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ABSTRACT OF THE THESIS 

 

Biomarkers of progression in mirroring models of Parkinson’s disease 

by 

 

Brent Han 

 

Master of Science in Biology 

University of California, San Diego, 2008 

Professor Richard Haas, Chair 

Professor Immo Scheffler, Co-chair 

 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that is 

pathologically characterized by loss of dopaminergic neurons and formation of Lewy 

bodies composed of α-synuclein aggregates in substantia nigra. Other than the rarely 

inherited autosomal forms, the causes of most cases of idiopathic PD are not known. 

Increasing numbers of study are implicating the role of mitochondria and oxidative 

stress in the pathogenesis of PD. The neuronal susceptibility in PD is multifactorial 

x



involving strong interactions between the environmental toxins and the genetic 

predisposition. Past studies have shown that herbicide paraquat can reproduce features 

of PD in animals. Also, over-expression of α-synuclein has been implicated in the 

generation of Lewy bodies in in vitro studies. In the present study, the effects of both 

paraquat and α-synuclein over-expression have been studied to observe the degree of 

mitochondrial dysfunction in mice. This was done by investigating the amplification 

efficiency of the 16-kilobase mitochondrial DNA using extended-long PCR and 

determining the mitochondrial complex I activity in differently treated group of mice. 

To support the role of oxidative stress in mouse models of PD, the protein carbonyl 

levels and superoxide dismutase activities were also measured. Lastly, to confirm the 

specificity of α-synuclein, the effect of β-synuclein has been investigated, which is 

highly homologous and a co-localized protein. Further study with increased number of 

samples would better elucidate whether the biomarkers investigated in this study could 

become more reliable measures in predicting the progression of PD. 

 

 

xi



 
 

1. Introduction 

1.1. Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder that is characterized 

clinically by muscle rigidity, resting tremor, and bradykinesia (slowness of voluntary 

movement) which can develop into akinesia (inability to initiate movement) in 

extreme cases1. It is a progressive disorder that can also lead to dementia and cognitive 

dysfunction in addition to the movement symptoms2. PD is characterized 

pathologically by the loss of dopaminergic neurons and the presence of Lewy bodies, 

which are aggregated neuronal cytoplasmic inclusions in the substantia nigra pars 

compacta3. Whether the Lewy body formation is a cause of PD or the consequence of 

response as a protective defense to isolate potentially toxic aggregated material is not 

clear. α-synuclein is a relatively abundant presynaptic protein of 140 amino acids that 

is the major component of Lewy bodies3,4. It is mapped to chromosome 4 in humans 

and had been initially identified as the precursor protein for the non-β amyloid 

component of Alzheimer’s disease amyloid plaques NAC5. Since then, point 

mutations in the gene coding for the α-synuclein have been discovered in familial PD. 

In the autosomal dominantly inherited forms of the disease, the α-synuclein gene is 

mutated in certain loci6. Abnormal forms of such genes can trigger oligomerization of 

the protein as a result of their increased propensity to self-assemble7. Despite the 

finding of genetic causes in some PD patients, most of other idiopathic or non-familial 

PD patients do not show consistent occurrences of gene mutations and are usually late-

onset sporadic cases8. One study that looked for the missence mutation associated with 

1 
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PD in the α-synuclein gene did not find any mutation and proposed that there could be 

other mechanisms involved leading to conformational changes and consequent protein 

aggregation9. Nevertheless, there is evidence suggesting that regulation of α-synuclein 

expression can influence the risk to environmental toxins such as paraquat, rotenone, 

or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which can increase α-synuclein 

gene expression and aggregation10-11, and reproduce features of PD in animals 

including motor abnormalities, loss of dopaminergic neurons in the substantia nigra, 

inhibition of mitochondrial complex I activity, and increased oxidative injury12. 

According to epidemiological studies, farming and exposure to agricultural chemicals 

are some of the conditions that are linked to increased chances of developing PD13-15 

and paraquat (PQ) has been implicated frequently as a potential neurotoxicant in PD. 

Rotenone has limited uses with poor oral bioavailability and short half-life while 

MPTP is not found in the environment12. Therefore, PQ is hypothesized to be an 

environmental toxin that could increase the risk of PD-like development in mice that 

are genetically vulnerable, and α-synuclein over-expression can be hypothesized to be 

a genetic factor that would increase the neuronal risk to mitochondrial toxins or 

oxidative injury. To understand how environmental toxin and genetic vulnerability can 

interact to generate mitochondrial dysfunction and PD-like pathology, the present 

study is conducted to investigate the effects of PQ treatment on α-synuclein transgenic 

mice as compared to non-transgenic littermates. Unlike α-synuclein, β-synuclein, 

which is highly homologous and a colocalized protein, lacks the 11 central 

hydrophobic residues in its sequence and may have a protective role as a natural 
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negative regulator of the amyloid formation of α-synuclein16-18. Therefore, the effect 

of β-synuclein over-expression is compared to support the specificity of α-synuclein 

effect distinct from possible effects of other non-specific proteins. 

 

1.2. Role of mitochondria in Parkinson’s disease 

 The mitochondrion is a membrane-enclosed organelle found in most 

eukaryotic cells that generates most of cell’s supply of adenosine triphosphate (ATP) 

which can be used to do work that the cells need. The production of energy in forms of 

ATP is the most well-known function of mitochondrion besides its role in signaling, 

cellular differentiation, control of cell cycle and growth, and apoptosis19. For example, 

to produce cellular energy, glucose is metabolized to pyruvate via glycolysis. Then, 

the pyruvate is transported into the mitochondria and converted to acetyl-CoA. Fatty 

acids are also a source of energy that can be metabolized to acetyl-CoA via β-

oxidation. The acetyl-CoA then undergoes first reaction with oxaloacetate in the citric 

acid cycle catalyzed by citrate synthase. Citrate synthase is an enzyme encoded by the 

nuclear DNA and is transported into the mitochondrial matrix after its synthesis in 

cytoplasm. It is commonly used as a quantitative marker in experiments for the 

presence of mitochondria. The reducing equivalents produced as NADH in the citric 

acid cycle are passed along the first complex of the electron transport chain embedded 

in the inner mitochondrial membrane, which is part of the process also known as the 

oxidative phosphorylation. The mitochondrial complex I is also known as NADH 

dehydrogenase or NADH:quinone oxidoreductase. It is located in the inner 
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mitochondrial membrane and catalyzes the transfer of electrons from NADH to 

coenzyme Q. The process of electron transfer in complex I results in increased 

membrane potential with protons accumulating in the intermembrane space 

transported from the matrix. Eventually, complexes III and IV receive the transferred 

electrons from complexes I and II, and contribute to additional increase in the 

membrane potential and eventually results in ATP synthesis. Therefore, any damage 

done in one of these processes would potentially impair the mitochondrial function. In 

fact, the mitochondrial structural abnormalities and reductions in complex I activity 

have been demonstrated in patients with PD20-22. Inhibiting complex I function can 

cause increased production of reactive oxygen species (ROS) such as superoxide 

anions that can generate highly reactive hydroxyl radicals and peroxynitrites23,24. As a 

result, these products can damage cellular membranes and organelles. Past study has 

shown that neurotoxins such as MPTP, rotenone, and paraquat can inhibit 

mitochondrial complex I and perturb the respiratory chain causing impaired energy 

metabolism and intracellular ROS production25. Moreover, dramatic mitochondrial 

abnormalities in substantia nigra were observed in vivo resulting from MPTP 

treatment of 12-month old α-synuclein over-expressing transgenic mice26. The 

damage was specific to this treatment group and not in MPTP-treated non-transgenic 

or saline-treated α-synuclein mice. Mitochondrial abnormalities and oxidative stress 

have also been demonstrated in vitro from the over-expression of wild type human α-

synuclein in cultured cells27. The results obtained from these in vivo and in vitro 

studies link the effects of neurotoxins and over-expression of α-synuclein in the 
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development of mitochondrial dysfunction. In order to further investigate these 

correlations, the present study investigated the relative mitochondrial complex I 

activity and citrate synthase activity and calculated their ratio to observe any 

significant relationship between the effects of paraquat and α-synuclein and 

mitochondrial damage.  

1.2.1. Preliminary data on α-synuclein, 6-month old, 1-week survival post PQ 

treatment group 

In order to investigate the effects of PQ and α-synuclein transgene on 

mitochondrial complex I and to correlate the role of mitochondria in the pathogenesis 

of PD-like mice models, citrate synthase activities and complex I activities were 

measured independently in nanomoles per minute per milligram of sample protein. 

Then, the resulting complex I: citrate synthase ratios were compared between different 

treatment groups. These data were produced by a colleague but included in this section 

because the results showed significant effects of PQ and α-synuclein, and they are 

comparable to the results from the protein carbonyls assay that is conducted in this 

study for the same group. This group was α-synuclein transgene, 6-month old mice 

that were sacrificed one week after the PQ treatment. The complex I: citrate synthase 

ratio showed interesting results in the midbrain that supported the additive effect of α-

synuclein over-expression in the presence PQ (Figure 1). 
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Figure 1: Complex I:citrate synthase ratio of α-synuclein, 6-month old, 1-week 
survival post PQ treatment group (C: control, Tg: transgene, Sal: saline, PQ: 
paraquat) 
 
In the midbrain, there were no significant differences observed in complex I:citrate 

synthase ratio from the effect of PQ either within the control group or within the α-

synuclein transgene group. These results indicate that the effect of PQ itself is not 

sufficient to cause significant inhibition of complex I to be discernible from the 

corresponding control groups. The comparison between the C/Sal group and the 

Tg/Sal group showed a slight decrease in the complex I:citrate synthase ratio in the 

Tg/Sal group. Even though the difference was not significant, the results show that the 

effect of α-synuclein was greater than the effect of PQ in decreasing the complex I 

activity as compared to the control. An interesting result was observed with the Tg/PQ 

group shown in the figure above (Figure 1). When the PQ was introduced in the 

presence of α-synuclein over-expression, the damaging effect on complex I became 

apparent when compared to the C/PQ group. The presence of both factors seems to 

have an additive effect in inhibiting the complex I activity and this also supports the 
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hypothesis proposed in this study. In the cortex, different treatments resulted in similar 

complex I:citrate synthase ratios with no particular trends. 

 
1.3. Mitochondrial DNA as a possible biomarker in Parkinson’s disease 

 Mitochondrial DNA (mtDNA) is a 16,569-base pair, circular, double-stranded 

molecule, which contains 37 genes: 2 rRNA genes, 22 tRNA genes, and 13 structural 

genes encoding subunits of the mitochondrial respiratory chain where ATP is 

generated28. Beginning in 1988, the mutations in mitochondrial DNA were associated 

with human disease29. Epidemiological study on the frequency of mtDNA-related 

diseases is confirming that mitochondrial disease, which have been considered to be of 

little notice until the recent decades, is in fact among the most common genetic 

disorders and a major burden for society30. The mtDNA may be particularly 

vulnerable to various insults because it has no histones that may provide protection 

and its repair system is much less efficient compared to those of nuclear DNA. 

Moreover, the mutation rate of mtDNA is five to ten times greater than that of nuclear 

DNA because of its proximity to ROS generated in mitochondria31. Many 

abnormalities involving mtDNA during aging and degenerative disorders have been 

described in literatures, especially with 4,977-base pair deletion also known as a 

common deletion32-33. The common deletion was reported to occur with higher 

frequency in the midbrain of PD patients in some studies but other studies could not 

confirm these results and was suggested to be associated with aging in general, and not 

with PD. In response to these issues, one study showed that the common deletion is 

not associated with loss of vulnerable neurons in PD34.  
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To address this issue, the amplification of mitochondrial genome was done in 

this study to assess the overall mtDNA damage associated with PD. The present study 

investigated relative mtDNA amplification efficiency of each sample using 

polymerase chain reaction method. Specifically, 16-kilobase mtDNA was amplified 

using extended-long polymerase chain reaction (XL-PCR) and approximately 500-

base pair gap was positioned at the site in the mitochondrial genome that presumably 

was not associated with any kind of known mutations. The PCR-amplified products 

were confirmed by running them through gel electrophoresis. Subsequently, the 

amount of amplified mtDNA product was measured using the fluorescent dye that 

binds only to the double-stranded DNA. This method allowed relative quantification 

of mtDNA contained in each PCR-amplified sample and enabled the estimation of the 

efficiency of mtDNA amplification, which indicated the relative state of mtDNA in 

different treatment groups of mice as compared to the undamaged or most highly 

amplified mtDNA.  

In addition, using the Poisson distribution, the relative number of nicks in the 

strand of mtDNA could be calculated, which is referred to as hits in this study. In 

mathematical definition, Poisson distribution expresses the probability of a number of 

events occurring in a fixed period of time if these events occur with a known average 

rate and independently of the time since the last event. When the 16-kilobase fragment 

of mtDNA is amplified, the overall yield of mtDNA is proportional to the fraction of 

mtDNA that has exactly zero lesions. Any mtDNA with greater than or equal to one 

lesion per mtDNA template will fail to amplify any PCR products. The DNA damage 
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index is derived from the target theory and under the assumption that the mtDNA 

damage is randomly distributed throughout the mitochondrial genome. The lesions 

that prevent DNA amplification will be distributed according to Poisson statistics and 

the equation, 

P(N) = (HN x e-H) ÷ N! 

where H is the mean number of hits per template DNA and N is the exact number of 

hits found in a given template DNA. Therefore, applying the above mathematical 

definition, the Poisson distribution is implying that given the expected number of hits 

(H) per template DNA, the probability that there will be exactly N hits is P(N). This is 

based on the observation that certain mtDNA lesions are non-bypassable by DNA 

polymerase during XL-PCR. Only DNAs with exactly zero lesions can be amplified 

(Table 1). Therefore, the probability that zero lesions is encountered is P(0). P(0) then 

is e(-H). By rearrangement, the number of hits, H, is calculated as 

H= -ln[P(0)] = –ln[sample yield/control yield] 

Table 1: Probabilities of amplification of mtDNA depending on different number 
of lesions or hits in the template mtDNA 

 
 
For example, if the ratio of sample yield to control yield is 0.3, only 30% as much 

DNA is produced as in the control and H = -ln(0.3) = 1.2 hits/DNA. Since the size of 

the template was 16-kilobase, this means there was 1.2 hits per 16-kilobase of 
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mtDNA. The higher the number of hits obtained from the results, the higher the 

probability that the mtDNA of a certain sample is more severely damaged and unable 

to amplify during the XL-PCR. By being able to amplify the 16-kilobase mtDNA, this 

assay can be used not only to qualitatively observe the damage done by the 

environmental factors or genetic manipulations, but it can also be used to estimate the 

probability of a number of lesions per mtDNA in a given sample which has been done 

in this pilot study.  

 

1.4. Oxidative stress induced in Parkinson’s disease 

Utilization of molecular oxygen is crucial for the normal function and survival 

of the cells. During the normal process of oxidative phosphorylation, ROS such as 

superoxide anions, hydrogen peroxide, hydroxyl radicals, and peroxy radicals can be 

generated as byproducts in mitochondria. In normally functioning cells, ROS has 

positive roles such as inducing host defense genes and mobilization of ion transport 

systems. Also, the cellular mechanisms exist to convert these molecules into forms 

that are harmless, which involve antioxidants such as superoxide dismutase, catalase, 

and glutathione. However, excessive production of ROS can be damaging to the cell 

membranes and organelles. In humans, the brain is especially susceptible to oxidative 

stress as it continuously uses significant amount of total body oxygen. In PD, there is 

evidence of increased oxidative damage in patients compared to the age-matched 

controls. Some of the biomarkers that have been investigated in other studies include 

malondialdehyde, a lipid peroxidation product, 8-hydroxyguanine, and protein 
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carbonyls35-37. Also, there has been a study measuring the SOD-like activity in 

peripheral blood leukocytes, cerebrospinal fluid, and in different brain regions from 

idiopathic PD patients38.  In order to further support the correlation between oxidative 

damage and PD, the present study was done to quantitatively measure the relative 

levels of superoxide dismutase (SOD) activity in the midbrains of mice based on its 

ability to inhibit the reduction of formazan, which prevents colorimetric detection by 

the spectrophotometric measurement by the microplate reader (Figure 2).  

 

Figure 2: Principle of SOD assay (XO: xanthine oxidase, WST: water-soluble 
tetrazolium) 

 
The midbrain is chosen to be the site of interest in order to observe the specific effects 

of PQ and α-synuclein over-expression, which is considered to be the proper 

corresponding brain region in humans with substantia nigra. The responses in cortex 

were also compared with the midbrain as a control. The SOD activity can only be an 

indirect biomarker of PD that measures the amount of oxidative stress since it does not 

directly measure the oxidized products. 

Protein carbonyl assays are also done with the aforementioned brain tissues of 

mice. This type of assay is widely used to investigate oxidative damage in brains and 

is based on the ability of several ROS to attack amino acid residues, particularly 
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histidine, arginine, lysine, and proline, of the target proteins to produce carbonyl 

groups, which are the oxidized products. These then, can be measured 

spectrophotometrically after reacting with 2,4-dinitrophenylhydrazine. Determining 

the amount of oxidized cellular products as protein carbonyls can be a direct 

biomarker of PD. This assay is conducted to supplement the assay that measures the 

level of SOD activity.  

 

1.5. Hypothesis 

Over-expression of α-synuclein can increase mitochondrial injury in mouse 

models of Parkinson’s disease treated with paraquat. Increased oxidative stress is a 

plausible mechanism. 

 



 
 

2. Materials and methods 

2.1. Animals 

2.1.1. Mitochondrial, protein carbonyl, and superoxide dismutase assays 

For transgenic mice, human α-synuclein or β-synuclein were over-expressed 

under the mouse Thy-1 promoter. The transgenic wild type α-synuclein mouse line 61 and 

non-transgene littermates were treated with PQ (10mg/kg once a week x 3) or 

equivalent volume of saline and euthanized at 1 week after the last dose of PQ or 

saline. The transgenic wild type β-synuclein mouse line 11 and non-transgene littermates 

were treated with PQ (10mg/kg once a week x 3) or equivalent volume of saline and 

euthanized at 9 months after the last dose of PQ or saline. α- and β-synuclein groups 

under study consisted of 16 or 20 mice divided into four different treatment groups, each 

being four or five mice per group, respectively, with non-transgene/saline (C/Sal), non-

transgene/paraquat (C/PQ), transgene/saline (Tg/Sal), and transgene/paraquat (Tg/PQ). 

The schedule of PQ treatment (10mg/kg once a week x 3) is identical to that 

used by Brooks et al. (1999) and McCormack et al. (2002) in C57Bl/6 mice that 

demonstrated both significant loss of dopaminergic neurons in the substantia nigra and 

good survival in mice as young as 6 weeks old to as old as 18 months old39-40. The 1-

week survival time matched that used by both Brooks et al. (1999) and McCormack et 

al. (2002). To assess the long term consequences of PQ treatment, the 9-month 

survival time was also used.  

2.1.2. Extended-long PCR assay 

13 
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 Mice preparation was equivalent to the description in 2.1.1. except the 

following: twelve mice, 12 months to 18 months old, were obtained from our breeding 

colony. Six mice were non-transgenes, all males, and all 12 month olds. Among them, 

three mice were treated with PQ and the other three mice were treated with saline as 

controls. The next set of six mice were α-synuclein transgenes, half of them being 

males and the other half being females with their age in the range of 15 to 18 months. 

The sectioned midbrain and the cortex stored at -80°C were used for the preparation of 

total genomic DNA purification step.  

 

2.2. Preparation of brain tissue homogenates 

2.2.1. Mitochondrial assay

The sectioned group of mouse brains, specifically midbrain and cortex stored 

in -80°C, were processed for homogenization using the homogenization buffer (10mM 

Tris pH 7.4, 300mM mannitol, 0.1mM EDTA/K+, 1mM ATP). The protein 

concentrations for each portion were determined with Lowry protein assay41 using the 

Shimadzu UV160U temperature-controlled spectrophotometer at 30°C with BSA as a 

standard. 

2.2.2. Protein carbonyl and superoxide dismutase assays

The sectioned group of mouse brains, specifically midbrain and cortex, stored 

in -80°C was processed for homogenization using 10 volumes of homogenization 

buffer (500mM Tris pH 7.4, 1.5M NaCl, 100mM MgCl2, 100mM CaCl2, 10mM 

EDTA) containing 1% NP-40, 100mM PMSF, and a cocktail of protease inhibitor 
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(Sigma, St. Louis, Mo). The homogenized tissues were then centrifuged at 50,000xg 

for 30 minutes at 4°C. The resulting supernatant was designated as a soluble fraction. 

The protein concentrations for each portion were determined with BCA protein assay 

(Sigma, St. Louis, Mo) using BSA as a standard. 

 

2.3. Mitochondrial assay

2.3.1. Citrate synthase assay

Citrate synthase activity was used as a mitochondrial marker and a reference 

enzyme activity. It catalyzes the reaction of acetyl-CoA and oxaloacetate into citrate 

as well as CoA-SH with a thiol group attached. 0.5mM acetyl-CoA and 5mM 

oxaloacetate were used in 0.1M Tris at pH 8.3 and 0.16M Tris at pH 8.0, respectively. 

0.8% Triton X-100 was used to permeabilize the cell membrane and expose 

mitochondria. 10mM 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) was used for 

measuring the amount of thiol groups in a sample42. DTNB reacts with a thiol group in 

CoA-SH and releases 2-nitro-5-mercaptobenzoic acid (TNB), which ionizes to TNB- 

anion in water at neutral and alkaline pH and it has a strong yellow color. The reaction 

is stoichiometric and can be quantified by measuring the absorbance at the wavelength 

of 412nm using a spectrophotometer. Using the optical density values obtained from 

the spectrophotometer, they were converted to nanomoles per minute per milligram of 

protein by using the extinction coefficient 13,600 M-1cm-1 and the correction factor of 

0.676. All sample readings were done with the Thermomax plate reader (Molecular 

Devices, CA) and SoftMax Pro software (Molecular Devices, CA). Each assay was 
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carried out at least twice on each sample using different protein concentrations to 

establish linearity of the assay.  

2.3.2. Complex I assay

The mitochondrial membranes were disrupted by freeze-thawing three times 

for each sample. The assay was run using the buffer containing 35mM potassium 

phosphate at pH 7.2, 2mM KCN, 2µg/ml antimycin A, 5mM MgCl2 supplemented 

with 2.5 mg/ml fat free BSA, and water. 10µM NADH was made up freshly in water 

and 15mM coenzyme Q was prepared in 100% ethanol. In a total volume of 1ml, 50 to 

80 µg of protein, 10 µl of NADH, and 4µl of coenzyme Q were added. The reaction 

was carried out in a quartz 1-ml semimicro cuvette and it was pre-warmed for three 

minutes at 30°C. The decrease in absorption at the wavelength of 340nm was 

measured using the Shimadzu UV160U temperature-controlled spectrophotometer. 

This was carried out twice on each sample using different protein concentrations. 

Then, this assay was repeated with rotenone at a final concentration of 2pM to 

measure the rotenone-insensitive rate. The net complex I activity was calculated by 

subtracting the rotenone-insensitive rate from the total rate obtained from the first run. 

The values of complex I activities were normalized to citrate synthase activities and 

expressed in nanomoles per minute per milligram of protein. 

 

2.4. Mitochondrial DNA damage assay

2.4.1. DNA purification
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The midbrain and cortex regions of each mouse brain sample were processed 

for the total genomic DNA purification. The procedure was followed from the solid 

tissue protocol in the Gentra Puregene kit (Qiagen, CA). 5 to 12 mg of midbrain 

samples were weighed and used as the starting materials for the purification and 10 to 

17 mg of cortex samples were weighed and used as the starting materials for the 

purification. After the total genomic DNA purification step, the concentration of each 

purified DNA was measured and the range of all samples was 70-250ng/µL.  

 2.4.2. Mitochondrial DNA XL-PCR amplification

The extended-long polymerase chain reaction (XL-PCR) protocol was derived 

from the Expand 20kbPLUS PCR System (Roche, IN). The initial starting genomic 

DNA amount was 200ng per sample. The reagents used were MgCl2 with the final 

concentration of 2.75mM, dNTP with the final concentration of 500µM, forward and 

reverse primers with the final concentrations of 0.4µM, expand buffer, and five units 

of 20-kilobase expand enzyme per reaction. The final volume of 50µL was adjusted 

with deionized water after adding all the reagents into each PCR tube. The PCR cycle 

condition was as follows: initial denaturation step, 92ºC for 2 minutes; first 10 cycles: 

92ºC for 10 seconds, 58ºC for 30 seconds, 68ºC for 18 minutes; for subsequent 15 

cycles, elongation time (at 68ºC) was increased 10 seconds per cycle.  

After the PCR amplification step, the amplified mtDNA products were qualitatively 

observed by running them through gel electrophoresis at 75V for two hours with the 

following conditions: 10µL of the amplified product was run on the gel made with 
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Tris-acetate/EDTA buffer with ethidium bromide for visualization of the DNA bands 

on the gel using the UV spectrophotometer. 

 2.4.3. PicoGreen quantification

After confirming the qualitative results with gel electrophoresis, the amount of 

PCR-amplified products were quantitatively measured with the Quant-iT PicoGreen 

kit (Invitrogen, OR). This assay allows detection of fluorescence of the PicoGreen 

reagent bound only to the double-stranded DNA in the sample. The relative total 

amplification of the mitochondrial DNA of each sample could be measured by 

comparing the values against the standard curve of the λ DNA.  

 

2.5. Protein carbonyl assay

Brain tissue homogenates (soluble fraction) were processed using the 

manufacturer’s instructions from the Biocell PC Test kit (Northwest, WA). It is an 

enzyme-linked immunosorbent assay (ELISA) that enables protein carbonyls to be 

detected and measured quantitatively with micrograms of protein. Each homogenized 

sample is initially labeled with 2,4-dinitrophenylhydrazine (DNP) and these labeled 

proteins are nonspecifically adsorbed to an ELISA plate during the overnight 

incubation. Unconjugated DNP and non-protein constituents are washed away. The 

adsorbed protein is then probed with biotinylated anti-DNP antibody followed by 

streptavidin-linked horseradish peroxidase. When the chromatin reagent containing 

peroxide is added, the colorimetric absorbances can be measured at 450nm. The 

standard curve was generated with the standards provided by the kit and the amount of 
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protein carbonyls (in nmol/mg) in each sample was estimated using the standard 

curve.  

 

2.6. Superoxide dismutase assay

Brain tissue homogenates (soluble fraction) were processed for superoxide 

dismutase (SOD) activity per manufacturer’s instructions using the SOD detection kit 

(Bachem, CA). This kit utilizes a highly water-soluble tetrazolium salt, WST-1, which 

produces a water-soluble formazan dye when reduced with superoxide anion, O2·-. As 

a competing reaction, O2·- can also be reduced to O2 and H2O2 by the catalytic activity 

of SOD, inhibiting the formation of formazan dye. The rate of the reduction with O2·- 

is linearly related to the xanthine oxidase activity, which generates O2·- from O2. 

According to the results obtained from experiments, approximately ten units of SOD 

activity was related to the amount of protein that inhibited the rate of O2·- reduction of 

formazan by 50%. The units of SOD present in each homogenate then were 

determined by the spectrophotometric absorbance reading at 450nm and using the 

standard curve. These values were then normalized using the protein concentrations of 

the homogenates.  

 



 
 

3. Results 

3.1. Mitochondrial citrate synthase and complex I assays

 To support the specificity of the effect of α-synuclein over-expression, the 

effect of β-synuclein over-expression was investigated. In the midbrain, the effect of 

PQ slightly decreased the complex I:citrate synthase ratio in both non-transgene and 

transgene groups compared to their corresponding saline groups (Figure 3). However, 

the effect was not significant enough to confirm the presumed role of PQ in inhibiting 

mitochondrial complex I. This weak effect of PQ is also comparable to the results with 

the control mice treated with PQ in the non-transgene group of the α-synuclein over-

expression mice discussed in the previous section on the preliminary data. The 

transgene groups in the β-synuclein mice showed slightly higher complex I:citrate 

synthase ratios compared to their corresponding non-transgene groups. This might be 

a trend showing β-synuclein’s potential role as a neuroprotective protein but the result 

was not significant to confirm this possibility. Lastly, unlike the significant decrease in 

the complex I:citrate synthase ratio observed with the mice that were both over-

expressing α-synuclein and treated with PQ in the preliminary data,  the effects of β-

synuclein and PQ observed in this study did not result in significant changes in 

mitochondrial function in terms of the ratio and they did not seem to have any additive 

effect in lowering the ratio. The results in the cortex did not show any meaningful 

significance. The significant results in the cortex shown in the figure are presumably 

due to the experimental error caused from day to day variation.  

20 



21 
 

 
Figure 3: Complex I:citrate synthase ratio of β-synuclein, 12-month old, 1-week 
survival post PQ group (C: control, Tg: transgene, Sal: saline, PQ: paraquat) 
 
 
 
3.2. Mitochondrial DNA damage index

Some previous studies indicate the presence of mtDNA deletions in PD 

patients. Since the damage of mtDNA seems to be involved in the pathology of PD, 

this pilot experiment was conducted to investigate the relative state of mtDNA of α-

synuclein mouse models and non-transgene models that were treated with PQ. To 

address the issue on whether the mtDNA amplification and quantification can be a 

possible biomarker for PD, the overall mtDNA amplification efficiency was observed 

and the mtDNA damage index was developed to estimate the number of nicks or hits 

present in the population of mtDNAs in each sample. 

When the mtDNA samples were amplified via XL-PCR, the PCR products 

were qualitatively confirmed to be mtDNA by digesting the product with ApaI 

restriction enzyme and obtaining expected fragments. Overall, the mtDNA 

amplification efficiency of α-synuclein transgenic models was lower than the non-



22 
 

transgenic models. This result agreed well with the results from the past study that 

over-expression of α-synuclein could be damaging to the cell3. Among the non-

transgene groups, the amplification of mtDNA did not significantly differ between the 

saline-treated group and the PQ-treated group even though the C/PQ group showed a 

trend in decreasing amount of amplified mtDNA products. Also, the overall effect was 

more specific in the midbrain than the cortex but the cortex also showed a trend 

towards the α-synuclein transgene models being less efficient in amplifying the 

mtDNA than the non-trangene models (Figure 4). 

A       α-synuclein Tg       non-Tg (Sal or PQ)        α-synuclein Tg      non-Tg (Sal or PQ) 
 
 λ-marker 
 
        23kb 
        

       9.4kb 
 

       6.6kb 
 

       4.4kb 
 

             Midbrain         Cortex 

 

B 

Figure 4: A. Gel electrophoresis result of XL-PCR products, B. Amount of 
mtDNA amplified in different treatment groups (C: control, Tg: transgene, Sal: 
saline, PQ: paraquat) 
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An interesting observation was with the regional specificity of the PQ effect in non-

trangene groups. The C/Sal comparison between the midbrain and the cortex did not 

show any significant difference but the C/PQ comparison between the midbrain and 

the cortex showed significant decrease in the amplification efficiency in the midbrain 

(P = 0.05) but not in the cortex. There were no differences observed in the cortex 

comparison between C/Sal and C/PQ and these treatment groups amplified the 

mtDNA most robustly. These results support that the effect of PQ is specifically in the 

midbrain and suggests that the mtDNA in the midbrain presumably has less stable 

template mtDNA for transcription and translation of necessary protein components for 

the normal functioning of mitochondria. Moreover, considering that mtDNA contains 

37 genes of which 13 genes are involved in encoding subunits of respiratory chain, it 

is reasonable to state from the results that impairing the template mtDNA by the 

effects of PQ or α-synuclein may well result in significantly damaging the 

mitochondrial respiratory chain, impairing the function of ATP production, and 

consequently, generating unnecessarily high levels of ROS which can severely 

damage the cell. 

The preliminary data obtained from this study was specific to the effects of PQ 

and α-synuclein transgene despite the limitations on the sample size. These data 

support the fact that PQ does target and damage the mtDNA in addition to any harmful 

effects on existing proteins and complexes in the mitochondria by production of ROS. 

Using the Poisson distribution and selecting one highest amplified sample value each 

from the midbrain and the cortex, the calculated mtDNA damage index is shown 
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below (Figure 5). For example, the midbrain of α-synuclein transgene group shows 

the H-value, indicating the number of hits in a sample containing a population of 

mtDNAs, of approximately 0.1. This means, on average, it is expected that any one 

sample from the α-synuclein transgene group would have 0.1 hit per mtDNA or 1 hit 

per 10 mtDNAs. Considering the actual size of the mtDNA which is approximately 

16-kilobase, this would mean that there will be 0.1 hit per 16-kilobase of mtDNA. 

 
Figure 5: mtDNA damage index expressed as number of hits or nicks in a sample 
of mtDNA in different treatment groups (C: control, Tg: transgene, Sal: saline, 
PQ: paraquat) 
 

The results showed that the number of hits was much higher in the α-synuclein 

treatment group compared to the other two groups. This was expected since the 

amplification was least efficient in the α-synuclein transgene group. In the non-

transgene groups, the number of hits was lower in the saline-treated group. Correlating 

with the significant result in the amplification efficiency (Figure 4), C/PQ group 

showed higher number of hits in the midbrain compared to the C/Sal group. The 

results with the cortex did not show any difference between the two groups. Even with 
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a small sample size, the results showed strong trends and indicated that this assay has 

a potential to be a reliable way of investigating the general state of mtDNA not just in 

animal models with PD-like pathology but other neurological disorders that involve 

mitochondrial dysfunctions. In order to ascertain whether the DNA damage index can 

be applicable to the mouse models of PD, the sample size would have to be greater 

and the results from other assays, such as protein carbonyl levels or SOD activities, 

should show correlations with the results from this mtDNA damage index.  

In attempts to further increase the sample size to observe the definite trend of 

PQ lowering the mtDNA amplification efficiency more in the midbrain than the cortex 

and to support the hypothesis that over-expression of α-synuclein could increase the 

damage level with the effect of PQ, there was an unexpected problem that began to 

inhibit the amplification of mtDNA after the preliminary data were obtained. Initially, 

it was thought that one of the reagents could have been expired or degraded but after 

many trials of substituting a used reagent to a new one, one at a time, the problem 

could not be fixed. 

 

3.3. Protein carbonyl levels and superoxide dismutase activities 

3.3.1. Mice: α-synuclein, 6-month old, 1-week survival post PQ treatment

This group was designed to look at the acute effect of PQ in the 6-month old 

mice over-expressing α-synuclein (Figure 6). For the protein carbonyl levels, the PQ 

treatment resulted in significantly increased amount of protein carbonyls specifically 

in the Tg/PQ. The increase was about three times the amount from that of C/PQ group, 
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providing evidence that the interaction between PQ and α-synuclein over-expression 

could result in increased neuronal vulnerability from the production of oxidative 

stress, which is shown in this experiment as high levels of protein carbonyls. 

Interestingly, the PQ treatment did not increase the carbonyl level in the non-transgene 

group while it was clearly noticeable in the transgene group with the Tg/PQ group 

being significantly more damaging than the Tg/Sal group. Moreover, Tg/Sal group had 

higher protein carbonyl level than the corresponding non-transgene group, further 

supporting the role of α-synuclein in its effect as an inducer of oxidative stress. In the 

cortex, different treatments resulted in varying amounts of protein carbonyls with no 

particular trends.  

For the SOD activity in the midbrain, the treatment with PQ showed an 

increase in the levels of SOD activity in both C/PQ and Tg/PQ groups compared to the 

C/Sal and Tg/Sal treatment groups, respectively. This observation supports the role of 

PQ as a neurotoxin that induces oxidative stress within the cell, thereby increasing the 

defensive antioxidant mechanism by upregulating the SOD activity. Since the time 

point of sacrifice after PQ treatment was very early for this group, the increased SOD 

activity is an indication to counteract the lethal effects generated by PQ. The SOD 

activity was slightly lower in α-synuclein transgene groups than the corresponding 

non-transgene treatment groups. Even though the result was not significant, this can be 

supporting evidence that α-synuclein does have damaging effects when it is 

accumulated in high levels. Therefore, the acute effect of PQ treatment in this group 

showed a trend of increasing SOD activities and decreasing SOD activities in the α-
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synclein transgene groups. In the cortex, different treatments showed varying amounts 

of SOD units with no particular trends.  

 

 
Figure 6: Protein carbonyl level and SOD activity of α-synuclein, 6-month old, 1-
week survival post PQ treatment group (C: control, Tg: transgene, Sal: saline, 
PQ: paraquat) 
 

3.3.2. Mice: β-synuclein, 12-month old, 9-month survival post PQ treatment 

This group was β-synuclein transgenic group and the purpose was to look at 

the chronic effect of PQ in the 12-month old mice (Figure 7). Overall, both protein 

carbonyl and SOD activity assays showed no apparent effect of PQ treatment in both 

the β-synuclein transgene and the non-transgene. One explanation could be that these 
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mice were sacrificed nine months after the PQ treatment and any initial effect from PQ 

could have diminished over time. Similarly, β-synuclein over-expression did not show 

any trends in different treatment groups. The quality of results was reasonable for both 

protein carbonyl and SOD activity assays and this indicates that β-synuclein serves as 

a good control against the effects of α-synuclein.  

 

 
Figure 7: Protein carbonyl level and SOD activity of β-synuclein, 12-month old, 
9-month survival post PQ treatment group (C: control, Tg: transgene, Sal: saline, 
PQ: paraquat) 
 



 
 

4. Discussion 

 The hallmark of PD in its pathological characteristics are the loss of 

dopaminergic neurons and the formation of Lewy bodies, composed of aggregated α-

synuclein proteins, in substantia nigra. Other pathological abnormalities associated 

with PD include inhibition of mitochondrial complex I activity and increased oxidative 

injury12. Because PQ has been implicated as a risk factor in PD11, the interaction 

between over-expression of α-synuclein and PQ has been investigated to observe the 

degree of mitochondrial dysfunction in mice. The assays conducted in this study 

include observing activities of citrate synthase and complex I to specifically 

understand the role of mitochondrial complex I in mouse models of PD. To 

supplement the connection between mitochondria and PD, the general state of mtDNA 

was observed using XL-PCR method developed in the pilot experiment. To measure 

the amount of oxidative stress in different treatment groups, relative protein carbonyl 

levels and SOD activities were determined in the presence of α-synuclein or β-

synuclein over-expression, PQ, or both factors together. β-synuclein over-expression 

was included in this study to use it as a control and to confirm the specificity of the 

effect of α-synuclein. 

The mitochondrial complex I:citrate synthase ratio results indicate that in α-

synuclein mouse models, the over-expression of this transgene increases 

mitochondrial dysfunction in the presence of PQ as shown in the preliminary data 

(Figure 1). What is particularly interesting is the strong agreement of the data between 

the results of the complex I assay and the protein carbonyl assay in the midbrain 

29 
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(Figure 6). Both of these assays investigated the identical group (α-synuclein, 6-

month old, 1-week survival post PQ treatment) and they showed that the additive 

effect of α-synuclein in the presence of paraquat was apparent (P < 0.05) when 

compared to the C/PQ group. For example, the decreasing complex I activity in the 

Tg/PQ treatment group is strongly correlated by increasing protein carbonyls in the 

equivalent group in the protein carbonyl assay. These results support the hypothesis 

proposed in this study and indicate that significantly increased oxidative stress was 

present in mouse models of PD over-expressing α-synuclein that were treated with 

PQ. This can be interpreted as increased mitochondrial injury. The SOD activities in 

the midbrain of the same group also showed plausible trends in response to the effects 

of both PQ and α-synuclein but complex I and protein carbonyl assays showed more 

apparent results on their effects. Therefore, all the assays conducted in this study are 

reasonable approaches to establish biomarkers of progression in mouse models of PD. 

However, to be more precise in investigating the mitochondrial aspects of PD, both 

protein carbonyl and SOD activity assays can be more specific toward measuring 

mitochondrial components only, and not the cytosolic proteins. For example, since 

SOD activity measurement in this study did not distinguish between cytosolic 

(copper/zinc) and mitochondrial (manganese) SOD, it is relatively a less accurate 

biomarker of mitochondrial dysfunction.  

All the results with β-synuclein transgene groups did not show clear trends in 

different treatment groups. However, the results of protein carbonyl and SOD activity 

measurements in the β-synuclein, 12-month old, 9-month survival post PQ treatment 
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group (Figure 7) support each other by showing inverse relationship. Looking at the 

results of the SOD assay, the midbrain groups show higher activities than the cortex 

groups. Consequently, it would be reasonable to assume that protein carbonyl levels 

would be lower in the midbrain groups than the cortex groups because with increased 

overall SOD activity, it is likely that midbrain would be better protected from 

oxidative stress. And, the results in the protein carbonyl assay support this reasoning, 

validating the data obtained in both assays even though no significant results are 

observed. Therefore, this group served well as a control group and supported the 

specificity of α-synuclein effect. Also, in all experiments done in this study, cortex 

served well as a control brain region against the effects of PQ and α-synuclein in the 

midbrain.  

As a pilot experiment, the mtDNA damage index was developed from the 

amount of mtDNA amplified using XL-PCR (Figure 4A) and quantified using the 

PicoGreen reagent that bind only to the double-stranded DNA (Figure 4B). With the 

quantified mtDNA, Poisson distribution was applied to calculate the mean number of 

hits or nicks in the template mtDNA to estimate the relative amount of damage in the 

population of mtDNA in a given sample (Figure 5). Even though the sample size was 

the most limiting factor, the result was very specific and it led to state the tentative 

conclusion that PQ lowers mtDNA amplification efficiency more in the midbrain than 

in the cortex. One subsequent study that has to be done to confirm the specific results 

obtained in this experiment is the normalization of the data to the mtDNA copy 

number. This is because the number of mitochondria in a cell and the number of 
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mtDNA copies in a mitochondrion can vary widely43. Therefore, there is a chance that 

the difference in the mtDNA amplification in this study was based not on different 

levels of lesions between different treatment groups, but simply from fluctuation in the 

number of copies of the mitochondrial genome. Using the quantitative polymerase 

chain reaction method, the results can be normalized to mitochondrial copy number by 

amplifying short fragment of the mitochondrial genome. At the same time, a similarly 

sized fragment of nuclear DNA should be amplified. This will allow the calculation of 

the ratio between mtDNA and nuclear DNA, and estimation of the relative amount of 

mtDNA copies in each sample. Amplifying the short fragment presumably reflects 

only undamaged DNA due to the low probability of introducing lesions in small 

segment of DNA. It is too early to accept the method developed in this preliminary 

study as a biomarker of progression in mouse models of PD but with increased sample 

size and taking into account the number of mtDNA copies, this assay seems to have a 

potential to be used for investigating the state of mtDNA not just in models of PD, but 

models of other mitochondrial diseases.  

As just mentioned above, the most limiting factor in all the experiments done 

in this study was the sample size. The range was from three to six mice per treatment 

group. Ideally, the results would show more definitive trend and greater significance if 

subsequent studies are done with higher number of mice per group. Also, PD is an 

age-related neurodegenerative disorder and over 95% of cases occur after the age of 

50 years1. Therefore, aging is the strongest and most consistent epidemiologic risk 

factor for the development of PD. To take into account this very important factor, the 
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next logical experimental setup will be to create at least three different ages of mice to 

observe the effects of age difference along with other factors investigated in this study. 

This will allow the estimation of different stages of PD-like progression in mice that 

can be pathologically characterized and also be correlated to the progression observed 

in PD patients. In terms of mitochondrial aspects, complex III and complex IV 

activities can also be measured in addition to complex I activity. This would provide 

bigger picture on the overall status of mitochondria and will allow more 

comprehensive and critical statements to be made about the role of mitochondrial 

dysfunction in PD.  

In recent publications, Li et al. (2007) found localization of α-synuclein on the 

mitochondrial membrane of dopaminergic neurons in substantia nigra of mice44. 

Similarly, Parihar et al. (2008) observed similar localization of α-synuclein on the 

mitochondrial membrane45. In addition, they also found that, by unknown mechanism, 

α-synuclein over-expression resulted in increased levels of oxidative stress products in 

the mitochondria. Even though many studies are confirming the role of α-synuclein in 

its association with mitochondria, more direct and detailed mechanism of effect of α-

synuclein over-expression on mitochondrial dysfunction will be necessary to establish 

a firm link to the pathology of PD and to develop proper therapeutic strategy.  
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