
 

Etablierung eines Tiermodells der Parkinson-Krankheit auf der 

Grundlage von mitochondrialer Komplex-I Hemmung 
 

 

 

 

 

D i ss e  r t a t i o n 

Der Fakultät für Biologie 

Der Eberhard-Karls-Universität Tübingen 

 

zur Erlangung des Grades eines Doktors  

der Naturwissenschaften 

 

 

 

 

 

 

 
 

vorgelegt von 

Mesbah Alam 

2004 
 
 
 

 



 

   
 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Tag der mündlichen Prüfung:      27. September 2004  
 
Dekan:         Prof. Dr. H.-U. Schnitzler 
1. Berichtersttter       Prof. Dr. W. J. Schmidt 
2. Berichtersttter       PD Dr. M. Fendt 
 
 

 
 
 
 



 

   
 
 

 

 

  

Acknowledgements 

 
My special thanks are extended to Professor Schmidt, a person whom I greatly admire and 

thank for accepting and supervising me during my diploma and till the end of my PhD work 

in his department. Thank you for reviewing my work, for your feed back, guidance, 

supporting words and your mentoring. This dissertation, in its present frame would not have 

been possible without you and your ability to teach and at the same time to allow me to 

express my own ideas and to have the freedom to deepen my knowledge in a democratic and 

independent manner towards a higher level of scientific research. Thank you for that 

freedom most of all. 

 

Very warm thanks to Dr. Markus Fendt who supported this thesis by agreeing to co-

examinate it. 

 

I would also like to thank Dr. Valentina Bashkatova for the work we did together and the 

discussion in her field for Nitric Oxide and neurodegeneration. 

 

My thanks also go to all the people in the group working for Professor Schmidt at the 

department of neurology and also Dr. Andreas Mayerhofer for his kind discussion about 

statistical analysis, and Manfred Heindel for his help with the HPLC analysis. 

 

I am thankful to Mrs Daniela Binder for the invaluable secretarial assistance and to Mr. 

Ulrich Ruess for his many types of technical assistance and support. 

 

Last of all I am thankful to the Landesgraduiertenfördung for the financial support.  

 

 
 
 
 
 
 
 
 



 

   
 
 

 

 

 Table of content 

 
 

1                         INTRODUCTION                                                                             1                               
 
1.1 Parkinson’s disease                                                                              5 
 
1.2 Mitochondrial dysfunction and Parkinson’s disease etiology            6 

 
1.3 Animal models                                                                                     8 

 
1.3.1 Animal models in Parkinson’s disease                                              9 
 
1.3.2 Models of dopamine depletion and their mode of action                     10 

 
( I )      Reserpine model      10 
 
( II )     6-OHDA model       10 
 
( III )   MPTP model 11 

( IV )   Rotenone model of Parkinson’s disease   12 

 
1.4 Why is a new animal model for Parkinson’s disease needed?  14 
 
1.5 Questions and goals of the studies     14 

 
2 Summary of results       16 
 

 I. Alam M and Schmidt W J (2002);     16 
 
   Behavioural Brain Research 136:317-324     
 

 II. Alam M, Mayerhofer A, Schmidt WJ (2003);                                17
  
 Behavioural Brain Research 151:117-124 

 
  III. Bashkatova V, Alam M, Vanin A, Schmidt WJ (2004);  18 

 
Experimental Neurology 186:235-241 

 
                                 IV. Alam M and Schmidt WJ (2004);     19 
 
                                 Behavioural Brain Research 

 
3 Discussion        21 
 
3.1 Chronic and systemic administration rotenone     22 

   



 

   
 
 

 

 

  
3.2                     Local administration of rotenone in the medial forebrain bundle      23                       

                          produces nigrostrital dopamine deficit.     
 
  3.3                      The mechanism of neurotoxicity after chronic intermittent  24 

 administration of rotenone. 
 
3.4                       Validity of rotenone model of Parkinson’s disease   26 
 
4 References        29 
 
5 Abbreviations        33 
 
6 Declaration to personal contribution and realisation in each 34 

Publication 
    

7 Biodata         35 
 
  
      8 Appendix: ORIGINAL PUBLICATIONS I − IV   36 
 
  

 
 

 
 

 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 



1 

   
 
 

 

 

  

1 Introduction 

 
The disabling symptoms in Parkinson’s disease (PD) are primarily due to profound deficit in 

striatal dopamine (DA) content that results from the degeneration of DA-ergic neurons in the 

substantia nigra pars compacta (SNpc) and the consequent loss of their projecting nerve 

fibres in the striatum. 

 

Approximately 5─10% of PD patients have a familial form of Parkinsonism with an 

autosomal-dominant pattern of inheritance. A very well known mutation in three different 

genes such as: alpha-synuclein gene, ubiquitin carboxylase-terminal hydroxylase gene and 

parkin gene are now associated with familial inherited Parkinsonism. However, the genetic 

form only accounts for a small number of PD cases at most, the major number of patients 

are 90─95% affected with sporadic PD. 

 

The association of PD syndrome with both rotenone and mutation in different genes suggest 

that either an environmental  or genetic factor can be the cause of PD. However, it is 

unlikely that in the majority of cases PD will be explained by a single cause. This concept 

has given rise to the idea that PD is caused by divergent factors which might contribute to 

destruction of DA-ergic neurons in a convergent pathway. Examples as factors are 

mitochondrial dysfunction, oxidative stress causing reactive oxygen species (ROS) 

production and protein mishandling, all of which are tightly linked (Greenamyre and 

Hastings, 2004). 

 

Several lines of evidence support the hypothesis that mitochondrial dysfunction contributes 

to the etiology of PD. The mitochondrial electron transport chain produces ATP through 

oxidative phosphorylation. This process involves the activity of five complexes, namely, I, 

II, III, IV and V, located along the inner mitochondrial membrane. Protein sub-units of these 

complexes are nuclear encoded or encoded by the mitochondrial genome. A 30─40%  

decrease in complex I activity of mitochondrial respiratory chain has been observed in the 

substantia nigra (SN) but further reports indicated that the complex I defect is systemic in 

PD, it also has an effect outside the brain, such as on platelets, lymphocytes and muscle 

(Bind Bindoff et al., 1989, Cardellach et al., 1993, Mizuno et al., 1998, Mann et al., 1991).   
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Another important pathological feature of PD is the presence of filamentous, cytoplasmic 

inclusions called Lewy bodies (LB). In PD, LB are present in the DA-ergic neurons of SNpc 

as  well as  in  other brain  regions  including the cortex, locus coeruleus and magnocellular 

basal forebrain nuclei (Braak et al., 1995). Although mutation in the alpha-synuclein gene 

have been associated with rare familial case of PD, alpha-synuclein is found in all LB, even 

in the vast majority of sporadic PD cases without alpha-synuclein gene mutation. Native 

alpha-synucleins are unfolded proteins with little or no ordered structure in physiological 

conditions. But under unphysiological conditions the conformational transformation of this 

natively unfolded protein changes into the aggregation component partially folded 

intermediate. Thus, any intracellular factors that lead to a shift in the equilibrium position 

between  the native unfolded state and the partially folded intermediate will increase the 

likelihood of alpha-synuclein fibrillation which can cause cellular toxicity and may be 

involved in PD pathogenesis (Conway 2000, El-Angaf et al., 1998, Goldberg and Lansbury 

2000) but the mechanisms causing in vivo aggregation of alpha-synuclein are not fully 

understood. Mitochondrial complex I inhibition and oxidative stress may be centrally 

involved, because these two related processes occur in PD and both can promote the 

aggregation of alpha-synuclein (Betarbet et al., 2000, Hashimoto et al., 1996). The over 

expression of alpha-synuclein itself can cause oxidative stress, increased inclusion formation 

and mitochondrial structure abnormalities in cultured neurons (Hsu et al., 2000). Therefore, 

a link between both mitochondrial dysfunction and oxidative damage as well as protein 

degradation becomes interestingly prominent in theories about PD pathogenesis. 

 

There is a great importance to develop animal models for PD for better understanding of the 

pathogenesis and discovery of new therapeutics  to treat PD. A number of animal models of 

PD have been developed to understand the pathogenesis of the disease, as well as to test the 

appropriate therapeutics. The majority of the established PD models use acute toxin 

exposure to induce destruction of nigrostrital neurons. Although the relevance of these acute 

models of Parkinsonism is somehow unclear with the pathogenesis of human PD they 

however, can be used to screen drugs for symptomatic treatment of the disease. The choice 

of model to be used depends upon the goals of  the particular experimental paradigm and the 

questions being asked.  
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Human neurological disorder can be modelled in animals using standardised procedures that 

create  specific  pathogenic events and their behavioural outcome. In some of the cases the 

models are mimicking the symptoms of diseases but they do not recapitulate the construct 

validity of the diseases. For example the mimicking symptoms of PD can be reproduced 

instantly by manipulating DA-ergic receptors presynaptically or postsynaptically. The 

induction of DA hypofunction can be achieved by using reserpine and amphetamine. Both 

these drugs act on the presynaptic terminals of catecholamine neurons. Their activity is 

primarily associated to their DA-releasing mechanism. At very high doses, amphetamine has 

a neurotoxic effect on rodent and non-human primates. Like reserpine, amphetamine 

administration results in DA depletion at the level of DA-ergic nerve terminals (striatum) 

with a minimal effect in the nigral cell bodies. Amphetamine has several interactive effects 

on catecholamine release. Amphetamine acts in at least three ways: 1) reversal of the DA 

uptake carrier, 2) interference with uptake into the DA vesicle, and 3) inhibition (at higher 

concentrations) of monoamine oxidase (MAO). Some evidence suggest that amphetamine 

blocks the vesicular transporter. Some antagonists like MK-801 a N-methyl-D-asparat 

(NMDA) antagonist, haloperidol a D2 receptor antagonist and also  risperidone a mixed 

serotonin 5-HT2/D2 antagonist, are able to block its toxicity (Schmidt et al.,1985, Sonsalla et 

al., 1989, George et al., 2004). Furthermore the drugs which block the DA-ergic receptors 

can also mimic PD like symptoms in human and animals e.g. haloperidol, known as an 

antipsychotic drug which antagonises the postsynaptic receptors of D2 and also produces 

catalepsy in rats. The cateplsy in rats reflect the movement disturbance such as akinesia. 

Animals treated with neuroleptic drugs show a strong rigidity and spontaneous decrease in 

their behavioural activities (Schmidt, 2000). The DA receptor agonist like L-DOPA or 

NMDA receptors antagonist could antagonise the neuroleptic induced cataleptic behaviour 

(Schmidt et al., 1991; Schmidt and Kretschmer, 1997). However, the DA antagonist models 

for PD which are considered as predictive validity of PD have major drawbacks because in 

these models, the histological changes of PD, including degeneration of DA-ergic neurons 

have not been documented. The predictive model can be extensively used for biochemical, 

physiological and for the studies of neurotransmitter modulating in DA-ergic-depleted 

striatum to better understand such changes in the PD brain. 
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The neurodegeneration mimicking models of PD can be produced using toxins such as 6-

hydroxydopamine (6-OHDA), 3-nitrotyrosine (3-NT) and 1-methyl-4-phenyl-1.2,3,6- 

tetrahydropyrodine (MPTP) and rotenone. The prime cause of nigral DA-ergic neurons loss 

and the consequent extent and pattern of DA depletion in basal ganglia that is seen in PD, 

can be replicated in animal models by intracerebral injection of 6-OHDA and 3- NT or by 

the systemic (intraperitoneally or subcutaneous) administration of MPTP and rotenone. 

Compared to rotenone the mode of action of DA-ergic cell death are different in other toxins 

because the primary cause of DA-ergic cell death are totally due to specific complex I 

inhibition in the rotenone model, which is not the case in other toxins. 

 

Most protocols of MPTP administration utilise acute drug treatments and fail to mimic the 

progressive nature of PD. However, long-term administration of MPTP in smaller doses, has 

resulted in recovery of motor behaviour deficit in marmosets once the treatment stopped. 

Additionally, the MPTP model does not directly address the involvement of systemic 

mitochondrial impairment in PD. The metabolite of MPTP, 1-methyl-4-phenyl-2,3-

dihydropyridinium ion (MPP+ ) inhibits complex I activity solely in cells expressing the 

dopamine transporter (DAT) that is only DA-ergic cells. Thus, this model only tests the 

hypothesis that complex I dysfunction, limited to DA-ergic neurons, is toxic to DA-ergic 

neurons. 

 

The 6-OHDA and 3-NT model do not mimic all the clinical and pathological features 

characteristic of PD. 6-OHDA lesion in the medial forebrain bundle (MFB) or in SNpc does 

not effect other brain regions, such as locus coeruleus, nor does it result in formation of 

cytoplasmic inclusion called LB which is the hallmark of PD. Furthermore, the acute nature 

of the experiment model differs from progressive degeneration of DA-ergic nigral neurons 

in PD. 

 

In contrast to all other toxins, the chronic and systemic low doses (1.5 – 2.5 mg/kg) of 

rotenone exposure over a period of (50–60 days) show the  behavioural and biochemical 

features of PD. The rotenone model appears to be an accurate model in that systemic 

complex I inhibition results in specific, progressive and chronic degeneration of nigrostrital  
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pathway similar to that observed in human PD. It also produces inclusion of LB and 

oxidative damage seen in PD. Thus, the rotenone model recapitulates most of the 

mechanisms thought to be important in PD pathogenesis. 

 

Although an ideal model should reproduce the characteristic clinical and pathological 

features of PD (i.e., animal model should develop progressive loss of DA-ergic neurons, 

show deposition of LB-like inclusions in brain, and possess some features of L-DOPA-

responsive movement disorder), this seems to be an achievable goal, because the rotenone 

model shows all the features of the human disease. Therefore, this thesis deals with a PD 

model based on complex I deficiency. Complex I inhibition is achieved with rotenone. 

  

1.1 Parkinson’s disease 

 
PD was first formally described in “An essay on the shaking palsy”, published in 1817 by a 

London physician named James Parkinson. It is a chronic progressive, neurodegenerative 

disorder that may appear at any age, but it is most common in people over 50, effecting 1 to 

2% of the population and is rare in those under 30. It is the second most common 

neurodegenerative disease after Alzheimer’s disease (AD). It is not contagious nor is it 

usually inherited. 

 
Clinically, PD patients suffer from severe motor dysfunction characterised by three cardinal 

symptoms: resting tremor (most common initial symptom, predominant at rest), akinesia 

(inability to initiate movement, poverty and slowness of movement e.g. “mask face”) and 

rigidity (increased muscle tone subjectively experienced as muscle pain or stiffness, passive 

movement reveals “cogwheel phenomenon”). Beside the motor disturbance PD patients 

suffer from motor habit learning and non-motor habit learning deficit (Schmidt, 2000). 

Phenomenologically the clinical features of depression and PD overlap psychomotor 

retardation, attention deficit, day-night sleep reversal, hypophonia, impotence, weight loss, 

fatigue, preoccupation with health and reduced facial expression are seen in both disorders 

(Gotham et al., 1986, Poewe, 1999). 

 

As deficits in procedural learning and working memory are a frequent finding in non 

demented patients with PD, it can be difficult in practice, to determine whether depression is  
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contributing to cognitive impairment. Severity of depression has been associated with the 

severity of cognitive impairment in PD and depression has been associated with a 

significantly increased risk of developing dementia in PD (Marden et al.,1995, Giladi et al., 

2000). 

 

Four surveys, one world-wide, have concluded that depression, disability, postural 

instability, age and cognitive impairment are the major factors having the greatest influence 

on the quality of life in PD. 

 

The disabling symptoms in PD are primarily due to profound deficit in striatal DA content 

that result, from  the  degeneration of DA-ergic neurons in the SNpc and the consequent loss 

of their projecting nerve fibres in the striatum. DA-ergic cell loss is associated with the 

presence of eosinophilic intraneuronal inclusions, called LB composed of neuro filaments in 

SNpc. Neurodegeneration and LB are also found in the locus coeruleus, nucleus basalis, 

hypothalamus, cerebral cortex and peripheral component of the autonomic nervous system.  

 

The cause of neuro-degeneration in PD remains unknown. Epidemiological studies indicate 

that there is no relation with one specific factor but there are perhaps a number of factors 

which increase the risk of developing PD. 

 

 

1.2  Mitochondrial dysfunction and Parkinson’s disease etiology 

 

The mitochondrial oxidative phosphorylation system consists of five multimeric enzymes 

(complex I-V). NADH dehydrogenase or complex I is affected in most of the mitochondrial 

diseases and in some neurodegenerative disorders like PD. 

 

Mitochondria occupy a pivotal role in metabolic pathways that are critical for both cell 

survival (oxidative phosphorylation) and cell death (apoptosis). In idiopathic PD, there is a  
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30 – 40% decrease in complex I activity in the SN. These deficits are associated with 

increased free – radical production, increased susceptibility to the MPTP metabolite MPP+ 

and impaired Ca++ buffering. However, direct sequencing of the mtDNA complex I and t-

RNA genes failed to show homoplasmic mutation, suggesting that complex I defects may be 

due to heteroplasmic mutation or involve genetic and environmental interaction (Beal et al., 

2000). 

 

Mitochondrial oxidative phosphorylation accounts for ~ 90% of the ATP production in 

neurones. In osteosarcoma lines, rotenone inhibition studies showed that 25 –50% 

deficiency in complex I activity caused a 5 – 20% decrease in cell respiration, a 48 – 81% 

increase in ROS generation, an 8 – 27% increase in lipid peroxidation, a 6–13% reduction in 

mitochondrial membrane potential, an 11–12% decrease in cell growth and a four to five 

fold increase in cell death. These findings have important implications in interpreting the 

degree of complex I deficiency found in human disease, particularly the neurodegenerative 

disorders such as PD in which an approximate 35% decrease in complex I activity has been 

demonstrated (Schapira et al., 2000). 

 

In a recent study, a complex I defect was found in cybrids carrying mtDNA deriving from 

PD platelets (Swerdlow et al., 1998, Gu M., et al., 1998). This indicates the presence of a 

defect in the mitochondria genome that can be transferred through multiple passages. Such a 

defect could be due to an inherited mutation or to toxic insult, possibly secondary to oxidant 

stress. mtDNA is particularly susceptible to ROS-induced damage. Furthermore, a genetic 

defect in energy metabolism may only become significantly effective upon exacerbation by 

cumulative oxidative degeneration caused by normal ageing. This may help in explaining 

the late onset and progressive nature of neurodegenerative disorders. Complex I defect 

might also contribute to the development of apoptosis. Increasing evidence suggests a 

reduction in the mitochondrial membrane potential (as a result of impaired proton pumping) 

can lead to the opening of a mitochondrial permeability pore with release of small 

mitochondrial proteins signalling the onset of apoptosis. 

 

It has been shown recently that although synaptic and non synaptic mitochondria have 

similar respiratory control, they differ significantly in the control of complex I on oxidative  
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phosphorylation (Bates et al., 1995; Davey et al., 1997, 1998). In synaptic mitochondria 

complex I activity was decreased by 25% before oxidative phosphorylation was severely 

compromised, whereas in non synaptic mitochondria complex I could be inhibited by 70% 

before major changes in ATP synthesis and oxygen consumption were observed (Davey et 

al.,1998). These results indicate that complex I has a higher control over oxidative 

phosphorylation in synaptic than non-synaptic mitochondria. Thus, it would seem that 

degeneration associated with complex I deficiency preferentially occurs in presynaptic 

mitochondria, which are more vulnerable to oxidative stress than mitochondria located in the 

cell body. 

 

There is an open question: is it possible to link the rotenone model with autosomal or 

familial link mutant (A30Palpha-synuclein, A53T alpha-synuclein, UCH-L1, parkinsonism 

due to 11778 mitochondrial DNA-mutation that produce a complex I defect or a novel 

mitochondrial 12sRNA point mutation associated with PD) ? The  identification of a specific 

respiratory chain defect (complex I deficiency) has focused interest on linking this to the 

aetiology and pathology of PD. Mitochondrial inheritance has been suggested in some 

familial PD patients (Mizuno et al., 1999). A decrement in the complex I function has the 

tendency to create oxidative stress through mitochondrial production of reactive oxygen 

species (ROS). Although rotenone intoxication potently inhibits complex I and leads to the 

selective degeneration in DA-ergic neurons, it also produces cytoplamic LB inclusion that 

show ubiquitin, alpha-synuclein positive immuno reactivity. 

 

 

1.3 Animal models 

 

 Animals are used to model human disease because they are similar in many respects from 

the basic cellular level to the whole organ function. Indeed, data from the human genome 

project indicate that even a mouse shares over 90% of its genes with humans. Research 

using animals provides useful information despite the obvious differences between animals 

and humans. 
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Typically, models are animal preparations that attempt to mimic a human condition or 

disorder, including human neuropathological or psychological diseases. In developing and 

assessing an animal model, it is critical to consider the explicit purpose intended for the 

model, because the intended purpose determines the criteria that the model must satisfy to 

establish its validity. 

 

The mouse is a principal model organism to link function to genes. The large number of 

inbred rat models and the vast amount of data available for the rat provides important 

strengths for the study of human health and disease. In some instances, specific aspects of 

human disease are duplicated well only in the rat, making these animals an unique resource 

for studying and identifying genetic pathways relevant to human diseases. The rat is also a 

model of choice for many physiological studies of cardiac and vascular function, pulmonary 

circulation, age and gender-related differences and also neurological disorders. 

 

 
1.3.1 Animal models of Parkinson’s disease 
 

For PD there are several animal models. Disruption of the nigrostriatal pathway or its target 

(the striatum) is a method commonly used for creating an animal model of PD. On the basis 

of experimental and clinical findings, PD was the first neurological disease to be modelled, 

and, subsequently, to be treated by neurotransmitter replacement therapy. Some DA receptor 

blockers have been also used as a model or as a model of catalepsy. The predictive validity 

of catalepsy as a rodent model for observing the hypokinetic, rigidity or akinesia behaviour 

by blocking the dopamine receptors, haloperidol has mostly been used to screen some new 

substances and to observe anti-parkinsonian activity (Schmidt et al., 2002). Agents that 

selectively disrupt or destroy DA-ergic neurons, such as reserpine, 6-OHDA, MPTP have 

been used to develop PD models. Recently, it has been found that agricultural chemicals, 

such as rotenone and parquat , when administered systemically, can reproduce specific 

features of PD in rodents. Transgenic animals that overexpress alpha-synuclein are used to 

study the role of this protein in DA-ergic degeneration.  
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1.3.2 Models of dopamine depletion and their mode of actions: 

 
I. Reserpine model 
 
Reserpine is a naturally occurring alkaloid extracted from several members of the genus 

Rauwolfia, which grows in southern and south-east Asia. It is an anti high blood pressure 

drug. Systemic  administration  of  reserpine  empties  relatively all of  the  monoaminergic 

vesicles (dopamine, norepinephrine and serotonin) in the peripheral and central nervous       

system via the inhibition of Mg+ / ATPase dependent vesicular transporters. In rabbits 

administration of reserpine that depletes the monoamines was the first animal model of PD. 

This model was developed by Professor Arvid Carlsson in Sweden. Reserpine causes a 

temporary slowness in movement that is reversed by the administration of levodopa  

(Carlsson et al., 1957).This model has been used to discover new treatments for PD. 

 

However, since the effect of reserpine on the dopamine cells is temporary, the model has 

limited use. Reserpine doesn't replicate the extensive biochemical and pathological changes 

seen in PD. 

 

II. 6-OHDA model 
 
A toxin specific to dopamine nerve cells is (6-OHDA). This chemical is similar to DA in 

structure. It is a hydroxylated analogue to the natural DA neurotransmitter. The 

neurotoxicity of 6-OHDA may largly depend on its incorporation into DA neurons via 

uptake by the DAT (Pifl et al. 1993, Sundstrom et al. 1986). Using stereotaxic surgery in the 

rat, 6-OHDA is delivered directly at a number of different points along the nigrostriatal 

pathway. 6-OHDA was the first chemical agent discovered that had specific neurotoxic 

effects on catecholaminergic pathways (Ungerstedt, 1968; Sachs and Jonsson 1975). 

Different models have been developed using 6-OHDA, most of them unilateral (as bilateral 

administration is associated with adipsia and aphagia and high mortality) in various species, 

mainly rodents and small monkeys (marmosets). 6-OHDA needs to be delivered locally, by 

stereotactic injection into the nigrostriatal system. Different models can be created by 

targeting the DA system at different levels: i.e. more restricted lesions result from injection 

into the SN (cell bodies), more widespread into the nigrostriatal tract (DA axons in the 

medial forebrain bundle), and more progressive into the striatum (DA terminals). 6-OHDA  
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models are limited by their acute toxic nature, although following administration into the 

striatal terminal field, degeneration progresses over several weeks (Sauer and Oertel, 1994, 

Pederson and Schmidt, 2000). DA neurons die through apoptosis, necrosis and autophagia 

and they do not form cytoplasmic inclusions. Unilateral loss of DA neurons results in a 

motor asymmetry that can be easily assessed  in vivo using behavioural and imaging 

techniques. Post mortem evaluation can be performed using immunohistochemistry to 

quantify the loss of TH positive neurons in the SN and DA fibres in the striatum and using 

HPLC to quantify the loss of DA in the striatum. 

 

III. MPTP model 
 
MPTP was discovered as a result of observations of the PD like syndrome caused by 

intravenous administration of MPTP contaminated heroin (Davis et al. 1979; Langston et al., 

1983)  in  drug  addicts. MPTP  crosses  the  blood  brain  barrier  and  is  metabolised in the  

astrocytes to its toxic MPP+, by monoamine oxidase-B (MAO-B). This toxic metabolite is 

selectively taken up by DA neurons, due to its affinity to the DAT, and concentrated in the 

mitochondria where it inhibits complex I of the electron transport chain leading to oxidative 

stress and death of DA neurons. 

 

Rodents show variable susceptibility to MPTP. Rats are resistant to MPTP toxicity (direct 

intracerebral administration of MPP+ can be used). Mice show variable (and usually 

transient) DA depletion with also variable behavioural correlation. Susceptibility varies 

between different mouse strains. Primates are susceptible and develop a motor syndrome 

closely resembling PD. Different models of parkinsonism are induced by different protocols 

of MPTP administration. Intracarotid injection of MPTP induces a predominantly unilateral 

acute degeneration of the DA pathway with 53 – 93% of cell loss in the SNpc and more than 

99% loss of DA in the striatum.  

 

Chronic administration of low doses of MPTP to macaques reproduces all the behavioural 

signs of PD (tremor, bradykinesia, rigidity, hypokinesia and postural impairment) and 

mimics, to a certain extent, the progressive nature of PD. α-synuclein-positive aggregations  
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have been reported in baboon nigral neurons following MPTP exposure, although these 

aggregates where unlike typical LB’s. These models are adequate for functional studies and 

pre-clinical trials. 

 

 
IV Rotenone model for PD 
 

Rotenone can easily cross the blood brain barrier due to its extremely hydrophobic character. 

Systemic administration acts on complex I uniformly throughout the organism, consistent 

with its ability to cross biological membranes easily (Betarbet et al.,2000).  

 

The complex I sub-unit encoded by the mitochondrial genome ( ND1-ND6 and ND4L) are 

all highly hydrophobic and critical for enzyme activity. The ND1 sub-unit has been shown 

to be  the  binding side  for both  rotenone  and  the photoaffinity-labelled ubiquinone 

analogue (QH2), suggesting that this is the terminal acceptor for quinone (Q) reduction 

within the membrane protein of complex I . 

 

To understand a specific role of complex I in neurodegenerative disorder, it will be 

important to define its regional and cellular distribution and determine how this relates to 

pathological changes. 

 

Rotenone infusion affects complex I selectively. Histochemical analysis of the enzymatic 

activities of succinate dehydrogenase (complex II) and cytochrome oxidase (complex IV), 

revealed that they were not affected by rotenone infusion (Porter, et al., 1994). It does not 

have homogeneous distribution affinity, in vivo [3H]dihydrorotenone binding assay shows 

that rotenone distributes heterogeneously in different regions of the brain (Pandykula, 1952). 

White matter has a very low level binding capacity with levels in areas of pure white matter 

estimated to be at most 30%   (Greenamyre et al., 1992). Maximum levels in the corpus 

callosum and olfactory tubercle have been shown to be 26% and 20% respectively. Binding 

ranged between 43 and 72% in the BG with the striatum and core of the nucleus accumbens 

displaying higher levels. Generally binding affinity in  grey matter was higher than in white 

matter with grey matter  displaying more variation  than  white matter  (Deepa, et al., 2000)  

 



13 

   
 
 

 

 

  The higher content of oxidative enzymes in grey matter probably reflects a higher need 

for ATP, which is used for ion pumping, mainly by Na+, K+ - ATPase (Mate et al., 1980). 

 

DAT knockout mice are resistant to MPTP. Unlike MPTP, which is also a complex I 

inhibitor, rotenone is not selective for DA-nergic neurons. Rotenone is a highly lipophilic 

substance, it can penetrate through the lipid membrane, and therefore it does not require the 

DA transporter to gain access to the neural interior. Thus, rotenone may provide a more 

versatile model of environmental toxins than MPP+. Intraperitoneal administration of 

rotenone results in wide spread uptake and uniform inhibition of complex I, and selective 

induction of DA-ergic neuronal cell death in the SNpc. The distribution of DA-ergic 

pathology mimics that of PD, even to the slow time course of neuro- degeneration. In this 

model, retrograde degeneration of SN neurons is the dominant form of neuronal destruction.  

Degeneration begins in the nerve terminal in the striatum and progresses towards the SN. 

Rotenone is a natural product, widely used as an agricultural pesticide. It is possible that 

traces remain in treated vegetables or fish that we consume. Chronic exposure to rotenone 

produces selective nigrostriatal degeneration and cytoplasmic inclusions of LBs (Betarbet et 

al., 2000). In contrast to MPTP which metabolises into MPP+ and is highly charged, making 

it difficult to pass the membrane, rotenone induction of PD may be proposed as producing a 

novel animal model due to its lipophilic nature. Both toxins act in different manners, by 

using a different pathway to reach the SNpc. 

 

The cause of neurodegeneration in PD depends upon two processes, one is a “primary 

neurodegeneration” and the second is “secondary neurodegeneration”. Primary degeneration 

is caused by neurotoxins acting directly in the soma (anterograde degeneration) otherwise 

within the synapses (retrograde transneuronal degeneration). The primary destruction 

depletes the DA neurotransmitter in the SNpc and causes further glutamate hyperfunction. 

Through the hypoactivity of DA, a secondary glutamate hyperfunction is caused and thus 

disturbing the whole homeostasis of the basal ganglia (Pederson and Schmidt, 2000). Their 

hypothesis makes it easy to emphasise the rotenone toxicity. 
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1.3  Why is a new animal model for PD needed?  

 

Except for the rotenone rat model of PD, there is no comparable rat model, using a chronic 

and systemic administration of complex I inhibition which produces proteinacious 

cytoplasmic inclusions, known as LB’s. This model also produces slow and progressive 

nigrostriatal neurodegeneration with formation of LBs, which so far has not been achieved 

by either 6-OHDA or MPTP. It might therefore, be an invaluable tool for investigating the  

 

molecular basis of LB formation and the link to mitochondrial dysfunction. This model will 

put forward the paradigm of alpha-synuclein pathology with relation to specific complex I                          

inhibition. Since the appearance of the rotenone model it has been thought that 

mitochondrial complex I might be one of the causes for LB which has also been recently 

speculated and reviewed evidence has been given, that mitochondria may play a role in early 

LB formation (Song et al.,  2004). It  is  obvious that, concerning PD such an ideal model 

does not exist. So therefore, a better validated animal model is required which resembles all 

the behavioural, biochemical and proteomic dysfunctional criteria as human PD. 

 

Through the rotenone model more complete understanding of  PD pathogenesis will uncover 

novel targets for rational drug therapy. However, even with our incomplete understanding of 

PD etiology there are a number of potential avenues for treatment, which include, brain-

permeable antioxidants and spin trap agents, glutamate receptors antagonists, and 

compounds that prevent protein aggregation. Testing in accurate animal models of PD could 

uncover important clues to the mechanisms that underlie PD neurodegeneration.  

 

 
1.5 Questions and goals of the studies 

 
 
1. The major goal of the first experiment was to answer the question, whether rotenone 

(i.p.) treatment could be used to establish a rat model of PD. Until  now  it  has only 

been possible to produce a relevant model of PD with the toxin MPTP in mice and 

monkeys, whereas in rats, due to the missing MAO-B enzymes, it was not possible. 

Rotenone is a toxin which does not need these enzymes to break down and can there- 
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fore be seen as an independent carrier for self transportation enabling it to penetrate 

cells unlike MPTP which is carrier dependent  on DAT. 

 
 

2. The second experiment deals with the question as to whether rotenone also showed 

phenomenological similarities to the 6-OHDA model when infused locally. In this 

experiment locally administered rotenone together with the vehicle (propylene 

glycol), which had never been tried before, resulted in the suggestion that it would   

prove possible to use this as a novel and new method for a locally rotenone induced 

model of PD.  

 
 
3. Could a chronic long-term administration of rotenone be capable of  inducing nitric 

oxide (NO) production and lipid peroxidation- like products such as thiobarbituric 

acid reactive substances ( TBARS ) ? Which roles do NO and LPO processes have in 

the mechanisms of oxidative damage in the nigro striatal pathway during chronic 

rotenone administration? 

 

 

4. This study focused on the fundamental question as to whether systemic 

administration of rotenone fulfils the criteria of construct validity for a PD model. 

Are the motor deficit behavioural results shown in the rat due to nigro striatal loss of 

DA-ergic neurons? To answer this question the rotenone treated rats were challenged 

with L-DOPA to examine its effectiveness in reversing the motor deficits because in 

PD the symptoms are reversed or counteracted by L-DOPA treatment.  
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2  Summary of results  

 
 

I  M. Alam, W.J. Schmidt (2002) Rotenone destroys dopaminergic neurons and induces 
parkinsonian symptoms in rats. Behav Brain Res.136:317-234 
 
 
The two different doses (1.5 mg/kg and 2.5 mg/kg) of rotenone over a period of 60 days 

produced catalepsy in bar and grid test. Further the behaviour observation in open field box 

showed a significant reduction of spontaneous motor activity like the number of movements, 

rearing, active sitting, inactive sitting and head dipping as compared to control. 

 

The neurochemistry results which showed depletion of dopamine (DA) in the striatum and 

prefrontal cortex correlated well with neurobehavioural data, with significant reduction 

obtained at the 2.5 mg/kg dose for 60 days. 
 

The immunoblot results showed a decreased amount of tyrosine hydroxylase (TH) enzyme 

in the striatum in dose dependent manner as compared to control. 

 
In summary, the results show that rotenone is capable of destroying DA-ergic neurons and 

mimics parkinsonian like neurochemical and neurobehavioural deficits in rats. Our findings 

support the notion of a multi-hit model of PD: a constitutional complex I deficiency and 

environmental toxin may be implicated in the pathogenesis of PD. 
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II M. Alam, A. Mayerhofer, W.J. Schmidt (2003)  The neurobehavioral changes 

induced by bilateral rotenone lesion in medial forebrain bundle of rats are reversed by L-
DOPA. Behav Brain Res.151:117-124 
 
 
In this study 3 µg of rotenone was administered bilaterally stereotaxically into the medial 

forebrain bundle (MFB) to observe whether rotenone is capable of destroying DA-ergic 

neurons and producing parkinsonian like neurobehavioural changes. The neurochemical and 

behavioural data showed that the level of DA was significantly decreased both in anterior 

and posterior striatum, a strong increase in catalepsy and a decrease in locomotor activity in 

rotenone treated rats as compared to control. The rotenone-induced behavioural and 

neurochemical changes suggest that DA-ergic neurons in the nigrostriatal pathway are 

sensitive to rotenone toxicity. 

 

 If these neurobehavioral changes mimic those found in PD, then L-DOPA should reverse 

rotenone-induced motor deficits. In this study the chronic effect of two different doses of L-

DOPA (5 mg/kg and 10 mg/kg) with a combination of DOPA- decarboxylase inhibitor 

(Benserazide) to one-quarter dose of L-DOPA were investigated in rotenone-lesioned rats.  

 

The behavioural observation of two different doses of L-DOPA chronically for 30 days 

showed reversed behavioural deficits in rotenone lesioned rats.  
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III Valentina Bashkatova, Mesbah Alam, Anatoly Vanin, and Werner J. Schmidt, 

(2004). Chronic administration of rotenone increases levels of nitric oxide and lipid 
peroxidation products in rat brain. Exp Neurol. 186:235-241. 
 
 
Excessive generation of nitric oxide (NO) has been implicated in the pathogenesis of a range 

of neurological disorders such as PD, AD, amyotrophic lateral sclerosis and Multiple 

sclerosis. Damage to the mitochondrial electron transport chain has also been implicated in 

these disorders. NO and its toxic metabolite can inhibit the mitochondrial respiratory chain, 

leading to energy failure and ultimately cell death. 

 

This study has been done to evaluate the mechanism of rotenone toxicity by measuring the 

levels of nitric oxide (NO) and the lipid peroxidation like product which is thiobarbituric 

acid (TBARS). Rats were given chronic treatment of rotenone 1.5 mg/kg (i.p)  over a period 

of 1,  10, 20, 30 and 60 days. The first injection of rotenone did not show any difference 

compared to the control group. Repeated injection of rotenone gradually increased NO 

levels in the striatum on day 20, 30 and 60 respectively. But the levels of NO in the frontal 

cortex and nucleus accumbens were significantly higher on the day 30 and 60. The increased 

levels of NO in striatum, frontal cortex and nucleus accumbens were directly associated with 

days for lipid peroxidation products (TBARS) in the same regions of brain tissues. The 

levels of NO and TBARS were increased in a directly proportional manner and were 

significantly increased in time dependent manner. 

 

Behaviour was assessed on day 30 and 60 for the catalepsy test on horizontal bar and 

vertical grid. Rotenone treated animals showed an increase in descent latency on day 30 and 

60 as compared to control animals.  

 

The goal of this work was to complete and extend our study design by assessing the effect of 

NO levels and TBARS concentrations on nigrostriatal system. Increased NO levels and 

oxidative damage of lipid-peroxidation like product TBARS in the dopaminergic neurons 

also correlate with the behavioural result in this experiment.   
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 IV M. Alam, W.J. Schmidt (2004) L-DOPA reverses the hypokinetic behaviour and 
rigidity in rotenone-treated rats. Behav Brain Res. 

  
 
This work has been designed to investigate the effect of L-DOPA in rotenone treated rats; 

because any clinically predictive (PD) model should include a positive response to L-DOPA, 

which is a standard pharmacotherapy and is generally applicable for PD patients. 

 

Rotenone was administered on a daily basis systemically (i.p.) at a dose of 2.5 mg/kg, over a 

period of 48 days. 

 

The behaviour was assessed using bar and grid as a catalepsy test and activity box for 

locomotor activity, rearing and inactive sitting respectively on day 30 and 48. 

 

The behavioural data showed an increase in the descent latency of catalepsy both in bar and 

grid as compared to control animals. The prolongation of catalepsy also showed a difference 

between day 30 and 48 in rotenone treated animals but no difference was observed in control 

animals. 

 

A decrease in locomotor activity (total distance travelled), rearing and increase in inactive 

sitting were observed on day 30 and 48 in the activity box as compared to control animals. 

 

To investigate the effectiveness of L-DOPA in reversing the motor deficit in rotenone 

treated rats, a dose of L-DPOA (10 mg/kg) in combination with peripheral amino acid 

decarboxylase inhibitor benserazide at a dose of 2.5 mg/kg were administered i.p. for a 

period of 10 days in rotenone treated rats. 

 

On day 49 the rotenone treated animal group was divided into two groups. One of the 

rotenone treated  animal groups received L-DOPA (10 mg/kg) and the other received 

Vehicle (saline).  

Further the control group was also divided into two, one received L-DOPA (10 mg/kg) and 

the other received saline as vehicle.  
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In bar and grid the animals were tested on every 3rd day for 10 days (on day 49, 52, 55 and 

58). On day 49 first after L-DOPA treatment in rotenone treated animals the descent latency 

was reduced approximately 40% compared to control animals. On day 52 and 55 in the 

second and third session of measurement the descent latency reduced to 60%. On the last 

session of L-DOPA treatment in both bar and grid tests no differences were observed in 

rotenone treated animals and control animals.  

 

Further in the activity box the three sessions of behaviour assessments which were 

locomotor activity, rearing and inactive sitting were performed on day 49, 54 and 59. On 

day 59, the last session of behaviour assessments there were no differences among the 

control and pre-rotenone treated animals with L-DOPA treatment in all the three parameters 

(total distance travelled, rearing, and inactive sitting) but there were differences between the 

pre-rotenone treated animals with saline and control animals treated with saline or L-DOPA. 

 

The amount of DA, serotonin (5-HT) and their metabolites were measured in the anterior 

striatum, posterior striatum and SN for each group of animals. There was a decrease of DA 

and its metabolites DOPAC in all the three regions. But no difference of 5-HT and its 

metabolite 5-hydroxy indole acetic acid (5-HIAA) has been observed. 
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3 Discussions 

 

Animal models are important tools for understanding a disease process, but the majority of 

models cannot provide enough knowledge to understand the real criteria of the disease. 

Developing animal models for neurodegenerative disorders is a complicated process as long 

as we do not know the primary cause of neurodegenerative diseases. It is obvious that, 

concerning PD such ideal models do not exist and there is a need for better criteria to 

categorise and validate animal models. For PD different models were produced and these 

models can be categorised according to pharmacological, behavioural and biochemical 

criteria in three groups. For example Haloperidol or DA antagonist models for PD show a 

predictive validity of PD. It is regarded as the lowest level of validity and has similarities to 

pharmacological isomorphism to PD the generation of symptoms is however totally 

unrelated to idiopathic PD. The predictive model can be used for a rapid screening approach 

but not to develop therapeutic approaches to cure the disease. The second categories of 

animal models are those with face validity. These models assess the phenomenological 

similarity between the model and the disease. These models have a higher validity than 

those with predictive validity. The existing model 6-OHDA and MPTP could be categorised 

as face validity models. They provide similarities to symptomatology but may not mean 

similar underlying mechanisms. The highest set of validity criteria for animal models deals 

with construct validity. It should fulfil the criteria for face validity and predictive validity 

(Ellenbroek et al, 1990). 

 

As outlined in the introduction, complex I deficiency probably contributes to PD. Given this, 

then rotenone could represent an animal model with construct validity. Considering that the 

complex I deficiency is the first main cause of cell death in PD, then the rotenone model 

comes very close to this disease. The mechanisms of cell death, as well as the symptomatic 

therapy strategies can be developed upon using this model. 

 

The MPTP model is already a similar established model,but the rotenone model distiguishes 

itself in different aspect from MPTP. MPTP is not toxic by itself, but in the presence of 

MAO-B enzyme it is metabolised to the active toxin (MPP+). Therefore, MPTP is not able to  
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produce toxicity in rats due to their absence of MAO-B. In contrast to MPTP, which has to 

be to be carried through DAT, rotenone can cross the biological membrane easily due to its 

extremely lipophilic nature and needs no carrier for its transportation. The cells which are 

damaged by rotenone accumulate cytoplasmic inclusions containing ubiquitine and alpha-

synuclein which are remarkably similar to authentic LB’s.  

 

Previous studies have found the most causes of PD are due to environmental factors and 

inhibition of complex I (Di Monte et al 2002). One of the best described environmental 

related causes of PD is the MPTP. In this study the effects of the complex I inhibitor 

rotenone were examined, rotenone was administered (i.p.) chronically once per day over a 

period of 2 months to two groups of rats in two different doses. Catalepsy and open field 

tests were used as behaviour tests to assess Parkinsonian symptoms. The catalepsy test 

showed significant cataleptic behaviour and open field test showed a decrease in locomotor 

activities as compared to control group (Alam and Schmidt., 2002). 

 

In this study a rotenone model of PD in the rat has been established in which further 

investigation can be carried out to evaluate the biochemical basis for the etiology 

progression and pathology of PD. The chronic exposure by i.p. injection is comparable to 

chronic environmental exposure and is more comparable to the  “real life“ situation and is 

therefore superior to other existing models, in studying PD. 

 

 

3.1 Chronic and systemic administration of rotenone : 

   

The major aim of this study has been to test whether rotenone i.p. treatment could be 

used to establish a rat model of PD. In the very first study, rotenone was introduced 

through osmotic mini pump for five weeks continuously via the route of the jugular 

vein to produce PD symptoms in rats, further in the initial experiment using 

rotenone, the study subject (rats) under went no behavioural testing data (Betarbet et 

al., 2000) for this reason the present study has included all the behavioural 

assessments which are very close to typical PD symptoms. Similarly, intrafemoral 

venous infusion of  2.5 mg/kg/day of rotenone for 28 days to male Lewis rat has also  
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been shown to produce nigrostriatal DA-ergic neurodegeneration (Hoglinger et al., 

2003). However, this gives rise to the controversial question of the relevance of these 

routes for PD patients in whom the disease may have been due to environmental 

exposure? Therefore it was essential to find a method that is seemly closer to a low 

level, chronic exposure e.g. orally, inhaling or contact with skin, etc. The chronic 

exposure by i.p. injection or subcutaneous injection is comparable to chronic 

environment exposure and is more comparable to the “real life” situation and is 

therefore superior to other existing models, in studying PD. Therefore this work 

reproduces the rotenone model by choosing i.p. injection to show a better 

resemblance to exposure in normal life and this is the first report that showed that 

chronic i.p. administration of rotenone treatment caused the depletion of dopamine in 

the posterior striatum and prefrontal cortex and also reduced tyrosine hydroxylase 

(TH) immunoreactivity in the posterior striatum. Behavioural experiments showed 

dose-dependent catalepsy in both groups of rats. Data from this study indicated that, 

in rats, rotenone administrated by intraperitoneal injections is capable of causing 

degeneration of DA-ergic neurons and an induction of parkinsonian symptoms 

(Alam and Schmidt 2002). 

 
In summary the rotenone induced metabolic deficiency of DA-ergic neurons in the 

prefrontal cortex and the striatum proved to be sensitive in this experiment. The 

neurobehavioural and neurochemical results in this study both provide direct 

evidence for the vulnerability of the nigrostriatal DA-ergic pathway. All the results 

showed that rotenone is in fact capable of producing Parkinson like symptoms in rats. 

 

3.2 Local administration of rotenone in the medial forebrain bundle produces nigrostrital 

dopamine deficit. 

  

This study demonstrated for the first time the use of acute itracerebral injection of 

rotenone to produce a model for PD. Another important novel fact in this study is the 

solvent which has been used to dissolve the rotenone easily and enabling it to be  
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injected locally in the brain. In this study propylene glycol was chosen as a solvent 

for rotenone because rotenone is highly lipophilic in nature and insoluble in water. It 

is soluble in acetone, carbon disulfide, ethy acetate and chloroform. It was important 

to choose a solvent to minimise or totally avoid its self toxic effects in neurons when 

infused in the brain for local lesion. The Food and Drug Administration (FDA) has 

classified propylene glycol as an additive that is "generally recognised as safe" for 

use in food. It is used to absorb extra water and maintain moisture in certain 

medicines, cosmetics, or food products. It is a solvent for food colours and flavours. 

 

The local rotenone infusion in the medial forebrain bundle (MFB) resulted in 

significant hypokinetic behaviour in the open-field test  and rigidity like behaviour in 

the bar and grid test as compared to sham lesion animals. The neurochemical 

analysis in the anterior and posterior striatum suggests that, rotenone depletes DA 

levels in both brain regions and causes the nigrostriatal DA deficit. Further the 

feasibility of nigrostriatal DA-ergic deficit after locally administered rotenone was 

challenged with L-DOPA treatment to prove whether the behavioural deficit was 

counteracted because, mostly DA depleted neuronal behaviour is reversed by L-

DOPA. In fact, the behaviour results show an increase in locomotor activity and 

reversal of the rigidity like behaviour after chronic administration of L-DOPA 

treatments.  

 

This experiment has shown that local administration of rotenone is able to destroy 

DA-ergic neurons as it is the case with 6-OHDA. In fact, we found that local 

rotenone lesioned model rats are susceptible to L-DOPA. These data further support 

the use of rotenone as a neurotoxin in vivo.  

 

3.3 The mechanism of neurotoxicity after chronic intermittent administration of 

 rotenone.  

 

In summary the study demonstrated, for the first time, that the low dose of rotenone 

(1.5mg/kg) elevated the concentration of NO and lipid peroxidation in a time depen- 

dent manner. Increasing lines of evidence have implicated a permanent role for NO                              
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in the pathogenesis of PD. Rotenone has been suggested as an inhibitor of 

mitochondrial complex I activity uniformly throughout the brain. Therefore the 

relative selective nigro-striatal DA-ergic injury should be caused by increased 

sensitivity of this pathway to rotenone. The generation of peroxynitrite has been 

implicated in DA-ergic neurotoxicity produced by various DA-ergic neurotoxicants 

such as methamphetamine and MPTP. The increased neuronal NO synthesase 

activity and increased generation of peroxynitrite in the striatum may explain the 

possible involvement of NO in the induction of selective nigro-striatal DA-ergic 

damage by rotenone. The elevated level of NO further generates an increase of 

peroxynitrite which reacts with cellular lipids in the cells and oxidises them. 

 

The current study also sought to determine the intensity of LPO process during 

chronic rotenone administration. Our data concerning the increase in the  level of 

TBARS in the studied brain areas of rats following chronic rotenone administration 

corroborate the results of earlier studies investigating other models of PD (Ogawa et 

al., 1994; Hung et al., 1998). As far as we know, there are no data concerning the 

effect of chronic rotenone administration on the concentration of LPO products in the 

brain. However, it is worth noting, that we did not observe direct correlation between 

the increase of NO generation and TBARS content in the rotenone model; thus 

suggesting that the rotenone induced elevation in lipid like oxidative processes is not 

directly due to the activation of specific NO pathways. 

 

This experiment shows continues metabolism variations after complex I inhibition 

and how the neuronal NO concentration and dynamically how the behavioural 

parameters in bar and grid test accord to fluctuation in NO levels and consequent 

changes in the TBARS production in the different regions of rat brain. The complex I 

inhibition which is able to modulate NO production in different brain regions, may 

be at work to modulate mitochondrial properties and thus become useful in disease 

prevention or treatment. 

 

The results finally provide the molecular cause of DA-ergic cell death via increased 

levels of NO production. 
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3.4 Validity of rotenone model of Parkinson’s disease 

 
The characterisation of rotenone-induced Parkinsonism confirmed its similarities to 

PD after its validation by challenging with L-DOPA and the important pathology of 

its LBs inclusions. Peripheral administered rotenone has been proposed as a model of 

PD but this model still suffers from the lack of validation. Therefore, the specific aim 

of this work was to investigate whether or not the clinical effect of the anti-

parkinsonian drug L-DOPA is able to reverse systemic administered rotenone-

induced parkinsonian symptoms; because L-DOPA is one of the most effective and 

commonly used drugs in the treatment of Parkinsonian symptoms,  in the case of 

successful reversal of the symptoms; then this model  would  fulfil  pharmacological 

validation for a PD model. In our study, quantitative neurochemical analysis in the 

anterior and posterior CPu suggests that, rotenone depletes DA content in both areas 

of brain tissues and causes the metabolite deficiency in the nigrostriatal DA-ergic  

neurons. Therefore, it seems that complex I inhibition within the nigrostriatal 

pathway is sufficient to produce neurotoxicity. L-DOPA reversed rotenone-induced 

parkinsonian symptoms and thus parallels clinical efficacy. The increase in the 

descent latency in catalepsy, inactive sitting and decrease in locomotor activity and 

head dips were reversed after chronic administration of L-DOPA.  

 
These results are the first to demonstrate that selective or partial injury of systemic   

rotenone conforms cellular and behavioural supersensitivity to L-DOPA, the                       

 phenomology of L-DOPA induced reversal motor deficit can be accounted for by the 

topography of DA denervation within the striatum. 

 
Before the rotenone model can be used as an appropriate model to investigate a new 

drug for PD therapy the criteria need to be fulfilled which has been shown as valid 

after the returns of  L-DOPA administration up to this experiment. 

 

Finally this thesis discusses the advantages and disadvantages of the various animal 

models of PD and considers their potential role in revealing the mechanisms 

responsible for PD pathogenesis, and for testing experimental therapeutics (Table1 

and 2).  

 



27 

   
 
 

 

 

  
 

Table 1.  A comparison between human PD and rotenone models of PD 
 
 

     
  Human PD                                   Rotenone-induced effect                                          
 
 
Behaviour      Behaviour 
 
Resting tremor, akinesia and rigidity.                        Akinesia, rigidity and movement deficit. 

In PD the behavioural deficit response                      Rotenone-induced rats are responsive to 

to L-DOPA.  L-DOPA. 

 

Neurochemical  Neurochemical 

 

70-80% DA deficit in striatum 50% DA deficiency has been observed

 as compared to control 

 

Biochemical Biochemical 

 

Decrease in nigrostriatal TH-positive Decrease in nigrostriatal TH-positive 

Immunoreactivity and depletion of  Immunoreactivity and depletion of NA  

NA in locus ceruleus neurons.   in locus ceruleus neurons.   

 

Post-mortem brain shows α-synuclein Formation of ubiquitin and α-synuclein  

inclusion reminiscent of LB positive inclusions which are similar to 

 LB of PD. 
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Table 2.  Characteristics of animal models of PD 
 
 
Pros         Cons 
    
 

6-OHDA  
 
Selective for monoaminrgic neurons taken Does not penetrate the blood 

up by monoamine-transporters  Brain barrier, local infusion  

 required 

 

    3-NT 
 
Produces oxidative stress     Not yet extensively investigated/ 

        described; requires intracerebral  

 injection. 

 
    MPTP 
 
Crosses blood brain barrier     Works only in primates, some  

     mice strains but not in rats. 

 
    Rotenone 
 
 
Crosses the blood brain barrier    Unselective in high doses  

Works in rats and produce LB  
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5 Abbreviations 
 
 
AD    Alsheimer’s disease 

6-OHDA  6-hydroxydopamine 

DA            Dopamine 

DAT  Dopamine transporter 

LB  Lewy body 

LPO  Lipid peroxidation 

MAO-B  Monoamine oxidase-B 

MPTP   1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

NADH  Nicotinamide adenine dinucleotide 

NO  Nitric oxide 

PD   Parkinson’s disease 

ROS  Reactive oxygen species 

SNpc    Substantia nigra pars compacta 

TBARS  Thiobarbituric acid 

TH  Tyrosine hydroxylase 
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