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PREFACE 

Parkinson’s disease (PD) is a slow and progressive neurological disorder 

characterized by the selective loss of dopaminergic neurons in the substantia nigra 

and subsequent reduction in the dopamine level and motor activities. Aging, genetic 

factor and environmental exposure to pesticides and metals are the major 

contributors of PD. Cypermethrin, a pyrethroid pesticide induces PD like symptoms 

in experimental animals. However, the mechanism of cypermethrin induced PD is 

yet not fully known. The postnatal animals are more susceptible for pyrethroid 

induced toxicity as compared with the adults because pesticides hamper the brain 

development leading to some subtle alterations that could enhance the susceptibility 

upon re-exposure. While, cypermethrin induces oxidative stress, mitochondrial 

dysfunction, and dopaminergic neuronal cell death, cypermethrin mediated 

neuroinflammation and terminal loss of dopaminergic neurons are not investigated. 

Present study entitled “Effect of ibuprofen on cypermethrin-induced alterations in the 

mitochondrial function, dendritic arborization and spine density associated with 

Parkinsonism” was investigated to assess the effect of ibuprofen, an anti-

inflammatory drug against cypermethrin induced alterations on the synapses and 

dendrites under the influence of neuroinflammation. The effect of ibuprofen, a non-

steroidal anti-inflammatory agent was monitored by performing the biochemical and 

histopathological parameters in the nigrostriatal tissue of the brain of cypermethrin 

exposed rats along with control. 

Cypermethrin treatment resulted in the significant decrease in the number of 

neuronal nuclei-tyrosine hydroxylase (NeuN/TH) positive cells and increased the 

number of activated microglia in the substantia nigra. Moreover, striatal dopamine 
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and nigral tyrosine hydroxylase (TH-immunoreactivity) were reduced after 

cypermethrin exposure. Cypermethrin also degenerated dopaminergic synapse and 

reduced the number of striatal dendrites and dendritic spines. Furthermore, 

cypermethrin reduced complex I activity and expression of apoptotic, inflammatory 

and synaptic proteins.    

On the other hand, ibuprofen rescued from the deleterious effects of cypermethrin 

since it was found to increase the number of NeuN/TH positive cells and decrease 

the number of activated microglia. Ibuprofen also increases the striatal dopamine and 

TH-immunoreactivity in cypermethrin exposed animals. Ibuprofen also protects from 

the cypermethrin induced reduction in the number of dendrites and dendritic spines 

of the medium spiny neurons. The altered expression of apoptotic, inflammatory and 

synaptic proteins was shifted towards normalcy when animals were treated with 

ibuprofen.  

The thesis is divided into five chapters. Chapter I describes the review of the 

literature, containing the detailed information about the etiology, pathological 

features, dopamine metabolism, animal models, diagnosis and treatment of PD. This 

chapter also discusses about mitochondrial dysfunction, inflammation, oxidative 

stress, ion channels and microglial activation in PD. Chapter II deals with the aims 

and objectives of the study. Chapter III describes the effect of ibuprofen on the 

basic Parkinsonian features, such as NeuN/TH-immunoreactivity, dopamine level, 

microgliosis and mitochondrial dysfunction of the cypermethrin-induced rats. 

Chapter IV highlights alterations in the morphology and number of the striatal 

dendrites and dendritic spines of the cypermethrin after exposure and rescuing 

potential of ibuprofen. Ibuprofen mediated alleviation in the cypermethrin induced 
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changes in the apoptotic, inflammatory and synaptic proteins are described in 

chapter V. Moreover, it also deals with the protective efficacy of ibuprofen as those 

variables in cypermethrin treated rats. Overall the results of the study are 

summarized in a separate section.  

Ibuprofen mediated protection against cypermethrin induced neurotoxicity is 

described in Chapter III to Chapter V and published. 

1.  Ibuprofen Protects from Cypermethrin-Induced Changes in the Striatal 

Dendritic Length   and Spine Density. Pratibha Tripathi, Ashish Singh, 

Lakshmi Bala, DK Patel, MP Singh (2018). Mol Neurobiol. 55(3):2333-

2339.    
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CHAPTER 1 

Review of Literature 

1.1. Parkinson’s disease (PD) 

PD is a slow progressive neurological disorder of unclear pathogenesis affecting 

mainly the elderly. The motor symptoms of PD results from the selective loss of 

dopaminergic neurons in the substantia nigra and loss of their axon terminals 

projected in the striatum (Abeliovich and Gitler, 2016). The complex etiology of the 

disease is mainly caused due to the genetic factors, environmental exposure or both 

in combinational form (Terzioglu et al., 2008). The key symptoms of the PD are the 

resting tremor, bradykinesia, postural instability and rigidity. PD was first described 

by a British physician, James Parkinson, in his article “An Essay on the Shaking 

Palsy” as “paralysis agitans” in 1817 (Parkinson, 2002). French neurologist Jean-

Martin Charcot coined the name “Parkinson’s disease” in 1867 (Goetz, 1986; Lees, 

2007). Many other non-motor symptoms have been recognized like sleep 

disturbance, cognitive impairment, depression and olfactory dysfunctions are also 

common disabling manifestations of the disease. More than 1% population affected 

due to the PD over the age of 60 years. In children and adults, the genetic form of PD 

is reported. The clinical symptoms appear upon 60-70% degeneration of 

dopaminergic neurons that results in the dopamine depletion in the nigrostriatal 

system (Lang and Lozano et al., 1998).  
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1.2. Symptomatic features 

Among two main features of PD, clinical symptoms are categorized into the motor 

and non-motor symptom. Clinical symptoms are further divided into the cardinal and 

secondary features depending upon their time of appearance. Resting tremor, 

bradykinesia, muscular rigidity and postural instability are the cardinal features 

(Jankovic, 2008; Ur Rasheed et al., 2015). Dysarthria, micrographia, dysphagia, 

hypomimia, dystonia, shuffling gait, sialorrhoea, festination, sleep disorders, 

glabellar and cognitive neurobehavioral/sensory abnormalities are the secondary 

features of PD patients (Jankovic, 2008). Another one is the anatomical and 

pathological symptom in which the damaged neurons show biochemical and 

structural alteration. In the surviving dopaminergic neurons accumulation of 

cytoplasmic inclusion occurs known as Lewy bodies and these are the cytological 

characterization of PD (Forno, 1996). Lewy bodies are made up of insoluble fibrous 

proteins such as α-synuclein and ubiquitin (Olanow and Tatton, 1999; Fahn and 

Sulzer, 2004; Yadav et al., 2012a).  
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Figure 1.1: Typical appearance of a PD patient (Source: 

https://twitchywoman.com/2016/10/24/breast-cancer-vs-parkinsons) 

1.3. PD incidences 

PD is an age related disease and occurs after the age of 60 years. However, early 

onset of disease has also been reported and occurs at the age of 40 years (Van Den 

Eeden et al., 2003). Males are more susceptible to PD as compared to females. The 

major reason for such inconsistency may be due to the hormonal inequality or low 

level of estrogen in males (Van Den Eeden et al., 2003). Another reason for the 

prevalence of disease in males may be the presence of PD susceptibility genes that 

are located on the X chromosome. However further study is still needed to prove the 

hypothesis (Wooten et al., 2004).       
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1.4. Pathophysiology of PD 

The movement and body posture are mainly regulated by the basal ganglia and the 

mid brain region of the brain (Takakusaki and Okumura, 2008; Fitzgerald, 1996). 

The major parts of the basal ganglia circuit that maintain the motor coordination is 

the caudate and putamen, external and internal segment of the globus pallidus, 

subthalamic nucleus and substantia nigra (Lang and Lozano, 1998). The direct and 

indirect pathways are regulated by the dopamine for the motor function (Nishi et al., 

2011). In the normal condition, the ratio of acetylcholine and dopamine remains to be 

fixed however in case of PD the level of dopamine gets reduced (Calabresi et al., 

2006). Due to the dopamine depletion, the indirect pathway gets hyper-activated 

while the direct pathway remains hypo-activated. Reduced motor activity, muscular 

rigidity, resting tremor develops due to the depletion of dopamine (Lang and 

Lozano, 1998; Nicholson et al., 2002). The characteristic feature of PD is the death 

of dopaminergic neurons and Lewy body formation in the adjacent neurons (Dauer 

and Przedborski, 2003; Dickson, 2007). Excess of free radical generation and 

depleted cellular antioxidant defense machinery induces the oxidative stress (Bains 

and Shaw, 1997). PD pathogenesis could also be indicated by the microglial 

activation (Gerhard et al., 2004; Ouchi et al., 2005). Depleted dopamine level in 

the striatum and reduced TH-immunoreactivity is also responsible for the 

pathogenesis of PD (Duan et al., 2005). In experimental models, it has been reported 

that the reduced level of anti-apoptotic genes and increased expression of apoptosis 

and necrotic factors are responsible for the nigrostriatal dopaminergic 

neurodegeneration (Nagatsu and Sawada, 2007). 
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Figure 1.2: Diagrammatic representation of pathophysiological characteristics 

of PD 

(Source:http://www.medindia.net/patients/patientinfo/parkinsonsdisease.htm) 
 

1.4.1. Loss of striatal dopaminergic terminals  

It is a big unanswered question in recent years that from where PD begins and what 

are the preliminary events. The answer of this question is of course critical. Many 

years back Hornykiewicz discovered that dopamine depletion takes place in PD 

(Burke et al., 2013). He proposed the dying-back degeneration in case of PD as the 

striatal terminals are comparatively enriched with dopamine transporters than the 

nigral cell bodies (Hornykiewicz, 1998; Burke et al., 2013). Earlier studies have 

revealed that the loss of dopaminergic neurons in the substantia nigra leads to the 

loss of dopaminergic terminals in the striatum and gives the early signs of PD 

pathology (Burke et al., 2013). The data from earlier studies have revealed that 

depending upon the duration of disease onset, more pronounced deterioration of 

dopaminergic markers takes place in the striatum (Burke et al., 2013). 
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(Figure 1.3: Diagrammatic representation of synapse) 

(Source:https://commons.wikimedia.org/wiki/File:SynapseSchematic_en.svg) 
 

1.4.2. Why dopamine axons are so vulnerable? 

There have been many studies that dopaminergic neuronal loss occurs in the 

substantia nigra and terminal loss occurs in the striatum during the PD progression. 

Dopamine is more sensitive to oxidize in the cytoplasmic environment. These 

processes lead to the generation of free radicals and interfere with many cellular 

processes such as bioenergetics, microtubule stability, trafficking of organelles and 

autophagy. Two independent groups have reported in their data that the mitochondria 

of dopaminergic neurons are only 40% in size than the mitochondria present in the 

non-dopaminergic neurons. In addition the mitochondria present in the dopaminergic 

axons are three times slower than the axons of non-dopaminergic (Kim-Han et al., 

2011; Liang et al., 2007). Due to the comparatively more extensive terminal fields 

of dopaminergic neurons it is more difficult to getting mitochondria where they are 

required at the time upon getting challenged. Therefore, any of these process, 

microtubule disassembly, mitochondrial dysfunction, autophagy induction and 
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reactive oxygen species (ROS) production can cause the axonal trafficking problems, 

dysfunction and ultimately death of neurons (Matsuda et al. 2009; Burke et al., 

2013). 

1.4.3. Dopamine metabolism  

Dopaminergic neurons are present in various regions of brain, like substantia nigra, 

ventral tegmental area, hypothalamus, infundibular nucleus and zona incerta 

(Dahlström and Fuxe, 1964). The central nervous system of mammals is abundantly 

supplied with dopamine through the nigrostriatal pathway. In the nigrostriatal 

pathway the dopamine is synthesized by the dopaminergic neurons in the substantia 

nigra and supplied to striatum through their terminals (Fahn and Sulzer, 2004). The 

nigrostriatal dopaminergic pathway gets affected during the PD. Tyrosine is a semi 

essential amino acid that is responsible for the synthesis of dopamine. The first step 

of dopamine synthesis is the conversion of L-tyrosine into the L-3, 4-

dihydroxyphenylalanine (L-DOPA) in the presence of enzyme, tyrosine hydroxylase 

(TH). In the presence of enzyme, L-amino acid decarboxylase, dopamine synthesis 

takes place from L-DOPA. The synaptic vesicles sequester the cytosolic dopamine 

for storing and rescuing them from oxidation (Sulzer et al., 2000; Caudle et al., 

2007). The synaptic cleft contains the packed dopamine and supplied by binding with 

their transporters in postsynaptic terminals. The catabolic products of dopamine are 

inactive metabolites like, 3-methoxytyramine and homovanillic acid formed by 

monoamine oxidase (MAO), aldehyde dehydrogenase and catechol-o-methyl 

transferase (COMT). In the absence of proper metabolism, the excess dopamine gets 

auto-oxidized to produce free radicals, responsible for damage of neurons (Sulzer 

and Zecca, 2000). 
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Figure 1.4: Diagrammatic representation of dopamine 

metabolism;VMAT2(vesicular monoamine transporter2); DAT(dopamine 

transporter); TH (tyrosine hydroxylase); ; (Source: Lotharius and Brundin, 

2002) 

 

1.4.4. Role of dopamine in disparity of striatal spines in PD 

Dopamine is a neurotransmitter, abundantly found in the striatum and contributes in 

the normal function of basal ganglia. The dopaminergic and glutamatergic inputs are 

received by the spines present on the dendritic arbor of the medium spiny neurons in 

the striatum (Villalba and Smith, 2013). Based on direct and indirect pathway the 

spiny neurons of the striatum can be divided into the dopamine D1 receptor (DA-

D1R) rich neurons (direct pathway) and dopamine D2 receptor (DA-D2R) rich 

neurons (indirect pathway) (Cahill et al., 2014). The dopaminergic neuron 

projections present in the substantia nigra and the dorsal striatum receives dopamine 

from terminals (Gerfen et al., 1987; Lynd-Balta and Haber, 1994 a, b). Upon 
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dopamine depletion, the medium spiny neurons of striatum gets into the 

hyperexcitable state because of the dysregulated release of glutamate from 

corticostriatal afferents, leads to the loss of dendritic spines (Naskar et al., 2013). In 

PD the loss of dendritic spines of medium spiny neurons in the striatum is reported 

(Villalba and Smith, 2013).  

1.4.5. Loss of Striatal spines in rodent models of PD 

Studies have been done to found the connection between the striatal spine loss and 

PD. The results from the experimental studies of 6-hydroxydopamine (6-OHDA) 

intoxicated rats showed 20% loss in the striatal spines. In the animal models for 

striatal spine loss it was the first confirmation (Ingham et al., 1989). There is a close 

association between denervation pattern in the striatum and degree of the loss of 

striatal spines (Villalba and Smith, 2013). Findings from the studies on 1-methyl-4-

phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) model of non-human primate also 

supported the fact that the loss of striatal spines corresponds to the dopaminergic 

denervation pattern in PD. Altogether these experimental studies and post-mortem 

data provide evidences that the striatal spine loss is governed under the influence of 

nigrostriatal dopaminergic neurodegeneration (Villalba and Smith, 2013). 

1.4.6. Genetic causes and terminal degeneration in relation with PD    

Previous studies have experimentally proved that the presynaptic terminals of 

neurons are enriched with α-synuclein pathology. Retrograde progression of disease 

was evident from the α-synuclein pathology pattern (Burke et al., 2013). Earlier 

experiments have demonstrated that the aggregation of α-synuclein started at 

presynaptic terminal and concomitantly extends towards neuron soma and also leads 
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to the deterioration of synaptic proteins (Volpicelli-Daley et al., 2011). The leucine 

rich repeat kinase (LRRK2) gene mutations are commonly known for the genetic 

cause of PD (Greggio and Cookson, 2009). To study the genetic form of PD, the 

experimental study was conducted in the mouse model and it was concluded the role 

of axons in disease progression. The neurite growth and integrity are regulated by 

LRRK2 and this possibility was supported by other evidences (Paglini et al., 1998). 

Based on the site where PD pathology was found predominantly and autosomal 

dominant genetic forms of PD support the fact that the dysregulation of axons 

indicates the early events of PD (Burke et al., 2013).  

1.5. Risk factors for PD 

Aging is the primary cause of PD but there are several risk factors such as genetic 

susceptibility, environmental factors including pesticides exposure are the major 

factors that contribute for the PD. 

1.5.1. Age 

PD is an elderly neurological disorder thus in young individuals its prevalence is 

very low except few cases of PD in juveniles (Aschner, 2000; Giasson and Lee, 

2001; Shastry, 2001; Kanthasamy et al., 2005). The risk of PD increases with the 

advancement of age in older people and genetic or environmental factors could play 

a pivotal role for it. Further several animal studies have supported the fact that with 

the increasing age the risk of PD also increases (Irwin et al., 1992).  

1.5.2. Gender  

Although it is reported that the males are at higher risk of PD occurrence still the 

gender biases is the topic of debate. Due to the presence of estrogen in females, they 
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are comparatively at lower risk than males. Estrogen could provide neuroprotection 

by mitogen activated protein kinase (MAPK) activation and Bcl-2 associated X 

protein (Bax) modulation. However further study is still required to prove the 

hypothesis (Wooten et al., 2004). 

1.5.3. Environmental factors  

Environmental factors include all those influences that are originated from outside 

the genome, substances that we breathe from the air and few metabolic changes that 

are induced by the activities we perform. The environmental factors such as the 

contaminated air, water and food are taken by organisms in their day to day life also 

influence the biological activity of the organism. The biochemical activities of blood 

brain barrier permeability, microgliosis, inflammatory molecules and cell death due 

to the abnormal cell signaling are directly or indirectly affected by environmental 

factors (Horowitz et al., 2010). The risk of PD may be increased due to the 

environmental factors like heavy metals, rural area accommodations, frequent 

exposure of herbicides and pesticides in the agricultural field, toxins produced by 

microbes and polluted drinking water (Singh et al., 2007).  

1.5.4. Genetic factors  

In case of PD, the genetic model is very important in order to understand the genetic 

etiology of PD and to develop new therapeutic interventions. The genetic variations 

among the people are very crucial in developing neurological disorders like PD. So 

far total eighteen Parkinson disease associated genes (PARK) loci have been 

characterized (Klein and Westenberger, 2012). The inheritance of PARK genes 

occurs in the pattern either autosomal recessive or autosomal dominant and often 
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causes the early age onset of disease (Bezard and Przedborski, 2011). The familial 

form of PD is related to the mutations in gene. In rodents and lower organisms by 

genetic manipulations, many genetic models of PD have been developed. On the 

basis of occurrence pattern, genetic model of PD are categorized into the autosomal 

dominant and autosomal recessive types (Dawson et al., 2010).  

1.5.5. Lifestyle factor 

The risk of PD is also influenced by the nutritional habit and day to day life style. 

Nicotine and caffeine are used by people in their daily life. There is a strong 

association between the uses of tobacco in a dose dependent manner and risk of PD. 

However, it is not yet clear whether it because of consequence of tobacco use or 

constituent of tobacco is responsible for that (Ritz et al., 2007). Nicotine provides 

neuroprotection by altering the molecular and cellular mediators in the dopaminergic 

system (Quik et al., 2008). Neuroprotection may also offer by a standard cup of 

coffee that contains 100 mg of caffeine. Experimental studies have shown that an 

average amount of 200-250 mg/day/person may reduce the risk of PD. Some studies 

have also shown an inverse association of caffeine and nicotine with the PD risk 

(Ascherio et al., 2001; Singh et al., 2008; Yadav et al., 2012b). Mediterranean diet 

includes high intake of vegetables, fruits, unsaturated fatty acids and fishes which are 

responsible for minimizing the PD risk. Other foods like red meat, processed food 

and animal fat are found to elevate the chances of PD (Barichella et al., 2009). 

Sluggish nature, sedentary lifestyle and not having physical exercise may also 

contribute to the risk of PD. 



Chapter 1Chapter 1Chapter 1Chapter 1                                                                                                                                                                                                                                                                                                                                    

13 

 

Figure 1.5: Factors responsible for PD 

(Source: Barreto et al., 2015) 

 

1.6. Rodent models  

In order to understand the etiology and molecular pathogenesis of PD, extensive 

efforts have been made (Dawson et al., 2002). The exact molecular mechanism of 

the disease, early diagnosis and permanent treatment of the disease is still not known. 

To investigate the underlying mechanism of the disease some animal models have 

been developed so far (Betarbet et al., 2002). The study on animal models has been 

suggested that the dopamine depletion in the striatum is responsible for the motor 

impairment (Singh et al., 2012b). Studies on the animal model have suggested that 

the neural stem cell transplantation is also an effective therapeutic tool for the 

treatment of PD (Dawson et al., 2002; Steindler, 2007). The common cardinal 

symptoms of the sporadic PD such as striatal dopamine depletion, nigral 

degeneration of dopaminergic neurons and motor abnormalities had been found in 
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the 6-hydroxy dopamine model (6-OHDA) and 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP) model (Porras et al., 2012; He et al., 2001). PD does not 

become visible naturally in animals, as it is a human disease. Therefore successful 

therapeutic strategies could not be developed on the basis of experimental animal 

studies (Terzioglu and Galter, 2008; Waldmeier et al., 2006; Lane and Dunnett, 

2008).  

1.6.1. 6-hydroxy dopamine (6-OHDA)  

For the first time 6-OHDA model of PD was established (Tieu et al., 2011). 6-

OHDA is reported to cause the selective loss of catecholaminergic neurons. 6-OHDA 

is the hydroxylated analog of the naturally present neurotransmitter dopamine 

(Tranzer and Thoenen, 1973). 6-OHDA is naturally present in the brain of human 

and showing high affinity to the dopamine transporter, therefore it is extensively 

used for the study of the PD pathophysiology. 6-OHDA quickly oxidizes to form 

hydrogen peroxide, superoxide, hydroxyl radicals and much more (Cohen et al., 

1974). In the 6-OHDA exposed animals, the quantifiable lateral motor movement 

occurs opposite to the lesion side and are used extensively for the study of the 

neuroprotective efficacy of the various pharmacological agents to rescue from PD 

(Ilijic et al., 2011; Tieu et al., 2011). 6-OHDA is not considered as an appropriate 

model of PD because it is a nonenvironmental toxin and it cannot be administered 

through invasive route (Tieu et al., 2011; Betarbet et al., 2002). 

1.6.2. 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)  

In 1982, MPTP was accidentally discovered when a group of young drug addicts 

developed sub-acute onset of severe Parkinsonism in California, incident by the 
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contaminant present in the heroin meperidine (Langston et al., 1983). Later on, this 

contaminant was identified as MPTP. The systemic administration of the MPTP in 

mice and primates subsequently developed the severe features resembling the 

sporadic PD. MPTP exposure causes the reduction in the biosynthesis of ATP and 

free radical generation by inhibiting the complex-I of the electron transport chain in 

the nigral dopaminergic neurons (Langston et al., 1984). MPTP is lipophilic in 

nature and easily crosses the blood brain barrier. MPTP itself is not toxic but its 

oxidized form, 1-methyl-4-phenyl pyridinium (MPP
+
) is toxic (Sadek et al., 2014). 

MPTP led to the interest in the study of the role of environmental toxins in the 

development of Parkinsonism and particularly to those that have a similar structure 

as the MPTP metabolite MPP
+ 

(Thiruchelvam et al., 2000). Since then many 

epidemiological and toxicological studies have been published showing the role of 

pesticide and its possible mechanism involved in the incidence of PD. 

1.6.3. Maneb and paraquat model 

Paraquat (PQ) is a bipyridyl derivative having similar structure as the MPP
+
, a 

metabolite of MPTP (Miller, 2007). Paraquat is extensively used pesticide causes 

oxidative stress. The toxic mechanism of the pesticide is directly or indirectly related 

to the reactive oxygen species (Somayajulu-Nitu et al., 2009; Patel et al., 2007; 

Miller, 2007). In experimental animals, upon paraquat exposure, most of the 

biochemical and neuropathological features of human Parkinsonism could develop 

(Patel et al., 2007; Gupta et al., 2010). In combination with other pesticides such as 

maneb (MB) the exposure of paraquat occurs therefore in mice dual pesticide model 

has been developed (Thiruchelvam et al., 2000; Cicchetti et al., 2005). Exposure to 
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maneb and paraquat in combination causes the pronounced loss of motor activity in 

the exposed animals (Thiruchelvam et al., 2000). 

1.6.4. Rotenone model   

Rotenone is a pesticide used from past few decades for the plants (Cabras et al., 

2002). In the similar fashion as MPTP, rotenone also inhibits the mitochondrial 

complex-I (Langston et al., 1983; Cabras et al., 2002). Rotenone causes the nigral 

dopaminergic neurodegeneration in the substantia nigra and also results in the Lewy 

body formation, the pathological feature of PD (Xiong et al., 2009). Due to the very 

short half life of rotenone, there is controversy over the potential of rotenone for 

causing PD. However, in rats, the limited exposure of rotenone causes the 

progressive neurodegeneration, mimicking the changes as in human PD (Tanner et 

al., 2011).  

1.6.5. Reserpine and methamphetamine model  

Reserpine (RES) was used to induce PD in rabbit and it was hypothesized for the 

first time that in the striatum dopamine depletion occurs and it results in the motor 

abnormality in the PD patients and levodopa administration recovers the deficiency 

(Carlsson et al., 1957). In the similar fashion as RES, methamphetamines (METH) 

also cause the depletion of the dopamine in the striatum and persuade PD like 

symptoms without any change in the dopaminergic neurons (Tieu et al., 2011; 

Betarbet et al., 2002). RES and METH model did not show all the clinical features 

of PD, therefore, it was only accepted as a dopamine depletion model, not as a true 

model of PD (Tieu et al., 2011; Betarbet et al., 2002; Yadav et al., 2012a). 
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1.6.6. 3-Nitrotyrosine model 

Oxidative stress is responsible for the production of nitrated form of tyrosine, 3-

nitrotyrosine (3-NT), in many neurological disorders (Mohiuddin et al., 2006; 

Pacher et al., 2007; Beal, 2002). Oxidative stress causes the damage of deoxyribose 

nucleic acid (DNA) and protein in PD patients (Burney et al., 1999). The 

stereotactic injection of 3-NT in the striatum induces the symptoms like motor 

deficits and loss of TH-immunoreactivity (Mihm et al., 2001). 

1.6.7. Metals   

The higher or lower level of metals could be responsible for the serious neurological 

disorders (Montgomery et al., 1995). The heavy metal contaminants could be 

present in the food and drinking water. Thus these metals increase the risk of PD in 

the industrial areas. Epidemiological and experimental studies have proven the role 

of heavy metals in the PD pathogenesis. The neurotoxicity could be enhanced by 

these metals alone or in combination of other metals or chemicals (Peng et al., 

2008). Some metals have well established role in the brain neurotoxicity and PD 

pathogenesis (Dexter et al., 1991). 

1.6.8. Lipopolysaccharide model  

Lipopolysaccharide (LPS) is produced by the gram negative bacteria and after their 

insertion they cause the dopaminergic neurodegeneration (Stewart et al., 2006; Qin 

et al., 2007; Castano et al., 1998). Once inside the neuron, LPS induces 

neuroinflammation by producing the nitric oxide and free radicals in addition to the 

microglial activation (Barron, 1995; Block et al., 2007; Liu, 2006; Herrera et al., 

2000). Immunohistochemical analysis in the PD patients and animal models showed 
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the microgliosis (McGeer and McGeer, 2004). Since the LPS induces 

neuroinflammation thus it could not be taken as a suitable model for the study of PD 

pathology.  

1.6.9. Dual models 

In order to describe the role of environmental factors in genetically susceptible PD 

models the dual/combinational/fusion/two-hit models have been developed (Yadav 

et al., 2012a). In the dual model of PD several approaches have been applied to 

produce key symptoms of the disease (Gao and Hong, 2011; Manning-Bog and 

Langston, 2007; Gao et al., 2011; Yadav et al., 2012a).  

 

Figure 1.6: Diagrammatic representation of toxin induced model of PD 

(Source: Blesa et al., 2016) 
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1.7. Limitations of toxin-induced rodent models   

Rodent models are very helpful for the study purpose as they produce histological, 

biochemical, pathogenic and clinical features of sporadic PD. Rodent models have 

various advantages as well as few disadvantages. For instance, the 6-OHDA models 

do not show the cytoplasmic inclusion, Lewy body that is seen in the PD patients. 

Due to lack of their presence in the environment, humans do not directly expose with 

it. Therefore it is very difficult to extrapolate the outcomes of this model to human 

(Betarbet et al., 2002; Yadav et al., 2012a). The MPTP model is acute and not very 

successful to mimic all the features of PD. MPTP model also fails to produce Lewy 

body and also it is non-progressive and reversible. However, rotenone is supposed to 

be a good model as it mimics almost all the features of sporadic PD like Lewy body 

formation, dopaminergic neurodegeneration, mitochondrial complex I inhibition and 

free radical formation. But owing to its non-specific nature it can also degenerate the 

other non-dopaminergic neurons, this model was not very much used (Yadav et al., 

2012a). The biochemical and pathological feature of PD is also produced by 

combined maneb and paraquat model but the exact mechanism of neurodegeneration 

is yet not known. Therefore it is required to look for the reliable and accurate model 

for the further extrapolation of the study.   

1.8. Genetic models   

In order to develop more understanding about the molecular mechanism of PD 

pathogenesis, the genetic models have been developed by mutations in the LRRK2 

and α-synuclein that may lead to autosomal dominant and DJ-1, PINK1 and parkin 

mutations may cause the autosomal recessive PD (Dawson et al., 2010). The genetic 

form of PD may also induce due to the deficiency of transcription factor such as, 
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Pitx3, synphilin1, Nurr1 and nuclear receptor subfamily 4 groups A member 2. To 

figure out the PD mechanism, α-synuclein aggregation, overexpression and its 

clearance may also be understood well by such mutations in the genes (Le et al., 

2003; Bekris et al., 2010). 

 

Figure 1.7: Diagrammatic representation of genetic mutations in PD 

(Source: Blesa et al., 2016) 

 

1.9. Limitations of genetic models 

Lack of extensive and progressive dopaminergic neurodegeneration is the major 

drawback of the mutations of the PD related genes in the rodent models. Study of 

early onset of the disease could be done with the help of these models (Chesselet et 

al., 2008). In humans, the mutations in multiple genes and combination of mutation 

in one gene with environmental insults may also responsible for PD. Therefore all 

the pathologies of PD may not produce the model that has the single gene mutation 

(Duty and Jenner, 2011). 
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1.10. Newer animal models  

The pesticides used regularly in our day-to-day life are harmful and are toxic to the 

nervous system of mammals. Thus these may also cause the neurodegeneration and 

responsible for the onset of PD. In order to understand the mechanism of these 

toxins, many rodent models have been developed but no one was perfectly able to 

mimic all the features of PD. Thus in the current scenario, there is a strong 

requirement of a model that can mimic the sporadic PD. Organochlorines and 

pyrethroids are the commonly used pesticides worldwide these days. Intense 

researches are going on to find out the mechanism of these pesticides. 

Organochlorine pesticide and dieldrin were found to induce the death of 

dopaminergic neurons in the postmortem brain of PD patients (Uversky et al., 2001; 

Kanthasamy et al., 2005). Pyrethroids such as cypermethrin, deltamethrin and 

permethrin are also found to toxic to the nervous system and contribute as a risk 

factor for PD (Tayebati et al., 2009; Dodd and Klein, 2009; Elwan et al., 2006; 

Xiong et al., 2016).  

1.11. Cypermethrin 

Cypermethrin (RS)-α-cyano-3-phenoxybenzyl (1RS, 3RS; 1RS, 3SR)-3-(2, 2-

dichlorovinyl)-2, 2-dimethylcyclopropanecarboxylate, is chemically modified from 

natural pyrethrin, derived from chrysanthemum plant. Cypermethrin is a class II 

pyrethroid insecticide and after the chemical modification, its efficacy and stability 

in the environment increase. It is generally used to control many pests including 

moths pests of cotton, fruits and vegetables in agricultural fields. Cypermethrin 

easily crosses the blood brain barrier owing to its lipophilic property and causes the 

neurotoxicity in the central nervous system and induces the behavioral deficits 
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(Manna et al., 2005; Wolansky and Harill, 2008). Pyrethroids such as 

cypermethrin cause the hyper-excitation and hyperpolarization by extending the 

opening of sodium ion channels in the central nervous system (Crawford et al., 

1981; Kirby et al., 1999; Eells and Dubocovich, 1988; Narahashi et al., 1992). 

Additionally, Cypermethrin modulates the level of gamma-aminobutyric acid 

(GABA) (Gilbert et al., 1989; Manna et al., 2005; Staatz et al., 1982). 

Furthermore, cypermethrin induces neurotoxicity by means of generating free 

radicals (Giray et al., 2001; Kale et al., 1999; Sian et al., 1994). By inducing the 

oxidative stress, that is critically responsible for the loss of dopaminergic neurons in 

the substantia nigra, cypermethrin could be regarded as an appropriate pesticide and 

may be implicated in PD pathogenesis (Nasuti et al., 2007; Singh et al., 2010; 

Singh et al., 2011a). Cypermethrin shows more pronounced effects when exposed 

developmentally and re-exposed upon adulthood (Richardson et al., 2006; 

Thiruchelvam et al., 2000). 

1.12. Effect of cypermethrin exposure on dopaminergic and non-dopaminergic 

neurons 

Cypermethrin affects the dopaminergic neurons in the nigrostriatal region of the 

brain in a dose dependent manner. Its accumulation in the brain in a considerable 

amount induces the oxidative stress and thus results in the neurotoxicity. The 

cypermethrin induced model mimics the symptomatic features of PD (Singh et al., 

2012a; Nasuti et al., 2007). In addition to the dopaminergic neurons, cypermethrin 

also affects the non-dopaminergic neurons such as GABAnergic neurons of the brain 

(Manna et al. 2005). The pyrethroid exposure also causes the decrease in the level of 

serotonin and its metabolites (Larranaga et al., 2003). The acetyl and butyryl 
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cholinergic neurons and cholinesterase enzyme are also affected by cypermethrin 

dose dependently (Anwar, 2003).   

1.13. Mechanisms of neurotoxicity in PD  

1.13.1. Apoptosis 

Distinct morphological features and energy dependent biochemical mechanisms are 

generally involved in the process of programmed cell death or apoptosis. 

Inappropriate apoptosis could be a reason for the onset of various disorders including 

neurodegenerative diseases. Apoptosis generally takes place as a homeostatic 

mechanism in order to maintain the cell population (Elmore et al., 2007). 

Programmed cell death is the characteristic feature of multicellular organisms. 

Enhanced level of apoptosis could lead to the death of cells that may or may not be 

required anymore for normal function (Vila et al., 2003). Elevated number of 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive 

neurons in the PD brain focused on the role of apoptosis (Mochizuki et al., 1996). In 

the PD patients brain the elevated level of anti-apoptotic protein B-cell lymphoma 

extra large (Bcl-xL), Bax and caspase-3 are reported to be present in greater extent 

and redistributed in the subcellular regions (Hartman et al., 2001; Tatton, 2000). 

Other apoptosis related proteins such as caspase-9 and caspase-8 are also getting 

activated in the brain of PD patients (Viswanath et al., 2001). The role of apoptosis 

have been also shown in the toxin-induced rodent models (Chesselet and Richter et 

al., 2011; Bernstein et al., 2011; Singhal et al., 2011; Yadav et al., 2012a; 

Favaloro et al., 2012). Cypermethrin is also known to induce the oxidative stress 

and apoptosis (Tiwari et al., 2010; Tiwari et al. 2012). The onset of mitochondria 
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mediated intrinsic apoptosis is reported in cypermethrin-induced Parkinsonism 

through increased oxidative stress.   

1.13.2. Mitochondrial dysfunction     

Mitochondrion is known as the energy centre of the cell and its electron transport 

chain contains several redox centres and these are the primary source for the 

generation of free radicals. These free radicals in response lead to the enhanced level 

of oxidative stress and death of neurons (Subramaniam and Chesselet, 2013; 

Szarka et al., 2014; Dai et al., 2014). MPTP, maneb, paraquat and rotenone are the 

environmentally present toxins and interfere with the mitochondrial complex I/III. 

Mitochondrial complex inhibition leads to the production of robust amount of 

reactive oxygen species and damage to the lipid, proteins and DNA (Yadav et al., 

2012a; Dai et al., 2014). Besides respiratory chain inhibition, mitochondrial 

dysfunction may also take place due to the cellular oxidative stress, mitochondrial 

genes mutations, mitochondrial DNA deletions and changes in the mitochondrial 

morphology (Subramaniam and Chesselet, 2013).       

1.13.3. Oxidative stress 

The free radical generation and reduced anti-oxidant defence system in neuronal 

system is induced upon systemic exposure of cypermethrin (Giray et al., 2001). The 

catalytic activities of anti-oxidant enzymes such as superoxide dismutase, catalase 

and glutathione peroxidase are modulated under the influence of cypermethrin (Jin et 

al., 2011). Additionally, the expression and catalytic activity of xenobiotic 

metabolizing enzymes also get altered upon cypermethrin exposure (Giray et al., 

2001; Floodstrom et al., 1988).  

1.13.4. DNA damage 
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The DNA damage is induced by cypermethrin at a low concentration in human 

lymphocytes and basal ganglion (Kocaman and Topaktas, 2009). Inside the brain 

cypermethrin induces damage to DNA and reduces the proliferation of cell. 

Cypermethrin exposure also results in the germline mutations and teratological 

deformities (Batiste-Alentorn et al., 1986; Anwar, 2003; Bhunya and Pati, 1988). 

1.13.5. Alteration in ion channel activity  

Cypermethrin primarily prolongs the opening of ion channels of insects and 

mammals due to the phylogenetic similarity in the neuronal system. The functions of 

sodium, potassium, calcium and chloride channels get modulated under the influence 

of cypermethrin. Furthermore, not only ion channels but the activity of receptors like, 

GABA, glutamate, acetylcholine and ATPases are also modulated by cypermethrin. 

In the similar fashion as other pyrethroid insecticides, cypermethrin modulated the 

function of the sodium ion channel by altering the potential required for their proper 

opening and closing (Narahashi, 1996). The signal transduction machinery gets 

disturbed due to the hindered voltage gated calcium channels (VGCC) under the 

influence of cypermethrin. Potassium channel also gets affected due to the 

cypermethrin that is responsible for the loss of neuronal excitability and thus leading 

to the neurotoxicity (Murakoshi and Trimmer, 1999; Rao and Rao, 1997). 

Chloride ion channel are regulated by GABA, one of the most prevailing 

neurotransmitter and cypermethrin exposure reduces the GABA mediated uptake of 

chloride ion and hyper-excitability leads to neurotoxicity (Bloomquist and 

Soderlund, 1985; Ray et al., 1997; Ullah et al., 2006). 

1.14. Neuroinflammation in PD 
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In the host cell, inflammation is the first line of defence against injury but excessive 

level of inflammatory response can be fatal. Neuroinflammation is the key player of 

Parkinson’s disease (PD) pathogenesis (Amor et al., 2010; Mosley et al., 2012; 

Glass et al., 2010; Tohidpour et al., 2017). Supportive data from epidemiological, 

animal, human and therapeutic studies suggests the existence of the 

neuroinflammatory cascade in the disease (Mosley et al., 2006; Tansey and 

Goldberg, 2010). The involvement of inflammation in the PD was first evident from 

the report of James Parkinson’s in the early nineteenth century on the first clinical 

and pathological description of the disease (Goetz et al., 2011). In the twentieth 

century direct evidence was provided after the systemic post-mortem analysis of the 

brain of PD patients (Rocha et al., 2015). However the exact mechanism underlying 

the process of neurodegeneration in the PD is yet obscure but neuroinflammation is 

supposed to participate actively in this process (Aldakheel et al., 2014). The 

inflammatory mediators secreted during inflammation do not only alter the immune 

cells but also involved in the neurodegeneration by acting on the neurons (Lull and 

Block, 2010). Further, after the death of neurons it activates the inflammatory 

mechanisms ultimately lead to the vicious cycle of inflammation and death of 

neurons. For the tissue homeostasis inflammatory responses are essential but only in 

a controlled manner otherwise can be fatal for neurons when it is chronic (Rocha et 

al., 2015; Gao et al., 2003).               

1.15. Role of microglia in PD 

Over a century ago Elie Metchnikoff discovered the inflammatory cell types in the 

larvae of starfish capable of swallowing the foreign objects and cellular debris. 

Through this he postulated that these cells are essential and beneficial as well to the 
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host (Kaufman et al., 2008). The frontline defence of the multi-cellular organisms 

against infection is the inflammation. A number of human diseases including 

neurodegenerative diseases are closely linked to the inflammatory responses (Rocha 

et al., 2015). The activated microglia was observed by McGeer and colleagues in the 

post-mortem substantia nigra pars compacta (SNpc) of the PD patients and first time 

evident the role of inflammation in PD. Many studies have proved that microglial 

activation and subsequent neuroinflammation plays a role in the PD pathogenesis. 

The chronic activation of microglia leads to the death of neurons in PD (Tansey and 

Goldberg, 2010; Wang et al., 2015). The microglial activation may take place either 

directly through the toxic insult, invading pathogens or endogenous protein or 

indirectly via dying neurons. The repetitive cycle of microglial activation in response 

to the death of neurons is referred to as reactive microgliosis and is responsible for 

the many brain pathogenesis (Collins et al., 2012).  

The substantia nigra is more susceptible for the microglia-mediated neurotoxicity 

due to the presence of higher number of microglia and these are responsible for the 

death of dopaminergic neurons (Bartels et al., 2010; Frank-Cannon et al., 2009). 

Hence the elevated level of microglial activation and subsequent neuroinflammation 

may be potentially magnifying the neuronal damage in the PD. Many substances that 

are produced by the neuronal death and can stimulate microglial activation are α-

synuclein-aggregates, neuromelanin, adenosine triphosphate (ATP) and matrix 

metalloproteinase-3 (MMP-3) (Kraft and Harry, 2011). In PD the major 

constituents of Lewy bodies are the aggregated α-synuclein and are surrounded by 

the activated microglia or inflammatory mediators (Glass et al., 2010). The 

phagocytosis of extracellular aggregates of the α-synuclein and NADPH oxidase 
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activation is essential for the subsequent microglial activation and the dopaminergic 

neurodegeneration (Lull and Block, 2010). The stressed DA neurons release a 

neuro-pigment, neuromelanin which induce the activation of microglia though the 

proteasomal inhibition (Collins et al., 2012). 

 

Figure 1.8: Diagrammatic representation of neuroinflammation in neuronal 

death 

(Source: Block et al., 2007, Nature reviews neuroscience) 

 

1.16. Neuroinflammation and PD associated genes 

According to earlier studies few genes related to PD and also responsible to regulate 

the microglial immune responses in the brain. Among those, all α-synuclein is a gene 

after missense mutations responsible for the familial form of PD (Polymeropoulos et 

al., 1997). The abnormal accumulation of α-synuclein is responsible for the 

pathological hallmark of the disease. The variations present in the LRRK2 is 

responsible for the familial and sporadic form of PD (Paisan-Ruiz et al., 2004; 

Zimprich et al., 2004; Simon-Sanchez et al., 2009; Satake et al., 2009). It is known 

that LRRK2 is responsible for the mutations in the periphery. E3-ubiquitin ligase is 
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another PD associated gene known as parkin. Mutation in parkin is responsible for 

the recessive inheritance of PD (Kitada et al., 1988). PINK 1 also regulates the 

activity of NF-κB. The DJ-1 expression is known to occur in the reactive microglia 

of PD patient’s brain with increased expression. 

1.17. Treatment strategies for PD  

Data from earlier works have been suggested that upon disease onset, significant loss 

of dopaminergic terminals takes place. Thus there is a huge opportunity to protect the 

remaining essentials of neurons (Burke et al., 2013).  Earlier data also indicates that 

in both the conditions either at the onset or at disease terminus the loss of substantia 

nigra neurons was compensated by the striatal dopaminergic terminal loss. Therefore 

during the course of disease the loss of neuronal cell bodies is limited as compared to 

the terminal loss and that may progressively leads to the clinical worsening and 

ultimately appears in the form of motor dysfunctions (Burke et al., 2013). The 

mechanism that may leads to the terminal loss is yet not clear but inflammatory 

agents like, COX-2 are known to present in terminals and are responsible for 

inflammation (Bartels et al., 2010). Thus the anti-inflammatory drugs could be 

beneficial in order to overcome from the loss of dopaminergic terminals.  

1.17.1. Anti-inflammatory drugs and PD 

Many studies have suggested the importance of neuroinflammation in the initiation 

and progression of PD. Thus it is necessary to develop such a technique that can 

intervene the inflammatory pathway induced by the microgliosis. Many compounds 

that have the anti-inflammatory property showed the potential neuroprotection for 

dopaminergic neurons against various PD models (Bartels et al., 2010). Toxin 
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induced models like 6-OHDA, LPS showed the significant loss of dopaminergic 

neurons. Several anti-inflammatory drugs are known to reduce the microgliosis. 

Among these, the non-steroidal anti-inflammatory drugs are known to reduce the 

dopaminergic neurodegeneration and microglial activation (Matteo et al., 2006; 

Mohanakumar et al., 2000; Sanchez-Pernaute et al., 2004; Gao et al., 2011a).   

1.17.2. Nonsteroidal anti-inflammatory drugs (NSAIDs) in relation with PD 

The key role of neuroinflammation in the PD has been supported by several 

epidemiological studies (Rocha et al., 2015). Drugs having the rescuing capacity for 

the dopaminergic neurons from microgliosis and inflammation may contribute in the 

amelioration of Parkinsonian symptoms by delaying the onset and halting or slowing 

the progression of PD. Many drugs are known so far for their capacity to inhibit the 

microgliosis or neurotoxicity (Tansey and Goldberg, 2010). Since many 

experimental and clinical studies have proved that NSAIDs may use as a therapeutic 

agent for the treatment of PD thus much attention have been drawn on it (Esposito et 

al., 2007). Many epidemiological studies have investigated the link between the 

regular use of NSAIDs and the risk of PD. Epidemiological studies strongly support 

the role of conventional NSAID, ibuprofen, in the risk reduction of the PD 

development (Chen et al., 2003; Chen et al., 2005). 

1.17.3. Ibuprofen 

Ibuprofen is a commonly used non-steroidal anti-inflammatory drug possess potent 

anti-inflammatory anti-PD efficacy (Asanuma et al., 2006; Casper et al., 2000). 

Ibuprofen is known to inhibit the cyclooxygenase-2 expression and 

neurodegeneration of dopaminergic neurons in the toxin-induced animal models of 
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PD (Hsieh et al., 2011). Ibuprofen is preferred over other NSAIDs because of so 

many reasons. Earlier reports have suggested that ibuprofen but not other NSAIDs 

provide protection against oxidative stress and inflammation-induced Parkinsonism 

(Tsuji et al., 2009; Casper et al., 2000). Ibuprofen is known to regulate some 

pathways and expression of few mediators, which are regulated by various anti-PD 

drugs, i.e., expression of the peroxisome proliferator activated receptor-γ, dopamine 

positive transporter signals and activation of microglial cells, which are not known to 

be regulated by other NSAIDs (Tsuji et al., 2009). Without producing any 

considerable side-effects ibuprofen is known to enhance the loss of dopamine (DA) 

level (Kurkowska-jastrzebska et al., 2006). Because of its cost effectiveness, easy 

availability, common practice and the nice public perception it may be selected over 

other NSAIDs to treat PD. If ibuprofen minimizes the severity of Parkinsonism in 

rodents by providing protection from Parkinsonian features, it could be an asset to 

PD research since having relatively less toxicity as compared to many other anti-PD 

drugs.         
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Chapter 2 

Aims and objectives 

Inflammation plays an important role in the PD pathogenesis. The most severely 

affected system in PD is the nigrostriatal dopamine pathway, which starts from 

substantia nigra and terminates in the striatum. The main neuropathological 

manifestation of the disease is the dysregulation of dopaminergic neurons of the 

nigrostriatal region (Arimoto et al. 2007). While the exact cause of dopaminergic 

neuronal death in PD is yet elusive. Role of inflammation is supported by the reports, 

which have shown the increased number of the reactive microglia in the substantia 

nigra. Experimental and epidemiological studies have revealed that the ibuprofen 

could be beneficial for providing protection from the loss of dopaminergic neurons. 

The present study was therefore undertaken to decipher the role of ibuprofen against 

cypermethrin induced changes in the striatal dendrites and spines and dopaminergic 

neurons. The major objectives of the study have been mentioned below:  

(1)  To investigate the salvaging potential of ibuprofen against cypermethrin-

induced nigral mitochondrial dysfunction and dopaminergic neuronal loss 

associated with Parkinsonism  

(2)  To examine the consequence of ibuprofen exposure on cypermethrin-induced 

changes in  dendritic arborization, ramification and spine density of the 

striatal neurons  
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(3)  To investigate the crosstalk of ibuprofen-mediated alleviation in the 

cypermethrin-induced changes in nigral mitochondrial function and striatal 

dendritic arborization, ramification and spine density with anti-

neuroinflammatory potential to delineate the mechanism of neuroprotection 
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CHAPTER 3 

Protective effect of ibuprofen against cypermethrin-induced 

mitochondrial dysfunction and dopaminergic neurodegeneration 

 

3.1. Introduction 

Neuroinflammation plays an important role in the progression of the PD. It is the 

most common chronic devastating movement disorder, characterized by the depleted 

level of dopamine in the striatum. Epidemiological and experimental studies have 

shown that PD is resulted due to the prolonged exposure of environmental toxins on 

the genetically prone aged animals and humans (Uversky, 2004, Cicchetti et al., 

2009). The environmental theory of PD has got impetus after a discovery that MPTP, 

a toxin present in the synthetic heroine, lead to the development of PD like 

characteristic meperidine addicts (Uversky, 2004, Yadav et al., 2012a). Afterwards, 

several environmental toxins have been found to be toxic to the neuronal cells. In this 

perspective, cypermethrin, a pyrethroid pesticide, is also found to induce the 

nigrostriatal dopaminergic neurodegeneration (Singh et al., 2011b; Singh et al., 

2012a). Farmers and industrial workers in their day-to-day life are exposed to 

cypermethrin since it is produced in pesticide industry and to control insects in 

agricultural and household sectors (Crawford et al., 1981). Cypermethrin does not 

elicit significant toxicity on dopaminergic neurons at short term exposure. However, 

its long term exposures and moderate doses induce harmful effects on the striatal 



Chapter 3   Chapter 3   Chapter 3   Chapter 3                                           

35 

dopamine depletion, nigral TH-immunopositive neuronal loss, microgliosis and 

motor impairments (Singh et al., 2016; Agrawal et al., 2015b; Singh et al., 2012b).   

Microgliosis is a basic characteristic of PD in animals and humans. Epidemiological 

and animal experimentation have supported the role of neuroinflammation in PD 

(Mosley et al., 2006). While extensive studies have been performed on the etiology 

of PD, little information is available about the mechanism of PD pathogenesis 

(Bartels et al., 2010). Mitochondrial dysfunction, chronic inflammation and 

oxidative stress have been found to play synergistic roles in PD (Pinto et al., 2016; 

Hunter et al., 2007). Mitochondrial dysfunction enhances the oxidative stress and 

hampers the energy metabolism leading to the disturbance in the normal 

physiological function (Glinka and Youdim, 1995; Glinka et al., 1996; Yadav et 

al., 2012a; Dixit et al., 2013). Level of the mitochondrial complex I is found to be 

significantly reduced in the substantia nigra of the postmortem brain of PD patients 

(Schapira et al., 1990).  

Neuroinflammatory processes are known to elevate the level of prostaglandin and 

cyclooxygenase (COX). Neuroinflammation has been found to be initial in the 

neurodegenerative disease, like PD (Minghetti, 2004). An interaction of the COX-2 

with apoptotic neurons is found to promote COX-2 expression and prostaglandin 

synthesis. The microgliosis and underlying inflammatory responses are known to 

induce the deleterious effects which could be amplified by COX-2 (Bartels et al., 

2010). The activated microglia is present in higher quantity in the substantia nigra of 

the brain and known to involve in the process of neurodegeneration. Microgliosis 

occurs at the early onset of the disease and progresses to the lengthened fibers like 

dendrites and indicates the involvement of inflammation in PD (Bartels et al., 2010, 

Sugama et al., 2003; Asanuma et al., 2007).  
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Due to the lack of the permanent treatment of PD, many natural and synthetic agents 

have been tested to check their neuroprotective potential. Ibuprofen, a nonsteroidal 

anti-inflammatory drug, is found to be effective against PD in many experimental 

studies (Manthripragada et al., 2011). Ibuprofen is known to inhibit the 

cyclooxygenase-2 (COX-2) activity and protects the loss of dopaminergic neurons 

even in a few toxin models of PD (Singh et al., 2016). Although the studies have 

shown that ibuprofen exposed animals are less susceptible to developing PD, the 

mechanism underlying the process of neuroprotection is yet not clear. In the present 

study has been made to understand the mechanism by which ibuprofen offers 

protection against cypermethrin induced Parkinsonism. 

3.2. Materials and methods  

3.2.1. Chemicals 

Anti-mouse/rabbit biotinylated secondary antibodies, cypermethrin, ibuprofen, were 

purchased from Sigma Aldrich, St. Louis, MO, USA. Goat serum was purchased 

from GeNei Bangalore, India. Copper sulfate, diethyl ether, sodium dodecyl sulfate 

and sodium potassium tartrate were obtained from Merck India Private Limited, 

Mumbai, India. Neg-50 from Richard Allen Scientific (Kalamazoo, MI, USA). 

Primary antibodies against tyrosine hydroxylase (TH) and integrin-αM were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Copper (II) 

sulfate 5-hydrate, methanol, potassium chloride, potassium dihydrogen 

orthophosphate, sodium carbonate and sodium thiosulfate were purchased from 

Merck Biosciences (Darmstadt, Germany). Formic acid was obtained from Sisco 

Research Laboratories Private Limited (Mumbai, India). Remaining other chemicals 

were purchased locally. 
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3.2.2. Animal treatment  

The study was conducted after the approval of the institutional ethics committee for 

the use of laboratory animals. Cypermethrin (1.5 mg/kg; twice a week) was 

intraperitoneally (i.p.) given to the male pups during its postnatal days along with 

respective vehicles. After two months the male rats were re-challenged with 

cypermethrin (15 mg/kg; twice a week) up to 12 weeks along with their respective 

controls (Singh et al., 2012b). The subsets of adult rats were treated with ibuprofen 

(20 mg/kg, i.p. daily) along with respective controls (Cao et al., 2012). 24 h later 

animals were sacrificed by cervical dislocation upon completion of cypermethrin 

treatment. The brain was either used immediately or stored at -80
0
 C for further 

experimental purposes. 

3.2.3. Measurement of dopamine level 

Striatal dopamine was measured using the standard protocol described elsewhere 

(Tareke et al., 2007) by using liquid chromatography-mass spectrometry. Ultra-

performance liquid chromatography (UPLC) (Acquity-Waters, Milford USA) was 

coupled with API-4000 mass spectrometer detector (AB ScieX) and electrospray 

ionization device. Striatum was dissected out of the brain and homogenized, 

sonicated and centrifuged at 15,000 xg for 10 min at 4
0
 C. Supernatant was filtered 

through a syringe filter (0.22 µm) and a measured volume of 7.5 µl was injected into 

an auto-sampler coupled with UPLC. Supelco Ascentis Express C-8 column (50 mm 

x 2.1 mm, 1.7 µm particle size) was used for the separation of the analyte. Isocratic 

elution of mobile phase began with the 100%-0.1% formic acid at a constant flow of 

0.25 ML/min. The content of dopamine was calculated in µg/gram of protein and is 

represented as percent of saline control (saline).  
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3.2.4. Cryosectioning 

The cryosectioning was performed according to the protocol described elsewhere 

(Singh et al., 2012 b). In brief, after completion of treatment schedule ether was used 

to anesthetize the animals. The perfusion was performed intracardially with saline 

and 4% paraformaldehyde in phosphate buffered saline (PBS) at a constant flow rate 

of 20 ml/min for each 4 min. The paraformaldehyde solution (10% w/v) was used to 

post fix the brain minimum for a day after dissection. Sucrose solution was prepared 

in variable concentrations (10%, 20% and 30% w/v each) in PBS and brain was 

serially cryoprotected in it. The coronal sections (20 µm) of the brain were cutted 

using cryostat and ice cold PBS was used for their collection. The processing of 

sections was performed immediately or stored at 4
0
C until used. 

3.2.5. Neuronal nuclei (NeuN)/tyrosine hydroxylase (TH)-immunoreactivity and 

integrin-αM-immunoreactivity  

The NeuN/TH-immunoreactivity, counting of neurons and integrin-αM-

immunoreactivity was performed in the substantia nigra, according to the previous 

protocol (Singh et al., 2012 b, Srivastava et al., 2012). A similar protocol was used 

to perform TH-immunoreactivity in the striatum (Singh et al., 2011a). In brief, 

nigral/striatal sections were washed in PBS and further the sections were incubated 

for 15 min in the solution of hydrogen peroxide (0.5% v/v) and methanol (40 % v/v) 

in the PBS for performing the endogenous peroxidase activity. The sections were 

incubated in blocking solution (2% normal goat serum, 0.1% triton x-100 and 1 % 

bovine serum albumin (BSA) for 2 h after washing with PBS. Again the sections 

were washed with PBS and further incubated with a cocktail of monoclonal anti-

NeuN (1:500) and anti-TH (1:500) primary antibodies (only TH antibody used for 

the striatum) for performing NeuN/TH-immunoreactivity and anti-integrin-αM 
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(1:500) antibody for microglial activation for 48 hours at 4
0
C. Subsequent washing 

with PBS was performed sections were incubated in anti-mouse as a secondary 

antibody for NeuN/TH-immunoreactivity while anti-rabbit was used for the 

microglial activation (1:1000) for 2 h followed by streptavidin (1:1000) for 1 h. 

Finally, the sections were rinsed with PBS and developed with 3, 3'-

diaminobenzidine. Dehydration of sections was performed using graded ethanol 

(25%, 50%, 75% and 100%) and on glass slides, mounting was done with dibutyl 

phthalate xylene. The visualization and imaging of sections were performed using 

the light microscope. In serial sections, the counting of cells was performed with the 

help of the Leica QWin image analysis software (Leica Microsystems, Heerbrugg, 

Switzerland).   

3.2.6. Mitochondrial fraction isolation 

Using differential centrifugation method mitochondrial fraction was fractionated 

from the nigrostriatal tissues of rat brain (Dixit et al., 2013). The homogenization of 

tissue was performed in mitochondria isolation buffer having 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (20 mM; pH 7.2 ), sucrose (75 mM), mannitol (215 

mM), ethylene glycol tetraacetic acid (1 mM), ethylenediaminetetraacetic acid 

(EDTA; 1mM), phenylmethanesulfonylfluoride (1 mM) and protease inhibitor 

cocktail. Centrifugation of homogenate was performed at 1000 ×g for 5 min at 4
0
C 

and the supernatant was collected. The same buffer was used for the re-suspension of 

pellet, centrifugation was done at 1000 ×g for 5 min at 4
0
C and the supernatant was 

collected. After pooling of both the supernatant the centrifugation was performed at 

13,000 ×g for 10 min at 4
0
C. The pellet was washed properly two times and 

suspended in a minimal amount of mitochondrial isolation buffer. The suspension 
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used as the mitochondrial fraction after performing the freezing, thawing and 

sonication.  

3.2.7. Mitochondrial complex I activity measurement 

Mitochondrial complex I activity was measured according to the previous protocol 

using spectrophotometric method (SpectraMax M5, Molecular Devices, CA, USA) 

(Dixit et al., 2013). In an assay buffer (pH 7.4) containing potassium phosphate (35 

mM), sodium cyanide (2.65 mM), magnesium chloride (5 mM), EDTA (1 mM), fatty 

acid free BSA (1 mg/ml) and antimycin (2 µg/ml), mitochondrial fraction isolated 

from the rat brain and ubiquinone 1 (0.05 mM) was added. For the initiation of the 

reaction, after 2 min of incubation, the reaction mixture was added with nicotinamide 

adenine dinucleotide (NADH; 5mM). At 340 nm for 3 min of the interval of 15 sec, a 

decrease in the absorbance was noted. The activity of mitochondrial complex I was 

expressed as nanomoles of NADH oxidized/min/mg protein.    

3.2.8. Protein estimation 

The protein content of mitochondrial fraction was estimated using the method of 

Lowry and BSA was taken as a standard (Lowry et al., 1951). 

3.2.9. Statistical analysis 

Three to five independent sets of experiments consisting of an animal per group per 

set was used (n=5 animals per group per set). One way analyses of variance were 

done for comparisons between multiple groups. The data were analyzed as means ± 

standard error of means. The differences were considered statistically significant 

when ‘p’ value was less than 0.05. 
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3.3. Results 

3.3.1. Level of dopamine 

The level of striatal dopamine was found to decrease up to the significant level in 

cypermethrin treated rats in comparison with the saline treated animals (Figure 3.1). 

Ibuprofen treatment enhances the level of dopamine towards control. 

3.3.2. Neuronal nuclei (NeuN) / tyrosine hydroxylase (TH)-immunoreactivity 

The number of NeuN/TH-immunoreactivity and counting of cells in the substantia 

nigra and similarly the TH-immunoreactivity in the striatum was decreased upon the 

cypermethrin treatment in rats in comparison with the control (saline treated) animals 

(Figure 3.2a, b, 3.3a and b). The animals showed alleviation in the NeuN/TH-

immunoreactivity and a number of NeuN/TH positive cells in the substantia nigra as 

well as TH-immunoreactivity in the striatum upon ibuprofen treatment. 

3.3.3. Microgliosis  

The process of microgliosis was found decreased up to a significant level upon the 

treatment of anti-inflammatory agent, ibuprofen. Cypermethrin treated animals 

showed an enhanced number of activated microglia (Figure 3.4a, b). 

3.3.4. Mitochondrial complex I activity 

Mitochondrial complex I activity was halted upon cypermethrin treatment in rats in 

comparison with the saline control animals. Ibuprofen treatment enhanced the 

activity of mitochondrial complex I (Figure 3.5). 
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Figure 3.1: Effect of cypermethrin on the striatal dopamine content as measured by 

LC-MS in the presence or absence of ibuprofen treatment. Values are calculated in 

means ± SEM (n = 3 independent experiments). Significant changes are expressed as 

*** (p < 0.001) in comparison with saline controls (saline) and ## (p < 0.01) in 

comparison with cypermethrin-treated rats. 
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Figure 3.2: Effect of cypermethrin on NeuN/TH-immunoreactivity (a) and number 

of NeuN/TH positive cells (b) in the presence or absence of ibuprofen treatment. 

Values are calculated in means ± SEM (n = 3 independent experiments). Significant 

changes are expressed as *** (p < 0.001) in comparison with saline controls (saline) 

and ## (p < 0.01) in comparison with cypermethrin-treated rats. 
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Figure 3.3: Effect of cypermethrin on TH-immunoreactivity (a) and striatal TH 

positive fiber’s density (b) in the presence or absence of ibuprofen treatment. Values 

are calculated in means ± SEM (n = 3 independent experiments). Significant changes 

are expressed as *** (p < 0.001) in comparison with saline controls (saline) and ## 

(p < 0.01) in comparison with cypermethrin-treated rats. 
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Table 3.1: Effect of cypermethrin on the dopamine content in the striatum, 

NeuN/TH- immunoreactivity in the substantia nigra and TH-immunoreactivity in the 

striatum in the presence of ibuprofen treatment. The values are calculated in terms of 

% of saline control as means ± SEM (n = 3 independent experiments). Significant 

changes are expressed as *** (p < 0.001) in comparison with saline controls (saline) 

and ## (p < 0.01) in comparison with cypermethrin-treated animals. 
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Figure 3.4: Effect of cypermethrin on microglial activation (a) and number of 

integrin-αM- positive cells (b) in the presence or absence of ibuprofen treatment. 

Values are calculated in means ± SEM (n = 3 independent experiments). Significant 

changes are expressed as *** (p < 0.001) in comparison with saline controls (saline) 

and ### (p < 0.001) in comparison with cypermethrin-treated rats. 
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Figure 3.5: Effect of cypermethrin on mitochondrial complex I activity in the 

presence or absence of ibuprofen treatment. Values are calculated in means ± SEM 

(n = 3 independent experiments). Significant changes are expressed as *** (p < 

0.001) in comparison with saline controls (saline) and # (p < 0.05) in comparison 

with cypermethrin-treated rats. 

 

Table 3.2: Effect of cypermethrin on the microglial activation and mitochondrial 

complex I activity in the presence of ibuprofen treatment. The values are calculated 

in terms of % of saline control as means ± SEM (n = 3 independent experiments). 

Significant changes are expressed as *** (p < 0.001) in comparison with saline 

controls (saline) and ### (p < 0.001), # (p<0.05) in comparison with cypermethrin-

treated animals. 
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3.4. Discussion 

Microgliosis occurs in the normal aging brain and results in the neuroinflammation, a 

common feature of neurodegenerative disease like PD. Treatment with ibuprofen, a 

nonsteroidal anti-inflammatory agent, is known to reduce the risk of PD (Bartels et 

al., 2010). In the present study, we have investigated the role of anti-inflammatory 

agent, ibuprofen, against cypermethrin induced toxicity in the dopaminergic neurons. 

We have tried to correlate these changes with that of dopaminergic neuron 

morphology that occur after toxic insult. In order to find out the role of ibuprofen 

against cypermethrin induced changes, we have accessed the basic Parkinsonian 

features like dopamine level in the striatum, number of NeuN/TH positive neurons 

and microgliosis.  

Cypermethrin is lipophilic in nature thus easily gets inside the brain and causes the 

neurodegeneration. The striatum is endowed with dopamine and responsible for the 

co-ordination of body movement. Depleted level of dopamine causes the movement 

disorder like PD (Singh et al., 2012b; Singh et al., 2016). Since the reduction in the 

level of dopamine in the striatum, number of NeuN/TH positive neurons and 

increased number of activated microglia have been already reported against 

cypermethrin induced Parkinsonism in rats (Singh et al., 2012b; Agrawal et al., 

2015b). For the validation purpose, we have performed these basic parameters of 

Parkinsonism by employing a different tool such as NeuN/TH-immunoreactivity and 

LC-MS in cypermethrin intoxicated animals in the presence or absence of ibuprofen.  

In the present study the treatment of cypermethrin in rats causes the significant 

decrease in the level of dopamine content in the striatum, a number of NeuN/TH 

positive neurons and increase in microgliosis (Singh et al. 2012a; Agrawal et al., 

2015b). The changes induced by cypermethrin were normalized after ibuprofen 
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treatment in rats (Singh et al., 2016). TH- immunoreactivity was also performed in 

the striatum of experimental rats treated with the cypermethrin in the presence or 

absence of ibuprofen. The fibre density of TH positive neurons was found to be 

decreased in the cypermethrin intoxicated rats while ibuprofen significantly 

recovered the loss (Singh et al., 2011a). As it is already reported that dopamine 

synthesis takes place in the substantia nigra and unloaded in the striatum (Tripathi et 

al., 2017). Thus the depletion in the level of dopamine also causes the structural 

changes in the neurons.  

Mitochondrion works as an epicenter and often considered as the power house of the 

cell by producing cellular energy and regulating oxidative phosphorylation. It also 

plays role in the metabolism of lipid, the formation of the iron sulfur cluster, 

maintenance of intracellular calcium level, apoptosis and cell signaling which have 

been found to be malfunctioning in PD (Scheffler, 2001; Dixit et al., 2013). Various 

complexes that are present in the inner mitochondrial membrane are involved in the 

electron transport chain. The ATP production occurs through the transfer of electrons 

and thus generates an electrochemical gradient across the inner membrane of 

mitochondria (Marchi et al., 2012; Narendra et al., 2008).  

In order to confirm the effect of cypermethrin or ibuprofen on mitochondrial 

complex I is similar as reported earlier, we have performed the similar experiment. 

Cypermethrin is found to inhibit the mitochondrial complex I activity and ibuprofen 

rescue the changes (Agrawal et al. 2015b). The present study indicates that 

cypermethrin causes microglial activation and hampers the mitochondrial function 

(Singh et al., 2016). Activated microglia causes neuronal damage through the 

production of pro-inflammatory factors, reactive oxygen species and glutamate 

production (Moore et al., 2010; Mosley et al., 2006). Oxidative stress related to the 
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dysfunctional mitochondria responsible for the cytochrome-c release and caspase-3 

activation that are responsible for the apoptosis (Banerjee et al., 2009; Agrawal et 

al., 2015b; Agrawal et al, 2015a). Our results are in accordance with the several 

previous studies which have shown similar changes after cypermethrin exposure in 

presence or absence of ibuprofen in experimental rats (Singh et al. 2012; Agrawal et 

al., 2015b; Singh et al., 2016). 
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CHAPTER 4 

The consequence of ibuprofen exposure on cypermethrin-induced 

changes in dendritic arborization, ramification and spine density of 

the striatal neurons 

 

4.1. Introduction 

Dopamine depletion is the characteristic feature of Parkinson’s disease (PD). 

Dopamine is an important neurotransmitter that helps growth, development and 

maintenance of dendritic spines. Dopamine is mainly synthesized in the substantia 

nigra and unloaded in the striatum. The striatum is enriched with the medium spiny 

neurons. Striatal spine loss mainly responsible for the movement function and its 

deficiency causes the PD. Due to the dopamine depletion, there is marked 

deterioration occurs in the structure of dendrites and dendritic spines of medium 

spiny neurons (MSNs) (Soderstrom et al., 2010).   

The nervous system is a complex structure and undergoes structural changes. Due to 

such changes there occurs the coordinated change in the pre and post synaptic 

components, changes in the branching pattern, dendrites and axons. Under the 

influence of different stimuli like injury, stress, alterations in the sensory 

environment the nervous system undergoes structural changes. Dendrites are present 

in a complex and beautiful arbor. The complexity of nervous system develops when 

dendrites reach to its correct partner (Tavosanis, 2011). Cypermethrin causes the 

dopamine depletion in the striatum and could cause the change in the dendritic 
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morphology. Cypermethrin intoxication induces the microglial activation and 

inflammation but their role in the regulation of dendritic morphology, length and 

spine number is yet not known. Therefore it is quite necessary to find out the 

correlation between the cypermethrin induced inflammation and microglial 

activation and change in the morphology of dendrites. The loss of dendritic spines is 

directly dependent upon the extent of dopamine depletion.     

Most of the striatal neurons are comprised of medium spiny neurons and the shaft of 

their dendritic spines synapse with the nigrostriatal dopaminergic axons (Shin et al., 

2016). Formation of a proper synapse and its maintenance is essential for the proper 

brain functioning. In case of the neurodegenerative disease like PD early synaptic 

loss occurs while the process of neurodegeneration takes place at later stages (Galli 

et al., 2014). Many studies have revealed that the loss of synapse results into the 

axonal retraction and consequently leads to the death of neurons. Therefore it is 

necessary to prevent the synaptic terminals for preventing the neuronal death in the 

PD. In case of PD loss of synapses occurs in the striatum that results in the deficits of 

dopamine transmission. In the striatum among other neurons, MSNs represents 

approximately 95% population. In the striatum, the MSNs receive dopaminergic 

inputs from the substantia nigra. Dopamine depletion in the striatum causes the 

decrease in the dendritic length of MSNs and the spine density. The changes in the 

structure of striatal MSNs may contribute to the motor dysfunctions in PD (Galli et 

al., 2014). 

In case of neuroinflammation and neurodegeneration, the microglia gets activated 

and causes the death of nigral dopamine neurons. During the process of 

inflammation, the level of COX-2 dramatically gets up-regulated that led to the 

concept that inhibition of COX-2 can minimize the process of inflammation (Choi et 
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al., 2009). COX-2 is present in the postsynaptic neuronal cell bodies and with the 

help of their potential downstream effectors like prostaglandin and free radicals, it 

causes toxicity. COX-2 may cause the oxidative damage through the oxidizing 

reactive species produced during the peroxidation activity (Kaufmann et al., 1996). 

The interaction between the microglial cells and apoptotic neurons has been reported 

to promote the expression of COX-2 and synthesis of prostaglandins. COX-2 

amplifies the inflammatory responses along with toxic effects and thus helps in the 

progression of the neurodegeneration (Bartels et al., 2010).  

Several epidemiological studies have suggested the role of conventional NSAID, 

ibuprofen in the risk reduction of the PD progression. Ibuprofen is an inhibitor of 

COX-2 and is known to reduce the microglial activation and synaptic plasticity 

(Tripathi et al., 2017; Rogers et al., 2017). We have conducted the present study to 

find out the effect of cypermethrin on the dendritic morphology of experimental 

animals in the presence of ibuprofen. We have found the beneficial effects of 

ibuprofen against cypermethrin induced changes in the dendritic length and number 

of dendritic spines.  

4.2. Materials and methods 

4.2.1. Chemicals 

Cypermethrin, dimethyl sulfoxide (DMSO), gluteraldehydehyde and ibuprofen were 

purchased from Sigma Aldrich, St. Louis, MO, USA. Neg-50 from Richard Allen 

Scientific (Kalamazoo, MI, USA). Dibutyl phthalate xylenes (DPX), diethyl ether, 

formaldehyde potassium dichromate and silver nitrate were obtained from Sisco 

Research Laboratories Private Limited (Mumbai, India). Xylene was obtained from 

Thermo Fisher Scientific Pvt. Ltd (Rockford, IL, USA). All other chemicals used in 

the experiment were of analytical grade and procured locally. 
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4.2.2. Animal treatment, Brain isolation, and section cutting 

The description about animal treatment, isolation of brain and section cutting has 

been given in detail in the above section 3.2.2. Without any alteration similar 

methodology has been used here also.   

4.2.3. Dendritic arborization, ramification and spine density analysis  

Using the standard protocol morphological alterations analysis in neurons, such as 

dendritic arborization, ramification and spine density in the striatum was performed 

(Naskar et al., 2013). The sharp surgical blades were used to cut the small blocks of 

striatum incubated in the Golgi fixative (5% potassium dichromate, 5% chloral 

hydrate, 3.2% formaldehyde, 1.5% glutaraldehyde and 1% dimethyl sulfoxide) for 

overnight. The brain was changed with fresh fixative for further two days. After 

completion of incubation in the Golgi fixative, the brain was changed with silver 

nitrate solution (0.75%) for another two days. The sections were dehydrated by 

alcohol (70%) and glass slides were used for mounting. The inverted microscope 

(100xs, oil immersion) or confocal microscope under phase contrast (60 X phase 

contrast imaging with z-stacking) was used for the visualization of sections (60 µm). 

Image J software was used for the counting of dendritic spines and morphometric 

analysis.  

4.2.4. Statistical analysis 

Data were statistically analyzed with the help of one-way analysis of variance 

(ANOVA) followed by Newman-Keuls posthoc test. If the value is less than 0.05 

then the data was considered statistically significant. Data was represented in the 

form of percent of saline control (saline). 
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4.3. Results 

4.3.1. Striatal dendritic morphology and length         

The dendritic length and the number of spines in the striatum of cypermethrin 

exposed animals were significantly reduced in comparison to control. Ibuprofen 

treatment significantly recovers the morphology and length of dendrites (Figure 4.1a, 

b). Ibuprofen alone did not affect the morphology and the length of dendrites. 

4.3.2. Striatal dendritic spine number 

The number of dendritic spines was found significantly decreased in cypermethrin 

treated animals. Dendritic spine numbers were found to be recovered towards control 

level upon ibuprofen treatment (Figure 4.2a, b). 
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Figure 4.1: Effect of cypermethrin on dendritic morphology (a) and length of 

dendrites (b) in the presence or absence of ibuprofen treatment. Values are calculated 

in means ± SEM (n = 3 independent experiments). Significant changes are expressed 

as *** (p < 0.001) in comparison with saline controls (saline) and ## (p < 0.01) in 

comparison with cypermethrin-treated rats. 
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Figure 4.2: Effect of cypermethrin on morphology of dendritic spines (a) and 

number of dendritic spines (b) in the presence or absence of ibuprofen treatment. 

Values are calculated in means ± SEM (n = 3 independent experiments). Significant 

changes are expressed as *** (p < 0.001) in comparison with saline controls (saline) 

and ## (p < 0.01) in comparison with cypermethrin-treated rats. 
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Table 4.1: Effect of cypermethrin on the length of dendrites and number of spines in 

the presence of ibuprofen treatment. The values are calculated in terms of % of saline 

control as means ± SEM (n = 3 independent experiments). Significant changes are 

expressed as *** (p < 0.001) in comparison with saline controls (saline) and ## (p < 

0.01) in comparison with cypermethrin-treated animals. 

 
 

4.4. Discussion  

In the present study, we have documented the morphological changes of dendrites of 

medium spiny neurons of striatum after cypermethrin treatment in rats in the form of 

reduced length and arborization and lessen a number of dendritic spines. Its because 

dendrites and dendritic spines are the places where majority of synaptic contact are 

present (Solis et al., 2007). The simplest explanation of the present finding is that 

cypermethrin may have changed the synaptic inputs in the striatum resulting in the 

change in dendritic morphology. Our observations are in consistent with the previous 

findings on the changes in the dendritic morphology, length and spine numbers of 

dendrites of other toxin induced models (Shin et al., 2016; Tripathi et al., 2017; 

Solis et al., 2007; Naskar et al., 2013). The exact mechanism by which 

cypermethrin induce changes in dendritic architecture is not clear. However, the 

depleted level of dopamine in PD may be responsible for this process. The level of 

connectivity and afferent activity depends on the dendritic arborization and spine 
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density present on dendrites. In the striatum, dopamine afferents make synapse at 

spine neck or dendritic shafts of medium spiny neurons (Solis et al., 2007). 

Therefore we believe that the changes in dopaminergic inputs in the striatum may be 

responsible for the recognizable alterations in the morphology of dendrites and 

number of its spines. Previous studies have reported the COX-2 immunoreactivity in 

the dendritic spines. COX-2 contributes to the inflammation by playing role in the 

synthesis of prostaglandin. Chronic inflammation is very much associated with the 

pathogenesis of PD. Experimental studies have demonstrated that the activation of 

glial cells and release of proinflammatory cytokines is the common feature of PD 

brain. There is mounting evidence of rescuing effect of anti-inflammatory drugs on 

the development of PD (Bartels et al., 2010). 

In the present study, ibuprofen is examined for its therapeutic potential against 

pathogenesis of PD. This was an effort to find the additional beneficial effect of 

ibuprofen, if any, especially in the cypermethrin induced changes in the dendritic 

morphology and dendritic spine number. The major finding of the present work is the 

ability of ibuprofen is to attenuate and correct the dendritic morphology and dendritic 

spine loss of medium spiny neurons of striatum caused by cypermethrin. Ibuprofen is 

known to reduce inflammation by inhibiting the COX-2 activity because of its anti-

inflammatory nature (Hsieh et al., 2011). In cypermethrin induced model of PD 

ibuprofen minimizes the neuroinflammation and recovers the changes of dendritic 

morphology (Singh et al., 2016). Ibuprofen recovers the length of dendrites of 

medium spiny neurons as well as the number of spines on dendrites in cypermethrin 

exposed rats. 

Many reports are there that supports the fact that ibuprofen shows the protective 

effect against toxin induced models of PD (Kurkowska-Jasterzebska et al., 2006; 
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Hsieh et al., 2011). Depending on the previous reports it could be assumed that by 

normalizing the morphology of dendrites the complex behavioral abnormalities could 

be minimized.  

Thus ibuprofen could be used as a rescuing agent to improve the dendritic 

morphology and spine density of medium spiny neurons by minimizing the 

inflammation. In short, ibuprofen could be used as a therapeutic agent for retarding 

the progression of PD. 
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CHAPTER 5 

A crosstalk of ibuprofen-mediated alleviation in the cypermethrin-

induced changes in nigral mitochondrial function and striatal 

dendritic arborization, ramification and spine density with anti-

neuroinflammatory potential to delineate the mechanism of 

neuroprotection 

5.1. Introduction 

The characteristic anatomical feature of sporadic and pesticides-induced PD is the 

nigrostriatal dopaminergic neurodegeneration (Barbeau et al., 1987; Koller et al., 

1990). The free radicals generated due to the cypermethrin intoxication leading to 

deterioration of nigral dopaminergic neurons thereby resulting in the PD phenotype 

in rodents (Giray et al., 2001; Kale et al., 1999). One of the most commonly used 

pesticides is pyrethroid that is metabolized in the brain by the xenobiotic 

metabolizing enzymes. Cypermethrin is known to induce oxidative stress, 

inflammation, and results in the slow progressive loss of nigrostriatal dopamine 

producing neurons. Cypermethrin is also responsible to induce microglial activation 

that could also contribute PD pathogenesis resulting to Parkinsonism (Agrawal et 

al., 2015b; Singh et al., 2016).  

In case of Parkinsonism increased level of cytokines and aberrant apoptosis occurs 

and it has been well established in toxin models of PD (Srivastava et al., 2012; Dixit 

et al., 2013; Singh et al., 2016; Tripathi et al., 2017). Depending on the intensity 

and activation event microglia can synthesize and release various kinds of free 

radicals, inflammatory cytokines and chemokines that are sufficient to induce an 



Chapter Chapter Chapter Chapter 5555    

62 

inflammatory response. Morphologically activated microglia is the common feature 

of the chronic neurodegenerative disease and over the last years, it is the growing 

topic of research because the inflammation and microgliosis are known for their 

pathogenic roles (Ajmone-Cat et al., 2010).  

Several experimental studies have explained the role of NSAIDs to provide 

protection against the loss of dopaminergic neurons in toxin induced Parkinsonian 

models (Asanuma et al., 2006). Previous studies have mentioned that microglia is 

present in the substantia nigra in highest concentration. Thus the substantia nigra is 

more sensitive for the neuroinflammation. Microglial activation starts early in the 

neurodegeneration and starts at extending fibres like dendrites. Thus the level of 

detrimental compounds such as interleukin (IL-1β), interleukin (IL-4), interleukin 

(IL-17) and interferon-γ (IFN-γ) increases which may consequently induce inducible 

nitric oxide synthase (iNOS) or activates the process of apoptosis. It has been shown 

in many studies that overproduction of COX-2 during neuroinflammation causes the 

susceptibility to excitotoxicity while its inhibition offers neuroprotection (Bartels et 

al., 2010). Consistently with the suggested role played by COX-2 in the neuronal 

excitotoxicity, COX-2 is also found to be expressed in the synaptic terminals of 

neurons.  

NSAIDs agents possess the anti-inflammatory properties by inhibiting the COX-2 

enzyme that is responsible for catalyzing the prostaglandin synthesis from the 

arachidonic acid (Bartels et al., 2010). There are many NSAIDs are known but 

ibuprofen is preferred over others owing to the presence of prior epidemiological and 

experimental knowledge about its neuroprotective efficacy, cost effectiveness, nice 

public perception, general practice and relatively lesser toxicity after long-term 

exposure as compared with other NSAIDs of the similar efficacy (Gao et al., 2008). 
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However, the exact mechanism underlying the ibuprofen mediated protection in PD 

incidences is yet obscure.  

In case of PD after the induction of inflammation, apoptosis also takes place in which 

many mitochondrial proteins are also associated. These mitochondrial proteins are 

known to be associated with the defective energy metabolism (Pienaar et al., 2010). 

Few studies have been done to find out the subtle mechanism involved in the process 

of cypermethrin induced dopaminergic neurodegeneration (Chugh et al., 1992; 

Nasuti et al., 2007). Thus in order to find out the actual role of these proteins and 

how they are correlated with each other in PD, the present study was conducted. In 

PD progression to which extent inflammation is responsible and how the anti-

inflammatory agents like ibuprofen could demise the process of neurodegeneration. 

Therefore it would be worthwhile to find out the role of ibuprofen against 

cypermethrin induced neurodegeneration.   

5.2. Materials and methods 

5.2.1. Chemicals 

5-Bromo-4chloro-3-indolyl phosphate (BCIP), nitro-blue-tetrazolium (NBT), the 

primary antibody against β-actin and iNOS were purchased from Sigma Aldrich, St. 

Louis, MO, USA. Copper sulfate, diethyl ether, sodium dodecyl sulfate and sodium 

potassium tartrate were obtained from Merck India Private Limited, Mumbai, India. 

PVDF membrane was procured from Millipore (Billerica, MA, USA). Primary 

antibodies against anti-B-cell lymphoma (Bcl)-2, interleukin 1-β, interleukin-4 (IL-

4), interleukin-17 (IL-17), interferon-gamma (IFN-γ), B-cell lymphoma extra large 

(Bcl-xL), Caspase-9, post- synaptic density protein 95 (PSD-95), synaptophysin 

(SYN), cytochrome c, mammalian translocase of inner mitochondrial membrane 

(mitochondrial import inner membrane translocase subunit; TIM44), anti-mouse, 

anti-rabbit and anti-goat alkaline phosphatase conjugated-secondary antibodies, were 



Chapter Chapter Chapter Chapter 5555    

64 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-

caspase-3 antibody was obtained from Cell Signalling Technology Inc. (Danvers, 

MA, USA). Glycerol, methanol, sodium carbonate and sodium thiosulfate were 

purchased from Merck Biosciences (Darmstadt, Germany). All other chemicals used 

in the study were of analytical grade and purchased locally. 

5.2.2. Animal treatment, brain dissection and isolation of substantia nigra and 

striatum 

The complete description of the animal treatment and dissection of brain has been 

given above in the section 3.2.2. The substantia nigra and striatum (substantia nigra 

and striatum= nigrostriatum) were isolated from the brain for performing the western 

blotting experiment. 

5.2.3. Western blotting 

The tissue isolated from substantia nigra and striatum was subjected to western 

blotting in order to find out the expression of some proteins related to 

neuroinflammation and apoptosis according to the protocol described elsewhere 

(Tiwari et al., 2010). The supernatant was subjected to 8-15% SDS-PAGE after the 

homogenization, sonication and centrifugation of tissue. The expression pattern of 

caspase-3, caspase-9, Bcl-xl, cytochrome c (cytosolic and mitochondrial), β-actin, 

iNOS, synaptophysin and PSD-95 was analyzed from the supernatant. The 

nonspecific binding sites were blocked by 5% fat-free milk after protein transfer on 

PVDF membrane. The antibodies of anti-iNOS, anti-Bcl-2, anti-caspase-3, anti-

caspase-9, anti-cytochrome-c and anti-β-actin (1:500 to 1:3,000 dilutions) were used 

for minimum 3 h to incubate the blots in it. The blots were washed after the 

completion of incubation in primary antibody and then incubated in anti mouse or 

anti rabbit-alkaline phosphatase conjugated secondary antibody. The blots were 

again washed with buffer and then developed in 5-Bromo-4-chloro--3′-indolyl 



Chapter Chapter Chapter Chapter 5555    

65 

phosphate and nitro-blue tetrazolium solutions substrate. The image was captured 

with the help of computerized densitometry system (Alpha Imager System, Alpha 

Innotech Corporation, San Leandro, CA, USA). The loading control (β-actin) was 

used to normalize the band density of Bcl-2, Bcl-xl, caspase-3, caspase-9, 

cytochrome c (cytosolic), iNOS, interleukin-4 (IL-4), interleukin-17 (IL-17) and IL-

1β. The TIM44 was used as loading control for mitochondrial cytochrome c to 

normalize band density (Tiwari et al., 2010; Singh et al., 2016). 

5.2.4. Protein estimation 

Protein estimation of homogenate was done with the help of Lowry method and BSA 

was used as a standard (Lowry et al., 1951). 

5.2.5. Statistical analysis 

For the comparison purpose, one way analysis of variance (ANOVA) followed by 

Newman-Keuls posthoc test was used. Data were considered statistically significant 

if the value was less than 0.05. Representation of data was done as means ± Standard 

means error (SEM). Value of saline control was considered as 100% and other values 

were calculated accordingly.  

5.3. Results 

5.3.1. Western blotting 

Expression of proteins like Bcl-xL, caspase-3, caspase 9 (Figure 5.1a, b), cytochrome 

c (cytosolic) (Figure 5.2a, b), iNOS, IL-1β, IFN-γ, IL-4 and IL-17 (Figure 5.3a, b) in 

the nigrostriatal tissue of cypermethrin exposed rats were found to be increased in 

comparison with the control (Saline treated). The level of proteins like Bcl-2 (Figure 

5.1a, b), cytochrome c (mitochondrial) (Figure 5.2a, b), striatal synaptophysin and 

PSD-95 (Figure 5.4a, b) were diminished after animals challenged with 

cypermethrin. Upon ibuprofen treatment the level of protein like Bcl-2, cytochrome c 

(mitochondrial) and synaptic proteins like synaptophysin and PSD-95 were found to 
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be up regulated while the expression of other nigrostriatal proteins like Bcl-xL, 

caspase-3, caspase-9, cytochrome c (cytosolic), iNOS, IL-1β, IFN-γ, IL-4 and IL-17 

got down regulated toward the control level. 
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Figure 5.1: Effect of cypermethrin on the expression and band density ratio of Bcl-2, 

Bcl-xl, caspase-9 and caspase-3 with reference to β-actin proteins in the presence of 

ibuprofen treatment. Values are calculated in means ± SEM (n = 3 independent 

experiments). Significant changes are expressed as *** (p < 0.001 in comparison 

with saline controls (saline) and ## (p < 0.01) and # (p<0.05) in comparison with 

cypermethrin-treated rats. 
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Table 5.1: Effect of cypermethrin on the Bcl-2, Bcl-xl, caspase-9 and caspase-3 in 

the presence of ibuprofen treatment. The values are calculated in terms of % of saline 

control as means ± SEM (n = 3 independent experiments). Significant changes are 

expressed as *** (p < 0.001) in comparison with saline controls (saline) and ## (p < 

0.01), # (p<0.05) in comparison with cypermethrin-treated animals. 
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Figure 5.2: Effect of cypermethrin on the expression and band density ratio of 

mitochondrial cytochrome c with reference to mitochondrial Tim44 protein and 

expression and band density ratio of cytosolic cytochrome c with reference to β-actin 

protein in the presence of ibuprofen treatment. Values are calculated in means ± 

SEM (n = 3 independent experiments). Significant changes are expressed as *** (p < 

0.001) and ** (p < 0.01) in comparison with saline controls (saline) and # (p<0.05) in 

comparison with cypermethrin-treated rats. 
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Table 5.2: Effect of cypermethrin on the mitochondrial cytochrome c and cytosolic 

cytochrome c in the presence of ibuprofen treatment. The values are calculated in 

terms of % of saline control as means ± SEM (n = 3 independent experiments). 

Significant changes are expressed as *** (p < 0.001) and ** (p < 0.01) in comparison 

with saline controls (saline) and # (p<0.05) in comparison with cypermethrin-treated 

animals. 
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Figure 5.3: Effect of cypermethrin on the expression and band density ratio of IFN-

γ, IL-4, IL-1β, iNOS and IL-17 with reference to β-actin protein in the presence of 

ibuprofen treatment. Values are calculated in means ± SEM (n = 3 independent 

experiments). Significant changes are expressed as *** (p < 0.001) in comparison 

with saline controls (saline) and ## (p < 0.01), # (p<0.05) in comparison with 

cypermethrin-treated rats. 
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Table 5.3: Effect of cypermethrin on the IFN-γ, IL-4, IL-1β, iNOS and IL-17 in the 

presence of ibuprofen treatment. The values are calculated in terms of % of saline 

control as means ± SEM (n = 3 independent experiments). Significant changes are 

expressed as *** (p < 0.001) in comparison with saline controls (saline) and ## (p < 

0.01), # (p<0.05) in comparison with cypermethrin-treated animals. 
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Figure 5.4: Effect of cypermethrin on the expression and band density ratio of SYN 

and PSD-95 with reference to β-actin protein in the presence of ibuprofen treatment. 

Values are calculated in means ± SEM (n = 3 independent experiments). Significant 

changes are expressed as *** (p < 0.001) in comparison with saline controls (saline) 

## (p < 0.01), # (p<0.05) in comparison with cypermethrin-treated rats. 
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Table 5.4: Effect of cypermethrin on the synaptophysin and PSD-95 in the presence 

of ibuprofen treatment. The values are calculated in terms of % of saline control as 

means ± SEM (n = 3 independent experiments). Significant changes are expressed as 

*** (p < 0.001) in comparison with saline controls (saline) and ## (p < 0.01) and # 

(p<0.05) and in comparison with cypermethrin-treated animals. 

 

 
Figure 5.5: Flow chart representing the rescuing effect of ibuprofen against 

cypermethrin-induced Parkinsonism. Cypermethrin is known to induce the 

Parkinsonian features i.e. dopamine depletion, reduction in TH-immunoreactivity 

and increased microgliosis. Ibuprofen could provide protection against cypermethrin-

induced changes. Moreover cypermethrin exposure causes decrease in dendritic 

length and number of spines and ibuprofen significantly rescues the changes 

significantly in the present study (Tripathi et al., 2017).   
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 5.4. Discussion  

The hypothesis of neuroinflammation in the initiation and progression of the PD 

have been supported by many epidemiological studies (Bartels et al., 2010; Wang et 

al., 2015). Therefore it is desirable to develop some therapies that could intervene the 

inflammatory pathway mediated through microgliosis. Cypermethrin is known to 

responsible for the progressive loss of dopaminergic neurons (Singh et al., 2012b; 

Agrawal et al., 2015b). In case of PD terminal loss in the striatum has also been 

reported. COX-2 immunoreactivity is found in the dendritic spines present on 

dendrites and responsible for the signaling of the synapse (Kaufmann et al., 1996). 

Robust activation of microglial cells in the PD suggesting its importance for the 

progression of the pathogenesis of PD. Activated microglia is known to promote the 

COX-2 production and concomitant production of prostaglandin. COX-2 may 

produce toxic free radicals thereby promoting the progression of neurodegeneration. 

Microgliosis takes place in the substantia nigra and extends to dendrites and 

produces various detrimental compounds such as interleukins, interferon-γ (IFN-γ) 

and iNOS (Bartels et al. 2010). 

As it is known that cypermethrin is responsible for the activation of the microglia 

and consequently COX-2 thus elevates the level of inflammation (Singh et al., 

2016). In order to investigate the process of inflammation, we have checked the 

expression of some inflammatory compounds such as IL-1β, IL-4, IL-17, IFN-γ and 

iNOS. In cypermethrin exposed animals the expression of IL-1β, IL-4, IL-17, IFN-γ 

and iNOS was found to be increased (Singh et al., 2016). The process of 

inflammation leads to the degeneration of neurons. Thus in this sequence, we have 

also checked the expression of some proteins involved in the process of apoptosis. 

After cypermethrin treatment, the expression of Bcl-2, Bcl-xl, cytochrome-c 
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(cytosolic and mitochondrial), caspase-3 and caspase-9 was investigated. The 

expression of Bcl-2 and mitochondrial cytochrome c was found to be decreased 

while the expression of Bcl-xl, cytosolic cytochrome c, caspase-3 and caspase-9 was 

increased in cypermethrin exposed animals (Singh et al., 2016; Agrawal et al., 

2015a;  Chauhan et al., 2015).  

Synaptic terminals are known to play important role in the regulation and 

maintenance of neurotransmission of dopamine responsible for controlling the motor 

activity. Due to terminal degeneration in PD, it is important to check the expression 

of the synaptic proteins. SYN protein is a key signature protein of presynaptic 

terminal while PSD-95 is present at postsynaptic terminals and contributes to the 

regulation of synaptic strength (Wheeler et al., 2002; Marqueze et al., 1991; 

Wiedenmann et al., 1985; Han et al., 2008; Bai et al., 2014; Shin et al., 2016). We 

have checked the expression of SYN and PSD-95 in the striatum. In cypermethrin 

intoxicated animals the level of SYN and PSD-95 was decreased. Thus it indicates 

that cypermethrin causes the loss of synaptic connectivity and intervene the 

dopaminergic neurotransmission in the striatum (Tripathi et al. 2017).  

Non-steroidal anti-inflammatory drugs have been known to provide the protective 

effect on dopaminergic neurons in PD. Ibuprofen, the conventional NSAID has the 

strongest epidemiological support for risk reduction of PD progression (Bartels et 

al., 2010). Increased level of COX-2 in cypermethrin exposed animals was reduced 

by ibuprofen treatment and shows its anti-inflammatory nature (Singh et al., 2016). 

Thus in the present study, we have used ibuprofen against cypermethrin induced 

toxicity and ibuprofen may provide protection due to its anti-inflammatory property. 

We have examined the expression of different inflammatory molecules such as IL-

1β, IL-4, IL-17 and IFN-γ after ibuprofen treatment in cypermethrin treated animals. 
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Ibuprofen lowers the elevated level of inflammatory molecules (IL-1β, IL-4, IL-17, 

and IFN-γ). Ibuprofen was also found to be effective by diminishing the induced 

level of Bcl-xl, cytosolic cytochrome c, caspase-3 and caspase-9 while uplifts the 

decreased level of Bcl-2 and mitochondrial cytochrome c, proteins involved in 

apoptotic pathway in cypermethrin treated animals (Tripathi et al., 2017; Singh et 

al., 2016). 

COX-2 that are specifically present at nerve terminals may also responsible for the 

terminal loss thus we have checked the effect of ibuprofen on the two synaptic 

proteins, SYN and PSD-95 in cypermethrin exposed animals. Ibuprofen increased 

the diminished level of SYN and PSD-95 in cypermethrin treated animals. Thus 

ibuprofen provides protection against cypermethrin induced toxicity in the nerve 

terminals (Tripathi et al., 2017). 

Thus the present study supports the fact that inflammation plays a key role in the 

progression of dopaminergic neurodegeneration and ibuprofen reduces the risk 

because of its anti-inflammatory nature against cypermethrin treated rats (Figure 

5.5).      

  



 

 

 

 

 

 

 

SUMMARY 

 

 

 

 

 

 

 

 

 

 

 

 



SummarySummarySummarySummary    

77 

 

 SUMMARY 

PD is a common age-related chronic neurodegenerative disease characterized by the 

loss of dopaminergic neurons in the substantia nigra. The degeneration of 

dopaminergic neurons leads to the striatal dopamine depletion and appearance of 

disease symptoms. Motor symptoms develop as the disease progresses with the 

concomitant loss of dopaminergic neurons in the nigrostriatal pathway. 

Epidemiological and experimental studies have shown an association of pesticides 

exposure with PD pathogenesis. Long term exposure to cypermethrin in rats is 

known to induce dopaminergic neurodegeneration in human and animals while low 

doses and short term exposures of cypermethrin is less toxic, the mechanism through 

which cypermethrin induces neurodegeneration is yet not clearly known. However 

oxidative stress, mitochondrial dysfunction, α-synuclein aggregation and 

inflammation are found to participate in the nigrostriatal dopaminergic 

neurodegeneration. The role of inflammation in the PD pathogenesis is also 

supported by the fact that cypermethrin induces an accumulation of activated 

microglia in the substantia nigra. Nonsteroidal anti-inflammatory drugs (NSAIDs) 

that include ibuprofen found to protect demise of dopaminergic neurons in a few 

toxin models through their anti-inflammatory and anti-oxidant property or due to 

both. Cypermethrin induced inflammation to play a major role in disease 

progression. On the other hand, ibuprofen could protect the cypermethrin induced 

loss of dopaminergic neurons. Ibuprofen was performed in this study since it is a 

commonly recommended and very cost effective drug. It inhibits COX-2 activity, 

which is responsible for prostaglandin biosynthesis. The protective potential of 
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ibuprofen on cypermethrin induced inflammatory damage, terminal loss and other 

parameter were therefore investigated in the present study.  

Male pups (Wistar rats) were treated with the cypermethrin (1.5 mg/kg; twice a 

week), intraperitoneally for 5-19 days. After the completion of postnatal treatment, 

the animals were left untreated for two months. Upon adulthood, the animals were 

again treated with cypermethrin (15 mg/kg; twice a week) for 12 weeks along with 

respective controls. In a few sets of experiments, the animals were co-treated 

intraperitoneally with ibuprofen (20 mg/kg; daily) for 12 weeks along with the 

respective vehicle. Upon completion of the treatment, the animals were sacrificed. 

The brain was separated from the skull by the cervical dislocation. The isolated brain 

was either immediately used to dissect the striatum and the substantia nigra or stored 

at -80
0
 C till further use.  

Dopamine content was measured in the striatum of all treated groups along with 

controls by liquid chromatography-mass spectrometry. Coronal sections of the 

substantia nigra were used to perform, the NeuN/TH and integrin-αM 

immunoreactivities and sections from striatum were used to perform TH-

immunoreactivity. Golgi staining was implicated to perform the morphological study 

of dendrites and spines of medium spiny neurons in the striatum. Mitochondrial 

complex I activity was measured to check the mitochondrial function. The 

expression of some selected inflammatory, apoptotic and terminal proteins was 

checked to investigate the underlying mechanism of toxicity and protection.   

Cypermethrin reduced the dopamine level, TH-immunoreactivity in the striatum and 

the number of nigral NeuN/TH positive cells. Integrin-αM immunoreactivity was 

elevated in the cypermethrin treated rats. Dendritic length and spine number in the 
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striatum was significantly reduced in cypermethrin treated animals. Mitochondrial 

complex I activity was also inhibited in cypermethrin treated group. Cypermethrin 

enhanced the expression of (inflammatory proteins) IL-1β, IL-4, IL-17 and IFN-γ, 

(apoptotic proteins) BCL-xL, cytosolic cytochrome c, caspase-3 and caspase-9. 

Cypermethrin reduced the expression of Bcl-2, mitochondrial cytochrome c and 

expression of (terminal proteins) SYN and PSD-95.  

Ibuprofen co-treatment significantly normalized the changes induced by 

cypermethrin. Ibuprofen recovered the loss in the level of dopamine and TH-

immunoreactivity in the striatum. Moreover, the number of NeuN/TH positive cells 

was restored towards normalcy after ibuprofen treatment. Ibuprofen also reduced the 

integrin-αM immunoreactivity towards the normal level. The mitochondrial complex 

I activity was also normalized in ibuprofen co-treated animals. Ibuprofen protected 

from the loss of dopamine terminals and enhanced the dendrite length and spine 

number in the striatum. Ibuprofen co-treatment significantly reduced the level of 

inflammatory proteins (IL-1β, IL-4, IL-17 and IFN-γ) in cypermethrin treated 

animals. Additionally, ibuprofen reduced the level of Bcl-xL, cytosolic cytochrome 

c, caspase-3 and caspase-9 (pro-apoptotic proteins) and enhanced the level of Bcl-2 

and mitochondrial cytochrome c (anti-apoptotic proteins). Ibuprofen was found to 

normalize the expression of the terminal proteins, such as SYN and PSD-95 in 

cypermethrin-exposed animals.   

The results of the study show that ibuprofen protects from cypermethrin-induced 

apoptosis, inflammation, neurodegeneration and incidences of PD. The study for the 

first time shows that ibuprofen can be tested in clinical investigation to assess its 

neuroprotective potential. If everything seems alright it can be used as an additional 

therapy to encounter PD owing to its cost effectiveness and neuroprotective efficacy.  
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Abstract Microgliosis and inflammation are major wrongdoers
in cypermethrin-induced Parkinsonism along with oxidative
stress, mitochondrial dysfunction and α-synuclein aggregation.
Dopamine depletion could alter dendritic morphology, length
and spine number in the striatum. Present study investigated
the effect of ibuprofen on the dendritic morphology, length and
spine density in cypermethrin PDmodel. Male pups were treated
intraperitoneallywith cypermethrin during postnatal days follow-
ed by adulthood to induce Parkinsonism using standard proce-
dure along with controls. Subsets of animals were pre-treated
with ibuprofen 2 h prior to cypermethrin treatment during adult-
hood. Standard methods were used to confirm Parkinsonism/
neuroprotection. Striatal dendritic morphology, length, spine
number and expression of synaptophysin and postsynaptic den-
sity protein-95 (PSD-95) along with the nigrostriatal pro-
inflammatory and apoptotic proteins were measured.
Cypermethrin induced Parkinsonian traits and attenuated the
dendritic length, spine number and expression of synaptophysin
and PSD-95. While cypermethrin increased the expression of

interleukin-1β, interleukin-4, interferon-γ, inducible nitric oxide
synthase, caspase-3, caspase-9 and B-cell lymphoma (Bcl)-xl
proteins, it attenuated Bcl-2 expression. Ibuprofen normalized
the changes in dendritic morphology, length, spine number and
expression of synaptophysin, PSD-95, and pro-inflammatory
and apoptotic proteins. Results demonstrate that cypermethrin
induces inflammation and alters dendritic morphology, length
and spine number, which are encountered by ibuprofen.

Keywords Parkinsonism . Dendritic morphology and spine
number . Cypermethrin . Ibuprofen . Neuroprotection

Introduction

Parkinson’s disease (PD) is a common and progressive
dopamine depletion disorder of the central nervous system
leading to motor disability [1]. Nigrostriatal dopaminergic
neurodegeneration, microgliosis, mitochondrial dysfunc-
tion, inflammation, oxidative stress, aberrant autophagy,
impaired ubiquitin proteasome system and deviant apo-
ptosis have been linked with PD [2]. Substantia nigra is
loaded with dopaminergic neurons while striatum is
enriched with medium spiny neurons that receive dopami-
nergic signals through nerve terminals [3]. PD is labelled
with selective loss of dopamine producing neurons in the
substantia nigra and nerve terminals and synapses in the
striatum. A scientific perception believes that the loss of
synapse initiates neuronal demise and manifests the symp-
tomatic depiction of PD.

Pesticides have been found to induce Parkinsonism in
rodents after prolonged exposure [1, 4, 5]. Cypermethrin
crosses the blood brain barrier and induces the
nigrostriatal dopaminergic neurodegeneration and behav-
ioural features of Parkinsonism [5]. Microgliosis indicates
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Ibuprofen abates cypermethrin-induced expression
of pro-inflammatory mediators and mitogen-activated protein
kinases and averts the nigrostriatal
dopaminergic neurodegeneration
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Abstract Cypermethrin induces oxidative stress, microglial
activation, inflammation and apoptosis leading to
Parkinsonism in rats. While ibuprofen, a non-steroidal anti-
inflammatory drug, relieves from inflammation, its efficacy
against cypermethrin-induced Parkinsonism has not yet been
investigated. The study aimed to explore the protective role of
ibuprofen in cypermethrin-induced Parkinsonism, an environ-
mentally relevant model of Parkinson’s disease (PD), along
with its underlying mechanism. Animals were treated
with/without cypermethrin in the presence/absence of ibupro-
fen. Behavioural, immunohistochemical and biochemical pa-
rameters of Parkinsonism and expression of pro-inflammatory
and pro-apoptotic proteins along with mitogen-activated pro-
tein kinases (MAPKs) were determined. Ibuprofen resisted
cypermethrin-induced behavioural impairments, striatal dopa-
mine depletion, oxidative stress in the nigrostriatal tissues and
loss of the nigral dopamine producing cells and increase in
microglial activation along with atypical expression of pro-
inflammatory and apoptotic proteins that include cyclooxy-
genase-2, tumour necrosis factor-α, MAPKs (c-Jun N-
terminal kinase, p38 and extracellular signal-regulated ki-
nase), B cell lymphoma 2-associated protein X, tumour sup-
pressor protein p53, cytochrome c and caspase-3 in the
nigrostriatal tissue. The results obtained thus demonstrate that

ibuprofen lessens inflammation and regulates MAPKs expres-
sion thereby averts cypermethrin-induced Parkinsonism.

Keywords Parkinson’s disease . Non-steroidal
anti-inflammatory drug . Ibuprofen . Cypermethrin

Introduction

Parkinson’s disease (PD) is a complicated and multi-factorial
motor disorder of unexplained aetiology. It is mainly associ-
ated with movement mutilation and motor impairment owing
to selective loss of the nigrostriatal dopamine synthesizing
neurons [1–5]. Despite mysterious contributory factors, pesti-
cides have been consistently accused in its pathogenesis [1–5].
Cypermethrin, a commonly used synthetic class II pyrethroid
pesticide, is found to be safe at lower doses owing to its short
half life. However, it may lead to progressive demise of dopa-
minergic neurons and onset of motor deficits in rats if it enters
the brain and accumulates to a substantial level [6, 7].
Moderate doses of cypermethrin induce severity in adult rats,
if pre-exposed to low doses during the postnatal periods [6, 7].
Directly or indirectly, the structural and functional impair-
ments in the mitochondrion and microglial activation, inflam-
mation, oxidative stress and defective apoptosis are found to
be the foremost wrongdoers [6–10].

Mutation in inflammatory genes is found to be associated
with PD pathogenesis. Besides, it triggers pro-inflammatory
pathways resulting into the microglial activation and free rad-
ical generation [5, 11, 12]. Cypermethrin induces the
microglial activation and overexpression of pro-
inflammatory proteins, showing that inflammation could be
critical in degeneration of the nigrostriatal dopaminergic neu-
rons [8, 10]. However, it is not yet clear whether inflammation
is a cause or consequence of cypermethrin-mediated
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Abstract Cypermethrin induces the mitochondrial dysfunc-
tion and oxidative damage to the nigrostriatal dopaminergic
neurons leading to Parkinsonism in rats. Despite α-synuclein
aggregation is reported to be critical in Parkinson’s disease, its
role and alliance with the mitochondrial dysfunction and
oxidative damage leading to cypermethrin-induced
Parkinsonism have not yet been deciphered. The present study
aimed to examine the effect of cypermethrin on the expression
and aggregation of α-synuclein and its subsequent connection
with oxidative damage and mitochondrial dysfunction leading
to the nigrostriatal dopaminergic neurodegeneration in the
presence or absence of a mitochondrial membrane transition
pore opening inhibitor, cyclosporine A and a superoxide
dismutase/catalase mimetic, manganese (III) tetrakis (1-meth-
yl-4-pyridyl) porphyrin pentachloride (MnTMPyP). The ex-
pression of α-synuclein, 3-nitrotyrosine (3-NT), 4-
hydroxynonenal (4-HNE)-modified proteins, mitochondrial
dysfunction-dependent apoptotic proteins, nitrite content, lip-
id peroxidation (LPO) and number of tyrosine hydroxylase
(TH)-positive neurons were estimated in the substantia nigra
and dopamine content in the striatum of control and treated
rats employing standard procedures. Cypermethrin augment-
ed the expression of α-synuclein, 3-NT, 4-HNE-modified
proteins, caspase-3, mitochondrial Bax and cytosolic
cytochrome-c along with nitrite and LPO and reduced the
expression of cytosolic Bax, mitochondrial cytochrome-c,
dopamine and number of TH-positive neurons. Cyclosporine

A or MnTMPyP alleviated the expression and aggregation of
α-synuclein along with indicators of the mitochondrial dys-
function, oxidative damage and dopaminergic neurodegener-
ation. The results demonstrate that cypermethrin induces α-
synuclein expression and aggregation while cyclosporine A or
MnTMPyP rescues from α-synuclein over-expression and
aggregation along with the mitochondrial dysfunction and
oxidative damage leading to Parkinsonism in rats.
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Introduction

Parkinson’s disease (PD) is a chronic movement disorder of
elusive aetiology and is characterized by the slow and pro-
gressive loss of dopaminergic neurons of the nigrostriatal
pathway resulting in the depletion of the striatal dopamine
and formation of Lewy bodies in the adjacent neurons [1, 2].
Lewy body is composed of a few abnormal and aggregated
proteins that includeα-synuclein, which is an incredibly small
protein and is made up of 140 amino acids. Although α-
synuclein is present in all neurons, it is highly abundant in
presynaptic nerve terminals [1, 3]. Despite its tiny size, α-
synuclein is reported to be critical in the onset and progression
of familial PD. Recently, the decisive role of this ubiquitous
protein in the pathogenesis of sporadic PD is also highlighted
[1, 4]. Unlike mysterious aetiological factors of sporadic
disease, few toxins are reported to induce secondary PD or
Parkinsonism in experimental rodents. Neurotoxins, which
include rotenone, paraquat, etc., also induce α-synuclein ex-
pression and aggregation in dopaminergic neurons of the
nigrostriatal pathway similar to sporadic PD [1, 5].
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Abstract Cypermethrin induces the slow and progressive de-
generation of the nigrostriatal dopaminergic neurons in rats.
Postnatal preexposure with low doses of cypermethrin is
known to enhance the susceptibility of animals upon adulthood
reexposure. The study was undertaken to delineate the role of
mitochondria in cypermethrin-induced neurodegeneration. In-
dexes of dopaminergic neurodegeneration, microglial activa-
tion, and mitochondrial dysfunction and its proteome profile
were assessed in controls and cypermethrin-treated rats.
Cypermethrin increased nigral dopaminergic neurodegenera-
tion and microglial activation while reduced mitochondrial
membrane potential and complex I activity. Cypermethrin at-
tenuated striatal dopamine content and differentially regulated
the expressions of the nine striatal and ten nigral proteins.
Western blot analyses showed that cypermethrin also increased
c-Jun N-terminal kinase (JNK), caspase-3, tumor suppressor
protein (p53), tumor necrosis factor-α (TNF-α), p38 mitogen-
activated protein kinase (p38 MAPK), and heme oxygenase-1
(HO-1) expressions and reduced B cell lymphoma-2 protein
(Bcl-2) expression. Syndopa and minocycline rescued from
cypermethrin induced augmentation in microglial activation
and reductions in mitochondrial membrane potential and com-
plex I activity, striatal dopamine content, and degeneration of
nigral dopaminergic neurons. Syndopa and minocycline,

respectively, modulated the expressions of four and six striatal
and four and seven nigral proteins. Furthermore, they reinstated
the expressions of JNK, caspase-3, Bcl-2, p53, p38 MAPK,
TNF-α, and HO-1. The study demonstrates that cypermethrin
induces mitochondrial dysfunction and alters mitochondrial
proteome leading to oxidative stress and apoptosis, which
regulate the nigrostriatal dopaminergic neurodegeneration.
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Introduction

Parkinson’s disease (PD) is an aging-related chronic neurode-
generative disorder. It is characterized by the degeneration of
the nigrostriatal dopaminergic neurons leading to the striatal
dopamine deficiency [1]. The epidemiological and experi-
mental studies have revealed a strong association between
PD pathogenesis and exposures to pesticides and heavymetals
[1, 2]. Cypermethrin, a synthetic class II pyrethroid insecti-
cide, readily crosses the blood–brain barrier, enters the brain,
and eventually leads to the nigrostriatal dopaminergic neuro-
degeneration in rats after prolonged exposure [3, 4].
Cypermethrin induces the progressive degeneration of dopa-
minergic neurons in adults; the degree of neuronal loss is
found to be considerably increased when rats are preexposed
with relatively low dose of cypermethrin during the critical
period of the brain development [2].

Oxidative stress, mitochondrial dysfunction, altered energy
metabolism, malfunctioning of the ubiquitin proteasome sys-
tem, augmented apoptosis, impaired autophagy, and
microglial activation are reported to be the critical players of
PD pathogenesis [1]. The mitochondrial dysfunction theory of
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Cypermethrin alters the status of oxidative stress
in the peripheral blood: relevance to Parkinsonism
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Abstract Parkinson’s disease (PD) is a motor scarcity
disorder characterized by the striatal dopamine deficien-
cy owing to the selective degeneration of the nigrostriatal
dopaminergic neurons. While oxidative stress is impli-
cated in PD, prolonged exposure to moderate dose of
cypermethrin induces Parkinsonism. The study aimed to
investigate the status of oxidative stress indicators and
antioxidant defence system of the polymorphonuclear
leukocytes (PMNs), platelets and plasma to delineate
the effect of Parkinsonian dose of cypermethrin in the
peripheral blood of rats and its subsequent relevance to
Parkinsonism. Nitrite content, lipid peroxidation (LPO)
and activity of superoxide dismutase (SOD), catalase,
glutathione reductase (GR) and glutathione-S-transferase
(GST) were measured in the PMNs, platelets and
plasma of control and cypermethrin-treated rats in the
presence or absence of a microglial activation inhibitor,
minocycline or a dopamine precursor containing the
peripheral 3,4-dihydroxyphenylalanine decarboxylase
inhibitor, named syndopa, employing the standard pro-
cedures. The striatal dopamine was measured to assess
the degree of neurodegeneration/neuroprotection.
Cypermethrin increased nitrite and LPO in the plasma,
platelets and PMNswhile it reduced the striatal dopamine

content. Catalase and GST activity were increased in
the PMNs and platelets; however, it was reduced in the
plasma. Conversely, SOD andGR activities were reduced
in the PMNs and platelets but increased in the plasma.
Minocycline or syndopa reduced the cypermethrin-
mediated changes towards normalcy. The results demon-
strate that cypermethrin alters the status of oxidative
stress indicators and impairs antioxidant defence system
of the peripheral blood, which could be effectively sal-
vaged byminocycline or syndopa. The results could be of
value for predicting the nigrostriatal toxicity relevant to
Parkinsonism.
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Introduction

Parkinson’s disease (PD) is a chronic and idiopathic
neurodegenerative disorder characterized by the loss of
dopaminergic neurons of the nigrostriatal pathway,
which results in the postural instability, bradykinesia,
resting tremor and muscular rigidity [8, 35]. Despite
sporadic nature, ageing, genetic predisposition and en-
vironmental exposure to pesticides and metals are im-
plicated in PD pathogenesis [8, 31, 35]. Epidemiological
investigations revealed the role of dithiocarbamate,
bipyridine and pyrethroid pesticides, which motivated
researchers to measure the impact of these pesticides in
rodents and also to develop animal models of PD.
Several rodent models are developed, which possess a
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