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ABSTRACT 

 

PARKIN MEDIATED MITOCHONDRIAL QUALITY CONTROL IN CENTRAL 

DOPAMINE NEURONS  

 

By 

 

Hae-young Hawong 

  

Parkinson disease (PD) is the second most common neurodegenerative disease. The 

hallmark pathology of PD is progressive degeneration of nigrostriatal dopamine (NSDA) 

neurons, but the hypothalamic tuberoinfundibular (TI) DA neurons remain intact. A similar 

pattern of susceptibility can be seen in these DA neuronal populations following single acute 

exposure to the mitochondrial Complex I inhibitor, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP). In this dissertation, mitochondrial structure and function in NSDA 

and TIDA axon terminals in WT mice were investigated. An increase in mitochondrial 

bioenergetics, mass, and mitophagosomes were observed in mitochondria derived from medial 

basal hypothalamus (MBH) containing TIDA neurons as compared to striatum (ST) containing 

NSDA neurons. The ultrastructure of the mitochondria from the two brain regions did not differ, 

but MBH had higher numbers of mitochondria per synaptosome than ST. Mitochondrial function 

differed depending on the brain regions in WT mice. However, mitochondria derived from ST 

and MBH responded to Complex I inhibition in a similar manner. This suggests that intrinsic 

differences in the sensitivity of mitochondrial electron transport chain (ETC) enzymes to 

neurotoxicant inhibition are not responsible for differential susceptibility of NSDA and TIDA 

neurons to MPTP. 

Parkin is a 52Kda cytosolic protein originally identified by linkage analysis in autosomal 

recessive early onset PD. Parkin is reported to mediate mitochondrial quality control through 

autophagy of mitochondria, and increased parkin expression is associated with resistance of 



TIDA neurons to acute MPTP exposure. Parkin may protect against DA neurodegeneration by 

maintaining mitochondrial homeostasis in central DA neurons. To test this hypothesis, 

mitochondrial structure and function in NSDA and TIDA neurons were investigated in parkin 

null mice. Reduced mitochondrial maximal and spare respirations, mitochondrial mass, number 

of mitochondria per synaptosome, and disrupted mitochondrial ultrastructure were all observed 

in the absence of parkin. These results suggest that impaired mitochondrial function is due to 

decreased numbers of high quality mitochondria in DA axon terminals in the ST of parkin 

deficient mice. This may be due to loss of parkin-mediated mitochondrial quality control in 

NSDA neurons.  

Parkin rescue via rAAV expression in the midbrain failed to alter impaired mitochondrial 

function in parkin null mice. However, parkin overexpression prevented inhibition of maximum 

and spare respiration by MPTP. These results suggest parkin overexpression maintained 

functional mitochondria likely through autophagy in response to acute neurotoxicant exposure. 

Therefore, loss of parkin mediated mitochondrial quality control may contribute to loss of NSDA 

neurons in a neurotoxicant model of DA neuronal degeneration in PD.   
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Chapter 1. General Introduction 

Statement of Purpose 

Nigrostriatal dopamine (NSDA) neuronal degeneration is one of the major 

pathobiological characteristics of Parkinson disease (PD). Current “first-line’ therapy is L-DOPA 

(L-3,4-dihydroxyphenylalanine), which alleviates symptoms of PD. However, there is no known 

drug or treatment that halts the degeneration of the DA neurons. Discovery of the unique 

neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) contributed to the overall 

understanding of  the importance of mitochondrial function in PD. Evidence of mitochondrial 

involvement in PD was identified either genetically or through evidence of environmental 

neurotoxicant exposure. Although the mechanism of PD pathogenesis is still unknown, there are 

differential pathological outcomes between two populations of DA neurons; NSDA neurons are 

susceptible to PD but tuberoinfundibular dopamine (TIDA) neurons are spared. By examining 

mitochondrial function and characterizing their mitochondrial morphology, differential outcomes 

of these neurons may explain mitochondrial involvement in the PD process. 

The most common cause for autosomal recessive (AR) early-onset PD is a mutation in 

parkin. Parkin regulates mitochondrial quality control with the help of PTEN-induced putative 

kinase 1 (PINK1), which is another gene mutation associated with familial AR early-onset PD. 

However, there is a lack of in vivo evidence of parkin involvement and mitochondrial 

maintenance in DA neurons. TIDA neurons with increased parkin expression are resistant to 

MPTP. Therefore, understanding the pathogenesis of mitochondria and parkin may provide a 

way to develop a novel therapeutic regimen for PD.    

The goal of my research discussed in this dissertation is to:  1) identify mitochondrial 

function, morphology, integrity, and mitophagy differences associated with differential 
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susceptibility to PD between NSDA and TIDA neurons; 2) characterize differential 

mitochondrial responses to Complex I inhibition in brain regions containing axon terminals of 

NSDA and TIDA neurons; 3) characterize mitochondrial function impairment in the absence of 

parkin; and 4) identify possible neuroprotective effects of parkin on DA neurons via 

mitochondrial maintenance using parkin KO genetic and neurotoxin mitochondrial Complex I 

inhibitor models.  

My overall hypothesis is: Loss of parkin mediated mitochondrial quality control 

contributes to DA neuronal degeneration in a neurotoxicant model of PD.   
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Parkinson Disease 

PD is named after Dr. James Parkinson. In 1817, he first described clinical symptoms of 

PD in his book “An Essay on the Shaking Palsy” (Figure 1.1 A). Historically, a description of 

PD can be found as early as 1000 BC from an ancient Indian medical text Basavarajiyam.  PD 

was called “Kampavata” and patients were treated with Mucuna pruriens seeds that contain a 

natural source of L-3,4-dihydroxyphenylalanine (L-DOPA), a precursor of DA (Manyam, 1990). 

PD was also described earlier in a Chinese text in 425 BC, by Silvius de la Böe in 1680, and by 

Francois Boissier de Sauvages de Lacroix in 1768 (Zhang et al. 2006; Goetz et al. 2011). In 

1872, Dr. Jean-Martin Charcot “father of modern neurology” extensively described PD and was 

able to distinguish PD from other similar neurological diseases with parkinsonism symptoms 

(Charcot, 1872; Goetz, 2011).  

PD is the second most common neurodegenerative disorder affecting more than 1 million 

in the United States and 4 million worldwide. The prevalence of PD is 13.4 per 100,000 persons 

a year in United States (Eeden,2003). PD is neurodegenerative disease that generally affects 

elderly people over age 50 and the prevalence increases as people age. About 1 % of those over 

55 years or older are affected and 3 % over 75 years of age are affected (De Rijk, 1997). Early 

onset PD affects people at age 50 or younger, and PD affecting people of age twenty or younger 

is called juvenile PD. PD is a progressive motor system disorder that causes four cardinal 

symptoms; tremor, bradykinesia, rigidity, and postural instability. Two of the four features are 

required for the diagnosis of the PD.  

Seventy-five percent of all PD patients have tremors. The tremors have a frequency of 3 

to 7 hz and are prominent during rest, called “resting tremor”, and can be differentiated from 

essential and intention tremors. Resting tremor often improves during intentional actions or 
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movements. On the other hand, essential tremor (action tremor), also referred to as benign tremor 

or shaky hand syndrome, occurs with purposeful usage of the affected muscle, and intention 

tremor (cerebellar tremor) occurs with purposeful move guided by the end points.  

Bradykinesia is a movement with reduced amplitude and velocity. It is a “slow 

movement” due to inability to initiate a movement. Bradykinesia affects the daily life functions 

of most PD patients in the following ways; buttoning and dressing, handwriting and speech, 

walking (gait becomes shuffled due to inability to swing arms), and the inability to blink which 

causes the face to become non-emotive. Bradykinesia can also affect essential functions such as 

swallowing which can be fatal in later stages of the disease. Patients often complain of fatigue or 

weakness in movement due to bradykinesia superimposed with rigidity. Rigidity in the muscle 

tone causes a stop-and-go pattern of movement in the passive range of the motions of muscle 

movement. This is also called “cog-wheel rigidity”. In the later stages of the disease, postural 

instability commonly occurs with gait disturbances and an increase in falls, which contributes to 

increased mortality rates in PD patients (Figure 1.1B). In addition to these four primary 

symptoms, depression, hyposmia (loss of sense of smell), sleep disturbances, and autonomic 

dysfunction such as hypotension with change in posture, and lack of bowel movement can also 

be present in early PD (Royden, 2005).  
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Figure 1.1. Description of PD. Panel A, “Essay on the Shaking Palsy” written by Dr. James 

Parkinson (Parkinson, 1817). Panel B, Postural instability and gait disturbance in PD. The 

picture depicts a small shuffling gait, leaning forward, and absence of swinging of the arms, and 

increase in postural instability with an altered center of gravity, which increases the risk of 

falling in PD patients (Gowers, 1886).   
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Current treatment of PD alleviates symptoms, but there is no treatment that can halt the 

progression of the disease. PD symptoms are treated pharmacologically and/or surgically. There 

are five types of medications for PD treatment, dopaminergic, anticholinergic agents, catechol-

O-methyl-transferase (COMT) inhibitors, monoamine oxidase B inhibitors, and amantadine. The 

most commonly used treatment modality is the drug Levodopa (L-DOPA). It is an immediate 

precursor of DA and beneficial for all four cardinal symptoms. However, L-DOPA can cause 

nausea/vomiting and orthostatic hypotension as a minor adverse effect in early stage PD. In the 

later stage, L-DOPA can cause excessive DA stimulation which can result in involuntary 

movements called dyskinesias, as well as psychosis such as hallucination and delusions. When 

pharmacological intervention fails, deep brain stimulation (DBS) can be done. DBS on ventralis 

intermedius of thalamus, globus pallidus, and subthalamic nucleus are reported to be most 

effective on PD (Royden, 2005).      

 

Major Pathobiological Characteristics of  PD 

The hallmark pathology of PD is NSDA neuronal degeneration and Lewy body 

accumulation. NSDA neuronal degeneration causes a decrease in signaling to the caudate and 

putamen of the striatum (ST) (Uhl et al., 1994; Bernheimer et al., 1973). In patients who 

demonstrate any two of the four cardinal symptoms of PD described above, 80% of the NSDA 

fibers are lost in ST and 60% of DA neurons have degenerated in the substantia nigra pars 

compacta (SNPC) (Bernheimer et al., 1973).  Decreased numbers of NSDA neurons can also 

present as depigmentation of the SNPC due to loss of neuromelanin. Neuromelanin is an 

oxidized form of DA, so reduction in NSDA neurons decreases in neuromelanin (Marsden, 1961; 

Zecca et al., 2001). In addition to NSDA neuronal degeneration, another major pathobiological 
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characteristic of PD is accumulation of Lewy bodies. These are intra-neuronal inclusion bodies 

that are mostly composed of α-synuclein. Additionally, ubiquitin, parkin, neurofilaments, and 

other proteins are present in Lewy bodies (Figure 1.2).   
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Figure 1.2 Major Pathobiological Characteristics of PD. Panel A, normal nigrostriatal DA 

pathway. Panel B, Abnormal nigrostriatal DA pathway in PD. Depigmentation of SNpc with 

decrease signaling to ST, Panel C, Lewy body accumulation. Protein components of Lewy 

body, α-synuclein and ubiquitin (Dauer et al., 2003). 
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There are four major DA neuronal pathways in the brain; mesolimbic, mesocortical, 

TIDA and NSDA neuron (Figure 1.3). The mesolimbic cell bodies reside in the ventral 

tegmental area (VTA) and project axons via the median forebrain bundle that terminate in 

nucleus accumbens (NA). This pathway is responsible for the reward systems associated with 

pleasure, euphoria and cocaine addiction. Mesocortical DA neurons also originate from VTA but 

terminate in the frontal lobe of the pre-frontal cortex and are associated with memory and 

attention. Attention deficit hyperactivity disorder (ADHD) is affected in this DA pathway. TIDA 

neurons originate in the arcuate nucleus (ARC) and axons terminate in the median eminence 

(ME) in the medial basal hypothalamus (MBH). Hypothalamic TIDA neurons regulate anterior 

pituitary secretion of prolactin. As described above, axons of NSDA neurons originate in the 

SNpc and terminate in ST of the basal ganglia.  These neurons regulate fine motor control 

functions. In PD, NSDA neurons are affected the most and pathological evidence shows that 

mesolimbic and mesocortical DA neurons in VTA are also affected, but to a lesser extent. 

However, TIDA neurons are spared in PD (Matzuk et al.,1985; Langston et al., 1978; Jellinger, 

1991; Braak and Braak, 2000). This differential susceptibility is also observed in the neurotoxin 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) exposure model (Behrouz et al., 2007). 

Thus, the first part of the dissertation will determine if there are differences in mitochondria 

function in NSDA and TIDA neurons.  
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Figure 1.3 Anatomical distribution of central DA neurons (Crocker, 1994) Four major central 

DA pathways: mesolimbic, mesocortical, nigrostriatal, and tuberoinfundibular pathways. Black 

indicates mesolimbic and mesocortical pathways, red indicates nigrostriatal pathway, and blue 

indicates tuberoinfundibular pathway (Crocker, 1994 ).  
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Brain and movement control 

 

Synthesis of DA 

 DA released from NSDA neurons in the brain control the voluntary body movements from 

finger movements to legs, arms, mouth, etc. DA is synthesized from dietary tyrosine, which is 

taken up into DA neurons by sodium independent large neutral amino acids (LNAA) transporters 

(UniProt Consortium, 2013-2014). Tyrosine is converted to L-3,4-dihydroxyphenylalanine (L-

DOPA) by tyrosine hydroxylase (TH). This is the rate-limiting step for DA synthesis and is 

universally utilized to phenotypically identify or visualize DA neurons using 

immunohistochemistry. TH activity is inhibited by DA receptor 2 (D2) signaling and inhibits DA 

synthesis in a negative feedback manner. DOPA is converted to DA by L-aromatic amino acid 

decarboxylase. Newly synthesized DA is taken up into synaptic vesicles by vesicular monoamine 

transporter (VMAT). VMAT transport of DA into a vesicle occurs through a proton gradient 

generated by vesicular H
+
 ATPase (Wimalasena, 2011; Chaudhry, 2007).  

 DA release from synaptic vesicles occurs by docking, priming, and fusing with the axon 

terminal membrane. Synaptic vesicles dock onto the release site at the synaptic cleft and open 

conformation of t-Snare syntaxin, which induces SNARE complexes and allows rapid fusion of 

the vesicle into the synaptic membrane in a Ca
2+

 dependent manner (Abraham et al., 2011; Lin, 

2010; Südhof, 2004). DA released from pre-synaptic neurons binds to DA receptor 1 (D1) or D2 

receptors, and thereby initiates DA signaling onto post-synaptic neurons or provides negative 

feedback onto pre-synaptic neurons. DA signaling is terminated when released DA is taken up 

by the DA transporter (DAT) located on the presynaptic axon terminal. DAT is a symporter that 

moves DA from synapse to the cytosol along with sodium and chloride ions. Na
+
/K

+
 ATPase 

equilibrates the synaptic membrane ionic gradient to allow extracellular DA to bind to DAT 
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(Torres, 2003). DA taken back into cytosol of presynaptic axon terminals is converted to 3,4-

dihydroxyphenylacetaldehyde (DOPAL) by mitochondrial enzyme, monoamine oxidase (MAO). 

DOPAL is metabolized into 3,4-dihydroxyphenylacetic acid (DOPAC), which passively diffuses 

out of the neurons (Figure 1.4).    
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Figure 1.4 DA synthesis and metabolism. Dietary tyrosine is transporter into the cytosol and 

converted to DOPA by the rate-limiting enzyme in DA synthesis TH.  DOPA is rapidly 

converted to DA by L-aromatic amino acid decarboxylase (AADC). DA is packaged into 

synaptic vesicles by VMAT and released into synapse. DA in the synapse is taken back into 

cytosol by DAT and further metabolized to DOPAL and it inactive metabolite DOPAC.   
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Basal Ganglia Motor System 

 The voluntary motor system is regulated by the basal ganglia via direct and indirect 

pathways. The basal ganglia is composed of ST (caudate nucleus and putamen), globus pallidus 

externa (GPe), globus pallidus interna (GPi), subthalamic nucleus (STN), SNPC, and substantia 

nigra pars reticulate (SNPR). In the big picture, the pre-motor region of the cerebral cortex sends 

a signal to the basal ganglia and the basal ganglia sends a signal back to the motor region of the 

cerebral cortex for movement to occur (Figure 1.5). Here, the basal ganglia mediates 

communication between the thalamus and cerebral cortex and modulates movement via direct 

and indirect pathways. The direct pathway facilitates voluntary movement by initiating 

movement of the muscles, while the indirect pathway inhibits muscles that oppose movement; 

i.e. during the movement initiation, the direct pathway activates agonist muscle while the indirect 

pathway inhibits antagonist muscle. 
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Figure 1.5 Overall voluntary motor circuits. Basal ganglia mediates communication between 

thalamus and cerebral cortex for coordination of muscle movement.  
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In the direct pathway, when a person is at rest, the GPi and SNPR tonically inhibit the 

thalamus (centromedian (CM), ventral anterior (VA), ventral lateral (VL) nucleus of thalamus) 

by releasing the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) (Figure 1.6). 

When the thalamus is activated, glutamate is released to excite the motor cortex for movement. 

Therefore, inhibition of the thalamus results in no movement during rest. When a person decides 

to move, the pre-motor cortex activates caudate and putamen of the ST. Stimulation of ST 

inhibits GPi and SNPR halting inhibition of the thalamus. Thus, the thalamus is free to activate 

the cortex for movement. Here, SNPC plays a critical role as a “kick starter”.  The pre-motor 

cortex directly activates SNPC, and SNPC activates ST via the D1 receptor for disinhibition of 

GPi and SNPR. 
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Figure 1.6 Direct pathway for basal ganglia control of motor cortical neurons at rest and 

during voluntary muscle movement. During the rest, GPi and SNPR neurons inhibit the 

thalamus. During initiation of voluntary movement, pre-motor cortex and SNPC (via D1 

receptors) activates ST for disinhibition of thalamus by GPi and SNPR.  
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In the indirect pathway, during the rest, GPe tonically inhibits the subthalmic nucleus 

(STN). STN is excitatory to GPi, which inhibits the thalamus tonically as mentioned previously. 

However, during rest, even if there is no activation of GPi by STN, GPi and SNPR neurons are 

tonically activated by the direct pathway. Therefore, the net effect of the direct and the indirect 

pathways is no movement at rest (Figure 1.7). In summary of the direct and indirect pathways 

during rest, the thalamus and STN are tonically inhibited and no movement is initiated. As the 

pre-motor cortex commands initiation of voluntary movement and activates ST. ST inhibits 

GPe, GPe no longer inhibits STN, and as a result the STN activates GPi, which inhibits the 

thalamus for antagonist muscle control. Therefore, antagonist muscle is inhibited from firing up 

during initiation of movement through the indirect pathway while the agonist muscle can initiate 

movement by the direct pathway.  

Here, the SNPC NSDA neurons also play a critical role as a “regulator” of stopping the 

movement in the indirect pathway during the initiation of the movement. SNPC inhibits ST 

through D2 receptors and inhibition of the ST frees GPe. GPe inhibits STN and STN no longer 

can inhibit the thalamus, finally allowing movement. SNPC allows movement in both the direct 

and the indirect pathway as a “kick-starter” in the direct pathway and is a “regulator” in the 

indirect pathway.  Therefore, when SNPC NSDA neurons are degenerated in PD, these 

modulations of the SNPC are lost causing over-activity in the indirect pathway. Reduced 

activation of the D2 receptor causes reduced GPe, an increase in STN, and over stimulation of 

GPi. This results in inhibition on the thalamus and impairs movement causing bradykinesia or 

akinesia (failure to initiate movement), and imbalance of the agonist and antagonist muscle 

regulation causing tremors (Kandel et al., 2000).         
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Figure 1.7 Indirect pathway for basal ganglia control of motor cortical neurons at rest and 

during voluntary muscle movement. During the rest, GPe inhibits STN. During the initiation 

of the movement, ST inhibits GPe and STN is free to activate GPi and inhibit thalamus for 

antagonist muscle. SNPC (D2 receptor) regulates inhibition of the movement by inhibition of ST 

for disinhibition of GPe.   
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Pathophysiology of PD  

Fifteen to twenty-five per cent of PD patients have a family history of relatives with PD and 

nineteen loci have been identified to be associated with PD and named PARK1 to PARK 20. 

However, most of the PD cases are sporadic and idiopathic suggesting that in these cases, PD 

may be caused by complex interactions between environmental and genetic factors.  Genetic 

factors may be undervalued since having a family history of first degree or any other relatives 

with PD has been shown to be the highest association indicator for PD compared to any other 

etiological factors. A 3-4 fold increased risk for PD has been verified in biological relatives of 

PD patients (Noyce et al., 2012). 18F-dopa positron emission tomography (PET) of the twin 

study revealed underestimation of pre-symptomatic aspects of PD in the cross-sectional study 

(Burn,1992). In addition to PARK1 to PARK20, early hair color loss and melanoma are also 

associated with PD (Constantinescu, 2007; Gao, 2009).  

Environmental factors, pesticide exposure, head injury, rural living, beta-blockers, 

agricultural occupations, and well-water drinking are associated with PD (Kandel, 2000). 

Prevalence of PD differs depending on sex; males present 1.5 to 2 fold higher risk of PD than 

females (Tanner and Goldman, 1996). The synthetic drug, 1-methyl-4-phenyl- 1,2,3,6-

tetrahydropyridine (MPTP) induces pathophysiology of PD in humans, other primates, and 

rodents causing parkinsonism (Smeyne et al., 2005). On the other hand, high polyunsaturated 

fatty acids and low saturated fatty acids, caffeine, exercise, and nicotine reduce risk for PD 

(Kamel et al., 2014; Liu et al., 2012; Xu, 2010; Chen et al., 2010). 
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Genetic factors 

 α-Synuclein (PARK1) accumulation in Lewy Bodies was discovered by the finidng of 

mutation in the SNCA gene (Goedert et al., 2012). This led focus to genetic factors associated 

with PD. Genome-wide association studies identified twenty loci; PARK1 through PARK 20 are 

loci found to have mutation associated with PD (Healy, 2008). The nomenclature was made 

based on the sequences of the locus was found. Table 1.1 represents summary of loci, genes 

involved (or candidate genes), inheritance pattern, and atypical clinical features. Among the 

twenty loci, mutation in PARK1, PARK2, PARK6, PARK7, PARK8, and PARK17 have high 

penetrance (Bonifati,2014).    
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Table 1.1 Summary of genes and loci linked to familial PD  

The table is updated and modified from the table published by Vila et al. 2004  

 

 

Locus 
Locatio

n 
Protein 

Inherit

ance 

pattern 

Atypical Features 
Lewy 

bodies 

PARK1 4q21 -Synuclein AD 
Psychosis, early-onset, 

pyramidal sign 
Pos 

PARK2 
6q25.2–

q27 
Parkin AR 

Early or juvenile onset 

More frequent dystonia  

Slower disease progression 

Mostly 

NE 

PARK3 2p13 
Sepiapterin 

reductase 
AD 

Dementia in some individuals 

Rapid progression 
Pos 

PARK4 4q22.1 -Synuclein AD 
Early onset, rapid, dementia 

Autonomic dysfunction 
Pos 

PARK5 4p14 UCH-L1 AD?  UN 

PARK6 1p36 PINK1 AR Early onset, slow progression UN 

PARK7 1p36 DJ-1 AR Early onset, dementia UN 

PARK8 12q12 LRRK2 AD 
Lewy body dementia  

Fronto temporal dementia 
Pos 

PARK10 
1p34-

p32 
UN AR Supranuclear gaze paralysis UN 

PARK11  2q 37 UN AD No substantia nigra degeneration Pos 

PARK12 
Xq21-

Xq25 
UN X-liked   

PARK13  2p12 HTRA2 AD   

PARK14  22q13 PLA2G6 AR 
Adult onset dystonian PD,  

Brain iron accumulation 

Lewy 

body 

like 

PARK15 
22q12-

q13 
FBXO7 gene AR 

Early onset, parkinsonisan-

pyramidal syndrome;PKPS 
 

PARK16 1q32 UN UN   

PARK17 16q12 VPS35 gene AD Dyskinesia, dystonia, psychosis  

PARK18  3q27 EIF4G1 gene AD  Pos 

PARK19 1p32 DNAJC6 gene AR 
Juvenile PD, mental retardation, 

seizure 
 

PARK20 21q22 SYNJ1 gene AR 
Early-onset PD, cognitive 

decline, seizure, dystonia 
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 PARK1  

 Mutation of SNCA, α-synuclein gene, is one of the major and the most extensively studied 

genetic factors in PD that supports evidence for a phathophysiological cause from protein 

accumulation, unfolded protein response to prion mechanisms (Satake et al., 2009; Simón-

Sánchez et al., 2009). Park1 is the SNCA gene mutation on 4q22 causing autosomal dominant 

inherited early-onset, rapid progressive PD (Polymeropoulos et al., 1996; Golbe et al.,1990; 

Lesage et al., 2013). In addition to a mutation in the SNCA gene, duplications of the SNCA are 

associated with PD (Nishioka, 2006). Other important evidence of association of α-synuclein 

with PD is that Lewy bodies (Lewy body accumulation is a major pathobiological characteristic) 

contain α-synuclein. α-Synuclein is ubiquitously expressed and especially abundant in pre-

synaptic neurons and synaptosomal membranes (Jakes et al., 1994; Maroteaux et al.,1991). A53T 

and A30P forms of α-synuclein impair DA storage by inhibiting recycling of the vesicles via 

phospholipase D2 and/or fatty acid binding properties. This in turn causes oxidative stress in DA 

neurons due to highly oxidative characteristics of DA (Lotharius et al., 2002; Outeiro et al., 

2003). Overexpression of WT α-synuclein has been found to be anti-apoptotic, but anti-apoptotic 

effect of α-synuclein was reversed by 6-hydroxydopamine (6-OHDA), an oxidized form of DA 

(Costa et al., 2002). Transgenic mice expressing A53T mutant α-synuclein have motor 

impairment and pathology similar to PD (Giasson et al.,2002). However, Kuo et al. verified that 

both A53T and A30P mutant α-synuclein transgenic mice have abnormality in enteric nervous 

system, but did not show PD phenotypes or NSDA neuronal degeneration (Kuo et al.,2010). Also, 

The mutation in 4q21 is called PARK4, but it revealed as triplication of the α-synuclein gene in 

locus PARK 1 causing AD PD PARK1 (Singleton et al., 2003). Mutation, duplication, triplication, 

or stability/solubility of the oligomers of α-synuclein are reported to be pathological in PD.    
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 PARK2 

 Mutation in gene coding parkin on chromosome 6q26 is the most common cause for AR 

juvenile PD (Takahashi et al., 2003; Jones et al., 1998). Park2 spans over 1.4 Mb and is the 

second largest gene in humans. Park2 has 12 axons and a bidirectional promoter that encodes for 

parkin and parkin co-regulated gene (PACRG) (Lockhart et al., 2003). Parkin is an E3 ubiquitin 

ligase involved in proteosomal pathway and autophagy of mitochondria. Details of the function 

of parkin are described below in Section 1.6.     

 

 PARK6 

 Mutation in pink1 on chromosome 1p36.12 is one of the three genetic factors for AR early 

onset PD (Valente et al., 2001). PINK1 is mitochondrial serine/threonin kinase and ubiquitin 

protein ligase that is ubiquitously expressed and degraded in the mitochondrial membrane (Poole 

et al.,2008). PINK 1 (PTEN-induced putative kinase 1) has no effect on cell growth in PTEN 

signaling pathway. PINK1 prevents apoptosis by reducing release of cytochrome c oxidase and 

regulating mitochondrial Ca
2+

 capacity via Na
+
/Ca

2+
 exchanger (Petit et al., 2005; Gandhi et 

al.,2009). In addition, PINK 1 maintains mitochondrial integrity by mediating autophagy of 

mitochondria and mitochondrial fission (Narendra, 2010; Poole, 2008). PINK1 knock out mice 

have reduced mitochondrial function without alternations in mitochondrial morphology (Gautier 

et al., 2008). PINK1 knock out Drosophila were observed to have DA neuronal degeneration and 

mitochondrial dysfunction (Park et al., 2006). PINK1 is localized to mitochondria and help 

recruit parkin onto damaged mitochondria to regulate mitochondrial quality control via 

mitophagy.  
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 PARK7 

 PARK7 is a mutation in the DJ-1 gene located on chromosome 1p36 causing early onset AR 

PD (Van Duijn et al., 2001). DJ-1 has various functions as chaperone, transcriptional regulator, 

and tumorigenesis (PARK7 is also called “oncogene PARK7”). DJ-1 also plays an important role 

in reducing reactive oxygen species (ROS) as a redox sensor and an antioxidant scavenger. In 

addition, DJ-1 maintains mitochondrial homeostasis by modulating Ca
2+

 level via mitochondria 

and endoplasmic reticulum tethering. Mutant DJ-1 transgenic mice have increased ROS and 

alternated mitochondrial enzymes (Andres-Mateos et al., 2007). DJ1 knock out mice exhibit 

normal motor behavior and no loss of NSDA neurons. However, these mice are more susceptible 

to MPTP than WT mice and overexpression of DJ1 in cell culture and DJ1 knock out mice 

causes resistance to the toxic effects of MPTP (Kim et al., 2005). Presence of DJ-1 was 

protective against MPTP in NSDA neurons.  

 

 PARK8 

Mutation in the leucine-rich repeat kinase 2 (LRRK2) gene in Locus PARK8 causes AD 

PD.  LRRK2 mutations are also found in patients with Lewy body dementia or frontotemporal 

dementia (Ross et al.,2006). LRRK2 is reported to regulate protein synthesis, involved in cell 

cycle and survival control, through miRNA (Gehrke et al., 2010). LRRK2 directly interacts with 

parkin through its COR domain and R2 ring domain of parkin (Smith et al.,2005). Through its 

interactions with tubulin and key regulators of wnt signaling, LRRK2 modulates axon, dendrite 

and synapse formation (Gillardon et al.,2009; Sancho et al., 2009).  

Mutant LRRK2 disturbs mitochondrial homeostasis by causing Ca
2+

 imbalance and an 

increase in mitophagy resulting in mitochondrial clearing and shortening of dendrites (Cherra et 
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al., 2013). LRRK2 expression is associated with membranous structures such as lysosomes, 

vesicles, golgi, ER, and mitochondria (Gloeckner et al.,2006). LRRK2 plays a role in the 

endosomal-autophagic pathway; R1441C mutation in LRRK2 caused autophagic imbalance. 

Autophagic vacuoles with incomplete degradation of the aggregates accumulate and p62, an 

adapter protein for autophagic cargo and the aggresome, are increased (Alegre-Abarrategui et al., 

2009). LRRK2 has also been found to interact with a hydrogen peroxide antioxidant scavenger, 

so G2029S mutation in LRRK2 results in increased ROS, mitochondrial dysfunction, and cell 

death (Angeles et al., 2011). In addition, LRRK2 interacts directly with the mitochondrial fission 

protein, Dlp1 (also called drp1) and causes mitochondrial fragmentation (Wang et al., 2012).  

 

 PARK17 

 The heterozygous mutation in the vacuolar protein sorting 35 (VPS35) gene at 16q13 on 

PARK17 locus causes AD PD with incomplete penetrance (not all people with gene mutation 

present with clinical symptoms) (Wider et al., 2008; Vilariño-Güell et al., 2011). PARK17 is an 

adult onset PD with clinical features similar to idiopathic PD with atypical features of diskinesia, 

distonia, mental retardation, and psychosis (Wider et al., 2008;  Zimprich et al., 2011; Kumar et 

al., 2012). VPS35 is a critical component of the retromer cargo-recognition complex and plays 

an important role in endosome-trans-Golgi trafficking via interaction with a highly conserved asp 

residue at N-terminal domain with trans-Golgi network proteins (Vila et al., 2004; Zhang et al., 

2000; Edgar et al., 2000). VPS35 is involved in recycling of membrane-associated proteins by 

interaction with vacuolar protein sorting proteins and recruitment of endosomal proteins (Haft et 

al., 2000; Seaman et al., 2009).   
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Environmental factors 

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

MPTP was first identified when a group of young drug addicts ingested MPTP as 

“heroin”, but were later hospitalized with symptoms identical to PD (Singer et al., 1987). MPTP 

is a synthetic drug, a by-product of narcotic 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP). 

Post-mortem analysis of the brain revealed NSDA neuronal degeneration in the absence of Lewy 

body formation (Dauer et al.,2003).  MPTP crosses the blood brain barrier due to its high 

lipophilic characteristics and is converted to the bioactive metabolite MPP
+
 by monoamine 

oxidase B (MAO-B) in the glial cells (Figure 1.8)
 
(Markey et al., 1984). MPP

+
 is released to the 

extracellular space and is selectively taken up by DA neurons due to its high affinity for the DA 

transporter (DAT).  

After MPP
+
 enters the DA neurons, it is translocated into the mitochondria in a 

membrane electrical-chemical gradient dependent manner. Energy driven uptake of MPP
+
 has 

affinity towards mitochondria with Km of about 5 mM regardless of the low physiological 

steady-state concentration of MPP
+
 in the cells or brain (Ramsay et al., 1986; Ramsay and Singer, 

1986). In mitochondria, MPP
+
 mostly binds to Complex I NADH dehydrogenase and impairs the 

electron transport chain (ETC). MPP
+
 is also shown to inhibit Complexes III and IV (Mizuno et 

al.,1988). An impaired ETC results in depleted ATP synthesis and an increase in oxidative stress 

(Sherer et al., 2002;
 
Dawson and Dawson, 2003).  Free radicals generated by mitochondrial 

impairment can interact with NO forming peroxynitrite (OONO
-
). Peroxynitrite is one of the 

strongest oxidants and can target TH, DA, and α-synuclein (Ischiropoulos et al., 1995). Energy 

depletion and ROS generation by MPTP can result in cell death (Ischiropoulos et al., 1995). 

MPP
+
 also can be taken up by the vesicular monoamine transporter, VMAT2, thereby replacing 
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DA. Overexpression of VMAT2 allows cells to be resistant to MPP
+
 through VMAT2 

sequestering of MPP
+
 and preventing MPP

+
 from entering the mitochondria (Liu et al., 1992). 

VMAT2 heterozygote mice were more sensitive to MPTP toxicity (Takahashi et al., 1997).  
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Figure 1.8 Mechanism of action of MPTP on DA neurons. MPTP crosses blood brain barrier 

and is converted to the active form of MPP
+
 by MAOB in glial cells. MPP

+
 enters DA neurons 

via DAT and inhibits the mitochondrial Complex I (Dauer, 2003). 
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Pesticides and herbicides 

Farming, drinking well-water and other rural environmental factors are associated with 

and increased prevalence of development of PD. It is also known that farmers have an enhanced 

exposure to pesticides and herbicides which increase the risk of PD. Additionally, some 

pesticides and herbicides have a structural similarity to neurotoxin MPP
+
 suggesting a 

mechanistic connection.  

Organochlorine pesticides 

Organochlorides are the most commonly associated pesticides to PD causing about 2 fold 

higher risk for PD compared to people without any exposure to these chemicals (Hancock et al., 

2008). The products were banned in the 1970s, however, organochlorides are highly stable, so 

they bio-accumulate in the food chain and environment.  Among organochloride, dieldrin, 

hexachlorohexane, dithiocarbamates, organophosphates, and pyrethroids are reported to have an 

association with mitochondrial dysfunction, ROS, and DA neuronal cell death (Goldman et al., 

2014).  

Rotenone 

Rotenone is a naturally occurring substance in plant leaves and roots, and is often used as 

a pesticide. Historically, indigenous people used rotenone to catch fish (ATSDR, 2010). 

Currently, rotenone is commercialized and most commonly utilized as an insecticide. Rotenone 

(2R,6aS,12aS)-1,2,6,6a,12,12a-hexahydro-2-isopropenyl-8,9-dimethoxychromenol[3,4-

b]furo(2,3-h)chromen-6-one), is highly lipophilic and readily crosses the blood brain barrier. 

Rotenone has a short half-life of approximately 12 h in natural water (Ott, n.d) (Figure 2.5.3). 

Rotenone exposure causes 2.5 fold higher risk of PD (Tanner and Goldman, 1996). Rotenone is a 

mitochondrial Complex I inhibitor and binds at the same site as MPP
+
. It inhibits the transfer of 
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an electron from iron-sulfur center to ubiquinone (Sherer et al., 2007). In rats, rotenone 

recapitulated neuropathological features of PD, i.e., NSDA neuronal specific degeneration, α-

synuclein accumulation, microglial activation, and movement disorders as well as non-motor 

symptoms of PD (Cannon et al., 2009; Betarbet et al., 2006). Rotenone impaired mitochondrial 

function, decrease in ATP, and increase in ROS, in addition to proteosomal dysfunction (Cent. 

Dis. Control Prev. 2013).  

Paraquat 

Paraquat (N,N’-dimethyl-4,4’-bipyridinium dichloride) is a member of a redox-active 

heterocycle family and is one of the most widely used herbicides (Cent. Dis. Control Prev. 2013). 

Paraquat is structurally very similar to MPP
+
 and has similar characteristics (Figure 1.9). Once 

paraquat crosses the blood brain barrier, it is converted to paraquat
+
 and enters the DA neurons 

via DAT. Once inside DA neurons low concentrations of paraquat
+
 can generate extensive ROS 

through redox cycling and generation of superoxide radicals (McCormack et al., 2005). 

Reductase in the cell reduces one electron of paraquat
+
 to a cation radical that interacts with 

oxygen and forms a superoxide anion (Day et al.,1999). The superoxide anion repeats this 

process and cycles back again forming increasing amounts of superoxide anions causing an 

overabundance of ROS from a small amount of paraquat
+
. Paraquat causes NSDA neuron 

specific degeneration, accumulation of α-synuclein, mitochondrial dysfunction, lipid 

peroxidation, and a decrease in antioxidants (Kuter, 2010; McCormack, 2002). In addition, 

people with a glutathione-S-transferase T1 (GSTT1) gene deletion (~20% of Caucasians, ~40% 

of Asians) have a much higher risk of PD following paraquat exposure (Goldman, 2012). This 

suggests a complex interaction between genetic and environmental etiologic distribution to PD.  
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Figure 1.9 Chemical structures of MPP
+
, paraquat, and rotenone. MPP

+ 
and paraquat 

have similar chemical structures and common factors of MPP
+
, paraquat, and rotenone are 

pathogenesis for mitochondrial dysfunction and development of PD. 
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Mitochondria 

Mitochondrial bioenergetics 

Mitochondria are essential in the metabolic function of eukaryotes. Mitochondria regulate 

cellular Ca
2+

 homeostasis, apoptosis, β-oxidation of fatty acids and oxidative phosphorylation. 

Mitochondria are composed of outer membrane, inter-membrane space, inner membrane and 

cristae, and matrix. Oxidative phosphorylation occurs in the inter-membrane space via an 

electron transport chain (ETC) embedded on the inner membrane. Oxidative phosphorylation is 

an aerobic respiration which is processed in the presence of oxygen using the redox potential of 

the molecules transferred by the ETC.  

ETC is composed of four Complexes and adenosine tri-phosphate (ATP) synthase (also 

called Complex V)
 
(Figure 1.10) (Brownlee, 2001). Complex I is an NADH dehydrogenase 

(also called NADH ubiquinone oxidoreductase) which converts NADH generated from 

glycolysis and TCA cycle to NAD
+
 and two electrons. Two electrons convert flavin 

mononucleotide (FMN) to FMNH2 and are then transferred to a Fe-S cluster. From the Fe-S 

cluster, electrons are transferred to a lipid soluble carrier, ubiquinone (Q), which later transfers 

the electrons to Complex III. In the process of the electron transportation in Complex I, four 

protons (4H
+
) are pumped into the inner membrane space, creating an electrochemical gradient 

of protons. Complex II is succinate dehydrogenase.  This enzyme oxidizes succinate to fumarate 

generating additional electrons that are transferred to Q via flavin adenine dinucleotide (FAD) 

and the Fe-S cluster. Electrons transferred are transferred from Q to Complex III, but no protons 

are pumped across the inner membrane in this process.  

Complex III is a cytochrome bc1 complex. Electrons reduced from Q to (QH2) are 

transferred to cytochrome C, which is a water-soluble electron carrier in the mitochondrial inter-



34 
 

membrane space. In this process, four protons are pumped across the inner membrane relative to 

two e
-
 and transferred in the Q-cycle. Complex IV is cytochrome C oxidase. Four cytochrome C 

molecules reduced in Complex III reduce the O2 molecule, which is the final electron acceptor, 

forming two H2O; four protons are pumped across the inner membrane. The electrochemical 

gradient potential of the protons generated during electron transport catalyzes ATP synthesis, 

which is called “oxidative phosphorylation”. ATP synthase is also called Complex V, but it is 

not considered to be part of ETC. The protons react with hydroxyl ions in the matrix, but this is 

not the driving source for ATP synthesis or oxygen consumption. Rather it is the proton potential 

gradient change that drives the reaction. In intact mitochondria, electron transfer is tightly 

coupled to oxidative phosphorylation. Therefore, mitochondrial respiratory capacity can be 

measured by measuring oxygen consumption rate and respiratory control ratio as discussed in 

Chapter 2.  
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Figure 1.10 Schematic depicting oxygen consumption and ATP synthesis in the 

mitochondrial ETC
 
(Brownlee,2001) Proton gradients are generated in the process of electron 

transfer from Complex I though Complex IV, and the coupling of ATP synthesis (see the text for 

a detailed description).  
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As electrons are transferred by the ETC in the mitochondrial inner membrane, the proton 

gradient is generated across the intermembrane space causing differential electric potentials 

across the inner membrane. The force of the protons moving across the electron chemical 

gradient (Ψm) drives ATP synthesis. The thermodynamics of the proton motive force follows the 

equation below. 

Δp = Δψ-60ΔpH 

Δp: proton motive force 

Δψ: electrical gradient  (electrical potential)  

ΔpH: pH gradient 

Proton motive force depends on the mitochondrial membrane potential and the pH unit 

change by protons pumped into the intermembrane space. Ψm is +150 mV and the pH unit is 0.5 

for two protons, therefore, a proton motive force for two protons is 180 mV, while electrons to 

transfer from NADH to O2, electropotential drops through 1100 mV. Therefore, ten protons 

pump into intermembrane space through the two electron transfer is thermodynamically favored 

and the proton motive force fuels ATP synthesis (Lodish, 2000; Macmillan, 2010). When a 

mitochondrion is damaged, caspase and nuclear activating proteins are released, which causes 

the opening of the mitochondrial permeability transition pore (mPTP). Molecules less than 1.5 

kDa in size diffuse into the mitochondria freely but swelling of the mitochondria increases inner 

membrane permeability and decreases mitochondrial inner transmembrane potential (ΔΨm) 

(Boregaard et al, 1983; Broekman, 1992). As mitochondrial Ψm drops in dysfunctional 

mitochondria, the proton gradient dissipates, and mitochondrial respiration uncouples. 

Consequently, cells proceed to apoptosis (Del Buono BJ et al., 1989). Thus, measurement of 
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ΔΨm provides the information about the integrity of the mitochondria (Cezanne L., 1992; Lpopis 

J. et al., 1998).  

ΔΨm is generally too small to be measured by microelectrode, thus, monovalent 

fluorescent cations are utilized to identify negative electrical potential differences across the 

membrane ΔΨm (Lemasters and Ramshesh, 2007). Fluorescent lipophilic cations such as 

MitoTracker rosamine derivatives and tetramethylrhodamine, ethyl ester (TMRE) accumulate in 

the mitochondrial matrix depending on ΔΨm following the Nernst equation at equilibrium. The 

Nernst equation is: 

Ψ = -59 log  
   

    
  

Ψ: electrical potential (mV) 

Fout: concentration of the cationic fluorophore in the extracellular or extra-compartment space 

Fin: intra cellular or intra-compartmental fluorophore concentration 

 As 61.5 mV of Ψ increases cross the membrane, 10 fold increase of cation concentration in 

the mitochondria can be predicted. Therefore, ΔΨ can be measured by difference in cation 

concentrations in mitochondria (Zamzami N et al., 2000).  

Mitochondria and PD 

Much evidence provides insight on the pivotal role of mitochondrial function and reactive 

oxygen species production in PD pathogenesis. Post mortem analysis and fibrotic cells from PD 

patients revealed a decrease in mitochondrial Complex I activity in SN, platelets, and skeletal 

muscle (Schapira et al., 1989; Mizuno et al., 1989; Krige, 1992; Bindoff, 1991). In addition, 

discovery of MPTP, which is mitochondrial Complex I inhibitor and caused identical features of 

PD in human, brought a spotlight to mitochondrial dysfunction in PD. Most of the 

pesticides/insecticides that are associated with PD have a detrimental effect on mitochondrial 
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function similar to that seen with MPTP. Rotenone is a mitochondrial Complex I inhibitor, 

paraquat is a potent ROS generator, and many organochlorines cause mitochondrial dysfunction 

and ROS generation. In addition, to environmental factors, genetic mutations in familiar forms of 

PD have a pathogenic effect on mitochondrial dysfunction. DJ-1 (park7) is a redox sensor and 

antioxidant scavenger and LRRK2 (park8) interacts with the hydrogen peroxide antioxidant 

scavenger and regulates ROS production in mitochondria. One of the candidate genes of park11 

is NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 (NDUFA10).  

Mitochondria are vital in the cell process as an engine for energy generation. However, 

when electrons fail to transfer safely through the ETC, electrons that leak from ETC can interact 

with oxygen and form reactive oxygen radicals causing ROS in mitochondria and cells (Starkov, 

2008). This can cause mitochondrial dysfunction and apoptosis (Ozawa,1997). For years, people 

considered Complex III as major ROS generator within mitochondria (Cadenas et al., 1977; 

Turrens et al., 1985). Antimycin A, Complex III inhibitor, caused increase oxygen radical 

formation from Complex III (Cadenas et al., 1977; Turrens et al., 1985; Liu et al., 2002;  Zhang 

et al., 1998; Grigolava et al.,1980). However, in physiological condition, oxygen radical 

formation in Complex III is negligible compare to Complex I (Liu et al., 2002; Kudin et al.,2004; 

St-Pierre et al., 2002). Mitochondrial Complex I produces most of the oxygen radicals in the 

mitochondria through mode 1 and mode 2 in vivo (Andreyev et al., 2005; Adam-Vizi et al., 2006; 

Brand et al., 2004; Murphy and Michael, 2009). Mode 1 is occurs when NADH/NAD
+
 ratio is 

high, and mode 2 occurs when proton motive force (Δp) is high with reduction in CoQ pool 

(Kussmaul et al., 2006; Kushnareva et al., 2002; Andreyev et al., 2005; Cino et al., 1989; 

Krishnamoorthy and Hinkle, 1988; Hinkle, 1967). Impaired respiratory chain or slow respiration 

can induce mode 1 in vivo. Mode 2 occurs during reverse electron transfer (RET), in which too 
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much proton motive force reverses the ETC, and NAD
+
 is converted back into NADH (Cino et 

al., 1989; Chance and Hollunger, 1961). Overloaded ETC, in the mitochondrial matrix can cause 

high ROS in mitochondria and cytosol (Murphy et al., 2009; Kushnareva et al., 2002). Complex 

III generates most oxygen radicals in the cytosol of the cells, which leads to damage of cellular 

processes. ROS can damage polyunsaturated fatty acids causing lipid peroxidation and disrupted 

membranes. ROS can damage enzymes by oxidizing co-factors or enzymes themselves causing 

loss of function. ROS also can oxidize DNA and cause mutations. Damaging DNA is especially 

detrimental for mitochondria due to less efficient DNA repair ability compared to the 

eukaryotic/nuclear DNA repair system and histone (Richter et al., 1988; Ozawa, 1997).  

Mitochondrial DNA (mtDNA) is a small (16.6kb), double stranded, and circular DNA. 

MtDNA codes for 37 genes including 22tRNAs, 2 rRNAs, and MtDNA encodes for 13 proteins 

which mostly function in the mitochondrial ETC complexes (Figure 1.11). A higher frequency 

of mtDNA deletions has been detected in older individuals in an age controlled PD patients 

(Bender, 2006). MtDNA deletions increase depending on age and the etiology of mitochondrial 

dysfunction. Also, higher mtDNA deletions were observed in pigmented neurons in SNpc than 

other brain regions (Kraytsberg et al., 2006). Similar findings have been found in MitoPark mice, 

which have a mitochondrial transcriptional factor A (Tfam) mutation. In MitoPark mice, NSDA 

neurons with mitochondrial dysfunction present with identical hallmark pathology of PD (motor 

impairment, intraneural inclusions, and neuronal death) (Ekstrand et al. ,2007). Down regulation 

of the catalytic subunit of mtDNA polymerase causes mitochondrial respiratory dysfunction, 

premature aging, and age-related motor impairment (Humphrey et al., 2012). MtDNA 

polymerase gamma 1 (POLG1) is encoded by nuclear DNA, however, it regulates mtDNA 
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replication and repair
 
(Ekstrand et al. ,2007).  PLOG1 trinucleotide repeat has significant 

association with PD (Anvret et al., 2010).  

In addition, several genetic factors associated with PD are involved in mitochondrial 

function. Park12 is translocase of mitochondrial inner membrane protein and is involved in 

protein transport. EIF4G1 (Park18) is involved in the rate-limiting step of the protein synthesis. 

Mutant eIF4G1 causes mitochondrial dysfunction with decreased membrane potential and 

increase in ROS. The most common genetic mutation, which causes AR early-onset PD, parkin 

(park2), plays a significant role in the mitochondrial quality control with PINK1 (park6). 

HTRA2 (park13) is a mitochondrial serine protease and interacts with PINK1.  FBX07 (park15) 

regulated E3 ubiquitin ligase may be involved in mitochondrial quality control. These findings 

suggest that mitochondrial maintenance may be vital for survival of DA neurons.  
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Figure 1.11 Schematic depicting mitochondrial DNA structure (Kalicharan, 2008). Double, 

circular DNA encodes for 13 proteins (mostly mitochondrial ETC complexes), 22 tRNA, and 2 

rRNA. 
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In addition to providing the major source of energy in neurons, mitochondria also play an 

important role in intracellular Ca
2+

 regulation. Ca
2+

enters neurons via Ca
2+

 channel openings and 

N-methyl-D-aspartate (NMDA) receptor activation. Intracellular Ca
2+

 is stored in the 

endoplasmic reticulum and mitochondria; Ca
2+

 enters mitochondria via Ca
2+

 uniporter and 

mitochondrial associated membrane (MAM) pores and exits mitochondria via sodium/Ca
2+

  

exchanger (NCX) and mPTP, which can trigger apoptosis. Maintenance of intracellular Ca
2+

 

concentrations is mediated, in part, by the L-type Cav 1.3 Ca
2+

 channel, which is vital for 

pacemaking of autonomous activation of NSDA neurons (pulsatile activity in the absence of 

synaptic input) (Grace and Bunney, 1983). Pacemaking activity and excitotoxity via glutamate 

NMDA receptor can cause excess Ca
2+

 influx into the NSDA neuronal cells; therefore, 

mitochondrial Ca
2+

 buffering capacity without induction of apoptosis is essential. Genetic 

evidence suggests that a mutation in DJ-1 (park7), which modulates Ca
2+

, causes mitochondrial 

dysfunction and ROS generation. In addition, LRRK2 (park8) also modulates Ca
2+

 and regulates 

mitochondrial function.  

Long axons of NSDA neurons have a high energy demand for synapse and dendritic 

spine formation, and impulse transmission, since the lack of myelin demands more energy for the 

signal to be transported along the axons (Donkelaar et al., 1998). Therefore, NSDA neurons are 

more vulnerable to an energy demand on mitochondria as the main source of the energy supply. 

In addition, the total mass of the mitochondria is much smaller in DA neurons as compared with 

non-DA neurons in the VMB, and there are less mitochondria in the cytosol of NSDA neurons in 

the SNpc than in mesolimbic/mesocortical DA neurons in the VTA (Liang et al., 2007). Since 

mitochondria are responsible for generating and reducing oxidative stress of the cells, 

mitochondria have a high level of antioxidant buffering capacity to compensate for the electron 
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radicals generated from Complexes I and III (Koopman et al., 2010). Furthermore, DA in the 

cytosol is highly oxidative making it sensitive to the levels of ROS in the cells. Therefore, it is 

vital for DA neurons to maintain mitochondrial health. Unique characteristics of DA neurons 

including the reactive nature of DA itself, high energy demand, associations of mitochondrial 

Complex I activity, ROS generation, mtDNA mutation, and Ca
2+

 buffering capacity may explain 

the importance of loss of mitochondrial maintenance in DA neurons as a contributory factor in 

PD. A summary of these etiological factors of PD on mitochondria is listed in Table 1.2. 
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Table 1.2 Summary of etiological factors of PD associated with mitochondria 

 

 

 

 

 

  

Genetic factors Action on mitochondria Effect  

PARK2 Parkin Parkin-pink1 mediated mitophagy Mitochondrial quality 

control 

PARK6 Pink 1 Parkin-pink1 mediated mitophagy Mitochondrial quality 

control 

PARK7 DJ-1 Mitochondria and ER tethering, 

redox, altering of mitochondrial 

enzymes 

Ca
2+

 modulation, ROS 

PARK8 LRRK2 Drp1, antioxidant scavenger,  

Ca
2+

 modulation, autophagy 

Mitochondrial fraction, 

mitophagy, ROS 

PARK11 Candidate 

gene 

NADH dehydrogenase 

(ubiquinone) 1 alpha sub-

complex 10(NDUFA10) 

? 

PARK12 Candidate 

gene 

Translocase of inner 

mitochondrial membrane 8 

homolog a (TIMM8A) 

? 

PARK13 HTRA2 HTRA2/Omi mitochondrial 

serine protease, interacts with 

pink 1 

apoptosis 

PARK15 FBX07 Regulate E3 ubiquitin ligase Possible interaction with 

parkin 

PARK18 eIF4G1 Mitochondrial protein synthesis Mitochondrial dysfunction, 

ROS 

Environmental factors Action on mitochondria Effect  

MPTP Mitochondrial complex I 

inhibitor 

ATP depletion, ROS  

Organochlorine ROS ROS  

Rotenone Mitochondrial complex I 

inhibitor 

ATP depletion, ROS  

Paraquat Redox cycle ROS 
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Parkin   

Mutation in parkin (Park2) is the most common cause for early onset of AR PD (onset at 

41 years or less). Early onset PD patients, caused by parkin mutations have motor impairment 

and NSDA neuronal degeneration. This is similar to late-onset idiopathic PD, however, 

pathological evidence shows a lack of Lewy body accumulation (Mizuno et al., 2001). 

Nevertheless, ubiquitin and parkin are identified in Lewy bodies along with α-synuclein in 

idiopathic PD. Parkin is a E3 ubiqutin ligase, composed of 465 amino acids containing ubiquitin 

like domain (UBL), and triad domains (ring1 (R1), in-between-ring (IBR), ring2 (R2) domains) 

(Figure 1.12 A). Parkin labels unfolded or damaged proteins with ubiquitin for degradation in 

ubiquitin proteosome system (UPS).  

 The first step of the UPS is adenylation of ubiquitin at the c-terminal glycine (gly 76) 

residue by ubiquitin-activating enzyme (E1). This forms a thioester bond between E1 and 

ubiquitin and activates ubiquitin. Activated ubiquitin is transferred to ubiquitin-conjugating 

enzyme (E2) and forms a thioester bond between ubiquitin c-terminus of ubiquitin and cysteine 

residues of E2. Finally, ubiquitin is transferred from E2 to a substrate protein with the help of 

ubiquitin ligase (E3) forming an isopeptide bond between lysine residues of the substrate protein 

and c-terminal carboxylate of ubiquitin (Figure 1.12 B). Here, parkin, as an E3 ligase, plays a 

significant role in the UPS system by recognizing the target substrate protein. Parkin determines 

which protein will be degraded by the proteosome. The triad domains of parkin bind to E2 and 

the substrate protein for transfer of the ubiquitin to the target protein. Subsequently, parkin also 

interacts with 26s proteosome and proteosome degrades the target protein. Ubiquitins in the 

poly-ubiquitin chain are broken into monomers by UCH-L1 and are recycled (Passmore et al., 

2004). UPS regulates protein abundance and their functions. 
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Figure 1.12 Parkin protein structures and ubiquitin proteasomal system (UPS). Panel A, 

Parkin protein structures in UPS (Schmidt, 2012). Triad domains in parkin, ubiquitin ligase, 

interacts with substrate protein, E2, and 26s proteosome. Panel B, Biochemical mechanism of 

UPS (Passmore, 2004). Ubiquitin is activated by the E1 and transfers to the E2 by thioester bond 

of cysteine (Cys). E3 ligase recognizes substrate protein and allows substrate protein to be poly-

ubiquitinated by isopeptide bond of lysine (Lys).   
Fi 
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When a protein is misfolded or damaged, chaperones can reform the misfolded protein or 

it can be tagged by ubiquitin and degraded by proteasomes. When protein aggregates are too 

large or the UPS is overloaded, aggregates can be degraded by autophagy. Ubiquitin is involved 

in many cell processes; proteosome, endocytosis, signal transduction, apoptosis, transcription, 

histone function, and DNA repair. The length of the ubiquitin chain and lysine residue of the 

poly-ubiquitination chain determines the fate of the protein substrate. Ubiquitin is composed of 

76 amino acids with 7 lysine residues, including Lys6, Lys11, Lys27, Lsy29, Lys33, Lys48 and, 

Lys63. Glycine residues of the ubiquitin molecule bind to lysine residues of the ubiquitin 

molecule on the substrate protein to form a covalent bond, which is poly-ubiquitinylated chain. 

Here, parkin is involved in recognizing the target protein and transfers Lys48 poly-ubiquitinated 

protein to UPS and Lys63 poly-ubiquitinated protein to the autophagy machinery (Olzmann et 

al. ,2007) (Figure 1.13). Autophagy is a catabolic process in which cells get rid of their proteins 

or cytosolic organelles. When aggregation of the protein load exceeds proteosomal degradation 

or cells are in higher demand for nutrients, macroscopic autophagy can get rid of aggregated 

proteins (or cytosolic organelles) and recycle them.  

E2 enzyme, Ubc-H13-Uev1a and parkin target Lys63 poly-ubiquitinated protein 

aggregates and parkin binds to histone deacetylase 6 (HDAC6) (Olzmann et al., 2007). HDAC6 

is an adaptor protein for dynein motor complex. This allows microtubule-based retrograde 

transportation of the Lys63 poly-ubiquitinated proteins to the microtubule-organizing center near 

the nucleus forming aggresomes. Poly-ubiquitination also promotes recruitment of an isolation 

membrane, called phagopore, through p62. P62 has an ubiquitin associated domain (UBA) and a 

LC3-interacting region, and thereby binds to both Lys63 poly-ubiquitinated aggresomes and LC3 

on an isolation membrane. LC3, microtubule associated protein1A/1B light chain 3, is an 
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ubiquitin-like protein and an autophagic marker. LC3-II has WXXL-like sequence recognize 

autophagic receptors such as p62 (Noda et al., 2010). LC3 conjugates to 

phosphotidylethanoamine (PE) and this is called LC3-II (Tanida et al., 2008). While interacting 

with aggresomes with an adaptor protein, LC3-II anchors into an isolated membrane, helps 

tethering and hemifusion of the membranes, and allows isolated membranes to expand 

(Nakatogawa et al., 2007). As isolated membrane with LC3-II grows and engulfs protein 

aggresomes (or organelles) forming “autophagosomes”.  LC3-II is responsible for recruitment 

and assembly of autophagosome machinery. Autophagosomes fuse with lysosomes and 

lysosomal hydrolase degrades aggregated proteins or organelles.    
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Figure 1.13 Schematic depicting the fate of poly-ubiquitination K48 and K63 and 

mechanism of autophagy (Chin et al., 2010). Parkin transports K48 poly-ubiquitinated 

aggregates to UPS and K63 poly-ubiquitinated aggregates to autophagy. K63 poly-

unbiquitinated aggregates form aggresome and recruited onto isolated membrane by adaptor 

protein HDAC6 and p62. The isolated membrane expands and engulfs aggresome, fuses with 

lysosome and clears.     
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After induction of apoptosis, Tolkovsky et al. prevented cells from executing apoptosis 

by treating with general caspase inhibitors. The cells that were able to return to a normal state 

cleared the entire cohort of the mitochondria (Tolkovsky et al., 2002). This provides an insight 

on the importance of degradation of the damaged mitochondria to prevent initiation of apoptosis. 

Mitochondria are degraded by autophagy, also called “mitophagy” (Lemasters, 2005). 

Mitophagy occurs normally in the cells as a maintenance and stress-induced compensatory 

process (Goldman et al., 2010). Mitochondrial health is maintained by continuous fusion, fission, 

and mitophagy. An unhealthy mitochondrion is fused with healthy mitochondrion, which 

distributes nutrients and repairs damaged mitochondrial DNA and mitochondrial biogenesis can 

occur by mitochondrial fission (division of mitochondria) (Chen and Chan, 2009). However, if a 

mitochondrion is too damaged to revive, it is segregated and undergoes mitophagy.  

 Parkin plays a pivotal role in mitochondrial quality control by mitophagy (Figure 1.14). 

PINK1 is ubiquitously expressed and degraded in mitochondrial matrix (Tanaka, 2010; Youle 

and Narendra, 2011). However, when mitochondria are depolarized by injury, neurotoxin, or 

oxidative stress causing a change in mitochondrial membrane potential, PINK1 is accumulated 

on the mitochondrial outer membrane like a “halo” and recruits parkin. Parkin ubiquitinates the 

mitochondrial outer membrane proteins and recruits the isolated membrane, phagopore. 

Phagopore expands and engulfs damaged mitochondria forming mitophagosomes (mitochondria 

in autophagosomes). Mitophagosomes are fused with lysosomes and damaged mitochondria are 

degraded (Youle and Narendra, 2011).  
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Figure. 1.14 Schematic depicting PINK1-parkin mediated mitophagy. Depolarized 

mitochondria are surrounded by PINK1 with parkin recruitment. Parkin ubiquitinates damaged 

mitochondria and are engulfed by autophagosome, fused with lysosome, and degraded.  
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Experimental paradigm and goal of dissertation research 

The differential susceptibility of TIDA and NSDA neurons in PD is also observed 

following single acute MPTP exposure (Behrouz et al., 2007; Benskey, 2012; Benskey, 2013). 

MPTP is a mitochondrial Complex I inhibitor causing mitochondrial dysfunction; ATP 

depletion, and oxidative stress formation (Mizuno, 1988; Sherer,2002; Dawson, 2003; Cleeter, 

1992). Several evidences indicate that mitochondria are deeply involved in pathophysiology of 

PD. Reduced mitochondrial Complex I activities in SN, platelets, and skeletal muscle of PD 

patients were observed (Schapira et al., 1989; Mizuno et al., 1989; Krige et al., 1992; Bindoff et 

al., 1991). Mitochondrial Complex I inhibitors, rotenone and MPTP, recapitulated identical 

pathophysiology of PD in various animal models (Cannon,2009; Smeyne et al., 2004). Mutations 

in parkin, PTEN-induced kinase I (PINKI), DJ-1 , α-synuclein, and leucine-rich-repeat kinase 2 

(LRRK1) that cause PD in humans are also reported to be associated with mitochondrial 

dysfunction (Devi et al., 2008; Albrecht, 2005; Pendergrass et al., 2004). Therefore, it is natural 

to study mitochondrial structure and function in NSDA and TIDA neurons and their involvement 

in differential susceptibility to acute neurotoxicant exposure.  

Brain regions containing these DA neurons (i.e. ST and MBH) in mice are too small to 

investigate mitochondrial respiration using Clark electrode methodology, as this technique 

requires mg quantities of tissue (Sauerbeck et al., 2011). However, the Seahorse XF Analyzer 

can measure mitochondrial bioenergetics using samples as small as fifteen µg of mitochondria, 

which permits measurement of mitochondrial respiration in synaptosomes derived from these 

discrete brain regions. In the studies described in this dissertation, ST and MBH from WT and 

parkin null mice were dissected, synaptosomes containing mitochondria were isolated, and basal, 

spare and maximal respiratory capacities were determined. Synaptosomal mitochondrial mass 
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and membrane potentials were determined by flow cytometry, and their morphology were 

analyzed by TEM.  

The mechanism of NSDA neurodegeneration is still unknown; over 90 % of PD is 

idiopathic and genetic factors have incomplete penetrance with variable severity of disease and 

age of onset. This suggests the mechanisms underlying this disease are complex and 

multifaceted. The process may require multiple hits for the degeneration of NSDA neurons to 

occur. To understand mitochondrial involvement in PD better, each of the objectives in this 

dissertation were tested in both genetic and neurotoxin models. Parkin null mice were utilized to 

establish genetic evidence of parkin mediated mitochondrial quality control involvement in 

NSDA neurons, and MPTP and rotenone neurotoxin models were utilized to investigate 

mitochondrial function in NSDA neurons.  

Preliminary investigation of the single acute MPTP exposure model and the time-line of 

neuronal responses were attained from previous studies in our laboratory (Benskey, 2013; 

Benskey, 2012; Behrouz, 2007). TIDA and NSDA neurons had reduction in DA level at 4 h after 

MPTP exposure with highest peak concentration of MPP
+
. However, TIDA neurons recover DA 

levels at 24 h after MPTP exposure, whereas NSDA neuronal axon maintained depleted DA at 

this time. In addition, by 24 h, MPP
+
 was cleared from both NSDA and TIDA neurons. 

Therefore, mitochondria in NSDA and TIDA neurons were investigated at 4 h and 24 h after 

MPTP single acute exposure. Studies described in this dissertation utilized these time points to 

examine the effects of MPTP single acute exposure on mitochondrial structure and function 

using analytic techniques including immunohistochemistry, confocal microscopy, electron 

microscopy, seahorse XF24 analyzer, and flow cytometry. Study of mitochondria using these 
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various approaches allowed identification of the unique characteristics of mitochondria and the 

involvement of parkin in mitochondrial function in central DA neurons.  

Finally, to provide a possible tool for a novel therapy of PD, evidence of neuroprotective 

role of parkin was tested using parkin gene delivered through adeno-associated virus (AAV). 

Successful transduction of AAV-parkin into DA neurons in the MBH, SN, and ST was 

confirmed previously and optimum time of expression was determined as 4 weeks (Manfredsson, 

2007; Manfredsson, 2009; Benskey et al., n.d.). rAAV-F-hParkin was stereotaxically delivered 

into SN in parkin null mice and mitochondrial function change was investigated. In addition, to 

test neuroprotective effect of parkin in neurotoxin model, rAAV-F-hParkin was delivered into 

SN in WT mice and mitochondrial bioenergetics and Western blot analysis of mitochondria, TH 

expression, and level of autophagy were determined.   

 

Summary 

A hallmark pathology of PD is differential susceptilibity of NSDA and TIDA neurons.  This 

differential susceptibility is recapitulated following exposure of mice to mitochondrial Complex 

I inhibitor, MPTP; NSDA neurons are degenerated, while TIDA neurons are spared. In this 

dissertation, similar regional differential mitochondrial characteristics were revealed in WT 

mice; reduced mitochondrial bioenergetics, mass, and mitophagosomes were observed in 

mitochondria derived from regions containing NSDA neurons as compared to those containing 

TIDA neurons. However, mitochondria derived from both NSDA and TIDA axon terminal 

regions responded to mitochondrial Complex I inhibit in a similar manner, suggesting that the 

unique characteristics of mitochondria in axon terminals are not responsible for differential 

susceptibility of NSDA and TIDA neurons to MPTP. In addition, MPP
+
 showed transient 
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inhibitory effects on mitochondria, and inhibition of MPP+ uptake by DAT did not prevent the 

inhibitory effects of this active MPTP metabolite. This indicates that the dynamics of MPTP 

conversion to MPP
+
, MPP

+
 uptake into cells and mitochondria, and/or a compensatory 

mechanism to MPTP exposure may play a significant role in determining differential 

susceptibility of TIDA and NSDA neurons. In addition, possible sequestration of MPP
+
 into cells 

adjacent to TIDA neurons may prevent MPP+ uptake thereby allowing these neurons to be 

resistant to neurotoxins.  

In MPTP-treated mice, previous studies have shown that differential parkin expression is 

observed; parkin increased in TIDA neurons, but not in NSDA neurons. In the present series of 

experiments, absence of parkin caused deficits in maximal and spare mitochondrial respirations, 

mitochondrial mass, mitochondrial number per axon terminals, and the morphology/structures, 

most plausibly due to loss of the mitophagy-mediated quality control of mitochondria. However, 

introduction of parkin in parkin null mice did not rescue impaired mitochondrial function. Also, 

parkin did not rescue reduction in basal respiration by MPTP in NSDA axon terminals. However, 

parkin overexpression prevented the decrease in the number of viable mitochondria caused by 

MPTP and maintained functional mitochondria likely through autophagy. This suggests that 

parkin may protect central DA neurons by maintaining mitochondrial function in long term as 

neurotoxin is cleared from the brain.  
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Dissertation objective  

 

Central Hypothesis: Loss of parkin mediated mitochondrial quality control contributes to 

DA neuronal degeneration in a neurotoxicant model of PD 

Specific Aim 1. Comparison of the mitochondrial structure and function in NSDA and TIDA 

neurons 

 Hypothesis: Mitochondrial function in axonal terminal regions of central DA neurons 

differs depending on the brain regions in WT mice  

 

Specific Aim 2. Differential effect of mitochondrial Complex I inhibition on mitochondria in 

NSDA and TIDA neurons  

Hypothesis: Mitochondria in TIDA neurons are resistant to acute exposure to 

mitochondrial Complex I inhibitor in WT mice 

 

Specific Aim 3. Impaired mitochondrial function and structures in the absence of parkin 

 Hypothesis: Mitochondrial structure and function in axonal terminal regions of central DA 

neurons are impaired in the absence of parkin 

 

Specific Aim 4. Neuroprotective effect of parkin on mitochondria in NSDA axon terminals 

 Hypothesis: Parkin has neuroprotective effect in ST-derived mitochondria following 

mitochondrial Complex I inhibition and in parkin null mice. 
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Chapter 2. Material and Methods 

Animals 

C57BL/6 WT mice: C57BL/6 male WT mice were obtained from Jackson Laboratories and used 

between 20 – 24 weeks of age. Mice were housed in a room with a 12-h light/dark cycle, with 

food and water provided ad libitum. The Michigan State University Institutional Animal Care & 

Use Committee approved all experiments using live animals (AUF 01/08-123-00).  

Parkin KO: Parkin KO mice (Jackson Laboratories) were bred in house and used between 20 – 

24 weeks of age. Mice were housed in a room with a 12-h light/dark cycle, with food and water 

provided ad libitum. The Michigan State University Institutional Animal Care & Use Committee 

approved all experiments using live animals (AUF 10/11-222-00). Homozygous parkin KO mice 

were B6.129S4-Park2
tm1Shn

/J strain and confirmed by genotyping DNA isolated from tail snips. 

PCR was performed with primers 5 -CCTACACAGAACTGTGACCTGG; 5 -

GCAGAATTACAGCAGTTACCTGG; 5 –ATGTTGCCGTCCTCCTTGAAGTCG for parkin 

KO mice from Michigan State University research technology support facility (Goldberg et al., 

2003).  Mice were randomly allocated to treatment groups.   

TH-GFP: TH-GFP mice (RIKEN Bio-Resource Center, #RBRC02095) were bred in house and 

used between 20 – 24 weeks of age. Mice were housed in a room with a 12-h light/dark cycle, 

with food and water provided ad libitum. The Michigan State University Institutional Animal 

Care & Use Committee approved all experiments using live animals (AUF 10/13-230-00). 

Homozygous GFP-TH transgenic mice were B6.B6D2-Tg (Th-EGFP)21-31 transgenic line and 

confirmed by genotyping DNA isolated from tail snips. PCR was performed with primers 5 - 

CCTGTGACAGTGGATGCAATT; 5 – CTTGTACAGCTCGTCCATGCCGAG from Michigan 



58 
 

State University research technology support facility (RICKEN BRC).  Mice were randomly 

allocated to treatment groups.   

 GFP-LC3: GFP-LC3 mice (RIKEN Bio-Resource Center, #BRC00806) were bred in house and 

used between 20 – 24 weeks of age. Mice were housed in a room with a 12-h light/dark cycle, 

with food and water provided ad libitum. The Michigan State University Institutional Animal 

Care & Use Committee approved all experiments using live animals (AUF 01/14-001-00). 

Homozygous GFP-LC3 transgenic mice were GFP-LC3#53 transgenic line and confirmed by 

genotyping DNA isolated from tail snips. PCR was performed with primers 5-

ATAACTTGCTGGCCTTTCCACT-3; 5-CGGGCCATTTACCGTAAGTTAT-3; 5-

GCAGCTCATTGCTGTTCCTCAA-3 for GFP-LC3 mice from Michigan State University 

research technology support facility (Mizushima et al., 2004; 2009).  Mice were randomly 

allocated to treatment groups.   

   

Materials, General Solutions and Drugs  

Blocking solution (TEM;0.2% Gelatin, 0.8% BSA): Add 0.02 g Gelatin (Sigma, Cat. No. G1890)  

and 0.08 g BSA (Sigma, Cat. No. A2153) in warm 0.1 M cacodylate buffer.   

 

5% bovine serum albumin: 5 g of BSA were dissolved into 100 ml of double distilled water. 

CaCl2: 1M CaCl2 (Sigma, Cat. No. C1016, MW 110.98) was prepared by adding 110.98 mg 

CaCl2 to 1 ml. 

 

0.1M Cacodylate buffer: 10.701g Sodium cacodylate trihydrate was added in 500 ml double 

distilled water.  
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Odyssey blocking buffer with 0.2% Tween 20: Two hundred µl Tween 20 and 50 ml Odyssey 

blocking buffer were dissolved into 50 ml double distilled water.   

 

D-Glucose: 1M D-Glucose (Sigma, Cat. No. 47829, MW 180.16) was prepared by adding 18.16 

g D-Glucose to 100 ml.  

 

EGTA: 0.5M EGTA۰Na4 (Sigma, Cat. No. E8145, MW 468.3) was prepared by dissolving 

1170.75 mg EGTA in 5 ml double distilled water. 

 

2.5% glutaldehyde/2% paraformaldehyde fix solution: 25% glutaldehyde (Sigma, Cat. No. 

G5882) 20 ml, 32% paraformaldehyde (Fisher, Cat. No. 50-980-494) 12.5 ml was mixed with 

167.5 ml 0.1 M cacodylate buffer pH 7.4 to make up for total of 200 ml solution.  

 

HEPES: 1M HEPES (Sigma, Cat. No. H3375, MW 238.31) was prepared by dissolving 

3766.2mg HEPES in 20 ml double distilled water.  

 

Incubation media: 3.5 mL of 1M KCl, 120 mL of 1L NaCl, 1.3 mL of 1M CaCl2, 0.4 mL of 1M 

KH2PO4, 1.2 mL of 1M Na2SO4, 2 mL of 1M MgSO4, 15mL of 1M D-glucose was added to 

double distilled water total of 1L. pH of the solution was adjusted to 7.4 at 36°C. The solution 

was sterilized by filter (Millipore, SCGPU05RE, 0.22 µm) under vacuum and stored at 4°C and 

made fresh every month. On the day of the experiment, 100 mg of bovine serum albumin (BSA) 

with free of essentially fatty acid (Sigma, Cat. No. A6003, 4 °C) was dissolved in 250 µL of 

incubation media (final concentration of 4 mg/ml BSA, 5 mM pyruvate, 2.5 mM malate) and 
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added freshly before each experiment.  

 

Ionic media: 20 mL of 1 M HEPES, 10 mL of 1M D-Glucose, 1.2mL of 1M Na2HPO4, 1 mL of 

1M MgCl2, 5 mL of 1M NaHCO3, 5 mL of 1M KCl, 140 mL of 1M NaCl was added to double 

distilled water. The solution was well mixed and double distilled water was added to total of 1 L 

and pH of the solution was adjusted to 7.4 at 4°C. The solution was sterilized by filtration 

(Millipore, SCGPU05RE, 0.22 µm) under vacuum and stored at 4°C and made fresh every 

month. 

 

Isotonic saline: 9 grams of NaCl was added onto 1 L of twice distilled water to make 0.9% saline 

and autoclaved.  

 

Ketamine/xylazine: Ketamine:xylazine (26.6 mg/kg : 4 mg/kg; ip) was used for euthanasia and a 

lower dose (3.3 mg/kg : 2 mg/kg; ip) used for anesthetization.  

 

Ketoprofen (5 mg/kg): 0.1 ml of ketoprofen 100 mg/ml was diluted with 9.9 ml of sterile saline 

to make 1 mg/ml ketoprofen. The dosage of the ketoprofen for mice 5 mg/kg, so for 25 g mouse 

10 unit (100 µl) of ketoprofen was injected subcutaneously (sc) before and 24 h after the surgery.   

 

MgCl2: 1M MgCl2 (Sigma, Cat. No. M8266, MW 95.21) was prepared by adding 95.21 mg  

MgCl2 to 1 ml double distilled water. 

 

MgSO4: 1M MgSO4 (Sigma, cat. no. M7506, m.w. 120.37) was prepared by adding 120.37 mg 
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MgSO4 to 1 ml double distilled water . 

 

Mitochondria isolation buffer (MIB): 898.2 ml of sucrose buffer prepared as described above 

was mixed with 1.8 ml of 0.5 M EGTA. MIB was stored at 4°C for no longer than 4 weeks. 

 

MitoTracker
TM 

Green (Benzoxazolium, 2-[3-[5,6-dichloro-1,3-bis[[4-

(chloromethyl)phenyl]methyl]-1,3-dihydro-2H-benzimidazol-2-ylidene]-1-propenyl]-3-methyl-, 

chloride/ 201860-17-5; Invitrogen, Cat. No. M-7514, MW 671.8): 50 µg of MitoTracker Green 

was dissolved with 74.4 µl DMSO making 1 mM MitoTracker Green. On the day of the 

experiment, 1 mM MitoTracker Green was diluted two times, first to 10 µM MitoTracker Green 

by mixing 10 µl of 1 mM MitoTracker Green with 990 µl KCl assay buffer, and then diluted 250  

µl of 10 µM MitoTracker Green with 4.75 ml KCl assay buffer as final concentration of 500 nM.  

 

MPTP: 10 mg/ml of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, Sigma, Cat. No. ) 

was prepared by dissolving 100 mg MPTP in total of 10 ml saline solution. A 10 mg/ml MPTP 

working solution was diluted to 2.0 mg/ml with saline solution and a dose of 20 mg/kg MPTP 

was administered to mice. 

 

2% OsO4: Dilute 10 ml of 4% OsO4 (Osmium tetraoxide; Sigma, Cat. No. 75632) in 10 ml 

double distilled water.  

 

2% Paraformaldehyde: 12.5 ml of 32% paraformaldehyde (Fisher, Cat. No. 50-980-494) was 

mixed with 187.5 ml 0.1 M cacodylate buffer to make total of 200 ml.  
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4% Paraformaldehyde for perfusion: First, 8% paraformaldehyde (Sigma, Cat. No. 158127, MW 

30.03) solution was prepared by heating 400 mL ddH2O in a beaker with stirring to 60 °C in the 

fume hood. When the water reached 60 °C, 32 g of paraformaldehyde was added into the stirring 

water by slowly adding -15 drops of 10 M NaOH on stir plate at room temperature. When 

solution was clear , indicating complete dissolution of the paraformaldehyde powder, the 

solution was filtered and stored in the refrigerator at 4 °C. Four hundred ml 8% 

paraformaldehyde solution was mixed with 400 ml 0.2 M phosphate buffer and pH was adjusted 

to 7.4. The solution was made fresh on the day of the experiment.      

 

0.2 M phosphate buffer for perfusion: 0.2 M Monobasic and dibasic sodium phosphate buffers 

were mixed to make 0.2 M phosphate buffer. Twenty four g anhydrous monobasic sodium 

phosphate (Sigma, Cat. No. s3139-250G, MW 120) were dissolved in 1 L double distilled water 

to prepare the monobasic sodium phosphate buffer. 28.4 g of anhydrous dibasic sodium 

phosphate (Sigma, Cat. No. 71640-250G, MW 142) were dissolved in 1 L doubled distilled 

water to prepare the dibasic sodium phosphate buffer. Appropriate amounts of 0.2 M monobasic 

sodium phosphate buffer were added into 300 - 400 ml dibasic sodium phosphate buffer to a pH 

of 7.4. The pH of the solution was adjusted with monobasic or dibasic sodium phosphate buffers.   

 

40% Percoll solution: 8215.2 mg of sucrose were dissolved in 40 ml of ice-cold double distilled 

water in the ice bucket on the magnetic stirrer. One ml of 1 M HEPES, 200 μl of 0.5 M EGTA, 

and 40 ml of Percoll
 Plus

 (GE Healthcare, Cat. No. 17-5445-02, stored in 4 °C) were added to the 

solution. pH of the solution was adjusted to 7.4 with 1 M KOH at 4°C and double distilled ice 
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cold water was added to solution to total volume of 100 ml. The 40% Percoll solution was stored 

at 4°C for no longer than 4 weeks. 

 

23% Percoll solution: In order to prepare 30 ml of 23% Percoll solution, 17.25 ml of 40% Percoll 

solution was mixed with 12.75 ml of MIB solution.  

 

15% Percoll solution: In order to prepare 30 ml of 15% Percoll solution, 11.25 ml of 40% Percoll 

solution was mixed with 18.75 ml of MIB solution. 

 

PBS for immunohistochemistry and Western blots: Phosphate buffer saline is composed of NaCl 

137 mM, KCl 2.7 mM, Na2HPO4 10 mM, and KH2PO4 1.8 mM in ultra-pure H2O. Eight g of 

NaCl, 0.2g of KCL, 1.44g of Na2HPO4, and 0.24g of KH2PO4 were dissolved into 1 L of double 

distilled water.  

 

PBS-T (0.1% Tween 20): One ml of Tween-20 (Sigma, Cat. No. P1379-25ML) was added onto 

1 L of PBS by stirring for 4 h.    

KCl: 1M KCl (Sigma, Cat. No. P9333, MW 74.55) was prepared by adding 7.455 g KCl to 100 

ml double distilled water. 

 

KCl Assay buffer (125 mM KCl, 20 mM HEPES, 4 mM MgCl2 and 2 mM KH2PO4): 12.5 ml of 

1 M KCl, 2 ml 1M HEPES, 400 µl MgCl2 and 200 µl KH2PO4 was added to 84.9 ml double 

distilled water. The buffer was adjusted to pH 7.4 with KOH solution. 
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KH2PO4: 1M KH2PO4 (Sigma, Cat. No. P5655, MW 136.09) was prepared by adding 136.09 mg 

KH2PO4 to 1 ml. 

 

1% NaBH4: 0.1g NaBH4 (sodium borohydrate; Sigma, Cat. No. 71321-25G, MW 37.83) was 

dissolved in 10 ml cacodylate buffer. 

 

NaCl: 1M NaCl (Sigma, cat. no. S7653, m.w. 58.44) was prepared by adding 5.844 g NaCl to 

100 ml double distilled water. 

 

NaHCO3: 1M NaHCO3 (Sigma, Cat. No. S5761,MW 84.01) was prepared by adding 84.01 mg 

NaHCO3 to 1 ml double distilled water. 

 

Na2HPO4: 1M Na2HPO4 (Sigma, Cat. No. S7907, MW 141.96) was prepared by adding 141.96 

mg Na2HPO4 to 1 ml double distilled water. 

 

Na2SO4: 1M Na2SO4 (Sigma, Cat. No. 239313, MW 142.04) was prepared by adding 142.04 mg 

Na2SO4 to 1 ml double distilled water.   

 

Spurr’s Resin: 5,72 g of DER (diglycidyl ether of poly (propylene glycol); Ted Pella Inc., Cat. 

No. 18310) were mixed with 16.4 g ERL (ERL 4221 epoxide resin; Ted Pella Inc., Cat. No. 

18306-4221). When DER and ERL were completely mixed, 23.6 g NSA (nonenyl succinic 

anhydride; Ted Pella Inc., Cat. No. 18301) were added to the solution and mixed for 5 min. 

When the solutions are completely mixed, 0.4 g of DMAE (2-dimethylaminoethanol; Ted Pella 
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Inc., Cat. No. 18315) was added drop by drop. The Spurr’s resin was made freshly on the day of 

the experiment.  

 

20% sucrose for perfusion: 20 g sucrose (Sigma, Cat. No. s7903-250G, MW 432.30) were 

dissolved into double distilled water to final volume of 100 ml.    

 

Sucrose buffer (mitochondrial isolation): 300 mM Sucrose (Sigma, Cat. No. S7903, MW 342.3) 

with 10 mM HEPS was prepared by dissolving 102.69 g of sucrose in 900 ml of ice-cold double 

distilled water in the ice bucket on the magnetic stirrer. 10 ml of 1 M HEPES were added and the 

pH adjust to pH 7.4 with 1 M KOH at 4°C. Ice-cold double distilled water was added to the 

buffer as total volume of 1 L and sterilized with a micro filter (Millipore, SCGPU05RE, 0.22 

µm) under the vacuum. Sucrose buffer was stored at 4°C for no longer than 4 weeks. 

 

0.2% Tannic acid: 0.02g Tannic acid were dissolved into 10 ml of double distilled water. 

 

Tetramethylrhodamine ethyl ester perchlorate (TMRE, Sigma-Aldrich Cat. No.  87917-25MG, 

m.w. 514.95): 1mM TMRE was prepared by dissolving 25 mg TMRE in 48.5 µl DMSO as the 

storage concentration. On the day of the experiment, TMRE was diluted two times, first to 10 

µM TMRE by combining 10 µl of 1 mM TMRE with 990 µl KCl assay buffer, and then diluting 

100 µl of 10 µM TMRE with 4.9 ml KCl assay buffer to a final concentration of 200 nM TMRE 

.  

Tissue lysis buffer : Tissue lysis buffer is composed with 1% SDS, 0.1mM PMSF 

(phenylmethanesulfonyl fluoride; Sigma, Cat. No. 93482), 1mM DTT (DL-dithiothreitol; Sigma, 
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Cat. No. D0632-1G, MW 154.25), protease inhibitor cocktail tablets (Roche Diagnostics, 

Mannheim, Germany), phophatase inhibitor cocktail (Thermoscientific, Cat. No. 78428). On the 

day of the experiment, 100 µl SDS (10%[w/v] in double distilled water), 1 µl PMSF, 1 µl of 1 M 

DTT, 10 µl protease inhibitor, 10 µl phophatase inhibitor was added into 1 ml of TBS buffer.   

 

TBS: Tris-buffered saline was prepared by dissolving 8.77 g of NaCl and 1.211 g Tris-Cl (2-

amino-2-(hydroxymethyl)-1,3-propanediol, THAM, and Tris base (hydroxymethyl) 

aminomethane; Sigma, Cat. No. RDD008, MW 121.14) in double distilled water to final volume 

of 1 L. 

 

TBS-TX: One ml of Triton x100 (4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol, t-

Octylphenoxypolyethoxyethanol, Polyethylene glycol tert-octylphenyl ether; Sigma, cat. No. 

X100-100ML) was dissolved into 1 L of TBS.  

 

Pyruvate (Sodium Pyruvate; Sigma, Cat. No. P5280-25G, MW 110.04) / Malate (DL-Malic acid 

disodium salt; Sigma, Cat. No. M6773-5G, MW 178.05): 500 mM pyruvate and 250 mM malate 

was prepared by adding 110.04 mg pyruvate and 89.02 mg malate into 2 ml of 20 mM HEPES. 

Two hundred fifty µl of 1 M pyruvate and 500 mM malate stock were diluted with 25 ml 

incubation media on the day of the experiments yielding a 50 mM working concentration of 

pyruvate / 25 mM malate with final concentration as 5 mM pyruvate/ 2.5 mM malate in Seahorse 

plate.    
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ADP (Adenosine 5′-diphosphate sodium salt): 300 mM ADP (Sigma Cat. No. A2754-1G, 

powder, MW 427.2) was prepared by dissolving 128.16 mg ADP in 1 ml of 20 mM HEPES 

(pH7.0) followed by dilution to 1:1000 on the day of use in a final concentration of 300 µM. 

 

Oligomycin A: 10 mM Olygomycin A (Fluka, Cat. No. 75351-5MG, MW 791.06) was prepared 

by adding 5 mg of oligomycin A to 621.6 µl DMSO and dilute as 1 mM working concentration 

by diluting 10 mM oligomycin A 100 µl with 900 µl DMSO. On the day of the experiment, 60 µl 

of 1 mM oligomycin A was added to 2 ml incubation buffer to make a 30 µM oligomycin A 

solution.   

 

CCCP: 50 mM carbonyl cyanide 3-chlorophenylhydrazone (Sigma, Cat. No. C2759-250MG, 

MW 204.62) was prepared by dissolving 10.23 mg CCCP in 1 ml DMSO. Twenty µl of 50 mM 

CCCP stock solution was diluted with 980 µl DMSO to make a final 1 mM CCCP working 

solution. On the day of the experiment, 40 µl of 1 mM CCCP was added into 2 ml incubation 

buffer for a final concentration of 20 µM CCCP.  

 

FCCP:  10 mg carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (Sigma, Cat. No C2920-

10MG, MW 254.17) was dissolved into 787 µ DMSO to make a stock solution of 50 mM FCCP. 

Twenty µl of 50 mM FCCP was diluted with 980 µl DMSO to make working concentration of 1 

mM FCCP. On the day of the experiment, 90 µl of 1 mM FCCP was added into 3 ml incubation 

buffer for a final concentration of 30 µM FCCP.   

 

 Rotenone: 1 mM rotenone (Sigma, Cat. No R8875-1G, MW 394.42) was prepared by dissolving 



68 
 

19.72 mg of rotenone in 1 ml DMSO to make stock solution of 50 mM rotenone. Twenty µl of 

50 mM rotenone was diluted with 980 µl DMSO to make working concentration of 1 mM 

rotenone. On the day of experiment, 75 µl of 1 mM rotenone was added into 3 ml incubation 

buffer for a final concentration of 25 µM rotenone. 

  

  Antimycin A: 25 mg antimycin A (Sigma, Cat. No A8674-25MG, MW 548.63) was dissolved in 

 911 µl DMSO to make stock solution of 50 mM Antimycin A. Twenty µl of 50 mM antimycin A 

 was diluted with 980 µl DMSO to make working concentration of 1 mM antimycin A. On the 

 day of experiment, 75 µl of 1 mM antimycin A was added into 3 ml incubation buffer for a final 

 concentration of 25 µM antimycin A. 

 

MPP+ iodide: a 1 mM stock solution of 1-methyl-4-phenylpyridinium iodide (Sigma, Cat. No 

D048-100MG, MW 297.13) was prepared by dissolving 100 mg MPP+ iodide in 336 µl 

DMSO. Final dilution was made accordingly depending on the experiments.  
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Drugs  Action  Mitochondria 

respiration state  

Bioenergetics  

Pyruvate/Malate  ETC substrate  State II  Basal respiration  

ADP  ATP synthase 

substrate  

State III  Maximum 

respiration  

oligomycin  ATP synthase 

inhibitor  

State IVo  Proton leak  

FCCP  ETC decoupler  State IIIµ  Maximum 

respiration  

Antimycin A  ETC Complex III 

inhibitor  

State V  Non-mitochondrial 

respiration  

Rotenone  ETC Complex I 

inhibitor  

State V  Non-mitochondrial 

respiration  

MPP+  ETC Complex I 

inhibitor  

State V  Non-mitochondrial 

respiration  

 

Table 2.1 Summary of drug actions on mitochondrial bioenergetics. The table describes 

actions of the drugs on mitochondria and their applications to identify mitochondrial respiratory 

state and bioenergetics.   
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Synaptosomal and non-synaptosomal mitochondria isolation 

Mice were decapitated and the brain was rapidly removed from the skull. ST and MBH 

were dissected on ice and SM were isolated from ST and MBH by the method of Dunkley with 

some modifications for sub-brain regions (Dunkley et al., 2008). ST and MBH were collected in 

mitochondrial isolation buffer (MIB, 300 mM Sucrose, 10 mM HEPES, 1 mM EGTA, pH 7.4 at 

4°C) and homogenated with pre-chilled Teflon/glass homogenizer by 10 strokes on ice 

(Whittaker & Gray, 1962). The homogenates were transferred to 15 ml tubes and centrifuged at 

21,000 g at 4 °C for 10 min in fixed-angle rotor. The hard pellets were re-suspended in 15% 

Percoll and layered onto the 23% and 40% Percoll with MIB medium 2 ml each. The Percoll 

gradients were centrifuged 26,000 g at 4 °C for 10 min. Second band was collected for SM and 

third band was collected for non-synaptosomal mitochondria (NSM) (Fig 2.3.1). The 

mitochondria of the interest were washed with MIB solution and sucrose buffer (300 mM 

Sucrose and 10 mM HEPES, pH 7.4 at 4°C) by centrifugation, and stored in sucrose buffer. The 

protein content of individual SM and NSM samples was quantified using a bicinchoninic acid 

(BCA) assay (Noble & Bailey, 2009). 
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Figure 2.1 Percoll gradient with 3 band formation. Band 1 mostly consists of myelin, band 2 

consists of synaptosomes, and band 3 consists of non-synaptosomal mitochondria.  
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Mitochondrial bioenergetics 

Mitochondria plating 

Twenty µg SM or 15 µg of NSM in ionic medium (20 mM HEPES, 10 mM D-Glucose, 1.2 mM 

Na2HPO4, 1 mM MgCl2, 5 mM NaHCO3, 5 mM KCl, 140 mM NaCl, pH 7.4) were plated onto 

20 wells of the Seahorse XF 24 well plates (Seahorse Bioscience, North Bilerica, MA) and 

centrifuged at 2,500 rcf for 1 h at 4°C in swinging bucket rotor in a Fisher Scientific 3000R 

centrifuge. SM attached onto the Seahorse plates were diluted with 600 µl incubation medium 

(3.5 mM KCl, 120 mM NaCl, 1.3 mM CaCl2, 0.4 mM KH2PO4, 1.2 mM Na2SO4, 2 mM MgSO4, 

4 mg/ml BSA, 15mM D-glucose, 5 mM pyruvate, 2.5 mM Malate) and incubated in a non-CO2 

tank.  

Preparation of the Seahorse XF 24 cartridges 

A XF 24 cartridge (Seahorse Bioscience, North Bilerica, MA) was incubated with 1 ml calibrant 

(Seahorse Bioscience, North Bilerica, MA) per well in a non-CO2 incubator at 37°C overnight 

for hydration. Before loading the cartridge onto the XF 24 analyzer, 72 µl of rotenone, 80 µl 

oligomycin, 89 µl FCCP were added onto the cartridges and incubated in a non-CO2 incubator 

for 10 min at 37°C. The cartridges were loaded onto the XF 24 analyzer for calibration.  Figure 

2.2 depicts the general assay flow chart of the Seahorse XF analyzer for isolated mitochondria. 

 Mitochondrial respiratory assay by Seahorse XF analyzer 

The analyzer creates a microchamber in which mitochondrial oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) were measured by fluorescent probes, which detect 

oxygen and proton concentrations.  A probe is immersed into the micro chamber and measures 

OCR and ECAR. The microchamber is refreshed after each measurement cycle by oscillation of 

the emersion and immersion of the probes to replenish ambient oxygen and proton 
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concentrations for each cycle. OCR and ECAR reflect the mean rates of the measurement cycle. 

Appropriate mixing and measurement times were pre-set following manufacturer’s instructions.   
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Figure 2.2 General assay flow chart of XF analyzer for isolated mitochondria. Day1: 

Hydration of the cartilage and turn on of the XF analyzer, Day 2: preparation of the compounds, 

isolation of the mitochondria and measurement of the respiration of the mitochondria (Rogers et 

al.,  2011). 
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Figure 2.3 Mitochondrial bioenergetics OCR profile. A. Basal respiration: OCR in the 

absence of any drug treatment, Maximum respiration: OCR after treatment with an uncoupler 

that accelerates the electron transport chain (ETC), Spare respiratory capacity: OCR difference 

between basal and maximum respirations, Proton leak: OCR after an ATP synthase inhibitor, 

ATP turnover: difference between proton leak and basal respiration, Non-mitochondrial 

respiration: Remaining OCR after inhibition of the ETC. B. ETC and various drugs (Brand and 

Nicholls., 2011).
  
Pyruvate is a substrate for ETC Complex I, succinate for Complex II, rotenone 

and MPP+: Complex I inhibitor, Antimycin A: Complex III inhibitor, olygomycin: ATP 

synthase inhibitor, FCCP and CCCP: ETC uncouplers. 
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Data analysis and interpretations 

 Mitochondrial bioenergetics was measured by changes in the OCR following various 

drug treatments that affect the ETC (Figure 2.3). Basal respiration was measured when only 

substrate pyruvate 5 µm and malate 2.5 µM were presented. Here the limiting factor for oxygen 

consumption rate is ADP availability/demands and the given substrate availability. However, 

when ATP synthase inhibitor, olygomycin is added, mitochondrial ETC and oxidative 

phosphorylation are uncoupled, and ATP synthesis no longer occurs from the proton gradients 

formed by electron transfer. Therefore, remaining OCR indicates proton leak. Mitochondria can 

leak protons through uncoupling proteins such as thermogenin. In addition, when mitochondrial 

proton back pressure is elevated, mitochondria leak protons to balance the proton backpressure 

and the exhaustion of the proton gradient occurs through oxidative phosphorylation. The 

difference between values for proton leakage and basal respiration gives an index of how much 

oxygen is consumed to make ATP versus how much is consumed during proton leakage.  

Similar to the uncoupling proteins, FCCP or CCCP cause protons to leak from 

intermembrane space to the matrix of the mitochondria, similar to making a hole in the 

membrane.  Here proton backpressure is no longer a limitation, the ETC can transfer electrons 

and oxygen accepts electrons. Therefore, the uncouplers provide information regarding the 

maximal capability of the ETC to transfer electrons, consume oxygen, and undergo maximum 

respiration. The difference between maximum and basal respiration indicates the mitochondrial 

spare respiratory capacity. Finally, rotenone, which is an ETC Complex I inhibitor, and 

antimycin A, which is Complex III inhibitor terminates ETC activity. Maximum doses of 

rotenone and antimycin A were utilized to completely inhibit ETC.  OCR after ETC inhibition 
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are due to non-mitochondrial cellular oxygen utilization such as oxidative enzymes. Rotenone 

and antimycin A were utilized to calculate non-mitochondrial respiration.  

In each assay, respiratory control ratio’ (RCR’) was measured as an index of 

mitochondrial function and health; “Healthier” mitochondria have higher RCR values (Brand 

and (Nicholls., 2011; Caprette DR., 2008; Guautier C., 2008; Taiz and Zeiger, 2010). RCR 

measures ability of mitochondria to utilize substrates and convert to oxidative phosphorylation 

and was calculated according to the following equation: 

RCR’ = OCR of state IIIµ / OCR of state IVo    

Respiratory state IIIµ is OCR for the maximum ability for the ETC to transfer electrons as seen 

as the OCR following treatment with ADP for NSM, and the OCR following treatment with 

FCCP or CCCP for SM. State IVo is OCR when mitochondrial ATP synthesis is decoupled from 

electron transfer by ETC following treatment with oligomycin. Only mitochondria with RCR’ 

equal to 3 or higher were utilized for analysis.    

 

Mitochondrial density assay 

In order to establish the optimal density of non-synaptosomal mitochondria in the 

bioenergetics experiments, samples were assayed at various concentrations ranging from 2.5 to 

40 µg as quantified using a BCA assay.  As shown in Figure 2.4, basal OCR (pMoles per min) 

during the first 10 min varied in proportion to the amount of NSM protein added to the analytical 

chamber.  Protein content of 10 µg was considered optimal with an OCR value of approximately 

400 pMoles per min for basal respiration.  Protein content of 1.25, 2.5 and 5 µg had too low 

OCR, whereas OCR for 20 and 40 µg was too high.  For the 10 µg sample, OCR increased 

following injection of ADP substrate at Time A, decreased following injection of the ATP 
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synthase inhibitor oligomycin at Time B, increased in response to ETC uncoupling with CCCP at 

Time C, and decreased to negligible levels following inhibition of Complex II with antimycin A 

at Time D, thereby confirming viable NSM in the preparation. The mitochondrial bioenergetic 

profiles shows injection of ADP increased electron transport demand that OCR was induced. 

NSM in the 1.25 µg sample exhibited a similar respiratory profile as the 10 µg sample except 

that administration of substrate ADP does not cause an increase of the OCR. This is likely due to 

an insufficient number of the mitochondria regardless of its high RCR (10.3).    

RCR of 20 and 40 µg NSM are less than the optimal value of 3. This may be due to lack 

of oxygen availability in the microchamber of the XF analyzer. According to the O2 

concentration profile shown in Figure 2.5, after injection of ADP and CCCP, O2 crashes in the 

20 and 40 µg samples, which represents stalling of the ETC due to the lack of oxygen to accept 

the transferred electrons. Here, maximum respiration is no longer limited by capability of the 

ETC but by oxygen availability. Therefore, this protein concentration cannot be utilized, since 

RCR values were under represented than what actually were or expected. Accordingly, candidate 

optimal densities are determined to be 2.5, 5, and 10 µg NSM with RCR values of 3.3, 3.4, and 

3.1, all within the acceptable range.  

Mitochondrial density assay of basal respiration shows a nice linear relationship between 

the densities of the mitochondria and OCR readings. However, increase in basal respiration or 

mitochondrial density does not respond to high RCR. The recommended mitochondrial density 

for OCR of the State II is between 50 and 200 pMoles per min, and for State III of OCR is less 

than 1,500 pMoles per min. OCR of the State II of 2.5 µg NSM is 69, 5 µg NSM is 107, 10 µg 

NSM is 222.  Thus, 10 µg NSM can be acceptable in this study. The mitochondrial density assay 
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was repeated again for NSM and SM and consideration of the recommended literature, 5-15 µg 

NSM and 10-20 µg SM was utilized in subsequent studies.  
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Figure 2.4 Representative respiration profiles of non-synaptosomal mitochondria assay as a 

function of protein density. Non-synaptosomal mitochondria were isolated from mouse whole 

brain using a Percoll gradient and following centrifugation, protein content was quantified by 

BCA assay. Amounts of protein between 1.25 µg to 40 µg were examined by using Seahorse 

XF24 analyzer to measure oxygen consumption rate (OCR) following (A) ADP, (B) oligomycin 

A, (C) CCCP, and (D) antimycin A. 
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Figure 2.5 O2 profile during oxygen consumption of NSM as a function of protein density. 

NSM were isolated from mouse whole brain using a Percoll gradient and following 

centrifugation, protein content was quantified using a BCA assay. Amounts of protein between 

1.25 µg to 40 µg were examined by using Seahorse XF24 analyzer to measure  O2 concentrations 

via XF 24 analyzer while measuring OCR following (A) ADP, (B) oligomycin A, (C) CCCP, 

and (D) antimycin A. 
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Drug and substrate titrations 

In addition to mitochondrial density assay, the concentrations of the various drugs used to 

accurately measure mitochondrial bioenergetics were optimized. Three drug class were tested 

including uncouplers of mitochondrial energy State IIIµ, substrates, and storing buffer or 

dissolving solutions.  

 

Uncouplers: FCCP, CCCP 

Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) are protonophores that uncouple mitochondrial 

oxidative phosphorylation by translocating protons from intermembrane space into the matrix of 

the mitochondria, thereby dissipating electrochemical potential. These drugs are weak lipophilic 

acids, which can be in anionic or protonated forms (Figure 2.6). The ionic forms of the 

compounds are able to pass the membrane through delocalization of charges by conjugated 

resonance structures.  Therefore, addition of FCCP or CCCP causes depolarization of the 

mitochondria and allows the ETC to fully turn on regardless of ATP synthase activity, ADP 

concentration, or oxphos capacity. Therefore, FCCP or CCCP addition allows for estimation of 

the ETS capacity. 

The difference between State IIIu maximum respiration induced by uncouplers such as 

CCCP and FCCP, and basal respiration represents spare respiratory capacity. State IIIu also 

represents electron transfer system capacity (ETS capacity) of non-coupled state of 

mitochondria. This represents the maximum flux capacity of the ETS and membrane potential in  

an open-proton-circuit operation of the mitochondrial transmembrane. In viable mitochondria, 

ETS capacity represents functionality of inner membrane bound ETC as well as transporters 
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within the membrane, TCA cycle and mitochondrial enzymes that are involved in mitochondrial 

respiration.   



84 
 

 

 

Figure 2.6 Molecular structures of carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 

and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP). CCCP and FCCP is 

uncoupler. The drugs can be utilized to investigate mitochondrial maximum spare respiration 

(respiratory energy State IIIµ).  
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On the other hand, oxphos capacity is assessed by ADP-stimulated mitochondrial 

respiration in the presence of the substrates and this is a partial coupled state. The proton 

gradient formed by ETC is utilized to convert ADP to ATP, and the ability of the ETC to 

generate ATP in given condition is the oxphos capacity. The proton gradient drives ATP 

synthase in normal mitochondria, but it also creates a leak due to the high backpressure created 

by protons in the intermembrane space. Also, the state of oxphos capacity causes a dyscoupled 

respiration state, which is pathological. When ETS capacity is higher, the ability to generate 

proton motive force is higher than oxphos capacity. However, the difference between the oxphos 

capacity and ETS capacity is not clearly understood and depends on substrates and substrate 

combinations. Keeping this in mind, CCCP correction optimization was conducted. 

CCCP was titrated from 0.4 to 4 µM and OCR were measured in 20 µg SM. OCR 

increased incrementally with CCCP concentrations of 0.4 µM to 2 µM. After reaching the 

maximum OCR of State IIIµ with 2 µM, OCR decreased with the higher 3 and 4 µM CCCP 

(Figure 2.7). Maximum OCR mitochondrial respiration was attained with 2 µM CCCP. 

Moreover, 0.8 and 2 µM had the highest RCR’ (Table 2.2).  Both 0.8 and 2 µM CCCP resulted 

in the maximum RCR’ of 6.2 and 6.1, so either can be optimum CCCP concentrations to 

measure OCR of State IIIµ. On the other hand, mitochondrial respiration was decreased with 

higher CCCP concentrations in the 3 and 4 µM ranges.  This is likely due to either limited   



86 
 

 

 

 
Figure 2.7 Representative respiration profiles of SM with incubation with concentrations of 

0.4, 0.8, 1, 2, 3, or 4 µM CCCP injected at Time B. SM were isolated from mouse whole brain 

using Percoll gradient and centrifugation, and quantified by Bradford protein assay. Ten µg SM 

respiration was examined by using Seahorse XF24 analyzer measuring OCR: injection port A: 

oligomycin, injection port B: ● indicates CCCP 0.4 µM, ● indicates CCCP 0.8 µM, ● indicates 

CCCP 1 µM, ● indicates CCCP 2 µM, ● indicates CCCP 3 µM, ● indicates CCCP 4 µM and 

injection port C: rotenone. 
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CCCP µM OCR state IIIu OCR state IVo RCR’ 

0.4 83 42 2 

0.8 222 36 6.2 

1 227 48 4.7 

2 256 42 6.1 

3 212 37 5.7 

4 151 35 4.3 

 

Table 2.2 Respiratory control ratios (RCR’) of SM following with incubation with 

concentrations of 0.4, 0.8, 1, 2, 3, or 4 µM CCCP. SM were isolated from mouse whole brain 

using Percoll gradient and centrifugation, and quantified by Bradford protein assay. Ten µg SM 

respiration was examined by using Seahorse XF24 analyzer measuring OCR. RCR’ was 

calculated by OCR of State IIIµ/ State IVo. 



88 
 

oxygen availability in the micro-chambers created by Seahorse XF analyzer, limited substrate 

availability, or toxicity caused by CCCP. O2 concentration data shown in Figure 2.8 indicates 

that despite CCCP concentrations ranging from 0.4 to 4 µM, O2 concentrations in the micro-

chambers were consistent. Therefore, oxygen availability was not the limiting factor for OCR 

using higher concentration of CCCP.  Accordingly, there may not be sufficient substrate for ETC 

to attain electrons to consume oxygen at higher rates anticipated with the use of higher CCCP 

concentrations. Alternatively, this may be due to toxicity of CCCP on mitochondria. 

Nevertheless, OCR measured by treating with higher CCCP concentrations than 2 µM do not 

accurately represent maximum respiratory capacity of the mitochondria.  This suggests that 2 

µM CCCP can maximize ETC in SM and maximum reserve respiration can be measured using 

this CCCP concentration. Similar to CCCP, optimum concentrations ADP and FCCP were 

measured for accurate maximum respiratory capacity for SM and NSM. In the experiments 

described in this dissertation, for 15 µg NSM, 2 µM CCCP was utilized and for 20 µg SM, 2.5 

µM CCCP or 3µM FCCP was utilized for the mitochondrial bioenergetics assays.    
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Figure 2.8 Representative oxygen concentrations of SM treated with 0.4, 0.8, 1, 2, 3, or 4 

µM CCCP injected at Time B. SM were isolated from mouse whole brain using Percoll 

gradient and centrifugation. Isolated SM were quantified by Bradford protein assay. Ten µg SM 

were examined for oxygen concentration using Seahorse XF24 analyzer: injection port A: 

oligomycin, injection port B: ● indicates CCCP 0.4 µM, ● indicates CCCP 0.8 µM, ● indicates 

CCCP 1 µM, ● indicates CCCP 2 µM, ● indicates CCCP 3 µM, ● indicates CCCP 4 µM and 

injection port C: rotenone. 
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Substrates: Pyruvate/malate, HEPES, DMSO 

In preliminary optimization studies, State IIIu was small due to little OCR induction 

following CCCP in isolated mitochondria. This may be due to unhealthy mitochondria that were 

uncoupled before uncoupler treatment.  Alternatively, this could be due to other factors such as 

substrate availability.  To determine if this is the case, pyruvate and malate titrations were 

investigated on mitochondrial bioenergetics using various ratios of pyruvate/malate including 2.5 

mM pyruvate / 1.25 mM malate, 5 mM pyruvate / 2.5 mM malate, 7.5 mM pyruvate / 3.75 

malate and 10 mM pyruvate / 5 mM malate using the Seahorse XF analyzer.  

As shown in Figure 2.9, basal and maximum respiratory capacities increased as a 

function of pyruvate/malate concentrations. NSM with no Pyruvate/Malate added group had 0 

OCR when normalized to background.  Basal OCR gradually increased as pyruvate and malate 

concentrations were increased. Figure 2.10 represents linear relationship between basal 

respiration and pyruvate and malate substrate concentrations. NSM OCR following treatment 

with 2.5-7.5 mM pyruvate / 1.25-3.75 mM malate had similar basal respiration and were in the 

range of 100 to 200 pMoles per minute (Rogers et al., 2011).  Five mM pyruvate / 2.5 mM 

malate generated the highest maximal respiratory capacity following FCCP treatment among all 

the different substrate concentrations, and this substrate concentration was utilized for 

subsequent studies. These results also confirm the presence of healthy mitochondria in our tissue 

preparations.  
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Figure 2.9 Representative respiration profiles of NSM following treatment with various 

concentrations of pyruvate and malate. NSM were isolated from mouse whole brain using 

Percoll gradient and centrifugation, and protein was quantified by BCA assay. OCR was 

measured using 5 µg NSM using Seahorse XF24 analyzer: injection Port A: ADP 500 µM, 

injection Port B: oligomycin 3 µM, injection Port C: FCCP 2µM and injection Port D: 

Antimycin A 4 µM. ● indicates pyurvate/malate 0 mM, ● indicates pyruvate 2.5 mM / malate 

1.25 mM, ● indicates pyruvate 5 mM /malate 2.5 mM, ● indicates pyruvate 7.5 nM / malate 3.75 

mM, ● indicates pyruvate 10 mM / malate 5 mM.  
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Figure 2.10  Correlation between basal respiration and pyruvate/malate substrate 

concentrations in NSM. Values represent the means  1 SEM of OCR of NSM treated with 

various concentrations of pyruvate/malate. (n = 3)  
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In the bioenergetics assay, pyruvate, malate and ADP are dissolved in 20 nM HEPES and 

oligomycin, CCCP, FCCP, rotenone and antimycin A are dissolved in DMSO. HEPES (4-(2-

hydoxyethyl)piperazine-1-ethane-1-sulfonic acid) is a zwitterionic organic molecule with both 

positive and negative charges (Figure 2.11) that is widely used as buffer to maintain 

physiological pH, especially in the range of pH 6.0 to 8.5. This buffering effect may interfere 

with Seahorse XF analyzer probes measuring ECAR and pH in addition to interacting directing 

with CCCP and FCCP. Dimethyl sulfoxide (DMSO) is a polar aprotic solvent that is used to 

dissolve a wide range of both polar and non-polar organic compounds.  Accordingly, DMSO can 

help mix non-polar organic compounds and water. DMSO does not have an acidic hydrogen 

center and can accept hydrogen bonds, and can easily be reduced and oxidize other compounds. 

Therefore, DMSO could interfere with the Seahorse XF analyzer probes, and can also be toxic to 

mitochondria by dissipating proton gradients in high concentrations. Therefore, effects of 20 mM 

HEPES and 0.1% DMSO on mitochondrial bioenergetics was investigated. The results showed 

that neither HEPES or DMSO altered bioenergetic OCR profiles in NSM (Figure 2.12).   
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Figure 2.11 Chemical structures of 4-(2-hydoxyethyl)piperazine-1-ethane-1-sulfonic acid 

(HEPES) and dimethyl sulfoxide (DMSO) (Santa Cruz Biotechnology, 2007; Santa Cruz 

Biotechnology, 2007)
 
Sigma-Aldrich, 2014) 
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Figure 2.12 Representative OCR of NSM with HEPES/DMSO non-corrected, DMSO 

corrected, HEPES corrected, HEPES/DMSO corrected. NSM were isolated from mouse 

whole brain using Percoll gradient and centrifugation. Isolated NSM were quantified by BCA 

protein assay. 5 µg NSM were examined for oxygen concentration by using Seahorse XF24 

analyzer: injection port A: ADP, injection port B: oligomycin, injection port C: ● indicates 

HEPES/DMSO non-corrected, ● indicates DMSO corrected, ● indicates HEPES corrected, ● 

HEPES/DMSO corrected, and injection port D: Antimycin A.  
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Flow cytometry 

Twenty μg of isolated SM were added to 1 mL of staining buffer containing 200 nM 

MitoTracker
TM 

Green (Invitrogen, cat. no. M-7514) or 500 nM tetramethylrhodamine ethyl ester 

perchlorate (TMRE, Sigma-Aldrich Cat. No.  87917) in KCl assay buffer (125 mM KCl, 20 mM 

HEPES, 4 mM MgCl2 and 2 mM KH2PO4, pH 7.4) supplemented with 5 mM pyruvate / 2.5 mM 

malate and immediately incubated for 5 min at room temperature. Two µM FCCP was used as a 

positive control for mitochondrial depolarization. The fluorescent dyes in isolated SM were 

analyzed with FACS analyzer (BD Biosciences). The MitoTracker
TM 

Green positive 

mitochondria were measured by FITC (at 488 to 520 nm) and TMRE positive mitochondria were 

measured by PE (at 488 to 575 nm). The FACS data were analyzed using the FlowJo (Tree Star, 

Ashland, OR) software.  

 

Transmission electron microscopy (TEM) 

Isolated synaptosomes were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 

KCl mitochondria buffer (125 mM KCl, 20 mM HEPES, 4 mM MgCl2, 2 mM KH2PO4, pH 7.4), 

for 1 h at RT. Samples were washed with 0.1 M sodium cacodylate buffer (pH 7.4).  Samples 

were post fixed for 30 min with 1% OsO4 in ddH2O, treated with 0.2% tannic acid in ddH2O for 

10 min, and washed in ddH2O. After the last wash, samples were dehydrated in an acetone series, 

infiltrated and embedded in Spurr’s resin, and cured at 65°C for approximately 48 h (Spurr, 

1969). Samples were trimmed and sectioned into 85 nm thin sections (or to a silver-gold color), 

collected on copper grids, stained with 0.2% Reynold’s lead citrate and 2% uranyl acetate, and 

imaged with a JEOL100 CXII transmission electron microscope (Reynolds, 1963). A rastering 
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pattern, an image is chosen in random pattern of strips such as sine wave, was used to image 

synaptosomes within a random grid opening and analysis of the images was completed 

 

Confocal microscopy 

Perfusion 

  Mice were anesthetized with ketamine:xylazine (26.6 mg/kg : 4 mg/kg; ip) and perfused 

with 0.09% saline followed by 4% paraformaldehyde via a transcardial approach. After 

successful fixation, mice were decapitated and the brains were removed. The whole brains were 

stored in 4% paraformaldehyde solution overnight and in 20% sucrose in 0.1 M phosphate buffer 

saline for an additional day.  

Preparation of Brain Tissue and Immunohistochemistry 

Brains in 20% sucrose were sectioned to 20 μm thick at -20°C using a cryostat. Sections 

of the MBH and ventral midbrain regions were obtained and immunohistochemistry was 

performed. The sections were washed with phosphate buffer (PB) followed by 0.05M TBS-TX 

(pH 7.4). The sections were blocked with 5% bovine serum albumin for 1 h and incubated with 

1:500 COX IV (goat monoclonal), 1:2000 TH (rabbit monoclonal) in TBS-TX overnight. 

Sections were washed with PB-TX and incubated with secondary antibodies 1:500 Alexa Fluor 

594 donkey anti-goat IgG (Invitrogen, A11058), 1:500 Alexa Fluor 350 donkey anti-rabbit IgG 

(Invitrogen, A10039) for 1 h in room temperature. After rinsing with PB, sections were mounted 

on glass slides with Prolong Gold antifade reagent. 

Fluorescent confocal microscope analysis 

 COX-IV was measured using an Alexafluor 594 filter set at 575 to 675 nm, GFP-LC3 

using a EGFP filter set at 500 to 545, and TH using a Alexafluor 405 filter set at 425 to 
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475nm using Olympus FluoView Rv1000 confocal microscope. The threshold was set by 

background as complete blue in Hi/low setting. TH was set as threshold depending on day of the 

image taken or due to tissue variance threshold was set depending on the images. Percent 

mitochondrial distribution in TH+ cells was calculated by dividing pixels colocalized with TH 

and Cox IV by pixels with TH, and represented as a percent value. The colocalization of 

mitochondria and TH+ neurons are analyzed using FV1000 ASW software. Mitochondria 

colocalized with autophagosomes in TH+ neurons were analyzed by Fiji coloc_2 with image J. 

Using image J, TH+ neurons were masked by converting TH+ fluorescent signal as 225 and 

background as 0, and only TH+ pixels were analyzed for colocalization by comparing Pearson 

Coefficients by Fiji Coloc_2 (Pompey et al., 2013). PSF was estimated using equation , where 

 was 450 for Alexafluor 405, 522.5 for EGFP, and 625 for Alexafluor 594. NA is the numerical 

aperture of the objective (NA of water-immersion 40x objective = 1.30, NA of oil-immersion 

60x = 1.42). A blinded experimenter collected images. 

 

Stereotaxic surgery 

 Mice were anesthetized using ketamine: xylazine (133mg/kg: 20mg/kg; s.c.) and analgesics 

ketoprofen (5 mg/kg) and placed onto the stereotaxic frame by ear bars (Mice were pinched at 

plantar aspect of the feet to make sure they are fully anesthetized). The surgical site was 

thoroughly cleaned three times with alcohol and Betadine swab in circular pattern along the 

incision line. The skulls were exposed by the single incision of the tissue overlying the skull. The 

skulls were drilled about 2mm hole with Dremel drill and parkin-AAV (250 nl of 5.9 x 10
12

 

vg/ml) was injected unilaterally or bilaterally depending on the experiments following 

coordinates from Bregma: rostro-caudal -3.7 mm, medio-lateral -1.4 mm or ± 1.4 mm, and 
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dorso-ventral -4.9 mm. Virus was injected two times using automated micropump with 50 nl/min 

rate via Hamilton syringe (Hamilton, Reno, NV) with a 30 gauge blunt-tip needle and needle was 

placed for additional 5 min to prevent reflux of the injected virus. The hole in the skull was filled 

with sterile bone wax and the skin closed by surgical staples. Mice were treated with a triple 

antibiotic ointment (Bacitracin 400 units, neomycin sulfate equivalent to 3.5 mg of neomycin 

base, polymyxin B sulfate 5000 units) and kept on heating pads during entire procedure till their 

awake and returned back to their cages. Analgesics ketoprofen 10 unit injected sc 24 h after the 

surgery and monitored every day for signs of infection or stress.  

 

High performance liquid chromatography coupled with electrochemical detection (HPLC-EC) 

analysis 

Frozen SM were thawed and sonicated with 3 one-sec bursts (Sonicator Cell Disruptor, 

Heat Systems-Ultrasonic, Plainview, NY, USA). The samples were centrifuged at 18,000 rpm 

for 5 min and the 50 µl supernatants were collected with addition of tissue buffer in a final 

volume of 65  l. Level of DA and NE in the supernatants was measured by HPLC-EC (Lindley 

et al., 1990); detector potential set at -0.40 V and the mobile phase: 20 % methanol, pH of 2.64, 

beginning concentration of 0.020 % sodium octyl sulfate to optimal resolution. The DA and NE 

content in the ST- and MBH-derived SM were determined by comparison of peak height values 

(Hewlett Packard Integrator, Model 3395) with those of external standards. Quantification of the 

protein content of the pellet samples was attained using a BCA assay. 

 

Western blot electrophoresis 

 The region of interest was dissected from the mice brain and sonicated in the tissue lysis 
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buffer (1% SDS, 0.1mM PMSF, 1mM DTT, protease inhibitor cocktail tablets (Roche 

Diagnostics, Mannheim, Germany) in TBS buffer, pH 7.4). The samples were centrifuged at 

12,000g for 5 min and supernatants were collected. Based on BCA assay of the supernatants, 15 

- 20 µg of samples were prepared for western blot by adding with loading buffer with 5% β-

mercaptoethanol and boiled at 100°C for 5 min (Noble and Bailey, 2009). Equal amount of 

samples were run on 4-20% precast polyacrylamide gels (10% Bio-Rad, Hercules, CA, USA) for 

90 V for 30 min, 130 V for 40 min and wet transfer at 70 V for 45 min in activated immobilon-

FL PVDF membranes (Millipore, Billerica, MA).  Membranes were dried for 1 hour and blocked 

with 50% Odyssey blocking buffer (ref) and incubated with primary antibody overnight or for 1-

4 h at room temperature.  

 Primary antibodies were diluted in optimal concentrations as Table 2.3 with BSA blocking 

buffer. Membranes are washed 4 times for 5 min with PBS-T (0.1 % Tween 20) and incubated 

with secondary antibodies for 1 h in the dark. The secondary antibodies, HRP-conjugated anti-

rabbit (1:1000) or anti-mouse (1:3000) or anti-goat (1:3000; Cell Signaling) were diluted in 

concentrations following Table 2.3 in BSA buffer. Membranes are washed for 4 times with PBS-

T for 5 min in the dark and finally rinsed with PBS. The samples on the membranes were 

visualized and quantified by SuperSignal West Femto Chemiluminescent Substrate (Thermo 

Scientific, Rockford, IL) using Odyssey Fc Infrared Imaging system (Li-Cor, Lincoln, NE).  In 

order to minimize variability due to experimental process, the samples were loaded in equal 

amount and normalized to GAPDH (G8795, 1:5000, Sigma).  
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Antibody  dilutions  source  company  

Parkin  1:1000  mouse  Millipore  

TH  1:2000  rabbit  
Millipore 

(Ab152)  

Cox IV  1:200  goat  
Santa cruz  

(sc-69359)  

GAPDH  1:5000  mouse  Sigma (G8795)  

Rabbit HRP  1:1000  goat  
Cell signaling 

(7074)  

Mouse HRP  1:3000  horse  
Cell signaling 

(7076)  

Goat HRP  1:3000  donkey  
Santa cruz  

(sc-2020)  

Table 2.3 Description of the antibodies. Source, company, and dilution used for Western blot 

are described in table. TH: tyrosine hydroxylase, Cox IV: cytochrome c oxidase IV, GAPDH: 

Glyceraldehyde 3-phosphate dehydrogenase. 
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Statistics  

One-way analysis of variance (ANOVA) tests were used to make statistical comparisons 

among two or more groups with single independent variable using SigmaPlot 12.0. Two way 

ANOVA equal variant test was performed to compare the samples with three or more 

independent variables and Tukey’s and Holm-Sidak test were utilized for all pairwise multiple 

comparison tests. Multiple non-parametric groups were statistically analyzed by Kruskal Wallis 

multiple comparison test or converted to parametric value by equation ASIN(SQRT(% 

value/100)). For comparing the two parametric groups with equal variance, t-test was performed 

in two-tailed distribution. The statistical difference with probability of error 0.05 or less is 

considered statistically significant.  A power analysis was performed using expected inter-group 

difference of 23 % for ANOVA and an α of 0.05. Sample size of 5 yields a power of 0.98 for the 

mitochondrial bioenergetics end points.  Sample size of 3, flow cytometric analysis yields power 

of 1.00 with 20% group difference. Sample size of 4, TEM analysis yields power of 0.81 with 

18% group difference. Investigators performing endpoint assays for flow cytometry, TEM, and 

confocal microscope were blinded to treatment group. 
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Chapter 3: Mitochondrial functional and structural differences in NSDA and 

TIDA neurons in WT mice  

 

Introduction 

PD is a progressive movement disorder associated with resting tremor, rigidity, and 

bradykinesia. PD is the second most common neurodegenerative disease, affecting more than a 

million people, with a prevalence of 13.4 per 100,000 people a year in the United States (Eeden 

et al., 2003). One hallmark pathological feature of PD is NSDA neuronal degeneration.  In 

contrast, hypothalamic TIDA neurons are relatively unaffected in PD (Matzuk et al., 1985; 

Langston et al., 1978; Jellinger and Kurt, 1991; Braak and Braak, 2000). NSDA neurons, located 

in the SNpc of the ventral midbrain, terminate in the ST and modulate the function of the basal 

ganglia motor control circuit (Albin, 1989). TIDA neurons, located in the ARC, project to the 

median eminence of the MBH and regulate anterior pituitary prolactin secretion (Moore et al., 

1987).  

Mitochondrial dysfunction may play a role in determining NSDA neuronal susceptibility 

in PD.  The differential susceptibility of TIDA and NSDA neurons in PD is also observed 

following exposure of mice to the mitochondrial toxin MPTP (Behrouz et al., 2007; Benskey et 

al., 2012). MPTP binds to mitochondrial Complex I (NADH dehydrogenase) and impairs the 

ETC resulting in depletion of ATP and increased oxidative stress (Sherer et al., 2002; Dawson 

and Dawson, 2003; Cleeter et al., 1992). There are decreases in mitochondrial Complex I activity 

in SN, platelets, and skeletal muscle of PD patients (Schapira et al., 1989; Mizuno et al., 1989; 

Krige et al., 1992; Bindoff et al., 1991). Systemic administration of the mitochondrial Complex I 

inhibitor, rotenone, causes NSDA neuronal degeneration in mice (Cannon, 2009). Mitochondrial 
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dysfunction is also involved in familial PD linked to mutations in parkin, PTEN-induced kinase I 

(PINKI), DJ-1, α-synuclein, and leucine-rich-repeat kinase 2 (LRRK2) (Dodson and Guo, 2007; 

Devi L, 2008; Albrecht, 2005).  

It is plausible that differences in mitochondrial maintenance may play a role in 

susceptibility of TIDA and NSDA neurons to injury and degeneration.  In this study, 

characteristics of mitochondria in synaptosomes, isolated from brain regions containing axon 

terminals of NSDA and TIDA neurons, were evaluated in WT mice. Synaptosomes derived from 

ST have diminished mitochondrial bioenergetics, mass, and membrane potential compared with 

those derived from the MBH. These deficits were associated with fewer mitochondria and 

mitophagosomes in TH immunoreactive neurons of the SNpc as compared with the ARC. These 

results suggest that differences in mitochondrial functional capacity play a role in differential 

susceptibility of NSDA versus TIDA neurons.  

 

 Results 

Differential mitochondrial bioenergetics in synaptosomes from MBH and ST in WT mice 

When mice are acutely treated with the mitochondrial Complex I inhibitor, MPTP, in 

vivo, TIDA neurons terminating in the ME recover within 24 h, whereas NSDA neurons 

projecting to the ST remain disrupted (Schapira et al., 1989). This pattern of response to MPTP 

reflects a differential susceptibility of these neurons to toxin-induced mitochondrial impairment. 

In this study, differential mitochondrial bioenergetics of synaptosomes derived from NSDA (ST) 

and TIDA (MBH) axon terminal regions in WT mice were measured. SM were isolated from ST 

and MBH of WT mice following the procedures described in Chapter 2, Section 2.3 and 

mitochondrial bioenergetics, OCR and ECAR were measured using Seahorse XF24 analyze as 
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described in Chapter 2, Section 2.4. Mitochondrial respiration was investigated by measuring 

OCR of these synaptosomes. Basal respiration of ST- and MBH-derived SM was not statistically 

different (Figure 3.1A). Basal respiration of ST-derived SM was 177 ± 34 (pmoles/min) and 

basal respiration of MBH-derived synaptosomal mitochondria was 147 ± 33 (pmoles/min). 

However, maximum respiration, measured by changes in OCR following treatment with FCCP, 

in MBH-derived SM (915 ± 27 pmoles/min) was higher than in ST-derived SM (719 ± 31 

pmoles/min). Moreover, spare respiration of MBH-derived SM was (749 ±57 pmoles/min) 

higher than ST-derived SM (540 ± 50 pmoles/min).   

As one of the possible glycolysis markers ECAR was determined (Wu et al., 2006; Gohil 

et al., 2010). Basal ECAR was similar in ST-derived SM (5.2±0.7) and MBH-derived SM 

(7.0±1.0) (Figure 3.1B). When mitochondrial ETC was inhibited by rotenone, ECAR increased, 

but there was no difference between SM derived from these two brain regions. When the 

mitochondrial proton gradient was dissipated by FCCP, ECAR was further increased in both ST- 

and MBH-derived SM.  
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Figure 3.1. Comparison of ST- and MBH-derived SM bioenergetics  in WT mice. Panel A, 

Oxygen consumption rate (OCR) of  ST- and MBH-derived SM. Basal, maximum, and  spare 

respirations were measured using a Seahorse XF24 analyzer. Panel B, Extracellular acidification 

rate (ECAR) of ST- and MBH-derived SM. ECAR of ST- and MBH-derived SM were measured 

in the presence of 5 mM pyruvate/2.5 mM malate, mitochondrial Complex I inhibitor (rotenone 

2.5 µM), and uncoupler (FCCP 3 µM) using a Seahorse XF analyzer. In each assay, 20 µg of SM 

was used and the respiratory control ratio (RCR) was greater than 3. White columns represent 

OCR or ECAR of synaptosomal mitochondria from ST (n=5). Black columns represent OCR or 

ECAR of synaptosomal mitochondria from MBH (n=5). Error bars represent  + 1 SEM. In Panel 

A, * indicates OCR of maximum and spare respirations in MBH are significantly different (p < 

0.05) from those of ST. In Panel B, * indicates ECAR of FCCP and rotenone are significantly 

different (p < 0.05).  
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Flow cytometric analysis of SM from ST and MBH in WT mice  

Flow cytometric analysis of ST- and MBH-derived SM in WT mice was performed to 

investigate the underlying reason for differential mitochondrial maximum and spare respiratory 

capacities between the ST and MBH. The mitochondrial mass in synaptosomes representing 

mitochondrial density in axon terminals was measured in synaptosomes (20 μg) from each brain 

region using MitoTracker Green. This fluorescent dye enters and labels mitochondria 

independent of membrane potential while another fluorescent dye, TMRE, enters mitochondria 

depending on membrane potential (Pendergrass, 2004). The synaptosomal population from both 

brain regions is comprised of synaptosomal structures that have similar size/volume (forward 

scatter) and inner complexity/granularity (side scatter) (Figure 3.2A). The histogram of FITC-A 

for MBH-derived SM showed a right shift of the green fluorescence relative to ST-derived SM 

(Figure 3.2B), suggesting greater mitochondrial mass in MBH-derived SM as compared with 

ST-derived SM in WT mice. Similar to Mitotracker Green, the histogram of PE-A for MBH-

derived synaptosomes showed a right shift of the red fluorescence relative to ST-derived 

synaptosomes, suggesting greater mitochondrial membrane potential in MBH-derived SM as 

compared with ST-derived SM (Figure 3.2C). A 35 % increase in MitoTracker Green 

fluorescence and a 30 % increase in TMRE fluorescence were observed in synaptosomes derived 

from MBH, compared to synaptosomes derived from ST (Figure 3.2D).  
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Figure 3.2. Flow cytometric comparison of ST- and MBH-derived SM mass and membrane 

potential in WT mice. Panel A, Scatter plot of synaptosomes by forward and side scatter. 

Forward scatter (FSC) indicates size and volume. Side scatter (SSC) indicates complexity and 

granularity. Panel B, Representative histogram of MitoTracker Green showing a right shift of the 

green fluorescence toward a higher mode of MitoTracker Green signal relative to the ST derived 

SM. Panel C, Representative histogram of TMRE showing a right shift toward a higher TMRE 

signaling in SM derived from MBH compare to those derived from ST. Panel D, Quantitative 

representation of MitoTracker Green and TMRE presence in ST- and MBH-derived SM. Flow 

cytometric assessment of SM mass and membrane potential were performed using fluorescent 

dye MitoTracker Green and TMRE. Twenty µg SM were examined for mitochondrial mass and 

membrane potential by flow cytometry. The error bar is +1 standard error of the mean. White 

columns represent ST-derived synaptosomes and black columns represent of MBH-derived 

synaptosomes in WT mice (n=3) and verticle lines + 1 SEM. * indicates mitochondrial mass or 

membrane potential of ST-derived SM that are significantly different (p < 0.05) from MBH-

derived SM in WT mice. 
 

D 
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HPLC analysis of DA in synaptosomes derived from the ST and MBH 

HPLC-EC analysis measured DA concentrations in synaptosomes derived from both the 

ST (46 ±8 ng/mg) and MBH (7.1 ±1.1 ng/mg), whereas the secondary DA metabolite 

homovanillic acid (HVA) was not detected.  Since generation of HVA is dependent on glia-

derived enzymes, the lack of detectable HVA in the synaptosomes indicates little, if any, glial 

contamination in the preparations. The synaptosomes are derived from neurons, but not all 

synaptosomes are of DA neuronal origin exclusively. Mitochondrial flow cytometric sorting of 

the synaptosomes derived from ST of GFP-TH mice revealed about 20% of the synaptosomes 

contained GFP-TH. TH is the rate limiting step for DA synthesis and is a phenotypic marker for 

DA neurons.  

 

Confocal analyses of mitochondrial in DA neurons from SNpc and ARC  

Analysis of mitochondria colocalized with TH immunoreactive neurons in situ was 

performed using confocal microscopy. Coronal sections through the ventral midbrain and MBH 

were immunohistochemically stained for TH using frontal brain sections selected at -3.16 mm 

and -1.46 mm relative to Bregma for SNpc and ARC, contain the cell bodies of the TIDA and 

NSDA neurons, respectively (Figures 3.3A and 3.3B).  TH was labeled with a secondary 

antibody linked to Alexafluor 405 and visualized as blue. Mitochondria were labeled with Cox 

IV and a secondary antibody linked to Alexafluor 594 and visualized as red.  

Fluorescent intensities of TH and COX IV are represented in scatter plots (Figures 3.4A 

and 3.4B). The X axis represents fluorescent intensity of TH and the Y axis represents 

fluorescent intensity of COX IV. The lower left quadrant represents background below the 

threshold of TH and COX IV. The lower right quadrant represents TH immunoreactive neurons 
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without detectable mitochondria, whereas the upper left quadrant represents mitochondria 

colocalized with cells that are not immunoreactive to TH. The upper right quadrant represents 

mitochondria colocalized with TH immunoreactive neurons. The mitochondria were quantified 

and expressed as a percentage of total TH immunoreactive neurons. The fluorescent intensity of 

COX IV colocalized with TH immunoreactive neurons in ARC was higher than in SNpc. This 

was consistent with a higher density of mitochondria in TIDA neurons than in NSDA neurons 

(Figure 3.4C). 
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Figure 3.3.  Comparison of mitochondrial content in DA neurons in SNpc and ARC. 

Confocal microscopic single plane focal image of SNpc (Panel A) and ARC (Panel B). GPF-LC3 

mice were perfused with fixative and brains were isolated and cut into 20 µm slides for 

immunohistochemistry. Percent mitochondrial distribution in TH-immunoreactive neurons was 

performed in SNpc and ARC. SNpc regions were selected using region of interest (ROI) to avoid 

the ventral tegmental area. Blue staining represents TH neurons and red staining indicates COX 

IV staining of mitochondria.  
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Figure 3.4.  Scatter plot of TH and COX IV fluorescent intensity in SNpc and ARC. Panel A, 

SNpc, Panel B, ARC. Y axis indicates fluorescent intensity of COX IV and X axis indicates 

fluorescent intensity of TH. The upper quadrant indicates colocalized mitochondria in TH 

neurons, the lower left quadrant indicates the background, the lower right quadrant indicates 

population of TH neurons without mitochondria, and upper left quadrant indicates mitochondria 

in non-TH neurons. Panel C, Representative bar graph of COX IV colocalized with TH in SNpc 

and ARC. Mitochondria were quantified from the scatter plot upper right quadrant and the 

percent distribution of these mitochondria within TH neurons was measured. Percent values were 

converted to parametric value by ASIN(SQRT(% value/100)). The error bar is +1 standard error 

of the mean. * indicates mitochondrial colocalized with TH in SNpc is significantly different (p 

< 0.05) from in ARC. 
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Mitophagosome measurements in DA neurons from SNpc and ARC  

Mitochondrial dynamic process maintains mitochondrial homeostasis by fusion, fission, 

and mitophagy. Damaged mitochondria are removed by autophagy (Green and Houten, 2011). 

Mitophagy, autophagy of mitochondria, was assessed by immunohistochemical colocalization of 

mitochondria with autophagosomes (mitophagosomes).  In this study, mitophagosomes were 

measured in NSDA and TIDA neurons in SNpc and ARC, respectively, using GFP-LC3 mice. 

Microtubule-associated protein 1A/1B-light chain 3 (LC3) is an autophagic marker. 

Mitochondrial protein, COX IV and DA phenotypic marker, TH was immunohistochemically 

stained. TH immunoreactive neurons were visualized as blue (Alexafluor 405), mitochondria 

were visualized as red (Alexafluor 594), and autophagosomes were visualized as green punctate 

structures. GFP-LC3 is a cytosolic protein visualized as diffused green in the cells. When 

autophagy is activated, GFP-LC3 is a membrane-bound component of autophagosomes, forming 

green punctate structures (Figure 3.5A SNpc and Figure 3.5B ARC). The colocalization of 

COX IV and GFP punctate in TH immunoreactive neurons located in SNpc and ARC were 

compared using the Pearson Coefficient (PC), which ranges from 0 to 1. PC values represent 

how likely the two fluorescent signals colocalize with each other, with 1 representing the highest 

likelihood of colocalization. The PC was higher in ARC compared to SNpc, indicating 

mitochondria were more likely to colocalize with autophagosomes in TIDA neurons in ARC 

compared to NSDA neurons in SNpc (Figure 3.5C).  
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Figure 3.5. Comparison of mitochondrial colocalization with autophagosome in DA 

neurons in SNpc and ARC. Confocal microscopic single plane focal image of SNpc (Panel A) 

and ARC (Panel B). Blue represents TH immunoreactive neurons, autophagosomes were 

visualized as green punctuate structures (arrows) and red indicates Cox IV stained mitochondria. 

(Panel C) Pearson coefficient of mitochondrial colocalization with autophagosomes in TH 

immunoreactive cells in SNpc and ARC. Pearson coefficient values of colocalization between 

mitochondria and autophagosomes were measured using Fiji with image J software. Using image 

J, TH immunoreactive neurons were masked and pixels with TH immunoreactive neurons were 

analyzed for colocalization using Fiji Coloc_2. The error bar is +1 standard error of the mean. 

The statistical difference with probability of error 0.05 or less is considered statistically 

significant.  
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Transmission electron microscopy analysis of SM-derived from ST and MBH in WT mice 

 Bioenergetics, flow cytometric and confocal microscopic analysis represent overall quality 

and quantity of mitochondria in ST- and MBH-derived synaptosomes.  To investigate the 

ultrastructural integrity of mitochondria, individual mitochondrial morphology was visualized by 

transmission electron microscopy. Visualized mitochondrial morphology was semi-quantified to 

evaluate mitochondrial function using Flameng grading (Sun et al., 2012; Flameng, 1980). The 

Flameng score evaluates mitochondrial function based on the morphology with an ordinal scale 

of 1 through 5; 1 represents mitochondria with disrupted membranes and broken cristae, 2 

represents mitochondria with broken cristae but intact membranes, 3 represents swollen 

mitochondria with clear matrixes with intact cristae and membranes, 4 represents intact 

mitochondria, 5 represents intact mitochondria with granules (clusters of ions) (Figure 3.6).  
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Figure 3.6. Description of transmission electron microscopy analysis of synaptosomes and 

Flameng mitochondrial functional score. Flameng score 1: broken cristae with ruptured 

mitochondrial membrane, 2: broken cristae with matrix clearing but membrane intact, 3: swelled 

mitochondria with cleared matrix but intact cristae and membrane, 4: intact mitochondria, 5: 

intact mitochondria with mitochondrial granules. (Scale bar = 50 µm) 
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The mitochondria found in ST-derived synaptosomes and MBH-derived synaptosomes 

had no difference in morphology. The distributions of mitochondrial functional based on 

Flameng grading were similar in ST- and MBH-derived synaptosomes. The average of the 

Flameng score of SM from ST was 3.46 ± 0.07 and MBH was 3.55 ± 0.08 (Figure 3.7; Table 

3.1). However, fewer mitochondria per synaptosome were observed in ST compare to MBH 

(Table 3.1). ST-derived synaptosomes only contained 1.67 ± 0.11 mitochondria per synaptosome 

while MBH-derived synaptosomes contained 2.02 ± 0.10 mitochondria per synaptosome.  
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Figure 3.7. Representative bar graph of Fleming mitochondrial functional score of ST-

derived SM vs MBH-derived SM. The synaptosomes were fixed, sectioned and at least 200 

mitochondria from images were analyzed. Number of mitochondria with score ranged from 1-2 

as a dysfunctional mitochondria, 3, and 4-5 as a functional mitochondria are divided by total 

number of mitochondria and represented as percent value. The graph represents distribution of 

the mitochondria from each group based on mitochondrial morphology. Statistical analysis was 

done converting percent value by ASIN(SQRT(% value/100)).  White columns represent 

synaptosomal mitochondria from ST and black columns represent MBH (n=4) and verticle lines 

+ 1 SEM.  
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 Mean Flameng score  Number of Mitochondria 

per synaptosomes  

ST  3.46 ± 0.07 1.67± 0.11 

MBH   3.55 ± 0.08 2.02 ± 0.10* 

 

Table 3.1. Comparison of SM mean Flameng scores and mean number of mitochondrial 

per synaptosomes in the ST and MBH. Mean mitochondrial functional score was calculated by 

averaging Flameng mitochondrial functional score utilizing at least 200 mitochondria from each 

experimental group. Mean number of mitochondria per synaptosomes is derived by dividing total 

number of mitochondria by total number of synaptosomes in each experimental group. The 

experiment was repeated four times with + 1 standard error of the mean. * indicates mean 

number of mitochondria per synaptosomes derived from MBH is significantly different (p<0.05) 

from those from ST.
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Discussion 

 The results from this study provide evidence that regional differences in mitochondrial 

quality control may underlie impaired mitochondrial function. The data presented herein are 

consistent with the conclusion that differential mitochondrial characteristics may play a crucial 

role in central DA neurons. TIDA neurons appear to have increased aerobic mitochondrial 

respiratory capacity associated with increased mitochondrial mass, membrane potential, and 

mitophagosomes compared to NSDA neurons. Greater availability of mitochondria may play a 

neuroprotective role in TIDA neurons and explain resistance to toxicant exposure and 

degeneration in PD.  

 

 Characteristics of SM 

Although in vivo studies offer an opportunity to assess mitochondrial function in an intact 

nervous system, the heterogeneity of brain tissue may constrain the interpretation of   

mitochondrial functional end-points. Brain tissue samples contain a variety of non-neuronal 

components including glial, endothelial, and immune cells, in addition to a variety of 

phenotypically distinct neuronal cell bodies and axon terminals. Alternatively, synaptosomes 

derived from brain tissue homogenates are enriched with neuronal axon components; 84 % of 

ST-derived synaptosomes are reported to be of neuronal origin while only 5-10 % are of glial 

origin (Wolf and Kaptos, 1989). During homogenization of the brain tissues, vesicles of axon 

terminal membranes are pinched off forming synaptosomes. They contain cytosolic organelles 

and key elements of pre-synaptic regulation for neurotransmitters’ storage, release, re-uptake and 

metabolism, including voltage-gated ion channels and neurotransmitter autoreceptors.   
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In the present study, synaptosome preparations were found to contain DA, but not its 

metabolite homovanillic acid (HVA).  Since HVA is exclusively generated by glial catechol-o-

methyl transferase, absence of HVA is consistent with the conclusion that synaptosomes utilized 

in these experiments do not contain glia (Barrett, 2012). NSDA neurons originate in SNpc and 

provide major afferent input to ST. Therefore, NSDA neurons are major contributors to the 

synaptosomes derived from ST (Smith et al., 1994; Moss and Bolam, 2008; Lehéricy, 2012). ST-

derived synaptosomes are predominately comprised of presynaptic NSDA axon terminals (Moss 

and Bolam, 2008). Accordingly, the parameters of mitochondrial function observed in the 

present study reflect, in large part, bioenergetics, mass, and membrane potential of mitochondria 

contained within DA axon terminals. Indices of mitochondrial function were obtained 

specifically in DA neurons in situ using confocal microscopy image analysis and the results are 

in agreement with data derived from the synaptosomes. This latter set of data provides further 

assurance that the changes observed in synaptosomes reflect changes in DA nerve terminals and 

that they are sufficiently robust to be apparent using different methods of analysis. 

 

Distinct mitochondrial characteristics in ST and MBH 

In the absence of metabolic stress, mitochondrial respiration and glycolysis are similar in 

ST and MBH in WT mice. However, maximum and spare respiratory capacities increased in 

MBH-derived synaptosomes as compared to ST-derived synaptosomes. Differences in 

mitochondrial bioenergetics indicate mitochondrial functions differ depending on brain regions. 

In previous studies, glucose utilization correlates with mitochondrial function in neurons and 

varied across brain regions (Shimoji, 2004). Mitochondrial bioenergetics and susceptibility to 

mitochondrial inhibition has also been shown to differ between brain regions (Brand and 
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Nicholls, 2011). In another study, mitochondrial function varied depending on level of neuronal 

activity (Kann and Kovács, 2007). 

Increased mitochondrial mass and membrane potential may cause an increase in 

maximum and spare respiratory capacities in MBH (TIDA axon terminals) compared to ST 

(NSDA axon terminal). Confocal microscopic analysis revealed a corresponding higher 

mitochondrial density in ARC than in SNpc which is consistent with the increased mitochondrial 

mass observed in synaptosomes from MBH. Ultrastructural analysis also suggested a higher 

number of mitochondria per synaptosome in MBH compared to ST. Consistent with my 

observation, Liang et al. 2007 found mitochondrial mass in SNpc was also lower compared to 

ventral tegmental area DA neurons. Mitochondrial mass can vary between distinct DA neuronal 

subpopulations (Liang, 2007).     

In addition to their higher density, mitochondria are also more likely to colocalize with 

autophagosomes in ARC compared to SNpc. However, transmission electron microscopic 

analysis revealed no difference in morphology of the mitochondria in synaptosomes derived 

from ST and MBH. An increased level of autophagosome may indicate an increase in autophagy 

or it may indicate low autophagic flux. In ARC, an increase in mitophagosomes could be due to 

the higher mitochondrial mass. However, the level of mitophagosomes may also be dependent on 

mitochondrial quality control. Mitochondrial quality control is mediated by autophagy of 

mitochondria, which is regulated by parkin. Differential parkin expression was observed in 

NSDA and TIDA neurons after a single acute exposure to MPTP (Benskey et al., 2013). 

Therefore, mitochondrial quality control was examined in axonal terminal regions of central DA 

neurons in the absence of parkin (Chapter 5).   
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Conclusion 

Synaptosomes derived from MBH (containing TIDA axon terminals) were found to have 

greater mitochondrial mass and mitochondrial respiratory capacities compared to synaptosomes 

derived from ST (containing NSDA axon terminals). These region-specific differences in 

mitochondria may explain the differential susceptibility of distinct DA neuronal populations to 

mitochondrial neurotoxins and underscores the importance of mitochondrial quality control in 

NSDA neurons.  
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Chapter 4. Differential effects of Complex I inhibition on mitochondria in 

NSDA and TIDA neurons  

 

Introduction  

Six young adults from Santa Clara, California were hospitalized with sudden onset of PD 

in 1982. Langston and coworkers investigated the incidents and discovered the use of MPTP, 

which is a contamination of a synthetic opioid drug (Langston et al., 1983; Fahn et al., 1996). 

MPTP is a highly lipophilic compound that easily crosses the blood brain barrier and is 

converted to its metabolically active form MPP
+ 

by mitochondrial MAO B in glial cells. MPP+ is 

taken up into DA neurons DAT and binds to mitochondrial Complex I, interfering with the 

mitochondrial ETC (Sherer et al., 2002; Dawson and Dawson, 2003). Mitochondrial Complex I 

inhibition by MPTP has been observed in primate and mouse models (Nakamura et al., 1989; 

Mizuno et al., 1988). In addition to animal models, post-mortem analysis of the SNpc in PD 

patients revealed a reduction in mitochondrial Complex I and NADH cytochrome c reductase 

activities (Krige et al., 1992). Like MPTP, some pesticides used in farming are reported to have 

causal links to PD (Noyce et al., 2012). Rotenone is a pesticide that can cause PD (Tanner and 

Goldman, 1996). Exposure of rats to rotenone causes neuropathological features of PD including 

NSDA neuronal specific degeneration, α-synuclein accumulation, microglial activation, and 

movement disorders similar to parkinsonism (Cannon et al., 2009; Betarbet et al., 2006). Similar 

to MPTP, rotenone is a mitochondrial Complex I inhibitor causing mitochondrial dysfunction 

and generating ROS (Javitch et al., 1985). This implicates the importance of mitochondrial 

dysfunction in the etiology of PD. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Javitch%20JA%22%5BAuthor%5D
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Data presented in Chapter 3 revealed higher maximum spare respiration and 

mitochondrial mass in the TIDA neuronal cell body and axonal terminal regions compared to 

those of NSDA neurons. Therefore, in this chapter, the differential mitochondrial responses to 

Complex I inhibitors will be examined. Mitochondria in NSDA and TIDA neuron axonal 

terminal regions showed concentration-dependent mitochondrial respiratory inhibition to 

rotenone in an ex vivo study. In addition, an MPP
+
 ex vivo study revealed possible uncoupling of 

mitochondrial MPP
+
 and cytosolic MPP

+
 accumulation. Mitochondria in tyrosine hydroxylase 

(TH) immunoreactive cells from both ARC and SNpc are reduced at 24 h after MPTP treatment 

with no change in overall TH expression. However, neurons that express TH are recovered in 

ARC but are lost in SNpc. On the other hand, mitochondria in cells that do not express TH are 

lost in ARC, though there was no mitochondrial change in non-TH neurons in the SNpc. These 

results suggest that TIDA neurons are resistant to acute exposure to mitochondrial Complex I 

inhibitors in WT mice due to 1) sequestration of MPP
+
 by non-DA cells; 2) different activity-

dependent MPP
+
 accumulation in cells; and/or 3) possible upregulation of mitochondrial quality 

control.  

 

 Results 

Concentration response of mitochondria from TIDA and NSDA neuronal axonal terminal 

regions to rotenone  

As discussed in Chapter 3, TIDA neurons are resistant to MPTP while NSDA neurons 

are susceptible, which may be due to differences in mitochondria in these different populations 

of DA neurons.  Therefore, mitochondrial respiratory response to ex vivo rotenone treatment in 

SM in TIDA and NSDA axonal terminal regions was investigated. Synaptosomal mitochondria 
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were isolated from ST and MBH as described in Chapter 2, Sections 2.3 & 2.4. Using a 

Seahorse XF analyzer, the OCR in SM was determined after treatment with vehicle (SM ionic 

media) or 0.0125, 0.25, or 2 µM rotenone. SM derived from ST and MBH both responded 

similarly to rotenone. Mitochondrial basal respiration from both ST and MBH was inhibited in a 

similar concentration-dependent manner (Figure 4.1 A). Rotenone 0.0125, 0.25 and 2 µM 

inhibited mitochondrial basal respiration 23%, 67%, and 89%, respectively, in ST-derived SM. 

Rotenone 0.0125, 0.25 and 2 µM inhibited mitochondrial basal respiration 21%, 64%, and 73%, 

respectively in MBH-derived SM. Half maximal inhibitor concentration (IC50) was calculated 

using Microsoft excel add in software ED50 plus (v1.0) (Lockwood et al., 2012). Fifty percent of 

the basal respiration from ST-derived synaptosomes was 0.22 µM and 0.91 µM from MBH-

derived synaptosomes (Figure 4.1 B). However, there was no statistically significant difference 

between ST and MBH.  
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Figure 4.1 Comparison of concentration response of rotenone on SM basal respiration in 

the ST and MBH. Panel A, Representative bar graph of mitochondrial bioenergetics. Rotenone 

concentration dependent basal respiration inhibition measured using a Seahorse XF24 analyzer. 

Panel B, Representative bar graph of IC50 of rotenone. IC50 is expressed as a logarithmic value. 

ST and MBH were dissected in male C57B1/6J mice (n=4). Synaptosomes were isolated from 

the ST and MBH using Percoll gradients and centrifugation. Twenty µg of synaptosomes was 

examined. Basal respirations of SM from ST and MBH were measured after vehicle (SM ionic 

media) or rotenone (0.0125, 0.25, or 2 µM) treatment and OCR was measured using a Seahorse 

XF24 analyzer. The respiratory control ratio’ (RCR’) of SM was greater than 3. IC50 was 

calculated using software ED50 plus (v1.0) (Heikkila et al., 1985). The error bar is +1 standard 

error of the mean. * indicates values in rotenone-treated SM that were significantly different 

from vehicle-treated controls, p < 0.05. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heikkila%20RE%22%5BAuthor%5D
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Similar to basal respiration, maximum and spare respirations were inhibited by rotenone 

in a concentration-dependent manner (Figure 4.2 A and 4.3 A). The difference between ST and 

MBH in maximal and spare respirations was not present with any concentration of rotenone. 

Rotenone at 0.0125 µM did not decrease maximal respiration, but 0.25 µM and 2 µM rotenone 

reduced maximal respiration by 85% and 96%, respectively, in ST-derived SM. In MBH-derived 

SM, rotenone 0.0125 µM, 0.25 µM, and 2 µM reduced maximal respiration by 19%, 87%, and 

96%, respectively. Rotenone showed stronger inhibition in spare respiration; 2 µM rotenone 

reduced spare respiration by 98% in ST-derived SM and by 99.7% in MBH-derived SM. 

However, the IC50 of maximum respiration and spare respiration were similar. Fifty percent of 

the maximal respiration was inhibited by 0.11 µM rotenone for both synaptosomes from ST and 

MBH (Figure 4.2 B). Fifty percent of the spare respiration was inhibited by rotenone 0.093 µM 

and 0.096 µM for ST-derived and MBH-derived synaptosomes (Figure 4.3 B). There was no 

difference in the IC50 between maximal and spare respirations of SM from ST and MBH.     
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Figure 4.2 Comparison of concentration response of rotenone on SM maximal respiration 

in ST and MBH. Panel A, Representative bar graph of mitochondrial bioenergetics. Rotenone 

concentration-dependent maximal respiration inhibition measured using a Seahorse XF24 

analyzer. Panel B, Representative bar graph of IC50 of rotenone. IC50 is expressed as a 

logarithmic value. ST and MBH were dissected in male C57B1/6J mice (n=4) and synaptosomes 

were isolated from the ST and MBH using Percoll gradients and centrifugation. Twenty µg 

synaptosomes were examined. Maximal respirations from ST and MBH were measured after 

vehicle (SM ionic media), or rotenone (0.0125, 0.25, or 2 µM) treatment and OCR was measured 

using a Seahorse XF24 analyzer. The respiratory control ratio’ (RCR’) of SM was greater than 3. 

IC50 was calculated using ED50 plus (v1.0) software (Heikkila et al., 1985). The error bar is +1 

standard error of the mean. * indicates values in rotenone-treated SM that were significantly 

different from vehicle-treated controls, p < 0.05. 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heikkila%20RE%22%5BAuthor%5D
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Figure 4.3 Comparison of concentration response of rotenone on SM spare respiration in 

ST and MBH. Panel A, Representative bar graph of mitochondrial bioenergetics. Rotenone 

concentration dependent spare respiration inhibition measured using a Seahorse XF24 analyzer. 

Panel B, Representative bar graph of IC50 of rotenone. IC50 is expressed as a logarithmic value. 

ST and MBH was dissected in male C57B1/6J mice (n=4) and synaptosomes were isolated from 

the ST and MBH using Percoll gradients and centrifugation. Twenty µg synaptosomes were 

examined. Spare respiration of SM from ST and MBH were measured after vehicle (SM ionic 

media) or rotenone (0.0125, 0.25, or 2 µM) treatment and OCR was measured using a Seahorse 

XF24 analyzer. The respiratory control ratio’ (RCR’) of SM was greater than 3. IC50 was 

calculated using ED50 plus (v1.0) software (Heikkila et al., 1985). The error bar is +1 standard 

error of the mean. * indicates values in rotenone-treated SM that were significantly different 

from vehicle treated controls, p < 0.05. 

  

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heikkila%20RE%22%5BAuthor%5D
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 Ex vivo effect of MPP
+
 on ST-derived SM 

Like rotenone, MPTP can cause parkinsonian symptoms in humans. MPTP is converted 

to a bioactive form, MPP
+
 by glial cells. Because synaptosomal in vitro preparations lack glial 

cells necessary to convert MPTP to MPP
+
, the concentration response of SM derived from ST to 

1, 5, 10, 50, and 100 µM MPP
+
 was investigated (Figure 4.4). Although, a concentration-

dependent inhibition of ST-derived SM maximal respiration by MPP
+
 was observed, the 

differences were not statistically significant.  

To test whether MPP
+
 is able to inhibit mitochondrial function, mitochondrial respiratory 

capacities were measured following exposure to 1 mM MPP
+
 concentration (Table 4.1). Basal 

and maximum respirations in ST-derived synaptosomes after MPP
+
 treatment differ from vehicle 

treatment by 66.5% and 34.5%, respectively. Spare respiratory capacity was reduced 30% by 

MPP
+
, however, the difference was not statistically significant.  
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Figure 4.4 Concentration response of MPP
+
 on maximum respiration of ST-derived SM. ST 

was dissected in male C57B1/6J mice (n=4) and synaptosomes were isolated from the ST using 

Percoll gradient and centrifugation. Fifteen to twenty µg synaptosomes were examined for OCR 

using a Seahorse XF24 analyzer. Synaptosomes were treated with either vehicle (SM ionic 

media), or MPP
+
 1, 5, 10, 50, or 100 µM and maximum respiration was measured.  The 

respiratory control ratio’ (RCR’) of SM was greater than 3. The error bar is +1 standard error of 

the mean.  
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 Vehicle 1 mM MPP
+
 

 
Inhibition 

(%) 

Basal respiration 163 ± 18.3 50.8 ± 5.63* 33.5 ± 5.59* 

Maximum respiration 983 ± 111 627± 94.7* 65.5 ± 8.66* 

Spare respiration 865 ± 109 583 ± 92.2 70.0 ± 10.7 

 

Table 4.1 Effects of MPP
+
 on basal, maximum, and spare respirations in SM derived from 

the ST. Basal, maximum, and spare respirations of ST-derived SM were measured after 1 mM 

MPP
+
 or vehicle using a Seahorse XF24 analyzer. ST was dissected from male C57B1/6J mice 

(n=6) and synaptosomes were isolated from the ST using Percoll gradient and centrifugation. 

Isolated synaptosomes were quantified by BCA protein assay. Fifteen µg synaptosomes were 

examined for OCR using a Seahorse XF24 analyzer. The respiratory control ratio’ (RCR’) of SM 

was greater than 3. The error bar is ±1 standard error of the mean. * indicates values in MPP
+
-

treated SM that were significantly different from vehicle-treated controls, p < 0.05. 
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MPP
+
 is transported specifically into DA neurons by DAT (Javitch et al., 1985; Heikkila 

et al., 1985; Sanchez-Ramos et al., 1986). To investigate the effect of DAT uptake on MPP
+
 

inhibition in synaptosomes derived from ST, the DAT inhibitor GBR12909 was utilized. 

GBR12909 is 1-(2-(bis (4-fluorophenyl)-methoxy)-ethyl)-4-(3-phenylpropyl) piperazine, a 

derivative of diphenyl-substituted piperazine (Van der Zee et al., 1980). GBR12909 selectively 

inhibits synaptosomal DA uptake by DAT with KI = 1 nM. Mitochondrial respiration of 

synaptosomes derived from ST was determined in four independent treatment groups 1) vehicle, 

2) MPP
+
 1 mM, 3) 50 nM GBR12909, and 4) MPP

+
 1 mM and 50 nM GBR12909.  MPP

+
 1mM 

treatment reduced mitochondrial respiration independent of the presence of GBR12909. MPP
+
 

1mM treatment reduced basal respiration by 66% and MPP
+
 1mM with GBR12909 reduced 

basal respiration by 80%. There was no statistically significant difference in basal respiration 

between the GBR12909 treated and non-treated groups.   

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Javitch%20JA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heikkila%20RE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Heikkila%20RE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sanchez-Ramos%20J%22%5BAuthor%5D
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Figure 4.5 Lack of an effect of GBR12909 on mitochondrial inhibition by MPP
+
 1 mM in 

SM derived from striatum. After incubation of ST-derived SM with 50 nM GBR12909, basal, 

maximum, and spare respirations of SM from ST with MPP
+
 1 mM or vehicle were measured 

using a Seahorse XF24 analyzer. Control (100% values) indicates OCR of the vehicle-treated 

SM. Basal, maximum, and spare respirations of MPP
+
 and MPP

+
 with GBR12909-treated 

synaptosomal mitochondria were calculated by dividing each OCR measurement by that of 

vehicle-treated synaptosomes with conversion to %. ST was dissected from male C57Bl/6J mice 

(n=3) and synaptosomes were isolated from the ST using Percoll gradients and centrifugation. 

Isolated SM were quantified by BCA protein assay. Fifteen µg SM were examined for OCR by 

using a Seahorse XF24 analyzer. The respiratory control ratio’ (RCR’) of SM was greater than 3. 

The error bar is +1 standard error of the mean. * indicates values in MPP
+
-treated SM that were 

significantly different from vehicle-treated controls, p < 0.05. 
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Effect of MPTP on mitochondria in NSDA and TIDA neuronal cell bodies 

Mitochondria in axonal terminal regions of NSDA and TIDA neurons did not differ in 

response to mitochondrial Complex I inhibitor, rotenone. Moreover, MPP
+
 failed to inhibit more 

than 50% of the mitochondrial maximum and spare respiratory capacities in an ex vivo study. 

Therefore, the effect of MPTP on mitochondria in NSDA and TIDA neurons in vivo was 

investigated using immunohistochemistry and confocal microscopy using the procedures 

described in Chapter 2, Section 2.7. SNpc at Bregma -3.16 and ARC at Bregma -1.46 were 

visualized by confocal microscopy at 10x and 20x magnification respectively and these images 

were utilized to determine TH immunoreactive cell counts (Figure 4.6 A and B). DA neurons 

are visualized by TH as blue fluorescence, and mitochondria are visualized by cytochrome C 

oxidase subunit IV (COX IV) as red punctuate fluorescence in confocal magnification of 20x for 

SNpc and 40x for ARC (Figure 4.6 C and D).     
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Figure 4.6 Confocal microscopic single plane focal images of ARC and SNpc. Mitochondria 

colocalized with TH immunoreactive neurons in ARC and SNpc. Mice were treated with 

MPTP for 4 h or 24 h, or with saline for 4 h, and then rapidly perfused and fixed. Brains were 

isolated and cut into 20 µm coronal sections for immunohistochemistry. The confocal images 

were attained from the sections that contain SNpc at Bregma -3.16 and ARC at Bregma -1.46. 

TH immunoreactivity is visualized as blue and represents DA neuronal cell bodies. 

Immunoreactivity to COX IV is visualized as red and represents mitochondria. Panel A is the 

confocal image of ARC at 20x and Panel B is the confocal image of SNPC at 10x. Panel C 

shows colocalization of mitochondria with TH immunoreactive neurons in ARC at 40x and 

Panel D shows the colocalization of mitochondria with TH immunoreactive neurons in SNpc at 

20x.  
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Mice were exposed to 20 mg/kg MPTP for 4 h or 24 h, or saline (10 ml/kg) for 4 h. 

Mitochondria in TH immunoreactive cells were investigated. COX IV colocalization with TH 

was measured using scatter plots as shown in Chapter 3. Mitochondria in TH immunoreactive 

cells in both SNpc and ARC are reduced at 24 h compared to the vehicle (Figure 4.7). MPTP 

reduced mitochondria protein by 20% in SNpc and 17% in ARC.   

The MPTP effect on mitochondria in cells that are not immunoreactive to TH was 

determined in ARC and SNpc. Mitochondria in non-TH immunoreactive cells of SNpc did not 

differ between MPTP- and vehicle-treated mice (Figure 4.8). However, mitochondria in non-TH 

immunoreactive cells of ARC were reduced at 24 h following exposure to MPTP. Similar to 

mitochondria in TH-immunoreactive cells, MPTP treatment reduced mitochondria by 20% at 24 

h in non-TH immunoreactive cells from ARC.  
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Figure 4.7 Representative bar graph of COX IV colocalized with TH in SNpc and ARC 

following acute MPTP exposure. Mice were treated with MPTP for 4 h or 24 h, or with saline 

for 4 h, and then rapidly perfused and fixed. Brains were isolated and cut into 20 µm coronal 

sections for immunohistochemistry. Mitochondria were quantified from the scatter plot upper 

right quadrant attained from confocal image using Olympus Fluoview v3.0 software. The 

colocalization image of ARC is 40x and SNpc is 20x. The percent distribution of these 

mitochondria within TH neurons was measured. Percent values were converted to parametric 

value by ASIN(SQRT(% value/100)) for statistic analysis. The error bar is +1 standard error of 

the mean. * indicates values in MPTP-treated COX IV that were significantly different from 

vehicle-treated controls, p < 0.05. 
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Figure 4.8 Representative bar graphs of COX IV colocalized with non-TH immunoreactive 

cells in SNPC and ARC following acute MPTP exposure. Mice were treated with MPTP for 4 

h or 24 h, or with saline for 4 h, and then rapidly perfused and fixed. Brains were isolated and cut 

into 20 µm coronal sections for immunohistochemistry. Mitochondria colocalized in the cells 

that are not immunoreactive to TH were attained using Olympus Fluoview v3.0 software in 

SNpc and ARC. The colocalization image of ARC is 40x and SNpc is 20x (n=72). The error bar 

is +1 standard error of the mean. * indicates values in MPTP-treated SM that were significantly 

different from vehicle-treated controls, p < 0.05. 
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 In vivo effect of MPTP on TH expression in NSDA and TIDA neurons 

To investigate the effect of MPTP on TH expression in DA neurons in the SNpc and 

ARC, the numbers of cells that are immunoreactive to TH were counted and overall TH 

expression was measured. MPTP reduced TH immunoreactive cells in SNpc in a time-dependent 

manner. After 24 h of MPTP exposure, TH immunoreactive cells were reduced by 27%. MPTP 

reduced TH immunoreactive cells were reduced after 4 h in ARC, however, the cells recovered 

after 24 h MPTP exposure. Overall TH expression was measured in ARC and SNpc after MPTP 

exposure for 4 h, 24 h, or 4 h vehicle treatment (Figure 4.10). MPTP did not reduce TH 

expression in either the SNpc or ARC.  
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Figure 4.9 Representative bar graphs of TH immunoreactive cell numbers in SNpc and 

ARC following acute MPTP exposure. Mice were treated with MPTP for 4 h or 24 h, or with 

saline for 4 h, and then rapidly perfused and fixed. Brains were isolated and cut into 20 µm 

coronal sections for immunohistochemistry. Cells immunoreactive to TH in SNpc and ARC were 

counted. Fluorescent intensity of TH was measured in sections of all the regions of ARC (n=18) 

at 20x magnification and SNpc at 10x magnification (n=30). The error bar is +1 standard error of 

the mean. * indicates values in MPTP-treated SM that were significantly different from vehicle-

treated controls, p < 0.05. 
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Figure 4.10 Representative bar graphs of fluorescent intensity of TH in SNpc and ARC 

following acute MPTP exposure. Mice were treated with MPTP for 4h or 24h, or with saline 

for 4 h, and then rapidly perfused and fixed. Brains were isolated and cut into 20 µm coronal 

sections for immunohistochemistry. Mitochondria colocalized in the cells that were not 

immunoreactive to TH were attained using Olympus Fluoview v3.0 software in SNpc and ARC. 

Fluorescent intensity of TH was measured in sections of all the regions of ARC (n=18) at 20x 

magnification and half side of SNpc at 10x magnification (n=36). The error bar is +1 standard 

error of the mean. 
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The effect of MPTP on NSDA neuron axonal terminal regions was measured using high 

performance liquid chromatography coupled with electrochemical detection (HPLC-EC). The mean 

DA concentration in ST from the vehicle group was 220 ± 80.4 ng/mg and at 4 h, DA was reduced to 

87.6 ± 37.4 ng/mg and at 24 h to 80.4 ± 35.8 ng/mg. MPTP was reduced by 60% of the DA 

concentration in the ST at 4 h and 24 h (Figure 4.11). At 24 h, the result is not statistically 

significant due to the small sample size (n=4). Sample size calculation indicated 60% mean 

difference with sigma of 120 ng/mg requires n=7 for α=0.05 level of significance. In previous 

study from this laboratory found statistically significant difference between MPTP 24 h and 

vehicle treatment, n=7 (Schapira et al., 1989). 
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Figure 4.11. Time course effect of MPTP on DA concentrations in the ST. DA 

concentrations in the ST were measured at 4 h and 24 h after MPTP (20 mg/kg) sc injection in 

male C57B1/6J mice (n=4). Zero time indicates mice treated with saline-vehicle (10 ml/kg) and 

killed 4 h post-injection. The error bar is ±1 standard error of the mean. * indicates values in 

MPTP-treated mice that were significantly different from vehicle-treated controls, p < 0.05. 
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Discussion 

Similar “local” response to mitochondrial Complex I inhibitor 

The difference in mitochondria between NSDA and TIDA neurons in WT mice was 

discussed in Chapter 3. Maximum and spare respiratory capacities were higher in mitochondria 

in MBH-derived synaptosomes compared to ST-derived synaptosomes. This corresponds with 

TIDA neuronal resistance to MPTP and PD. In the present chapter, inhibition of mitochondrial 

Complex I activity with rotenone reduced mitochondrial respiration in a concentration-dependent 

manner in both ST and MBH. This ex vivo study demonstrated that mitochondria from these two 

brain regions responded similarly to rotenone 0.0125 µM, 0.25 µM and 2 µM concentrations and 

showed no difference in the IC50. This indicates that SM derived from the ST and MBH respond 

to rotenone in a similar manner and degree. Thus, regional differences in maximal and spare 

respiratory responses are not due to a difference in responsiveness of mitochondria to Complex I 

inhibition.  

When brain tissue is homogenized, pre-synaptic membranes of the axonal terminal breaks 

off, it forms a vesicle containing cytosolic contents including cytoskeleton, synaptic vesicles and 

mitochondria (Whittaker and Gray, 1962). Since synaptosomal membranes are derived from 

axonal terminal plasma membrane, synaptosomes contain ion channels, transporters and 

receptors. Therefore, SM may mimic the plasma membrane potential and ion homeostasis of the 

axonal terminals that it is isolated from (Whittaker, 1993; Morgan, 1976; Balázs, R. et al., 1975). 

Synaptosomes contain functional synaptic vesicles, which can release neurotransmitters of the 

axonal terminal that they originated from
 
(Dunkley et al., 1987; Ashton & Ushkaryov, 2005). 

Functional enzymes of the axonal terminals, such as an acetylcholinesterase or protein kinases, 

are also present in synaptosomes (De Robertis et al., 1962; Dunkley et al., 1988; Dunkley & 
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Robinson, 1986). Synaptosomes contain functional mitochondria from axonal terminals which 

give them the ability to generate ATP by consuming oxygen. The SM contains various enzymes 

involved in the TCA cycle producing metabolites as discussed in Chapter 3. However, the use 

of synaptosomes has some limitations. Due to the absence of a nucleus and other organelles, 

synaptosomes cannot synthesize proteins except for some of mitochondrial proteins (e.g. 

mitochondrial ETC, Complex I (Dunkley, 2008). Cytosolic proteins involved in mitochondrial 

maintenance mechanics contained in synaptosomes may be insufficient due to the lack of protein 

synthesis and mitochondrial quality control. Therefore, mitochondria, within the cells or in vivo, 

may respond differently to the neurotoxin MPTP (Polosa & Attardi, 1991).  

 

Mechanism of MPP
+
 entry of mitochondria in NSDA neurons 

In synaptosomes, MPP
+
 is shown to reduce mitochondrial membrane potential and cause 

ATP depletion. ATP depletion indicates that mitochondrial respiration is no longer coupled to 

ATP synthesis. In addition, mitochondrial dysfunction via MPP
+
 has been demonstrated by 

measuring the amount of the mitochondrial dye 3-[4,5-dimethylthiazol]-2,5-diphenyltetrazolium 

bromide (MTT) or [
3
H]tetraphenylphosphonium ([

3
H] TPP

+
) in a mitochondria matrix after 

MPP
+
 treatment (Virmani et al., 2004; Stephans et al., 2002). In addition to mitochondrial 

membrane potential reduction, the inhibitory effect of MPP
+
 on NADH dehydrogenase is seen by 

measuring NADH oxidation or NAD-linked substrates oxidation and lactate accumulation 

(Hoppel et al., 1987; Nicklas et al., 1987).  

In the present study, treatment of synaptosomes with high concentrations of MPP
+
 (1 mM) 

caused a reduction in both basal and maximal mitochondrial respirations in ST-derived 

synaptosomes, and MPP
+
 was more effective in the inhibition of basal respiration than maximal 

http://www-ncbi-nlm-nih-gov.proxy2.cl.msu.edu/pubmed?term=%22Stephans%20SE%22%5BAuthor%5D
http://www-ncbi-nlm-nih-gov.proxy2.cl.msu.edu/pubmed?term=%22Hoppel%20CL%22%5BAuthor%5D
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or spare respiration. The steady state MPP
+
 concentrations in cells from SN are low (Ramsay and 

Singer, 1986). In MPTP-treated mice, the tissue concentrations of MPP
+
 was 30 µM and MPP

+ 

peaked in mice treated with 20 mg/kg MPTP acutely in ME and ST at 4 h with 365 ± 37 pg/μg 

protein in ME and 78 ± 9 pg/μg in the ST (Schapira et al., 1989). In contrast to the low 

physiological concentrations of MPP
+
 in vivo, mitochondrial function was inhibited ex vivo only 

with a high concentration of MPP
+ 

(1mM). In addition, there was no effect of the DAT inhibitor, 

GBR12909, on MPP
+
 inhibition of mitochondrial function. This suggests that the amount of 

MPP
+
 accumulated in synaptosomes occurs independently of uptake via the DAT, and may not 

be coupled to amount of MPP
+
 accumulating into mitochondria.  

The concentrations of MPP
+
 inhibition of NADH oxidase activity in synaptosomes or 

cells has been reported to vary from 0.2 µM to 10 mM  and the IC50 of mitochondria isolated 

from the mouse liver was 100 µM (Lambert and Bondy, 1989; Gluck et al, 1994). MPP
+
 

accumulates in synaptosomes in a time- and concentration-dependent manner, and catecholamine 

uptake inhibitors such as mazindol and nomifensine do not inhibit MPP+ entry. However, the 

accumulation rate increases when MPP
+
 is treated with the lipophilic anion, tetraphenylborate 

(TPB
-
) following passive Nernstian transportation. Therefore, MPP

+ 
accumulation is dependent 

on polarization of the membrane (Figure 4.12).  

Similar to transportation into synaptosomes in a membrane potential dependent manner, 

MPP
+
 also crosses the mitochondrial membrane depending on the electrochemical gradient 

(Ramsay et al. 1986). When the mitochondrial inner membrane was destroyed by sonication, 

MPP
+
 failed to affect NADH oxidation. Moreover, when the mitochondrial membrane was 

depolarized by valinomycin with K
+
, MPP

+
 entry also failed. When the mitochondrial uncoupler 

2, 4-dinitrophenol (DNP) was added, MPP
+
 no longer accumulated into the mitochondria and the 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lambert%20CE%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lambert%20CE%22%5BAuthor%5D
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outflow of MPP
+
 was promoted. MPP

+
 entry is also energy dependent (Sherer et al., 2007; 

Cannon et al. 2009). MPP
+
 accumulation is promoted by the availability of the oxidative 

metabolites of ATP or malate, glutamate and succinate. Once MPP
+
 enters the mitochondria, it 

binds to the rotenone site of NADH dehydrogenase between the Fe-S cluster of NADH 

dehydrogenase and Q (Ramsay et al., 1987).   
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Figure 4.12. Pathway of MPP
+
 entry into synaptosomes. MPP

+
 enters synaptosomes in a 

membrane potential dependent manner. Once in the synaptosome, MPP
+
 enters into 

mitochondria in an electrochemical, energy, and mitochondrial membrane potential dependent 

mechanism, and inhibits electron transport chain Complex I (NADH dehydrogenase).  
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MPP
+
 was found to exhibit limited toxicity in this study. This may be because it does not 

accumulate in sufficient concentrations to cause toxicity in mitochondria. Synaptosomes in ex 

vivo preparations may lack a sufficient substrate such as pyruvate/malate to provide energy or 

induce a hyperpolarized energetic state for mitochondria. In addition, decreased inhibition of 

maximal respiration by MPP
+
 provides a clue that binding of MPP

+
 or accumulation of MPP

+
 is 

not permanent. FCCP, an uncoupler, decreases membrane potential causing loss of accumulation 

of MPP
+
 in mitochondria regardless of the MPP+ uptake into synaptosomes through DAT. This 

explains why there is no difference in mitochondrial respiration after inhibition of DAT by 

GBR12909. GBR12909 causes inhibition of MPP
+
 entry by DAT (Andersen, 1989; Czoty et al., 

2000; Preti, 2000). Synaptosomal uptake of MPP+ does not result in MPP+ accumulation in 

mitochondria. This provides an important insight into the DA neuronal characteristics of NSDA 

and TIDA neurons and their differential susceptibility to MPTP.  

Tonic and phasic DA release occurs commonly in NSDA neurons, while TIDA neurons 

have a diurnal change in release following a circadian rhythm (Dreyer et al., 2010; Mai et al., 

1994; Shieh and Pan, 1995). It is generally understood that NSDA neurons are continuously 

activated to regulate the motor system even during rest while TIDA neurons are not. In addition, 

DA synthesis and release demands high ATP production by the mitochondria. High ATP demand 

is a driving force for producing proton gradients by the ETC causing increased membrane 

potential. Therefore, electrochemical energy assisted and membrane potential dependent MPP
+
 

entry allows the accumulation of a high concentration of MPP
+
 in the NSDA neurons. This may 

allow mitochondria in NSDA neurons to accumulate MPP
+
 in higher concentrations than in 

TIDA neurons due to different levels of DA neuronal activity.  
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A previous report from our laboratory showed that MPP
+
 peaks at 4 h after MPTP single 

acute exposure and it clears by 24 h in both ST and ME. TIDA neurons recover levels of DA, but 

NSDA neurons still exhibit reduced levels of DA 24 h later (Schapira et al., 1989). NSDA 

neurons may have accumulated MPP
+
 in mitochondria independent of tissue MPP

+ 
concentration. 

Therefore, MPP+ may accumulate to different levels depending on DA neuronal activity in 

mitochondria causing a differential neurotoxic effect on the NSDA and TIDA neurons.  

 

Differential effect of MPTP on mitochondria in TIDA and NSDA neurons 

Acute MPTP exposure causes progressive TH immunoreactive cell loss in SNpc with 

decreased DA levels in ST at both 4 h and 24 h. On the other hand, TH immunoreactive cells in 

ARC were also reduced at 4 h, but recovered cell numbers by 24 h. Since neurons do not 

progress through mitosis, they lack the ability to regenerate. Recovery of TH immunoreactive 

cells indicates that MPTP does not cause cell death in ARC.  

The differential toxicity of MPTP on TIDA and NSDA neurons after acute and chronic 

exposures has been reported previously by our laboratory. DA levels in ST and TH 

immunoreactive cells in SNpc were reduced, while DA levels in ME and TH immunoreactive 

cells in ARC recovered (Behrouz et al., 2007; Schapira et al., 1989; Benskey et al., 2013). In the 

present IHC study, TH expression did not change in either SNpc or ARC, however, the amount 

of mitochondrial protein in TH immunoreactive cells in both regions were reduced at 24 h.  

After 24 h MPTP treatment, cells in SNpc that are not immunoreactive to TH showed no 

difference in the mitochondrial protein levels. However, in ARC, non-TH immunoreactive cells 

showed an equivalent mitochondrial protein level reduction to TH immunoreactive cells. As 

noted in Chapter 1, MPP
+
 can also be sequestered into DA vesicles by VMAT which prevents 
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MPP
+ 

inhibition of mitochondria. Similar to MPP
+
 sequestration by VMAT, cells nearby DA 

neurons may take-up MPP
+
. This reduces uptake of the MPP

+
 into DA neurons preventing cells 

from degenerating in ARC.  

TIDA neuronal axon terminals lay outside the blood-brain-barrier below the third 

ventricle, so they may adapt more readily to exposure to foreign bodies or toxins and develop 

compensatory mechanisms to handle these insults. Interstitial solutes are cleared by cerebral 

spinal fluid (CSF) influx and efflux via astrocytic water transport, so toxins and metabolites can 

be removed from the parenchyma of the brain (Xie et al., 2013). Enhanced clearing of toxins and 

the sequestering of toxins via astrocytes or nearby glial cells may also provide resistance to toxin 

in DA neurons from ARC.  

Since MPP
+
 is toxic to mitochondria, TIDA neurons may upregulate compensatory 

mechanisms to repair mitochondria through mitochondrial quality control such as mitophagy. 

Increased mitochondrial deletion and reduced mitochondrial/nuclear DNA-repair capability has 

been observed with aging as well as in SNpc (Imam, 2006; Kraytsberg et al., 2006; Bender et al., 

2006). In addition, various genetic factors associated with PD such as parkin, pink 1, Omi/HtrA2 

play a significant role in mitochondrial quality control (Narendra et al., 2008; Tanaka, 2010; 

Trempe et al., 2013; Dagda et al., 2009). Increased mitochondria in autophagosomes were 

measured in TH immunoreactive cells in ARC compared to SNPC (Chapter 3). This suggests 

differential mitochondrial quality control may also be an important factor for survival of DA 

neurons to MPTP exposure.  

 



154 
 

Conclusion 

Although there are different mitochondrial characteristics between NSDA and TIDA 

neurons in WT mice, mitochondria isolated from axonal terminal regions responded to 

mitochondrial Complex I inhibitor in a similar manner and mitochondrial respiratory inhibitory 

ability was similar between the ST and MBH. This indicates that unique characteristics of 

mitochondria in axonal terminals are not responsible for differential susceptibility of NSDA and 

TIDA neurons to MPTP. In addition, the unique SM responses to MPP
+
 ex vivo suggest the 

importance of DA neuronal activity dependent MPP
+
 accumulation. Tonic and phasic activation 

of NSDA neurons may cause high accumulation of MPP
+
 in mitochondria independent of its low 

systemic concentration. In addition, in the ARC, possible sequestration of MPP
+
 into non-DA 

cells near the DA neurons may prevent MPP
+
 uptake into TIDA neurons.  
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Chapter 5. Altered mitochondrial structure and function in axonal terminal 

regions of central DA neurons in the absence of parkin 

 

 Introduction 

Previous studies from our laboratory have revealed that the differential susceptibility of 

TIDA and NSDA neurons is correlated with the expression of parkin in response to the 

mitochondrial toxin, MPTP (Schapira et al., 1989; Behrouz et al., 2007). There is an increase in 

parkin expression in TIDA neurons that corresponds with the time frame of DA recovery, 

whereas NSDA neurons did not increase parkin expression and do not recover DA stores in axon 

terminals. In the previous studies described in Chapter 3 of this dissertation it was found that 

mitochondrial characteristics and function differ in axon terminals of TIDA and NSDA neurons 

suggesting a role for parkin in mitochondrial maintenance in central DA neurons.  

Parkin is E3 ubiquitin ligase that tags misfolded proteins with ubiquitin for degradation 

by the ubiquitin proteasome system.  Parkin also plays a role in maintenance of mitochondrial 

integrity through regulation of mitophagy. When the mitochondrion is damaged, it is segregated 

and engulfed into an autophagosome, and the resulting mitophagosome is degraded following 

fusion with lysosomes. Mitochondrial quality control, in part, is regulated by parkin through 

binding to Pink-1 in the outer membrane thereby tagging damaged mitochondria for mitophagy 

(Tanaka, 2010; Youle & Narendra, 2011). Parkin not only regulates mitochondrial quality 

control through mitophagy, but also selectively regulates turnover of the electron transport chain 

(ETC) (Vincow et al., 2013). A relative parkin deficiency could account for impair mitochondrial 

function in NSDA neurons (Palacino et al., 2004). Therefore, the loss of parkin-mediated 
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maintenance of mitochondrial homeostasis is a plausible explanation for the altered 

mitochondrial function and structure in NSDA neurons.  

In the present study, maintenance of mitochondrial homeostasis was evaluated by 

measuring mitochondrial bioenergetics, mass, membrane potential, and morphology in 

synaptosomes isolated from brain regions containing axon terminals of NSDA and TIDA 

neurons in WT and parkin knockout mice. The findings that parkin deficient mice have reduced 

mitochondrial bioenergetics, mass, and quality in ST-derived synaptosomes suggests that parkin 

mediated mitochondria quality control may be vital for maintenance of NSDA neurons. 

 

Results 

 Differential mitochondrial bioenergetics in SM derived from ST and MBH in WT and 

parkin KO mice 

WT and B6.129S4-Park2
tm1Shn

/J strain parkin KO mice (Chapter 2.1) were decapitated 

and brain regions that contain NSDA axon terminals (ST) and TIDA axon terminals (MBH) were 

dissected. SM were isolated from ST and MBH as described in Chapter 2, Sections 2.3 & 2.4. 

Using a Seahorse XF analyzer, the OCR in 20 µg of SM was examined. Basal respiration was 

measured in the presence of 5 mM pyruvate and 2.5 mM malate. Maximum respiration was 

attained after FCCP ex vivo injection. Finally, spare respiration was attain by the difference 

between basal and maximum respiration. The detailed analysis of mitochondrial bioenergetics 

attained from Seahorse XF24 Analyzer is described in Chapter 2, Section 2.4.4.  

There was no difference in ST-derived SM basal respiration between WT and parkin KO 

mice (169 ± 45 versus 177 ± 34 pmoles/min, respectively; Figure 5.1 A). However, both 

maximum and spare respirations of ST-derived synaptosomes from parkin KO mice were lower 
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than WT mice (maximum respiration: 555 ± 31 versus 719 ± 32 pmoles/min, respectively; spare 

respiration: 381 ± 40 versus 540 ± 50 pmoles/min, respectively). Basal ECAR levels were 

similar in ST SM from WT and parkin KO mice (Figure 5.1 B). ECAR increased to a similar 

extent in both WT and parkin KO mice following application of a mitochondrial ETC inhibitor 

(rotenone) or uncoupler (FCCP).  
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Figure 5.1 Comparison of ST-derived SM bioenergetics of mitochondrial respirations and 

glycolysis  in WT and parkin KO mice. Panel A, OCR representing ST-derived SM aerobic 

respiration from WT and parkin KO mice. Basal, maximum (uncoupler; FCCP), and spare 

respirations (difference in OCR of basal and maximum respiration) were measured using 

Seahorse XF analyzer. Panel B, ECAR of ST-derived SM from WT and parkin KO mice. ST-

derived  SM from WT and parkin KO mice under basal levels, presence of mitochondrial 

Complex I inhibitor (rotenone), and uncoupler (FCCP) were measured by Seahorse XF24 

analyzer. Twenty µg SM were examined for OCR and ECAR. The respiratory control ratio 

(RCR) of SM were greater than 3. White columns represent OCR or ECAR of synaptosomal 

mitochondria from WT mice and black columns represent OCR or ECAR of parkin KO mice 

(n=5) and verticle lines + 1 SEM. * indicates OCR of maximum and spare respiration in parkin 

KO mice that are  significantly different (p < 0.05) from those of WT mice. 
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  In MBH-derived SM, there was no difference in basal respiration between WT and parkin 

KO mice (147 ± 33 versus 142 ± 26 pmoles/min, respectively). Both the maximum and spare 

respiratory capacities of parkin deficient SM from the MBH were much lower than those of WT 

mice (Figure 5.2 A). Maximum respiration of parkin KO mice was 649 ± 48 (pmoles/min) 

versus 915 ± 27 (pmoles/min) for WT mice. Spare respiration of parkin KO mice was 512 ± 24 

(pmoles/min) versus 749 ± 97 (pmoles/min) in WT mice. ECAR was similar in SM from WT 

and parkin KO mice under basal conditions and also following inhibition of Complex I activity 

with rotenone or dissipation of the proton gradient with FCCP (Figure 5.2 B). Maximum and 

spare respirations of SM-derived from ST and MBH were reduced in the absence of parkin, 

however ECAR did not differ depending on parkin presence.  
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Figure 5.2 Comparison of MBH-derived SM bioenergetics of mitochondrial respirations 

and glycolysis in WT and parkin KO mice. Panel A, OCR representing MBH-derived SM 

aerobic respiration from WT and parkin KO mice. Basal, maximum (uncoupler; FCCP), and the 

spare respiration (difference in OCR between basal and maximum respiration) were measured 

using seahorse XF analyzer. Panel B, ECAR of MBH-derived SM from WT and parkin KO 

mice. MBH-derived SM from WT and parkin KO mice under basal levels, presence of 

mitochondrial Complex I inhibitor (rotenone), and uncoupler (FCCP) were measured by 

Seahorse XF24 analyzer. Twenty µg SM were examined for OCR and ECAR. The respiratory 

control ratio (RCR) of SM were greater than 3. White columns represent OCR or ECAR of 

synaptosomal mitochondria from WT mice and black columns represent OCR or ECAR of 

parkin KO mice (n=5) and verticle lines + 1 SEM. * indicates OCR of maximum and spare 

respiration in parkin KO mice that are significantly different (p < 0.05) from those of WT mice. 
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Flow cytometric measurement of the ST- and MBH-derived SM mass and membrane 

potential in WT and parkin KO mice 

Twenty µg SM isolated following method described on Chapter 2, section 2.3 was 

examined for flow cytometric analysis following method described in Chapter 2, Section 2.5. 

Flow cytometric assessment of ST- and MBH-derived SM in WT and parkin KO mice was 

performed using MitoTracker Green and TMRE fluorescent dyes to measure mitochondrial mass 

and membrane potential. Histograms (Figures 5.3 A and 5.3 B) indicate a left shift of the green 

fluorescence corresponding to Mitotracker green in both ST- and MBH-derived SM from parkin 

KO mice as compared to WT mice. Parkin KO mice had lower SM mass compared to WT mice 

in both ST- and MBH-derived SM based on quantification of MitoTracker Green fluorescence 

(Figure 5.3 C). 
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Figure 5.3. Comparison of ST- and MBH-derived SM mass in WT and parkin KO mice. 

Panel A, Representative histogram of MitoTracker Green measurement of ST derived SM from 

WT and parkin KO mice.  Panel B, Representative histogram of MitoTracker Green 

measurement of MBH-derived SM from WT and parkin KO mice. Panel C, Quantification of 

mitochondrial mass of ST- and MBH-derived SM in WT and parkin KO mice. Flow cytometric 

assessment of SM mass of ST and MBH in WT and parkin KO mice was performed using 

fluorescent dye MitoTracker Green. Twenty µg SM were examined for mitochondrial mass by 

flow cytometry. White columns represent synaptosomal mitochondria from WT mice and black 

columns represent parkin KO mice (n=3) and verticle lines + 1 SEM. * indicates mitochondrial 

mass of SM from parkin KO mice that are significantly different (p < 0.05) from those in WT 

mice. 
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Flow cytometry-based TMRE uptake in ST- and MBH-derived synaptosomes from WT 

and parkin KO mice was used to compare differences in mitochondrial membrane potential in 

the absence of parkin. There is no difference in the TMRE histogram between synaptosomes 

from WT and parkin KO mice, an observation that was consistent for both ST- and MBH-

derived SM (Figures 5.4 A and 5.4 B). Quantitative analysis of the TMRE signal obtained by 

flow cytometry in ST- and MBH-derived SM produced similar results in both WT and parkin 

KO mice, which suggests there is no difference in membrane potential in the presence or absence 

of parkin, regardless of the brain regions (Figure 5.4 C).  
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Figure 5.4 Comparison of ST- and MBH-derived SM membrane potential in WT and 

parkin KO mice. Panel A, Representative histogram of TMRE measurement of ST-derived SM 

from WT and parkin KO mice. Panel B, Representative histogram of TMRE measurement of 

MBH-derived SM from WT and parkin KO mice. Panel C, Quantification of mitochondrial 

membrane potential between WT and parkin KO mice of ST- and MBH-derived SM. Flow 

cytometric assessment of membrane potential were performed using fluorescent dye TMRE. 

Twenty µg SM were examined for mitochondrial membrane potential by flow cytometry. White 

columns represent synaptosomal mitochondria from WT mice and black columns represent 

parkin KO mice (n=3) and verticle lines + 1 SEM. 
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Transmission electron microscopy analyses of ST- and MBH-derived SM morphology and 

integrity in WT and parkin KO mice 

 Parkin mediates mitochondrial quality control, therefore, in order to investigate quality of 

morphology of mitochondria, transmission electron microscopic analysis of SM from parkin KO 

and WT mice was performed following methods described in Chapter 2, Section 2.6. 

Mitochondrial function was scored based on their ultrastructure using Flameng functional 

scoring system as described in Chapter 3. The evaluation of the Flameng mitochondrial score 

and corresponding morphology was depicted in Figure 3.6. The distribution of the mitochondrial 

morphology represents a quality of mitochondrial function. Mitochondria with Flameng score of 

1-2 indicates mitochondria population with low quality, score 1 as the mitochondria with the 

lowest quality, score 3, swollen mitochondria, which process can be reversed or irreversible 

depending on the pathologic cause of the swelling, score 4 – 5 as high quality mitochondria 

populations, score 5 as the highest quality mitochondria.  

 The mitochondria found in ST-derived synaptosomes from parkin KO mice were more 

dysmorphic compared to mitochondria from WT-derived synaptosomes. The distribution of 

mitochondrial morphology scores indicate relatively poorer quality control in parkin deficient 

mice compared with WT mice. The average of the Flameng score of SM from parkin KO mice 

was lower (2.83 ± 0.08) compared to WT mice (3.46 ± 0.07) (Figure 5.5 A; Table 5.1). In 

contrast, the mitochondrial morphology scores were similar in MBH-derived SM in WT (3.55 ± 

0.08) and parkin KO mice (3.31 ± 0.09) (Figure 5.5 B, Table 5.1). Fewer mitochondria per 

synaptosome were observed in parkin KO mice compare to WT mice in ST-derived 

synaptosomes, while the numbers of mitochondrial per synaptosome were similar in the MBH of 

parkin KO and WT mice (Table 5.1).   
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Figure 5.5 Transmission electron microscopic analyses of ST- and MBH-derived SM in WT 

and parkin KO mice. Panel A, Representative bar graph of Fleming mitochondrial functional 

score of ST-derived SM from WT and parkin KO mice. Panel B, Representative bar graph of 

Fleming mitochondrial functional score of MBH-derived SM from WT and parkin KO mice. The 

synaptosomes were fixed, sectioned and at least 200 mitochondria from images were analyzed. 

Number of mitochondria with score ranged from 1-2 as a dysfunctional mitochondria, 3, and 4-5 

as a functional mitochondria are divided by total number of mitochondria and represented as 

percent value. The graph represents distribution of the mitochondria from each group based on 

mitochondrial morphology. Statistical analysis was done converting percent value by 

ASIN(SQRT(% value/100)).  White columns represent synaptosomal mitochondria from WT 

mice and black columns represent parkin KO mice (n=4) and verticle lines + 1 SEM. * indicates 

mitochondrial distribution of SM from parkin KO mice that are significantly different (p < 0.05) 

from those in WT mice. 
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 Mean Flameng score  Number of Mitochondria per 
synaptosomes  

ST – WT 3.46 ± 0.07 1.67± 0.11 

ST – KO  2.83 ± 0.08* 1.37± 0.03* 

MBH – WT  3.55 ± 0.08 2.02 ± 0.10 

MBH - KO  3.31± 0.09 1.78 ± 0.13 

 

Table 5.1. Comparison of SM mean Flameng scores and mean number of mitochondrial 

per synaptosomes in the ST and MBH of WT and parkin KO mice. Mean mitochondrial 

functional score was calculated by averaging Flameng mitochondrial functional score utilizing at 

least 200 mitochondria from each experimental group. Mean number of mitochondria per 

synaptosomes is derived by dividing total number of mitochondria by total number of 

synaptosomes in each experimental group. The experiment was repeated four times with + 1 

standard error of the mean. * indicates mean Flameng score or mean number of mitochondria per 

synaptosomes in parkin KO mice that are significantly different (p<0.05) from those in WT 

mice.
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Weight comparison of WT and parkin KO mice 

Mitochondrial maximum and spare respiratory capacities, mass, number per synaptosome, 

and quality were much lower in ST of parkin KO mice as compared with WT mice. These 

findings raise the question if there is any consequential phenotype in parkin null mice. 

Mitochondria are essential for cellular metabolic processes by providing the major source of 

energy through oxidative phosphorylation. Therefore, as an indirect measure of general body 

metabolism the weight of parkin KO and WT mice were compared. The mean weight of age-

matched WT mice (20-24 weeks old) was 33.1 g, while parkin KO mice weighed 28.6 g (Figure 

5.6). The difference was higher as the mice were older. WT mice with 36-40 weeks old weighed 

38 g while parkin KO mice only weighed 29.5 g.  
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Figure 5.6 Weight comparison of WT vs parkin KO mice. Weights were obtained from age-

matched, 20-24 weeks old, untreated mice (n = 7 for WT mice; n= 10 for Parkin KO mice) 

within our colony.  
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Discussion 

 The data presented herein are consistent with the hypothesis that parkin plays a 

neuroprotective role in central DA neurons during metabolic stress through maintenance of the 

number and quality of mitochondria in axon terminals.  NSDA neurons appear to have reduced 

aerobic mitochondrial respiratory capacity associated with diminished mitochondrial mass, 

number of healthy intact mitochondria, and total numbers of mitochondria per synaptosome in 

the absence of parkin. A relative parkin deficiency following acute injury in NSDA neurons may 

impair mitochondrial aerobic respiration in axon terminals by decreasing the numbers and 

quality of viable mitochondria. A limited capacity of parkin-mediated mitochondrial 

maintenance may, in part, explain unique susceptibility of NSDA neurons and resistance of 

TIDA neurons to toxicant exposure and to degeneration in PD.  

Parkin does not appear to regulate basal aerobic respiration within axon terminals in the 

ST, although parkin does influence the number of viable mitochondria in NSDA axon terminals. 

There are fewer mitochondria in NSDA axon terminals in parkin KO mice compared to WT type 

mice, and existing mitochondria appear more dysmorphic in the absence of parkin. It is likely 

that under conditions of basal respiration, mitochondrial numbers may be sufficient in NSDA 

neurons of parkin deficient mice to generate energy to meet physiological demand. This as well 

as parkin independent regulation of basal anaerobic respiration may explain why only mild 

behavioral phenotypes are observed in parkin KO mouse models in the absence of metabolic 

stress (Harvey et al., 2008; Perez and Palmiter, 2005). The similar TMRE-derived estimations of 

membrane potential for WT and parkin KO mice in the context of a decrease in mitochondrial 

mass suggest a compensatory increase mitochondrial potential in parkin KO mice.   
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When mitochondrial respiration is uncoupled by FCCP, in the absence of proton back 

pressure, parkin deficient mice have an impaired capacity to increase energy production; i.e., 

maximum and spare respirations are lower in ST-derived SM from parkin KO as compared with 

WT mice. The reduced numbers of available mitochondria in NSDA neurons in parkin deficient 

mice result in diminished overall maximal electron transport chain activity and, consequently, 

less oxygen consumption and ATP generating capacity under high-demand conditions.  On the 

other hand, the absence of parkin has no impact on non-mitochondrial respiration in ST axon 

terminals; i.e., when the ETC is no longer functional following inhibition of Complex I with 

rotenone or dissipation of the proton gradient by FCCP.  

Impaired mitochondrial morphology and reduced numbers of mitochondria per 

synaptosome in ST from parkin KO compared to WT mice were observed by transmission 

electron microscopy suggesting that parkin plays a significant role in maintenance of 

mitochondrial integrity. These results are consistent with previous reports showing that 

mitochondrial dysfunction, in the absence of parkin in Drosophila parkin null mutants, is 

associated with reduced lifespan, locomotor defects, and male sterility (Greene et al., 2003). In 

addition, parkin loss of function mutations are associated with increased levels of DA-induced 

oxidative stress in induced pluripotent stem cells obtained from both normal human subjects and 

PD patients (Jiang et al., 2012).  

While there are limitations to toxicant-induced models of DA neurodegeneration, there is 

a direct correlation between susceptibility of NSDA neurons to the acute and chronic toxic 

effects of MPTP and the inability of these neurons to upregulate parkin (Schapira et al., 1989; 

Benskey et al., 2013). On the other hand, increased expression of parkin bolsters mitochondrial 

function providing a neuroprotective effect. Indeed, neuron-specific over-expression of parkin in 
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Drosophila increases mean and maximum lifespan by improving mitochondrial morphology and 

mitochondrial dynamics (Rana et al., 2013). In murine models, adenovirus mediated 

upregulation of parkin expression appears to protect NSDA neurons from toxicants-induced 

injuries (Vercammen et al., 2006; Manfredsson et al., 2007).  The protective effects of 

exogenous upregulation of parkin expression against neurotoxicant-induced injury is consistent 

with our observations in Chapter 3 that mitochondrial respiratory capacity, mass, and quality 

control are increased in TIDA neurons that have relatively higher parkin expression, particularly 

following an acute injury, compared to NSDA neurons. 

Dysfunctional mitochondria cause impaired ATP synthesis while increasing the 

generation of oxygen free radicals and oxidative stress in NSDA neurons (Scotcher et al.,1990; 

Keane et al., 2011).  NSDA neurons are susceptible to oxidative stress due, in part, to highly 

oxidative characteristics of DA (Lin and Beal, 2006; Floor and Wetzel, 1998; Spina and Cohen, 

1989; Cohen, 2002). In addition, altered mitochondrial bioenergetics may impact energy 

metabolism. Low body mass index is also observed in Parkinson disease patients compared to 

normal age matched healthy subjects (Bachmann and Trenkwalder, 2006). Moreover, abnormal 

glucose tolerance was observed in 50 – 80% of Parkinson patients in addition to decreased 

dopaminergic transmission in ST with chronic hyperglycemia (Sandyk, 1993). Differential 

mitochondrial function in parkin deficient mice may play a role in differential energy 

metabolism and consequent difference in weight change, as observed in the present study. 

Therefore, parkin-mediated maintenance of mitochondrial homeostasis may be an important 

mechanism underlying the unique susceptibility of NSDA neurons to PD-related 

neurodegeneration.  
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 When mitochondrial degradation is reduced, an increased accumulation of damaged 

mitochondria would be expected, along with an increase in total number of mitochondria in 

axonal terminals. However, we observed increased numbers of impaired and damaged 

mitochondria in ST from parkin KO mice compared to WT controls, but no apparent increase in 

the overall number of mitochondria were detected in the parkin KO mice. It is possible that, in 

parkin KO mice, there is a decrease in mitochondrial biogenesis or slowed transport of newly 

formed mitochondria to the nerve terminals. Our data would be consistent with the concept that 

mitochondrial biogenesis and degradation are tightly coupled as part of the overall strategy to 

maintain mitochondrial homeostasis. Further studies would be required to determine if there are 

regional and/or parkin-dependent mechanisms for mitochondrial biogenesis and transport in 

TIDA versus NSDA neurons.   

 

Conclusion 

In previous chapters, region-specific difference in mitochondria bioenergetics 

corresponding with different amounts of mitophagosomes was observed. In the present chapter, 

basal aerobic mitochondrial respiration was found not to be parkin-dependent in either TIDA or 

NSDA neurons. The presence of parkin, however, facilitates maximal respiration during 

mitochondrial stress, most plausibly by maintaining the quality of mitochondria through 

mitophagy of defective mitochondria. Our data reveals the importance of parkin on 

mitochondrial structure and function in central DA neurons. Furthermore, the differences in 

parkin-mediated mitochondrial maintenance may be linked to the differential susceptibility of 

neurons to toxicant-induced injury and to neurodegeneration in PD disease.  
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Chapter 6. Neuroprotective effect of parkin on mitochondria in NSDA axonal 

terminals  

 

Introduction 

The bioactive form of MPTP, MPP
+
 inhibits the ETC and inhibits mitochondrial function 

in various animal models (Sherer et al., 2002; Krige et al., 1992; Mizuno Y et al., 1988; 

Nakamura et al., 1989). Mitochondrial Complex I plays a significant role in generating the 

oxygen radicals that are transported into mitochondrial matrix in vivo Kudin et al., 2004; Adam-

Vizi et al., 2006; Brand et al., 2004; Murphy, 2009). Thus, impairment of mitochondrial 

respiration following inhibition of mitochondrial Complex I can cause ROS in mitochondria, 

which may be detrimental for mitochondrial function (Murphy, 2009; Ozawa, 1997). Therefore, 

maintenance of mitochondrial quality control following MPTP exposure is essential for DA 

neuronal health. The data presented in this chapter supports the hypothesis that parkin plays a 

vital role in maintenance of homeostasis of the mitochondria following acute MPTP exposure.  

Parkin maintains mitochondrial quality control by regulation of “mitophagy” or 

autophagy of mitochondria. Mitophagy successfully gets rid of damaged mitochondria, which 

may induce initiation of cell death programming or further ROS production Tanaka A, 2010; 

Chen and Chan, 2009; Youle and Narendra, 2011).  In Chapter 5, altered mitochondrial 

structure and function were observed in parkin deficient mice; i.e., mitochondrial bioenergetics, 

mass, and the number of healthy intact mitochondria were reduced in the absence of parkin. In 

addition, mitochondrial Complex I inhibitor, rotenone is reported to induce mitophagy and 

impaired level of mitophagy was revealed in parkin KO mice (Kubli et al., 2013). Parkin is 

reported to have a neuroprotective role in neuronal cells and increases mean and maximum 
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lifespan by improving mitochondrial morphology and mitochondrial dynamics (Rana et al., 

2013). Therefore, in the present study, the neuroprotective effects of parkin on mitochondria in 

NSDA axonal terminals was investigated by; 1) introducing parkin via adeno-associated virus 

(rAAV)-hParkin in parkin deficient mice and determining mitochondrial respiratory capacity in 

NSDA axonal terminal regions, and 2) overexpressing parkin in WT mice and determining the 

effect of mitochondrial Complex I inhibition on mitochondrial function and mitophagy. 

AAV is a single stranded DNA dependovirus, which can infect both mitotic and post-

mitotic cells such as neurons without pathogenesis (Xiao et al., 1998; Tenenbaum et al., 2004). 

In this dissertation, AAV serotype 2/5 was utilized based on previous studies from the 

collaborators and our laboratory. AAV2 is extensively characterized and utilized in clinical trials 

with the highest biosafety level among viral vector systems currently in use (Grimm et al., 2003). 

For the maximum efficiency for viral infection and its expression, AAV2 mixed with capsid 

from AAV5, AAV2/5 was utilized in this study. Successful transduction of AAV-parkin into DA 

neurons in the hypothalamus, SN and ST was confirmed previously (McFarland et al., 2009; 

Manfredsson et al., 2009; Manfredsson et al., 2007; Benskey et al., n.d.).  

The results from these studies reveal that human parkin tagged with flag was successfully 

packaged into AAV and delivered into the SNpc by unilateral or bilateral stereotaxic injection. 

Exogenous parkin expression in parkin null mice had no effect on mitochondrial respiratory 

capacity or the inhibitory effect of MPTP on basal respiration in WT mice. MPTP reduced 

maximum and spare respirations associated with a decrease in mitochondrial protein in WT mice, 

however, MPTP did not have an effect on maximum or spare respirations or level of 

mitochondrial protein in parkin overexpressed mice. MPTP exposure and parkin overexpression 

upregulated the autophagy activation marker, LC3-II. Therefore, parkin may have 



176 
 

neuroprotective effect on NSDA neurons by maintaining viable mitochondria through mitophagy 

following acute MPTP exposure.   

Results 

 Effect of parkin rescue on mitochondria from NSDA axon terminals in parkin KO mice 

Mitochondria in NSDA axon terminals had altered function and structure in parkin KO 

mice. Mitochondrial respiratory capacity, mass, and the number of healthy, intact mitochondria 

were all lower in parkin KO mice compare to WT mice (Chapter 4). To test whether parkin is 

able to rescue altered mitochondrial function, parkin was expressed in parkin null mice by 

stererotaxic unilateral injections of rAAV-F-hParkin into SNpc as described in Chapter 2. Four 

weeks later mitochondrial function was examined. rAAV-F-hParkin was injected into left SNpc 

– ipsilateral to the parkin injection site (ipsi parkin). The right or contralateral SNpc (contra 

parkin) did not receive an injection and was utilized as an internal control. The sham group 

followed same procedures of surgery and care, but was injected with saline. The success of 

transduction of the virus in DA neurons was validated by immunoreactivity to TH and FLAG in 

the ventral mesencephalon and confirmed by immunohistochemistry and Western blot (Tanida et 

al., 2008). SM were isolated from ST and mitochondrial bioenergetics was measured using a 

Seahorse XF 24 analyzer.  

OCR of ST-derived synaptosomes from rAAV-F-hParkin injected (parkin ipsi), non-

injected (parkin contra), and saline injected (sham) mice were measured. Compound A: 

olygomycin, B: FCCP, C: rotenone were injected ex vivo into the synaptosomes (Figure 6.1 A). 

The parkin contra uninjected control group had the lowest OCR following 5mM pyruvate 

/2.5mM malate (basal respiration), than either parkin ipsi or sham groups. Oligomycin treatment 

(proton leak) did not change the trend. FCCP injection (maximum respiration) caused similar 
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OCR between parkin ipsi and sham, but parkin contra had much lower OCR and this trend was 

also observed with rotenone injection. This experiment was repeated 5 more times and based on 

these mitochondrial bioenergetics profile, mitochondrial basal, maximum, and spare respirations 

were calculated. Basal respiration of sham was 233 ± 19.7 pMoles/min, parkin contra was 161 ± 

25.1 pMoles/min, and parkin ipsi was 188 ± 17.7 pMoles/min (Figure 6.1 B). Maximum 

respiration of sham was 494 ± 33.1 pMoles/min, parkin contra was 428 ± 52.8 pMoles/min, and 

parkin ipsi was 528 ± 41.1 pMoles/min (Figure 6.1 C). Spare respiration of sham was 259 ± 

29.7 pMoles/min, parkin contra was 273 ± 28.3 pMoles/min, parkin ipsi was 345 ± 37.9 

pMoles/min (Figure 6.1 D). There was a trend that maximum and spare respirations of parkin 

ipsi was higher than parkin contra, however, the differences was not statistically significant.     
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Figure 6.1 Effect of exogenous parkin expression on ST-derived SM containing NSDA 

axonal terminals in parkin null mice. Panel A, Mitochondrial bioenergetics profile of Seahorse 

XF analyzer.  Eighteen parkin null mice (n=6 per group) received unilateral stereotaxic injections 

of 500 nl rAAV-F-hParkin (3.4 x 10
13 

vg/ml) or 500 nl saline in ipsilateral SNpc. Parkin 

contralateral was not injected and used as an internal control. Four-weeks following stereotaxic 

surgery, synaptosomes were isolated from mouse ST using Percoll gradient and centrifugation, 

and quantified by BCA assay. Fifteen to 20 µg SM respiration was examined by using Seahorse 

XF24 analyzer measuring OCR: injection port A: oligomycin 3 µM, injection port B FCCP 3 µM, 

and port C: Rotenone 2.5 µM.  ● indicates ST-derived SM from ipsilateral side to SN injected 

with rAAV-F-hParkin. ● indicates ST-derived SM from contralateral side SN, which does not 

have any injection. ● indicates sham, which is injected with saline. Representative bar graph of 

basal respiration (Panel B), maximum respiration (Panel C), spare respiration (Panel D). 

Columns represent mean OCR of synaptosomal mitochondria + 1 SEM. Sham is stereotaxically 

injected with saline. Parkin contr (parkin contralateral) has no injection. Parkin ips (parkin 

ipsilateral) has rAAV-F-hParkin injection.   

  

B A 

C D 
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Effect of parkin overexpression on mitochondria in NSDA axon terminals following single 

acute MPTP exposure in WT mice 

 Differential toxic effects on TIDA and NSDA neurons are correlated with differential 

parkin expression following acute single MPTP exposure (Schapira et al., 1989; Imam et al., 

2006). In Chapter 4 the effects of MPTP were compared in mitochondria and cells in ventral 

mesencephalon and MBH where NSDA and TIDA cell bodies reside. In these studies, SM 

respiratory capacities were reduced by mitochondrial Complex I inhibitor ex vivo exposure and 

mitochondria are diminished in SNpc in vivo exposure. Therefore, in the present study, possible 

protective effect of parkin overexpression following MPTP acute single exposure was 

investigated. Parkin was overexpressed in WT mice by stereotaxic bilateral injections of rAAV 

containing flag tagged hParkin in the SNpc and the effect of parkin on mitochondrial function 

was determined. rAAV-F-hParkin was injected into both sides of SNpc with sham mice 

receiving saline injections, which does not contain rAAV-F-hParkin. Four weeks after the 

surgery, the mice were treated with MPTP or saline vehicle and killed 24 h later. ST was 

dissected and synaptosomes containing mitochondria are isolated and mitochondrial 

bioenergetics were measured using a Seahorse XF analyzer (Figure 6.2).   

Success of rAAV-F-hParkin transduction in SN was confirmed by quantitative immuno 

blotting. Parkin expression by rAAV-F-hParkin injection was revealed by increased 

immunoreactivity to parkin in rAAV-F-hParkin injected mice compare to vehicle-injected mice 

(Figure 6.3).  
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Figure 6.2 Schematic depicting the experimental design of MPTP treatment in parkin 

overexpressed WT mice. Mice were stereotaxically injected with either 500 nl of rAAV-F-

hParkin (3.4 x 10
13 

vg/ml) or saline bilaterally into the SNpc. Four weeks after stereotaxic 

surgery, 8 mice (4 injected with rAAV-F-hParkin and 4 with saline) were injected sc with MPTP 

and the other 8 with saline for 24 h before killing (n=4). ST will be dissected and SM were 

isolated from ST. Isolated SM bioenergetics will be examined by a Seahorse XF analyzer.  
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Figure 6.3 Confirmation of rAAV-F-hParkin expression within the SNpc. Twenty-four mice 

(n=6 per group) received bilateral 500 nl stereotaxic injections of rAAV-F-hParkin (3.4 x 10
13

) 

or saline (sham group) in SNpc. Four weeks following injection, mice were sacrificed and parkin 

protein was measured in the SNpc of rAAV-F-hParkin injected and sham group. 
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SM bioenergetics profile of the four groups was determined using a Seahorse XF 

analyzer (Figure 6.4 A). The four groups are: 1) MPTP parkin - parkin expressed mice treated 

with MPTP. 2) MPTP sham - sham mice treated with MPTP. 3) vehicle parkin – parkin 

expressed mice treated with saline. 4) vehicle sham - sham mice treated with saline. MPTP 

reduced OCR in sham mice, but not in parkin expressed mice when OCR is measured in SM 

incubation media with substrate 5 mM pyruvate and 2.5 mM malate (basal respiration). There 

was no difference among all four groups in olygomycin ex vivo injection (proton leak).  FCCP ex 

vivo injection induced difference in OCR among groups; MPTP reduced OCR in sham mice, but 

did not change OCR in parkin expressed mice (maximum respiration). The experiment was 

repeated 5 more times and basal, maximum, spare respiratory capacities of MPTP treated groups 

were normalized to vehicle groups. However, SM of one experiment group did not have RCR’ 

greater than 3 indicating poor mitochondrial quality, and another experiment group failed to 

measured repeated OCR measurement. The total sample size of the experiments was four.  

MPTP reduced basal respiration in both sham (to 81 ± 5.7 % control) and parkin 

expressed mice (to 76.8 ± 6.2 % of control) (Figure 6.4 B). Maximum respiration of sham mice 

was reduced to 71.9 ± 4.1 % by MPTP treatment, but in parkin expressed mice the effect of 

MPTP was attenuated (94.0 ± 9.0 %) (Figure 6.4 C). Spare respiration of sham was reduced to 

68.5 ± 3.86 %, whereas in parkin expressed there was no change (102 ± 11.8 %) compared with 

OCR following vehicle treatment (Figure 6.4 D). In sham mice, MPTP reduced maximum and 

spare respirations by about 30 %. However, in parkin expressed mice, MPTP failed to reduce 

maximum or spare respirations.  
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Figure 6.4 Effects of parkin expression on SM respiration following single acute exposure 

to MPTP in WT mice. Panel A, Mitochondrial bioenergetics profile of Seahorse XF analyzer 

Synaptosomes were isolated from mouse ST using Percoll gradient and centrifugation, and 

quantified by BCA assay. Fifteen to 20 µg SM respiration was examined by using Seahorse 

XF24 analyzer measuring OCR: injection port A: oligomycin 3 µM, injection port B FCCP 3 µM, 

and port C: Rotenone 2.5 µM.  ● indicates SM derived from ST injected with rAAV-F-hParkin 

in MPTP treated mice. ● indicates SM derived from ST injected with saline in MPTP treated 

mice. ● indicates SM derived from ST injected with rAAV-F-hParkin in vehicle treated mice. ● 

indicates SM derived from ST injected with saline in vehicle treated mice.  Representative bar 

graph of basal respiration (Panel B), maximum respiration (Panel C), and spare respiration 

(Panel D). Columns represent mean OCR of MPTP treated groups were normalized by vehicle 

group + 1 SEM. OCR of MPTP treated divide by vehicle treated group of sham or rAAV-F-

hParkin group. The values are expressed in % . (*) OCR of synaptosomal mitochondria with 

single acute MPTP exposure is significantly different from saline-treated controls with p < 0.05.  
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Effect of MPTP in mitochondria mass in the SNpc was investigated by quantifying 

immunoreactivity to cytochrome oxidase subunit IV (COX IV). COX IV expression was 

normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a housekeeping gene 

(Barber et al., 2005). COX IV expression was reduced in sham mice with a single acute exposure 

to MPTP; about 20% of COX IV expression was lost (Figure 6.5). COX IV expression in sham 

mice was different from both of the vehicle groups (parkin overexpressed and sham mice). 

Parkin overexpressed mice showed somewhat of a reduction in COX IV expression, however, 

the difference was not statistically significant.         
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Figure 6.5 The effects of parkin expression on COX IV in SNpc following single-acute 

MPTP exposure. Twenty-four mice (n=6 per group) received bilateral 500nl stereotaxic 

injections of AAV-hParkin (3.4 x 10
13

) or saline (sham group) in SN. Four-weeks following 

injection, mice were injected with saline (10ml/Kg; s.c.) or MPTP (20mg/Kg; s.c.) and were 

sacrificed 24 h later. Cox IV expression in SN were determined by Western blot and were 

normalized to GAPDH. Columns represent mean COX IV expressions + 1 SEM. (*) Cox IV 

expression in SN with single acute MPTP exposure is significantly different from saline-treated 

controls (p < 0.05).  
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Neuroprotective effect of parkin on mitochondria via upregulation of autophagy with 

single acute MPTP exposure 

 Parkin plays an important role in mitochondrial quality control via mitophagy (Sauerbeck et 

al., 2011; Rogers et al. 2011). Pink-1 surrounding damaged mitochondria recruits parkin onto the 

mitochondria. Parkin ubiquitinates mitochondrial outer membrane proteins and promotes 

mitochondria engulfing into autophagosomes. Parkin recognizes its substrate protein (or 

cytosolic organelles) and recruits the substrates to autophagy machinery via lys63 poly-

ubiquitination (Olzmann et al., 2007). Therefore, the protective effect of parkin on mitochondria 

may be mediated by autophagy. In this study, the level of autophagy was identified by measuring 

the level of microtubule-associated protein 1A/1B-light chain 3 (LC3) activity (Nakatogawa et al. 

2007).  

 LC3 is a cytosolic protein with a molecular mass of 17kDa and is well known molecular 

marker for autophagy. When the cells undergo autophagy, LC3-I is conjugated at the c-terminus 

with phosphatidylethanolamine in autophagic membranes and forms LC3-II, which can be found 

in autophagosomal membranes or isolated membranes (Tanida et al., 2008). Therefore, 

autophagy can be measured by the relative expression of LC3-I and LC3-II. The ratio of LC3-II 

to LC3-I was increased approximately 60 % following single acute MPTP exposure in sham 

mice (Figure 6.6). However, the difference was not statistically significant due to small sample 

size. The power analysis indicated that the mean LC3-II/LC3-I ratio in MPTP-treated mice 

(0.20) and the mean LC3-II/LC3-I ratio in vehicle-treated mice (0.13) with 0.08 sigma required a 

sample size of 10 mice per group with α = 0.05. The ratio was upregulated with parkin 

expression alone and there was no difference following MPTP exposure.     
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Figure 6.6 The effects of parkin expression on markers of autophagy in SN following 

single-acute MPTP exposure. Twenty-four mice (n=6 per group) received bilateral 500 nl 

stereotaxic injections of AAV-hParkin (3.4 x 10
13

) or saline (sham group) in SNpc. Four-weeks 

following injection, mice were injected with either saline (10ml/kg; s.c.) or MPTP (20mg/kg; 

s.c.) and were sacrificed 24 h later. Levels of LC3-II and LC3-I in SN were determined by 

Western blot and ratio of LC3-II and LC3-I was calculated; LC3-II divided by LC3-I. Columns 

represent mean ratio of LC3-II to LC3-I expression + 1 SEM.  
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Effect of parkin expression on TH in NSDA axon terminals following single acute MPTP 

exposure 

 The above results suggest that parkin expression has a protective effect on mitochondria. 

Next, the effect of parkin expression on TH expression in SNpc following single acute exposure 

to MPTP was investigated. TH is rate-limiting step for DA synthesis and a phenotypic marker for 

NSDA neurons. TH was reduced to a similar extent by MPTP treatment in sham and parkin 

expressed mice (Figure 6.7). MPTP reduced about 30 % of TH expression in SN of sham mice 

and about 20 % of TH expression in SN of parkin expressed mice. 
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Figure 6.7 The effects of parkin expression on TH expression in SN following single-acute 

MPTP exposure. Twenty-four mice (n=6 per group) received bilateral 500 nl stereotaxic 

injections of AAV-hParkin (3.4 x 10
13

) or saline (sham group) in SN. Four weeks following 

injection, mice were injected with either saline (10ml/kg; s.c.) or MPTP (20mg/kg; s.c.) and were 

sacrificed 24 h later. TH expression in SN was determined by Western blot and normalized to 

GAPDH. Columns represent mean TH expression + 1 SEM. (*) TH expression in SN with single 

acute MPTP exposure is significantly different from saline-treated sham and parkin expressed 

controls (p < 0.05).  
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Discussion 

Parkin null mice (B6.129S4-Park2
tm1Shn

/J strain) have EGFP replaced in exon 3, which 

results in a frame shift and absence of full parkin gene product; mRNA contains exon 2 spliced 

to exon 4 (omitting exon 3) and premature stop codon in exon 5 (Zhang Z-X et al., 2006). Parkin 

KO mice had increased sensitivity to cardiovascular disease morbidity and mortality caused by 

abnormal mitochondria morphology in myocytes (Kubli et al., 2013). Myocytes of parkin null 

mice contained large clusters of small round mitochondria, and myocardial infarction is 

associated with swollen and severe cristae remodeling due to impaired mitophagy. Mitochondrial 

dysfunction with an absence of parkin was also reported in a Drosophila model. Parkin null mice 

show only mild impaired coordination without loss of DA neurons, however, abnormal 

mitochondrial physiology, morphology and less mitochondria are identified from NSDA axonal 

terminals (Greene et al., 2003) (Chapter 5).  

Data presented in this chapter show that parkin exogenous expression in the SN of parkin 

null mice did not rescue mitochondrial respiratory capacity. In parkin null mice, other parallel 

pathways of mitochondrial quality control may compensate for maintaining mitochondrial 

function. RNF185 and GIDE (also called MULAN) are identified as other E3 ubiquitin ligases of 

mitochondria (Goetz 2011; Charcot 1872). RNF185 is shown to mediate mitochondrial 

autophagy and MULAN is reported to regulate mitochondrial dynamics and signaling between 

mitochondria and nucleus through NF-κB. Another factor to consider is that the parkin null mice 

used in these studies were housed free from environmental toxins, stress, injury, or infections. 

Over 90 % of PD is idiopathic and there is no known family history of PD (Goetz 2011). PD 

shows a complex relationship between genetic and environmental factors. For example, people 

with genetic polymorphisms of cytochrome P450 (CYP)2D6 (a liver enzyme that metabolizes 
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xenobiotics), solute carrier family 6 member 3 (SLC6A3) (DAT gene), Praoxonase 1 (PON1) are 

reported to have increased risk of developing PD by pesticides exposure
 
(Goetz 2011; Charcot 

1872; Eeden 2003). Conversely, people with mitochondrial enzyme MAO-B and antioxidant 

glutathione S-transferase (GST) polymorphisms had lower risk of developing PD with smoking 

(Goetz 2011; Checkoway et al., 1998). Ageing can be an additional factor for altered 

mitochondrial phenotype in parkin null mice. A four week time period may not be sufficient time 

for the cells to adapt to synthesize more mitochondria and change in mitochondrial bioenergetics. 

In addition, the amount of parkin expression by AAV may not be sufficient for parkin null mice 

to recover mitochondrial function.  

In contrast to parkin expression in parkin null mice, mitochondria in parkin expressed 

WT mice revealed a protective effect of parkin on mitochondria in ST and SN following single 

acute exposure to MPTP. Inhibition of basal respiration was not prevented by parkin expression. 

MPTP inhibited basal respiration of both sham and parkin expressed mice to the same extent. 

This confirms inhibitory effect of MPTP on mitochondrial function in NSDA axon terminal and 

explains reduced TH expression in both sham and parkin expressed mice. Intriguingly, MPTP 

inhibited maximum and spare respirations in sham mice, but MPTP did not inhibit maximum and 

spare respiration in parkin expressed mice. 

In Chapter 4, transient accumulation of MPP
+
 ex vivo and mitochondrial membrane 

potential and energy dependent transportation of MPP
+
 to mitochondria was discussed 

(Bernheimer et al., 1973;  Scotcher et al., 1991; Ramsay et al., 1986; Ramsay and Singer 1986). 

One hundred µM MPP
+ 

ex vivo treatment failed to inhibit basal, maximum, and spare 

respirations, and synaptosomes in high MPP
+
 concentration showed less inhibitory effect on 

maximum and spare respirations compare to basal respiration. Uncouplers are reported to not 
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only prevent MPP
+ 

uptake into mitochondria but also induce exportation of MPP
+
 from 

mitochondria and prevent MPP
+
 from binding to mitochondrial Complex I (Goetz 2011; Ramsay 

and Singer 1986). Therefore, FCCP ex vivo injection may trigger outflow of MPP
+
 and dissipate 

MPP
+ 

accumulation in mitochondria. This explains the recovered maximum and spare respiration 

with FCCP ex vivo treatment in parkin expressed mice.  However, OCR was continuously 

reduced with FCCP ex vivo treatment in sham mice. This suggests the difference in 

mitochondrial capacity in sham mice is not from inhibitory toxicity of MPP
+
, but from reduced 

viable mitochondria in sham mice. This is consistent with the results presented in Chapter 4; i.e., 

MPTP reduced mitochondrial protein in TH immunoreactive cells from SN. In the study 

presented in this chapter, Western blot analysis confirmed reduced mitochondrial protein COX 

IV following MPTP exposure in sham mice, however, MPTP failed to reduce COX IV in parkin 

expressed mice. This indicates that even though MPP
+ 

is still bound to mitochondria and inhibits 

mitochondrial respiration, parkin expression prevented loss of functional/viable mitochondria. 

Parkin expression prevented further damage to mitochondria in NSDA neurons by MPTP. This 

suggests that when NSDA neurons are free of neurotoxin, parkin promotes mitochondrial 

recovery but the endogenous level of parkin in NSDA neurons are not able to recover due to loss 

in viable mitochondria.  

Mitochondrial Complex I inhibitor, rotenone was reported to induce mitophagy and the 

absence of parkin caused impaired mitophagy in cardiocytes exposed to rotenone (Kubli et al., 

2013). In my study, similar mitochondrial Complex I inhibitor, MPTP increased autophagy 

markers and parkin overexpression upregulated autophagy markers as well. This indicates 

increase in autophagy of mitochondria may play a significant role in the protective effect of 

parkin in single acute MPTP exposure.  
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Autophagy has a neuroprotective role in ageing and neurodegenerative diseases. 

Increases in the autophagy protein Atg8 induced increased life span in drosophila and resistance 

to oxidative stress (Goetz 2011). However, in the absence of the autophagic protein Atg 7, 

drosophila were vulnerable to starvation and oxidative stress and showed a decrease in life span 

and an increase in ubiquitin-positive aggregates in the brain (Goetz 2011). Atg 7 KO mice are 

reported to have massive neuronal loss with impairment of coordination of the movement. The 

mice died early and the pathology of the neurons contained inclusion bodies composed with 

polyubiquitinated proteins without any proteosomal dysfunction (Goetz 2011).  Lewy body, a 

neuronal inclusion body in PD, is composed of α-synuclein accumulations. Aberrant α-synuclein 

caused inhibition of autophagy, but when autophagy was induced by Beclin 1, α-synuclein 

accumulation was reduced (Goetz 2011; Charcot 1872).  Aberrant α-synuclein expression is also 

reported to be associated with mitochondrial dysfunction and an increase in colocalization of 

autophagosomes and mitochondria (Goetz 2011). In addition to α-synuclein, genetic factors of 

PD, LRRK2, DJ-1, PINK1, and PARKIN are also involved in mitophagy (Goetz 2011; Charcot 

1872; Eeden et al., 2003). Therefore, upregulation of autophagy in mitochondria by parkin 

overexpression may a play significant role in protecting mitochondria from mitochondrial 

Complex I inhibitor.    

  Intriguingly, in parkin overexpressed mice, MPTP did not induce higher levels of 

autophagy than vehicle-treated controls. Parkin overexpression had increased basal levels of 

autophagy and the level of autophagy did not alter with MPTP exposure, but the mitochondrial 

protein level was still protected from MPTP single acute exposure. Increase in autophagy 

markers can be due to either reduction in clearance of autophagosomes (also called “autophagic 

stress”) or true increases in autophagy. Autophagic stress may cause increased autophagy 
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markers in response to MPTP exposure, however, overexpression of parkin may prevent 

autophagic stress and the basal level of autophagy may not be altered. Since autophagosomes are 

cleared as soon as the autophagosomes are formed, the level of autophagosomes may not be 

altered. In addition, this may also indicate that parkin overexpression does not overly activate 

autophagy; parkin overexpression maintained the balance of autophagy induction. Although 

autophagy has neuroprotective effects, overactivation of autophagy can be toxic to neurons. 

Excessive autophagy activation can cause axonal dystrophy, neurite degeneration, neuronal 

atrophy, and cell death (Goetz 2011; Charcot 1872).  Autophagy-related therapies in 

neurodegenerative disease are limited by the inability to regulate autophagy activation. Therefore, 

parkin, allowing neurons to maintain homeostasis of autophagy while protecting mitochondria 

from neurotoxin, may provide a novel therapy for PD.   

 

 Conclusion 

 Parkin exogenous expression in parkin null mice failed to restore altered mitochondrial 

function in axon terminals of NSDA neurons. This suggests that reversal of genetic factor parkin 

deficiency alone is not sufficient to affect pathophysiology in PD, and another mitochondrial E3 

ubiquitin ligase such as RNF185 and GIDE may compensate for absence of parkin in parkin null 

mice. Mitochondrial Complex I inhibitor, MPTP, impacted mitochondria in NSDA axon 

terminals even with parkin overexpression in WT mice. However, parkin overexpression rescued 

viable mitochondria from MPTP exposure, and mitochondrial function was restored with 

uncoupler ex vivo treatment in parkin overexpressed mice possibly through activation of 

autophagy. Therefore, loss of parkin mediated mitochondrial quality control may contribute 

to DA neuronal degeneration in MPTP single acute exposure and pathogens of PD.  
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Chapter 7. General Discussion and Concluding Remarks  

 

Insights on the role of mitochondria in pathophysiology of PD 

Mitochondrial dysfunction is involved in the pathogenesis of PD as indicated by 1) the 

reduction of mitochondrial Complex I activity in SN and various tissues (Schapira et al., 1989; 

Mizuno et al., 1989; Goetz 2011; Bindoff et al., 1991), 2) an increased  mtDNA deletion, 3) the 

role of environmental factors such as organochlorines, rotenone, paraquat, and MPTP, 4) the role 

of genetic factors such as parkin (park2), PINK1 (park6), DJ-1 (park7), LRRK2 (park8), 

NDUFA10 (candidate gene of park11), TIMM8A(candidate gene of Park12), HTRA2 (park13), 

FBX07 (park15),and  EIF4G1 (Park18). These findings suggest that mitochondrial maintenance 

is critical to prevent NSDA neuronal degeneration in PD.  

Mitochondria are essential organelles that regulate eukaryotic cellular metabolism of β-

oxidation of fatty acids, oxidative phosphorylation, ROS, Ca
2+

 homeostasis, and apoptosis. ATP 

produced by mitochondria (oxidative phosphorylation) is the major energy source for eukaryotic 

cells. Since NSDA neurons have long axons lacking myelin, they require high ATP levels for the 

synapse and dendritic spine formations, and impulse transmission along the axons (Donkelaar 

1998). DA synthesis, DA uptake into vesicles, and release into synapse requires ATP. Therefore, 

healthy, functional mitochondria, as the main energy supply, are vital for the maintenance of 

NSDA neurons. However, in my studies, mitochondrial function and mass were much lower in 

NSDA neurons than in TIDA neurons which could explain why NSDA neurons are more 

susceptible to cell death resulting in PD.   

Another important role of mitochondria is the regulation of ROS. Oxygen radicals are 

generated through ETC during the re-dox process. Mitochondria also remove ROS by various 
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antioxidants, such as glutathione, and function as a ROS buffer (Koopman et al., 2010)
 
. Therefore, 

mitochondria are exposed to high levels of ROS, which can damage lipid, protein, and DNA. 

This inhibits various cellular processes and cytosolic organelles causing apoptosis (Ozawa 1997). 

Since intracellular DA is highly oxidative, mitochondrial regulation and vulnerability to ROS 

may contribute to NSDA neuronal degeneration in PD.  

In addition to mitochondria as the regulators of ATP synthesis and ROS, mitochondria 

have intracellular Ca
2+

 buffering capacity, which is vital for DA neurons. In autonomous 

pacemaking activation (pulsatile activity in the absence of synaptic input) Ca
2+

 enters NSDA 

neurons via the L-type Cav 1.3 Ca
2+

 channel. Excitotoxity activation of the gluatamate N-

methyl-D-aspartate (NMDA) receptor can cause excess Ca
2+

 influx into the NSDA neuronal cells 

(Grace et al., 1983). Furthermore, Ca
2+

 influx into mitochondria can cause the opening of 

permeability transition pores, which releases cytochrome c resulting in apoptosis. Therefore, 

mitochondrial homeostasis is vital for maintenance of NSDA neuron function.  

 

Basal mitochondrial differences between TIDA and NSDA neurons 

 NSDA neurons play a significant role in regulating the motor system, functioning as a “kick 

starter” of initiation for the motor response and a “ modulator” of motor neuron inhibitory 

signaling (as described in Chapter 1) (Goetz 2011). In PD, these NSDA neurons are lost. By the 

time PD patients present with clinical symptoms about 60 % of their NSDA neurons have been 

lost with a 70-90 % reduction in DA signaling in ST (Goetz 2011; Bernheimer et al., 1973). 

Similar to NSDA neurons, mesolimbic and mesocorical neurons are also partially affected by PD, 

however, TIDA neurons are not affected (Matzuk et al., 1985; Langston et al., 1978; Jellinger 

1991; Braak et al. 2000).   
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Therefore, in my research, mitochondrial structure and function of NSDA and TIDA 

neurons in WT mice were characterized. Maximum and spare respiratory capacities were higher 

in synaptosomes containing TIDA axon terminals compare to NSDA axon terminals. Higher 

mitochondrial bioenergetics was correlated with increased mitochondrial mass and membrane 

potential in axons terminals in MBH compared to ST. Also, the difference in mitochondrial mass 

between brain regions SNpc (NSDA neuronal cell body) and ARC (TIDA neuronal cell body) 

was confirmed by confocal microscopy. In addition, TEM analysis revealed a higher number of 

mitochondria per synaptosome, but no morphological differences were observed in MBH 

compared to ST similar to previous findings among different subpopulations of DA neurons 

(Fahn1996). In addition, mitochondrial function differed across brain regions (cortex, striatum, 

hippocampus, and cerebellum) (Brand et al., 2011). Therefore, TIDA neuronal resistance may 

relate to increased mitochondrial function and mitochondrial mass. 

 

From basal mitochondrial differences to the big picture: neuronal and environmental 

toxicants 

Although mitochondrial function and mass differ between NSDA and TIDA neurons in 

WT mice, mitochondria isolated from the brain regions containing NSDA and TIDA axon 

terminals showed no difference in response to the mitochondrial Complex I inhibitor, rotenone. 

Mitochondrial respiratory capacities were reduced by rotenone in a concentration-dependent 

manner with similar percent reductions and IC50. This suggests the axon terminal mitochondrial 

characteristics are not responsible for the differential susceptibility of NSDA and TIDA neurons 

to neurotoxicant exposure. Differential susceptibility of the central DA neurons may be due to 

differences in compensatory mechanism or characteristics of the cells and their environments.  
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Previous studies in our laboratory have shown that single acute exposure to MPTP caused 

a loss of DA concentration and TH expression in NSDA neurons. However, TIDA neurons had a 

loss of DA but recovered and did not have any loss of TH expression (Schapira et al. 1989). The 

steady state of MPP
+
 concentrations in central DA neurons are low; cytosolic concentrations of 

MPP
+
 was 30 µM and peak MPP

+ 
concentration in ST was only 78 ± 9 pg/μg (Ramsay et 

al.,1986; Ramsay and Singer 1986; Cleeter 1992). However, MPP
+
 showed a transient inhibitory 

effect on mitochondria. Pharmacological blockade of DAT did not affect the inhibition of MPP
+
. 

This indicates that MPP
+
 accumulation into mitochondria was independent of MPP

+
 uptake into 

synaptosomes. Entry of MPP
+
 into the mitochondria depends on membrane potential, 

electrochemical gradient, and is most importantly, energy-dependent (Komatsu 2006; Ramsay 

and Singer 1986; Andersen 1989; Ramsay et al., 1986). Therefore, mitochondria under limited ex 

vivo conditions (restricted substrate availability and ATP demand), did not accumulate MPP
+ 

in 

high concentration. ATP demand is the driving force for ETC to generate proton gradients for 

ATP synthesis in the cells. DA neuronal activity requires high ATP. NSDA neurons are often 

activated for tonic or and phasic DA release while TIDA neurons are activated diurnally (Shieh 

et al., 1995; Benskey et al., 2013; Xie 2013).  Mitochondrial bioenergetics, membrane potential, 

and energy production can differ depending on neural activities (Liang et al., 2007; Langston et 

al., 1983). This may allow mitochondria in NSDA neurons to accumulate MPP
+
 in higher 

concentrations than in TIDA neurons in an electrochemical energy assisted or membrane 

potential dependent manner. Therefore, MPP
+
 can accumulate in mitochondria depending on DA 

neuronal activity, resulting in a differential neurotoxic effect on the NSDA and TIDA neurons.  

Another unique characteristic difference between TIDA and NSDA neurons are their 

locations. TIDA neurons are located next to the third ventricle, so they are readily exposed to 
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foreign bodies or toxins and may develop compensatory mechanisms to the exposure to 

metabolites or toxins. The astrocytic water transport system can remove interstitial solutes or 

toxins by cerebral spinal fluid (CSF) influx and efflux from the ventricles (Narendra et al., 2008). 

Sequestering of toxins by glial cells, such as astrocytes, and clearance of toxins via CSF flow 

may provide resistance to toxins in DA neurons from ARC. This explains a mitochondrial 

protein level reduction in non-TH immunoreactive cells of ARC while there is no difference in 

non-TH immunoreactive cells in SNpc after MPTP acute exposure. Sequestration of MPP
+
 by 

non-TH cells explains recovery of TH cells in ARC, but TH cells are lost in SN. This is also 

consistent with recovery of DA levels in TIDA neurons and loss of DA levels in NSDA neurons 

after MPTP acute exposure. TIDA neurons may adapt to upregulate mitochondrial quality 

control to maintain mitochondrial homeostasis.  

 

Parkin mediated mitochondrial quality control in NSDA neurons 

Region-specific differences in mitochondria along with different levels of 

mitophagosomes were observed in ARC and SN. The differential mitophagic level in NSDA and 

TIDA neurons may underlie the differential susceptibility of central DA neurons in PD. 

Consistent with my results, differential parkin expression was observed in NSDA and TIDA 

neurons after a single acute exposure to MPTP (Schapira et al., 1989).  

Mutation in parkin is the most common cause for autosomal recessive early-onset PD. 

Parkin plays a significant role in the ubiquitin proteosomal system as an E3 ubiquitin ligase, but 

also plays a role in maintenance of mitochondrial integrity through regulation of mitophagy. 

Parkin recognizes damaged mitochondria through PINK-1 and recruits autophagic machinery to 

mitochondria. This results in autophagosomes engulfing damaged mitochondria and fusing with 

lysosomes, degrading damaged mitochondria (Tanaka 2010; Youle et al., 2011). Parkin is also 
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reported to regulate turnover of the ETC (Vincow et al., 2013). Therefore, parkin may play a 

pivotal role in mitochondrial maintenance in central DA neurons and loss of parkin-mediated 

maintenance of mitochondrial homeostasis may alter mitochondrial function and structure in 

NSDA neurons.  

In my study, in the absence of parkin, mitochondrial maximum and spare respiratory 

capacities were reduced due to the decrease in mitochondrial mass and number of mitochondria 

in NSDA axon terminals. In addition, impaired mitochondrial morphology with lower Flameng 

mitochondrial functional score was observed in the absence of parkin. Consistent with my study, 

dysmorphic mitochondria in the absence of parkin is also found in drosophila and myocytes 

(Kubli et al., 2013; Zhang et al., 2008). Therefore, during the metabolic stress or exposure to 

pathogenesis, parkin may play a neuroprotective role in central DA neurons by maintaining the 

number and quality of mitochondria in axon terminals. 

Increased parkin expression is reported to have a neuroprotective effect in various models 

by maintaining mitochondrial function. For example, neuron-specific overexpression of parkin in 

drosophila increases mean and maximum lifespan by improving mitochondrial morphology and 

mitochondrial dynamics (Rana et al., 2013). Also, in murine models, AAV mediated 

upregulation of parkin expression appears to protect NSDA neurons from toxicant-induced 

injuries (Vercammen et al., 2006; Manfredsson 2007). The protective effect of exogenous 

upregulation of parkin expression against neurotoxicant-induced injury is consistent with my 

observations.  

In the MPTP neurotoxin model, parkin overexpression did not prevent inhibition of basal 

respiration. However, after acute exposure to MPTP, parkin overexpression prevented inhibition 

of maximum and spare respirations. MPP
+
 uptake into the mitochondria was prevented by an 
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uncoupler, FCCP. Depolarization of the mitochondria by FCCP also triggered outflow of MPP
+ 

from the mitochondria (Komatsu et al., 2006; Ramsay and Singer 1986). This suggests OCR 

with FCCP ex vivo treatment, reflects maximal respiratory capacity of the viable mitochondria. 

Parkin overexpression has a protective effect on the number of viable and functional 

mitochondria. After acute exposure to MPTP, recovery of mitochondrial mass in SN by parkin 

overexpression was confirmed by Western blot analysis. Parkin overexpression may prevent 

further damage in mitochondria in NSDA neurons by up-regulating mitochondrial quality control 

through mitophagy.  

Mitochondrial Complex I inhibitors, rotenone and MPTP induced autophagy (Kubli et al., 

2013). Aberrant α-synuclein expression is associated with mitochondrial dysfunction and with an 

increase in colocalization between autophagosomes and mitochondria (Wang et al., 2006). In 

addition to α-synuclein, other genetic factors of PD such as LRRK2, DJ-1, Pink-1, and Parkin are 

involved in mitophagy (Krige et al., 1992; Tong et al., 2010; Yang et al., 2007; Thomas et al., 

2011). In my study, parkin overexpression upregulated autophagy in SN. Therefore, parkin 

overexpression protects mitochondria in NSDA neurons from the Complex I inhibitor, MPTP 

possibly by upregulation of mitophagy.  

In Drosophila and mice, lack of autophagy caused neuronal loss with movement disorder, 

formation of ubiquitin-positive aggregates, and a decrease in life span. However, in Drosophila, 

an increase in autophagy caused resistance to oxidative stress and increased life span (Simonsen 

et al., 2008; Martinez-Vicente et al., 2008; Spencer et al., 2009). Aberrant α-synuclein, which is 

a component of Lewy bodies in PD, caused inhibition of autophagy and autophagy activation 

reduced α-synuclein accumulation (Tong et al., 2010; Spencer et al., 2009). In contrast, overly 

activated autophagy can be detrimental to neurons by axonal dystrophy, neurite degeneration, 
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neuroal atrophy, and even cell death (Yang et al., 2007; Wang et al., 2006). This is one of the 

limitations in autophagy-related therapies in neurodegenerative disease. Therefore, parkin, 

allowing neurons to maintain homeostasis of autophagy while protecting mitochondria from 

neurotoxin, may provide a novel therapy for PD. In my study, upregulated mitochondrial quality 

control by parkin overexpression protected functional mitochondria in SN after a single acute 

MPTP exposure. Therefore, it would be intriguing to investigate the effect of parkin 

overexpression on mitochondria in a chronic or subacute MPTP exposure.     

In my study, altered mitochondrial function and structures were observed in the absence 

of parkin and the alteration was not restored with exogenous parkin expression. This may be due 

to: 1) genetic factors alone may not determine the pathology of PD, and/or 2) there may be a 

compensatory mechanism for loss of parkin in mice, and/or 3) the level of parkin expression or 

the time is not sufficient for mitochondrial functional recovery. Etiology of PD is not conclusive 

to genetic or environmental factors alone; over 90 % of PD is idiopathic and the molecular 

mechanism underlying NSDA neurodegeneration in PD is not known (Kelada et al., 2006). The 

impact of environmental factors on PD risk can be modulated by an individuals’ genetic 

polymorphisms.  Patient with cytochrome P450 (CYP)2D6, solute carrier family 6 member 3 

(SLC6A3), and Praoxonase 1 (PON1) genetic polymorphism had increased risk to develop PD 

with pesticide exposure (Manthripragada et al., 2010; Checkoway et al., 1998). Males with 

MAO-B and glutathione S-transferase polymorphisms had a synergic effect with smoking to 

lower the risk of developing PD (Juhasz et al., 2007; Checkoway 1998). In animal studies that I 

conducted, mice were in cages free from known stress and environmental factors. In addition, 

restricted space allowing less movement may have an impact on DA neuronal activities and their 

results. Second, there may be alternative enzymes for parkin to maintain mitochondrial function 
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via mitochondrial quality control in mice. Recently, other mitochondrial E3 ubiquitin ligases, 

RNF185 and GIDE (also called MULAN), were disovered (Tang et al., 2011; Zhang et al., 2008; 

Elbaz et al., 1999). RNF185 and MULAN are found to be involved in mitophagy and 

mitochondrial homeostasis. Therefore, investigating these alternative enzymes that may play a 

role in mitochondrial maintenance in DA neurons could be important in understanding the 

mechanism of PD.    

 

Concluding Remarks 

The lack of parkin-mediated mitochondrial maintenance correlated with DA neuronal 

degeneration was observed in my study. Similar to differential susceptibility of DA neurons in 

PD, mitochondria had different bioenergetics and mass in TIDA and NSDA neurons. However, 

mitochondrial Complex I inhibitors exhibited equal inhibition in mitochondria isolated from the 

axonal terminals of NSDA and TIDA neurons. The differential susceptibility of the two types of 

DA neurons may not be due to underlying quality of mitochondria themselves, but the difference 

in MPTP metabolism, transport, and/or compensatory response to the toxicant exposure. 

Furthermore, region-specific differences in colocalization of autophagosomes and mitochondria 

were observed, which suggests mitochondrial quality control difference in these neurons.  

Mitochondrial quality control is mediated by parkin. Therefore, in the absence of parkin, 

mitochondrial structures and functions were altered; mitochondrial maximum, spare respirations, 

mass, and number of mitochondria per synaptosome were reduced with increase in dysmorphic 

mitochondria in ST-derived synaptosomes. This suggests parkin may play a pivotal role in 

maintenance of mitochondria in central DA neurons. However, parkin rescue in parkin null mice 

failed to restore mitochondrial function. This may be due to an alternative enzyme, which 



204 
 

functions as parkin to regulate mitochondrial quality control, as a compensatory mechanism in 

the absence of parkin or due to complex interaction between genetic factors and environmental 

factors in PD. In the MPTP single acute exposure model, parkin overexpression in WT mice had 

a protective effect on viable mitochondria, possibly through autophagy. Therefore, parkin-

mediated maintenance of mitochondrial homeostasis may be an important mechanism underlying 

the unique susceptibility of NSDA neurons to PD-related neurodegeneration.  

The molecular mechanism of NSDA neuronal degeneration in PD process is not 

understood to this days and there is no treatment that halts the neurodegenerative process. My 

study helps understand basic mechanism underlying parkin-mediated mitochondrial maintenance 

in central DA neurons. Mitochondrial pathology in the absence of the parkin was not reversed by 

parkin exogenous expression by AAV-hParkin, however, parkin overexpression had protective 

role in mitochondrial maintenance in NSDA neurons with MPTP single acute exposure. 

Introduction of parkin may play a neuroprotective role to prevent further damage but the reversal 

of the pathological outcomes in NSDA neurons may not be rescued. This provides potential 

evidence for novel gene therapy using AAV-hParkin and importance of early finding of the 

disease process and diagnosis of PD.   
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