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Parkinson’s disease (PD) is a progressive neuro-degenerative disease with a strong 

prevalence in the aging population. Characterized by a loss of cell bodies in the midbrain 

nucleus substantia nigra pars compacta, PD leads to numerous motor dysfunctions which 

increase in severity with the disease progression. The cause of the sporadic form of PD is 

largely unknown although several hypotheses converge on increased cellular oxidative 

stress, exposure to environmental toxins such as pesticides, and aberrant protein 

accumulation. In the last decades, several familial forms of PD have been identified, 

several of which are due to mutations in genes involved in proteasomal processing and 

oxidative stress responses. One such gene encodes the E3 ligase parkin. Several 

mutations in various regions of parkin have been identified, and they cause a juvenile 

onset form of the disease termed autosomal recessive juvenile PD (ARJP). Interestingly, 

a vast majority of ARJP patients lack a distinguishing feature of sporadic PD: Lewy 

bodies, proteinaceous intra-cellular inclusions. Thus, it has been suggested that parkin is 

intimately involved in the formation in these potentially neuro-protective structures. 
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In this work I present the results from manipulating parkin expression in the rat 

basal ganglia. Using rAAV to over-express parkin during a toxic oxidative insult to the 

SN, we observed an improvement in behavior as compared to control. However, to our 

surprise, histological examination showed no increase in cell survival. Thus the benefit 

from parkin over-expression may not have been due to protection against increased levels 

of oxidative stress. Conversely, we utilized rAAV expressing ribozymes targeting parkin 

expression, as well as rAAV expressing mutant alleles of parkin. In line with published 

data from parkin deficient animals; neither the mutants nor reduced levels of parkin led to 

any histo-pathological effects in the substantia nigra, and neither did we see any 

accumulation of putative parkin substrates. The lack of detrimental effects suggests that 

parkin deficiency in human patients may be only a predisposing factor, and that 

additional insults may be required to develop PD. 
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CHAPTER 1 
INTRODUCTION 

Parkinson’s Disease 

Background 

Parkinson disease (PD) was first described in 1817 by James Parkinson in his 

“Essay on the Shaking Palsy” (Parkinson, 2002) . Today PD is recognized as one of the 

most common neurological disorders in the population, second only to Alzheimer’s 

disease, affecting approximately 1% of individuals over the age of 65. The disease is 

distributed roughly equally amongst the sexes and with no difference due to ethnic 

background. With an increasingly aged population, the disease is becoming more 

prevalent and imparts a great economical impact onto society.  

Clinically, the disease is characterized by a number of cardinal motor dysfunctions 

that include a well defined 4-6 Hz resting tremor which is often described with a “pill-

rolling” quality when seen in the hands; rigidity due to increase in muscle tone which is 

seen as increase in resistance to passive maneuvers; postural instability as evidenced by 

shortened arm-swing, shortened stride and loss of postural reflexes and bradykinesia, 

which may be manifested as decreased facial expression, slowness of movement, or 

clumsiness in an extremity. One example of bradykinesia often displayed in PD patients 

is micrographia in which the affected individual’s handwriting decreases in completeness 

and legibility from the beginning of a sentence to the end (Fahn, 2003). Other symptoms 

include autonomic problems: severe constipation, urinary frequency/nocturia, and 

problems with thermo-regulation (Adler, 2005). Psychiatric and cognitive impairments 
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(late-stage dementia (Adler and Thorpy, 2005), depression, hallucinations, and sleep 

disturbances) are also frequent  (Weintraub and Stern, 2005).  

 
Figure 1-1. Striatal PET scan. IV-3 and IV-5 are scans from patients with familial PD. 

IV-6 is a healthy control, and the right scan shows a patient with sporadic PD 
(Kruger et al., 2001).  

A clinical diagnosis of PD is mainly based on observation of the previously 

described motor dysfunctions and responsiveness to pharmaceutical treatment of L-3,4-

dihydroxyphenylalanine (L-DOPA). A more definitive diagnosis is accompanied by 

evaluating the patient with Positron Emission Tomography (PET) (fig. 1-1) where a 

labeled amino-acid 3,4-Dihydroxy-6-fluoro-DL-phenylananine (F-DOPA) is used as a 

tracer in the PET examination in order to determine whether the brain has a deficiency in 

dopamine synthesis. If it does not, Parkinson's disease can be ruled out and possible 

tremors in the patient's muscles will be treated differently (Eckert and Eidelberg, 2005).  

Anatomy of PD 

Anatomically, PD is characterized by a progressive loss of the midbrain nucleus 

Substantia Nigra pars compacta (SNc) (fig. 1-2). The onset of the disease is usually 

observed after a 70% reduction in striatal dopamine (Bernheimer et al., 1973). These cells 

are part of the basal ganglia (BG) circuitry (fig. 1-3) and have their terminal fields in the 

striatum where they release dopamine. The basal ganglia are a large and complex sub-
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cortical structure comprised of several different nuclei: the striatum (caudate, putamen, 

nucleus accumbens), subthalamic nucleus (STN), globus pallidus internal/external 

(GPi/GPe), ventral pallidum, substantia nigra pars compacta and pars reticulata (SNr). 

Although the relationships between the various nuclei in the basal ganglia are by no 

means completely understood, many connections have been elucidated.   

 
Figure 1-2. Gross midbrain sections showing SN loss. Right brain is from a healthy 

individual, and the left brain is from a PD affected individual, observe the loss 
of pigmented neurons in the SN (Hughes et al., 1993). 

The basal ganglia, via the striatum, receives its input from the cortex (corticostriate 

projections) as well as the intralaminar nuclei of the thalamus. The striatum, in turn, 

projects its efferents both to the GPi and GPe and the SNc/SNr. The STN has a central 

role in the BG, relaying input from the motor and pre-motor cortex to the GP. A majority 

of the output from the BG comes from the GP and the SNr communicating its output is to 

the frontal cortex through the thalamus, and the brain stem. The BG is further divided 

into a direct and indirect pathway. The direct pathway projects its inhibitory circuits from 
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the striatum to the GPi/SNr, leading to disinhibition of the thalamus and is thought to 

facilitate motion by exciting the supplemental motor area of the cortex. Conversely, the 

indirect pathway is thought to inhibit movement by inhibitory projections from the 

striatum to the GPe, which removes its inhibition from the STN. The activation of the 

STN is excitatory to the GPi/SNr which in turn inhibits the thalamus and its cortical 

projections. The basal ganglia circuitry is involved in motor function, or more 

specifically, the control of motor function, translation of information from the neo-cortex 

to motor areas as well as automatic execution of learned motor activity (Squire et al., 

2002).  

The neurons of the SNc contain a by-product of dopamine metabolism, 

neuromelanin. This substance gives these neurons their characteristic dark appearance 

(fig. 1-2) (Substantia Nigra = black substance) (Fedorow et al., 2005). The SNc receives 

inhibitory GABAergic (gamma-aminobutyric acid) input from the striatum, and SNc 

neurons terminate in the striatum where it stimulate various G protein coupled DA 

receptors (D1-D5), which react differently to dopamine.  

It is not entirely clear as to how the loss of the nigro-striatal circuitry in PD causes 

various motor problems. It is believed that the tremor is due to abnormal bursting of 

neurons in the thalamus which receives input from the basal ganglia. The slowness of 

movement is thought to be due to increase in activity of globus pallidus internal, and 

postural dysfunction is thought to be a result of an inability to suppress the transcortical 

stretch-reflex (Squire et al., 2002).  

In addition to nigral degeneration in PD, there is also some loss of dopaminergic 

neurons in the ventral tegmental area and norepinephrine neurons in the locus coeruleus. 
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Figure 1-3. Basic schematic of the basal ganglia (Gerfen, 1992).  

Dopamine 

Dopamine belongs to a family of neurotransmitters termed catecholamines. 

Catecholamines are organic compounds consisting of a catechol nucleus (benzene ring 

with two hydroxyl groups) and an amine group. In addition to dopamine, other members 

of this family are noradrenaline and epinephrine. All three neurotransmitters are part of 

the same biosynthesis pathway, and the presence of certain enzymes dictates what cells 

produce what transmitter. Phenylalanine and tyrosine are the amino-acid precursors for 

catecholamine synthesis. Dietary phenylalanine is converted to tyrosine by phenylalanine 

hydroxylase. Tyrosine hydroxylase (TH) then converts L-tyrosine into 3,4-

dihydroxyphenylalanine (DOPA). TH mediated activity is highly regulated through end 
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product inhibition; where dopamine interferes with the required co-factor 6(R)-l-erythro-

5,6,7,8-tetrahydrobiopterin (BH4) by binding to TH and inhibiting reduction of enzyme-

bound iron by BH4 (Purdy et al., 1981) as well as through direct competition for a TH 

binding site (Cooper et al., 1996). TH is also regulated through phosphorylation of one of 

its four serine sites.  DOPA is rapidly decarboxylated to dopamine by L-aromatic amino 

acid decarboxylase. In dopaminergic neurons, dopamine is the end-product; however, in 

adrenergic cells, dopamine is further modified (Nagatsu and Ichinose, 1999).  

 DA is concentrated into vesicles by the monoamine transporter (VMAT) and 

these vesicles are localized mainly to the pre-synaptic terminal. Dopamine is released 

into the synaptic cleft through calcium dependent exocytosis. DA can also be released 

through the reversal of the dopamine transporter which occurs as the result of 

amphetamine administration. Once release has been achieved, the stimulus is regulated 

through the mechanisms of certain pre-synaptic dopaminergic autoreceptors such as D2 

receptors. Dopamine is quickly metabolized by the actions of monoamine oxidase and 

catechol-o-methyl-transferase (COMT) (extra-cellular) yielding 3,4-

dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) via the intermediate 

3-methoxytyramine (3-MT) metabolites. DOPAC is known to produce potentially 

cytotoxic compounds such as hydroxyl radical and superoxide. Extracellular dopamine is 

also subject to reuptake by the cell through the activity of the dopamine transporter 

(DAT).  

The onset of Parkinson’s disease is observed at the time when approximately 50% 

nigral neurons are lost, resulting in a 70-80% loss of striatal dopamine (Bernheimer et al., 

1973). The onset is typically unilateral with a subsequent bilateral progression.   
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Figure 1-4. Demonstration of Lewy bodies in SNc dopaminergic neurons in sporadic PD. 

Conventional haematoxylin (blue) and eosin (pink) histological staining (A) 
reveals a spherical Lewy body (arrow) in SNc dopamine neurons with a 
distinct central core and a peripheral halo. Electron micrograph of a Lewy 
body (B) reveals that the core (C) contains granular material and the outer 
halo (h) is composed of radiating filaments. A standard immunohistochemical 
protocol shows two Lewy bodies (arrow) with ubiquitin concentrated in the 
core (C) and two Lewy bodies (arrow) with α synuclein concentrated in the 
halo (D) (Olanow et al., 2004). 

Furthermore, postmortem evaluation reveals the hallmark histological feature of the 

disease, the presence of Lewy Bodies (LB) (fig. 1-4), intracytoplasmic eosinophillic 

inclusions, and Lewy neurites in the SNc and Locus coreuleus. These structures are 

intracellular aggregations of proteins and lipids, and immunostaining has revealed that 

they contain several proteins involved in proteasomal processing, which has led to the 

formulation of the hypothesis that these inclusions are an active localization of potentially 

damaging mis- (un-) folded proteins to one cellular compartment for degradation 
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(Sherman and Goldberg, 2001). In addition these structures also are highly immuno-

reactive to α-synuclein (Spillantini et al., 1997). However, the inclusion formation may 

simply be the result of aberrant protein aggregation (McNaught and Olanow, 2003). 

Nonetheless, it is still unclear whether or not these Lewy structures are toxic, or, in fact, 

protective (Olanow et al., 2004). 

Treatments for PD 

L-Dopa and Other Current Treatments 

Current treatments for the disease are limited. The main stream intervention is L-

3,4-dihydroxyphenylalanine (L-dopa) administration. TH is the rate-limiting step in DA 

synthesis converting tyrosine in to DOPA. Thus, administration of L-dopa effectively 

bypasses this rate-limiting step, resulting in increased levels of DA. However, treatment 

is only temporarily efficacious and leads to side-effects such as the development of motor 

fluctuations (‘wearing-off’ and ‘on–off’ phenomena) and dyskinesias. More importantly,  

treatment does not stop neural degeneration (Mercuri and Bernardi, 2005). Other 

pharmaceutical options include dopamine agonists such as pergolide, piribedil, 

pramipexole, and ropinirole, and mono-amine oxidase inhibitors such as selegiline 

(Youdim et al., 2006). Another therapeutic option, deep brain stimulation (DBS) is a 

surgical option to alleviate symptoms by electrically stimulating the thalamus, 

subthalamic nucleus or the globus pallidus. This high frequency stimulation inactivates 

its target nuclei, thus effectively creating a functional lesion without actually removing 

the nucleus. DBS is an alternative to physical lesions which have shown to produce side-

effects like hemiballismus, a condition resulting in ballistic and choreiform movements of 

limbs (Moro et al., 1999).  
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In addition, there have been several other experimental treatments aimed at halting 

degeneration and/or inducing striatal reinnervation, such as intrastriatal transplants of 

fetal mesencephalic tissue. However, such treatments are limited by the lack of donor 

cells, variability in efficacy, as well as ethical concerns (Lindvall and Bjorklund, 2004a, 

2004b). One promising potential therapeutic agent for PD may be glial cell derived 

neurotrophic factor (GDNF) (Mandel et al., 2006).  

Gene-therapy Utilizing Trophic Factor Delivery for PD 

GDNF has been the focus of a large number of gene therapy studies. GDNF has 

proven to be a potent trophic factor for the dopaminergic neurons in the regions affected 

in PD (Kirik et al., 2004). In rodent models where parkinsonian conditions are induced 

utilizing various toxins such as 6-hydroxy dopamine (6-OHDA) or 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), adeno associated virus (AAV) mediated GDNF 

expression has been shown to be both protective and restorative (Mandel et al., 1999). 

Nigral GDNF expression protects the cell bodies against retrograde toxicity due to a 

striatal lesion, but the loss of striatal innervation is critical to recovery of motor function 

(Bjorklund et al., 2000). Protection against terminal withdrawal was observed if the virus 

was expressed directly at the lesion site leading to recovery of function. When similar 

experiments were done in non-human primates, striatal injections of rAAV expressing 

GDNF were performed prior to a 6-OHDA lesion, the treated animals displayed an 

improvement in motor function, and histological evaluation showed a significant increase 

in surviving cells (Eslamboli et al., 2005). There are concerns, however, with GDNF 

transgene expression. It has been demonstrated, using lenti-viral vectors, that high levels 

of GDNF results in decreased expression of TH in the striatum of both intact and lesioned 

animals, as well as aberrant fiber sprouting in the SN (Georgievska et al., 2002). 
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However, this down-regulation effect was not seen using similar rAAV mediated GDNF 

doses in marmosets (Eslamboli et al., 2005) which may indicate a differential GDNF 

response between rodent and primate nigrostriatal dopamine neurons. 

In humans, GDNF has been delivered in 3 clinical trials either intraventricularly 

(Kordower et al., 1999; Nutt et al., 2003) or intrastriatally (Gill et al., 2003; Patel et al., 

2005). The results of these studies indicated that there was very little or no improvement 

of the parkinsonian symptoms, although increases in dopamine levels were seen. In 

addition, especially after intraventricular GDNF infusion, psychiatric and other 

hyperdopaminergic side effects such as anorexia were observed. 

Causes of PD 

The cause of the idiopathic form of PD is not yet known, although numerous 

hypotheses have been put forth including increased oxidative stress or exposures to 

environmental toxins such as pesticides, possibly leading to mitochondrial dysfunction 

(Sherer et al., 2002).  Clues to the pathological mechanisms of PD have come from the 

identification of several familial forms of PD and the genes involved (table 1-1). 

Genetic Causes of PD 

α- Synuclein 

 The first gene to be associated with PD was identified by Polymeropoulos and 

colleagues and was named α- synuclein (Polymeropoulos et al., 1997). α- synuclein is 

expressed in the synaptic terminals and has been suggested to be involved in the 

maintenance of synaptic terminals (Bonini and Giasson, 2005; Chandra et al., 2005). The 

mutant proteins identified in the genetic form of the disease displayed an increased 

propensity to aggregate (Giasson et al., 1999; Conway et al., 2000) and subsequent  
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Table 1-1. Table of genes linked to PD (Moore et al., 2005). 

Locus Chromosome 
location Gene Inheritance 

pattern Typical phenotype 

PARK1 & 
PARK4 

4q21–q23 α-
synuclein 

AD Earlier onset, features of 
DLB common 

PARK2 6q25.2–q27 parkin usually AR Earlier onset with slow 
progression 

PARK3 2p13 unknown AD, IP Classic PD, sometimes 
dementia 

PARK5 4p14 UCH-L1 Unclear Classic PD 
PARK6 1p35–p36 PINK1 AR Earlier onset with slow 

progression 
PARK7 1p36 DJ-1 AR Earlier onset with slow 

progression 
PARK8 12p11.2–q13.1 LRRK2 AD Classic PD 
PARK10 1p32 unknown Unclear Classic PD 
PARK11 2q36–q37 unknown Unclear Classic PD 
NA 5q23.1–q23.3 Synphilin-

1 
Unclear Classic PD 

NA 2q22–q23 NR4A2 Unclear Classic PD 
 

studies also showed that LBs stained heavily for α- synuclein suggesting a role in 

idiopathic PD as well (Spillantini et al., 1997). The identification of α- synuclein was an 

early suggestion that protein folding may be important to the disease, and this notion was 

further intensified with the identification of additional familial forms that were both 

shown to play a role in the cellular proteasomal machinery.  

Parkin and UCHL1 

The first ubiquitin-proteosome gene to be identified was ubiquitin carboxyl-

terminal hydrolase-1 (UCHL1) (Leroy et al., 1998). The second gene was parkin (Kitada 

et al., 1998), which was identified to be a E3 ubiquitin ligase (Shimura et al., 2000). 

Parkin serves its function by linking certain substrate proteins to degradation by the 26S 

proteasome (fig. 1-5). This is achieved by linking a E2-ubiquitin conjugating enzyme 
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through parkin’s two carboxy terminal RING finger motifs to a substrate recognition 

domain in the amino-terminus, facilitating subsequent poly-ubiquitination of the target 

substrate, tagging it for degradation (Tanaka et al., 2001). Parkin-associated PD is 

characterized  by a juvenile-onset (before 40 years of age, average 26 years) of 

symptoms, and this form of the disease has been termed autosomal recessive juvenile PD 

(AR-JP) (Ishikawa and Tsuji, 1996).    

 
Figure 1-5. Schematic of parkin poly-ubiquitination (Tanaka et al., 2001).  

Interestingly, a vast majority of individuals do not have LBs (Mori et al., 1998) 

further implicating parkin’s importance in protein clearance and/or maintenance of these 

structures (Ardley et al., 2003).  
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The identification of these familial forms of PD, including α- synuclein, put forth 

the idea that aberrant protein folding and a hampering of subsequent proteasomal 

processing may be a common pathological process in PD. Consequently, when LBs were 

examined it was shown that they contained many components of the proteasomal 

machinery, including ubiquitin and subunits of the proteasome (Sherman and Goldberg, 

2001). Following the identification of parkin as a causative gene in PD, a number of 

putative substrates have been identified (table 1-2): CDC-rel1 which is thought to be 

involved in dopamine storage (Zhang et al., 2000), parkin-associated endothelin-like 

receptor (Pael-r) (also called GPR37) (Imai et al., 2001), synphillin-1 (Chung et al., 

2001), a rare O-glycosylated form of α- synuclein (Shimura et al., 2001), α-tubulin (Ren 

et al., 2003), the p38 subunit of aminoacyl-tRNA synthase complex (Corti et al., 2003), 

and synaptotagmin XI (Huynh et al., 2003). Parkin also facilitates poly-ubiquitination of 

cyclin E when parkin is part of a larger complex including cullin-1 (Staropoli et al., 

2003). In addition, parkin has been generally implicated in the elimination of 

aggregation-prone cytosolic proteins, including poly-glutamine polypeptides (Tsai et al., 

2003). Many of these parkin substrates have later been identified as components of the 

LBs (Murakami et al., 2004). 

 It is not clear why the lack of functional parkin is detrimental. It may be through a 

general accumulation of substrates leading to apoptosis through an unfolded protein 

response (Mori, 2000) or endoplasmic reticulum (ER) associated degradation (ERAD) 

and an ER stress response  (Forman et al., 2003; Takahashi and Imai, 2003). It may also 

be a toxic gain-of-function through the accumulation of a specific protein substrate. 

Cyclin E for instance, is involved in the G1/S cell-cycle transition. When activated in 
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dividing cells, division ensues. However, when expressed in post-mitotic cells (e.g. 

neurons) the aberrant activation leads to cell-death through apoptosis (Copani et al., 

2001; Liu and Greene, 2001), and data suggests that proteasomal processing plays an 

integral part in regulating cell-cycle events in post-mitotic neurons (Staropoli and 

Abeliovich, 2005). 

Table 1-2. Proposed substrates of parkin (Hattori and Mizuno, 2004). 

 
 

Cyclin E has been shown to accumulate in cells due to pro-apoptotic excitotoxic 

stimulus such as kainite, but parkin over-expression in conjunction with a kainite regimen 

has been shown to reduce apoptotic activity (Staropoli et al., 2003). In contrast, pael-R 

over-expression in transgenic flies has been shown to result in accumulation and 

associated cell death (Yang et al., 2003).  
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Interestingly, several mouse knock-out lines of parkin have been constructed in 

order to model PD but display no significant alteration in phenotype relative to control 

animals, and the model does not recapitulate the disease progress (Goldberg et al., 2003; 

Itier et al., 2003; Von Coelln et al., 2004; Perez and Palmiter, 2005). In addition, 

localized knock-down of parkin in the SNc using rAAV mediated ribozyme expression 

indicated no cellular pathology or substrate accumulation (Manfredsson et al., 2006). In 

vitro experiments, however, have shown that mutant parkin expression results in an 

increase in markers for oxidative stress (Hyun et al., 2002). 

PINK-1 and DJ-1  

Additional genes have also been identified implicating oxidative stress in some 

forms of the disease. PTEN-induced kinase 1 (PINK-1), a putative mitochondrial kinase 

proposed to be involved in the regulation of a mitochondrial response to oxidative stress 

(Valente et al., 2004), and DJ-1, a protein thought to be involved the oxidative stress 

response by acting as a cellular sensor and SUMOylation (a process similar to 

ubiquitination) (Bonifati et al., 2003). Interestingly, data suggests that parkin may interact 

with DJ-1 during oxidative stress conditions, promoting its stability (Moore et al., 2005). 

The most recent gene to have been associated with PD is leucine-rich-repeat kinase 

2 (LRRK2), a protein whose normal function is largely unknown (Zimprich et al., 2004). 

It has been shown that dopaminergic neurons are exposed to higher basal levels of 

oxidative stress due to the metabolism on dopamine itself (Jenner and Olanow, 1996), 

possibly making these cells more sensitive to a break-down in the cellular machinery 

which normally protects the cell against stresses. 
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Figure 1-6. Convergent mechanisms of familial forms of PD (Greenamyre and Hastings, 

2004). 

Excess oxidative stress will, in turn, lead to increased protein damage exacerbating 

the need for functioning protein clearance machinery. Furthermore, protein damage to the 

proteasomal machinery itself may be an important factor. It has been shown that S-

nitrosylation of parkin occurs during nitrosative stress, impairing its function (Yao et al., 

2004). Thus, although the familial forms are of distinct cellular components, the 
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molecular pathways may be interlocked and they may converge upon a common 

downstream fate (fig. 1-6) (Greenamyre and Hastings, 2004). 

Idiopathic PD 

 Despite insight gained from studying the familial forms of PD, researchers still 

have not defined or pinpointed the cause of idiopathic PD. However, there is a common 

theme amongst the familial models which is aberrant protein folding/aggregation and 

oxidative stress. One robust indicator of the involvement of oxidative stress in PD is the 

detection of oxidative damage to lipids (Dexter et al., 1989), DNA (Alam et al., 1997b), 

and proteins (Alam et al., 1997a). Furthermore, increased activity of superoxide 

dismutase (SOD) has been reported, which may indicate as a response to increased 

formation of ROS (Poirier et al., 1994). One significant unknown in PD disease 

progression is the relatively specific degeneration of the nigral neurons. One answer may 

be the highly reactive byproducts of DA metabolism leading to high basal levels of 

oxidative stress (Jenner and Olanow, 1996), leaving the cell much more vulnerable to 

only slight increases in cellular stress, perhaps mediated by exposure to pesticides, 

increased levels of misfolded proteins due to mutations and so on. Furthermore, 

discovery of the 6-OHDA model precipitated the finding that this toxin occurs naturally 

in dopaminergic neurons as a by-product in the hydroxylation of dopamine in the 

presence of iron (Blum et al., 2001). These findings are further supported by the finding 

of 6-OHDA in urine of PD patients (Andrew et al., 1993). Epidemiological studies of 

sporadic PD have shown increased incidence in areas with high use of pesticides and 

herbicides, or the consumption of well water in industrialized countries. However, despite 

intense research a common causative agent has not been found, and these studies do not 
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fully explain the high occurrence of the disease in other areas as well (Kanthasamy et al., 

2005).  

Animal Models of PD 

 The lack of a true model that recapitulates all facets of PD has plagued the field. 

Nigral degeneration has been achieved using various toxins such as 6-OHDA 

(Ungerstedt, 1968; Sauer and Oertel, 1994), MPTP (Langston et al., 1983), rotenone 

(Betarbet et al., 2000), and paraquat (Brooks et al., 1999) (fig. 1-7). 

MPTP 

 MPTP was accidentally discovered when several drug users in northern California 

developed acute akinesia following intravenous injection of the street drug 1-methyl-4-

phenyl-4-propionpiperidine (MPPP), an analog of the narcotic meperidine. MPTP was 

discovered to be a byproduct of production and the causative agent behind the symptoms 

(Langston et al., 1983). When administered systemically MPTP is converted to 1-methyl-

4-phenylpyridinium (MPP+) through the action of monoamine oxidase-B in glial cells or 

endothelial cells in the blood brain barrier (BBB). MPP+ is a polar compound and can 

freely exit glial and endothelial cells and is taken up by dopaminergic cells through the 

dopamine transporter (DAT). Once inside the cell MPP+ enters the mitochondria through 

diffusion and blocks the electron transport enzyme NADH:ubiquinone oxidoreductase 

(complex I) (Blum et al., 2001). Although inhibition of complex I is thought to be a 

major action of MPP+, it has also been shown to directly inhibit complexes III 

(ubiquinol:ferrocytochrome c oxidoreductase) and IV (ferrocytochrome c:oxygen 

oxidoreductase or cytochrome c oxidase) of the electron transport chain. Interfering with 

these complexes leads to a reduction of cellular ATP, and to the generation of oxygen 

free radicals and subsequent formation of hydrogen peroxide and hydroxyl radicals 
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(Smeyne and Jackson-Lewis, 2005). MPTP has been shown to be an effective inducer of 

the degeneration of dopaminergic neurons when delivered systemically to non-human 

primates and mice. MPTP intoxication in humans and non-human primates leads to a 

display of many of the cardinal symptoms normally found in PD (Bove et al., 2005). 

Paraquat 

 Paraquat (N,N′-dimethyl-4-4′-bipiridinium) is an agricultural herbicide with a 

structure very similar to that of MPP+, and when it is injected systemically it causes 

reduction in dopaminergic neurons and striatal innervation. The deleterious effects come 

from oxidative stress due to redox cycling mediated by a cellular diaphorase such as 

nitric oxide synthase yielding reactive oxygen species (ROS) (Brooks et al., 1999; Bove 

et al., 2005). Combined administration of paraquat with manganese 

ethylenebisdithiocarbamate (Maneb), another herbicide often used in conjunction with 

paraquat, resulted in a greater effect than either of the chemicals alone (Thiruchelvam et 

al., 2000). 

Rotenone 

 Similarly to paraquat, rotenone also can be found in the environment, and is used 

as a pesticide. Rotenone is a complex I inhibitor and chronic administration lead to the 

selective degeneration of the SN dopamine neurons, beginning in the nerve terminals and 

progressing retrogradely to the cell bodies. Unlike MPP+ which specifically targets 

dopaminergic neurons, rotenone administration creates systemic inhibition of complex I.  

Subsequent findings indicated increase in oxidative protein damage (carbonyls). It has 

been postulated that rotenone binding to complex I leads to the leakage of electrons from 

the respiratory chain, binding to molecular oxygen leading to ROS. Furthermore, animals 



20 

 

treated with rotenone accumulate cytoplasmic inclusions reminiscent of LBs containing 

ubiquitin and α-synuclein (Betarbet et al., 2000; Panov et al., 2005). 

6-OHDA 

 6-OHDA has to be injected directly into the nigro-striatal circuit to create a lesion. 

The ability to do a unilateral injection is advantageous in the aspect that it creates a 

behavioral asymmetry which allows the researcher to evaluate the extent of the lesion by 

measuring side-differences in various motor functions. 6-OHDA is an analog of 

dopamine and undergoes uptake into the neuron through the dopamine transporter.  When 

inside the cell, 6-OHDA generates hydrogen peroxide through auto-oxidation or through 

the action of  monoamine oxidase with the subsequent production of toxic oxygen 

radicals which are damaging to proteins, lipids and DNA and toxic to the mitochondria 

(Ungerstedt, 1968; Faull and Laverty, 1969; Blum et al., 2001; Betarbet et al., 2002). 

Furthermore, peroxynitrite (ONOO-) is produced from the reaction of NO and superoxide 

(Ferger et al., 2001). This compound also leads to protein damage. Recent data suggest 

that accumulation of ubiquitin increases in the lesioned striatum, indicating that the lesion 

has an effect on ubiquitin dependent protein handling either directly or indirectly (Pierson 

et al., 2005).  

The extent of the lesion is dependent on the site of injection and the volume of 

chemical injected. Striatal injection provides a more progressive retrograde degeneration 

of the neurons in the SN occurring over several weeks. 

A four-site striatal lesion has been shown to create a significant lesion with 

significant behavioral impairment when measured in amphetamine induced rotations and 

spontaneous paw use. This type of lesion is thought to better represent symptomatic 

stages of PD, as the pathology is analogous to that of those patients (Kirik et al., 1998). In 
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contrast, injections directly into the SN and the medial forebrain bundle (MFB) creates an 

acute degeneration within 24 hours with a subsequent depletion of striatal dopamine 

within 2-3 days and a complete denervation of the nigro-striatal tract and is defined as a 

complete lesion (Kirik et al., 1998; Betarbet et al., 2002).  

 
Figure 1-7. Schematic of various toxin induced models of PD (Schober, 2004). 

 Although these toxin induced models recapitulate a common end-stage of PD, 

loss of nigral neurons, the time-course is relatively acute, and the disease progression is 

not representative of that of PD. 

Adeno-Associated Virus 

Adeno-associated viruses (AAV) belong to the family of human parvoviruses and 

contain a 4.7kb linear single-stranded DNA genome. The non-enveloped icosahedral 

virion is small, with a diameter of only 22 nm. The genome consists of two genes; Rep 

(replication associated proteins) and Cap (capsid associated proteins). The cap proteins 
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VP-1 and VP-2 are products of alternative splicing, and VP-3 a result of proteolytic 

cleavage.  In the viral capsid these proteins are present at a ratio of 1:1:20 

(VP1:VP2:VP3). The rep gene, through the use of two promoters and alternative splicing, 

encodes four regulatory proteins that are dubbed Rep78, Rep68, Rep52 and Rep40. The 

virus does not encode any DNA polymerase, and is fully dependent on cellular 

polymerases for genome replication (Berns, 1996). The genome also is flanked by two 

145 bp inverted terminal repeats, and these palindromic structures are thought to act as 

primers for replication and are required for viral packaging (McLaughlin et al., 1988). 

AAV belongs to a separate genus of parvoviruses termed dependoviruses. It is 

completely dependent of co-infection of other viruses including adenoviruses (Ad), 

herpes simplex virus type I and II, cytomegalovirus or pseudorabies in order for 

replication to take place. For instance, the Ad early gene E1A is required for AAV 

transcription. In addition, the E4 and E2A genes are required for AAV gene regulation 

and DNA synthesis respectively.  In the absence of helper virus AAV establishes a latent 

infection by entering the nucleus where the DNA is uncoated and integrated into the 

cellar DNA preferentially at a site in the long arm of chromosome 19 (Kotin et al., 1990). 

Upon super-infection of a helper virus the AAV genome is excised from the 

chromosome, and replication and packaging of the AAV genome ensues. Viral release 

occurs from helper mediated cellular lysis (Berns, 1996). 

AAV Production 

 To render rAAV completely replication deficient, the rep and cap ORFs are 

replaced with a gene expression cassette of interest, and during vector production these 

proteins and helper virus elements are supplied in trans. Plasmids encoding the transgene 

and Rep and Cap genes, as well as Ad helper genes are co-transfected into HEK 293 
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cells, allowing replication only to occur during vector production. Utilizing plasmids 

expressing helper genes also ensures that the viral prep does not become contaminated 

with helper viruses such as Adenovirus. Cell lysates are thereafter fractionated using a 

density gradient using compounds such as Iodixanol or CsCl. The viral fraction is further 

purified using column chromatography. Recent improvements in vector production 

through the use of large scale cell factories and improved purification protocols has 

significantly improved titers and efficiency of production, and has allowed for the 

development of scalable production systems (Zolotukhin et al., 2002). 

AAV as a Gene Delivery Vector 

 The fact that AAV is not associated with disease and that transgene expression 

ensues quickly has made AAV an attractive tool as a gene transfer vector (Flotte, 2005). 

Integration occurs at rather low frequency in rAAV lacking rep, and the genome is 

maintained as an extra-chromosomal episome (Schnepp et al., 2005). Nonetheless, 

integration is not an immediate concern since the preferential site does not cause a gene-

interuption as have been seen with randomly integrating gene-therapy vectors such as 

retro-viruses (Sinn et al., 2005). However, a large fraction of the population are sero-

positive (~80%) and this issue has raised a serious concern about a immune response, 

possibly rendering infections with a potential therapeutic AAV ineffective. Depending on 

the route of administration some cell mediated immunity has been demonstrated. Studies 

looking at levels of transgene expression in the brain of animals pre-immunized with wild 

type AAV showed that transgene levels were reduced. However, transgene levels were 

maintained by injecting the animal with a different serotype from that of the immunizing 

agent. Furthermore, repeat administration in the brain resulted in an activation of a cell-

mediated immune response and cytotoxicity (Peden et al., 2004). Although studies like 
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these may not entirely mimic the levels of neutralizing antibodies in the general 

population, it does pose potential problems when undertaking clinical trials using rAAV.  

Recombinant adeno-associated virus (rAAV) has been used to transfer various 

transgenes to different tissues in a wide variety of animals (including humans), and has 

demonstrated an ability to infect a wide variety of cell types (Grimm and Kay, 2003). The 

first AAV to be identified was AAV type 2 with a specific tissue tropism, AAV2 

attachment is primary mediated by heparan sulphate proteoglycans, while internalization 

is aided by the co-receptors, such as αvβ5 integrin and fibroblast growth factor receptor 1 

(FGFR1) (Lu, 2004). Subsequently, several other serotypes of AAV were identified, all 

with distinct tropisms due to different capsid receptors.  

In the brain, certain rAAV serotypes and pseudotypes (matching the genome of one 

serotype with the capsid of a different serotype) have proven to be particularly effective 

in transducing certain cell types. For mid-brain injections to areas such as the SN rAAV 

utilizing the genome from rAAV-2 and the capsid of  serotype 1 (rAAV 2/1) or 5 (rAAV 

2/5) has shown to be most efficient. On the other hand rAAV2/2, although less efficient, 

is relatively specific for the pars compacta when targeting the SN (Burger et al., 2004) 

(fig. 1-8).   

However, one of the drawbacks of rAAV is the size limitation, expression cassettes 

larger than 4.7 kbs have proven to significantly inhibit vector production (dong frizzell 

1996). Complete genes and/or endogenous promoters often encompass larger sequences, 

and as such researchers often have to resort to cDNA only transgenes and other 

ubiquitous promoters. However, it has been shown that superinfection of viral particles 

with different payloads allow for intermolecular recombination, an approach that may 
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allow the researcher to potentially overcome the limited carrying capability of AAV 

(Duan et al., 2001). 

 
Figure 1-8. Midbrain transduction utilizing various pseudotyped rAAV vectors. A,F,K 

shows the transduction pattern of the various GFP expressing vectors. C-E, 
and M-O shows the transduction (GFP) of several non-dopaminergic neurons 
(shown as red TH+ cells) using AAV1 and 5 respectively. Conversely, AAV2 
transduces dopaminergic neurons almost exclusively (H-J). The total number 
of cells transduced (P) as well as the total trasnsduction area (Q), is 
significantly higher in AAV1 (Burger et al., 2004). 

Ribozymes 

Ribozymes (fig. 1-9) are enzymatic RNA molecules that are involved in a number 

of cellular processes. The family of ribozymes includes the ribosome and spliceosome. 

Other ribozymes such as the hammerhead and hairpin ribozymes, which are derived from 
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plant virus satellite RNAs, are much smaller and can be engineered to cleave RNA 

molecules in trans, destining the molecule for degradation. 

 

Figure 1-9. Schematic of ribozyme binding. A) 3D rendering of the hammerhead 
ribozyme (purple strand) binding to the target RNA (yellow strand), and the 
location of the divalent ion (red ball). B) Letter diagram of ribozyme and 
target, substitution of G to C in the catalytic core renders the ribozyme 
inactive. Courtesy Dr. Lynn Shaw. 

 These ribozymes can be designed in the laboratory to target specific genes of 

interest, and, due to highly specific hybridization dynamics, ribozymes can be created to 

specifically target transcripts with single point mutations, while leaving wild-type 

transcripts relatively untouched (Lewin and Hauswirth, 2001). This specificity has 

allowed researchers to co-express a certain ribozyme targeting a dominant mutation 

together with a “hardened target”, a therapeutic gene-replacement carrying a single silent 

mutation rendering it invisible to the ribozyme (Zern et al., 1999). The hammerhead 

ribozyme cleaves preferentially after a NUX sequence, where X can be any 

ribonucleotide except guanosine, and N any nucleotide. Flanking this cleavage sequence, 

the ribozyme is designed to base-pair with the target mRNA (5-7 nucleotides). The 
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hammerhead ribozyme requires a divalent ion such s Mg2+ as a co-factor for cleavage to 

occur. Once the correct three-dimensional conformation of the ribozyme has been 

achieved and it has base-paired with the target sequences the enzyme hydrolyzes the 5’3’ 

phosphodiester bond at the cleavage site. The resultant products are two RNA fragments 

carrying either a 5’ hydroxyl, or 2’3’ cyclic phosphate groups (Doudna and Cech, 2002).  

The cleavage rate is relatively fast and the rate-limiting step is the release of the mRNA 

from the ribozyme hybridization arms (Hertel et al., 1994). When designing a ribozyme 

to target a gene (mRNA) of interest one also has to consider the local secondary structure 

of the RNA, where a highly stable and folded RNA molecule can interfere with the 

binding of the ribozyme. There are several structure predicting programs available such 

as MFOLD (Zuker, 2003), but the ultimate efficacy of a ribozyme must be determined 

experimentally (Lewin and Hauswirth, 2001).   

Project 

The following chapters illustrate two independent projects where expression levels 

of parkin in the rat basal ganglia have been modified. I will discuss the findings of a 

preliminary study where endogenous parkin was knocked down utilizing rAAV mediated 

ribozyme expression, aiming to model the human disease. Second, I will describe the 

findings of a project where animals were pre-injected with a rAAV expressing parkin 

prior to being subjected to a strong acute lesion of the nigro-striatal tract. Interestingly, 

our results indicated a positive effect. However, our a priori working hypothesis did not 

hold true as we did not rescue cells per se, but still showed behavioral improvement in 

the treated animals. 
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CHAPTER 2 
RAAV MEDIATED PARKIN MUTANT EXPRESSION AND RIBOZYME 

EXPRESSION TARGETING PARKIN IN THE SUBSTANTIA NIGRA DOES NOT 
CAUSE DOPAMINERGIC CELL LOSS 

Introduction 

Background 

Parkinson’s disease (PD) is a very common neurodegenerative disease affecting 

approximately 2% of the population over the age of 65. The disease is manifested as a 

progressive loss of dopaminergic neurons in the Substantia Nigra pars compacta leading 

to motor deficits such as muscular rigidity, resting tremor, and slowness of, or lack of 

movement. The cause of PD is yet to be determined and is probably multifactoral. 

Numerous hypotheses have been put forth describing environmental toxins, oxidative 

stress, and aberrant proteasomal processing, all leading to the ablation of the SN. 

Recently, several familiar forms of PD have been linked to two genes involved in 

proteasomal processing: Parkin and ubiquitin carboxy-terminal-hydroxylase-L1 (UCH-

L1), as well as α-synuclein (α-syn) whose mutant version may accumulate as a result of 

oligomerization and/or aberrant removal (Jain et al., 2005).  

The lack of a true animal model has long plagued PD research. Several toxin 

models exist, however, although causing selective degeneration of the SN, these models 

may not fully recapitulate the true molecular events leading to degeneration. In addition 

to toxin models (Bove et al., 2005), several knock-out and transgenic mouse lines have 

been created (Hashimoto et al., 2003).  
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Parkin Animal Models 

A number of groups have reported parkin knockout and parkin mutant transgenic 

mice (Goldberg et al., 2003; Itier et al., 2003; Von Coelln et al., 2004; Perez and 

Palmiter, 2005) with varying results (table 2-1). Most striking is the lack of a distinct 

phenotype that one would predict in terms of modeling a human disease gene. One parkin 

knock-out line describes a slight increase in extra-cellular dopamine in the striatum, but 

with no pathology or accumulation of parkin substrates. However, when measuring the 

synaptic response of striatal medium-sized spiny neurons (target of nigral dopaminergic 

projections), the current required to evoke action potentials synaptically in parkin–/– 

neurons was significantly higher (Goldberg et al., 2003). A parkin knockout by Itier et 

al., again showed no pathology. However, DAT and VMAT2 levels were significantly 

reduced in the striatum of mutant mice when measured by western blots. Again, 

dopamine levels were slightly higher in certain regions of these animals (Itier et al., 

2003). Another parkin deficient strain created by Dawson and colleagues displayed a loss 

of neurons in the locus coeruleus (another region that display some cell loss in PD). 

There was, however, no alteration in dopamine levels in these animals (Von Coelln et al., 

2004). A fourth knock-out line has been evaluated in great depth, and the investigators 

found very little differences when evaluating parkin knock-out in two different 

backgrounds (Perez and Palmiter, 2005).  

Although the results of the various parkin KO’s are varied, 3 of the groups report 

some form of alteration in dopamine or dopamine metabolism. Increase in DOPAC 

formation by MAO (an enzyme considered mainly intraneuronal) as opposed to 3-MT 

formation by COMT (this enzyme is mainly extraneuronal) suggests that parkin 
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dysfunction maybe demonstrated in impairment of release of dopamine and increased 

intraneuronal metabolism (Goldberg et al., 2003).  

Table 2-1. Comparison of parkin mouse models. (Perez and Palmiter, 2005).  

 
 

One concern raised by the variability in these knock-out models is that the observed 

differences are due to artifacts due to technical difficulties in gene targeting in mice. For 

instance, one group used a Pgk-neor cassette which can effect regulation in neighboring 

genes. Furthermore, parkin deficient mice were tested on a B6;129 genetic background 

which can lead to false positives depending of the segregation of genes in which strain 

differences can account for differences in behavior (Perez and Palmiter, 2005).   

Project 

Ribozyme 

In this project we evaluated whether or not spatio-temporal knockdown of parkin in 

the SN would result in TH down-regulation or loss of cells. By using a rAAV mediated 

ribozyme expression (fig. 2-1) injected directly into the SNC we hypothesized that we 
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would avoid any confounding effects due to genetic variation in the strain background of 

the parkin deficient strains.  

 
Figure 2-1. Schematic of rAAV expressing ribozyme. 

The hammerhead ribozyme is a catalytic RNA molecule which can function in the 

cleavage of particular RNA molecules, in this case, parkin mRNA. When designing a 

hammerhead ribozyme to target a certain mRNA, one must find a region in the target 

containing NUX, where N represents any nucleotide, U stands for Uridine, and X may be 

any nucleotide other than guanosine. The 6-8 basepairs flanking the X (which does not 

base-pair with the ribozyme) on either side are then included in the ribozyme sequence to 

confer specificity for the gene (Lewin and Hauswirth, 2001). Since the occurrence of the 

NUX sequence will be high in any given mRNA, further analysis may be done, utilizing 

various algorithms, finding the RNA regions with the least amount of secondary structure 

(Jacobson and Zuker, 1993; Amarzguioui et al., 2000). 
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Parkin Mutants 

In addition to the ribozyme injections we also treated some animals with rAAV 

expressing two different mutant parkin genes (supplied by Dr. Corinna Burger). 

Q311Stop (fig. 2-2) caused the translation of a truncated protein, terminating 

immediately upstream of the IBR domain (Hattori et al., 1998). We hypothesized that this 

construct would potentially take on a dominant negative form by binding to a specific 

substrate but being unable to perform poly-ubiquitination. The second mutant was not a 

disease mutant per se, but a version of parkin where the start-codon was moved 

downstream from that of the normal start site (named C-terminal parkin).  

 
 

Figure 2-2. rAAV expressing Q311Stop. 

Again, we rationalized that over-expressing this mutant form would potentially 

bind to, and sequester, components of the proteasomal machinery, overall reducing the 

level of proteasomal processing. 
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We successfully designed a ribozyme targeting human parkin that showed strong 

kinetics in vitro as well as robust knockdown in vivo. However, we did not see any 

accumulation of substrate due to technical difficulties discussed below. This was the 

result of an inherent difficulty with studying certain bio-molecule levels such as RNA in 

the SN which became evident in our study. Proteins such as parkin are ubiquitously 

expressed in the brain, but the rAAV transduction pattern that we observed was highly 

specific for the SNc (Burger et al., 2004), thus it became difficult to isolate these nigral 

neurons, and to analyze their content without background from surrounding tissue. 

Furthermore, the substrates that we analyzed showed no accumulation using  

immunohistochemistry, but it was difficult to obtain a positive control for this since 

expression levels of cyclin E , for instance, in normal brain tissue is very low. 

Furthermore, there are no commercially available antibodies for several of the substrates, 

thus we were not able to study those. Over-expression of the mutant forms of parkin 

showed similar results, using human specific antibodies we were able to show 

transduction, but we did not observe any pathology, nor did we see any significant 

accumulation of substrates. 

Results 

Ribozyme In Vitro Kinetics 

The published parkin mRNA sequence was scanned for GUC or CUC sites. The 

immediate sequence surrounding the putative cleaving sites where thereafter analyzed 

using MFOLD (Zuker, 2003) to find those regions most favorable to ribozyme access. 

The first in vitro step was then to evaluate whether or not the ribozyme would cleave the 

target (time-course experiment).  

 



 

 

34

 
Figure 2-3. Time-course experiment of ribozyme 131. Left Image: Upper band shows the 

end-labeled target RNA, and the bottom band is the product of ribozyme 
cleavage. The target is almost fully depleted after ~90 minutes of incubation 
(time-axis left right). Right graph shows quantification of ribozyme 
cleavage. 

In the time-course experiment the ribozyme is incubated with a small radioactively end-

labeled RNA molecule. The ribozyme reaction was allowed to carry on for different 

periods of time ranging from seconds to a couple of hours. The amount of cleavage is 

thereafter quantified to evaluate how much of target is cleaved over time (fig. 2-3). 

The second step in the in vitro analysis was to evaluate the ribozymes under 

substrate excess for a period of time (multiple turnover kinetic analysis) established in the 

time-course where the cleavage rate is linear and no more than 10% of substrate has been 

converted. 

The reaction conditions were the same as for the time-course analysis, but with 

increasing amounts of target (3-300pm target, 0.3pm ribozyme). Values for Vmax and Km 

where obtained using Lineveawer-burke plots, and kcat was determined by the calculation: 

kcat= Vmax/[Rbz] (figs. 2-4, 2-5). From these assays we chose a ribozymes cleaving parkin 

mRNA at position 131 for in vivo testing. 
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Figure 2-4. Multi-turnover kinetic analysis. Left graph is showing a Lineveawer-burke 

plot illustrating the results from the multi-turnover kinetic analysis of 
ribozyme 131. Right graph shows the saturation kinetics for the same 
ribozyme. The results for target 131 was: Vmax=1 µm/min; Km=4.0µM; 
Kcat=6.7 min-1.  

 
Figure 2-5. Comparison of Vmax between the various ribozymes tested. From these 

results the ribozyme targeting bp. 131 was selected for further study. 

 DNA oligos encoding the ribozyme were then cloned into a rAAV cloning 

plasmid, pTRUF-12. This plasmid contains an enhanced CBA/CMV promoter hybrid 

driving the expression of the ribozyme followed by a self-cleaving hairpin ribozyme. 

There is also an internal ribozyme entry site (IRES) facilitating the expression of the 

transduction marker GFP (fig. 2-1).  
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In Vivo Expression 

Ribozyme 

The virus was subsequently injected unilaterally into the SNc of adult female 

Sprague-Dawley rats. Five weeks post-injection the animals were euthanized and their 

brains were recovered for histological examination. Laser scanning confocal microscopy 

of the SNc indicate that we achieved a robust knock-down of parkin using ribozyme 131 

in cells that also carry the marker of transduction. There was, however, great variability 

in the reduction levels in these cells. This variation in reduction is probably due to a 

variation in the copy number of the ribozyme cDNA, a feature of the use of rAAV which 

cannot be controlled (fig. 2-6). Furthermore, due to the nature of the SNc it is virtually 

impossible to dissect out only the dopaminergic cells of this region using conventional 

methods and the surrounding tissue does express equally high levels of parkin.  

We also recovered fresh tissue from four animals expressing ribozyme 131, and 

this tissue was analyzed for parkin expression using in situ hybridization as well as 

western blotting. Since there are several splice variants of parkin we used three different 

probes when looking at the expression, figure 2-7 (top panel) shows the result of two 

probes, indicating a significant reduction in parkin mRNA levels. The results from the in 

situ hybridization indicate a sharp reduction in parkin levels in the SNc, however, when 

the SN was dissected out in serial sections and parkin protein levels analyzed 

electrophoretically, we were not able to detect any difference between the treated and 

untreated sides (fig. 2-7 bottom panel). Furthermore, there seems to be no decrease in TH 

expressing cell numbers in the injected SNc, indicating that although we achieved parkin 

knockdown, that there was no resultant pathological effect. 
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Figure 2-6. Confocal imaging of substantia nigra treated with parkin 131 ribozyme. Panel 

A shows the transduction resulting in GFP expression. Panel B & C shows TH 
and parkin expression in the ribozyme injected side respectively. Panel D 
shows a merged image of all stains. Yellow arrows indicate cells that are GFP 
and TH positive, but lack parkin expression. White arrows indicate TH 
positive cells that express GFP, but are parkin positive. Panels E-G shows the 
same stains in the uninjected hemisphere white white arrows indicating cells 
expressing both parkin and TH (Manfredsson et al., 2006). 

Mutant Parkin 

rAAV expressing mutant parkin was injected unilaterally into the SNc of adult 

female Sprague-Dawley rats. Six weeks following the injections the animals were 

sacrificed by perfusion. Immunohistological evaluation indicate strong transduction for 

the C-terminal parkin (fig. 2-8), and a large number of transgene expressing cells in the 

case of Q311stop (fig. 2-9). However, as with the ribozyme injections, no loss of TH 

expressing cells or substrate accumulation was observed.  

Discussion 

In this study we utilized rAAV mediated ribozyme expression to knock down 

parkin expression in the rat SNc. Despite apparent robust knockdown in dopaminergic 
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neurons, no pathology or accumulation of substrate was observed. These findings support 

the findings that no cellular pathology is observed in the parkin deficient mouse strains 

(Fleming et al., 2005). 

 
Figure 2-7. In situ hybridization and western blot of parkin in the SN. Top image shows 

the result of in situ hybridization using two different probes for parkin. White 
arrow indicates the injected SN and black arrow the un-injected SN. Bottom 
panel shows the protein levels of parkin in the dissected SN by western blot. 
The two lanes on the right are from the left and right hemisphere of a naïve 
animal. There were no observable differences in protein levels in any animal. 

The fact that loss of parkin in the rodent does not cause the same symptoms that are 

observed in AR-JP may be due to the simple fact that there are essential differences 

between rodent and human parkin. Additionally, there may be redundancy in the rodent 

polyubiquitination system, making it less susceptible to parkin loss (Kikkert et al., 2005). 

This would explain the lack of substrate accumulation. Finally, one attractive hypothesis 

would be that loss of parkin or expression of mutant- parkin sensitizes the affected 

individual to a second insult, for instance environmental stress such as pesticides. 

However, when one strain of parkin deficient mice was challenged with 6-OHDA, no 

increased pathology was seen (Perez et al., 2005). Obviously more common 
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environmental toxins such as rotenone and paraquat should be tested in order to test this 

hypothesis. In vitro data suggests that exposing mesencephalic primary cultures to 

rotenone was more toxic in cells taken from parkin deficient animals (Casarejos et al., 

2006), but this has not been tested in vivo. 

 
Figure 2-8. C-terminal parkin dominant negative.  Animals that received unilateral nigral 

injections of rAAV-C-terminal parkin 4 weeks previously were stained using 
a human specific C-terminal antibody kindly provided by Michael 
Schlossmacher (Harvard University).  The top two panels show the nigral 
staining for the C-terminal parkin protein. No staining is visible on the other 
side of the brain.  Arrows point to a landmark present in all the panels.  The 
bottom panels show TH staining of serial sections.  This figure shows that 
TH+ neurons in the substantia nigra probably received the vector but there is 
no loss of nigral TH+ neurons. 
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Figure 2-9. N-terminal parkin. This construct was intended to be a dominant negative by 

virtue of binding to a parkin substrate but not allowing binding to the poly-
ubiquitinating complex.  The vector transduction is shown by immuno-
staining with an antibody raised against an epitope in the N-terminal region of 
parkin.  As can be seen in the TH panels, there was no cell loss in these 
animals which lived 6 weeks post-transduction.  There was also no obvious 
accumulation of cyclin E. 
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 The lack of pathology when over-expressing the disease mutant and the C-

terminal form of parkin could also be expected when one considers the human disease 

which is a genetically recessive disease. Although we were able to show strong 

transduction, especially for C-terminal parkin, it is not likely that these alleles confer a 

toxic gain of function.    

 This study also demonstrated the difficulties associated with quantitatively 

demonstrating the knock-down of certain messages in the brain when the target is 

ubiquitously expressed throughout the brain. It is well established that rAAV does not 

readily infect non-neuronal cells in the brain, but parkin is ubiquitously expressed in glial 

cells as well (D'Agata et al., 2002). In such instances, alternative vectors such as 

lentivirus vectors, which lack neuronal specificity, may be of better use, allowing for 

knockdown in all cells of a distinct region (Trono, 2000). 

The rAAV transduction pattern that we observed was highly specific for the SNc 

(Burger et al., 2004), thus the parkin knock-down was isolated to these nigral neurons. 

Thus it became impractical to analyze the cell-specific effects by using sampling 

procedures such as tissue punches due to the dilution effect from surrounding tissue. 

Furthermore, the substrates that we analyzed showed no accumulation using 

immunohistochemistry, but it was difficult to obtain a positive control for this since 

expression levels of cyclin E , for instance, in normal brain tissue is very low. 

Furthermore, there are no commercially available antibodies for several of the substrates, 

thus we were not able to study those. 

 Our results do strengthen the indications from studying the animal models, that 

parkin knockdown alone will not be a good model for PD, at least not in the rodent. 
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Furthermore, evaluation of parkin knockdown does not provide many clues of how loss 

of parkin actually does cause PD. One common indicator in many in vivo and in vitro 

models indicates an involvement of parkin in dopamine production and/or metabolism. 

Parkin has been shown to enhance DAT function (Jiang et al., 2004) as well as 

modulating dopamine metabolism in a neuronal cell-line by suppressing expression of 

endogenous MAO. This effect was not due to enhanced poly-ubiquitination of MAO, but 

rather a reduction in MAO mRNA levels, suggesting that parkin may either act on some 

regulatory element in transcription or have an alternative function. Parc (parkin-like 

cytoplasmic E3 ligase), another E3 ligase with similar motifs to that of parkin has been 

shown to silence p53, not by poly-ubiquitination, but by sequestering p53 in the 

cytoplasm, keeping it away from the nucleus. Interestingly, parkin expression had no 

effect on exogenously expressed MAO, when co-transfected into a non-neuronal cell line, 

indicating that parkin function may be cell specific (Jiang et al., 2006). 
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CHAPTER 3 
RAAV MEDIATED NIGRAL PARKIN OVER-EXPRESSION PARTIALLY 

AMELIORATES MOTOR DEFICITS IN A RAT MODEL OF PARKINSON’S 
DISEASE. 

Introduction 

Background 

Parkin is an E3-ligase that functions to poly-ubiquinate proteins that are destined 

for degradation by the proteasome (Shimura et al., 2000). Mutations in the parkin gene 

causes Autosomal Recessive Juvenile Parkinsonism (ARJP) which is an early onset form 

of familial Parkinson’s disease (PD) (Kitada et al., 1998). The idiopathic form of PD is a 

common neurodegenerative disease that is clinically characterized by a number of motor 

dysfunctions such as a well defined resting tremor, rigidity and slowness of movement.  

Neuropathologically, PD is characterized by a progressive loss of the midbrain 

dopamine (DA) neurons residing in the substantia nigra pars compacta (SNc). These cells 

are part of the basal ganglia circuitry and have their terminal fields in the striatum. 

Furthermore, a hallmark feature of the disease is the presence of Lewy Bodies (LB) 

which are intracytoplasmic eosinophilic inclusions. LBs are thought to be the result of an 

active accumulation of potentially damaging mis-folded proteins (Shimura et al., 2000; 

Olanow et al., 2004).  Early in the course of PD, the disease can be successfully treated 

by peripheral L-dihydroxyphenylalanine (L-dopa) but the effectiveness of this 

pharmacotherapy inevitably wanes as the disease progresses. Therapies that affect the 

ongoing neurodegeneration via interfering with the disease process would be 

advantageous. 
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However, since the etiology of the idiopathic form of PD is not yet known, the 

effort to find disease-altering therapies has been slowed. Several hypotheses to explain 

the causes of PD have been put forth including: impaired proteasomal processing, 

increased oxidative stress, or exposure to environmental toxins such as pesticides, 

possibly leading to mitochondrial dysfunction (Sherer et al., 2002).  In addition, the 

discovery of parkin’s causative role in ARJP, the accumulation of another familial PD 

gene product, α- synuclein in LB, as well as mutations in another proteasomal enzyme, 

C-terminal hydrolase isozyme 1 causing familial PD (Leroy et al., 1998), have supported 

the idea that aberrant proteasomal processing may lead to PD (Betarbet et al., 2005; 

Cookson, 2005a). Moreover, oxidative stress, which has been reported to be exaggerated 

in DA neurons may interact with abnormal protein accumulation to damage nigral DA 

neurons (McNaught et al., 2002). Furthermore, parkin has been shown to directly interact 

with DA (LaVoie et al., 2005), and some of parkin’s putative substrates may be directly 

toxic to DA neurons (Staropoli et al., 2003; Yang et al., 2003). Therefore, it is reasonable 

to hypothesize that enhancing the function of parkin might make proteasomal processing 

in DA neurons more efficient thereby protecting these neurons against multifactorial 

insults (Cookson, 2005b). 

 
Figure 3-1. Experimental design. 
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Project 

In this study, we sought to evaluate whether enhanced levels of parkin expression 

during the course of a  6-hydroxydopamine (6-OHDA) lesion would alleviate the effects 

from oxidative stress and rescue the cells from cell-death. 

We utilized rAAV2 to deliver a human form of parkin to the SNc of the rat 6 weeks 

prior to a 4-site striatal 6-OHDA lesion. This lesion-model was chosen because it 

provides a progressive (Kirik et al., 1998), yet complete lesion. Following the lesion, the 

animals were subjected to a battery of behavioral tests which have been well 

characterized for this type of lesion (fig. 3-1). Preliminary data using a weaker 2 site 

lesion indicated that there was functional improvement in parkin treated animals: 

however, the weaker lesion yields a wide range of damage, and the variation in behavior 

was too large.  

 

Figure 3-2. Parkin plasmid. Parkin expression is driven by a hybrid CMVie/CBA 
promoter. Downstream of the parkin cDNA is a cis-acting woodchuck 
postregulatory regulatory element (WPRE). 

Results 

In order to evaluate the effects of nigral parkin over-expression, we injected 2 µl of 

either rAAV2- human parkin (hparkin) (fig. 3-2) or rAAV2-GFP in 2 sites in the 

substantia nigra in naïve rats.  Six weeks later, we performed a four-site 28 µg 6-OHDA 

lesion that results in a near complete DA depletion of the striatum but leaves the nucleus 
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accumbens intact.(Kirik et al., 1998). These animals were tested monthly on a series of 

behavioral tests sensitive to striatal DA-mediated motor behaviors (fig. 3-1). This 

experimental layout was also duplicated for a group of animals receiving rAAV5-hparkin 

or rAAV5-GFP. The rAAV5 groups, however, were evaluated only for rotational 

behavior in order to validate functional improvement. 

A unilateral 6-OHDA lesion leads to the depletion of dopaminergic terminals in the 

ipsilateral striatum. Subsequent systemic administration of amphetamine results in the 

release of DA from storage vesicles in the presynaptic terminals, and due to the 

imbalance between the lesioned and non-lesioned side, rotational behavior is observed 

(fig. 3-3). 

Amphetamine Induced Rotations 

 
Figure 3-3. Image of rat undergoing rotational analysis. This animal has been lesioned on 

the left side and has been injected with amphetamine. Note the counter-
clockwise (ipsiversive) turning. 

Measurable turning behavior requires the depletion of a significant portion of the 

nigrostriatal neurons (>60%). Since the non-lesioned side contain more terminals and 

thus more DA, turning behavior is ipsiversive (towards the side of the lesion) 

(Ungerstedt, 1968). Fewer rotations in this test usually indicate less striatal DA depletion 

(Zetterstrom et al., 1986; Hudson et al., 1993).   
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Figure 3-4. Amphetamine induced rotations for rAAV2 injected group (p = 0.0015). 

At 4, 8, and 12 weeks following the 6-OHDA lesion the animals were subjected to 

this motor test, and at all time-points the parkin-treated group displayed a significant 

improvement over the control group, suggesting increased levels of DA in the parkin 

treated nigrostriatal terminals (fig. 3-4).  However, although there was a significant 

reduction in turning behavior (67%), this still does not represent a complete rescue of 

behavior as a non-lesioned animal would be expected to have no net rotations in one 

direction (Kirik et al., 2000a). 

Cylinder Testing 

Unilateral striatal DA depletions also induce a significant asymmetry in 

contralateral front limb use during vertical exploration in a spontaneous motor test that is 

carried out in a clear cylinder. During the test, the animal is allowed to explore the sides 

of a clear plexiglas cylinder using its front paws for support as it ambulates around the 

cylinder walls (Moroz et al., 2004) (fig. 3-5).  
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Figure 3-5. Cylinder test. This image illustrates the cylinder test. During actual testing 

conditions the animal activity is videotaped in the dark.  

 

 
Figure 3-6. Results from cylinder testing of the rAAV2 injected group. The rAAV2-

parkin treated group displayed a higher use of their contralateral paw (left bar) 
as opposed to the rAAV2-GFP treated group (right bar) (p =  0.012). 
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At all time points in the cylinder test, the parkin treated animals displayed a 

significant improvement over the GFP treated animals (fig. 3-6), but again, the parkin-

treated rats only used their affected paw approximately 20% of the time whereas normal 

animals would use both paws equally to explore the cylinder walls (Choi-Lundberg et al., 

1998). 

Stepping Test 

 
Figure 3-7. Stepping test. Example of fore-hand (dragging the palm) stepping. The 

lesioned animal (bottom images) display a significant impairment of the 
contralateral paw. Back-hand (dragging the back of the paw) (not pictured) 
stepping is generally not impaired in the lesioned animal. 

The stepping test is used to evaluate forelimb akinesia that is most likely due to 

rigidity of the affected limb (Olsson et al., 1995).  6-OHDA-lesioned rats display a 

significant impairment of the contralateral paw (fig. 3-7), and a slight but transient effect 

in the ipsilateral paw. Eight and 12 weeks following the lesion, forehand (dragging the 

paw of the hand) stepping was unimproved in the parkin-treated group as compared to 

controls. However, there was a slight but significant improvement in backhand (dragging 
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the back of the hand) stepping in the parkin treated animals. (fig. 3-8). However, we only 

observed a slight impairment in backhand stepping in the control group which is a typical 

finding after a nigro-striatal lesion. 

 
Figure 3-8. Stepping test data. There was no improvement in forehand stepping (left), but 

slight improvement in backhand (right) stepping. 

rAAV-Mediated Transduction 

The rAAV vectors successfully transduced the DA neurons in the SNc showing 

positive human parkin staining (figs. 3-10, 3-23) and GFP staining (fig. 3-9).  Regions 

that might be related to basal ganglia function that were also transduced included the SNr 

(fig. 3-23,D-E), the subthalamic nucleus (STN, fig. 3-23,A & B), and the entopeduncular 

nucleus (EN, fig 3-23,A & C). 

 
Figure 3-9. GFP transgene expression in the midbrain. Using immunohistochemistry 

transgene expression is observed in the right hemisphere but not the left. 
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Figure 3-10. Parkin transgene expression in the midbrain. Using a transgene specific 

antibody, expression is observed in the right hemisphere only. 

Because histological examination took place after the 6-OHDA lesion there is no 

detectable parkin or GFP staining in the SNc.  In addition, this extensive midbrain 

transduction we observed for the rAAV2 group is in contrast to that reported previously 

for rAAV2 which has been shown to specifically transduce the SNc (Klein et al., 1999; 

Valente et al., 2004; Mandel et al., 2006). However, in this study, we injected 2 injections 

of 2 µl of high titer rAAV2 which may have lead to this extensive but atypical midbrain 

transduction pattern. 

Nigrostriatal DA Neurons 

DA-mediated behavior is critically dependent on the integrity of striatal DA 

innervation (Rosenblad et al., 1999; Kirik et al., 2000b). There was no difference in 

striatal DA innervation between the parkin-treated animals and the GFP-treated rats in the 

striatum (fig 3-11) or apparent differences of TH expressing cells in the SN (fig. 3-12). 

In addition, all lesioned animals were evaluated for the number of TH expressing 

neurons as a marker for DA neurons. The number of TH positive neurons in the SNc was 

estimated using unbiased stereological estimation. Surprisingly, the number of TH 

positive neurons did not differ between the two groups (fig 3-13).  
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Figure 3-11. Striatal TH immunoreactivity. Top panel shows striatal TH staining from a 

representative rAAV2-GFP treated rat. Bottom panel is from a representative 
rAAV2-parkin treated rat. There is no significant detectable TH staining in the 
lesioned striatum with either treatment. The scale bar = 1mm. 
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Figure 3-12. Nigral TH staining. Top panel shows TH staining from a representative 

parkin treated animal at the level of the SNc. The right hemisphere is almost 
completely devoid of TH+ neurons. Bottom panel shows nigral TH expression 
in a GFP-treated control (scalebar = 1mm).  

 
Figure 3-13. Result of TH stereology. Unbiased estimation of percent survival of TH 

positive neurons indicate no benefit to survival of neurons in the rAAV2-
parkin treated group (left bar) versus the control (rAAV2-GFP) group. Data is 
displayed as percent survival in the lesioned (right) hemisphere as compared 
to the unlesioned (left) hemisphere. 
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Figure 3-14. DAT expression in the substantia nigra. Immunoreactivity can be seen in the 

left SNc, but not in the right hemisphere (lesioned side), 

 
Figure 3-15. AADC expression in the substantia nigra. AADC expression is observed in 

the left SNc, but not in the lesioned (right) SNc. 

Thus, the behavioral recovery was not related to the number of surviving neurons. 

To verify that the neurons had not simply down-regulated TH, we also looked at the 

expression of DA transporter (DAT) in the SNc as well as the expression of L-aromatic 

amino acid decarboxylase (AADC), another enzyme involved in the DA production 

pathway. Again, these immunohistological results verified the results seen with TH in 

that there was no nigral DAT (fig. 3-14)or AADC (fig 3-15) staining on the lesioned side. 
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Fos Expression 

 Three to 6 hours after the last amphetamine administration (fig. 3-1), all animals 

were perfused with fixative for histological examination.  This post-amphetamine time 

interval allows the immunohistochemical examination of DA-mediated Fos expression in 

striatum and striatal efferent structures (Graybiel et al., 1990).  Fos expression in the 

basal ganglia in normal animals is almost non-existent (Robertson et al., 1989).  

However, after amphetamine-treatment, nuclear Fos staining is increased in the 

striatum and basal ganglia nuclei in the output circuit for motor behavior (Hebb and 

Robertson, 1999).  Fos staining is interpreted as increased neuronal activity but its exact 

function is unknown (Curran and Morgan, 1985). 

Little or no striatal Fos expression was found in either experimental group (data not 

shown). However, there was robust Fos expression in the GP in both treatment groups 

(fig. 3-16,A-H) but no difference in the magnitude or intensity of pallidal Fos staining 

between the groups could be detected.  In contrast to pallidal Fos expression, Fos 

expression in the parkin-transduced SNr appeared greater when compared to most of the 

GFP-treated animals (fig. 3-16, I-P). 

Of the 9 transduced animals in the 2 experimental groups, 2 animals from each 

group could not be evaluated due to torn or missing SNr. Of the remaining animals 6/7 

parkin-treated animals and 5/7 GFP-treated animals followed the pattern shown in figure 

3-16. One GFP-treated rat in particular showed strong Fos staining in the SNr of the 

treated hemisphere similar to the parkin-transduced animals and this animal also 

displayed amphetamine-induced rotational behavior within the range of parkin-treated 

rats’ rotational behavior. 
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Figure 3-16. Activity of basal ganglia output nuclei via Fos over-expression. Fos staining 

from left GP (A & E) and the right GP (B & F, treated hemisphere) from a 
representative parkin-treated rat. There was no apparent difference either 
between hemispheres or between experimental groups (representative GFP 
treated rat C & G [left] and D & H [right]) in the intensity or frequency of Fos 
staining in the GP. In contrast, parkin-treated rats tended to have greater Fos 
over-expression in the SNr of the treated hemisphere (J & N) as compared to 
the untreated hemisphere (I & M). This pattern of greater Fos expression in 
the treated hemisphere of parkin-transduced rats was not found in GFP-
transduced rats. Thus, both the left (GFP-untreated) SNr (K & O) and the 
right (GFP-treated) SNr (L & P) displayed approximately equivalent Fos 
expression.  The stars in lower magnification panels (A-D & I-L) indicate the 
area of magnification in the higher magnification panels (E-H & M-P). Scale 
bars in A and I equal 500 µm and apply to A-D and I-L.  Scale bars in E and 
M = 100 µm and apply to E-H and M-P.  

Nevertheless, stereological evaluation of Fos expression in the SNr counting total 

Fos positive cells as well as cells with relatively high intensity of Fos expression was 
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performed. The cell counts indicated that there was no difference in the number of Fos 

expressing cells in-between the groups (fig 3-17). 

 
Figure 3-17. Number of Fos expressing cells in the SNr. Stereological estimation of Fos 

expressing cells did not show any difference between the two groups. Data is 
expressed as ratio of Fos expressing cells in the right versus left hemisphere. 

Biochemical Evaluation 

Dopamine 

The rAAV5 treated animals were evaluated for amphetamine induced rotations at 4, 

8, and 12 weeks following the lesion. Similarly to the rAAV2 treated group there was a 

significant behavioral improvement in the parkin treated group (fig 3-18). The animals 

were sacrificed 13 weeks after the 6-OHDA lesion and the striatum from each 

hemisphere was dissected and divided up in samples to be used for biochemical 

evaluation.  

Using high performance liquid chromatography (HPLC) we measured dopamine 

and DOPAC content of the striatum. There was a trend toward increased dopamine levels 

in the parkin treated animals. However, this difference did not achieve significance (fig 
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3-19). In addition, we also observed a trend towards increased DOPAC levels (p=0.02) in 

the parkin treated animals (fig. 3-24) which may indicate increased levels of striatal 

dopamine or increased levels of dopamine metabolism. 

 
Figure 3-18. Rotational data from the rAAV5 group (p<0.01). 

 
Figure 3-19. Dopamine levels measured by HPLC. Measurements of dopamine levels in 

the striatum were slightly higher in the rAAV5-parkin treated animals (left 
bar), as compared to the rAAV5-GFP treated group (right bar). These results 
were, however, not significant (p=0.1).  

In 6-OHDA lesioned animals, the remaining cells become temporarily overactive in 

terms of dopamine (Castaneda et al., 1990; Moroz et al., 2004). This hyper-activity is due 

to increased post-synaptic concentration of D2 receptors which can be measured by 
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increased rotational behavior during the administration of a D2 agonist such as 

apomorphine (Schwarting and Huston, 1996).  

 
Figure 3-20. Western blots of TH and the D2 receptor. Top lanes show a representative 

western of TH, with varying amounts of protein levels in the right hemisphere 
in different animals. Bottom lanes show a representative western blot of the 
dopamine D2 receptor. Very little variation of protein levels in the right 
hemisphere is seen in-between the various animals. Relative levels of protein 
were measured as compared to an internal standard (β-actin) and presented as 
a ratio of right/left. 

We evaluated whether this receptor increase occurred at the same level in the 

parkin treated group as compared with the GFP group. Western analysis revealed no 

significant differences of D2 levels between the groups (figs. 3-20 & 3-21). 

Tyrosine hydroxylase 

Samples from the striatal dissections were also used in order to evaluate levels of 

TH in the striatum. Western blot analysis revealed that, as for the dopamine content, there 

is a trend (non-significant) towards increased striatal TH in the parkin treated animals 

(figs. 3-20 & 3-22).  
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Figure 3-21. D2 receptor protein levels measured by western blot (p = 0.3127). Protein 

levels are expressed as a ratio of right (lesioned) to left (intact) hemisphere. 
D2 up-regulation was seen in the lesioned hemisphere of all animals. 

 
Figure 3-22. Graph of striatal TH protein levels. Displayed as ratio of right (lesioned) 

versus left (intact) hemisphere. The data indicate a tendency toward increased 
levels of TH in the parkin treated striatum (p = 0.1).  

 

Discussion 

Our a priori working hypothesis was that nigral parkin expression would enhance 

proteasomal processing of proteins damaged by uptake of 6-OHDA, thereby protecting 

DA neurons from the toxic insult.  Several lines of data suggest that oxidative stress and 

aberrant protein folding/proteasomal processing is central to the molecular pathogenesis 
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of neural degeneration in PD (Bossy-Wetzel et al., 2004; Betarbet et al., 2005). Several 

genes have been implicated in oxidative stress in at least some forms of the disease: 

PTEN-induced kinase 1 (PINK-1), a putative mitochondrial kinase potentially involved 

in the regulation of a mitochondrial response to oxidative stress (Valente et al., 2004), 

and DJ-1, a protein involved the oxidative stress response (Bonifati et al., 2003) cause 

familial PD when the gene is mutated. In addition, over-expression of some identified 

substrates of parkin has shown to be detrimental to cells by aggregating and inducing ER 

stress (Ward et al., 1995) Moreover, it has been shown that dopaminergic neurons are 

exposed to higher basal levels of oxidative stress due to the metabolism of DA itself 

(Floor and Wetzel, 1998; McNaught et al., 2002), possibly making these cells more 

sensitive to a break-down in the cellular machinery which normally protects the cell 

against reactive oxygen species. Excess oxidative stress, in turn, can lead to increased 

protein damage exacerbating the need for functioning protein clearance machinery. Thus, 

although familial forms of PD are related to distinct cellular components, the molecular 

pathways may be interlocked and they may converge upon a common downstream fate 

(Greenamyre and Hastings, 2004; Cookson, 2005a). 

Indeed, in previous studies over-expression of parkin has proven to be 

neuroprotective against various insults that may be related to the cause of PD. For 

example, the use of parkin over-expression has also been shown to protect cultured cells 

against apoptosis induced through the over-expression of various protein substrates such 

as cyclin E and pael-R (Staropoli et al., 2003; Yang et al., 2003). In vivo, lentiviral parkin 

over-expression has been shown to protect transgenic mice from pathology associated 
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with an mutant α-synuclein (Lo Bianco et al., 2004) and rAAV-parkin has been shown to 

protect nigral neurons from rAAV-α-synuclein over-expression (Yamada et al., 2005). 

Furthermore, we had preliminary data that agreed with this hypothesis. We 

performed a previous experiment using identical experimental groups and rAAV nigral 

transduction procedures to those reported here, but 6 weeks following vector 

administration, we administered a less potent striatal 6-OHDA lesion (2 site x 7 µg each 

site).  In general, while the parkin treated rats showed better motor performance in this 

preliminary experiment, this 6-OHDA lesion did not lead to consistent behavioral deficits 

in the control group and the functional improvements in the parkin-treated group did not 

reach statistical significance. However, there was greater DA nigrostriatal integrity in the 

parkin-treated rats in this preliminary experiment (data not shown). 

The present results, obtained after a more extreme 6-OHDA, clearly show a parkin 

mediated functional effect. Normally, reductions in amphetamine-induced rotational 

asymmetry would indicate improved DA release in the lesioned striatum (Zetterstrom et 

al., 1986). In this experiment, there was a stable 67% reduction in amphetamine-induced 

rotational behavior in parkin-treated rats. Similar partial rescue was also seen when 

assessing spontaneous limb-use in the cylinder test. However, similar to the amphetamine 

data, the animals still display a significant amount of lateral bias in the cylinder test and 

essentially no improvement in forelimb akinesia as measured by forelimb stepping 

indicating partial recovery from the 6-OHDA lesion. The lack of improvement in 

forelimb akinesia (stepping) is consistent with partial parkin-mediated functional 

improvement because recovery in the stepping test appears to require a higher level 
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nigrostriatal integrity for behavioral improvement to occur (Bjorklund et al., 2000; 

Georgievska et al., 2002) 

Unexpectedly, our data do not support our primary hypothesis, i.e., parkin over-

expression did not lead to improved DA neuron survival or striatal TH+ innervation. 

Nevertheless, there are still several hypotheses that may account for the observed 

functional improvement in the parkin-treated rats. First, rAAV-mediated nigral parkin 

over-expression may have saved the dopaminergic cells but they no longer express their 

dopaminergic phenotype as assessed by TH staining.  To evaluate this hypothesis, we 

examined two other nigral DA neuronal markers, DAT and AADC, which also indicated 

that the TH+ nigral neurons were killed by the lesion. Thus, it is unlikely that the 

functional data are explained by enhanced survival of DA neurons in the parkin-treated 

groups. 

Second, since there was no difference in the number of surviving dopaminergic 

cells between the two groups, the surviving cells in the parkin treated SNc either produce 

more DA, have an altered metabolic state, or are more efficient in DA recycling. 

Improved function of remaining parkin-transduced nigral neurons may be the direct result 

of parkin acting on a specific substrate. For instance, some data suggest that parkin is 

involved in the maintenance of the DAT. By targeting misfolded DAT for degradation, 

parkin serves as to enhance DAT function by concentrating the number of correctly 

folded receptors at the membrane surface; consequently, significantly enhancing DA 

uptake and improving the efficiency of DA transmission (Jiang et al., 2004). On the 

contrary, if enhanced striatal DA function occurred in parkin-treated rats, then DA 

stimulation of supersensitive DA receptors would be expected to be detected by enhanced 



64 

 

Fos staining in the lesioned striatum. This effect was not found in this study, thus 

enhanced DA release is an unlikely explanation for parkin over-expression induced 

behavioral recovery. However, we did see a trend toward increased striatal dopamine 

levels in the parkin treated group, but this data did not yield significance.  Parkin is also 

believed to be involved in upstream regulation of MAO expression, decreased MAO 

levels would in turn lead to decreased metabolism of dopamine (Jiang et al., 2006). 

However, we did not observe any differences in the metabolite DOPAC (data not shown). 

Furthermore, recent results suggest a relation between parkin and altered DA 

metabolism; evaluation of pael-R knockout mice showed that these animals displayed 

lower levels of striatal DA with no anatomical deficit. The knockouts also proved 

resistant to MPTP toxicity (Marazziti et al., 2004). In addition, although the effects of 

parkin knock-out in the mouse are unclear, several groups have reported altered DA 

metabolism in lieu of any histological effects e.g. (Sherman and Goldberg, 2001; Itier et 

al., 2003; Perez and Palmiter, 2005). One group has reported a loss of DA transporter 

protein levels in the striatum with a resultant loss of amphetamine induced locomotor 

activity (Itier et al., 2003).  

Third, the observed protection in our study may also be due to a general 

enhancement of proteasomal processing, thus keeping the surviving nigral cells at a 

“healthier” state. If the levels of damaged and unfolded proteins are allowed to escalate in 

the cell, unfolded protein responses are activated where translational suppression and 

altered metabolic state, such as translational suppression, may occur (Moore et al., 2005; 

Xu et al., 2005).  
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Figure 3-23. Characterization of rAAV2 mid-brain transduction.  A. Human specific 

parkin staining at the level of the STN and EN.  The large arrow shows the 
STN and the area of enlargement in (B). The small arrow points to the EN and 
also shows the area of enlargement shown in (C).  Only the right hemisphere 
is transduced. The scale bar equals 1mm.  B. High magnification of parkin-
transduced neurons in the STN. The scale bar equals 50 µm. C. High 
magnification of parkin transduced neurons in the EN which is the equivalent 
of the GPi in humans. The scale bar equals 50 µm. D. Parkin-transduction at 
the level of the SNc. The white arrow indicates the area of enlargement shown 
in (E).  The scale bar equals 1 mm. E. These sections were taken from animal 
12 weeks post-6-OHDA lesion and there is an absence of parkin staining in 
the SNc. There is robust staining in the SNr just dorsal to the cerebral 
peduncle (cp). The scale bar equals 50 µm. F. GFP staining at the level of the 
SNc showing GFP-transduction. Only the right hemisphere is transduced. The 
white arrow denotes the area of enlargement shown in (G).  The scale bar 
equals 1 mm. G. GFP+ neurons in the mid-brain just dorsal to the SNc. There 
were no detectable GFP+ neurons in the SNc due to the 6-OHDA lesion. 
Scale bar equals 50 µm. 

Fourth, we observed rAAV-mediated parkin over-expression in functionally 

significant midbrain nuclei that are related to basal ganglia motor output such as the SNr, 

the STN, and the EN.  The present data cannot rule out, nor support, the possibility that 

parkin over-expression generally improves the function of the neurons in these output 
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nuclei in a manner that allows partially normalized motor output. If true, this result is of 

potential importance for therapy of late stage PD, when few cells are left to rescue in the 

SNc.   

 
Figure 3-24. DOPAC levels in the striatum. Levels are displayed as percent of the right 

versus the left hemisphere (p=0.02). 

It is also important to point out that this lesion represents a very strong acute toxic 

insult to the cells and does in no way represent the temporal resolution of oxidative stress 

a PD affected individual may experience throughout nigral degeneration. Thus, although 

we only observe partial functional recovery in our treated animals, parkin 

supplementation may prove more efficacious in animals with weaker lesions that result in 

stable functional deficits.  

In conclusion, we have demonstrated that rAAV mediated parkin over-expression 

is partially protective against functional impairments in the 6-OHDA lesion, with no clear 

neurobiological correlate. These results are important because it is still largely uncertain 

through what mechanism the loss of parkin in PD causes disease, and here we solidify the 

hypothesis that parkin can confer enhanced protection in a state of elevated oxidative 
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stress, levels that in affected individuals may be also be enhanced due to exogenous (i.e. 

pesticides) or endogenous (i.e. DA metabolites) factors.
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CHAPTER 4 
DISCUSSION 

Summary 

 In the previous chapters I describe the effects of interfering with endogenous 

parkin, as well as over-expression of parkin during a toxic insult. Our results from the 

ribozyme mediated knock-down indicated no cell-loss, or no accumulation of substrate as 

a result of reduction in endogenous parkin. However, we were not able to efficiently 

isolate transduced cells in order to quantitatively evaluate the level of knockdown and to 

detect any individual differences in transduced cells. Similarly, over-expression of mutant 

parkin gave us the same results, with no observed pathology. 

 Conversely, using over-expression of normal parkin during an acute toxin-

induced model of PD, we did see a significant sparing of behavior when evaluated in the 

cylinder-, and amphetamine induced rotation paradigm. Interestingly, the resultant 

behavior was not due to rescue of dopaminergic neurons during the lesion time-course. 

Instead, the behavioral improvement comes from some, yet undiscovered, result of parkin 

over-expression. We performed our parkin pre-treatment model in triplicate (with some 

variation), and we did observe the improvement in behavior in all three groups. 

Dopamine and Behavior 

One important consideration when evaluating our results in the parkin over-

expression/6-OHDA paradigm is to consider the amplitude of observed behavior. Even 

though we showed partial recovery in behavior in two behavioral tests, it is important to 

note that the animals are still significantly impaired. In the amphetamine-induced rotation 
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test, a normal animal, over a period of time, should display no bias in turning behavior 

(Kirik et al., 2000a). Similarly, in the cylinder test, an intact animal should use each paw 

approximately 50% of the time (Choi-Lundberg et al., 1998). If our hypothesis that we 

improved dopamine production/storage/reduced metabolism holds true, how much more 

dopamine results in this behavioral respite? And how much more dopamine is required 

for full behavioral recovery from the lesion? Does the difference in dopamine levels that 

we observed, correspond to the reduced number of rotations? Previous studies suggest 

that a 40-50% reduction of rodent striatal dopamine levels, and 30-50% loss of nigral cell 

bodies is required for the observation of rotational asymmetry (Przedborski et al., 1995).  

6-OHDA Lesion 

As described in the previous chapter, preliminary studies using parkin over-

expression to protect against the 6-OHDA lesion, we used a milder two-site striatal 

lesion. Those data indicated behavioral improvement in the treated animals similar to the 

subsequent studies. However, since these smaller lesions results in a smaller loss of 

dopamine, potentially at the threshold for behavioral asymmetry, the variation in the 

animals was very large. In contrast, the four site lesion utilized represents a very strong 

and relatively acute insult to the nigro-striatal tract (Kirik et al., 1998), and maybe too 

strong for researchers to be able to evaluate the true benefits of enhanced proteasomal 

processing as a potential therapeutic agent. Subsequently, parkin over-expression should 

be evaluated in other toxin paradigms such as rotenone and MPTP, which have different 

temporal resolution in their toxicity (Schober, 2004). 

 



70 

 

Loss of Parkin 

The data from our parkin knock-down experiment further validates the results from 

parkin deficient animals, which display varying mild phenotypes, but no cellular 

pathology (Goldberg et al., 2003; Itier et al., 2003; Von Coelln et al., 2004; Perez and 

Palmiter, 2005). It also tells us that, at least under normal conditions, cells are not 

sensitive to reduced dosing of parkin. Furthermore, AR-JP is an autosomal recessive 

disease and expressing a disease mutant together with the wild-type gene did not interfere 

with normal cell function.  This brings up the question of why loss of parkin function 

causes PD. One theory that agrees with that of the environmental oxidative stress theories 

is that loss of parkin function simply sensitizes the cell to further stress, or parkin may 

simply be integral to the survival of the cells that are continuously exposed to the high 

levels of oxidative stress in dopaminergic neurons (Jenner and Olanow, 1996). What 

makes AR-JP unique in comparison to idiopathic PD is the early onset and the lack of 

LB’s in the vast majority of cases. In vitro data from aggresome (localized accumulation 

of misfolded proteins thought to be analogous to in vivo inclusions such as LB’s 

(McNaught et al., 2002) studies has shown that these are often situated at the microtubule 

localization organization center (MLOC), indicating that these formations are the result 

of active transport, thus an active protective effort of the cell to localize and sequester 

misfolded proteins and the enzymes required to degrade them (Kopito, 2000). The lack of 

LBs in parkin-associated disease suggests that parkin somehow is involved in this 

activity. However, does this mean that the disease causing event is the lack of LB 

formation, or is it the specific accumulation of a substrate that is detrimental and leads to 

disease?  
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Evaluating the parkin disease mutant Q311Stop we again observed no cellular 

pathology. This result is in line with the fact that two copies of this allele is required for 

disease to occur. However, considering the model of parkin function as an E3 ligase it is 

puzzling that these forms of the protein do not create a dominant effect. One could 

hypothesize that disabling parkin from targeting its substrates to the proteasome would be 

detrimental to the cell by sequestering mis-folded proteins away from wild-type parkin. 

Since this is not the case, one may speculate that parkin is reliant on other proteins as 

well in its association with substrate recognition and proteasome targeting. Experiments 

have shown that in certain instances parkin works in concert with other protein 

complexes. For instance, parkin has been shown to function in a multi-protein ubiquitin 

ligase complex that includes the F-box/WD repeat protein hSel-10 and Cullin-1, targeting 

cyclin E as a substrate for degradation (Staropoli et al., 2003). Heat chock protein 70 (hsp 

70) has been shown to bind to parkin, and inhibit its activity. This is thought to be a 

silencing effect of proteasomal processing at times of low levels of unfolded protein 

stress (UPS) and higher levels of inactive hsp70 in the cytosol. However, a protein 

termed CHIP (carboxyl terminus of the Hsc70-interacting protein) been shown to 

enhance parkin function by two different mechanisms: by promotion of hsp70 release 

from parkin, as well as by enhancing parkin’s ubiquitination activity acting as an E4 

ligase (Imai et al., 2000; Imai et al., 2002). These data indicate that parkin’s role in 

targeting proteins for degradation may not be clear-cut, and that a mix and match 

situation exists where various proteins can form a complex, and the composition of the 

complex dictates the target substrate specificity. Furthermore, data suggest that parkin 

may also have other functions. Parc, a protein similar in functional domains to parkin, 
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was found to be important in the regulation of the cellular localization of p53 and in its 

function. If Parc is inactivated, p53 localizes to the nucleus and subsequently activates 

transcription. In this paradigm, Parc does not confer an enzymatic activity, but simply 

functions as a cytoplasmic anchor for p53-associated protein complexes (Nikolaev et al., 

2003). 

Parkin and Dopamine 

Despite the lack of cellular pathology in parkin deficient animal models, several 

groups indicated various aberrations in dopamine levels and metabolism. Since the parkin 

deficient animals often displayed higher levels of striatal dopamine it is plausible that one 

function if parkin is to somehow regulate dopamine production and/or metabolism. One 

piece of data suggests that parkin does so by enhancing extra-cellular dopamine 

sequestration by increasing the amount of correctly folded DAT on the surface, 

presumably through its E3 ligase activity (Jiang et al., 2004). The DAT is dependent on 

oligmerization in the ER, and incorrectly folded or glycosylated DAT is retained in the 

ER until it is degraded (Sorkina et al., 2003). The study of parkin knockout mice supports 

this notion by showing increased extra-cellular dopamine (Goldberg et al., 2003), and 

DAT expression is significantly reduced in the striatum (terminals) (Itier et al., 2003). 

The interpretation of these data is confusing: increased reuptake would presumably 

increase the levels of intracellular dopamine metabolites, leading to increased levels of 

oxidative stressors. However, loss of parkin also reduced levels of VMAT indicating that 

parkin may be integral to vesicular uptake of parkin as well, the resultant effect being 

lower intra-, and extra-cellular levels of dopamine and more efficient transmission. On 

the other hand, increased reuptake of dopamine may also enhance precision of dopamine 

signaling and improve the recycling of dopamine. Furthermore, reduced extra-cellular 
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dopamine would lead to a decrease in metabolites that may act on surrounding cells (Itier 

et al., 2003).  

Data from one model also indicate that parkin may be involved in regulating levels 

of MAOs (Goldberg et al., 2003). The result would be increased dopamine levels, but 

also decreased amounts of metabolites. Again, the result would be lower levels of 

oxidative stress and increased dopamine transmission, and this function of parkin may 

potentially be analogous to that of Parc (Jiang et al., 2004).  

Our biochemical data indicate that there may be increased levels of striatal TH and 

dopamine in the treated animals, there was, however, a large variation in our results, and 

this finding may not be enough to explain our resultant improvement in motor behavior. 

However, further comparing the rotational behavior to dopamine or TH levels in 

individual animals (fig. 4-1) implies that the reduction in rotations may be due to 

differences in TH and dopamine levels. 

Parkin Over-Expression and Therapeutic Potential 

Since the loss of parkin causes PD, a simple approach would be to do a gene-

replacement approach by utilizing some form of gene delivery vehicle to deliver a 

healthy allele. Unfortunately, such an approach would not be simple; Onset of symptoms 

in PD is usually presented when a significant portion of the SNc is gone resulting in 

approximately 70% decrease in striatal dopamine levels (Bernheimer et al., 1973). Thus, 

if one aims to prevent the disease from onset, one would have to genetically screen the 

population in order to identify patients. Furthermore, since parkin-associated disease 

represents a small portion of total cases, few would benefit from this treatment. However, 

given parkin’s indicated involvement in maintaining dopamine levels, post-threshold 

patients could potentially benefit from such a treatment. 
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Figure 4-1. Regression analysis of total number of rotations (y-axis) versus dopamine 

levels (top) (p = 0.02 R=0.65) and TH levels (bottom) (p = 0.04 R=0.55).  

Given the data presented, parkin may not help in reducing overall levels of 

oxidative stress in a diseased state by enhancing proteasomal processing. Instead, parkin 

may help control motor dysfunctions by its specific activity (be it transcriptional control 

or receptor enhancement) on dopamine levels in surviving cells. Such a treatment would 

be synonymous to L-Dopa treatment. However, considering that the most probable mode 

of expression would be from a viral genome, one would avoid on-off fluctuations 

associated with side effects of L-Dopa therapy such as dyskinesias (Mercuri and 

Bernardi, 2005). Furthermore, current L-dopa treatment is through oral administration, 

thus systemic side effects through exposures to other organs such as the gastro-intestinal 
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tract and lungs are common (Zupnick et al., 1990), and would be avoided through an 

intra-cranial injection. Moreover, elevated levels of dopamine in the limbic region is 

associated with schizophrenia, and L-Dopa administration has been shown to induce 

psychotic symptoms indistinguishable from those of schizophrenia (Jaskiw and Popli, 

2004). Again, targeted stereotaxic injections into the SNc would be likely to prevent such 

adverse effects. Nonetheless, the therapeutic benefits limit of parkin over-expression in 

sporadic PD more than likely would be beneficial for a limited period of time, as there 

may not be any improvement in cell survival and the cells would continue to die. At some 

point the nigral ablation would be too large and symptoms would progress. 

Future Studies 

Since the observed behavior was not the result of improved cellular survival in the 

treated group, one may ask whether or not the lesion was a relevant factor in our study. If 

our hypothesis that improved dopamine handling is the beneficial factor in our treated 

groups holds true, then we should observe the same phenomenon in animals undergoing 

the same viral treatment, but without a lesion. Although it is difficult to predict whether 

or not we would observe any lateral bias in behavior due to increased dopamine content, 

we should be able to measure this increase using HPLC analysis of dopamine levels. 

Conversely, if parkin improves dopamine handling, it should do so also if expression 

ensues after the lesion, i.e. if we inject the animals after the lesion is performed. Such an 

undertaking would also be an important preclinical study, in order to evaluate whether or 

not post-threshold parkin treatment would have any therapeutic effects.  

 However, if the lesion is an important factor in our study, and parkin expression 

somehow improves cellular function, this should mean that the effects of the lesion are 

lingering long after the acute phase. To evaluate whether or not oxidative stress is still a 
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factor long after the lesion, one could simply look for markers of damage due to oxidative 

stress such as nitrotyrosine and nitro-phenylalanine (Henze et al., 2005), or changes in 

expression such as activation of the antioxidant response element (Rushmore et al., 

1991). In addition, other than looking at end-point tissue, it would also be interesting to 

see expression of such markers at intermittent time-points, ranging from immediately 

following the lesion, to hours and days following the lesion.  

One observation that is inherent in our studies utilizing rAAV as a tool to express 

transgenes in vivo is the apparent variability in copy numbers (viral genomes/cell) in 

transduced cells. This was observed with our parkin ribozyme, where cells in the 

transduced region expressed various amount of marker, and we observed the 

corresponding amount of knockdown. In the parkin over-expression study we sought to 

overcome this shortcoming by doing two injections with the same virus. We 

hypothesized that by doing so we would expose each cell to more viral particles, and 

provide for a greater level of super-infection maximizing our transduction efficiency. We 

believe that the greater volume of injection, however, was the reason to why our rAAV2 

injection displayed an atypical transduction pattern. Typically, rAAV2 injections are very 

specific for SNc (Burger et al., 2004), but we observed transduction in the EP and SNr as 

well. In order to fully evaluate whether or not transduction of these output nuclei was a 

factor in our result, we would have to treat animals with only a single injection of rAAV2 

prior to the lesion. 

Concluding Remarks 

Parkinson’s disease is having a greater and greater impact upon society, but 

research into the underlying causes of the disease has yet to find definitive answers 

concerning its cause. Shortly after parkin was identified to be mutated in a familial form 
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of the disease, it was identified as an E3 ligase. This finding was met with great 

enthusiasm because it started to bring the field to a unifying idea, oxidative stress and 

protein handling, and parkin became a central entity in the field, predicted to be the 

panacea of PD. However, as groups started reporting animal models that did not 

recapitulate the human disease, it came clear that the picture may not be so simple. In the 

end, one thing that is becoming clearer is that Parkinson’s disease more likely is the result 

of divergent causes, but with convergent consequences. 
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CHAPTER 5 
MATERIALS AND METHODS 

Ribozyme in Vitro Testing 

Target Labeling 

 RNA oligonucleotides encoding the ribozymes and short RNA targets were 

ordered from Dharmacon, Inc. (Lafayette, CO). Radioactive labeling of targets was done 

as follows: 20 pmole RNA oligo, 50 mM Tris-HCl, pH 7.6, 10mM MgCl2, 0.1 mM 

spermidine HCl, 0.1 mM EDTA, 1 µl RNasin, 10mM DTT, 10 µCi [γ32dATP], 1 µl poly 

nucleotide kinase was mixed in a total volume of 10 µl. The labeling was done for 30 

minutes in 370C. The oligos were thereafter extracted using 100 µl 

phenol/chloroform/iso-amyl alcohol and purified using a G-50 spin column. 

Time-Course 

2 pm of the ribozyme was diluted in 40mM Tris-HCl, pH 7.4 and denatured in 

650C for 2 minutes, and cooled in room temperature for 10 minutes. To this mixture DTT 

and MgCl2 was added to final concentrations of 10mM and 5 mM respectively. In 

addition 1ul RNasin was added to the mixture, and incubated 30 minutes at 370C for 30 

minutes. Finally, a mixture of labeled target (1 µl 32P-target) and excess non-labeled 

target (25 pmoles) was added to the initial solution. At various time-points (0, 1min, 

2min, 4 min, 8min, 16min, 32min, 64min, 128min) following the last addition, aliquots 

were removed and stopped by mixing with a formamide dye mix (90% formamide, 50 

mM EDTA, pH 8.0, 0.05% bromophenol blue, 0.05% xylene alcohol). The samples were 
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thereafter heat-denatured and by boiling for 5 minutes, and thereafter visualized on a 10% 

PAGE-8M UREA denaturing gel. 

 The gel was dried and placed on a Phosphoimager screen and exposed overnight. 

The screen was thereafter scanned in a Storm scanner (GE Healthcare, Piscataway, NJ), 

and image analysis was done measuring pixel density of bands. The fraction of target 

cleaved was then graphed against time. The time at which 10-20 % of cleavage was 

selected for multi-turnover kinetic analysis. 

Multi-turnover Kinetic Analysis 

The time-course analysis is an evaluation of ribozyme activity in excess substrate 

conditions. Various ratios of ribozyme to target (1:40, 1:60, 1:80, 1:100, 1:200, 1:400, 

1:600, 1:800, 1:1000) were used, all reactions were done in duplicate, and the conditions 

were the same as for the time-course with the with the following exceptions: When 

everything except the target and magnesium was added, the mixture was incubated at 

650C for 2 minutes, and room temperature for 10 minutes. The MgCl2 was thereafter 

added and incubated at 370C for 10-30 minutes. Once the target was added, the reaction 

was stopped using 20 µl of formamide dye mix. 6 µl of each reaction was run on a 10% 

PAGE-8M UREA denaturing gel, and the results were visualized as described above. The 

data were plotted and values for Vmax and Km where obtained using Lineveawer-Burke 

plots, and kcat was determined by the calculation: kcat= Vmax/[Rbz]. 

Virus Preparations 

Parkin 

Full-length human parkin was obtained by PCR from a human clone (MJF 115) 

obtained from Paul Lockhart. . The forward PCR primer contains a HindIII site followed 

by a Kozak sequence for optimal translation immediately followed by the start codon of 
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human parkin; hparkin fw: 5’-

CCAAGCTTCCACCATGATAGTGTTTGTCAGGTTCAACTCC-3’. The reverse PCR 

primer contains the stop codon followed by an NsiI restriction site; hparkin rev:5’-

TGCATGCATCTACACGTCGAACCAGTGGT-3’. The PCR product of 1420 bp was 

digested with HindII and NsiI and cloned into a HindIII-NsiI digested pTRUF20-WPRE 

AAV vector (See figure 1A).  The resulting clone was sequenced and the sequence was 

found to be identical to MJF 115 and to the human parkin Genbank sequence AB009973, 

except for three changes: 1. change in nucleotide position 769 C of AB009973 to T in our 

clone (causing a change from proline to serine. Serine is the amino acid present at this 

position in the mouse and rat sequences); 2.  nucleotide 935 T to C (silent); 3. nucleotide 

947 A to G (silent).  These changes are also present in clone MJF 115. The cDNA was 

then cloned in an AAV backbone containing the chicken β-actin promoter (CBA) (Niwa 

et al., 1991). The transgene was inserted immediately upstream from a cis-acting 

woodchuck post-transcriptional regulatory element (WPRE) followed by a SV40 

polyadenylation signal. This expression cassette was flanked by AAV type 2 terminal 

repeats (Fig. 1A). The cDNA for the control (GFP) virus was constructed as previously 

described (Burger et al., 2004), and was isolated as described in (Zolotukhin et al., 2002) 

and eluted and concentrated in lactated Ringer’s solution. The virus stock was at least 

99% pure as judged by silver-stained SDS acrylamide gel fractionation. Vector titers 

were determined by dot-blot assay as described (Wu et al., 2000) and was 1.1 x 1012 

genome copies/ml (hparkin) and 1.3 x 1012 genome copies/ml (GFP).  

Ribozyme 

DNA oligos encoding full length parkin ribozymes 131 and 534 were ordered from 

Invitrogen (Carlsbad, CA). 131 sense: 5’ P-AGC TTG GAA CTG ATG AGC GCT TCG 
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GCG CGA AA 3’, 131 anti-sense: 5’  P-CTA GTC AGC ATT TCG CGC CGA 

AGC GCT CAT CAG TTC CA 3’, 534 SENSE: 5’ AGC TTG CAG TAC TGA TGA 

GCG CTT CGG CGC GAA AAC AAA AA 3’, and 534 anti-sense: 5’ P-CTA GTT TTT 

GTT TTC GCG CCG AAG CGC TCA TCA GTA CTG CA 3’.  The oligos were 

designed to, when annealed, create an upstream Hind III site and a downstream SpeI site 

for easy insertion into the AAV backbone UF12. The UF12 utilizes a hybrid chicken β-

actin promoter/cytomegalovirus enhancer hybrid promoter driving the expression. 

Downstream of the ribozyme an IRES drives the translation of the GFP transduction 

marker. Immediately following the ribozyme insertion site is a self-cleaving hairpin 

ribozyme, designed to liberate the transcript. To insert the ribozyme, the AAV plasmid 

was digested with HindIII and SpeI, treated with shrimp alkaline phosphatase, and gel 

purified. 600 pm of each ribozyme strand was mixed together with 10 µl Promega 

(Madison, WI) buffer E (proprietary) in a total volume of 100 µl. This mixture was 

denatured at 950C for 3 minutes, and slow cooled to room temperature. The annealed 

oligos were thereafter ligated into the linearized AAV backbone plasmid. The expression 

cassette was flanked by AAV2 terminal repeats, and viral production was performed as 

described above. 

Surgical Procedures 

All surgical procedures were performed using aseptic techniques and an isoflurane 

gas anesthesia machine. Following anesthesia the rats received a subcutaneous injection 

of marcaine at the incision site and then were placed in a stereotaxic frame (Kopf 

Instruments, Tujunga, CA, USA) while continuously under isoflurane anesthesia during 

the injection procedure. Injections were performed with a 10-µl Hamilton syringe fitted 

with a glass micropipette with an opening of approximately 60–80 µm. The speed of the 
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injection was accurately controlled by an infusion pump that pushes a piston, which in 

turn depresses the plunger on the Hamilton syringe.  

Intracerebral Injections of AAV Vectors 

Double injection in the SNc  

Each injection group consisted of 9 adult female Sprague-Dawley rats, and each rat 

received 2 injections in the right substantia nigra of either the GFP control virus or the 

virus expressing the human parkin transgene. The brain coordinates for the injections 

were anterior–posterior (AP) -5.3 mm and -6.0 mm, medial-lateral (ML) -2.0 for both 

injections, and dorsoventral (DV) -7.2 mm from dura for both injections. Two µl of 

vector were injected per site at a rate of 0.5 µl/min. Following the injection, the glass 

micropipette was left in place an additional 5 minutes before being slowly removed from 

the brain. 

Single injection in the SNc  

The injection protocol for animals treated with rAAV-parkin ribozymes or rAAV 

mutant parkin was the same as above, however, the injection coordinates were: anterior–

posterior (AP) -5.4 mm and -2.0 mm, medial-lateral (ML), and dorsoventral (DV) -7.2 

mm from dura.  

6-OHDA Lesions 

Six weeks following the viral injections, all animals received four unilateral 

stereotaxic injections of 7 µg (calculated as free base; Sigma, St. Louis, MO) dissolved in 

ascorbate-saline (0.05%). The coordinates were AP +1.3 mm, ML -2.6 mm; AP +0.9 

mm, ML -3.0 mm; AP-0.4 mm, ML -4.2 mm; AP -1.3 mm, ML -4.5 mm. DV coordinates 

for all injections were -5.0 mm. The injection rate was 1.0 µl/min, and the micropipette 

was left at the site for an additional 5 minutes before being retracted. 
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Behavioral Analysis 

Rotational Behavior 

At 4, 8, and 12 weeks after the 6-OHDA lesion rotational analysis was performed 

in automated rotometer bowls (Ungerstedt, 1968). Drug-induced rotational behavior was 

measured following a d-amphetamine sulfate injection (2.5 mg/kg i.p. igma, St. Louis, 

MO). Rotations were measured during a 90 minute period, and full 3600 ipsilateral turns 

were counted as +1.  

Cylinder Test 

Four, 8 and 12 weeks following the 6-OHDA lesion the animals were observed for 

spontaneous front-limb use during vertical exploration and was performed as described 

previously by Schallert and Tillerson (Moroz et al., 2004) . During the test, the animal 

was allowed to move around freely in a plexiglass cylinder until it had performed 10 

rears. During this time, the animal was videotaped, and mirrors are placed behind the 

cylinder to ensure full visibility of all paw placements on the walls. The video-tapes were 

then scored by a blinded observer, where each paw placement on the wall was counted. 

The data are presented as contralateral (in relation to lesion) paw touches as percentage of 

total. 

Forelimb Akinesia (Stepping Test). 

Eight and 12 weeks following the lesion the animals were observed for forelimb 

akinesia (Olsson et al., 1995; Schallert et al., 2000), at each time point the test was 

performed for 2 consecutive days where only the second days data was collected. Briefly, 

the animal was held in such a way that the lower body and the paw not being tested is 

supported. The paw under observation was then dragged across a surface (90 cm) either 

backhand (across the body) or fore-hand (along the body), and each step (paw lifting and 
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replanting) was scored. The data are presented as contra-lateral (in relation to lesion) 

steps as percentage of total. 

Histological Procedures 

Perfusion and Tissue Processing 

Twelve weeks following the lesion and 3-6 hours after the last amphetamine test, 

the animals were deeply anesthetized with pentobarbital and perfused through the 

ascending aorta with sterile Tyrode’s solution, followed by 350 ml of ice-cold 4% 

paraformaldehyde in 0.01M PBS buffer. Brains were rapidly removed and post-fixed for 

4 hours in the same solution, and then transferred to a solution of 30% sucrose in 0.01M 

PBS solution. Brains were cut into 40 µm thick sections using a freezing stage sliding 

microtome.  

Recovery of Fresh Tissue for Parkin Over-Expression Project 

Twelve weeks following the lesion the animals were deeply anesthetized with 

pentobarbital and decapitated. The brains were rapidly removed and placed in a block, 

the brain was then sectioned coronally at the level of the cerebral peduncles. The region 

posterior to the cut, containing the midbrain, was immediately placed in ice-cold 4% 

paraformaldehyde in 0.01M PBS buffer and post-fixed for 24 hours. The tissue was 

thereafter transferred into a solution of 30% sucrose in 0.01M PBS solution. Brains were 

cut into 40 µm thick sections using a freezing stage sliding microtome. The left and right 

striata were dissected from the region anterior to the cut: the left and right hemisphere 

were separated, and each striatum isolated from the surrounding tissue. The striatum from 

each hemisphere was homogenized and separated into two separate tubes, sample weights 

recorded, and quickly frozen in liquid nitrogen. The tissue was thereafter stored in -800C 

until further use. 
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Recovery of Fresh Tissue for Ribozyme Project 

Twelve weeks following the lesion the animals were deeply anesthetized with 

pentobarbital and decapitated. The brains were rapidly frozen, and sectioned into 20 µm 

thin sections using a cryostat. 

Immunohistochemistry 

Floating sections were washed with 0.01 M PBS and then treated for 15 minutes 

with 0.5% H2O2 + 10% methanol in 0.01 M PBS. For TH immunohistochemistry the 

sections were preincubated with 3% normal horse serum (NHS) + 0.1% Triton X-100 in 

0.01 M PBS, and then incubated overnight in room temperature with a 1:2000 dilution of 

a mouse anti-TH antibody (Chemicon, Temecula, CA). For parkin, dopa decarboxylase 

(AADC), DAT, and Fos immunohistochemistry the sections were preincubated with 5% 

normal goat serum (NGS), and then incubated overnight in room temperature with a 

1:500 dilution of rabbit anti-dopa decarboxylase, DAT (Chemicon, Temecula, CA), 1:200 

dilution of rabbit anti-Fos (Santa Cruz, Santa Cruz, CA) or a 1:1000 dilution of rabbit 

anti-parkin (HP5A) gift from Dr. Sclossmacher (Schlossmacher et al., 2002). Following 

the incubation, the tissue was washed and incubated for 2 hours at room temperature with 

an appropriate secondary antibody directed against the species in which the primary 

antibody was raised. The reactions were visualized using a avidin-biotin peroxidase 

complex (Vector Laboratories, Burlingame, CA) followed by incubation with NovaRED 

substrate (Vector Laboratories, Burlingame, CA). Sections were mounted on subbed 

slides, dehydrated in ascending alcohol concentrations, cleared in xylene, and 

coverslipped in permount. 

http://www.jneurosci.org/cgi/inline?Chemicon
http://www.jneurosci.org/cgi/inline?Chemicon
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In Situ Hybridization 

Oligo Probe 3’OH labeling 

Probes were ordered from Invitrogen: target site bp 88: 5’ GAA GAT GCT GGT 

GTC AGA ATC GAC CTC CAC TGG GAA GCC ATA GCT GG 3’, target site bp 345:  

5’ TGA CTG CTG AGG TCC ACT CGA GTC AAG CTT CTG GGC TCC CAT AT 3’, 

target site bp 1412: 5’ ACA CGT CAA ACC AGT GAT CAC CCA TGC AGG CTC 

GGT TCC ACT CAC AG 3’.  

1.0 µl of probes (40ng/µl) were labeled with α-[35S] for 2 hours at 370C in 50mM 

sodium cacodylate, pH 7.2, 1mM CoCl2; 0.1 mM 2-mercaptoethanol, 2.5 U/ µl terminal 

deoxynucleotydil transferase, 6 µCi/µl α[35S] dATP. The labeled probes were purified by 

centrifugation using ProbeQuant Sephadex G-50 micro columns, and the isotope 

incorporation was determined using a scintillation counter. 

Hybridization 

Prior to the hybridization reaction the sections were allowed to dry in room 

temperature for several hours. 1 ml of the hybridization cocktail (50% deionized 

formamide, 4x SSC, 1% Denhardt solution, 1% lauryl sarcosyl, 20mM sodium phosphate 

buffer pH 7.0, 10% (w/v) dextran sulphate ) was mixed with 50 µl salmon sperm, 10 x 

10-6 cpm of labeled probe, and 40 µl 5M DTT.  Each slide was treated with 200 µl of the 

hybridization mixture, coverslipped, and incubated at 420C for 18 hours. Following 

hybridization the slides were washed as follows: 4x15 minutes in 1X SSC at 550C 1x30 

minutes in 1x SSC at room temperature, 10s in H2O, 30s in 65% ethanol, 30s in 95 

ethanol. The slides were thereafter dried for several hours and placed in autoradiography 

cassettes together with an x-ray film (Kodak Biomax MR cat# 870 1302) and placed in 

40C for 6-10 weeks when the x-rays were developed. 
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High Performance Liquid Chromatography 

450 µl of 0.1N perchloric acid was added to one tube of striatal sample-tissue along 

with 50 µl (750 ng/ml) of the internal standard dihydroxybenzylamine (DHBA) used as 

the internal standard to correct for changes is tissue concentration due to sample 

preparation. The sample was allowed to thaw and thoroughly homogenized using a 

micro-homogenizer for 10-20 seconds.  An aliquot equivalent to 3 mg sample was 

thereafter transferred to separate tube containing 0.1N perchloric acid to yield a total 

volume of 1 ml.  The diluted sample was thereafter centrifuged at 40C for 12 minutes. 

The supernatant was thereafter filtered through a nylon 0.2 micron syringe filter, and 

collected into an HPLC sample vial. Dopamine and DOPAC levels were thereafter 

analyzed using a C18 “Waters Symmetry column (3.9mm X 15cm), electrochemical 

detection (ESA Coulochem III set up with a high sensitivity analytical cell (5011A)), and 

internal standard quantitation. The assay was done on a Beckman System Gold HPLC 

system. (DHBA). The flow rate was 1.5 ml/min, and the mobile phase was composed as 

follows: 8.2 mM Citric Acid, 8.5 mM sodium phosphate monobasic, 0.25 mM  EDTA, 

0.30 mM Sodium octyl sulfate, 7.0% Acetonitrile in H2O, pH adjusted to 3.5 with sodium 

hydroxide and filtered through a 0.2 µm filter membrane.  

Western Blotting 

100 µl Laemmli sample buffer (4% SDS, 20% glycerol, 50mM Tris pH 6.8, 1X 

HALT protease inhibitor cocktail (Pierce, cat# 78410)) was added to each tissue sample, 

and the tissue was sonicated for 20s. Tissue was thereafter stored at -800C until further 

use. Protein concentrations were estimated using the Bio-Rad DC assay (cat# 500-0120)). 

2 µg of sample was mixed with the Laemmli sample buffer to yield a total volume of 30 

µl. 15 µl of 3X loading dye (0.167 M Tris pH 6.8, 6.6% SDS, 0.03% bromophenol blue, 
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33% glycerol, 2% mercaptoethanol in H2O) was thereafter added to the mixture, and the 

sample was boiled for 5 minutes. 20 µl of the same sample was loaded onto two different 

12% SDS-polyacrylamide gels ( Bio-Rad cat# 161-1102). The sample was separated by 

electrophoresis at approximately 100V for 3 hours (running buffer: 25mM Tris base, 192 

mM glycine, 0.1% glycine). The gels where then transferred overnight at 0.3 A at 40C 

onto 0.45 µm nitrocellulose membranes ( Osmonics, cat# EP4HY450F5) (transfer buffer: 

42mM sodium phosphate dibasic anhydrous, 7mM sodium phosphate monobasic 

anhydrous). Membranes were thereafter blocked (5% milk in PBS) for 30 minutes at 

room temperature. Membranes were incubated with the primary antibody (mouse anti-TH 

1:2500: Chemicon, Temecula, CA; mouse anti β-actin 1:5000: Abcam cat# 8226) in 5% 

milk in PBS for 2 hours at RT. Membranes were then washed 3X (0.1% Tween-20 in 

PBS). Secondary antibodies (Anti-mouse horse radish peroxidase conjugated, 1:5000 

(Amersham Biosciences cat# NXA931)) were incubated for 1 hour in 5% milk in PBS. 

Membranes were thereafter washed 3X in 0.1% Tween-20 in PBS. Proteins were 

visualized by incubating the membranes with ECL plus western blotting detection system 

(GE Healthcare cat# RPN2132) for 5 minutes, and thereafter exposed on x-ray film (RPI 

cat# EBNU2) for various periods of time (5s-1min). The developed X-rays where than 

scanned into TIF files and the protein levels were quantified as a fraction of the internal 

loading control (β-actin) using QunantityOne (Bio-Rad) software. 

Estimation of Nigral TH+ Neuronal Survival 

Series of sections stained for TH were used to perform stereology covering nigral 

sections stretching over the entire rostral-caudal axis. Unbiased stereological cell counts 

of the total number of TH positive neurons in the SNc were performed using the optical 

fractionator method as previously described (West et al., 1991). Sampling of cells was 

http://www.jneurosci.org/cgi/inline?Chemicon
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performed using the MicroBrightfield StereoInvestigator System. The software was 

utilized to outline the SNc using a 4x objective. The software then generated a counting 

area by placing counting grids (in order to achieve a coefficient of error <0.1 the size of 

the grid varied between 75µm x 75µm to 100µm x 100µm) in the outlined area. A 

counting frame was placed randomly in the counting area and methodically moved 

through all grids until the entire delineated area was sampled. The estimate of the total 

number of positive cells was calculated using the optical fractionator formula (West et 

al., 1991), and the coefficient of error was calculated according to Gundersen and Jensen 

(Gundersen et al., 1999).  The counter was unaware of the group membership of any of 

the animals. Three animals could not be counted due to missing nigral tissue. Therefore, 

7 parkin- and 8 GFP- treated animals were evaluated for TH+ neuron survival. 

Fos Over-Expression 

Series of sections stained for c-Fos were used to perform stereology covering the 

substantia nigra pars compacta stretching over the entire rostral-caudal axis. The 

procedure was performed as described above with the following exception: for each 

sampling site two different markers were counted 1) overall positive cells, and 2) cells 

with significantly higher Fos expression relative to all Fos expressing cells throughout the 

SNr in the same animal. 

Statistical Methods 

One-way repeated measures analysis of variance (ANOVA) was used to determine 

significant differences between groups in the behavioral tests.  There were no significant 

interaction terms in these analyses so main effects between groups were reported in 

figure 1 (α level was set at p < 0.05).  Significant difference between the groups with 

regard to estimated numbers of TH+ and c-Fos+ neurons was determined using one-way 
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analysis of variance.  A repeated measures 2-way ANOVA was utilized for the stepping 

test using vector and side as the 2 factors. 
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