters in rotenone-induced parkinsonism in rats 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, (i) latency (ii) rearing (iii) 

ambulation (iv) immobility time (v) grooming (open-field) and (vi) falling time (rotarod) 

were recorded. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p 

< 0.05 vs rotenone (parametric One-Way ANOVA followed by Tukey-Krumer multiple 

comparisons test for latency, immobility and falling time, as well as nonparametric One-Way 

ANOVA followed by Dunn’s multiple comparisons test for rearing, ambulation and 

grooming).  
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4. Effects of pyrrolidine dithiocarbamate administration on 

striatal monoamines content in rotenone-induced 

parkinsonism in rats 

Striatal contents of noradrenaline, dopamine and serotonin in the control 

group were 0.78±0.03, 2.80±0.05 and 0.057±0.005 g/g tissue, respectively 

[Table 6].Though noradrenaline content was not altered by rotenone injection, 

dopamine content was significantly reduced by 19.6% as compared to the 

control group [Table 6; Figure 21(i&ii)]. On the other hand, serotonin content 

was raised by 128% after rotenone injection [Table 6; Figure 21(iii)]. 

PDTC administration markedly elevated dopamine content by 145.37 and 

205.3% as compared to the control and rotenone groups, respectively, but 

neither changed noradrenaline nor serotonin contents [Table 6; Figure 21(i-iii)]. 

Table 6: Effects of pyrrolidine dithiocarbamate administration on striatal 

monoamines content in rotenone-induced parkinsonism in rats 

Groups 
Noradrenaline 

(g/g tissue) 

Dopamine 

(g/g tissue) 

Serotonin 

(g/g tissue) 

Control (Vehicle) 0.78±0.03 2.80±0.05 0.057±0.005 

Rotenone 0.90±0.02 2.25
a
 ±0.04 0.13

a
 ±0.001 

PDTC 0.85±0.06 6.87
ab

 ±0.11 0.149
a
 ±0.009 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of noradrenaline, dopamine and 

serotonin. Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 

vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test).  
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Figure 21: Effects of pyrrolidine dithiocarbamate administration on striatal 

monoamines content in rotenone-induced parkinsonism in rats 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of (i) noradrenaline, (ii) dopamine 

and (iii) serotonin. Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 

p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons 

test). 
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5. Effects of pyrrolidine dithiocarbamate administration on 

striatal glutamate and -aminobutyric acid contents in 

rotenone-induced parkinsonism in rats 

The striatal contents of glutamate and -aminobutyric acid (GABA) in the 

control group were 11.49±0.49 and 3.42±0.24 mol/g tissue, respectively 

[Table 7]. Subcutaneous injection of rotenone significantly lowered glutamate 

content by 16.9% as compared to the control group. Daily PDTC administration 

additionally suppressed glutamate content by 36.1 and 23.06 % with respect to 

the control and rotenone groups, respectively [Table 7; Figure 22(i)]. However, 

striatal GABA content was neither altered by the insult nor PDTC treatment 

[Table 7; Figure 22(ii)]. 

Table 7: Effect of pyrrolidine dithiocarbamate administration on striatal 

glutamate and -aminobutyric acid contents in rotenone-induced parkinsonism 

in rats 

Groups 
Glutamate 

(mol/g tissue) 

GABA 

(mol/g tissue) 

Control (Vehicle) 11.49±0.49 3.42±0.24 

Rotenone 9.54
a
 ±0.179 3.69±0.19 

PDTC 7.34
ab

 ±0.31 3.44±0.29 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of glutamate and -aminobutyric acid 

(GABA). Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 

vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 22: Effects of pyrrolidine dithiocarbamate administration on striatal 

glutamate and -aminobutyric acid contents in rotenone-induced parkinsonism 

in rats 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of (i) glutamate and (ii) -

aminobutyric acid (GABA). Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs 

control, 
b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple 

comparisons test). 
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6. Effects of pyrrolidine dithiocarbamate administration on 

striatal oxidative stress biomarkers in rotenone-induced 

parkinsonism rats 

Striatal thiobarbituric acid reactive substances (TBARS) content of the 

control animals, 33.66±4.26 nmol/g tissue, was elevated by 164.7% in the 

rotenone group. Treatment with PDTC suppressed the elevated TBARS content 

by 39% in comparison with the rotenone group, an effect that still above control 

values by 61.52% [Table 8; Figure 23(i)]. 

Striatal contents of glutathione (GSH) and nitric oxide (NO) of the 

control animals were 0.42±0.01 mg/g tissue and 91.33±7.63 mol/g tissue, 

respectively [Table 8]. GSH was significantly raised by 69% after rotenone 

injection as compared to the control group, an effect that was normalized by 

PDTC administration [Table 8; Figure 23(ii)]. However, neither rotenone nor 

PDTC altered striatal NO content [Table 8; Figure 23(iii)].   
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Table 8: Effects of pyrrolidine dithiocarbamate administration on striatal 

oxidative stress biomarkers in rotenone-induced parkinsonism in rats 

Groups 
TBARS 

(nmol/g tissue) 

GSH 

(mg/g tissue) 

NO 

(mol/g tissue) 

Control (Vehicle) 33.66±4.26 0.42±0.01 91.33±7.63 

Rotenone 89.10
a
 ±4.72 0.71

a
 ±0.04 78.55±7.19 

PDTC 54.37
ab

 ±3.19 0.40
b
 ±0.01 79.03±8.54 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of thiobarbituric acid reactive substances (TBARS), reduced 

glutathione (GSH) and nitric oxide (NO). Data are expressed as mean ± S.E.M of 8-9 

animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-

Krumer multiple comparisons test). 
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Figure 23: Effects of pyrrolidine dithiocarbamate administration on striatal 

oxidative stress biomarkers in rotenone-induced parkinsonism in rats 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of (i) thiobarbituric acid reactive substances (TBARS), (ii) 

reduced glutathione (GSH) and (iii) nitric oxide (NO). Data are expressed as mean ± S.E.M 

of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by 

Tukey-Krumer multiple comparisons test). 
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7. Effects of pyrrolidine dithiocarbamate administration on 

striatal inflammatory biomarkers in rotenone-induced 

parkinsonism in rats 

The myeloperoxidase (MPO) activity was 0.025±0.002 U/g tissue in the 

control animals [Table 9]. Subcutaneous injection of rotenone markedly raised 

striatal MPO activity by 264% in comparison with the control group. Treatment 

with PDTC reduced the elevated MPO activity by 27.5% with respect to the 

rotenone group [Table 9; Figure 24(i)], an effect that was significant from 

control animals. 

Although striatal tumor necrosis factor- (TNF-) content was not 

altered by the insult; however, it was lowered by 33.2 and 26.55% by PDTC 

treatment as compared to that of the control (254.00±20.29 pg/g tissue) and 

rotenone groups, respectively [Table 9; Figure 24(ii)]. 
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Table 9: Effects of pyrrolidine dithiocarbamate administration on striatal 

inflammatory biomarkers in rotenone-induced parkinsonism in rats 

Groups 
MPO 

(U/g tissue) 

TNF- 

(pg/g tissue) 

Control (Vehicle) 0.025±0.002 254.00±20.29 

Rotenone 0.091
a
 ±0.004 230.71±15.92 

PDTC 0.066
ab

 ±0.005 169.45
ab

 ±9.53 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of myeloperoxidase activity (MPO) and tumor necrosis factor-

 (TNF-). Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 

0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 24: Effects of pyrrolidine dithiocarbamate administration on striatal 

inflammatory biomarkers in rotenone-induced parkinsonism in rats 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of (i) myeloperoxidase activity (MPO) and (ii) tumor necrosis 

factor- (TNF-). Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons 

test). 
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8. Effects of pyrrolidine dithiocarbamate administration on 

striatal cell death biomarkers in rotenone-induced 

parkinsonism in rats 

Striatal lactate dehydrogenase (LDH) activity of the control animals was 

67.58±3.09 U/g tissue and was significantly raised by 12.2% after rotenone 

administration. Treatment with PDTC failed to alter LDH activity [Table 10; 

Figure 25(i)]. However, the striatal caspase-3 activity of the control group, 

which was assigned as 1 fold, was neither altered by the insult nor by treatment 

with PDTC [Table 10; Figure 25(ii)]. 

Table 10: Effects of pyrrolidine dithiocarbamate administration on striatal cell 

death biomarkers in rotenone-induced parkinsonism in rats 

Groups 
LDH 

(U/g tissue) 

Caspase-3 

( Fold change ) 

Control (Vehicle) 67.58±3.09 1 

Rotenone 75.79
a
 ±1.16 1.057±0.071 

PDTC 70.42±2.23 1.030±0.158 

PDTC (50 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of lactate dehydrogenase (LDH) and caspase-3 activities. Data 

are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control (One-Way ANOVA 

followed by Tukey-Krumer multiple comparisons test). 
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Figure 25: Effects of pyrrolidine dithiocarbamate administration on striatal cell 

death biomarkers in rotenone-induced parkinsonism in rats 

PDTC (50 mg/kgio, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after PDTC administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of (i) lactate dehydrogenase (LDH) and (ii) caspase-3 

activities. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control (One-

Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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9. Effects of pyrrolidine dithiocarbamate administration on the 

rotenone-induced histological changes in the rat striatum and 

midbrain  

Histological examination of striatum and midbrain of control rats showed 

normal tissue structure [Figure 26(i) & 27(i), respectively]. Repeated 

subcutaneous injection of rotenone resulted in congestion in the blood vessels 

[Figure 26(ii)], dispersing oedema [Figure 26(iii)] cellular hypoplasia and 

encephalomalacia [Figure 26(iv)] in the striatum. The midbrain showed 

congestion with perivascular oedema in the blood vessels [Figure 27(ii)], 

diffuse gliosis and neuronophagia [Figure 27(iii)]. Histological examination of 

brain of parkinsonian rats treated with PDTC showed an almost normal tissue 

appearance for striatum and midbrain [Figure 26(v) & 27(iv), respectively].  
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Figure 26: Photomicrographs for striatal sections of control, parkinsonian and 

pyrrolidine dithiocarbamate-treated rats 

(i) Photomicrograph of striatum (s) of a control rat showing the normal structure, (ii) 

photomicrograph of striatum of a parkinsonian rat showing congestion in a striatal blood 

vessel (v), (iii) photomicrograph of striatum of a parkinsonian rat showing dispersing oedema 

(o), (iv) photomicrograph of striatum of a parkinsonian rat showing cellular hypoplasia and 

encephalomalacia (arrow), (v) photomicrograph of striatum of a parkinsonian rat treated with 

PDTC (50 mg/kg) showing almost normal structure of striatum (s) (H & E X 40 & 64). 

(i) H&E X 40 

(iv) H&E X 40 

 

(iii) H&E X 40 (ii) H&E X 64 

 

(v) H&E X 40 
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Figure 27: Photomicrographs for midbrain sections of control, parkinsonian 

and pyrrolidine dithiocarbamate-treated rats 

(i) Photomicrograph of midbrain (mb) of a control rat showing the normal structure, (ii) 

photomicrograph of midbrain of a parkinsonian rat showing congestion with perivascular 

oedema (v) in blood vessels, (iii) photomicrograph of midbrain of a parkinsonian rat showing 

diffuse gliosis (arrow) and neuronophagia (n), (iv) photomicrograph of a parkinsonian rat 

treated with PDTC (50 mg/kg) showing almost normal midbrain (M) (H & E X 40 & 160). 
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10. Effects of -lipoic acid administration on behavioral 

parameters in rotenone-induced parkinsonism in rats 

In the open-field, control animals showed normal rearing (6.85±1.07), 

ambulation (25.85±4.48) and grooming (8.70±2.14). Their latency and 

immobility time were 1.62±0.26 and 48.42±9.11 seconds, respectively. 

Furthermore, the control rats were able to remain on the rotating rod for 

262.85±18.73 seconds [Table 11].  

Rotenone significantly decreased rearing, ambulation and grooming by 

86.71, 76.37 and 83.9%, respectively and increased immobility time by 

179.94% as compared to the control group [Table 11; Figure 28(ii-v)]. 

Meanwhile, there was no significant alteration in latency time when compared 

with that of the control group [Table 11; Figure 28(i)]. Moreover, rotenone 

shortened the falling time of the treated animals by 92.04% as compared to the 

control rats [Table 11; Figure 28(vi)]. 

Treatment with LA significantly increased rearing and ambulation by 

427.4 and 133.22%, respectively, as compared to the rotenone group [Table 11; 

Figure 28(ii&iii)]. In addition, it decreased immobility time by 30.46% and 

delayed falling time by 175.1% in comparison with the rotenone-treated group, 

an effect that was significant from control animals [Table 11; Figure 28(iv&vi), 

respectively].                                                                                                                                                                                                                                                                                                                           
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Table 11: Effects of -lipoic acid administration on behavioral parameters in rotenone-induced parkinsonism in 

rats 

Groups 
Latency  

(sec) 

Rearing  

(No.) 

Ambulation  

(No. of squares) 

Immobility 

time (sec) 

Grooming  

(No.) 

Falling time  

(sec) 

Control (Vehicle) 1.62±0.26 6.85±1.07 25.85±4.48 48.42±9.11 8.70±2.14 262.85±18.73 

Rotenone 2.00±0.52 0.91
a
 ±0.18 6.11

a
 ±0.94 135.55

a
 ±7.78 1.40

a
 ±0.88 20.90

 a
 ±4.09 

LA 1.60±0.24 4.80
b
 ±0.96 14.25

b
 ±1.08 94.27

ab
 ±5.01 2.01±0.77 57.5

ab
 ±2.74 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every other day for a total of six injections) 

was injected 1 hour after LA administration. Control animals received alkaline saline intraperitoneally and DMSO subcutaneously 

as vehicles. After 24 hours from the last rotenone injection, latency, rearing, ambulation, immobility time, grooming (open-field) 

and falling time (rotarod) were recorded. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs 

rotenone (parametric One-Way ANOVA followed by Tukey-Krumer multiple comparisons test for latency, immobility and falling 

time, as well as nonparametric One-Way ANOVA followed by Dunn’s multiple comparisons test for rearing, ambulation and 

grooming).  
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Figure 28: Effects of -lipoic acid administration on behavioral parameters in 

rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, (i) latency (ii) rearing (iii) ambulation (iv) 

immobility time (v) grooming (open-field) and (vi) falling time (rotarod) were recorded. Data 

are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone 

(parametric One-Way ANOVA followed by Tukey-Krumer multiple comparisons test for 

latency, immobility and falling time, as well as nonparametric One-Way ANOVA followed 

by Dunn’s multiple comparisons test for rearing, ambulation and grooming).  
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11. Effects of -lipoic acid administration on striatal 

monoamines content in rotenone-induced parkinsonism in 

rats 

Striatal contents of noradrenaline, dopamine and serotonin in the control 

group were 0.88±0.03, 2.74±0.07 and 0.063±0.006 g/g tissue, respectively 

[Table 12]. Though, repeated subcutaneous injection of rotenone resulted in 

decreased striatal dopamine content by 17.88% and increased striatal serotonin 

content by 106.34 % as compared to the control group, noradrenaline content 

was unchanged [Table 12; Figure 29(i-iii)]. LA administration markedly 

elevated striatal dopamine content by 39 and 69.33% as compared to the control 

and rotenone groups, respectively [Table 12; Figure 29(ii)]. 

Table 12: Effects of -lipoic acid administration on striatal monoamines 

content in rotenone-induced parkinsonism in rats 

Groups 
Noradrenaline 

(g/g tissue) 

Dopamine 

(g/g tissue) 

Serotonin 

(g/g tissue) 

Control (Vehicle) 0.88±0.03 2.74±0.07 0.063±0.006 

Rotenone 0.90±0.02 2.25
a
 ±0.04 0.130

a
 ±0.001 

LA 0.81±0.03 3.81
ab

 ±0.15 0.138
a
 ±0.001 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in 75% (v/v) methanol (HPLC 

grade) and used for the determination of noradrenaline, dopamine and serotonin. Data are 

expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-

Way ANOVA followed by Tukey-Krumer multiple comparisons test).  
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Figure 29: Effects of -lipoic acid administration on striatal monoamines 

content in rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in 75% (v/v) methanol (HPLC 

grade) and used for the determination of (i) noradrenaline, (ii) dopamine and (iii) serotonin. 

Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs 

rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test).  
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12.  Effects of -lipoic acid administration on striatal glutamate 

and -aminobutyric acid contents in rotenone-induced 

parkinsonism in rats 

Striatal contents of glutamate and GABA in the control group were 

11.08±0.18 mol/g tissue and 4.02±0.32 mol/g tissue respectively [Table 13]. 

Rotenone administration markedly lowered glutamate content by 13.89% as 

compared to the control group, while striatal GABA content remained 

unchanged [Table 13; Figure 30(i&ii)]. Treatment with LA normalized 

glutamate content [Table 13; Figure 13(i)]. 

Table 13: Effects of -lipoic acid administration on glutamate and -

aminobutyric acid contents in rotenone-induced parkinsonism in rats 

Groups 
Glutamate 

(mol/g tissue) 

GABA 

(mol/g tissue) 

Control (Vehicle) 11.08±0.18 4.02±0.32 

Rotenone 9.54
a
 ±0.179 3.69±0.19 

LA 10.92
b
 ±0.16 3.87±0.20 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in 75% (v/v) methanol (HPLC 

grade) and used for the determination of glutamate and -aminobutyric acid (GABA). Data 

are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone 

(One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 30: Effects of -lipoic acid administration on striatal glutamate and - 

minobutyric acid contents in rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in 75% (v/v) methanol (HPLC 

grade) and used for the determination of (i) glutamate and (ii) -aminobutyric acid (GABA). 

Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs 

rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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13. Effects of -lipoic acid administration on striatal oxidative 

stress biomarkers in rotenone-induced parkinsonism in rats 

Striatal contents of TBARS, GSH and NO of the control animals were 

29.54±4.9 nmol/g tissue, 0.45±0.03 mg/g tissue and 86.45±6.99 mol/g tissue, 

respectively [Table 14]. Repeated subcutaneous injection of rotenone raised 

TBARS and GSH contents by 201.62 and 57.77% as compared to the control 

group, but didn’t alter NO content [Table 14; Figure 31(i-iii)]. Treatment with 

LA normalized striatal TBARS content [Table 14; Figure 31(i)].   

Table 14: Effects of -lipoic acid administration on striatal oxidative stress 

biomarkers in rotenone-induced parkinsonism in rats 

Groups 
TBARS 

(nmol/g tissue) 

GSH 

(mg/g tissue) 

NO 

(mol/g tissue) 

Control (Vehicle) 29.54±4.9 0.45±0.03 86.45±6.99 

Rotenone 89.10
a
 ±4.72 0.71

a
 ±0.04 78.55±7.19 

LA 15.72
b
 ±2.35 0.75

a
 ±0.07 73.13±7.45 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in ice-cold saline and used for the 

determination of thiobarbituric acid reactive substances (TBARS), reduced glutathione 

(GSH) and nitric oxide (NO). Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 

vs control, 
b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple 

comparisons test). 
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Figure 31: Effects of -lipoic acid administration on striatal oxidative stress 

biomarkers in rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicle. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in ice-cold saline and used for the 

determination of (i) thiobarbituric acid reactive substances (TBARS), (ii) reduced glutathione 

(GSH) and (iii) nitric oxide (NO). Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 

0.05 vs control, 
b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer 

multiple comparisons test). 
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14. Effects of -lipoic acid administration on striatal 

inflammatory biomarkers in rotenone-induced 

parkinsonism in rats 

The striatal inflammatory biomarkers MPO and TNF- were 

0.027±0.001 U/g tissue and 233.30±17.47 pg/g tissue, respectively, in the 

control animals [Table 15]. Subcutaneous injection of rotenone markedly raised 

striatal MPO activity by 237.03% in comparison with the control group; 

without altering TNF- content [Table 15; Figure 32(i&ii)]. Treatment with LA 

neither changed MPO activity nor TNF- content [Table 15; Figure 32(i&ii)]. 

Table 15: Effects of -lipoic acid administration on striatal inflammatory 

biomarkers in rotenone-induced parkinsonism in rats 

Groups 
MPO 

(U/g tissue) 

TNF- 

(pg/g tissue) 

Control (Vehicle) 0.027±0.001 233.30±17.47 

Rotenone 0.091
a
 ±0.004 230.71±15.92 

LA 0.082
a
 ±0.004 226.11±8.43 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed and striata were isolated, homogenized in ice-cold saline and used for 

the determination of myeloperoxidase activity (MPO) and tumor necrosis factor- (TNF-). 

Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control (One-Way 

ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 32: Effects of -lipoic acid administration on striatal inflammatory 

biomarkers in rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed, striata were isolated, homogenized in ice-cold saline and used for the 

determination of (i) myeloperoxidase activity (MPO) and (ii) tumor necrosis factor- (TNF-

). Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control (One-Way 

ANOVA followed by Tukey-Krumer multiple comparisons test). 
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15. Effects of -lipoic acid administration on striatal cell death 

biomarkers in rotenone-induced parkinsonism in rats 

Striatal LDH activity of the control animals was 69.21±2.05 U/g tissue 

and was significantly raised by 8.66% after rotenone administration. Treatment 

with LA failed to alter LDH activity [Table 16; Figure 33(i)]. The striatal 

caspase-3 activity of the control group, which was assigned as 1 fold, was 

neither altered by the insult nor by treatment with LA [Table 16; Figure 33(ii)]. 

 

Table 16: Effects of -lipoic acid administration on striatal cell death 

biomarkers in rotenone-induced parkinsonism in rats 

Groups 
LDH 

(U/g tissue) 

Caspase-3 

( Fold change ) 

Control (Vehicle) 69.21±2.05 1 

Rotenone 75.79
a
 ±1.16 0.990 ±0.151 

LA 76.78
a
 ±1.90 1.137±0.086 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed and striata were isolated, homogenized in ice-cold saline and used for 

the determination of lactate dehydrogenase (LDH) and caspase-3 activities. Data are 

expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control (One-Way ANOVA 

followed by Tukey-Krumer multiple comparisons test). 
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Figure 33: Effects of -lipoic acid administration on striatal cell death 

biomarkers in rotenone-induced parkinsonism in rats 

LA (25 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every 

other day for a total of six injections) was injected 1 hour after LA administration. Control 

animals received alkaline saline intraperitoneally and DMSO subcutaneously as vehicles. 

After 24 hours from the last rotenone injection, animals were sacrificed by decapitation. 

Brains were removed and striata were isolated, homogenized in ice-cold saline and used for 

the determination of (i) lactate dehydrogenase (LDH) and (ii) caspase-3 activities. Data are 

expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control (One-Way ANOVA 

followed by Tukey-Krumer multiple comparisons test). 
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16. Effects of -lipoic acid administration on the rotenone-

induced histological changes in the rat striatum and midbrain  

Histological examination of midbrain of parkinsonian rats treated with 

LA showed an almost normal tissue appearance [Figure 34(iii)], while there 

were congestion in blood vessels and focal gliosis in striatum [Figure 34(i&ii)].  

 

 

 

 

Figure 34: Photomicrographs for striatal and midbrain sections of -lipoic acid  

-treated rats 

(i) Photomicrograph of striatum of a parkinsonian rat treated with LA (25 mg/kg) showing 

congestion in blood vessels (v), (ii) photomicrograph of striatum of a parkinsonian rat treated 

with LA (25 mg/kg) showing focal gliosis (g) and congestion in blood vessels (v), (iii) 

photomicrograph of midbrain (M) of a parkinsonian rat treated with LA (25 mg/kg) showing 

almost normal structure (H & E X 40 & 64).  

 

(i) H&E X 40 

 

(ii) H&E X 64 

 

(iii) H&E X 40 
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17. Effects of celecoxib administration on behavioral 

parameters in rotenone-induced parkinsonism in rats 

In the open-field, control animals showed normal rearing (9.37±1.54), 

ambulation (30.12±4.9) and grooming (9.50±2.14). Their latency and 

immobility time were 1.30±0.15 and 45.00±11.15 seconds, respectively. In 

addition, the control rats were able to remain on the rotarod for 269.20±13.83 

seconds [Table 17].  

Rotenone significantly decreased rearing, ambulation, grooming and 

falling time by 90.28, 79.71, 85.26 and 92.23%, respectively and increased 

immobility time by 201.22% as compared to the control group [Table 17; 

Figure 35(ii-vi)]. However, there was no significant alteration in latency time 

when compared with that of the control group [Table 17; Figure 35(i)].  

Treatment with COXIB in a dose of 10 mg/kg failed to improve the 

motor performance of rats [Table 17; Figure 35(i-vi)]. However, treatment with 

COXIB in doses of 20 and 40 mg/kg normalized rearing, ambulation and 

immobility time without affecting grooming behavior [Table 17; Figure 35(ii-

v)]. In addition, the later doses increased significantly the falling time of rats 

from the rotating rod by 274.9 and 390.9% as compared to the rotenone group, 

respectively, an effect that was significant from control animals [Table 17; 

Figure 35(vi)]. The effects of the two higher doses in ambulation, immobility 

and falling time were significant from the lower dose of COXIB [Table 17; 

Figure 35(iii, iv&vi)].                                                                                                                                                                                                                                                                                                                      
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Table 17: Effects of celecoxib administration on behavioral parameters in rotenone-induced parkinsonism in rats 

Groups 
Latency  

(sec) 

Rearing  

(No.) 

Ambulation  

(No. of squares) 

Immobility 

time (sec) 

Grooming  

(No.) 

Falling time  

(sec) 

Control (Vehicle) 1.30±0.15 9.37±1.54 30.12±4.9 45.00±11.15 9.50±2.14 269.20±13.83 

Rotenone 2.00±0.52 0.91
a
 ±0.18 6.11

a
 ±0.94 135.55

a
 ±7.78

 
 1.40

a
 ±0.88 20.90

a
 ±4.09 

COXIB (10 mg/kg) 2.83±0.87 1.85
a
 ±0.46 6.66

a
 ±1.35 108.50

a
 ±5.40 2.88±1.38 44.12

a
 ±5.09 

COXIB (20 mg/kg) 1.75±0.36 7.00
b
 ±0.98 23.80

bc
 ±3.74 53.20

bc
 ±6.12 4.43±1.30 78.37

ab
 ±5.07 

COXIB (40 mg/kg) 2.00±0.54 8.00
b
 ±1.48 24.00

b
 ±4.30 45.80

bc
 ±10.44 4.04±1.9 102.6

abc
 ±6.67 

COXIB (10, 20 and 40 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., every other day for a total of 

six injections) was injected 1 hour after COXIB administration. Control animals received 1% (v/v) tween 80 intraperitoneally and 

DMSO subcutaneously as vehicles. After 24 hours from the last rotenone injection, latency, rearing, ambulation, immobility time, 

grooming (open-field) and falling time (rotarod) were recorded. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs 

control, 
b
 p < 0.05 vs rotenone,

 c
 p < 0.05 vs 10 mg/kg COXIB (parametric One-Way ANOVA followed by Tukey-Krumer multiple 

comparisons test for latency, immobility and falling time, as well as nonparametric One-Way ANOVA followed by Dunn’s 

multiple comparisons test for rearing, ambulation and grooming).  
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Figure 35: Effects of celecoxib administration on behavioral activities in 

rotenone-induced parkinsonism in rats 

COXIB (10, 20 and 40 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 

mg/kg, s.c., every other day for a total of six injections) was injected 1 hour after COXIB 

administration. Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO 

subcutaneously as vehicles. After 24 hours from the last rotenone injection, (i) latency (ii) 

rearing (iii) ambulation (iv) immobility time (v) grooming (open-field) and (vi) falling time 

(rotarod) were recorded. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs 

control, 
b
 p < 0.05 vs rotenone, 

c
 p < 0.05 vs 10 mg/kg COXIB (parametric One-Way 

ANOVA followed by Tukey-Krumer multiple comparisons test for latency, immobility and 

falling time, as well as nonparametric One-Way ANOVA followed by Dunn’s multiple 

comparisons test for rearing, ambulation and grooming).  
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18. Effects of celecoxib administration on striatal monoamines 

content in rotenone-induced parkinsonism in rats 

Striatal contents of noradrenaline, dopamine and serotonin in the control 

group were 0.78±0.03, 2.80±0.05 and 0.057±0.005 g/g tissue, respectively 

[Table 18]. Subcutaneous injection of rotenone significantly reduced dopamine 

content by 19.6% and raised serotonin content by 128% as compared to the 

control group. Whereas, striatal noradrenaline content was not altered after 

rotenone injection [Table 18; Figure 36(i-iii)]. 

COXIB administration markedly elevated striatal dopamine content by 

21.07 and 50.66% as compared to the control and rotenone groups, respectively, 

but neither changed noradrenaline nor serotonin contents [Table 18; Figure 

36(i-iii)]. 

Table 18: Effects of celecoxib administration on striatal monoamines content in 

rotenone-induced parkinsonism in rats 

Groups 
Noradrenaline 

(g/g tissue) 

Dopamine 

(g/g tissue) 

Serotonin 

(g/g tissue) 

Control (Vehicle) 0.78±0.03 2.80±0.05 0.057±0.005 

Rotenone 0.90±0.02 2.25
a
 ±0.04 0.130

a
 ±0.001 

COXIB 0.92±0.06 3.39
ab

 ±0.17 0.124
a
 ±0.009 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of noradrenaline, dopamine and 

serotonin. Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 

vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test).  
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Figure 36: Effects of celecoxib administration on striatal monoamines content 

in rotenone-induced parkinsonism in rats 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of (i) noradrenaline, (ii) dopamine 

and (iii) serotonin. Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control, 

b
 

p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons 

test). 
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19. Effects of celecoxib administration on striatal glutamate and 

-aminobutyric acid contents in rotenone-induced 

parkinsonism in rats 

Striatal contents of glutamate and GABA in the control group were 

11.49±0.49 and 3.42±0.24 mol/g tissue, respectively [Table 19]. Rotenone 

administration significantly lowered glutamate content by 16.9% as compared 

to the control group. While, striatal glutamate content was not affected by daily 

COXIB administration [Table 19; Figure 37(i)]. Similarly, striatal GABA 

content was neither altered by the insult nor COXIB treatment [Table 19; 

Figure 37(ii)]. 

Table 19: Effects of celecoxib administration on striatal glutamate and -

aminobutyric acid contents in rotenone-induced parkinsonism in rats 

Groups 
Glutamate 

(mol/g tissue) 

GABA 

(mol/g tissue) 

Control (Vehicle) 11.49±0.49 3.42±0.24 

Rotenone 9.54
a
 ±0.17 3.69±0.19 

COXIB 9.92
a
 ±0.60 3.95±0.49 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of glutamate and -aminobutyric acid 

(GABA). Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs control (One-Way 

ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 37: Effects of celecoxib administration on striatal glutamate and -

aminobutyric acid contents in rotenone-induced parkinsonism in rats 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in 75% (v/v) 

methanol (HPLC grade) and used for the determination of (i) glutamate and (ii) -

aminobutyric acid (GABA). Data are expressed as mean ± S.E.M of 8 animals. 
a
 p < 0.05 vs 

control (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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20. Effects of celecoxib administration on striatal oxidative 

stress biomarkers in rotenone-induced parkinsonism in rats 

Striatal TBARS and GSH contents of the control animals were 

33.66±4.26 nmol/g tissue and 0.42±0.01 mg/g tissue, respectively [Table 20]. 

Rotenone injection resulted in elevation of TBARS and GSH contents by 164.7 

and 69%, respectively, in comparison with the control group, effects that were 

normalized by treatment with COXIB [Table 20; Figure 38(i&ii)].  

Striatal NO content of the control animals was 91.33±7.63 mol/g tissue; 

which remained unchanged after rotenone injection [Table 20]. However, 

COXIB administration raised NO content by 37.97 and 60.42% in comparison 

to the control and rotenone groups, respectively [Table 20; Figure 38(iii)].   

Table 20: Effects of celecoxib administration on striatal oxidative stress 

biomarkers in rotenone-induced parkinsonism in rats 

Groups 
TBARS 

(nmol/g tissue) 

GSH 

(mg/g tissue) 

NO 

(mol/g tissue) 

Control (Vehicle) 33.66±4.26 0.42±0.01 91.33±7.63 

Rotenone 89.10
a
 ±4.72 0.71

a
 ±0.04 78.55±7.19 

COXIB 33.78
b
 ±3.86 0.38

b
 ±0.01 126.01

ab
 ±11.43 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of thiobarbituric acid reactive substances (TBARS), reduced 

glutathione (GSH) and nitric oxide (NO). Data are expressed as mean ± S.E.M of 8-9 

animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-

Krumer multiple comparisons test). 



 

136 

 

  

 

Figure 38: Effects of celecoxib administration on striatal oxidative stress 

biomarkers in rotenone-induced parkinsonism in rats 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of (i) thiobarbituric acid reactive substances (TBARS), (ii) 

reduced glutathione (GSH) and (iii) nitric oxide (NO). Data are expressed as mean ± S.E.M 

of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by 

Tukey-Krumer multiple comparisons test). 
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21. Effects of celecoxib administration on striatal inflammatory 

biomarkers in rotenone-induced parkinsonism in rats 

Striatal MPO activity of control animals was 0.025±0.002 U/g tissue 

[Table 21]. Subcutaneous injection of rotenone markedly raised striatal MPO 

activity by 264% in comparison with the control group. While, treatment with 

COXIB reduced MPO activity by 39.57% with respect to the rotenone group, 

an effect that was significant from control animals [Table 21; Figure 39(i)]. 

Striatal TNF- content of control animals was 254.00±20.29 pg/g tissue; 

which was not altered by the insult. Treatment with COXIB decreased TNF- 

content by 22.1% as compared to the control group [Table 21; Figure 39(ii)]. 

Table 21: Effects of celecoxib administration on striatal inflammatory 

biomarkers in rotenone-induced parkinsonism in rats 

Groups 
MPO 

(U/g tissue) 

TNF- 

(pg/g tissue) 

Control (Vehicle) 0.025±0.002 254.00±20.29 

Rotenone 0.091
a
 ±0.004 230.71±15.92 

COXIB 0.055
ab

 ±0.006 190.62
a
 ±15.18 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of myeloperoxidase activity (MPO) and tumor necrosis factor-

 (TNF-). Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 

0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 39: Effects of celecoxib administration on striatal inflammatory 

biomarkers in rotenone-induced parkinsonism in rats 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed, striata were isolated, homogenized in ice-cold saline and 

used for the determination of (i) myeloperoxidase activity (MPO) and (ii) tumor necrosis 

factor- (TNF-). Data are expressed as mean ± S.E.M of 6-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons 

test). 
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22. Effects of celecoxib administration on striatal cell death 

biomarkers in rotenone-induced parkinsonism in rats 

Striatal LDH activity of the control animals was 67.58±3.09 U/g tissue 

[Table 22]. Rotenone injection raised LDH activity 12.2% in comparison with 

the control group, an effect that was normalized by treatment with COXIB 

[Table 22; Figure 40(i)].  

On the other hand, the striatal caspase-3 activity of the control group, 

which was assigned as 1 fold, was neither altered by the insult nor by treatment 

with COXIB [Table 22; Figure 40(ii)]. 

Table 22: Effects of celecoxib administration on striatal cell death biomarkers 

in rotenone-induced parkinsonism in rats 

Groups 
LDH 

(U/g tissue) 

Caspase-3 

( Fold change ) 

Control (Vehicle) 67.58±3.09 1 

Rotenone 75.79
a
 ±1.16 1.057±0.071 

COXIB 62.19
b
 ±2.75 1.081±0.112 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of lactate dehydrogenase (LDH) and caspase-3 activities. Data 

are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control, 

b
 p < 0.05 vs rotenone 

(One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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Figure 40: Effects of celecoxib administration on striatal cell death biomarkers 

in rotenone-induced parkinsonism in rats 

COXIB (20 mg/kg, i.p.) was daily administered to rats, whereas rotenone (1.5 mg/kg, s.c., 

every other day for a total of six injections) was injected 1 hour after COXIB administration. 

Control animals received 1% (v/v) tween 80 intraperitoneally and DMSO subcutaneously as 

vehicles. After 24 hours from the last rotenone injection, animals were sacrificed by 

decapitation. Brains were removed and striata were isolated, homogenized in ice-cold saline 

and used for the determination of (i) lactate dehydrogenase (LDH) and (ii) caspase-3 

activities. Data are expressed as mean ± S.E.M of 8-9 animals. 
a
 p < 0.05 vs control,

 b
 p < 

0.05 vs rotenone (One-Way ANOVA followed by Tukey-Krumer multiple comparisons test). 
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23. Effects of celecoxib administration on the rotenone-induced 

histological changes in the rat striatum and midbrain 

Histological examination of striatum and midbrain of parkinsonian rats 

treated with COXIB showed an almost normal tissue appearance [Figure 

41(i&ii), respectively).  

 

 

 

 

Figure 41: Photomicrographs for striatal and midbrain sections of celecoxib-

treated rats 

(i) Photomicrograph of striatum (s) of a parkinsonian rat treated with COXIB (20 mg/kg) 

showing almost normal structure, (ii) photomicrograph of midbrain (M) of a parkinsonian rat 

treated with COXIB (20 mg/kg) showing almost normal structure (H & E X 40 & 64). 
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DISCUSSION 
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Rotenone, a pesticide and specific inhibitor of mitochondrial complex I, 

has been used in the development of Parkinson's disease (PD) model in rats. It 

selectively destroys dopaminergic neurons (Ren et al., 2005) and produces 

impaired motor function, characteristic of PD (Sherer et al., 2003b).  

In the present study, striatal dopamine content was found to decrease 

significantly in the rotenone-treated animals suggesting a reduction in the 

dopaminergic outcome. This is in accordance with the results of Abd-El 

Gawad et al. (2004). It has been estimated that striatal dopamine level must 

decrease almost one fifth of its normal level before PD will be manifested 

(Bernheimer et al., 1973).  

In the current study, the decrease in locomotor activity (open-field) and 

muscle coordination (rotarod) following rotenone administration to rats was 

observed which was in line with previous literatures (Alam and Schmidt, 

2002; Alam et al., 2004; Zhou et al., 2007; Nehru et al., 2008). Deterioration 

in the motor performance of rats results from the dopaminergic neuronal 

damage (Lapointe et al., 2004; Reksidler et al., 2007) and is closely correlated 

with levels of dopamine deficit (Alam and Schmidt, 2002). 

In the current work, the loss of dopaminergic motor control and 

development of PD-like behavioral symptoms in rotenone-treated rats were 

further documented as histological changes as well as leakage of lactate 

dehydrogenase (LDH), a necrotic marker of cell death. Though, the current 

study revealed no change in apoptotic effect of rotenone from baseline, several 

reports proved the occurrence of programmed cell death clinically and 

experimentally (Hirsch et al., 1999; Tatton et al., 2003; Moon et al., 2005; 

Radad et al., 2006). 

In PD, the mitochondrial dysfunction results in the reduction in 

adenosine triphosphate (ATP), where cells are unable to maintain normal 
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functions and may ultimately lead to necrosis or other cellular features of 

apoptosis and autophagy that often coexist (Hartley et al., 1994; Lemasters et 

al., 2002). During necrosis, there is a loss of membrane integrity and LDH is 

released into the surrounding media (Chung et al., 2007).  

The present data showed that rotenone significantly increased striatal 

LDH activity which is consistent with previous studies (Hirata and Nagatsu, 

2005; Radad et al., 2006; Chung et al., 2007). Microscopically, rotenone-

treated animals showed neuronal damage manifested by the loss and softening 

of striatal neurons, confirming necrotic events, which is in accordance with the 

results of Ahmed et al. (2009).  

The neurotransmitter dopamine has a long association with normal 

functions such as motor control and cognition functions as well as a number of 

syndromes including schizophrenia and PD (Alex and Pehek, 2007). Dopamine 

is present in high concentrations in the basal ganglia, in which the dopamine 

supply originates in the midbrain dopaminergic nuclei, the substantia nigra (SN) 

and ventral tegmental area. The striatum is the most prominent release site for 

dopamine in the basal ganglia, influencing the overall balance of activity 

(Gerfen et al., 1990).  

In the current study, striatal dopamine content was reduced in the 

striatum of rotenone-treated rats. Rotenone treatment causes complex I 

inhibition uniformly throughout the brain (Betarbet et al., 2000) and cell death 

in the striatum (Betarbet et al., 2000; Greenamyre et al., 2001). It has been 

reported that rotenone affected striatal nerve terminals earlier and more severely 

than nigral cell bodies (Betarbet et al., 2000). Similarly, in brains of dying 

patients with PD, there is a more profound loss of dopamine in striatum 

compared to SN (Hornykiewicz, 1966). 
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Decreased dopamine levels might be attributed to inhibition of both 

tyrosine hydroxylase (Hirata and Nagatsu, 2005) and complex I (Sherer et 

al., 2003b). The former suppresses dopamine biosynthesis (Hirata and 

Nagatsu, 2005), while the latter ultimately results in cellular death via oxidative 

damage and inhibition of cellular energy (Dauer and Przedborski, 2003; Yao 

and Wood, 2009). Moreover, the impairment of ATP production due to 

complex I inhibition disrupts the vesicular uptake of dopamine that protects the 

cells against oxidative stress induced by dopamine, resulting in the metabolism 

of this neurotransmitter in the extracellular milieu (Alam and Schmidt, 2002). 

In addition, rotenone depolymerizes microtubules causing rupture of transport 

vesicles which then leads to extra release of dopamine in or near dopaminergic 

neurons, oxidation of which further damages dopaminergic neurons (Ren et al., 

2005). The consequences of dopamine deficit in striatum are severe 

disturbances of neurotransmitters balance throughout the basal ganglia 

(Schmidt and Kretschmer, 1997) and, in turn, the generation of parkinsonian 

symptoms. 

Noradrenaline has been shown to possess neuroprotective effect that 

could involve the neurotrophic function of the noradrenergic brain innervations 

(Fawcett et al., 1998). It may also have neuroprotective effect through 

inhibition of several aspects of the microglial reaction and thus has the potential 

of an endogenous anti-inflammatory agent in the brain (Heneka et al., 2003). 

Tong et al. (2006) found that regions rich in noradrenaline had smaller 

dopamine losses than those in noradrenaline-poor areas in PD. 

 In the current investigation, striatal noradrenaline was unaltered, which 

is in accordance with the results of Alam and Schmidt (2002). Unaltered 

noradrenaline levels might be explained by the selective toxicity of rotenone on 

dopaminergic cells in vitro (Ellenbroek and Cools, 1990) and in vivo (Alam 
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and Schmidt, 2002). However, there is a degeneration of noradrenergic 

neurons in most cases of PD patients (Hoglinger et al., 2003) which may vary 

considerably in degree (Jellinger, 1999).  

Serotonin is a widely distributed neurotransmitter, innervating virtually 

all regions of the CNS and participates in basic physiological functions such as 

sleep, mood as well as cognitive activities (Fox et al., 2009). Thus, serotonergic 

neurodegeneration may account for the non-motor problems in PD (Kish, 

2003). Furthermore, serotonin may also be involved in the regulation of motor 

processes. Preclinical studies showed that serotonin has an inhibiting effect on 

striatal dopamine release (Jacobs and Fornal, 1993; Di Matteo et al., 2002; 

De Deurwaerdere et al., 2004), although some groups reported an agonistic 

interaction between serotonin and dopamine (Benloucif and Galloway, 1991; 

Benloucif et al., 1993).  

The present study showed an increase in striatal serotonin content in 

rotenone-treated group. This is in accordance with Saravanan et al. (2005) who 

observed that serotonin was elevated at a high dose level of intranigrally 

infused rotenone. Other reports using either acute dose of 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) or long-term paraquat administration 

indicated a rise in serotonin level in both striatum and SN, which may be due to 

a stimulation of the serotonergic system secondary to the dopaminergic neurons 

degeneration (Mitra et al., 1992; Ossowska et al., 2005). Previous authors 

explained their results by increased serotonin synthesis and/or induced 

sprouting of serotonergic axons in MPTP model (Fukuda et al., 1988; Rozas et 

al., 1998). However, Verma and Nehru (2009) reported that serotonin did not 

change after rotenone treatment. Moreover, serotonin level decreased in 

striatum and SN of PD patients (Kish, 2003).  
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Glutamate acts as a principal excitatory neurotransmitter in the 

mammalian CNS as well as a potent neurotoxin (Matute et al., 2002). 

Interactions between the neurotransmitters dopamine and glutamate underlie 

brain functions, including regulation of normal movements (Avshalumov et al., 

2003). 

In the current study, a decrease in striatal glutamate level after rotenone 

treatment was observed, which is consistent with the results of Abd-El Gawad 

et al. (2004). In a subchronic treatment with MPTP, there is a more gradual loss 

of striatal dopamine compared to the acutely-treated animals (Heikkila et al., 

1984) with a subsequent decrease in the basal level of extracellular glutamate 

within the striatum compared to an increase in the acutely-treated group 

(Robinson et al., 2003). The observed decrease in the basal level of striatal 

glutamate following subchronic MPTP treatment could be due to a decrease in 

the release/synthesis or an increase in the uptake of glutamate. The mechanism 

underlying these results could be related to feed back inhibition of glutamate 

release by nerve terminals following an increase in the extracellular striatal 

level of dopamine (Wu et al., 2000), thus resulting in a decrease in the 

extracellular levels of glutamate. In contrast, following acute MPTP treatment, 

the more significant loss of striatal dopamine tissue levels decreased the level of 

the negative feedback on the glutamate nerve terminal, resulting in the increase 

in the extracellular level of glutamate (Robinson et al., 2003).  

On the other hand, there is evidence that the decreased dopaminergic 

innervation of the striatum in PD is associated with glutamatergic overactivity 

(Blandini et al., 1996). Previous reports showed increased striatal glutamate 

content in 6-hydroxydopamine (6-OHDA)-lesioned rats (Yang et al., 2006) and 

increased extracellular glutamate in 6-OHDA, 1-methyl-4-phenyl-2, 3-

dihydropyridinium ion (MPP
+
) and rotenone in vivo models (Yang et al., 2005). 



 

148 

 

-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in 

the mammalian CNS, which accommodates various kinds of brain functions 

with the excitatory neurotransmitter glutamate. Under physiological conditions, 

GABA and glutamate are in a balanced state, which if broken, the organism 

would be damaged by glutamate exitotoxicity (Fu et al., 2009). Hence, 

recovery of the balance between GABA and glutamate is also useful in delaying 

dopaminergic neurodegeneration (Fu et al., 2009).  

The present investigation showed unaltered striatal GABA level along 

with lower glutamate concentration, an effect that is consistent with other 

studies on 6-OHDA-lesioned rats (Espino et al., 1995; Gonzalez et al., 2006). 

Such an effect could be clarified by in vitro experiments (Ellenbroek and 

Cools, 1990; Marey-Semper et al., 1993), where authors observed that 

dopamine uptake is inhibited rather than that of GABA by rotenone. However, 

other reports noted an increase in GABA level in patients with PD (Kish et al., 

1986) as well as in animals observed several months following a 6-OHDA 

lesion (Tanaka et al., 1986) or a decrease in MPP
+
-treated animals (Espino et 

al., 1995). 

The midbrain area that encompasses the SN has the highest density of 

microglia in the brain, thus SN neurons are much more susceptible to activated 

microglia-mediated injury (Kim et al., 2000); supporting the idea that gliosis 

may play an especially meaningful role in PD (Teismann et al., 2003b).  

The current study showed diffuse gliosis, neuronophagia and dispersing 

oedema in the brain of rotenone-treated rats. Experimental models of PD show 

that microglial activation modulates SN dopaminergic neuronal death and 

blockage of the activation is neuroprotective (Gao et al., 2002b; Wu et al., 

2002). Similarly, several reports showed that rotenone-induced 

neurodegeneration was associated with the enhancement of activated microglia 
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in both striatum and SN (Gao et al., 2002a; Sherer et al., 2002; Sherer et al., 

2003a). Clinically, there is an increase in reactive microglia in the striatum and 

SN of patients with idiopathic PD (McGeer et al., 1988b; Beal, 2003), which is 

a well documented consequence of necrosis (McGeer and McGeer, 2004; 

Hirsch et al., 2005). Likewise, necrosis might potentially lead to the gliosis 

observed in MPP
+
-induced PD (Hartley et al., 1994). The ongoing 

inflammatory process is evidenced by microglial activation accompanied by 

functional changes of brain vascular endothelia and inflammatory oedema that 

would undoubtedly affect neuronal function (Orr et al., 2002). From a 

neuropathological standpoint, microglial activation and especially 

neuronophagia is indicative of an active ongoing process of cell death 

(Teismann et al., 2003b), effects that mimic that in the striatum and SN of 

patients with idiopathic PD (McGeer et al., 1988b; Mirza et al., 2002) and 

MPTP-intoxicated individuals (Tsakiris et al., 2004).  

In the present investigation, there was an increase in striatal 

myeloperoxidase enzyme (MPO) activity, which is in agreement with previous 

data reporting an increase in the enzyme activity in brain of patients with 

neurodegenerative diseases (Choi et al., 2005; Yap et al., 2007). In addition, 

Choi et al. (2005) found that the level of MPO expression increases markedly 

in diseased SN from both mice exposed to MPTP and human PD. Hypochlorous 

acid (HOCl), a highly reactive oxidant produced by activated microglia in the 

presence of MPO, is able to initiate modification reactions targeting lipids, 

DNA and proteins (Malle et al., 2007). Thus, neurons located in the damaged 

area might have been subjected to the deleterious effects of HOCl (Choi et al., 

2005).  

Though, several investigators provided evidence for increased levels of 

tumor necrosis factor- (TNF-) via activation of microglia in striatum (Mogi 
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et al., 1994b; Muller et al., 1998) and SN (Hirsch et al., 1998) of PD patients, 

in the current investigation no detectable change was found after exposure to 

rotenone. Similar effect was reported using in vitro mesencephalic cultures 

exposed to rotenone (Gao et al., 2002a). However, Zhou et al. (2007) reported 

that rotenone-induced microglial activation was evidenced by increased TNF- 

production both in vivo and in vitro.  This discrepancy could be attributed to the 

higher dose of rotenone used for a longer period. 

Microglial activation might be one source of free radical production in 

the rotenone model (Uversky, 2004). Oxidative stress is also generated as a 

result of mitochondrial complex I impairment (Sherer et al., 2007) as well as 

the oxidation of dopamine (Hastings et al., 1996; Zoccarato et al., 2005). Free 

radicals are believed to cause cellular injury and further necrosis via various 

mechanisms, including especially peroxidation of cellular membrane lipids 

(Teke et al., 2007).  

In the present work, malondialdehyde (MDA), a cleavage product of lipid 

peroxidation, has been elevated in the striatum of rotenone-treated rats, 

suggesting increased oxidative stress. This result is in agreement with previous 

studies (Abd-El Gawad et al., 2004; Nehru et al., 2008; Verma and Nehru, 

2009). Moreover, increased levels of MDA have been found in the brains of PD 

patients (Dexter et al., 1989a). Elevated MDA level is considered as a marker 

of oxidative stress,  since biological membrane lipids are highly susceptible to 

oxidative degradation by means of various ROS (Nehru et al., 2008), which 

resulted in impaired membrane function, impaired structural integrity and 

inactivation of number of membrane bound enzymes (Verma and Nehru, 

2009).  

In the current study, elevated levels of reduced glutathione (GSH) were 

reported in the striatum of rotenone-treated rats. This is in line with Seyfried et 
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al. (2000) who reported that treatment with low concentrations of rotenone 

increased cellular GSH, whereas higher concentrations induced a time 

dependent loss of GSH (Seyfried et al., 2000). Meanwhile, Perry and Yong 

(1986) observed a significant depletion of cellular GSH in SN of early PD 

patients. GSH represents the major antioxidant and redox modulator in the brain 

(Vali et al., 2007). Han et al. (1996) hypothesized that upregulation of GSH 

occurs as a consequence of oxidative stress, thereby providing protection of 

cells from both the ongoing stress and subsequent more severe stress (Maher, 

2005).  

In the present study, striatal nitric oxide (NO) level was not altered by the 

administration of rotenone, an effect that goes in line with that of Cutillas et al. 

(1998). Moreover, a previous report using in vitro mesencephalic cultures 

indicated that although rotenone-induced activated microglia produced several 

cytotoxic substances; a significant accumulation of NO was not observed and 

the inhibition of NO production did not afford neuroprotection (Gao et al., 

2002a). On the contrary, involvement of NO and glial activation have been 

reported in rotenone-induced nigrostriatal injury in rats (He et al., 2003). In 

addition, Bashkatova et al. (2004) showed that chronic administration of 

rotenone is capable of increasing NO in rat striatum. Such discrepancy in the 

present result could be attributed to the difference in the duration of rotenone 

administration.  

The potential for multifunctional drugs for the treatment of complex 

neurodegenerative diseases has already been partially realized (Youdim and 

Buccafusco, 2005). Pyrrolidine dithiocarbamate (PDTC) is a multifunctional 

compound as it is often used as an inhibitor of the nuclear factor kappa B (NF-

κB) and as an antioxidant beside other actions (Schreck et al., 1992; Liu et al., 

1999a; Lanke et al., 2007).  
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Treatment with PDTC was effective in preventing the damage induced by 

rotenone. Its effect was characterized by the reversal of rotenone-induced tissue 

damages seen histologically and confirmed by behavioral and biochemical 

experiments. Rats treated with PDTC showed intact neurons in striatum and 

midbrain. This is in agreement with previous studies reporting the protective 

effect of PDTC against tissue damages in adriamycin-induced tubular injury 

(Rangan et al., 1999), paraquat-induced lung injury (Chang et al., 2009), 

thioacetamide-induced liver damage (Bruck et al., 2004) and ischemia-induced 

brain damage (Nurmi et al., 2004).  

Though PDTC preserved neurons in the present study, it showed a non 

significant reduction in LDH activity, a marker of necrosis. However, Nurmi et 

al. (2004) reported a reduction in LDH release in ischemic brains after 

treatment with PDTC. 

In the current investigation, PDTC markedly increased striatal dopamine 

content, which may account for the observed behavioral improvement. 

Similarly, disulfiram, a dithiocarbamate used in management of alcoholism, 

increased brain dopamine concentration by the inhibition of dopamine-β-

hydroxylase, a dopamine catabolising enzyme (Cvek and Dvorak, 2007). In 

addition, PDTC reduced glutamate below normal levels, which may result from 

PDTC-induced increase in the glial glutamate transporter GLT-1 (Malm et al., 

2007). However, PDTC failed to reduce the elevated serotonin level induced by 

rotenone. 

In the current invistegation, PDTC alleviated the rotenone-induced 

oxidative alterations as indicated by a significant reduction of striatal 

thiobarbituric acid reactive substances (TBARS) and GSH contents. Similarly, 

it was reported that PDTC significantly decreased TBARS levels in paraquat-
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treated rats (Chang et al., 2009) and thioacetamide-induced hepatic cirrhosis 

(Bruck et al., 2004).  

The mechanism of PDTC’s antioxidant effect could be explained in part 

by activating gene expression of endogenous antioxidants such as superoxide 

dismutase (Borrello and Demple, 1997) and a reduction in the accumulation of 

MDA (Nathens et al., 1997; Chang et al., 2009). Moreover, PDTC is a potent 

direct scavenger of HOCL, a strong oxidant released from activated phagocytic 

MPO (Weiss and LoBuglio, 1982); via its dithiocarboxy functional group (Zhu 

et al., 2002). Besides, PDTC has a heavy metal chelating activity (Bruck et al., 

2004), thus transtion metals involved in Haber-Weiss and Fentons reactions 

could be captured; ultimately reducing hydroxyl radical production (Halliwell 

and Gutteridge, 1990).  

In the present study, PDTC reduced TNF- content below normal values 

and partially reduced rotenone-induced elevation in MPO activity, a marker of 

tissue damage involving inflammatory cells (Penn, 2008). These results are in 

line with previous literatures showing that PDTC lowered the elevated serum 

MPO activity induced in acute paraquat-poisoned rats (Huang et al., 2009), 

lipopolysaccharide (LPS)-induced MPO activity in multiple organs (Liu et al., 

1999b) and TNF- plasma level in LPS-treated mice (Nemeth et al., 1998; 

Lauzurica et al., 1999). The effect of PDTC on TNF- and MPO levels could 

be attributed to its potent inhibitory effect on NF-κB activation and interference 

with the generation of proinflammatory cytokines (Liu et al., 1999b). 

Moreover, it was previously demonstrated that PDTC could reduce the 

morphological activation of microglial cells (Nurmi et al., 2004; Roy et al., 

2008), which may account for the reduced MPO activity. It also reduces gliosis 

in aged Alzheimer mouse model (Lim et al., 2005). 
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Since, PD as well as the rotenone model of PD are produced in part via 

oxidative stress that is linked to motor defects, the use of antioxidants could be 

beneficial (Sherer et al., 2007). α-Lipoic acid (LA), a natural antioxidant, has 

been shown to be potentially effective in both prevention and treatment of 

numerous types of neurological disorders such as diabetic neuropathy as well as 

MPTP and 6-OHAD models of PD in which free radical processes are involved 

(Packer et al., 1995; Packer et al., 1997; Karunakaran et al., 2007). 

α-Lipoic acid limited the cell loss observed in striatal tissues, however, 

there were congestions in blood vessels and focal gliosis. In addition, LA 

protected midbrain neurons. This is consistent with the results of Karunakaran 

et al. (2007), who found that LA attenuated MPTP-induced loss of 

dopaminergic neurons in SN and abolished MPTP-mediated inhibition of 

complex I activity in mice. On the other hand, LA failed to ameliorate the 

elevated striatal LDH level, though Lovell et al. (2003) showed that LA 

reduced LDH level in primary rat hippocampal and cortical cultures. 

The protection of striatal neurons was also evidenced in the present study 

by elevation of striatal dopamine content induced by LA. Similarly, 

pretreatment of animals with LA partially prevented the neurotoxic effect of 6-

OHDA treatment as shown by partial protection of dopamine (Packer et al., 

1997). Moreover, LA-treated aged rats showed an increase in the status of 

dopamine (Arivazhagan and Panneerselvam, 2002), an effect that was 

mediated by maintenance of redox status and consequently preventing 

dopamine from auto-oxidation.  

Results of the present study showed that LA administration attenuated 

various motor impairments observed following rotenone exposure. This is in 

accordance with Santos et al. (2010) who observed that acute LA 

administration increased dopamine level in rat hippocampus and increased the 
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locomotor activity in the open-field.  LA through its antioxidant action clears 

free radicals formed by auto-oxidation of dopamine (Arivazhagan and 

Panneerselvam, 2002). Studies also demonstrate that LA protects cultured 

neurons against hypoxic, glutamate or iron-induced injury (Muller and 

Krieglstein, 1995).  In addition to its antioxidant properties, LA has been 

reported to induce sprouting of neurites in culture cells through enhancing nerve 

growth factor synthesis and secretion (Dimpfel et al., 1990), increase glucose 

uptake into brain cells (Packer et al., 1997) and chelate transition metals (Ou et 

al., 1995). Enhanced glucose uptake by cells provides fuel for both the PPP and 

oxidative phosphorylation, enhancing cellular levels of NADPH and NADH, 

respectively. These, in turn, affect the redox status of GSH in favor of reducing 

direction (Packer et al., 1997). Thus, LA may help the cell to maintain a state 

of redox balance following oxidative challenges; potentially slowing 

development of neurodegenerative diseases such as PD (Packer et al., 1997).  

In the present investigation, LA failed to reduce the elevated serotonin 

level in striatum. Meanwhile, Arivazhagan and Panneerselvam (2002) 

reported that acute LA administration increased serotonin level in several brain 

areas of aged rats and (Santos et al., 2010) indicated a decrease in serotonin 

level in rat hippocampus. 

In the current study, LA normalized glutamate content; such an effect 

may result from LA-mediated facilitation of glutamate release (Wang and 

Chen, 2007). In rat cerebrocortical nerve terminals, it was observed that LA 

facilitated a depolarization induced release of glutamate through the up-

regulation of voltage-dependent calcium (Ca
2+

) influx as well as release 

machinery (Wang and Chen, 2007).  

The failure of LA to attenuate focal gliosis, perivascular oedema and 

MPO level in the current investigation is in agreement with Suntres (2003) 
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who reported that LA failed to reduce MPO activity in LPS-induced liver 

injuries in rats. However, several studies showed that LA has anti-inflammatory 

actions via reducing activation and infiltration of neutrophils and MPO activity 

in traumatic brain injury and subarachnoid hemorrhage in rats (Toklu et al., 

2009; Ersahin et al., 2010) and via in vitro scavenging of the MPO-derived 

oxidants (Myzak and Carr, 2002). 

In the present study, LA ameliorated the oxidative stress induced by 

rotenone via normalization of striatal TBARS content and retaining elevated 

GSH level. Several previous studies showed normalization of lipid peroxidation 

in rat striatum after LA administration in pilocrpine-induced seizures (Militao 

et al., 2010) and brains of aged and traumatic-injured rats (Arivazhagan et al., 

2001; Toklu et al., 2009). 

α-Lipoic acid derives its neuroprotective capability from its ability to 

scavenge ROS, chelate metal ions, recycle endogenous antioxidants (Lynch, 

2001) and bind to reactive aldehydes, such as 4-hydroxynonenal formed by 

lipid peroxidation (Korotchkina et al., 2001). There are a number of sites in 

the chain of reactions of oxidative stress where LA and its reduced form 

dihydrolipoic acid (DHLA) can be effective, especially in the scavenging of 

superoxide and hydroxyl radicals. These scavenging activities could interrupt 

the chain of degenerative reactions at key points (Packer et al., 1997). LA can 

also chelate several divalent cations to inhibit Fentons reactions with the 

resultant hydroxyl radical production (Kagan et al., 1992). Furthermore, LA 

can recycle endogenous antioxidants, e.g. GSH (Kagan et al., 1992) and 

vitamin C and E (Sen et al., 1997), which protect the brain from oxidative stress 

(Butterfield et al., 2001). Besides, LA preserved GSH levels by its direct 

antioxidant properties (Bharat et al., 2002) and increased de novo synthesis of 

GSH by improving cystine utilization (Han et al., 1997) and γ-glutamylcysteine 
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synthetase gene expression (Bharat et al., 2002; Suh et al., 2004). Finally, LA 

can also reverse partial brain mitochondrial decay by stimulating mitochondrial 

enzymes activity and also protect them from further oxidation (Liu, 2008).  

Several lines of evidence point to a significant role of cyclooxygenase-2 

(COX-2) in neuronal death in PD and other neurodegenerative disorders 

(Kelley et al., 1999; Iadecola et al., 2001; Ciceri et al., 2002). This has led to 

the development of COX-2 inhibitors as preventive and therapeutic drugs for 

neurodegenerative diseases (Teismann et al., 2003a). The protective effect of 

celecoxib (COXIB), a selective inhibitor of COX-2 against dopaminergic cell 

loss in a rat model of PD was examined. 

In the present investigation, COXIB prevented the rotenone-induced 

striatal dopaminergic cell loss and retained an almost normal tissue appearance 

for striatum and midbrain. This is in line with a previous study reporting that 

COX-2 inhibition by COXIB decreased microglial activation and was 

associated with a complete protection of damaged dopaminergic neurons in the 

6-OHDA lesion model of PD (Sanchez-Pernaute et al., 2004). Furthermore, 

the decrease in LDH level in COXIB-treated rats reflected the reduction of 

neuronal death. It was stated that the level of LDH release reflects the degree of 

morphological neuronal death (Noraberg et al., 1999). 

The neuroprotective effect was further evidenced in the present study by 

the increase in striatal dopamine level which is in agreement with the observed 

dopamine elevation induced by COXIB and meloxicam in 6-OHDA and 

MPTP-lesioned animals, respectively (Teismann and Ferger, 2001; Sanchez-

Pernaute et al., 2004). This effect can stem directly from neuronal inhibition of 

COX-2, which is one of several enzymes capable of oxidizing dopamine to the 

highly toxic dopamine quinone (Hastings, 1995). Similarly, a previous study 

reported that the neuroprotective effect of COX-2 inhibition against MPTP 
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model in vivo was not due to decreased microglial activation but was more 

likely related to the blockade of COX-2-mediated dopamine oxidation 

(Teismann et al., 2003a).  

In the present work, the behavioral activities of COXIB-treated rats were 

significantly improved mainly due to the increase in striatal dopamine level. 

Similarly, Vijitruth et al. (2006) showed improved behavioral function of 

valdecoxib-treated mice, another COX-2 inhibitor. 

COX-2 activation may also be a source of oxidative stress and may 

generate ROS such as hydroxyl radicals and form peroxy radicals due to 

peroxidase activity (Shukla et al., 2008). In the current investigation, COXIB 

normalized the rotenone-induced changes in TBARS and GSH levels. Likewise, 

COXIB protected rat brain from oxidative stress induced by intraperitoneal 

injection of LPS (Shukla et al., 2008). Moreover, Ajith et al. (2005) reported 

in vitro antioxidant activities of COXIB via an ability to inhibit lipid 

peroxidation. The inhibition of lipid peroxidation by COXIB may be due to 

direct scavenging of the hydroxyl radical or by donating reducing equivalents to 

the hydroxyl radical (Ajith et al., 2005). Though in another study, Bastos-

Pereira et al. (2009) showed that COXIB did not possess antioxidant activity 

per se suggesting that it may regulate the activity of primary antioxidant 

enzymes, such as superoxide dismutase and catalase. Moreover, attenuation of 

microglial activation and COX-2 inhibition contribute to the antioxidant effect 

of COXIB (Uversky, 2004). 

Celecoxib treatment elevated NO content; such an effect was not 

observed after rotenone treatment. This is in line with Widlansky et al. (2003) 

who reported that COXIB increased the bioavailability of endothelium-derived 

NO in hypertensive patients via reducing ROS generated by COX-activation. 

ROS reduce the biologic activity of endothelium-derived NO directly and 
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indirectly by contributing to lipid peroxidation, products of which might also 

decrease NO synthesis and bioavailability (Keaney and Vita, 1995; Sherman 

et al., 2000). It has been suggested that endothelial-derived NO has anti-

inflammatory effect in basal physiological conditions as it regulates the 

interaction between the endothelium and inflammatory cells (Cirino et al., 

2003). In addition, NO suppressed COX-2 gene transcription (Habib et al., 

1997) as well as PGE2 synthesis (Patel et al., 1999) in LPS-treated 

macrophages. Moreover enhanced NO levels might favor neurotransmission 

(Tsang and Chung, 2009); as it can enhance the basal release of several 

neurotransmitters including dopamine and glutamate (Lonart et al., 1992). 

In the present investigation, COXIB failed to raise the glutamate level to 

normal values. It is also reported that COXIB reduced glutamate transmission 

in parkinsonian rats (Fathi-Moghaddam et al., 2008), where prostaglandins 

rapidly stimulate Ca
2+

-dependent glutamate release from astrocytes; while 

pharmacological inhibition of prostaglandin synthesis prevents glutamate 

release (Bezzi et al., 1998). In addition, COXIB failed to reduce the elevated 

serotonin level. However, treatment with rofecoxib was associated with an 

increase of serotonin in the rat brain (Sandrini et al., 2002). 

Co-propagation of COX-2 expression and microglial activation may 

cause secondary damage to neurons and the surrounding cellular environment; 

therefore, pharmacological intervention to stop the positive feedback loop 

between COX-2 and microglial activation may prevent secondary injury 

induced by an excessive inflammatory response and oxidative stress (Vijitruth 

et al., 2006).  

In the present study, COXIB administration decreased the tissue damage 

by inhibiting the inflammatory pathways and by reducing the striatal MPO 

activity. Similarly, previous reports showed that COXIB reduced brain MPO 
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activity in both LPS-treated rats as well as rats with intracerebral hemorrhage 

(Chu et al., 2004; Shukla et al., 2008). Moreover, COXIB treatment attenuated 

microglial activation in striatum and SN of 6-OHDA-lesioned rats (Sanchez-

Pernaute et al., 2004). The neuroprotective effect of COXIB is principally the 

consequence of both direct COX-2 inhibition and indirect attenuation of 

microglia activation (Vijitruth et al., 2006) and the resultant microglial release 

of cytotoxic proinflammatory and oxidative factors (Hartmann et al., 2003).  

In conclusion, PDTC and COXIB through their anti-inflammatory and 

antioxidant activities could be regarded as effective adjunctive therapies in 

combating PD. Since PDTC is relatively well tolerated in humans and has 

several potentially beneficial effects on neurodegeneration processes (Malle et 

al., 2007), it encourages clinical trials to evaluate the therapeutic capability of 

this drug in PD. The lesser efficacy observed by LA to ameliorate the rotenone-

induced parkinsonism might be due to its lack of anti-inflammatory effect, 

where oxidative stress is not the only underlying cause of PD.  
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The current study investigated the neuroprotective potential of daily 

administration of pyrrolidine dithiocarbamate (PDTC), -lipoic acid (LA) or 

celecoxib (COXIB) on rotenone-induced parkinsonism in rats.  

Two main sets of experiments were performed; the first set comprised 

preliminary experiments to choose a suitable dose and route of rotenone 

administration to induce parkinsonism in rats as well as to determine suitable 

doses of PDTC, LA and COXIB to be used in the second part of the 

experiments.  

Based on behavioral results, mortality and dopamine assay, subcutaneous 

injection of 1.5 mg/kg rotenone dissolved in dimethyl sulfoxide (0.4 ml/kg body 

weight) was used to induce parkinsonism in the rest of this study. In addition, 

the selected doses 50, 25 and 20 mg/kg for PDTC, LA and COXIB, 

respectively, were used. 

The second set of experiments was conducted to evaluate the possible 

protective potential of PDTC, LA and COXIB aganist rotenone-induced 

parkinsonism in rats. Contents of monoamines, glutamate and -aminobutyric 

acid (GABA), besides, the oxidative stress biomarkers, namely thiobarbituric 

acid reactive substances (TBARS), reduced glutathione (GSH) and nitric oxide 

(NO) and the inflammatory biomarkers, namely tumor necrosis factor- (TNF-

) and myeloperoxidase (MPO) activity as well as activities of the cell death 

biomarkers lactate dehydrogenase (LDH) and caspase-3 were estimated in 

striatal tissues. In addition, histological examination of brain was conducted. 

 

 

 

 

 



 

162 

 

 

 

 

 

SUMMARY  

&  

CONCLUSIONS 

 

 

 
 

 

 



 

163 

 

The findings of the present study can be summarized as follows: 

I- Behavioral, neurochemical and histological effects of rotenone-induced 

parkinsonism 

1- Apart from the high mortality observed, survivng animals exhibited 

reduced locomotor activity and motor coordination after rotenone 

administration. 

2- Rotenone administration caused a decrease in striatal dopamine content 

as well as an increase in serotonin content without affecting 

noradrenaline content. 

3- Striatal Glutamate content was reduced after rotenone injection, however, 

GABA content remained unchanged. 

4- Subcutaneous rotenone injection raised striatal TBARS and GSH 

contents, but did not alter NO content. 

5- Although striatal MPO activity was elevated after rotenone injection, 

TNF- content was not altered.  

6- Rotenone increased striatal LDH activity without affecting caspase-3 

activity. 

7- Histological examination of rotenone-treated animals showed congestion 

in the blood vessels, dispersing oedema, cellular hypoplasia and 

encephalomalacia in the striatum, besides, congestion with perivascular 

oedema in the blood vessels, diffuse gliosis and neuronophagia in 

midbrain.  

 

II- Effect of of PDTC treatment on rotenone-induced parkinsonism in rats 

1- Daily treatment with PDTC (50 mg/kg) resulted in the improvement of 

motor performance of rats with a prominent increase in striatal dopamine 

content. However, PDTC further reduced glutamate content without 
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affecting the elevated serotonin content. 

2- PDTC ameliorated the oxidative stress and inflammatory reactions by 

reducing striatal TBARS and GSH contents and MPO activity. Also, a 

decline in TNF- content below normal values was shown. Furthermore, 

histological examination showed an almost normal tissue appearance for 

striatum and midbrain after treatment with PDTC. There was a detectable 

decrease in LDH activity, eventhough, the reduction was not significant. 

 

III-  Effect of of LA treatment on rotenone-induced parkinsonism in rats 

1- Daily treatment with LA (25 mg/kg) caused an improvement in the motor 

performance of rats with a prominent increase in striatal dopamine 

content. In addition, LA normalized glutamate content, but failed to 

reduce the elevated serotonin content. 

2- LA reduced the oxidative stress induced by rotenone via normalization of 

striatal TBARS content and retaining elevated GSH content; conversely, 

it neither reduced the inflammatory nor cell death biomarkers. Moreover, 

LA-induced attenuation of striatal cell loss was associated with 

congestion in blood vessels and focal gliosis, besides, normal midbrain 

cells were observed. 

 

IV- Effect of of COXIB treatment on rotenone-induced parkinsonism in 

rats 

1- Daily treatment with COXIB (20 mg/kg) improved the behavioral 

activites of rats and elevated striatal dopamine content. On the contrary, 

COXIB failed to normalize the reduced glutamate and the elevated 

serotonin contents. 

2- COXIB normalized the rotenone induced changes in TBARS and GSH 
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contents, besides; it elevated unpredictably NO content as well as 

decreased the inflammatory biomarkers. Additionally, COXIB retained 

an almost normal tissue appearance for striatum and midbrain reflected 

by a decline in LDH release. 

 

Based on the results of the current study, it could be concluded that: 

1- Rotenone induces parkinsonian symptoms due to a reduction in striatal 

dopamine content. Dopaminergic neurodegeneration might be mediated, 

at least in part, by oxidative stress and inflammatory reactions, which 

ended with necrotic cell death.  

2- Daily treatment with PDTC and COXIB ameliorated the motor deficits, 

oxidative stress, inflammatory reactions and histological changes induced 

by rotenone in rats.  

3- PDTC and COXIB through their anti-inflammatoty and antioxidant 

activities could be regarded as effective adjunctive therapies in 

combating PD. 

4- LA protected the animals against rotenone-induced motor dysfunction, 

oxidative stress and to a lesser extent the histological changes. However, 

the lesser efficacy observed by LA to ameliorate the rotenone-induced 

parkinsonism might be due to its lack of anti-inflammatory effect, where 

oxidative stress is not the only underlying cause of PD.  

 

Early intervention with PDTC and COXIB in the treatment of PD may be 

a promising strategy to modulate the later complications of the disorder owing 

to their observed neuroprotective effects in a rotenone model of PD. Further 

investigations and clinical studies are recommended to establish the 

effectiveness of PDTC as adjunctive therapy in patients at risk of PD. 
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