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Parkinson’s disease (PD) is the second most common neurodegenerative disease, after 

Alzheimer’s disease, afflicting over a million people in the United States alone. PD is an age-

dependent disease that causes progressive death of dopamine-producing neurons in the 

substrantia nigra and depleted dopamine in the striatum. Loss of striatal dopamine results in 

locomotor symptoms such as bradykinesia, tremor, rigidity and postural instability. Although 

most forms of the disease are spontaneous, a subset of cases are genetic and humans lacking 

expression of either Parkin or DJ-1 develop PD. However, one limitation to studying PD is a 

lack of rodent models that recapitulate both the dopaminergic and motor symptoms as well as 

the age-dependent development of this disease. In fact, mice deficient for either one or both 

Parkin and DJ-1 genes have no dopaminergic neuron loss or deficiency in motor abilities. 

Therefore, I aimed to develop a rodent model of Parkinson’s disease that mimics the 

progressive symptoms observed in humans by crossing mice deficient for two genes 

causative for PD, Parkin and DJ-1. I also crossed mice deficient for Parkin and DJ-1 with 

mice deficient for glutathione peroxidase 1 (Gpx1), an antioxidant that is decreased in the 

brains of PD patients and increased in aged DJ-1 deficient mouse brains. Instead of the 
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expected loss of dopamine, Parkin-/-DJ-1-/-Gpx1-/- mice exhibit increased striatal dopamine 

while Parkin-/-DJ-1-/- mice have increased serotonin in multiple brain regions. Additionally, 

motor phenotypes in these mice do not replicate symptoms observed in PD because Parkin-/-

DJ-1-/- mice have an unexpected increase in latency to fall from the rotarod in the absence of 

other significant behavioral phenotypes. These results led me to examine the levels of 

proteins related to neurotransmitter synthesis and transport and to test non-motor behaviors in 

Parkin-/-DJ-1-/- mice. Behavior tests suggest that Parkin-/-DJ-1-/- mice have improved rotarod 

performance due to cognitive, rather than motor changes.
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CHAPTER ONE 
Introduction 

 
BACKGROUND ON PARKINSON’S DISEASE 

Parkinson’s Disease 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder currently 

afflicting 1% of the population between ages 65 and 69, with prevalence increasing to 4% 

after 70 years of age (de Lau and Breteler, 2006). Descriptions of disease symptoms appear 

in ancient texts as early as 1000 BCE, although the disease was not described in medical 

journals until 1817 when James Parkinson published “An Essay on the Shaking Palsy.” The 

four cardinal symptoms of the disease, as described by Parkinson, are bradykinesia, resting 

tremor, postural imbalance and muscle rigidity. Motor symptoms are caused by the loss of 

dopamine (DA) in the striatum due to the death of neurons in the substantia nigra (SN), but 

the cause of this neuronal death is still unknown. Other neurotransmitters, such as serotonin, 

may also play a role in the development of disease symptoms. Currently, treatments for 

symptoms include levadopa (L-DOPA), monoamine oxidase inhibitors (MAOIs) and deep 

brain stimulation, but no cure exists.  

 

History 

Some of the earliest written descriptions of disorders resembling PD can be found in ancient 

Chinese and Indian texts dating back to 1000 BCE (Goetz, 2011). Parkinson’s disease was 

first described in a medical journal in 1817 by James Parkinson, the man whose name was 

eventually given to the disease, in “An Essay on the Shaking Palsy” (Parkinson, 2002, 
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Kempster et al., 2007). Parkinson’s initial description of the disease was later clarified by 

Jean-Marie Charcot who made the distinction between PD and other disorders with similar 

symptoms, defining PD as a distinctive disorder (Louis, 1997). In the early 1900s, Konstantin 

Tretiakoff and Rolf Hassler found nigral cell loss to be causative for this disease (Lees et al., 

2008, Parent and Parent, 2010) and in 1988, pigmented dopaminergic neurons were 

determined to be selectively susceptible to death in PD (Hirsch et al., 1988). In the mid-

1900s Arvid Carlsson discovered that dopamine was a neurotransmitter in its own right 

which was substantiated by Herbert Ehringer and Oleh Hornykiewicz who determined that 

dopamine levels were lower in the brains of PD patients than controls (Ehringer and 

Hornykiewicz, 1960, Yeragani et al., 2010). As a result of these findings, administration of 

L-DOPA, the molecular precursor to dopamine, was found to be therapeutically beneficial in 

PD patients and has since been considered the “gold-standard” in treating PD. 

 In 1973, Hans Bernheimer hypothesized that compensatory changes may occur in 

early disease stages, resulting in a brief period of increased dopamine and/or serotonin prior 

to the loss of neurotransmitters later in the course of the disease. Furthermore, it has been 

suggested that neurological changes may occur outside of the basal ganglia (Jellinger, 1991, 

Blandini, 2013). However, this is not yet a widely accepted theory, and lacks specific 

evidence. 

 

Symptoms 

The four cardinal symptoms of PD are resting tremor, bradykinesia (slowness of movement), 

muscle rigidity and postural instability. Resting tremor was famously first identified by 
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Parkinson (Kempster et al., 2007), although his writing alludes to other motor symptoms as 

well. Charcot later defined bradykinesia as a motor symptom in addition to the classical PD 

tremor (Goetz, 1986). In addition to these main symptoms, non-motor symptoms have been 

identified as well, including anosmia, which is not correlated to disease severity yet is 

reported to occur in a high number of PD patients (Doty et al., 1988, Doty et al., 1992), and 

reduced cognitive abilities (Levin et al., 1989, Mahieux et al., 1998, Levy et al., 2002a, Levy 

et al., 2002b). Cognitive symptoms are present in approximately 40% of all PD cases (Emre, 

2004) and are typically found in the later stages of the disease, although there are reports of 

decreased cognition at earlier stages (Lees and Smith, 1983, Levin et al., 1989). Most non-

motor symptoms are neuropsychiatric, such as depression and anxiety disorders, or 

autonomic, such as sleep disorders (Lindgren and Dunnett, 2012, Bonnet and Czernecki, 

2013). These mental deficits include difficulty with set-shifting and greater perseverative 

errors in cognitive tasks, which have been hypothesized to indicate increased mental rigidity 

in PD patients (Lees and Smith, 1983). Furthermore, cognitive deficits in the early stages of 

the disease may be independent of dopamine deficiency (Cooper et al., 1991, Bonnet and 

Czernecki, 2013), and exacerbation of these symptoms has been shown to level-off, even as 

motor abilities continue to deteriorate (Pavao et al., 2012). As a result, some have suggested 

that the pathways linking the cortex to the basal ganglia are instrumental in disease 

development, in contrast to the theory that the entirety of the disease occurs in the 

nigrostriatal pathway (Lindgren and Dunnett, 2012). 

 Differences in the onset and development of cognitive symptoms suggest the 

involvement of other brain regions and neurotransmitter systems. Cognitive deficiencies can 
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appear at any stage of the disease, although they are most common at older ages (Lees and 

Smith, 1983, Levin et al., 1989). Zurkovsky et al. (2013) found that a cholinergic deficit in 

addition to the dopaminergic deficit is responsible for the formation of cognitive symptoms. 

The cognitive functions that are most often affected in PD include executive functions and 

memory although it should be noted that memory problems in PD differ from the amnesia of 

Alzheimer’s disease in that memories can be formed, but are not easily retrieved (Emre, 

2004). Furthermore, dementia in PD has been linked to age of onset, with older onset patients 

exhibiting dementia faster than early-onset patients (Halliday and McCann, 2010). 

Additionally, underlining the difference between PD and diseases such as Alzheimer’s and 

other forms of dementia, the cognitive dysfunctions found in PD can be present in the 

absence of dementia. Finally, there are conflicting reports on some cognitive deficiencies in 

PD. For example attention has been reported as both affected and not affected in PD (Levin 

et al., 1989, Emre, 2004). 

 

Pathology 

Parkinson’s disease is defined neuropathologically by a loss of dopamine-producing neurons 

in the SN accompanied by intracellular neuronal inclusions known as Lewy bodies (Braak et 

al., 2003). Lewy bodies are abnormal protein aggregates composed of alpha-synuclein and 

other proteins, such as ubiquitin. Often, Lewy bodies are present in patients with dementia 

and it has been hypothesized that a greater number of alpha synuclein inclusions is related to 

the severity of disease symptoms (Wakabayashi, 2013) although contradictory evidence 

makes these findings difficult to interpret (Halliday and McCann, 2010). 
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Typically, it is thought that loss of these neurons leads to a denervation of 

dopaminergic terminals in the striatum and a decrease in the striatal dopamine levels. An 

alternative hypothesis claims that denervation of dopaminergic terminals occurs prior to the 

death of nigral neurons, leading to a retrograde neurodegeneration of dopaminergic axons, 

eventually leading to nigral neuron death and PD (Bernheimer et al., 1973, Pham et al., 

2012). Overall, there is a correlation between the severity of dopaminergic neuron loss and 

length of disease although additional correlations, such as presence of Lewy bodies, are less 

definitive due to the pathological variation present in PD (Halliday and McCann, 2010). 

 In addition to neuronal loss in the SN, there are multiple reports of neuron loss in 

other areas of the brain, particularly in the locus ceruleus (LC) and dorsal raphe nucleus 

(DRN), which have higher production of noradrenaline and serotonin, respectively (Jellinger, 

1991). In fact, it has been reported that loss of neurons occurs in the LC early in the disease 

process (Szot et al., 2012). 

 Due to the wide range of pathological symptoms that can occur in PD, Braak et al 

(2003) have published definitions of stages of idiopathic PD. Although these stages were 

described for sporadic PD, the disease mechanisms are thought to be involved in familial PD 

as well (Fitzmaurice et al., 2003). These stages are defined as starting with alpha-synuclein 

immunopositive Lewy bodies and lesions in the dorsal motor nucleus followed by 

deterioration in the cortical areas, sensory and motor areas (Braak et al., 2003). However, 

concerns have been raised in response to this report over whether these stages accurately 

define sporadic PD, specifically because the stages do not necessarily correlate with the 

expected presence of core motor symptoms, later stages of the disease do not correspond to 
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older patients, and the presence of Lewy bodies does not always indicate the presence of PD 

(Halliday and McCann, 2010). Development of PD is highly variable, complicating 

interpretations of results relating to disease progression. 

 

Molecular Causes 

The underlying causes of PD remain unknown, but the main hypotheses in the field involve 

oxidative stress, mitochondrial dysfunction, or both. Mitochondrial damage was first 

identified as a possible cause of PD in the 1980s following development of PD-like 

symptoms resulting from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) poisoning in 

drug users (Langston et al., 1983, Blandini, 2013). MPTP is a contaminant of 1-Methyl-4-

phenyl-4-propionoxypiperidine (MPPP), an opioid that is often used as a recreational drug. 

When MPTP crosses the blood-brain barrier, it is converted to MPP+ by monoamine oxidase 

B (MAO-B), which is then transported into dopamine neurons of the SN by the dopamine 

transporter (DAT) and inhibits mitochondrial complex I activity, ultimately resulting in 

neuronal death. Damage to mitochondria and to mitochondrial dynamics causes increased 

production of reactive oxygen species (ROS), which then causes oxidative damage within the 

cell. 

 Evidence of oxidative damage in PD and animal models of PD has been reported in 

the form of increased lipid peroxidation, protein carbonylation, increased 4-hydroxynonenal 

(4-HNE), increased markers of DNA damage such as 8-hydroxy-deoxyguanisine (8-

OHdgG), and increased iron in the SN (Dexter et al., 1989a, Dexter et al., 1989b, Fahn and 

Cohen, 1992, Spencer et al., 1994, Yoritaka et al., 1996, Seet et al., 2010). Mice deficient for 
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DJ-1, a gene of uncertain function, loss of which causes PD in humans, have decreased 

protection from mitochondrial uncoupling and increased mitochondrial reactive oxygen 

species production, which typically leads to increased oxidative damage (Guzman et al., 

2010). Additionally, the dopaminergic cells of the SN are exposed to exceptionally high 

levels of ROS due to high levels of cytoplasmic dopamine, which is known to autoxidize and 

can be toxic (Fahn and Cohen, 1992, Hattoria et al., 2009, Blandini, 2013). 

 Other candidates for causative mechanisms in PD include protein aggregation and 

neuroinflammation. Support for protein aggregation as a cause of PD comes from the 

presence of Lewy bodies formed from aggregated alpha-synuclein in the brains of PD 

patients, as well as mutations in alpha-synuclein that have been causally linked to dominantly 

inherited familial PD (Polymeropoulos et al., 1997). Neuroinflammation has been suggested 

to play a role in PD because administration of either MPTP or 6-hydroxydopamine (6-

OHDA) results in various inflammatory responses such as vascular permeability or 

microglial activation (Blandini, 2013). Furthermore, mice deficient for Parkin, an E3 

ubiquitin ligase believed to be involved in mitochondrial autophagy (Shimura et al., 2000), 

have been found to have increase susceptibility to inflammatory insults (Frank-Cannon et al., 

2008), and microglial inhibition is protective against MPTP neurotoxicity (Blandini, 2013). 

 Finally, it is possible that other system disruptions, such as iron homeostasis, can play 

a role in the development of PD. Increased iron has been observed in the brains of PD 

patients, although whether this is a cause or effect of PD is unclear. Iron is required for many 

normal cellular processes but excessive iron can be toxic due to its reactive nature, which can 

lead to the generation of ROS and increased oxidative stress (Kaur and Andersen, 2004). 
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This theory, although somewhat controversial, is supported by work demonstrating the 

effects of iron on mitochondrial homeostasis (Xu et al., 2013), as well as the involvement of 

iron in the metabolism of dopamine and its reactivity with hydrogen peroxide (H2O2) (Kaur 

and Andersen, 2004). 

 Realistically, all of these potential causes may be involved in a common pathway in 

PD (Figure 1-1), such that mitochondrial dysfunction creates reactive oxygen species that 

lead to oxidative stress, which can contribute to alpha-synuclein aggregation and microglial 

activation. In turn, alpha-synuclein and reactive oxygen species are also thought to contribute 

to the development of mitochondrial dysfunction (Khan et al., 2012), creating a feedback 

loop in which mechanisms leading to the development of PD spiral out of control. 

  

 

Treatments 

L-DOPA 

There is no cure for PD. Current treatment cannot slow or stop the progression of the disease, 

nor can they reverse neuronal loss in PD. Instead, the goal of all current treatments is to 

improve disease symptoms. Some of the earliest treatments for PD were anticholinergic 

drugs developed by Charcot (Goetz, 2011), although use of these has largely declined 

following the discovery of L-DOPA, which is now considered to be the “gold standard” of 

PD treatment. Initially, L-DOPA was thought to be biologically inactive, following its 

discovery in legumes in 1913 (Hornykiewicz, 2002b). However, it was later found to act as a 

vasopressor, prior to being discovered in striatal samples. In the 1960s, dopamine was found 
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to be depleted in the brains of PD patients, implicating, for the first time, that it may be 

involved in the disease process. Ultimately, because L-DOPA is a precursor to dopamine 

production and is able to pass through the blood-brain barrier, a 1969 double-blind study 

determined that L-DOPA was an effective treatment for PD (Hornykiewicz and Kish, 1987, 

Hornykiewicz, 2002a).  

 

Monoamine Oxidase Inhibitors  

Other treatments for PD have been 

developed, including the use of MAO-B 

inhibitors and deep brain stimulation 

(DBS). MAO-B inhibitors, such as 

selegeline and rasagiline, prevent the 

metabolism of amines including 

noradrenaline, adrenaline, and most 

importantly dopamine (Riederer and 

Laux, 2011), thus increasing the levels of 

dopamine within the brain and relieving 

many of the disease motor symptoms, 

both alone and when used in 

conjunction with administration of L-

DOPA (Riederer and Laux, 2011). 

Older, irreversible MAOIs were known 

Figure 1-1. Depiction of the mechanisms causative for oxidative stress 

in dopaminergic nigral neurons. Accumulated mitochondrial damage 

leads to increased reactive oxygen species, oxidative damage and 

protein accumulation. Alternatively, each downstream even may occur 

independently and lead to PD. 
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to cause undesirable side effect such as the “cheese effect” (an increase in blood pressure due 

to the MAOI inhibiting the breakdown of diet-derived biogenic amines) and for restoring 

serotonin and noradrenaline levels in the absence of an effect on dopamine (Riederer and 

Laux, 2011, Park et al., 2013). In more recent years, however, selective, reversible MAOIs 

have been developed, with fewer side effects (Riederer and Laux, 2011). 

 

Deep Brain Stimulation  

Deep brain stimulation is the targeted electrical stimulation of specific nodes in the basal 

ganglia circuitry used as treatment in patients with motor symptoms that are difficult to 

manage and do not respond well to L-DOPA and other non-invasive therapies (Duker and 

Espay, 2013). DBS involves targeting basal ganglia structures such as the subthalamic 

nucleus or globus pallidus, a rationale that is supported by experimental evidence pointing to 

lesions in the basal ganglia as causative for parkinsonian symptoms (Breit et al., 2004). The 

DBS procedure was initially pioneered in the 1990s by Alim-Louis Benabid, with unilateral 

DBS approved by the Food and Drug Administration (FDA) in 1997 and bilateral DBS 

approved in 2002 (Benabid et al., 1998). In fact, bilateral DBS has been found to be a more 

effective treatment than the “best medical treatment,” a combination of managed 

pharmacological treatment and nonpharmacological therapy, offered at Veterans Affairs and 

university hospitals (Weaver et al., 2009). Although DBS has been shown to be an effective 

treatment, especially for advanced PD, this treatment does have several adverse effects that 

are primarily neurocognitive (Benabid et al., 2009). 
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 The disadvantage of these treatments is that they work by amplifying the signal 

produced by the nigral dopaminergic neurons and therefore require a sufficient number of 

surviving nigral neurons in order to be effective. Over time, these treatments lose their 

effectiveness due to the progressive loss of nigral neurons. Therefore, there remains a need to 

better understand the disease process of PD, particularly the underlying causes of dopamine 

neuron loss.  

 

Neurotransmitters in Parkinson’s Disease 

Dopamine 

Loss of striatal dopamine is the accepted explanation for motor dysfunction in PD (Scatton et 

al., 1983). This is supported by the effectiveness of dopamine replacement therapies as 

treatment for motor symptoms, including administration of L-DOPA, inhibition of 

monoamine oxidase (MAO), and deep brain stimulation, which activates the striatal circuits 

that would normally be activated by dopamine neurotransmission (Hornykiewicz and Kish, 

1987, Hornykiewicz, 2002b, a, Hoglinger et al., 2004). In fact, mutations in the tyrosine 

hydroxylase (TH) gene, the rate limiting enzyme in dopamine production, have been reported 

to result in parkinsonian symptoms (Bademci et al., 2012), and it has been reported that the 

pigmented dopaminergic neurons are particularly susceptible to neurodegeneration, which 

may be one explanation for why these neurons specifically die in PD (Hirsch et al., 1988). 

Some studies have linked the Parkinson’s related gene Parkin to dopaminergic effects, such 

as enhancing surface expression of dopamine transporter (DAT) (Jiang et al., 2004, Jiang et 

al., 2012). However, more recent advances in the study of PD have indicated that dopamine 
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loss is unlikely to be the whole story behind PD pathology (Curzon, 1977, Scatton et al., 

1983, Jellinger, 1991, Devos et al., 2010).   

 

Serotonin 

Ergot and ergot-derived drugs, which act on the serotonergic system, have also been used to 

treat PD. Ergot is a type of fungus that can cause symptoms such as extreme 

vasoconstriction, hallucinations, nausea, seizures, and unconsciousness. However, in smaller 

doses, derivatives of ergot can be medicinally beneficial (Eadie, 2003). The serotonergic 

system is known to be affected in PD (Bedard et al., 2011), especially in the early stages, and 

is affected in animal models of PD as well (Rampersaud et al., 2012). In particular, 

compensation, such as serotoninergic sprouting, has been observed in rat brains with 

dopaminergic lesions (Zhou et al., 1991, Maeda et al., 2003, Maeda et al., 2005), dopamine-

depleted mouse brains (Li et al., 2013) and MPTP-treated monkeys that have increased 

serotonin in symptomatic striatum compared to unaffected striatum (Gaspar et al., 1993, 

Boulet et al., 2008). PTEN induced putative kinase 1 (PINK1) deficiency in mice results in 

decreased serotonin innervation of the olfactory bulb as well as impaired gait and olfaction 

(Glasl et al., 2012). Furthermore, serotonin transporter (SERT) expression is reduced in PD 

patients (Roselli et al., 2010), SERT knockout mice have decreased rotarod performance and 

general motor deficits (Morelli et al., 2011), and these effects are replicated in mice treated 

with chronic fluoxetine, a selective serotonin reuptake inhibitor (SSRI) (Lee, 2012). 

Additionally, SERT knockout mice have been shown to exhibit antidepressant-like 

behavioral phenotypes and reduced aggression (Holmes et al., 2002a, Holmes et al., 2002b), 
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which is to be expected in mice that would presumably have higher levels of synaptic 

serotonin due to a loss of the protein responsible for reuptake. Additionally, the 

mitochondrial complex I inhibitor rotenone has been shown to kill serotonergic neurons (Ren 

and Feng, 2007), although MPTP has incongruently been shown to increase the numbers of 

serotonergic neurons (Lesemann et al., 2012). In fact, extensive evidence suggests that, 

following induction of dopaminergic lesions by MPTP or 6-OHDA in both rats and mice, 

serotonin can compensate for dopamine loss and dopaminergic lesions can be 

hyperinnervated by serotonergic projections (Zhou et al., 1991, Kostrzewa et al., 1998, Rozas 

et al., 1998, Maeda et al., 2003, Brown and Gerfen, 2006, Zeng et al., 2010, Li et al., 2013). 

Some studies suggest that serotonergic fibers contribute to dopamine production following L-

DOPA administration in denervated striatum (Maeda et al., 2005). Furthermore, postmortem 

studies indicate that in late-stage PD brains, there is a decrease in striatal serotonergic 

innervation (Raisman et al., 1986, Bedard et al., 2011), indicative of potential serotonergic 

involvement in PD, possibly depriving the brain of a compensatory response to loss of 

dopamine (Kish et al., 2008, Li et al., 2013). The loss of serotonin at later stages of the 

disease does not fit with the increased serotonergic production and innervation, as observed 

in the studies described above. However, this may be due to the timing of the disease onset 

and progression. 

 The dopaminergic and serotonergic systems interact within the striatum (Devos et al., 

2010) where the serotonin-releasing dorsal raphe nucleus (DRN) innervates the striatum 

along with the SN. In fact, evidence suggests that postsynaptic 5-HT2c receptors in the 

striatum are responsible for increased firing rates and elevated striatal dopamine baseline 
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levels (Mathur and Lovinger, 2012). However, this is often overlooked in studies of PD 

because the extent of damage to the serotonergic system in PD small compared to the 

dopaminergic system, and serotonin has remained of interest in the Parkinson’s field 

primarily due to the link between serotonin and L-DOPA induced dyskinesias (LID) (Mathur 

and Lovinger, 2012).  

 The serotonin system, however, is not the only non-dopaminergic neurotransmitter 

system to be affected in PD. Some of the earliest degeneration in PD occurs in noradrenergic 

neurons, particularly in the locus coeruleus (Devos et al., 2010). Similarly to serotonin, 

norepinephrine also innervates the striatum but exhibits a lower proportion of neuron loss in 

PD compared to the dopaminergic system. Involvement of both the serotonin and 

noradrenergic systems in PD is indicative of wider involvement by monoamine 

neurotransmitters beyond dopamine and suggests that by focusing solely on dopamine, the 

field of PD research may be missing clues to the origins of the disease or to potential 

treatments.
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CHAPTER TWO 
Review of the Literature 

 
CAUSES OF PARKINSON’S DISEASE 

 
Idiopathic vs Familial Parkinson’s Disease 

 

The majority of PD cases are sporadic, however 5-10% of cases can be traced to genetic 

causes. Five genes have been identified as causative for PD. Mutations in two of these genes, 

alpha-synuclein and leucine-rich repeat kinase 2 (LRRK2), are dominantly inherited, while 

the remaining three, Parkin, DJ-1, and PINK1, are recessively inherited, representing loss-of-

function mutations. Sporadic and familial PD may share common disease pathways (Figure 

1-1), suggesting that an understanding of the mechanisms involved in familial PD 

development may lead to a better understanding of the sporadic form. 

 

Environmental Causes of Parkinson’s Disease 

Although no causes of sporadic PD have been definitively identified, some epidemiological 

studies have indicated that environmental toxins such as pesticides, solvents and metals may 

be involved in disease development (Goldman, 2013, Kieburtz and Wunderle, 2013). In 

contrast, there is also data suggesting that solvent and metal exposure does not affect PD risk 

(Tanner et al., 2009). Many other factors, including gender, brain injury, exercise and use of 

tobacco, nonsteroidal anti-inflammatory drugs (NSAIDs) and caffeine may also affect the 

incidence of PD (Kieburtz and Wunderle, 2013).  
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Pesticides 

Pesticides can act by causing oxidative or mitochondrial stress, and thus may influence the 

development of PD in humans with regular exposure to these toxins. Living in rural areas, 

well-water use, and farming have all been associated with PD risk (Goldman, 2013). As a 

result, certain pesticides such as paraquat and rotenone have been used to develop PD models 

in mice and rats. Rotenone, an insecticide, has a mechanism of action similar to MPTP 

because it is known to inhibit Complex I of the mitochondrial electron transport chain. J. 

Timothy Greenamyre was the first to demonstrate that administration of rotenone to rodents 

recapitulated symptoms of PD, including nigral neuron loss and rigidity (Betarbet et al., 

2000). Rotenone has since been shown to cause reproducible selective nigral neuron loss and 

dopamine depletion as well as loss of dopaminergic terminals and alpha-synuclein inclusions 

(Cannon et al., 2009). 

 Paraquat, a widely used herbicide, has been commercially available for over 50 years 

(Goldman, 2013). Although some case-control studies indicate the involvement of paraquat 

in the development of PD, other studies refute this claim (Tanner et al., 2009, Firestone et al., 

2010, Tanner et al., 2011). Similar to MPTP, paraquat can be taken up into dopaminergic 

terminals following its conversion to paraquat+, where it produces superoxide and causes 

features of PD in animal models including lipid peroxidation, decreased antioxidant levels, 

alpha-synuclein aggregation, impaired mitochondrial function, and the selective death of 

nigral neurons (Brooks et al., 1999, McCormack et al., 2005, Goldman, 2013). 
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 The role of additional factors affecting the development of PD, including solvent and 

metal exposure, are less clear. Solvents appear to be associated with parkinsonian symptoms 

according to epidemiological studies (Uitti et al., 1994, Goldman et al., 2012) while exposure 

to metals, such as iron and lead, has been found to cause related symptoms in experimental 

animal models (Kala and Jadhav, 1995, Weisskopf et al., 2010, Goldman, 2013). However, 

solvent exposure causes acute parkinsonism, rather than causing symptoms following a 

prolonged period of exposure (Uitti et al., 1994). Furthermore, the epidemiological evidence 

for each remains contested and unclear (Segal, 2012, Goldman, 2013).  

 

Protective Factors 

Several lifestyle factors seem to have a protective effect against the development of PD. 

Interestingly, these include smoking and caffeine (Tanner et al., 2009) as well as exercise and 

the use of nonsteroidal anti-inflammatory drugs (Goldman, 2013). In fact, administration of 

purines such as nicotine and caffeine has been found to be neuroprotective in animal models 

of the disease (Kieburtz and Wunderle, 2013). Potential mechanisms behind these 

neuroprotective effects are thought to come from alterations of the dopamine receptors, as in 

the case of nicotine or from the antagonizing effects of caffeine on adenosine A2 receptors 

(Kachroo et al., 2010, Garcia-Montes et al., 2012). Recent research into the effects of purines 

on PD has included urate in addition to caffeine and adenosine, and has suggested therapeutic 

uses for these molecules (Chen et al., 2012). 

 

Genetic Causes of Parkinson’s Disease 
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Most cases of PD are apparently sporadic, and the underlying cause of the nigral neuron loss 

is unknown. However, up to 10% of all cases are caused by genetic mutations, although 

many other cases may have underlying genetic factors despite occurring sporadically 

(Warner and Schapira, 2003). Five genes have previously been identified as causative for 

familial PD (Dawson et al., 2010, Horowitz and Greenamyre, 2010, Lopez and Sidransky, 

2010, Corti et al., 2011, Hattori, 2012, Varcin et al., 2012). Mutations in alpha-synuclein and 

LRRK2 are considered to be dominantly inherited (Puschmann, 2013). A point mutation in 

alpha-synuclein was initially identified as a dominantly inherited cause of PD when 

individuals in four separate Italian and Greek families were found to have an A53T mutation 

in conjunction with a PD diagnosis (Nussbaum and Polymeropoulos, 1997, Polymeropoulos 

et al., 1997). Individuals with the G2019S LRRK2 mutation in families from two separate 

studies were also found to have PD (Paisan-Ruiz et al., 2004, Zimprich et al., 2004, Di Fonzo 

et al., 2005, Nichols et al., 2005), although other, rarer PD-causing mutations also exist in 

this gene (Puschmann, 2013).  The normal function of alpha-synuclein remains to be defined, 

although it may play a role in membrane remodeling and exocytosis (Bendor et al., 2013). 

LRRK2 is known to be a cytoplasmic kinase that may interact with alpha-synuclein and 

affect neuronal morphology (Paisan-Ruiz et al., 2004, Zimprich et al., 2004, Guerreiro et al., 

2013, Paus et al., 2013). 

 Mutations in Parkin, DJ-1 and PINK1 are causally linked to autosomal recessive 

forms of parkinsonism (Puschmann, 2013). Homozygous mutations in the Parkin gene, 

which are causative for autosomal recessive juvenile parkinsonism (AR-JP) were first 

discovered in a Japanese family (Hattori et al., 1998, Kitada et al., 1998). Additional 
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mutations in the Parkin gene causative for autosomal recessive parkinsonism have since been 

described as well (Abbas et al., 1999) and have shown that brains of AR-JP patients do not 

express Parkin even though this protein is not decreased in the brains of sporadic PD patients 

(Shimura et al., 1999). Parkin is an E3 ubiquitin ligase found throughout the brain and body 

(Stichel et al., 2000, Kuhn et al., 2004) that may modulate proteasome activity (Shimura et 

al., 2000, Um et al., 2010). Therefore, Parkin may be involved in clearing damage due to 

reactive oxygen species. Given protein aggregation is a pathological feature of PD (Dodson 

and Guo, 2007), a major hypothesis of PD pathology is that loss of Parkin may contribute to 

aberrant protein accumulation. Many potential substrates of Parkin have been reported, 

including the Pael receptor (Omura et al., 2006), mitochondrial hexokinase HKI (Okatsu et 

al., 2012), miro (Wang et al., 2011a) and Septin 4 (Munoz-Soriano et al., 2012), and some of 

these putative Parkin substrates have been shown to accumulate or cause dysfunction in the 

absence of Parkin (Mandillo et al., 2013). However, in spite of studies indicating that 

alterations in the expression of these substrates can result in neuronal loss and other problems 

(Wang et al., 2008), none of these proteins has been identified as a key component of the 

mechanism of PD development. In addition to ubiquitination of the substrates listed here, 

Parkin may also function in mitophagy, the removal of damaged mitochondria by autophagy 

(Ding et al., 2012, Vincow et al., 2013). Because mitochondrial deficits can cause an increase 

in the release of reactive oxygen species, expression of Parkin would be protective against 

damage due to these deficits. 

 The absence of another protein, DJ-1, is another protein also results in parkinsonism. 

DJ-1 deficiency was identified as a cause of PD through genetic mapping in two families 
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with autosomal recessive early onset parkinsonism (Bonifati et al., 2003). DJ-1 exists as a 

dimer, although the L166P mutation found in PD (Abou-Sleiman et al., 2004) prevents this 

dimerization (Olzmann et al., 2004). Many different functions have been attributed to DJ-1, 

including roles in transcriptional regulation resulting in regulation of tyrosine hydroxylase 

(Ishikawa et al., 2010), synaptic membrane function (Usami et al., 2011), protease activity 

and mitochondrial regulation (Ariga et al., 2013). Most importantly, however, multiple 

studies have determined DJ-1 to be neuroprotective (Canet-Aviles et al., 2004), possibly due 

to antioxidant activity as evidenced by a study that identified DJ-1 as an atypical peroxidase 

(Andres-Mateos et al., 2007). Although little evidence suggests that DJ-1 plays a direct role 

in mitochondrial maintenance, it has been implicated in preventing oxidative damage to cells 

(Dodson and Guo, 2007), and may function as a sensor for oxidative stress (Trempe and Fon, 

2013). Regardless of the specifics of DJ-1 function, the activity of this protein is thought to 

be regulated by the oxidative status of cysteine 106, a residue found to be oxidized in patients 

with sporadic PD; still it remains unclear whether this is a cause or an effect of the disease 

(Ariga et al., 2013). 

 In addition to Parkin and DJ-1, loss-of-function mutations in PINK1 have been 

causally linked to familial PD. PINK1 is a mitochondrial protein kinase whose activity is 

required for Parkin-dependent mitophagy (Valente et al., 2001, Valente et al., 2002, Trempe 

and Fon, 2013). PINK1-deficient mice are more susceptible to MPTP (Haque et al., 2012) 

and have been reported to have gait and olfactory dysfunction as well as impaired olfactory 

bulb serotonergic innervation (Glasl et al., 2012) in contrast to earlier studies indicating that 
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triple mutant mice deficient for Parkin, DJ-1 and PINK1 do not have classical parkinsonian 

phenotypes (Kitada et al., 2009) 

 

Induced Animal Models of Parkinson’s Disease 

Most animal models of PD involve the acute administration of toxins that selectively affect 

dopaminergic nigral neurons. These toxins include MPTP, rotenone, 6-OHDA, paraquat and 

other pesticides. Historically, these models have been used to study the effects of nigral cell 

loss and striatal dopamine depletion, as well as for testing the effectiveness of various 

potential therapeutics. Upon systemic administration, MPTP is converted to the toxic 

metabolite MPP+ by astrocytes and then taken up by DAT, allowing it to enter dopaminergic 

neurons where it then inhibits Complex I function in the mitochondria (Schober, 2004). 

Intracranial injection of 6-OHDA (a hydroxylated analog of the dopamine molecule) is taken 

up by dopaminergic neurons and causes oxidative damage, leading to dopaminergic lesions. 

Both of these neurotoxin models result in loss of nigral neurons and striatal dopamine and 

some of the motor symptoms (akinesia and tremor in the MPTP model, rotations in the 

unilateral 6-OHDA model) (Schober, 2004). Each of these has been used successfully in 

rodents (Lesemann et al., 2012, Zurkovsky et al., 2013) while MPTP is also used in primate 

models of the disease (Boulet et al., 2008). More recently, additional models using complex I 

inhibitors have been developed. Paraquat, an herbicide that is structurally similar to MPTP 

(Brooks et al., 1999), and rotenone, a common pesticide that produces some parkinsonian 

symptoms in rats (Cannon et al., 2009). These two pesticides have been implicated in PD by 

epidemiological studies on environmental factors (Tanner et al., 2011), but do not necessarily 
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recapitulate PD symptoms in animals (Hoglinger et al., 2006). In each of these induced PD 

models, the problem remains that toxin-induced parkinsonism occurs acutely after toxin 

exposure whereas PD develops progressively over the course of many decades in humans 

(Schober, 2004). Therefore, in contrast to neurotoxin models, genetic animal models based 

on mutations causative for PD have been developed in the hope of creating models that more 

faithfully reproduce the both the spontaneous age-dependent neurodegeneration and the 

underlying neuropathological mechanisms of PD. 

 

Genetic Animal Models of Parkinson’s Disease  

Parkin 

Parkin-deficient Drosophila melanogaster have dopaminergic neuron loss (Whitworth et al., 

2005). In contrast, despite a significant amount of effort and a long list of mild phenotypes, 

Parkin-/- mice are not a good model of PD (Perez and Palmiter, 2005) because they do not 

exhibit either neuron loss or decreases in dopamine and the reported behavioral phenotypes 

have been minor. However, multiple studies have found that Parkin-/- mice have behavioral 

deficits associated with PD, including an increased number of slips on a beam walking test in 

aged mice, reduced exploratory behavior, cognitive deficits and alterations in posture (Zhu et 

al., 2007). In addition, Parkin-/- mice display non-behavioral PD phenotypes, including 

increased extracellular dopamine, although total striatal dopamine content is unchanged and 

there is no apparent change in the expression levels of Parkin substrates (Goldberg et al., 

2003, Itier et al., 2003, Rodriguez-Navarro et al., 2007). Interestingly, Parkin overexpression 

has been found to increase the surface expression of the DAT and thus increase dopamine 
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uptake (Jiang et al., 2004), which may account for the increased extracellular dopamine in 

Parkin-/- mice. Additionally, Parkin has been found to be involved mitochondrial biogenesis 

(Kuroda et al., 2006) and Parkin-/- mice have decreased mitochondrial respiration in the 

absence of changes in mitochondrial morphology (Palacino et al., 2004). A separate study 

reports altered mitochondrial function and morphology in Parkin-mutant fibroblasts 

(Mortiboys et al., 2008), although the different conclusions of these studies may be due to 

differences between human cells and whole organisms. Furthermore, Parkin is selectively 

recruited to impaired mitochondria (Narendra et al., 2008). Parkin-/- mice are more 

susceptible to inflammatory insults (Frank-Cannon et al., 2008) and some toxins such as 

rotenone (Casarejos et al., 2006), but not 6-OHDA or MPTP (Perez et al., 2005). These mice 

also have significantly increased glutathione peroxidase 1 (Gpx1) activity, suggesting that 

loss of Parkin may lead to compensatory upregulation of antioxidant activity (Rodriguez-

Navarro et al., 2007). Overexpression of Parkin has consistently been found to be 

neuroprotective against various toxins, including MPTP and 6-OHDA, and alpha synuclein 

expression (Lo Bianco et al., 2004, Vercammen et al., 2006, Ulusoy and Kirik, 2008, Bian et 

al., 2012). 

  

DJ-1 

 Expression of DJ-1 is known to increase in cells exposed to oxidative damage (Lev et 

al., 2008). DJ-1-/- cell lines, mice, Drosophila and rats have all been shown to be more 

susceptible to mitochondrial toxins such as rotenone, 6-OHDA and MPTP, although some 

data indicate that this protective effect may be due to astrocyte interactions with neurons 



24 

 

rather than autonomous effects in neurons (Meulener et al., 2005, Pisani et al., 2006, Mullett 

and Hinkle, 2009, Aleyasin et al., 2010, Mullett and Hinkle, 2011, Lev et al., 2013). 

Overexpression of DJ-1 in human cell lines, Drosophila, and mice is neuroprotective (Zhou 

and Freed, 2005, Hayashi et al., 2009, Junn et al., 2009) against toxins (such as MPTP and 6-

OHDA), oxidative stressors (such as H2O2), endoplasmic reticulum stressors (such as 

tunicamycin) and proteasome inhibition, but not pro-apoptotic stressors (such as 

staurosporin) (Yokota et al., 2003, Taira et al., 2004, Kim et al., 2005, Menzies et al., 2005, 

Meulener et al., 2005, Yang et al., 2005, Zhang et al., 2005, Andres-Mateos et al., 2007, Gao 

et al., 2012, Haque et al., 2012). Similar to Parkin-/- mice, DJ-1-/- mice exhibit no changes in 

total dopamine levels. However, DJ-1 deficient mice have increased H2O2 production, 

increased glutathione peroxidase activity and an increase in levels of both Gpx1 and 

glutathione (Zhou and Freed, 2005, Andres-Mateos et al., 2007). Oxidation of DJ-1-/- occurs 

following a decrease in glutathione (GSH) levels (Miyama et al., 2011). Furthermore, 

overexpression of DJ-1 decreases Bax expression, thus inhibiting caspase activation, while 

the loss of D-1 increases Bax levels and caspase activity (Fan et al., 2008).   

 

Mitochondrial deficits 

 Parkin mutations in vivo are known to result in mitochondrial deficits in both humans 

and mice (Muftuoglu et al., 2004, Palacino et al., 2004). Mitochondria are a known source of 

H2O2, which causes oxidative damage when it interacts with cellular structures (Bao et al., 

2009). Mitochondria produce H2O2 during normal respiration, however, H2O2 production can 

increase significantly when mitochondria become depolarized. Furthermore, Parkin, PINK1, 
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and DJ-1 have all been reported to localize to mitochondria under conditions of stress. In the 

case of PD, levels of H2O2 may overwhelm cellular oxidative defenses following the loss of 

genes (PINK1 and Parkin) that regulate mitochondria. This indicates that mitochondria and 

the reactive oxygen species they produce likely play an important role in the development of 

PD and that PD-causing genes play a role in protecting the cell from damage due to 

mitochondrial dysfunction (Dodson and Guo, 2007). Finally, both mitochondrial deficits and 

Parkin deficiencies have been linked to protein aggregation, which has also been implicated 

in PD (Dodson and Guo, 2007). 

 

Role of Antioxidants 

 Genes involved in PD, specifically DJ-1, are thought to act as antioxidants, and loss 

of these genes is likely to result in increased levels of reactive oxygen species. In fact, DJ-1 

localizes to mitochondria under conditions of stress, putting this protein in the correct 

location to clean up the increased H2O2 that is produced by dysfunctional mitochondria 

(Canet-Aviles et al., 2004, Zhang et al., 2005). Additionally, levels of known antioxidant 

proteins such as glutathione peroxidase are altered in PD. In the brains of deceased PD 

patients, Gpx1 levels are lower in comparison to control brains and brains of patients with 

non-parkinsonian neurodegenerative diseases (Kish et al., 1985, Sian et al., 1994). Moreover, 

an increase in protein carbonyls is observed in PD patients, but not in the brains of Lewy 

body disease patients, which further suggests that oxidative damage is an important factor in 

the development of PD (Alam et al., 1997). Furthermore, levels of glutathione (GSH) and 

activity levels of Gpx1 are decreased in the brains of patients (Kish et al., 1985, Zeevalk et 
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al., 2008), suggesting that the antioxidant system may be overworked and overwhelmed in 

PD. Several studies examining the levels of antioxidant activity in brain over the lifespan of 

rodents found changes in levels of glutathione or glutathione reductase specifically in the SN 

(Benzi et al., 1989, Chinta et al., 2007). Cells isolated from aged mice clear H2O2 more 

slowly than cells from young mice (Liddell et al., 2010), indicating a potential decrease in 

brain antioxidant capacity in the aging brain.  

 A large amount of related evidence suggests that levels of Gpx1 protein and activity 

are involved in protecting the brain against neurotoxic insults capable of resulting in PD. For 

instance, Gpx1 knockout mice have decreased ability to cope with oxidative stressors despite 

not exhibiting a phenotype prior to being stressed. Although these mice have decreased body 

weight compared to wild type mice, they otherwise develop normally (Ho et al., 1997, 

Esposito et al., 1999). In contrast to these observations, de Haan et al found that Gpx1-/- mice 

are more susceptible to paraquat and H2O2 injections compared to wild type mice (de Haan et 

al., 1998). Gpx1-/- mice have an increase in secondary necrosis responses, indicating a 

decrease in tolerance to oxidative stress (Bajt et al., 2002). Aged mice lacking either DJ-1 or 

Parkin have increased mitochondrial Gpx1 activity (Andres-Mateos et al., 2007, Rodriguez-

Navarro et al., 2007), which may explain the lack of a parkinsonian phenotype in these mice 

as Gpx1 activity may compensate for the loss of neuroprotection by Parkin and DJ-1. 

 

The purpose of my research has been to develop a progressive mouse model of PD by 

combining deficiency for a major antioxidant protein, Gpx1, with deficiencies for two 

proteins whose absence has been causally linked to the development of PD. I hypothesized 
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that the antioxidant deficiency would provide a chronic, low level of oxidative stress, that in 

combination with the Parkin and DJ-1 deficiencies, would result in nigral neuron loss and 

decreased striatal dopamine, allowing for a better characterization of the mechanisms behind 

the originiation of the disease.
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CHAPTER THREE 
Methodology 

 
 

 
 

Mice with mutations in genes that cause Parkinson’s disease in humans were bred to create 

mice mutant for multiple parkinsonian genes. These mice were tested for a variety of 

phenotypes related to Parkinson’s disease, including behavioral, neurochemical, and 

histological phenotypes. Because PD is an age-related disorder, cohorts of mice were tested 

at different ages, between 6 and 18 months, allowing for the examination of phenotypes that 

develop over time. 

 

Animals 

Parkin knockout mice and DJ-1 knockout mice were generated as previously described 

(Goldberg et al., 2003, Goldberg et al., 2005) and backcrossed to strain C57BL/6J for 10 

generations, then intercrossed for two generations to obtain homozygous double knockout 

mice (Parkin-/-DJ-1-/-) and wild-type controls. Gpx1 knockout mice on a C57BL/6 

background were obtained from Dr. Holly Van Remmen at The University of Texas Health 

Science Center at San Antonio. Gpx1 knockout mice were crossed with Parkin-/-DJ-1-/- 

double knockout mice for two generations to produce Parkin-/-DJ-1-/-Gpx1+/- mice, which 

were intercrossed to produce homozygous triple knockout mice (Parkin-/-DJ-1-/-Gpx1-/-) and 

Parkin-/-DJ-1-/- mice. When possible, paired littermates were used as controls. Experimental 
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procedures involving the use of animals or animal tissue were performed in accordance with 

the NIH Guidelines for Animal Care and Use and approved by the Institutional Animal Care 

and Use Committee at The University of Texas Southwestern Medical Center. Animals were 

housed in a climate-controlled facility with ventilated cages and standard commercial lab 

diet. Behavioral tests were performed between 10 AM and 4 PM during the 6 AM to 6 PM 

light cycle.  

 

Behavioral tests 

Locomotor: To measure spontaneous locomotor activity, mice were placed individually in a 

clean cage within an infrared photobeam activity monitor (San Diego Instruments) and were 

allowed to move freely in the dark for 2 hours. The number of beam breaks was recorded in 

5-minute bins as a measure of locomotor activity. 

 

Rotarod: The rotarod task is commonly used to measure motor function, and impairment  is 

considered evidence of motor disease (Crawley, 2008). To measure motor function, mice 

were placed on an accelerating rotarod (IITC Life Science Inc) and the speed of rotation was 

increased from 5 to 45 revolutions per minute (RPM) over 5 minutes. The latency to fall 

from the rotarod was recorded.  Data were collected for 4 trials per day for 2 days. In 

addition to analysis of motor performance, data were also analyzed for evidence of learning 

by comparing initial rotarod performance to performance during the final trial. 
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Fixed-speed rotarod and distraction measurements: To delineate the role of motor and non-

motor factors (“distraction”) on rotarod performance, fully trained mice were tested on a 

rotarod with fixed rotation rates of 5, 10, 15, or 20 RPM for a maximum of 5 minutes. For 

each speed, the latency to fall from the rotarod was recorded for 4 trials per day for 2 days. 

Mice were videotaped during the last two trials and the first 30 seconds of each video were 

analyzed with a stopwatch for time not focused on the task, which was measured as time in 

which the mice were not facing forward. All mice included in the video analysis stayed on 

the rotarod for the full 30 seconds. 

 

Pharmacological studies of rotarod behaviors: In order to test whether performance on the 

rotarod was affected by cognitive abilities, mice were administered one of three normally 

prescribed for attention deficit disorder (methylphenidate, yohimbine or guanfacine) prior to 

rotarod testing at concentrations of 0.5, 1, 2, 5 and 10 mg/kg of methylphenidate, 1mg/kg of 

yohimbine or 0.2 mg/kg of guanfacine. Rotarod testing was performed as described 

previously, over the course of two days on an accelerating rod. 

 

Odor test: To measure olfactory function, mice were placed in a clean cage containing a dry 

cotton swab within reach, and given 15 minutes to acclimate to their surroundings. The dry 

cotton swab was replaced by a cotton swab dipped in water for 3 minutes, followed by a 

cotton swab dipped in vanilla and finally a cotton swab dipped in urine collected from 

unfamiliar mice. Mice were videotaped during all three trials and the total time spent 

investigating each cotton swab was recorded using a stopwatch. 
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Digigait: To measure differences in gait, such as foot placement and stride length, mice were 

trained to walk on a treadmill equipped with a camera and attached to a computer with 

analysis software from Mouse Specifics. Mice were filmed walking at a speed of 30 cm/sec 

for at least 5 steps and their gait was analyzed using the provided software. 

 

Forced Swim Test: Mice were placed in a beaker (16.5 cm diameter) of water (21-25° C) to a 

depth of seven inches. The mice remained in the water for 6 minutes and were then removed 

and allowed to dry in a clean dry cage before returning to their home cage. The water was 

changed between each subject. The mice were monitored from the side by camera and video 

images were taken for later analysis. The last four minutes of the test were scored for latency 

to the first immobility and total time spent immobile. The experimenter scoring the behavior 

was blind to the genotypes. Immobility was defined as no body or limb movement other than 

a minimal forelimb movement required for keeping the head above water.  

 

Open Field Activity: Mice were placed in the periphery of a novel open field environment 

(44 cm x 44 cm, walls 30 cm high) and allowed to explore for five minutes. The animals 

were monitored from above by a video camera connected to a computer running video 

tracking software (Ethovision 3.0, Noldus, Leesburg, Virginia) to determine the time, 

distance moved and number of entries into two areas: the periphery (5 cm from the walls) 

and the center (14 cm x 14 cm). The open field arenas were wiped and allowed to dry 

between mice.  
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Elevated Plus Maze: Mice were placed in the center of a black Plexiglas elevated plus maze 

(each arm 30 cm long and 5 cm wide with two opposite arms closed by 25 cm high walls) 

elevated 31 cm and allowed to explore for five minutes. The animals were monitored from 

above by a video camera connected to a computer running video tracking software 

(Ethovision 3.0, Noldus, Leesburg, Virginia) to determine time spent in the open and closed 

arms, time spent in the middle, and the number of entries into the open and closed arm. The 

apparatus was wiped and allowed to dry between mice.  

 

Dark-Light Activity: Mice were placed into a black Plexiglas chamber (25 cm x 26 cm) and 

allowed to explore for two minutes. After the habituation period, a small door was opened 

allowing them to access the light side of the apparatus (25 cm x 26 cm lit to approximately 

1700 lux) for ten minutes. The animals were monitored by seven photobeams in the dark 

compartment and eight photobeams on the light side connected to a computer which recorded 

the time spent in each compartment, latency to enter the light side and the number of 

entrances to each compartment (Med-PC IV, Med Associates, St. Albans, VT). The dark-

light apparatus was wiped and allowed to dry between mice.  

 

Acoustic Startle Response: Acoustic startle response behavior was measured using a San 

Diego Instruments SR-Lab Startle Response System (San Diego, CA). Mice were placed into 

the Plexiglas holders and allowed to acclimate to the chamber and background white noise 

(70 dB) for five minutes. After acclimation, startle stimuli (80, 90, 100, 100 and 120 dB, 40 
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ms, white noise) were presented with an average interstimulus interval of 20 seconds (range 

13 - 27 seconds). The Plexiglas holders were wiped and allowed to dry between mice.  

 

Stereology of Dopaminergic Neurons 

Stereology was performed according to previously described methods (Frank-Cannon et al., 

2008). Brains were removed and placed in 10% neutral buffered formalin at 4° overnight, 

processed for paraffin embedding and sectioned in the coronal plane at 20-micron thickness. 

Every fifth slide was stained for unbiased stereology. Slides were deparaffinized, rehydrated 

in graded ethanol solutions and blocked with 5% normal goat serum for 1 hour prior to 

incubation in primary antibody (anti-tyrosine hydroxylase AB152, Chemicon) diluted 1:1000 

at 4°C overnight. Sections were washed, incubated with biotinylated goat anti-rabbit 

secondary antibody, horseradish peroxidase conjugated avidin (ABC Elite, Vector) and were 

developed in 3,3'-Diaminobenzidine (DAB) solution with NiCl enhancement prior to 

dehydration and coverslipping. A microscope with a motorized stage and Stereoinvestigator 

software was used to count the tyrosine hydroxylase-positive neurons in the SN of each 

section, with a counting frame of 50 microns by 50 microns and a grid size of 100 microns 

by 100 microns. Bilateral total neuron numbers are reported. 

 

Immunohistochemistry analysis of GFAP, DJ-1 Reactivity, Alpha-Synuclein and 

ubiquitin Inclusions 

Brains were prepared using the same methods described above for immunohistochemistry of 

TH neurons, above. Primary antibodies used for GFAP (DAKO, Z0334) and DJ-1 
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(Neuromics, Park 7 Rb polyclonal) analysis were diluted to 1:1000 and 1:10,000, 

respectively, and staining was completed according to the TH immunohistochemistry 

protocol. Alpha-synuclein (Cell Signalling Syn205) and ubiquitin (Pierce PA5-17067) 

staining were completed using a mouse monoclonal immunohistochemistry kit (Abcam, 

127055). 

 

Stereology of Hippocampal Serotonergic Fibers 

Mice were perfused with 50mL of 1x phosphate buffered saline (PBS) followed by 4% 

paraformaldehyde in 1xPBS. Following perfusion, the brain was removed and placed in 4% 

paraformaldehyde solution followed by 10% and 30% sucrose, each overnight. Brains were 

frozen in OCT and sectioned sagital at 14-micron thickness on a cryostat. Every 40th section 

was stained and used for unbiased stereology. Tissue was permeabilized with 0.3% Triton-X 

100 prior to blocking with 10% normal donkey serum. Slides were then incubated in goat 

anti-serotonin transporter HTT-G0-af970 primary antibody (Frontier Labs) diluted 1:250 at 

4°C overnight. Slides were washed in 1% fish skin gelatin prior to incubation in secondary 

antibody (donkey anti-goat Alexafluor 488, Jackson Immunoresearch 705-545-003) diluted 

1:200. Slides were stained with 4',6-diamidino-2-phenylindole (DAPI) prior to coverslipping. 

Stereology was performed to measure immunoreactive fibers using the Spaceballs probe in 

Stereoinvestigator software, with a 200 x 200 micron grid and a hemisphere with a 10-

micron radius.  

 



35 

 

In order to measure SERT expression in the hippocampus by densitometry, using Image J, 

sagittal brain sections were processed as described above, but a horseradish peroxidase 

conjugated donkey-anti goat secondary antibody (Jackson Immunoresearch 705-065-003) 

was used in place of the Alexafluor 488 conjugated secondary. DAB and final tissue 

processing was performed according to the TH immunostaining described above. 

 

Measurement of tissue neurotransmitter levels 

Mice were euthanized and the striatum was quickly dissected on an ice-cold glass dish, 

weighed, frozen on dry ice and stored at -80°C prior to analysis. Samples were combined 

with 50-fold (weight:volume) ice-cold 0.1 N perchloric acid containing 0.2 mM sodium 

metabisulfite.  The tissue was disrupted by brief sonication and centrifuged at 4°C for 20 

minutes at 15,000 x g to pellet proteins and cell debris.  200 µL of the supernatant was 

transferred to a clean tube, and 20 µL was injected onto an HPLC with a C18 column and 

eluted with isocratic MDTM mobile phase (ESA) at a rate of 0.6 mL/min. Monoamines were 

detected with a model 5014B electrochemical cell (ESA) set to a potential of +220 mV. Peak 

areas were normalized to tissue weight and compared to external standards for quantification. 

 

Antioxidant Levels 

Levels of antioxidants present in mouse brain were measured using a colorimetric assay 

provided by National Diagnostics. Brains were prepared by sonicating in artifical 

cerebrospinal fluid, on ice, spun at 10000 x g at 4°C. Supernatant was removed and allowed 



36 

 

to react with Fe2+ and a solution of xylenol orange overnight. Samples were normalized to a 

catalase (no H2O2) control. Absorbance was measured the following day. 

 

Western Analysis and Oxyblots 

Brains were dissected from 6-, 12-, and 18-month mice euthanized according to IACUC 

approved protocols by carbon dioxide asphyxiation and homogenized in 500 µL of Tris-

based buffer containing EDTA, SDS and 1x protease inhibitor (Roche). For western blot, 

samples were boiled in 2x or 4x Laemmli buffer for 10 minutes prior to running on an SDS-

PAGE (Biorad 5-10% or 12%). Following transfer to a nitrocellulose membrane, samples 

were tested for expression levels of antioxidant proteins. Antibodies used to detect proteins 

were: Gpx1 (Genetex, GTX116040S), SOD1 (Calbiochem, 574597), SOD2 (Upstate, 06-

984), and TH (Chemicon, AB152). Oxyblot samples were reacted with 2,4-

Dinitrophenylhydrazine (DNPH), which reacts with carbonyl groups, tagging them with 2,4-

Dinitrophenol (DNP), using the Millipore system (S7150), prior to being loaded on an SDS-

PAGE gel. Rabbit anti-DNP (Millipore, 90451) antibody was used to detect DNP-tagged 

protein. Otherwise, the methods used for the oxyblot were identical to the methods used in 

western blot analysis. 

 

Reverse Transcriptase Quantitative PCR 

Hippocampus and striatum were dissected from the brains of 12-month old mice euthanized 

according to IACUC approved protocols by carbon dioxide asphyxiation. Tissue was 

homogenized in 500 µL of Tri Reagent followed by shaking homogenate in 50 µL BCP and 
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extraction with isopropanol. Finally, samples were washed with 75% ethanol prior to use. 

cDNA was synthesized using Invitrogen Superscript (catalog #18080-051) oligoDT 

preparation. Quantitative analysis of reverse transcriptase PCR was performed on a 7500 

Real Time PCR System (Applied Biosystems) using SYBR green master mix (Biorad #172-

5120). Primers used were: TH (forward: 5'ttggctgaccgcacattt and reverse: 

5'gcccccagagatgcaagt), tryptophan hydroxylase (TpH) (forward: 5’gggctggtgaaagcacttaga 

and reverse: 5’tggattcgatatgaagcatgttg), SERT (forward: cccgcagagctctcagtctt and reverse: 

agctcttggttcttggttttgaa), DAT (forward: 5'ggagtgctcattgaagccatt and reverse: 

5'catctgcttgatgtcatcactga), cyclophilin (forward: 5`tggagagcaccaagacagaca and reverse: 

5`tgccggagtcgacaatgat). 

 

Statistics 

Data analysis was performed using SigmaPlot software. One-way ANOVA was used to 

analyze the differences between multiple genotypes. Where appropriate, repeated measures 

two-way ANOVA was used to account for multiple trials. p<0.05 was considered to be 

significant and Tukey’s post hoc analysis was used to further analyze differences between 

groups. Planned comparisons were performed using Student’s t-test. 

 

 

 



 

38 

CHAPTER FOUR 
 
 

RESULTS 

 
 

Mice deficient for combinations of genes that have been causally linked to PD were 

examined for signs of oxidative stress and damage, typical PD pathology, and behaviors 

related to PD. 

 

Results 

Double and Triple Mutant Mice Appear Normal 

All mutant phenotypes, Parkin-/-, DJ-1-/-, Gpx1-/-, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- 

appear grossly phenotypically normal compared to wild type mice. There are no obvious 

motor deficits and mice appear to function normally and do not appear to have health 

problems. The only phenotypic difference observed between genotypes is weight (Figure 4-

1) where mutant mice are generally smaller than wild type, beginning between ages 8-12 
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months (p < 0.0001, two-way ANOVA).                            

 

 

 

 No changes in hydrogen peroxide levels, levels of carbonyl-tagged proteins or brain 

antioxidant levels 

Hydrogen peroxide levels in the brains of mice deficient for Parkin, DJ-1 and Gpx1 were 

measured using a colorimetric assay for an expected increase in H2O2 levels in mice deficient 

for Gpx1 (Figure 4-2). Contrary to this hypothesis, there were no differences in H2O2 levels 

in any of the genotypes tested, compared to wild type (p=0.877, one way ANOVA). 

Figure 4-1. Wild type mice weigh significantly more than Parkin-/-, DJ-1-/- and Parkin-/-DJ-1-/- 
beginning at 12 months of age. Separate groups of mice were weighed at 3, 6, 9 and 12 months. 
All mice gain weight throughout their lifetimes, although the mutant mice appear to plateau 
about 12 months. No differences were observed between any mutant genotypes. Bars represent 
mean ± SEM weight in grams. (p < 0.0001, two way ANOVA). 
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Additionally, I examined the levels of carbonyl-tagged proteins by oxyblot, as a measure of 

oxidative damage to proteins in wild type, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice. 

Following immunoblotting against the DNP-tagged protein, exposure levels were quantified 

using ImageJ image analysis software (Figure 4-3). No differences were found between any 

of the genotypes tested (p ≥ 0.4, one way ANOVA).  

Figure 4-2. Hydrogen peroxide 
levels were unchanged in PD 
mutant mice compared to wild 
type. Hydrogen peroxide levels 
in whole brain samples of mice 
were measured by colorimetric 
assay from National Diagnostics 
and normalized to total protein 
levels and to a catalase no 
hydrogen peroxide control. Bars 
represent mean ± SEM arbitrary 
intensity units at 560 nm (p 
=0.15)  
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Finally, I measured the levels of major brain antioxidants Gpx1, SOD1 and SOD2 in the 

brains of wild type, Gpx1-/-, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice by immunoblot. 

Although the analysis determined that there was the expected loss of Gpx1 in the mice 

Figure 4-3. Levels of oxidized proteins were unchanged in PD mutant mice 
compared to wild type. Whole-brain samples from mice were reacted with DNPH in 
order to tag carbonyl groups with DNP; western blotting of DNP-tagged proteins (A) 
was performed at 6 (B), 12 (C) and 18 (D) months. All genotypes have similar signal 
intensities of DNP-tagged proteins. Bars represent mean ± SEM band intensity 
normalized to wild type (p ≥ 0.4) 
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deficient for this protein, no other changes in levels of antioxidant proteins was observed, as 

can be seen in the representative images of SOD1 and SOD2 (Figure 4-4). 

 

 

Mutant mice do not exhibit PD-related pathology 

Figure 4-4. Levels of antioxidant proteins were unchanged in PD mutant mice compared 
to wild type. Protein levels of glutathione peroxidase 1 (A), supderoxide dismutase 1 (B) 
and superoxide dismutase 2 (C) were measured by western blot at 6, 12 and 18 months of 
age. Representative blots from 18 month mice are shown here. No differences were 
observed between any of the genotypes at any age. 
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I examined the brain pathology of wild type, Gpx1-/-, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-

Gpx1-/- mice at 18 months, a time point at which the mice are considered aged and where I 

would expect to see the greatest pathological changes. I stained brain slices for GFAP, 

ubiquitin and alpha-synuclein expression. GFAP is a marker of reactive astrogliosis, and 

increased GFAP immunostaining is considered to be a marker of damage to the brain. 

Ubiquitin and alpha-synuclein have both been found to form inclusions in the brains of 

Parkinson’s disease patients. I examined the brains for signs of ubiquitin or synuclein 

inclusions, considered to be markers of parkinsonian pathology in these mouse models. 

However, compared to wild type, all other genotypes appeared phenotypically normal with 

no reactive astrocytes or ubiquitin or synuclein immunoreactive inclusions (Figure 4-5). 

 

Figure 4-5. Mutant mice have phenotypically normal brains. Coronal brain sections 
from wild type, Gpx1-/-, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- 18 month old mice 
were stained for GFAP (A), synuclein (B) or ubiquitin staining (C). No differences 
were observed between any genotypes.   
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Parkin-/-DJ-1-/-Gpx1-/- mice have normal numbers of nigral neurons 

Triple knockout mice bearing combined loss-of-function mutations in the PD-linked genes 

Parkin and DJ-1, as well as the antioxidant Gpx1 gene, were born at the expected Mendelian 

ratio and had no apparent differences in viability or longevity compared to wild-type mice. 

Because age-dependent loss of dopaminergic neurons in the SN is the primary pathological 

characteristic of PD and the cause of the motor symptoms observed in patients, I investigated 

whether Parkin-/-DJ-1-/-Gpx1-/- mice exhibit progressive loss of nigral neurons. Coronal brain 

sections were stained using an antibody specific for TH, a marker of dopamine-containing 

neurons, and rigorous stereological methods were used to estimate the number of 

dopaminergic neurons in the SN of mice at ages 6, 12 and 18 months. I observed statistically 

similar numbers of TH-immunoreactive neurons in each genotype at age 6 months (Figure 4-

6B), 12 months (Figure 4-6C) and 18 months (Figure 4-6D). These data indicate that the 

number of dopaminergic neurons is not significantly altered in Parkin-/-DJ-1-/-Gpx1-/- mice.  
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Increased striatal dopamine in Parkin-/-DJ-1-/-Gpx1-/- mice 

Figure 4-6. Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice have normal substantia 
nigra cell numbers. The number of dopaminergic tyrosine hydroxylase (TH)-positive 
neurons in the substantia nigra estimated by unbiased stereology. Nigral tyrosine 
hydroxylase staining, with substantia nigra indicated in blue. Separate cohorts of mice 
were analyzed at ages 6 (B), 12 (C) and 18 (D) months, n=4-6 mice per genotype at 
each age. Bars show the mean ± SEM estimated total number of TH-positive neurons.  
Means were not significantly different at any age. (p > 0.05) 
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Nigral dopaminergic neurons project to the dorsal striatum (caudate and putamen) and 

compensatory changes in dopamine levels and dopamine turnover at presynaptic terminals in 

the striatum have been hypothesized to occur during presymptomatic stages of PD 

(Bernheimer et al., 1973). I therefore investigated whether Parkin-/-DJ-1-/-Gpx1-/- mice have 

altered levels of striatal dopamine even with normal nigral neuron numbers. I used high 

performance liquid chromatography (HPLC) with electrochemical detection to measure the 

levels of dopamine and its metabolites 3,4-‐Dihydroxyphenylacetic	  acid	  (DOPAC), 

homovanillic acid (HVA) and 3-methoxytyramine (3-MT) in the striatum of mice at ages 6, 

12 and 18 months. Parkin-/-DJ-1-/- mice and mice with a single Gpx1 deficiency showed no 

change in striatal dopamine levels compared to wild type mice (Figure 4-7). Surprisingly, 

dopamine levels were significantly elevated in Parkin-/-DJ-1-/-Gpx1-/- mice at 18 months 

(p<0.05, one-way ANOVA). At earlier ages, striatal dopamine levels are not significantly 

different by ANOVA, however, t-test shows significant differences between wild-type and 

Parkin-/-DJ-1-/-Gpx1-/- mice at age 12 months (p= 0.0019) and 6 months (p=0.0475) (Figure 

4-7). These results suggest that Parkin-/-DJ-1-/-Gpx1-/- mice have compensatory changes in 

striatal dopamine levels. 

 I found no significant differences in dopamine turnover, calculated as the ratio of 

dopamine metabolites to dopamine (Figure 4-8).  
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Figure 4-7. Striatal dopamine is increased in Parkin-/-DJ-1-/-Gpx1-/- mice. Levels of 
striatal dopamine (DA) measured by HPLC with electrochemical detection. Separate 
cohorts of mice were analyzed at ages 6 (A), 12 (B) and 18 (C) months, n=6-11 mice 
per genotype at each age. Bars show the mean ± SEM of the level of dopamine 
measured from microdissected striatum. Asterisks indicate significant differences 
compared to wild-type mice at the same age (*p<0.05, t-test). Parkin-/-DJ-1-/-Gpx1-/- 
mice have increased DA levels compared to wild type (**p<0.01, one-way ANOVA, 
Tukey’s post-hoc) at age 18 months but not at 6 or 12 months. 
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Figure 4-8. Turnover rates of dopamine and serotonin were not altered in the striatum 
of Gpx1-/-, Parkin-/-DJ-1-/-, or Parkin-/-DJ-1-/-Gpx1-/- mice compared to wild type at 6 
(A), 12 (B) or 18 (C) months. Turnover of dopamine was calculated as the ration of 
DOPAC/DA (first column), HVA/DA (second column), 3-MT/DA (third column) and 
turnover of serotonin was calculated as HIAA/5-HT (fourth column). Bars represent ± 
SEM of the ratio of neurotransmitter and metabolite levels. (p > 0.05 by one way 
ANOVA)  
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Serotonin levels are altered in multiple brain regions of Parkin-/-DJ-1-/- mice 

In addition to showing an increase in striatal dopamine, our HPLC analysis revealed that 

serotonin levels are significantly increased in the 

striatum of Parkin-/-DJ-1-/- mice and Parkin-/-DJ-

1-/-Gpx1-/- mice at age 12 months (p<0.01, one-

way ANOVA) and in the striatum of Parkin-/-DJ-

1-/- mice at 18 months (p<0.05, one-way 

ANOVA) (Figure 4-9). No consistent differences 

were observed in serotonin turnover or in the 

levels of 5-hydroxyindoleacetic acid	  (5-HIAA), 

the primary metabolite of serotonin (Figure 4-8). 

 

 

I found no genotype-dependent differences in dopamine levels in other brain regions (data 

not shown). However, serotonin was significantly elevated in the hippocampus of Parkin-/-

DJ-1-/- mice compared to wild type (p<0.05, one-way ANOVA) (Figure 4-10).  

Figure 4-9. Striatal serotonin is increased in 
Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice. 
Levels of striatal serotonin (5-HT) measured by 
HPLC with electrochemical detection. Separate 
cohorts of mice were analyzed at ages 6 (A), 12 
(B) and 18 (C) months, n=6-11 mice per genotype 
at each age. Bars show the mean ± SEM of the 
level of serotonin measured from microdissected 
striatum. *p<0.05, one-way ANOVA compared to 
wildtype 
mice at the same age. 
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Hippocampal serotonergic fibers are unchanged in PD mutant mice 

One possible cause of the observed increase in hippocampal serotonin levels is an increase in 

serotonergic projections to the hippocampus. Therefore, I quantified serotonin-releasing 

fibers, defined as axons immunoreactive for the serotonin transporter (SERT) in the 

hippocampus, by stereological analysis. The estimated summed length of all serotonergic 

fibers in the hippocampus was calculated (Figure 4-11). Although there was a trend towards 

increased SERT-positive fibers in the hippocampus of DJ-1-/- mice and Parkin-/-DJ-1-/- mice 

compared to both wild type and Parkin-/- mice, this difference was not statistically significant 

(Figure 4-11B). Together, these data indicate the significant effects of Parkin and DJ-1 

deficiency on the regulation of non-catecholamine neurotransmitters in the brain. 

Figure 4-10. Serotonin levels are 
increased in the hippocampus and 
prefrontal cortex of 15- month 
Parkin-/-DJ-1-/- mice, compared to 
wild type mice at the same age. (A) 
Levels of hippocampal serotonin 
(5-HT) and (B) levels of cortical 5-
HT measured by HPLC with 
electrochemical detection. Bars 
show the mean ± SEM (n=10 per 
genotype). (*p<0.05, one-way 
ANOVA).  
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Figure 4-11. Increased serotonin levels may be due to increased production. (A) Sagittal 
brain sections were stained for SERT expression (green), with a DAPI counterstain 
(blue). (B) Length of serotonergic fibers in the hippocampus measured by unbiased 
stereology (n=4 mice per genotype). (C) Levels of TpH mRNA are unchanged in the 
hippocampus, although the Parkin-/-DJ-1-/- mice have a trend toward increased TpH. 
Bars show the mean ± SEM of total length of fibers and fold change, respectively. (p = 
0.1)  
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Levels of tryptophan hydroxylase mRNA are not increased in the hippocampus of PD mutant 

mice 

One other potential explanation for the increase in neurotransmitter levels is an increase in 

neurotransmitter production. Therefore, I examined the hippocampal mRNA levels of TpH, 

the enzyme involved in the rate-limiting step of serotonin production, by quantitative reverse 

transcriptase polymerase chain reaction (PCR) in wild type, Parkin-/-, DJ-1-/- and Parkin-/-DJ-

1-/- mice at 12 months, as a measure of enzyme levels and a proxy measure of how much 

serotonin is produced in the hippocampus. No differences were observed between the wild 

type and single knockout mice, and there were no statistical differences between any of the 

genotypes by one-way ANOVA (p = 0.2). Nevertheless, compared to wild type, Parkin-/-DJ-

1-/- mice have a trend toward a 3-fold increase in TpH levels (Figure 4-11C). However, this 

increase is not significant (p = 0.1, by Student’s t-test). These data indicate that increased 

TpH does not account for the increase in serotonin levels. Nevertheless, the trend toward an 

increase in TpH suggests that increased production of serotonin may partially account for the 

observed increase of this neurotransmitter in the hippocampus. 

 

Densitometry analysis of TH and SERT expression 

In addition to the studies mentioned above, I also examined the expression levels of TH and 

SERT by densitometry analysis with Image J following immunohistochemical staining of 

tissue sections taken from mice. TH staining was examined in wild type, Gpx1-/-, Parkin-/-DJ-

1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice at 6, 12 and 18 months of age (Figure 4-12A, C). No 

differences were found in striatal TH expression between the genotypes at any age, or 
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between genotypes when all ages were combined (p ≥ 0.3, one-way ANOVA). SERT 

staining was performed on wild type, Parkin-/-, DJ-1-/- and Parkin-/-DJ-1-/- mice at 12 months 

(Figure 4-12B, D). No differences were found between hippocampal SERT expression in any 

of the genotypes (p = 0.9, one-way ANOVA). 
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Behavior 

Because Parkinson’s disease causes deficits in motor function, I investigated whether mice 

with combined PD-linked mutations have altered performance in established behavioral tests 

Figure 4-12. No differences in TH or SERT densitometry. Brain sections were 
stained for either TH (A) or SERT (B) expression. Densitometry measures were 
made using Image J. No differences were observed in the intensity of the staining 
for either TH (C) or SERT (D). Bars show the mean ± SEM of arbitrary units as 
measured by Image J. (p ≥ 0.3) 
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of motor function. Furthermore, because age is the greatest risk factor for PD, separate 

cohorts of mice were tested at ages 6, 12, and 18 months to assess whether motor abilities 

changed with age. 

 

Locomotor behavior of PD mutant mice was unchanged compared to wild type 

Spontaneous locomotor behavior was measured by placing mice individually in automated 

activity monitors and tabulating the number of infrared beam breaks due to locomotor 

activity over the course of two hours. As expected, locomotor activity decreases during the 

two-hour test as the animals acclimate to a new environment (Figure 4-13). At all three ages 

tested, the activity of mutant mice was indistinguishable from wild type mice (p = 0.2, two 

way ANOVA). 
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Figure 4-13. Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice have normal locomotor activity. 
Spontaneous locomotor activity was measured for separate cohorts of mice at age 6 (A), 12 (B) and 
18 months (C), n=6-8 mice per genotype, 8-11 mice per genotype and 9-11 mice per genotype, 
respectively. For all ages, the mice acclimated to the novel environment, but there are no 
significant differences between genotypes (one-way ANOVA). Symbols represent the mean ± 
SEM number of infrared beam breaks in each 5-minute period of the 2-hour test. 
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Parkinson’s Disease mutant mice do not exhibit gait abnormalities 

I examined gait differences in wild type, Parkin-/-DJ-1-/-, Gpx1-/-, and Parkin-/-DJ-1-/-Gpx1-/- 

mice at 12 and 18 months. MPTP-treated mice have been reported to have decreased stride 

length compared to untreated mice (Amende et al., 2005) and decreased paw angle (the angle 

of the hind foot to the body) has been reported in mouse models of arthritis (Vincelette et al., 

2007). Here, stride length and paw angle were compared between genotypes at ages 12 and 

18 months (Figure 4-14). Although both stride length and paw angle were decreased at 18 

months compared to 12 months, possibly an indication of motor deficits due to age, I found 

no differences in either measure of gait dynamics between genotypes at either age (p≥0.1). 

Anecdotally, I observed that mutant mice were more willing to perform the task than wild 

type mice as I found it easier to collect the minimum video length of five steps for analysis in 

the triple mutant mice. It should be noted, however, that analysis was performed prior to 

being trained by a MouseSpecifics employee, and later training indicated that our methods 

had room for optimization. However, due to observations of the mice and results of other 

behavioral tests, I find it unlikely that making changes to optimize the experimental 

conditions would greatly change the outcome of this particular experiment. 



56 

 

S
tri

de
 L

en
gt

h 
(c

m
)

0

2

4

6

8

(n=12) (n=11) (n=11)

M
ou

se
 P

aw
 A

ng
le

 (d
eg

re
es

)

0

5

10

15

20

25

(n=12) (n=11) (n=11)

S
tri

de
 L

en
gt

h 
(c

m
)

0

2

4

6

(n=10) (n=9) (n=9) (n=11)
M

ou
se

 P
aw

 A
ng

le
 (d

eg
re

es
)

0

2

4

6

8

10

(n=10) (n=9) (n=9) (n=11)

Wild Type

A B

C D

Gpx1-/-

Parkin-/-DJ-1-/-

Parkin-/-DJ-1-/-Gpx1-/-

 

 

 

 

 

Figure 4-14. Comparison of stride length at 12 (A) and 18 (B) months, and paw angle at 
12 (C) and 18 (D) months between genotypes by Digigait analysis showed no differences 
in the gait between genotypes. Bars represent mean ± SEM stride length (cm) and paw 
angle (degrees), respectively. (p≥0.2, p≥0.1, respectively by one way ANOVA) 
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Improved rotarod performance of Parkin-/-DJ-1-/- mice compared to wild type 

In addition to the locomotor test, I analyzed the behavior of mice on the rotarod test, which 

measures the ability of mice to stay on top of a rotating horizontal rod as the speed of rotation 

accelerates from 5 to 45 RPM over 5 minutes. The rotarod test has been used for many years 

to detect rodent neurological deficits affecting motor coordination and balance (Dunham and 

Miya, 1957). Separate cohorts of mice were tested at ages 6, 12 and 18 months and the 

latency to fall off the rotarod was analyzed by two-way repeated measures ANOVA with trial 

as the repeated measure. All genotypes showed increasing latency over the 8 trials, as they 

learned to perform the task. Contrary to our expectations, Parkin-/-DJ-1-/- mice and Parkin-/-

DJ-1-/-Gpx1-/- mice were able to stay on the rotarod significantly longer than wild-type mice. 

At age 6 months, there was a trend towards increased latency to fall in Parkin-/-DJ-1-/- and 

Parkin-/-DJ-1-/-Gpx1-/- mice but this difference was not statistically significant (Figure 4-

15A). However, at ages 12 and 18 months, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice 

showed increased latency to fall compared to wild type mice in trials 6, 7 and 8 (p<0.05 at 12 

months and p<0.001 at 18 months, two-way repeated measures ANOVA) (Figure 4-15B, C). 

There was no significant difference between wild-type and Gpx1-/- mice at any age nor was 

there an additive effect of Gpx1-/- to Parkin-/-DJ-1-/-. 
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 The surprising improvement in rotarod performance of Parkin-/-DJ-1-/- mice and 

Parkin-/-DJ-1-/-Gpx1-/- prompted me to re-examine the rotarod performance of Parkin-/- mice 

and DJ-1-/- mice, especially because they had been backcrossed from a hybrid to a pure 

C57BL/6 genetic background since our previous studies (Goldberg et al., 2003, Goldberg et 

al., 2005). I compared the rotarod performance of wild-type, Parkin-/-, DJ-1-/- and Parkin-/-

DJ-1-/- mice in young (6 month) and aged (13 and 16 month) cohorts. At ages 6, 13 and 18 

months, Parkin-/-DJ-1-/- mice perform significantly better than wild type mice (p ≤ 0.001, 

two-way repeated measures ANOVA). Therefore, the improvement observed in Parkin-/-DJ-

1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice may be due to a synergistic effect of DJ-1 and Parkin 

deficiencies and further rotarod testing considered Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- 

mice to be equivalent (Figure 4-15). However, the exact reasons why the double mutant mice 

remain on the rotarod longer than wild type mice remain to be identified. 

Figure 4-15. Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice have improved rotarod 
performance compared to wild type. The latency to fall off an accelerating rotating rod 
was measured for separate cohorts of mice at age 6 (A), 12 (B) and 18 months (C), n=6-8 
mice per genotype, 10-11 mice per genotype and 9-11 mice per genotype, respectively. 
Symbols represent the mean ± SEM time (seconds) before falling off the rod for each of 8 
trials. While all genotypes learned the task over multiple trials, Parkin-/-DJ-1-/- and Parkin-

/-DJ-1-/-Gpx1-/- mice showed a significant increase in the latency to fall compared to wild 
type at ages 12 and 18 months (**p<0.01, two-way ANOVA, Tukey’s post-hoc for both 
Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/-), with genotype and trial as factors. 
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 No statistically significant differences were observed in anxiety levels as measured by 

open field, dark light box elevated plus maze, indicating that altered anxiety cannot explain 

the rotarod behavior differences (Figures 4-17, 4-18, 4-19). These data suggest that Parkin-/-

DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- mice show age-dependent improvement in rotarod 

performance compared to Gpx1-/- and wild type mice. 
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Figure 4-16. Parkin-/-DJ-1-/- mice have improved rotarod performance. The latency to 
fall off an accelerating rotating rod was measured for separate cohorts of mice at age 6 
(A), 16 (B) and 13 months (C), n=9-13 mice per genotype. Symbols represent the mean 
± SEM time (seconds) before falling off the rod for each of 8 trials. While all genotypes 
learned the task over multiple trials, Parkin-/-DJ-1-/- mice showed a significant increase 
in the latency to fall compared to wild type at ages 16 and 13 months (**p<0.01, two-
way ANOVA, Tukey’s post-hoc, with genotype and trial as factors). 
 

Figure 4-17. Anxiety, as measured by time spent in the open arms of an elevated plus 
maze, was not different between PD mutant and wild type mice at ages 12 (A) and 18 
(B) months. Bars represent mean ± SEM seconds in open arms. (p≥0.2, one-way 
ANOVA). 
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To investigate whether the increased rotarod latencies in Parkin-/-DJ-1-/- were due to 

improved motor skills or non-motor aspects of this test, I measured the latencies of fully 

trained 8-month-old wild-type and mutant mice to fall off the rotarod at fixed speeds of 5, 10, 

Figure 4-18. Anxiety, as measured by time spent in the center of an open field test, was 
not different between genotypes at ages 6 (A), 12 (B) and 18 (C) months. Bars 
represent mean ± SEM seconds spent in the center. (p≥0.0.08, one-way ANOVA). 
 

Figure 4-19. Anxiety, as measured by time to enter the bright side of a dark/light 
box, was not different between genotypes at ages 12 (A) and 18 (B) months. Bars 
represent mean ± SEM seconds to enter bright side. (p≥0.19, one-way ANOVA). 
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15 and 20 RPM for 5 min (Figure 4-20). Wild-type mice fell off the rotarod significantly 

faster than Parkin-/-, DJ-1-/- and Parkin-/-DJ-1-/- mice at all speeds tested, including low 

speeds, such as 5 and 10 RPM, that did not challenge the motor abilities of the mice.  
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Figure 4-20. Improved motor and non-motor skills in Parkin-/-, DJ-1-/- and Parkin-/-DJ-1-/- mice 
compared to wild type. A cohort of mice at age 8 months was fully trained to perform the 
rotarod test and then tested at fixed rotarod speeds of 5 (A), 10 (B), 15 (C) and 20 rotations per 
minute (RPM) (D). Bars represent the mean ± SEM latency to fall off the rotating rod. The 
single and double knock-out mice showed increased latency to fall compared to wild type 
(*p<0.0001, one-way ANOVA, Tukey’s post-hoc). Parkin-/-DJ-1-/- mice also showed increased 
latency to fall compared to DJ-1-/- at the lowest speed (A). 
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I also analyzed video recordings of mice during the fixed-speed rotarod test. It was apparent 

that all mice could easily perform the task at slow speeds and that the mice that fell off did so 

upon turning around or exploring the left or right sides of the rod rather than facing forward. 

An investigator blind to genotype analyzed the videos with a stopwatch and measured the 

time each mouse was not facing forward, which was considered “distracted” from the task, 

during the first 30 seconds of the fixed-speed rotarod test. At 10, 15 and 20 RPM, Parkin-/-

DJ-1-/- mice spent significantly less time “distracted” on the rotarod compared to wild type 

mice (p<0.05-0.001, one-way ANOVA) (Figure 4-21). At 5 RPM, the same trend was 

observed, likely accounting for the longer latencies to fall compared to wild-type mice. 

10 rpm

0

20

40

60

Pe
rc

en
t T

im
e 

di
st

ra
ct

ed

*
*

(n = 19) (n = 26)(n = 20) (n = 18)

15 rpm

0

20

40

60 **

(n = 16) (n = 22) (n = 19) (n = 15)

Pe
rc

en
t T

im
e 

di
st

ra
ct

ed

20 rpm

0

20

40

60

80 ***
*

(n = 15) (n = 19) (n = 13) (n = 15)

Pe
rc

en
t T

im
e 

di
st

ra
ct

ed

A B C
Wild Type
Parkin-/-

DJ-1-/-

Parkin-/-DJ-1-/-

 

 

Figure 4-21. Parkin-/-, DJ-1-/- and Parkin-/-DJ-1-/- mice display less “distraction” behavior 
compared to wild type mice. A cohort of mice at age 8 months was fully trained to 
perform the rotarod test and was videotaped during testing at fixed speeds of 10, 15 and 
20 RPM. Video of the fixed-speed rotarod behavior was analyzed to measure the percent 
of time each mouse was not facing straight forward on the rotarod apparatus as a surrogate 
measure of “distraction” (A-D). Bars show mean ± SEM percent time on the rotarod not 
facing forward Parkin-/-DJ-1-/- mice spent more time facing forward at 5 (A), 10 (B), 15 
(C) and 20 rotations per minute (RPM) compared to wild type (*p<0.05, **p<0.01, and 
***p<0.001, one-way ANOVA, Tukey’s post-hoc). 
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 This decreased distraction may be a form of increased attention. Therefore, I 

examined whether the differences in rotarod behavior are due to changes in attention. To 

accomplish this I administered drugs used to treat attention deficit disorder (ADD), namely 

methylphenidate (MPH), yohimbine and guanfacine. MPH effectively increases dopamine 

signaling within the brain. Both yohimbine and guanfacine act on the adrenergic system, 

yohimbine as an α2A-adrenergic receptor antagonist, and guanfacine as an agonist. 

Administration of MPH and yohimbine had no effect on the differences between the two 

genotypes (p < 0.01, two-way ANOVA) (Figure 4-22A, C).  Similarly, administration of 

guanfacine had little effect on the rotarod performance in either wild type or Parkin-/-DJ-1-/- 

mice (p < 0.01, two-way ANOVA), although by the fourth trial of the day, neither group was 

able to stay on the rotarod for longer than an average latency to fall of 35 seconds, most 

likely due to the sedative effects of this drug (Figure 4-22B). Taken together, these results 

indicate that administration of drugs used to treat ADD and improve attention do not affect 

the differences observed in rotarod performance in the double mutant mice compared to wild 

type, thus suggesting that rotarod differences are not due to changes in attention controlled 

by either the dopaminergic or adrenergic neurotransmitter systems. Instead, the improvement 

on the rotarod task may be due to other changes not related to dopaminergic or adrenergic 

neurotransmitter systems or attention. 
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 The results from the rotarod experiments were also examined for changes in learning 

the rotarod task over time. Learning was calculated as the change in latency to fall over time. 

Therefore, early rotarod perfomance was compared to later rotarod performance by 

subtracting the average latency to fall in the first two trials from average latency to fall in the 

last two trials.  This comparison shows that the double mutant mice have a greater difference 

in latency to fall between the first and last two trials, indicating that double mutant mice 

exhibit greater learning over the course of eight trials (Figure 4-23) (p ≤ 0.03, Student’s t-

test). 

Figure 4-22. Administering attention deficit disorder medication to wild type and 
Parkin-/-DJ-1-/- mice does not affect rotarod performance. A cohort of mice at age 8 
months was fully trained to perform the rotarod test and then tested after 
administration of drugs used to treat ADD. Bars represent the mean ± SEM latency to 
fall off the rotating rod. The double knock-out mice showed increased latency to fall 
compared to wild type (*p<0.0001, two-way ANOVA, with genotype and age as 
factors). 
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Mutant mice had comparable anxiety to wild type mice 

Another possible explanation for the improved rotarod performance may be an increase in 

anxiety in the mutant mice, which may cause affected animals to work harder to remain on 

the rotarod. Therefore, mice were tested for an anxiety phenotype in a variety of paradigms, 

including open field, elevated plus maze and the dark/light test at two different ages: 12 and 

18 months old. Mice aged 6 months old were also tested in the open field. However, no 

genotypes exhibited a consistent anxiety phenotype compared to wild type mice. Wild type 

mice spent significantly more time in the center at 12 months in the open field test, by one-

way ANOVA (p=0.0012), but no significant differences were observed between any 

genotypes at either 6 or 18 months of age (p > 0.2) (Figure 4-18). In the elevated plus maze, 

no differences were found between any of the genotypes at any age, by one-way ANOVA (p 

Figure 4-23. Improved motor learning in Parkin-/-DJ-1-/- mice. Latency to fall (in 
seconds) from the rotarod in the first trial was subtracted from latency to fall in the last 
trial at 6, 12 and 18 months. Bars represent the mean ± SEM latency to fall off the 
rotating rod. The double knock-out mice showed increased latency to fall compared to 
wild type (*p<0.0001, two-way ANOVA, with genotype and age as factors). 
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> 0.1). Although the Parkin-/-DJ-1-/- mice do show a trend toward decreased time in the open 

arm, this difference was not found to be significant (Figure 4-17). Finally, no significant 

differences were found between any of the genotypes in the dark/light test by one-way 

ANOVA (p ≥ 0.1), although the Parkin-/-DJ-1-/-Gpx1-/- mice exhibit a trend toward decreased 

time in the bright side and decreased time to enter the bright side (Figure 4-19). Overall, all 

mice were considered to have similar anxiety levels to those in wild type mice due to a lack 

of a consistent anxiety phenotype. 

 

Increased acoustic startle response in PD mutant mice compared to wild type 

In order to test for alterations in responses to stimuli, such as a loud noise, the level of startle 

in mice in response to tones set to varying loudness was measured. All mice exhibit increased 

startle in response to increasingly loud stimuli. However, compared to wild type mice, the 

Parkin-/-DJ-1-/-Gpx1-/- mice exhibit decreased startle response at 12 months of age (p=0.01, 

two way ANOVA) while the Parkin-/-DJ-1-/- mice show decreased startle response at both 6 

and 12 months of age (p=0.01, two way ANOVA). No differences were observed in the 18 

month old mice, although this observation may be due to an overall decrease in response, 

even in the wild type mice (Figure 4-24). 
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Normal olfactory function in PD mutant mice 

In order to rule out potential sensory deficits as a cause of altered rotarod behavior, I tested 

mice for olfactory function because one common preclinical symptom of PD is anosmia 

(Doty et al., 1988, Doty et al., 1992, Pellicano et al., 2007). I hypothesized that decreased 

olfactory function may cause Parkin-/-DJ-1-/- mice to explore less and consequently show 

longer latencies to fall off of the rotarod. However, I found no evidence of impaired olfactory 

function in mutant mice (Figure 4-25). These data suggest that the improved rotarod 

performance of Parkin-/-DJ-1-/- mice is not attributable to a lack of olfactory distractions. 

 

Figure 4-24. Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- show decreased startle response 
compared to wild type. Overall, mice exhibit increased startle in response to increasing 
intensity of the auditory stimulus (p<0.0001, two way ANOVA with simulus intensity 
and genotype as factors). Parkin-/-DJ-1-/- Gpx1-/- show a decreased startle response at 
110 and 120 dB at 6 months of age (A) and at 12 months of age (B). Parkin-/-DJ-1-/- 
also exhibit increased startle response at 12 months at decibels of 110 and 120 (B). No 
differences were observed between genotypes at 18 months (C). Bars represent the 
mean ± SEM of the force of the startle response. (*p=0.039, *p=0.013, p=0.59, 
respectively, by two-way ANOVA with stimulus intensity and genotype as factors) 
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The mice in these studies generally appear normal and healthy, with no PD-related deficits in 

behavior. However, double and triple mutant mice exhibit unexpected improvement on the 

rotarod test while double mutant mice have increased striatal serotonin and triple mutant 

mice have increased striatal dopamine. The mice do not have changes in locomotor tests or in 

the number of neurotransmitter-producing neurons, suggesting that behavior changes are 

independent of motor ability and that increases in neurotransmitters occurs on a sub-cellular 

level. 

Figure 4-25. Parkinson’s disease mutant mice have intact olfactory function. Mice were 
tested for the amount of time spent investigating novel odors of vanilla and urine from 
unfamiliar mice. Although both groups of mice showed increased time examining the 
vanilla and urine, compared to water (p=0.0099) Parkin-/-DJ-1-/- and wild type mice 
showed comparable olfactory function (p=0.757 two-way ANOVA, with genotype and 
scent as factors). Bars represent mean ± SEM time spent investigating the odor during 
the 3-minute trial.  
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CHAPTER FIVE 
 
 

DISCUSSION 

 
 

Although mice deficient for multiple genes related to Parkinson’s disease do not exhibit 

classical symptoms of PD, the unexpected behavioral and neurochemical changes indicate 

these PD-related genes have important functions beyond the dopaminergic nigrostriatal 

circuit. 

 

Discussion 

Absence of parkinsonian behavioral phenotypes 

In characterizing parkinsonian phenotypes in mice with mutations linked to PD, I analyzed 

H2O2 levels, a major source of reactive oxygen species, and antioxidant protein levels, 

specifically glutathione peroxidase 1 and superoxide dismutases 1 and 2. I found no changes 

in these antioxidant systems in brains of mice deficient for genes linked to Parkinson’s 

disease. Furthermore, there were no changes in oxidative damage as measured by oxyblot. 

This is in contrast to the expected increase in reactive oxygen species and oxidative damage. 

The lack of responsiveness in mice to loss of antioxidant genes indicates that mice may either 

have different mechanisms for handling the loss of antioxidant genes or that PD linked genes 

do not have the same role or effect on the brains of mice that they have in the brains of 
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humans, although I cannot rule out that other antioxidant mechanisms, not examined here, 

compensate for the loss of these genes in mice. 

 

Absence of classical PD symptoms in PD mutant mice 

These mice were also tested for classical symptoms of PD, including nigral cell loss. There 

are no reported postmortem examinations of cases of PD linked to DJ-1 mutations, but 

autopsies of Parkin-linked PD consistently show profound loss of nigral dopaminergic 

neurons. Evidently, deletion of both Parkin and DJ-1 in mice is not sufficient to induce 

nigral cell loss because I did not observe significant differences in the number of nigral 

dopaminergic neurons measured by unbiased stereology. Gpx1 deficiency has previously 

been shown to increase vulnerability to MPTP-induced nigral cell loss (Klivenyi et al., 2000, 

Zhang et al., 2000); therefore I expected Parkin−/−DJ-1−/−Gpx1−/− mice to have an age-

dependent decrease in nigral dopaminergic neurons, resulting in depletion of striatal 

dopamine. Instead, I observed a significant increase in the levels of striatal dopamine in 

Parkin−/−DJ-1−/−Gpx1−/− mice, but not in Gpx1−/− or Parkin−/−DJ-1−/− mice. 

 

Species differences may explain lack of parkinsonian phenotypes in mice 

It has been well documented that certain cellular mechanisms in mice are different from 

equivalent mechanisms in humans. For example, glutathione peroxidase levels decrease with 

age in the brains of humans (Venkateshappa et al., 2012), but not in the brains of mice (Benzi 

et al., 1989). There are other examples of differences between mice and humans, including a 

decrease in alpha synuclein levels with age in mice, in contrast to reports that alpha synuclein 
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is increased in the brains of humans and primates with age (Mak et al., 2009). Therefore, it is 

possible that additional differences between mice and humans in response to PD linked 

mutations could explain the lack of a parkinsonian phenotype in the mice examined here. 

These differences could be informative for developing PD treatments because mice do not 

exhibit parkinsonian symptoms over time. Unfortunately, at this point little is known about 

what exactly causes mice to be resistant to PD-related neurodegeneration. 

 

These data are in agreement with results from many other studies indicating that genetic 

manipulation in mice does not result in PD symptoms. Multiple studies have determined that 

loss of either Parkin or DJ-1 in mice does not result in a classical PD phenotype (Goldberg et 

al., 2003, Fleming et al., 2005, Perez and Palmiter, 2005, Hattori and Sato, 2007, Chandran et 

al., 2008, Kitada et al., 2009, Dawson et al., 2010), although dysfunctional mitochondria 

have been reported and may be an early indication of parkinsonian symptoms. This leads to 

the question of why additional symptoms are not seen in mice, especially at the oldest ages. 

Possibly the lack of additional symptoms is due to the limited lifespan in mice because mice 

typically do not live longer than 24 months. I find this explanation to be unlikely, however, 

because recent genetic models of rats exhibit parkinsonian symptoms including loss of nigral 

neurons within a two-year life span (data not published). Additionally, at least one study 

(Kitada et al., 2009) in which triple mutant mice for Parkin, DJ-1 and PINK1 are found to 

have increased striatal dopamine in the absence of another phenotype has determined that 

combined mutations for PD do not result in parkinsonian phenotypes. PINK1 acts in the same 

pathway as Parkin and is believed to recruit Parkin to impaired mitochondria (Narendra et 
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al., 2008). Possibly, the loss of PINK1 in addition to Parkin and DJ-1 increases 

mitochondrial free radical production in aged mice, thus acting as a stressor in a similar 

manner to loss of Gpx1 and resulting in a similar phenotype. Together with my data, this 

indicates that Parkin and DJ-1 are involved in regulating neurotransmitters.  

 

Increased neurotransmitter levels in PD mutant mice 

The increased dopamine in triple mutant mice and the increased serotonin in double mutant 

mice is very surprising. Each of these findings has been replicated at different ages and has 

been found to be highly reproducible in multiple cohorts of mice. One possible explanation 

for these findings may be a compensatory response in to loss of dopaminergic terminals in 

the striatum prior to nigral neuron loss similar to the retrograde neurodegeneration thought to 

occur in PD patients (Bernheimer et al., 1973) and observed in mouse and rat models 

following intrastriatal 6-hydroxydopamine injections, rotenone treatment or loss of 

mitofusin2 (Lee et al., 1996, Cannon et al., 2009, Pham et al., 2012). Alternatively, all three 

genes may interact to affect dopamine production, trafficking, release, degradation, or pre-

synaptic or post-synaptic signaling, resulting in a net increase in steady-state dopamine 

levels. In support of this, both Parkin and DJ-1 have been found to be located in the 

membranes of synaptic vesicles (Kubo et al., 2001, Usami et al., 2011) and mice with 

reduced vesicular monoamine storage have been shown to exhibit nonmotor symptoms of 

PD, which may be related to early deficiencies in PD (Taylor et al., 2009, Vernon, 2009). 

Furthermore, altered dopamine release, reuptake and synaptic plasticity within the striatum 

have been observed in Parkin−/− mice and DJ-1−/− mice (Jiang et al., 2004, Goldberg et al., 
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2005, Kitada et al., 2009, Jiang et al., 2012). Elevated striatal dopamine levels may 

compensate for early stage defects in dopaminergic signaling and it is possible that without 

this compensation there would be detectable locomotor behavioral deficits in Parkin−/−DJ-

1−/−Gpx1−/− mice. Alternatively, the increased striatal dopamine may cause behavioral 

phenotypes that are not detected by our tests of locomotor function. 

 

In addition to a surprising increase in dopamine levels, I also found a surprising increase in 

serotonin levels in both the striatum and the hippocampus of Parkin-/-DJ-1-/- mice, indicating 

that loss of two genes was sufficient to observe increases in serotonin whereas the additional 

loss of Gpx1 was required to observe changes in dopamine levels. The increase in serotonin 

was also observed in multiple brain regions, suggesting that the effects of Parkin and DJ-1 

deficiency are widespread. This is in contrast to the decrease in serotonin and serotonin 

transporter (SERT) seen at the end stage in PD patients (Scatton et al., 1983, Politis et al., 

2010a, Politis et al., 2010b, Roselli et al., 2010). Interestingly, however, transgenic mice 

expressing mutated human alpha-synuclein linked to PD have increased SERT by western 

blot, suggesting increased serotonin levels (Graham and Sidhu, 2010, Yamakado et al., 

2012), while MPTP-treated primates have serotonergic hyperinnervation following dopamine 

loss (Zeng et al., 2010); these finding are in agreement with the increase in serotonin that I 

describe here. Therefore, increased serotonin is likely due to changes in the brain influenced 

by genetic alterations linked to PD. In fact, decreased dopaminergic innervation may result in 

an initial compensatory increase in serotonergic innervation (Kish et al., 2008). Because both 

dopamine and serotonin are monoamine neurotransmitters and share metabolic processes, 
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and because transporters may be capable of taking up either molecule, it has been previously 

suggested that increased serotonin compensates for loss of dopamine (Norrholm et al., 2007, 

Boulet et al., 2008, Bedard et al., 2011, Morelli et al., 2011). Overall, these changes in both 

neurotransmitter levels indicate compensatory responses in the brain and a misregulation of 

the neurotransmitter system, possibly prior to disease onset caused by deficits of Parkin and 

DJ-1 genes. Additionally, due to similarities between dopamine and serotonin, the increase in 

serotonin may be a compensatory response to dopaminergic degeneration not visible by 

measuring the numbers of dopamine-producing neurons. 

 

Increases in neurotransmitter levels can result from increased neurotransmitter-releasing 

fibers. I hypothesized that the significant increase in hippocampal serotonin levels in 

Parkin−/−DJ-1−/− mice is due to an increase in hippocampal serotonergic fibers. Although I 

observed a trend towards increased hippocampal SERT-positive fibers in DJ-1−/− and 

Parkin−/−DJ-1−/− mice, they are not significantly different from wild-type and Parkin−/− 

mice. It is possible that older mice would show a greater difference in SERT-positive fiber 

staining. However, I believe this to be unlikely because significant differences in 

neurotransmitter levels are observed as early as 6 months by t-test. 

 

Alternatively, an increase in tryptophan hydroxylase (TpH), which is the enzyme in the rate-

limiting step of serotonin production, may cause an increase in serotonin levels. Therefore, I 

measured hippocampal TpH expression levels by quantitative PCR (QPCR) after reverse 

transcription of total RNA. However, no differences were found between TpH levels in 
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Parkin-/-DJ-1-/- mice compared to single mutant Parkin-/- and DJ-1-/- mice, or compared to 

wild type mice. This indicates that increases in serotonin are not due to increases in TpH 

expression. However, increases in activity levels of TpH, which were not measured, could be 

responsible for increased neurotransmitter levels.   

 

Mice lack behavioral parkinsonian phenotypes 

Motor skills 

Rotarod performance is routinely used to assess motor function in rodent models of 

neurodegenerative disease. Our data indicate that mice deficient for Parkin and DJ-1 do not 

have motor impairment but instead show improved performance on the rotarod task 

compared to controls. Since the improvement in rotarod performance occurs in double 

mutant mice, but increased dopamine only occurs in the triple mutant mice, it is unlikely that 

changes in dopamine levels can explain the improved rotarod behavior. Moreover, it has 

been previously noted that a loss of dopamine does not necessarily result in decreased rotarod 

performance (Zurkovsky et al., 2013), suggesting that rotarod behavior is affected by other 

factors. Therefore, I examined other possible explanations for the observed differences in 

rotarod behavior. I determined that the increase in rotarod performance is not explained by an 

overall increase in activity because spontaneous locomotor behavior was unchanged in 

Parkin-/-DJ-1-/- mice compared to controls. Previous studies have shown that other factors 

can contribute to rotarod performance, such as body weight or sensory abilities (McFadyen et 

al., 2003). However, Parkin-/-DJ-1-/- mice do not exhibit changes in olfactory function, a 

common non-motor symptom of PD. Differences in weight are unlikely to account for the 
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differences in rotarod behavior because wild type mice are, on average, larger than all other 

genotypes but perform no differently from Parkin-/-, DJ-1-/- and Gpx1-/- mice despite the 

difference in weight. Improved rotarod performance could also be indicative of cognitive 

changes in mice lacking both the Parkin and DJ-1 genes. For instance, rotarod performance 

can be affected by learning ability, and the double and triple mutant mice in this study have a 

greater difference between performance on the last trial compared to the performance on the 

first trial (total time last trial – total time first trial) than do either wild type mice or Gpx1 

single mutant mice. This indicates either that the double and triple mutant mice learn faster 

than the wild type and single mutants, resulting in a greater improvement in performance, or 

that double and triple mutant mice continue to learn the task over the eight trials whereas 

wild type and single mutants stop learning after the first few trials. Alternatively, the wild 

type and single mutants may learn to fall more quickly and end the trial sooner.  

 

Related to this difference in learning, I noticed anecdotally that double and triple mutant 

mice seemed to be more attentive to their tasks. This observation was also evident in the 

digigait trials because data collection for the double and triple mutant mice was significantly 

easier due to their lack of exploratory behavior while on the treadmill. It should be noted that 

this behavior was only observed during times of forced locomotion (digigait and rotarod) but 

not during times of voluntary locomotion (locomotor and anxiety tests). Therefore, I tested 

the mice on a fixed speed rotarod test to rule out the possibility that the task was too difficult 

for the wild type and mice. The results of these experiments showed that, even at speeds as 

low as 5 RPM, wild type mice fell off the rotarod sooner than Parkin-/-DJ-1-/- mice, 
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suggesting that motor ability does not fully account for the deficiencies in rotarod 

performance. This prompted me to measure distraction behavior during rotarod testing, 

which were found to be increased in the Parkin-/-DJ-1-/- mice compared to wild type.  

 

To further test the possibility that attentiveness can affect the outcome of the rotarod test, I 

administered medications commonly used for the treatment of attention deficit disorder 

(ADD), guanfacine, yohimbine and methylphenidate (MPH), to both wild type and Parkin-/-

DJ-1-/- mice prior to testing them on a fixed speed rotarod. Yohimbine has depressant effects, 

and was found to effectively put the mice to sleep, even at very low doses, and therefore I did 

not use it for further experimentation. Guanfacine and methylphenidate had limited effects on 

either the wild type or Parkin-/-DJ-1-/- mice, even at high doses of MPH, suggesting that the 

mechanisms by which these drugs increase attentiveness, namely by potentiating 

dopaminergic signaling in the case of MPH, acting as a norepinephrine agonist in the case of 

yohimbine, or activating alpha-2 adrenergic (α2A) signaling by guanfacine, do not cause the 

improved rotarod behavior in these mice. 

 

Startle Response 

In addition to alterations in rotarod performance, Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-Gpx1-/- 

mice have decreased startle response. Although similar mutants, SOD2+/- and Parkin-/-DJ-1-/-

SOD2+/- mice, also have decreased startle response due to hearing loss (McFadden et al., 

1999, Hennis et al., Submitted), it is unlikely that this could explain the decreased response 

in the double mutant mice discussed here because these mice have not been reported to 
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exhibit hearing loss. Interestingly, Gpx1 knockout mice are reported to have hearing loss 

(Ohlemiller et al., 2000), however, the Gpx1 single knockout mice do not exhibit decreased 

startle response in contrast to the Parkin-/-DJ-1-/- double mutant mice that do have changes in 

startle response. This suggests that the decreases in startle response are due to the 

combination of Parkin and DJ-1 deficiency and that loss of Gpx1 does not have a significant 

effect in our study. Motor issues are also unlikely to explain this phenotype because 

locomotor tests aside from the rotarod test, failed to discern a motor phenotype in these mice. 

These results might be explained by the decreased average weight in the mutant mice, 

however wild type mice and Gpx1-/- mice have similar startle responses despite differences in 

weight, suggesting, similar to the rotarod outcomes, that this cannot fully explain the 

observed phenotype.  

 

Absence of an anxiety or olfactory phenotype 

An alternative explanation for the improved rotarod performance might be increased anxiety 

in the mutant mice, resulting in an increased latency to fall from the rotarod because mice 

with increased anxiety may be more fearful of falling and will therefore work harder to 

remain on the rod. However, no consistent change in an anxiety phenotype was observed in 

any of the lines of mutant mice, suggesting that deficiencies of Parkin and DJ-1 do not affect 

anxiety levels. Classical measures of symptoms of PD are based on the decline in motor 

skills and do not include measures of anxiety. Despite this, anxiety has been reported as a 

prodromal symptom of PD (Bonnet and Czernecki, 2013), and like other symptoms, such as 

depression, sleep disturbances, and other non-motor symptoms, are highly variable and do 
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not appear in all cases of PD. However, because these mice do not exhibit altered anxiety 

symptoms, they should not be considered models of parkinsonian anxiety. Moreover, 

increased anxiety does not explain the improved performance on the rotarod. 

 Anosmia has been reported as an early symptom of PD (Doty et al., 1988, Doty et al., 

1992) and PINK1 mutant mice have been reported to have olfactory deficits (Glasl et al., 

2012). Therefore, I hypothesized that the decreased distraction on the rotarod test may be due 

to sensory deficits that cause the mice to explore their environment to a lesser extent than the 

wild type mice. However, both the double mutant mice and wild type mice spent more time 

examining novel odors and the double mutants performed no differently than the wild type 

mice. Therefore, the double mutants do not appear to have anosmia and it is unlikely that 

decreased distraction is due to a sensory deficit. 

 

Increased neurotransmitter levels do not explain behavioral changes 

Although I have seen changes in both dopamine levels and motor behavior in the mice 

examined here, these two observations are not necessarily related to one another because the 

increase in striatal dopamine is observed in Parkin-/-DJ-1-/-Gpx1-/- mice while the improved 

rotarod behavior is observed in Parkin-/-DJ-1-/- mice, indicating that a loss of all three genes 

is required in order to observe increased dopamine levels, but deficiencies in only two genes: 

Parkin and DJ-1 is sufficient to see increased latency to fall from the rotarod. However, the 

increased striatal and hippocampal serotonin is observed in Parkin-/-DJ-1-/- mice, the same 

genotype in which I see improved rotarod performance. Previously published studies have 

shown that mice with serotonergic system disruption have decreased performance on the 
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rotarod test, but these changes typically occur in conjunction with changes in basal locomotor 

activity (Holmes et al., 2002a, Holmes et al., 2002b, Morelli et al., 2011). However, changes 

in serotonin levels have been shown to alter cognitive abilities, such as attention and learning 

(Buhot, 1997) and thus may account for the changes observed in the rotarod test because 

mutant mice are observed to have both increased learning as well as increased attention. 

Therefore, it is possible that the altered rotarod behavior is related to the increased 

hippocampal serotonin. 

 

Future Directions 

Although the mice discussed here do not have the classical motor symptoms of PD, these 

mice could be considered either an early, pre-symptomatic model of PD, or simply provide 

insight into the functions of Parkin and DJ-1. Specifically, they are informative for 

understanding how the functions of Parkin and DJ-1 affect the neurotransmitter systems 

beyond both the dopamine system and the striatum.  In order to take full advantage of this 

pre-symptomatic model of PD, further studies are required to examine both the altered 

behavior of the mice as well and the mechanisms by which the neurotransmitter systems are 

affected and whether or not these two phenotypes are linked. 

 

Although several functions of Parkin and DJ-1, including involvement in synaptic 

membranes and dopamine release (Oyama et al., 2010, Usami et al., 2011) have been 

published, the exact mechanisms by which loss of a functional copy of either of these genes 

results in PD remains to be elucidated. The mice in this study offer the unique opportunity to 
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study the ways in which Parkin and DJ-1 can have an effect on neurotransmitter systems 

involved in PD because these mice have a consistent increase in total levels of dopamine and 

serotonin, both of which are known to be decreased in PD. In the future, I would want to 

know whether any other genes related to neurotransmitter production, release or reuptake are 

up-regulated or down-regulated in mice deficient for Parkin, DJ-1 and Gpx1. I have begun to 

look at some of these genes, such as TpH and TH, by quantitative PCR, and have seen a 

trend toward increased expression levels, but this does not fully explain the increase in 

neurotransmitter levels. Therefore, I would be interested in examining whether there is an 

increase in transporter levels as well, especially given previous reports that Parkin and DJ-1 

are involved in synapses and dopamine release. A broader microarray analysis might also be 

useful for determining other pathways that are affected by deficiencies of these genes. To 

date, I am unaware of this kind of study in Parkin-/- mice, although gene expression profiling 

has been performed on cells lacking DJ-1 or containing the disease-linked L166P mutation 

and have found altered expression of the tau gene, which is involved in Alzheimer’s disease 

tangle pathology (Nishinaga et al., 2005). Because Parkin and DJ-1 functions are unclear, 

loss of these genes in combination with Gpx1 might result in altered expression of yet other 

genes that may provide insights into the development PD. 

 

In order to determine whether there is a causal link between the effects of Parkin and DJ-1 

deficiency and the observed behaviors, it would be informative to pharmacologically alter the 

serotonergic system prior to testing mice on the rotarod again. Candidate drugs include para-

chloropheynlalanine (PCPA), an inhibitor of tryptophan hydroxylase that would reduce the 
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amount of available serotonin, as well as serotonin receptor agonists or antagonists. 

Therefore, if increased serotonin causes the improved rotarod performance, the Parkin-/-DJ-1-

/- mice would be expected to have performance levels similar to wild type following drug 

administration.  

 Additionally, I would like to know whether the increased rotarod latency in Parkin-/-

DJ-1-/- mice is due to attention or motivation because an increase in either of these could 

result in the decreased distraction that I observed in this study. Attention can be measured 

using a 5-choice serial reaction time test, in which the time and accuracy of the animal’s 

nosepoke in response to a visual stimulus is measured. However, this test is very difficult to 

conduct in mice. Alternatively, measuring the motivational and perseverative behavior in 

mice by quantifying how much the mice are willing to nosepoke for a reward is an easier test 

to perform and would be informative for determining the ways that loss of Parkin and DJ-1 

can affect the mouse’s mental state, especially because serotonin is known to be involved in 

cognitive functions such as motivation (Roiser et al., 2006).  

 

Conclusions 

I have rigorously tested the hypothesis that loss of Gpx1 is instrumental in the development 

of PD symptoms in mice bearing PD-linked mutations in Parkin and DJ-1. While adaptive 

changes in brain antioxidants may indeed be neuroprotective, our results demonstrate that 

preventing these changes by genetic disruption of Gpx1 is not sufficient to induce nigral 

neuron loss in mice deficient for Parkin and DJ-1. In fact, our results indicate that 

Parkin−/−DJ-1−/− and Parkin−/−DJ-1−/−Gpx1−/− mice exhibit neurochemical and behavioral 
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phenotypes that are contrary to the expected parkinsonian phenotype. My study demonstrates 

that Parkin and DJ-1 mutations affect striatal serotonin levels and rotarod behavior in mice. 

Additionally, deficiency for all three genes causes a significant increase in striatal dopamine. 

It is possible that the increased striatal dopamine, striatal serotonin and hippocampal 

serotonin might be early-stage manifestations of nigrostriatal dysfunction induced by these 

mutations in mice. These results have important implications for studies of PD pathogenesis 

and for efforts to develop neuroprotective therapies. 
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APPENDIX A 
Behavioral and neurotransmitter abnormalities in mice deficient for 

Parkin, DJ-1 and Superoxide Dismutase 
 
 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after 

Alzheimer’s disease and afflicts millions of people worldwide. The primary clinical 

symptoms are bradykinesia, resting tremor, rigidity, and postural instability. These symptoms 

are caused by the loss of dopaminergic innervation of the striatum and increase in severity 

over time due to selective, progressive nigral dopaminergic neuron loss. Most cases of PD 

are sporadic and the underlying cause of neuronal death remains unknown. The greatest risk 

factor for PD is age. About 5 to 10% of all cases are caused by inherited mutations (Dawson 

et al., 2010, Horowitz and Greenamyre, 2010, Lopez and Sidransky, 2010, Corti et al., 2011, 

Hattori, 2012, Varcin et al., 2012). Loss-of-function mutations in the Parkin and DJ-1 genes 

were the first mutations to be causally linked to recessive parkinsonism (Kitada et al., 1998, 

Bonifati et al., 2003). Both genes are widely expressed throughout the brain and other tissues 

(Shimura et al., 1999, Stichel et al., 2000, Kuhn et al., 2004, Shang et al., 2004, Xie et al., 

2009). The mechanism by which loss of Parkin or DJ-1 function causes parkinsonism 

remains unclear. 

Mice with targeted disruption of Parkin or DJ-1 genes do not show robust neuropathology or 

age-dependent symptoms related to PD, suggesting the existence of compensatory 

mechanisms that may protect mice from the neurodegeneration and consequent motor 

symptoms that occur in humans with Parkin or DJ-1 mutations (Goldberg et al., 2003, Itier et 

al., 2003, Palacino et al., 2004, Von Coelln et al., 2004, Fleming et al., 2005, Goldberg et al., 
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2005, Kim et al., 2005, Perez et al., 2005, Perez and Palmiter, 2005, Fleming and Chesselet, 

2006, Sato et al., 2006, Andres-Mateos et al., 2007, Manning-Bog et al., 2007, Yang et al., 

2007, Zhu et al., 2007, Chandran et al., 2008, Frank-Cannon et al., 2008, Kitada et al., 2009, 

Pham et al., 2010, Rousseaux et al., 2012). However, Parkin knockout and DJ-1 knockout 

mice are more susceptible to PD-related neurodegeneration induced by various stresses 

including exposure to neurotoxins or to lipopolysaccharide (LPS) (Kim et al., 2005, 

Manning-Bog et al., 2007, Paterna et al., 2007, Frank-Cannon et al., 2008).  

Overexpression of Parkin or DJ-1 is neuroprotective both in vitro and in vivo (Lo Bianco et 

al., 2004, Zhou and Freed, 2005, Vercammen et al., 2006, Paterna et al., 2007, Ulusoy and 

Kirik, 2008, Hayashi et al., 2009, Junn et al., 2009, Bian et al., 2012). Parkin has been 

identified as an E3 ubiquitin ligase (Shimura et al., 2000)and is known to promote autophagy 

of dysfunctional mitochondria (Narendra et al., 2008), which are major cellular sources of 

free radicals and oxidative stress. Mutations in Parkin have been found to result in impaired 

mitochondrial respiration and increased markers of oxidative stress (Muftuoglu et al., 2004, 

Palacino et al., 2004, Rodriguez-Navarro et al., 2007, Vinish et al., 2011, Vincent et al., 

2012, Hauser and Hastings, 2013, Vincow et al., 2013). The exact cellular function of DJ-1 

remains uncertain, but it has been reported to be an atypical peroxiredoxin-like peroxidase 

(Andres-Mateos et al., 2007) and may be a sensor of oxidative stress (Choi et al., 2006).  

Cysteine 106 of DJ-1 is required for neuroprotection (Canet-Aviles et al., 2004, Kim et al., 

2005, Junn et al., 2009, Cookson, 2010, Mullett and Hinkle, 2011, Lev et al., 2013) and is 

crucial for DJ-1 to localize to the mitochondria under stress conditions (Horowitz and 

Greenamyre, 2010, Kawajiri et al., 2010, Shulman et al., 2011, Thomas et al., 2011). 
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Together, these data suggest that oxidative damage is likely an important factor in the 

development of PD caused by Parkin and DJ-1 mutations. Oxidative stress has been 

implicated as a potential cause of idiopathic PD because postmortem examinations of PD 

patients show increased oxidative damage in neurons (Dexter et al., 1989a, Alam et al., 1997, 

Floor and Wetzel, 1998, Zhang et al., 1999). Furthermore, the capacity of cells to clear 

reactive oxygen species and repair oxidative damage to proteins, lipids and nucleic acids 

diminishes with age (Liddell et al., 2010). 

Two superoxide dismutase proteins, cytoplasmic Cu/Zn-superoxide dismutase (SOD1) and 

mitochondrial Mn-superoxide dismutase (SOD2) are the among the most abundant 

antioxidant proteins in the brain and are important for protecting neurons from oxidative 

stress. Some studies have suggested that abnormalities in SOD1 or SOD2 may contribute to 

the development of PD (Wang et al., 2011b, Belluzzi et al., 2012, Sun et al., 2012), although 

no mutations in SOD1 or SOD2 have been causally linked to PD. In flies, expression of 

human SOD1 is protective against neuronal loss due to inactivation of PINK1, another gene 

linked to recessive parkinsonism (Wang et al., 2011b). In mice, overexpression of SOD2 is 

protective against nigral dopamine neuron loss induced by the neurotoxin 1-methyl-4-phenyl-

1,2,3,6tetrahydropyridine (MPTP) while partial SOD2-deficiency increases MPTP sensitivity 

(Klivenyi et al., 2000, Andreassen et al., 2001). Levels of SOD1 mRNA and SOD1 activity 

are significantly reduced in PD patients (Ihara et al., 1999, Kunikowska and Jenner, 2003, 

Boll et al., 2008). Overexpression of SOD1 or SOD2 in vitro and in vivo is protective against 

MPTP and 6-OHDA toxicity (Andrews et al., 1996, Asanuma et al., 1998, Hirata et al., 1998, 

Kunikowska and Jenner, 2003, Callio et al., 2005, Barkats et al., 2006, Lenzken et al., 2011). 
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MPTP exposure increases the protein levels of both SOD1 and SOD2 (Tripanichkul et al., 

2007), suggesting that these proteins are important for mitigating oxidative stress in response 

to toxins. Together, these studies indicate that SOD1 and SOD2 protein or activity levels are 

key determinants of susceptibility to nigral cell loss in mice. 

 

Aged DJ-1-/- mice have increased SOD2 in brain mitochondria, suggesting that up-regulation 

of antioxidant proteins may prevent PD-linked loss-of-function mutations from causing 

nigral cell loss in mice (Andres-Mateos et al., 2007). We hypothesize that eliminating 

potential compensatory upregulation of superoxide dismutase activity would result in PD-

related neurodegeneration in Parkin and DJ-1 knockout mice. To test this hypothesis and to 

potentially generate better PD animal models, we crossed mice deficient for Parkin and DJ-1 

with mice deficient for SOD1 to generate triple mutant mice deficient for all three genes 

(Parkin-/-DJ-1-/-SOD1-/-). We also generated Parkin-/-DJ-1-/-SOD2+/- mice by crossing Parkin-

/-DJ-1-/- mice with heterozygous SOD2 knockout mice because homozygous SOD2 

deficiency is perinatal lethal (Li et al., 1995) while heterozygous SOD2 knockout mice have 

approximately 50% decrease in SOD2 activity and increased oxidative damage (Williams et 

al., 1998, Van Remmen et al., 1999). The triple mutant mice did not exhibit age-dependent 

nigral neuron loss, dopamine depletion, or motor behaviors characteristic of PD. 

Surprisingly, Parkin-/-DJ-1-/-SOD1-/- triple mutant mice had increased striatal dopamine 

levels and Parkin-/-DJ-1-/- mice showed improved rotarod performance. Our data demonstrate 

that superoxide dismutase is not critical for preventing nigral cell loss caused by Parkin and 

DJ-1 deficiencies. The increase in striatal dopamine in Parkin-/-DJ-1-/-SOD1-/- mice indicates 
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significant abnormalities within the nigrostriatal pathway. These surprising behavioral and 

neurotransmitter abnormalities suggest that the pathogenic mechanisms of Parkin and DJ-1 

mutations may involve dysregulation of nigrostriatal dopaminergic neurotransmission. 

 
 
Additional Material and Methods 
 
 
Grip strength  

Mice were suspended by the tail and allowed to clasp a grip bar with both forelimbs. Gentle 

constant horizontal resistance was applied until the mouse released the bar. Force was 

measured in grams by a force transducer attached to the bar. The greatest three of five trials 

per mouse were averaged.  

 

Wheel running  

We used a voluntary wheel running paradigm to analyze the locomotor activity of wild type 

and Parkin-/-DJ-1-/- mice over 2-week period. We also used a light/dark paradigm in addition 

to the wheel running to investigate any changes in circadian rythms in the mutant mice. Mice 

were placed in individual cages with running wheels attached to a sensor that recorded 

revolutions for 2 weeks. Mice were on a normal 12 hour light/dark cycle.  

 
Tritiated Dopamine Ligand Binding to D1 and D2-like Receptors in the Striatum  

The rostral half of unfixed mouse brains were sectioned in the coronal plane on a cryostat at 

a thickness of 20 microns. Slides were preincubated in assay buffer (50 mM Tris, 120 mM 

sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride, 40 nM ketanserin) 
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for 20 min at room temperature. Slides were then incubated in buffer containing either 2 nM 

tritiated SCH 23390 (PerkinElmer, Boston, MA) or 5 nM tritiated spiperone (PerkinElmer, 

Boston, MA). Cold competition of tritiated siperone with 10µm cold siperone, or of tritiated 

SCH 23390 with 1µm cold SCH 23390 was used to assess non-specific signal. Following a 

1-hour incubation, slides were washed twice in ice-cold buffer and then rinsed in cold water 

prior to incubation overnight at 4C in a desiccator with paraformaldehyde powder in the 

bottom to fix the tissue without washing away the ligand. Slides were dried for 2 hours in a 

desiccator with Dri-Rite and exposed to Kodak BioMax MS film with the Kodak BioMax 

TranScreen-LE Intensifying Screen for seven days (D1) or 5-7 weeks (D2). Films were 

analyzed for both density and area of binding using Adobe Photoshop software. 

Measurements from twenty sections per animal were averaged prior to statistical analysis. 

Four mice per genotype were included in the analysis.  

 

Hematoxylin and eosin staining (H&E)  

Muscle tissue was taken from the extensor digitorum longus (EDL) and soleus (SOL) 

muscles and frozen sections were incubated 45 minutes in hematoxylin stain followed by a 

water rinse, then a 0.3% hydrochloric acid in ethanol rinse. Slides were incubated in eosin for 

2 minutes, dehydrated and mounted for imaging with a light microscope, as above.  

 

Muscle fiber typing  

Extensor digitorum longus (EDL) and soleus (SOL) muscles were dissected from wild type 

and Parkin-/-DJ-1-/- mice and flash frozen. Muscles were cut into thin sections and 



90 

 

maintained at -20°C. Sections were stained with metachromatic ATPase as previously 

published (Ogilvie 1990). Briefly, sections were pre-incubated with ATPase 8 minutes (pH 

4.5), rinsed twice for 3 minutes in Tris buffer (pH 7.8), then incubated with ATP (pH9.4) for 

25 minutes at room temperature. Slides were rinsed 3 times with calcium chloride and 

counterstained with Toluene blue 0.1% for 1 minute, cleared in ethanol, then xylene, and 

mounted for imaging with a light microscope, as above.  

 

Results 

No neuronal loss in the substantia nigra of mutant mice  

Triple knockout mice bearing combined loss-of-function mutations in the PD-linked genes 

Parkin and DJ-1, as well as the antioxidants SOD1 or SOD2, were born at the expected 

Mendelian ratio and had no apparent differences in viability compared to wild type mice. 

Because the pathological hallmark of PD is the progressive loss of dopamine neurons in the 

SN, we postulated that mice with a deficiency for Parkin, DJ-1 and major antioxidant 

proteins would show an age-dependent loss of dopamine neurons in the SN and thereby 

model human PD neuropathology. We used rigorous stereology to obtain unbiased estimates 

of the number of dopaminergic neurons, marked by immunohistochemical staining for 

tyrosine hydroxylase (TH), in coronal paraffin sections of wild type and mutant mice. We 

analyzed cohorts of mice at ages 7, 16 and 18 months. There was no statistically significant 

difference between the wild type mice and any of the mutant mice at any age by ANOVA 

(Figure 1). These data indicate that the number of nigral dopaminergic neurons is not 

significantly altered in Parkin-/-DJ-1-/-SOD1-/- mice or Parkin-/-DJ-1-/-SOD2+/- mice compared 



91 

 

to wild type mice at young or old ages. 

 

 

Dopamine levels are elevated in the striatum of triple mutant mice  

Although we observed no change in dopaminergic nigral neurons, loss of dopaminergic 

terminals in the striatum may precede loss of cell bodies in the SN. Therefore, we used 

HPLC with electrochemical detection to measure levels of dopamine, serotonin and their 

metabolites in the striatum of wild type and mutant mice. Surprisingly, we found a consistent 

and significant increase in dopamine in the striatum of Parkin-/-DJ-1-/-SOD1-/- mice, but not 

in Parkin-/-DJ-1-/-SOD2+/-, compared to wild type mice (Figure 2).  

Figure A-1.No changes in 
the total bilateral number of 
TH-positive nigral neurons 
estimated by rigorous 
stereology. Dopaminergic 
neurons of separate cohorts 
of mice were counted for 7 
month old mice (A) and 18 
month old mice (B) and 16 
month old mice (C). n = 4 
for all genotypes. One-way 
ANOVA showed no 
differences between any of 
the genotypes (p ≥ 0.1). 
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In a younger cohort of mice, aged 7 months, levels of dopamine in the striatum of Parkin-/-

DJ-1-/-SOD1-/- mice were significantly higher compared to wild type mice (p<0.001; Figure 

2A). Parkin-/-DJ-1-/-SOD1-/- mice had significantly increased dopamine turnover and 

significantly higher striatal levels of serotonin (5-HT), the serotonin metabolite 5-

hydroxyindoleacetic acid (5-HIAA) and the dopamine metabolite homovanillic acid (HVA) 

compared to wild type mice (p<0.05). Parkin-/-DJ-1-/-SOD2+/- mice had significantly higher 

levels of the dopamine metabolites 3-methoxytyramine (3-MT) and HVA compared to wild 

type mice (p<0.05). There were no significant differences between wild type mice and 

Parkin-/-DJ-1-/- mice in the levels of striatal dopamine, serotonin or any metabolites (data not 

shown). 
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Figure 2

 

 

In an 18 month cohort of wild type, Parkin-/-DJ-1-/-, SOD1-/-, and Parkin-/-DJ-1-/-SOD1-/- 

mice, there was a significant increase in striatal dopamine Parkin-/-DJ-1-/-SOD1-/- mice 

compared to wild type mice (p < 0.001) (Figure 2B). Striatal serotonin levels were 

significantly increased in Parkin-/-DJ-1-/-SOD1-/- mice compared to wild type mice (p<0.001). 

Parkin-/-DJ-1-/-SOD1-/- mice also had significantly higher levels of the dopamine metabolites 

dihydroxyphenylacetic acid (DOPAC) and HVA compared to wild type mice (p<0.05). There 

were no significant differences between genotypes in dopamine turnover or serotonin 

turnover. 

Figure A-2. Dopamine 
levels are elevated in 
Parkin-/-DJ-1-/-SOD1-/- 
mice. Total dopamine 
levels were measured 
by HPLC analysis in 
separate cohorts of mice 
ages 7 (A), 18 (B) and 
16 (C) months (n ≥ 6). 
(*p ≤ 0.001 by one way 
ANOVA; #p<0.001 by 
Kruskal-Wallis one way 
ANOVA on ranks) 
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Analysis of a cohort of 16 month old wild type, SOD2+/-, Parkin-/-DJ-1-/-, and Parkin-/-DJ-1-/-

SOD2+/- mice showed a trend toward an increase in striatal dopamine in Parkin-/-DJ-1-/-

SOD2+/- mice compared to wild type mice (p=0.101) (Figure 2C). Striatal serotonin levels 

were significantly increased in Parkin-/-DJ-1-/-SOD2+/- mice compared to wild type mice 

(p<0.05). Also HVA and 3-MT were increased in Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/- 

SOD2+/- mice compared to wild type mice (p<0.05). There were no significant differences 

between genotypes in dopamine turnover or serotonin turnover. 

 

D1 and D2-like receptor densities in the striatum of mutant mice are similar to wild type  

The significant increase in dopamine levels in triple mutant mice prompted us to measure 

levels of dopamine receptors in the striatum. We expected to see a compensatory change in 

dopamine receptor density in response to elevated dopamine levels in Parkin-/-DJ-1-/-SOD1-/- 

mice compared to wild type mice. Using radiolabeled dopamine receptor ligands, we 

quantified the abundance of D1-like and D2-like dopamine receptors in the striatum in fresh 

frozen sections. Contrary to the expected results, we saw no change in the binding of 

radiolabeled ligands to D1- or D2-type dopamine receptors (p > 0.4) (Figure 3).  
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Locomotor behavior is unchanged in mutant mice  

Because Parkinson’s disease causes deficits in motor function, we investigated whether mice 

with combined PD-linked mutations have altered performance in established behavioral tests 

of motor function. The locomotor test measures total activity, and is used to identify mice 

that are hypoactive or hyperactive compared to wild type mice. We hypothesized that mice 

deficient for Parkin, DJ-1 and antioxidants would have an age-dependent locomotor deficit, 

manifested as reduced ambulatory behavior compared to age matched controls. A 7-month 

old cohort of wild type, Parkin-/-DJ-1-/-, Parkin-/-DJ-1-/-SOD2+/-, and Parkin-/-DJ-1-/-SOD1-/- 

mice exhibited no locomotor deficits (p = 0.126) (Figure 4A). The activity of all 

experimental groups was affected by time in the apparatus, indicating that all mice 

acclimated to the novel environment over the course of two hours, as indicated by a gradual 

decrease in the number of beam breaks.  

Figure A-3. Density of D1 
and D2 receptors is 
unchanged in mutant mice. 
Striatal D1 and D2 dopamine 
receptor density was 
measured by radioligand 
binding to coronal sections 
through the striatum (n ≥ 3 
animals per genotype). One-
way ANOVA showed no 
differences between 
genotypes in the density of 
D1 or D2-type dopamine 
receptors. 
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We assessed voluntary locomotion in an 18 month old cohort wild type, Parkin-/-DJ-1-/-, 

SOD1-/-, and Parkin-/-DJ-1-/-SOD1-/- mice (Figure 4B). There was no difference in locomotor 

activity between any of the genotypes tested (p = 0.152). Analysis of locomotor activity in a 

cohort of 16 month old wild type, Parkin-/-DJ-1-/-, SOD2+/-, and Parkin-/-DJ-1-/-SOD2+/- mice 

showed a main effect of genotype (p = 0.005) (Figure 4C). Further analysis (Tukey test) 

revealed a significant difference between Parkin-/-DJ-1-/- mice and wild type (p = 0.031) and 

between Parkin-/-DJ-1-/- and SOD2+/- (p = 0.015). Mice deficient for SOD2 were not different 

from wild type in this experiment, nor were double mutant mice different from triple mutant 

Figure A-4. Locomotor behavior is 
unchanged. Separate cohorts of mice 
were tested at 7 (A), 18 (B), and 16 (C) 
months. All cohorts of mice have an 
initial increase upon introduction to a 
new environment followed by 
decreased activity as the mice 
habituate. No significant differences 
are seen between genotypes in (A) and 
(B) by repeated measures ANOVA. 
There is a main effect of genotype in 
(C) (p = 0.005). Tukey post-hoc 
comparison shows a significant 
difference between Parkin-/-DJ-1-/- 
mice and wild type (p = 0.031), and 
between Parkin-/-DJ-1-/- and SOD2+/- 

(p = 0.015).  



97 

 

mice.  

Wild type Parkin-/-DJ-1-/-0

500000

1000000

1500000

2000000

To
ta

l r
ev

ol
ut

io
ns

Figure 5

 

 

Because the locomotor test shows an initial hyperactivity due to the novelty of the 

environment, we sought to measure voluntary locomotion over an extended period of time. 

We used a wheel running paradigm to compare the home cage locomotor activity of 

individually housed five-month old wild type and Parkin-/-DJ-1-/- mice over a period of two 

weeks. There was no significant difference between genotypes in the total wheel revolutions 

according to student’s t-test (p=0.855) (Figure 5). This indicates that there are no 

abnormalities in voluntary home cage locomotor activity in Parkin-/-DJ-1-/- mice compared to 

wild type mice.  

 

Rotarod behavior is altered in mice with combined mutations linked to PD 

The rotorod task is commonly used to measure the ability of a rodent to sustain complex 

coordinated movement over time and has been used as a measure of basal ganglia function 

Figure A-5. Parkin-/-DJ-1-/- perform similarly to wild type on the wheel running test. 
Five-month old Parkin-/-DJ-1-/- and wild type mice were housed individually in cages 
equipped with running wheels. Total wheel revolutions during 2 weeks were recorded 
and averaged. n= 9 wild type and n= 8 Parkin-/-DJ-1-/- mice. No significant difference 
was observed between genotypes by student’s t-test. 
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and as a functional measure of neurodegeneration in mouse models of amyotrophic lateral 

sclerosis (ALS), Huntington’s disease (HD) and other neurodegenerative diseases 

(Ramaswamy et al., 2009).  No abnormal rotorod phenotypes have been reported for Parkin-/-

, DJ-1-/-, SOD1-/-, or SOD2+/- mice (Goldberg et al., 2003, Von Coelln et al., 2004, Chen et 

al., 2005, Goldberg et al., 2005, Sato et al., 2006, Chandran et al., 2008, Perucho et al., 2010, 

Thomas et al., 2011). We assessed the rotorod performance of wild type, Parkin-/-DJ-1-/-, 

SOD1-/-, SOD2+/-, Parkin-/-DJ-1-/-SOD1-/-, and Parkin-/-DJ-1-/-SOD2+/- at various ages (Figure 

6). As expected, there was a main effect of trial for each experiment, indicating that there is a 

learning process associated with the task and all groups improve over the course of the 8 

trials. There was also a main effect of genotype in each experiment, but surprisingly, the 

Parkin-/-DJ-1-/- mice had an increased latency to fall instead of the expected decreased 

latency, compared to wild type mice.  

 

We first tested a cohort of 6 month old wild type, Parkin-/-DJ-1-/-, and the two triple mutant 

lines: Parkin-/-DJ-1-/-SOD1-/- and Parkin-/-DJ-1-/-SOD2+/-. Two-way repeated measures 

ANOVA showed that both number of trials (p < 0.001) and genotype (p <0.001) affected the 

outcomes (Figure 6A) and was true for all analyses (Figure 6A-D). Post-hoc analysis 

revealed a significant and surprising difference between wild type mice and both Parkin-/-DJ-

1-/- and Parkin-/-DJ-1-/-SOD2+/- mice (p <0.001), with the mutant mice performing better than 

wild type (Figure 6A). In a 9 month old cohort of wild type, Parkin-/-DJ-1-/-, and SOD2+/- 

mice, we found a main effect of genotype (p < 0.001) and trial (p < 0.001) (Figure 6B). Post-

hoc analysis showed that the Parkin-/-DJ-1-/- mice again had increased latency to fall 
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compared to wild type mice (p < 0.001).  

 

We analyzed two cohorts of aged wild type, Parkin-/-DJ-1-/-, and either Parkin-/-DJ-1-/-SOD1-

/- or Parkin-/-DJ-1-/-SOD2+/- mice with SOD1-/- or SOD2+/- mice as additional controls. In a 

17-month old cohort of wild type, Parkin-/-DJ-1-/-SOD1-/-, SOD1-/- mice and Parkin-/-DJ-1-/-

SOD1-/- mice (Figure 6C), pair-wise comparisons showed that Parkin-/-DJ-1-/- mice stayed on 

the rod significantly longer than wild type mice (p = 0.05), which stayed on the rod 

significantly longer than Parkin-/-DJ-1-/-SOD1-/- mice (p = 0.03). Observation of home cage 

behavior and handling indicated that the locomotor ability of SOD1-/- mice deteriorates with 

age. The Parkin-/-DJ-1-/-SOD1-/- mice are lethargic and weak by age 17 months, similar to the 

SOD1-/- mice. The loss of the SOD1 protein apparently causes poor coordination or stamina, 

resulting in decreased rotarod latencies for SOD1-/- mice and Parkin-/-DJ-1-/-SOD1-/- mice 

compared to wild type mice.  

 

In a 15-month-old cohort of Parkin-/-DJ-1-/-SOD2+/- mice, SOD2+/- mice, Parkin-/-DJ-1-/- 

mice and wild type mice, 2-way repeated measures ANOVA showed a main effect of 

genotype (p < 0.001) and trial (p < 0.001) (Figure 6D). Pair-wise comparisons show that 

Parkin-/-DJ-1-/- mice stayed on the rotarod significantly longer than wild type mice (p < 

0.001) and SOD2+/- mice (p < 0.001; Figure 6D). Likewise, Parkin-/-DJ-1-/-SOD2+/- mice had 

increased latency to fall compared to wild type mice (p < 0.001) and SOD2+/- mice (p < 

0.001). There was no significant difference between the rotarod performance of Parkin-/-DJ-

1-/- mice and Parkin-/-DJ-1-/-SOD2+/- mice. The rotarod latencies of wild type mice and 



100 

 

SOD2+/- mice were also similar, indicating that the loss of one allele of SOD2 did not affect 

rotarod performance.  

 

 

Figure A-6. Parkin-/-DJ-1-/- and aged Parkin-/-DJ-1-/-SOD2+/- mice have improved 
rotarod performance. Latency to fall from an accelerating rotarod was measured for 
eight trials of five minutes over two days. Separate cohorts of mice were tested at 6 (A), 
9 (B), 17 (C) and 15 (D) months. A minimum of 4 mice were tested per genotype per 
cohort. Symbols represent the mean ± SEM time (seconds) before falling off the rod for 
each of 8 trials. All genotypes learned the task over the course of multiple trials, 
however, Parkin-/-DJ-1-/- mice had increased latency to fall compared to wild type. 
(*p<0.01, **p<0.001 by 2-way repeated measures ANOVA). 
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The unexpected increase in rotorod performance of Parkin-/-DJ-1-/- mice prompted us to 

determine whether these mice have increased ability to grip the rotating rod, thus facilitating 

their ability to remain on the rod for longer periods of time. We analyzed the grip strength of 

a cohort of 6-month old wild type, Parkin-/-DJ-1-/-, Parkin-/-DJ-1-/-SOD1-/-, and Parkin-/-DJ-1-

/-SOD2+/- mice. Although there was a trend towards reduced grip strength in the mutant mice, 

there was no difference between genotypes (p=0.352) (Figure 7A). Therefore the improved 

rotorod performance of the double and triple mutant mice was not due to increased grip 

strength.  

 

Other characteristics that could impact the striking differences observed in rotarod behavior 

are differences in reflexes or sensory functions of the mice. This prompted us to measure 

acoustic startle response behavior in the mice using the acoustic startle test, which measures 

the innate reflex of the mouse in response to a sudden and unexpected acute stimulus, in this 

case a loud noise. Analysis of a cohort of 7 month old wild type, Parkin-/-DJ-1-/-, Parkin-/-DJ-

1-/-SOD1-/-, and Parkin-/-DJ-1-/-SOD2+/- mice, showed a main effect of genotype (p < 0.001) 

and stimulus intensity (p < 0.001). Post-hoc comparison revealed a significant decrease in 

startle response in Parkin-/-DJ-1-/- (p < 0.001) and Parkin-/-DJ-1-/-SOD1-/- (p < 0.001) 

compared to wild type (Figure 7B). There was a trend toward reduced startle response in 

Parkin-/-DJ-1-/-SOD2+/- mice compared to wild type mice, but this was not significant, 

perhaps due to the smaller sample size of this genotype. Decreased startle responses in 

Parkin-/-DJ-1-/- and Parkin-/-DJ-1-/-SOD1-/- indicate impairment of reflexes and/or sensory 

functions compared to wild type mice. However, this would not explain the observed 
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B Startle Response

 

Because decreased startle amplitudes could indicate decreased anxiety levels and because 

fear of falling off the rotarod apparatus could contribute to rotarod behavior performance, we 

tested wild type and mutant mice for changes in fear or anxiety using several established 

behavioral paradigms including the light/dark test, the open field test and the elevated plus 

maze. We did not observe any difference between genotypes in any of these behavior tests 

(data not shown). Therefore, the increased rotorod performance of the double and triple 

mutant mice does not appear to be due to altered anxiety. 

Figure A-7. Knockout 
mice have similar grip 
strength and decreased 
startle response 
compared to wild type. 
(A) 6 month old Parkin-/-

DJ-1-/-, Parkin-/-DJ-1-/-

SOD1-/- and Parkin-/-DJ-
1-/-SOD2+/- mice had 
average grip strength 
statistically similar to 
wild type mice by 1 way 
ANOVA (p = 0.07). (B) 
The intensity of the 
response to an audible 
stimulus was measured 
in a cohort of 7 month 
old mice (n = 4-12 mice 
per genotype). (*p < 
0.0001 by 2 way 
ANOVA). 
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We also conducted the forced swim test as part of our comprehensive battery of behavioral 

tests in an effort to better characterize these mice and possibly explain the altered rotarod 

performance. The forced swim test (FST) is a test of forced motor behavior developed to 

predict the efficacy of antidepressant drugs (Porsolt, Le Pichon et al. 1977) and is particularly 

sensitive to compounds acting on the serotonin and norepinephrine systems. In a cohort of 

wild type and mutant mice, average age 6 months, we found a main effect of genotype (p = 

0.006) (Figure 8A). Further analysis showed that immobility time was significantly less in 

Parkin-/-DJ-1-/- mice (p = 0.005) and Parkin-/-DJ-1-/-SOD2+/- mice (p = 0.027) compared to 

wild type. Post hoc analysis of a second 14 month old cohort of wild type, Parkin-/-, and 

Parkin-/-DJ-1- /- demonstrated a significant decrease in immobility time Parkin-/-DJ-1-/- mice 

compared to wild type (p < 0.001). However, there was no difference between Parkin-/- and 

wild type mice, indicating that loss of Parkin alone is not sufficient for the manifestation of 

the FST phenotype (Figure 8B). A test of 16 month old wild type, DJ-1-/- and Parkin-/-DJ-1-/- 

mice, both DJ-1-/- mice and Parkin-/-DJ-1-/- mice showed decreased immobility time 

compared to wild type (p < 0.001) (Figure 8C). Together these data indicate that the loss of 

DJ-1 alone is sufficient to confer the increased mobility observed in the forced swim test. 
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Muscle, heart, and cerebellar histology appear normal in mice with combined mutations 

linked to PD  

Parkin is highly expressed in the heart and muscle tissue, as well as most areas of the brain  

(Kitada et al., 1998). Additionally, the ability to stay on the rotorod is highly dependent on 

cerebellar function. Therefore, histology of muscle, heart and cerebellum was performed in 

order to test for abnormalities that might account for enhanced rotarod performance in the 

Parkin-/-DJ-1-/- mice. Hematoxylin and eosin staining of paraffin sections of hearts from 18 

month old wild type and Parkin-/-DJ-1-/- mice showed normal organ structure as well as 

Figure A-8. DJ-1-/-, Parkin-/-

DJ-1-/- and Parkin-/-DJ-1-/-

SOD2+/- mice have decreased 
time immobile in the Porsolt 
forced swim test. Separate 
cohorts of mice were tested at 
age 6 months with a minimum 
n = 6. (*p ≤ 0.01 by 1-way 
ANOVA). 



105 

 

normal cellular appearance of heart muscle in mice of both genotypes (data not shown). 

Hematoxylin and eosin staining of coronal brain sections showed normal anatomical and 

cellular organization of the cerebellum (data not shown). We hypothesized we would see a 

difference in the ratio of fast twitch to slow twitch muscle fiber types, providing the Parkin-/-

DJ-1-/- mice fatigue-resistant muscles and better stamina on the rotorod. The ratio and 

morphology of type I and type II muscle fiber types appeared similar in metachromatic 

ATPase stained soleus muscle from Parkin-/-DJ-1-/- mice compared to wild type mice (data 

not shown).  

 

Discussion 

Despite years of effort by many researchers generating and characterizing mice with 

recessive mutations in Parkin and DJ-1 linked to familial PD, no Parkin or DJ-1 knockout 

mouse line exhibits all, or even most, of the key clinical and neuropathological features of 

PD (Goldberg et al., 2003, Itier et al., 2003, Palacino et al., 2004, Von Coelln et al., 2004, 

Fleming et al., 2005, Goldberg et al., 2005, Kim et al., 2005, Perez et al., 2005, Perez and 

Palmiter, 2005, Fleming and Chesselet, 2006, Sato et al., 2006, Andres-Mateos et al., 2007). 

This contrasts with mouse models of other neurodegenerative diseases such as Huntington’s 

disease and amyotrophic lateral sclerosis that reproduce the major neuropathological and 

behavioral features of these diseases, including delayed onset of motor behavior deficits as 

well as selective and progressive neurodegeneration and protein inclusions (Joyce et al., 

2011, Brooks et al., 2012). It is possible that compensatory changes protect mice from the 

neurodegeneration caused by Parkin and DJ-1 mutations or that additional stress is required 
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to initiate neurodegeneration in Parkin and DJ-1 knockout mice. Indeed, we have shown that 

Parkin knockout mice are more susceptible to nigral cell loss induced by chronic 

lipopolysaccharide exposure (Frank-Cannon et al., 2008) and others have shown that DJ-1 

knockout mice are more susceptible to MPTP-induced nigral cell loss (Kim et al., 2005). 

Here we sought to generate better mouse models of progressive nigral cell loss induced by 

genetic mutations alone. We combined PD-linked mutations in Parkin and DJ-1 with 

deficiency for antioxidant enzymes that have been shown to be key determinants of 

susceptibility to nigrostriatal degeneration in mice (Andrews et al., 1996, Asanuma et al., 

1998, Hirata et al., 1998, Ihara et al., 1999, Andreassen et al., 2001, Kunikowska and Jenner, 

2003, Liang and Patel, 2004, Callio et al., 2005, Barkats et al., 2006, Wang et al., 2006, 

Tripanichkul et al., 2007, Boll et al., 2008, Lenzken et al., 2011, Wang et al., 2011b, Belluzzi 

et al., 2012, Sun et al., 2012). 

 

Because SOD1-/- mice and SOD2+/- mice have also been shown to be more susceptible to 

neurotoxin-mediated nigral cell loss, we hypothesized that combining Parkin and DJ-1 

deficiency with SOD1 or SOD2 deficiency would result in a loss of dopaminergic neurons. 

Contrary to our expectations, neither Parkin-/-DJ-1-/-SOD1-/- mice nor Parkin-/-DJ-1-/-SOD2+/- 

mice showed age-dependent loss of nigral dopamine neurons compared to wild type mice 

(Figure 1). It has been suggested that death of nigral dopamine neurons begins with the axon 

terminals in the striatum, from which a die-back process occurs, ultimately resulting in the 

loss of nigral neurons after loss of terminals has occurred (Bernheimer et al., 1973, Cheng et 

al., 2011, Pham et al., 2012). For this reason, we also measured the levels of dopamine and 
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its metabolites in the striatum (Figure 2). Surprisingly, Parkin-/-DJ-1-/-SOD1-/- mice but not 

Parkin-/-DJ-1-/- mice or SOD1-/- mice had significantly increased levels of dopamine in the 

striatum. This indicates that SOD1 deficiency perturbs the nigrostriatal pathway, but only in 

combination with mutations linked to PD. The increased striatal dopamine did not cause 

hyperactivity or other apparent behavioral abnormalities specific to Parkin-/-DJ-1-/-SOD1-/- 

mice. Dopamine levels are tightly regulated by presynaptic autoreceptors that signal the 

regulation of tyrosine hydroxylase to alter dopamine synthesis. Therefore, we speculate that 

the increased striatal dopamine levels indicate that Parkin-/-DJ-1-/-SOD1-/- mice either have 

dopamine autoreceptor signaling defects or that the increased dopamine compensates for 

other defects in dopaminergic signaling. It is possible that, in the absence of the 

compensatory increase in striatal dopamine, we would have detected behavioral phenotypes 

specifically in Parkin-/-DJ-1-/-SOD1-/- mice. Alternatively, the increase in dopamine may be 

indicative of a compensatory change that is occurring in the striatum that might ultimately 

lead to neuronal death, either due to overwhelming the compensatory mechanisms of the cell 

or due to neurotoxicity of dopamine itself (Ben-Shachar et al., 2004, Hattoria et al., 2009). 

The increased striatal dopamine also could be due to interactions between the three genes to 

affect release, trafficking, dopamine production, or degradation. Consistent with this 

possibility, Parkin and DJ-1 have been found in cell membranes and vesicles (Kubo et al., 

2001, Usami et al., 2011) and Parkin-/- and DJ-1-/- mice have been reported to have altered 

dopamine release, reuptake and signaling (Kitada et al., 1998, Jiang et al., 2004, Goldberg et 

al., 2005, Jiang et al., 2012).  
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The increased striatal dopamine in Parkin-/-DJ-1-/-SOD1-/- mice is consistent with the 

increased striatal dopamine we identified in mice deficient for Parkin, DJ-1 and another 

antioxidant protein, glutathione peroxidase 1 (Hennis et al., 2013). The lack of a significant 

change in striatal dopamine levels in Parkin-/-DJ-1-/-SOD2+/- mice may be due to SOD2 

heterozygosity not being sufficient to produce a full phenotype in these mice. SOD2 

homozygous knockout mice are not viable, thus precluding analysis of Parkin-/-DJ-1-/-SOD2-

/- mice. 

 

The increased striatal dopamine levels cannot explain the rotarod and forced swim test 

behavioral phenotypes because we did not observe an increase in striatal dopamine in the DJ-

1 single knockout mice (which show the forced swim test phenotype) or Parkin-DJ-1 double 

knockout mice (which show the improved rotarod performance phenotype). Therefore, the 

behavioral and the neurochemical phenotypes observed in these mice are likely independent 

of each other. Mice deficient for both Parkin and DJ-1 consistently stayed on the rotarod 

longer than wild type mice. This finding holds true in both the young and aged cohorts of 

mice, although the phenotype is more pronounced in aged mice (Figure 6). The rotarod 

behavioral phenotype is consistent with independent cohorts of Parkin-/-DJ-1-/- mice that we 

studied in combination with glutathione peroxidase deficiency (Hennis et al., 2013), which 

suggested that the increased rotarod latency of Parkin-/-DJ-1-/- mice may be due to decreased 

distraction from the task compared to wild type mice.  

 

The decreased startle response in Parkin-/-DJ-1-/- mice might be due to Parkin deficiency 
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alone because Parkin-/- mice have previously been shown to have decreased startle response 

(Von Coelln et al., 2004). The greater decrease in startle response in Parkin-/-DJ-1-/-SOD1-/- 

mice is likely due to a loss of hearing in mice deficient for SOD1. The cochleae of SOD1-/- 

mice have been shown to have severe spiral ganglion cell degeneration by 7 months of age 

(Keithley et al., 2005).  

 

It remains possible that abnormalities in antioxidants such as SOD1 or SOD2 are involved in 

the development or progression of PD. However, our study demonstrates that deficiency for 

these antioxidants does not directly cause nigral cell loss or parkinsonian-like locomotor 

deficits in the context of mice with PD-linked mutations in Parkin and DJ-1. The increase in 

striatal dopamine resulting from the combination of SOD1, Parkin and DJ-1 deficiency might 

represent early-stage nigrostriatal dysfunction and these mice may be useful for efforts to 

develop neuroprotective therapies targeting early stage abnormalities in PD pathogenesis.
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