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Abstract 

A recent model of Parkinson‟s disease (PD) suggests that the neuropathological, behavioural and 

cognitive symptoms progress in stages. There is substantial evidence for a prodromal stage of 

PD, during which time pre-motor symptoms develop. Rapid eye movement (REM) sleep 

behaviour disorder (RBD) is a risk factor for developing PD and may be part of the pre-motor 

stage. In both disorders, neuropathological α-synuclein aggregates are thought to be a direct 

cause of the resulting symptoms. One model has shown that in rats, proteasome inhibition 

produced by systemic exposure to environmental toxins results in α-synuclein pathology and 

motor behaviour dysfunction that mimics the progression of PD in humans. The present study 

examined the hypothesis that the systemic proteasome inhibition model would produce pre-

Parkinsonian RBD-like pathology in rats. It was expected that sleep disturbances would be seen 

prior to behavioural disturbances in rats treated systemically with PSI (a proteasome inhibitor). 

Following baseline sleep recording and training on the inclined beam-traverse task, rats were 

injected with PSI (a proteasome inhibitor) or ethanol (control), 6 times over 2 wk. Sleep 

recording over 8 wk and behavioural testing over 16 wk provided no evidence of sleep 

disturbances or motor dysfunction. Post-mortem immunohistochemical analyses of brain tissue 

provided no evidence of PSI-associated α-synuclein aggregates in the locus coeruleus, 

subcoeruleus (dorsal part), or substantia nigra (areas involved in RBD and/or PD). These results 

did not provide support for RBD as a prodromal phase of PD within the systemic proteasome 

inhibitor-based model and add to a growing body of research reporting inconsistent findings 

using this model. We suggest that systemic PSI exposure in rats does not produce a viable model 

of RBD or PD. Whether RBD is an early symptom in the progression of PD remains to be 

established.
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Chapter 1 

Introduction 

The overall purpose of this study was to use a rat model of Parkinson‟s disease (PD) to 

determine if disturbances in sleep, motor behaviour and neuropathology resulting from 

proteasome inhibition are indicators that Rapid Eye Movement (REM) Behaviour Disorder 

(RBD) is an early warning sign of PD onset. Chapter 2 is an introduction to the subjects of PD, 

RBD and the proteasome inhibition model. Presented is a short summary of the relevant research 

on these subjects, including an overview of the models this study was based on. Finally, the 

precise purpose and predictions of this study are presented. Chapter 3 provides the procedures 

and methods of the current study. Chapter 4 provides the detailed results of the study. Chapter 5 

provides a discussion including potential limitations and future directions.  
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Chapter 2 

Literature Review 

Definition and features of PD 

PD is a neurodegenerative movement disorder, usually associated with aging. PD 

primarily affects the striatum and the dopaminergic system, and is associated with a loss of of 

dopamine neurons, resulting in progressive motor dysfunction. In the latter stages, more  

widespread brain regions are affected and progressive cognitive impairments become evident 

(see below). It is the second most common neurodegenerative disorder after Alzheimer‟s disease 

(Hawkes, Del Tredici & Braak, 2007).  

PD is often described as an aging disorder as a probable diagnosis is typically made after 

age 65 (at least 80% of cases), although an estimated 5% of cases are „early-onset‟ and are 

diagnosed before age 40 (Scheider & Klein, 2010). In addition, the risk of developing PD 

increases with age from an estimated 0.03% for those aged 55-65, to 0.44% of those over age 85. 

While estimates vary, it has been found that men are at least twice as likely as women to develop 

PD (Ascherio et al., 2003; Van Den Eeden et al., 2003).  

There are two types of PD, both of which share the same behavioural and cognitive 

profiles. The first type, a hereditary form known as Familial PD, is less common, representing 

approximately 5% of all PD cases (Schneider & Klein, 2010). The second type, sporadic PD, 

represents approximately 95% of all cases and is not known to be hereditary. Regardless of the 

type, the behavioural and cognitive symptoms are similar, and the disease incurable.  

Symptoms and treatments in PD  

The hallmark symptoms of PD are behavioural disturbances associated with 

dopaminergic dysfunction and neurotoxicity. In most cases, by the time a probable diagnosis is 
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given, the disease is in the motor phase and behavioural symptoms are evident. Common 

symptoms include bradykinesia (slowed ability to start and continue movements), resting tremor 

(shaking, most often visible in limbs, while no movements are intended), rigidity (difficulty 

enabling fluid movements) and postural instability (loss of balance) (Dauer & Przedborski, 

2003). However, the effects of PD are often far more diffuse, affecting eye control, swallowing, 

speech, simple reflexes, coordinated movements and more (Braak et al., 2003; Hawkes, Del 

Tredici, & Braak, 2007). As PD progresses and damage becomes more diffuse in the brain, 

cognitive symptoms become apparent. These symptoms can be widespread, and can include 

difficulties with libido, short term memory, sensation and perception, depression and more 

(Braak et al., 2003; Hawkes, Del Tredici, & Braak, 2007). Autonomic dysfunctions such as 

incontinence, problems with sweating, digestion and thermal regulation are also common 

features of PD that can have onset at different times in the disease‟s progression (Verbaan et al., 

2007).  

There is now substantial evidence that a long „prodromal‟ phase occurs prior to the onset 

of motor-behaviour symptoms (Hawkes, Del Tredici, & Braak, 2007). Recent research has 

focused on several pre-motor risk factors of PD with efforts towards identifying early and 

reliable diagnostic indicators of PD onset. While several autonomic impairments may occur in 

the pre-motor phase (Hawkes, Del Tredici, & Braak, 2003; Verbaan et al., 2007), the most 

promising indicators appear to be olfactory dysfunction and RBD (discussed below) (Boeve & 

Saper, 2006). 

The most successful treatments for PD are aimed at controlling motor functions to allow 

performance of regular motor behaviours. Levodopa (L-DOPA) is the most widely used 

pharmaceutical therapy for PD (Carlsson, 2002). As a precursor to dopamine, L-DOPA targets 
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increased production of dopamine. A wide variety of other pharmaceuticals are commonly 

prescribed to aid the function of the dopaminergic system by inhibiting re-uptake, enhancing 

release, or directly stimulating dopamine receptors (Carlsson, 2002).  While some of these 

treatments are successful, their effects are temporary. As the disease progresses, behavioural 

symptoms worsen and eventually, the positive effects of drug treatments are reduced (Rezak, 

2007). In the late stages, widespread cognitive symptoms become apparent and death ensues, 

usually attributed to another cause (e.g., choking, pneumonia). Clearly, it is imperative that early 

diagnoses be made so drug therapies can be initiated and the onset of PD symptoms delayed.  

Neuropathology of PD 

  There are two neuropathological hallmarks of PD. The first feature is a loss of 

dopaminergic neurons in the Substantia Nigra pars compacta (SNc), leading to dysfunction of the 

striatal dopaminergic system (Jenner, 1989). Loss of neurons is not limited to the dopaminergic 

system and can be found in various other brain regions, including the Locus Coeruleus (LC) and 

the Dorsal Motor Nucleus of the Vagus (DMN) (Braak et al., 2003; Lai & Siegel, 2003). The 

second feature is an aggregation of protein-rich Lewy Bodies (LBs; globular in appearance) and 

Lewy Neurites (LNs; filament and strand-like in appearance) found in remaining neurons in 

affected brain regions (Braak et al., 2003). LBs and LNs, primarily composed of α-synuclein, are 

also characteristic of dementia with Lewy Bodies and multiple systems atrophy, 

neurodegenerative disorders producing similar pathologies and behavioural outcomes as PD 

(Dickson, 1999). Together, these disorders make up the group known as the synucleinopathies. 

While dysfunction of the dopaminergic system results in the behavioural features characteristic 

of PD (i.e., bradykinesia, resting tremor, rigidity and postural instability; Dauer & Przedborski, 
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2003), it is thought that the cellular dysfunction that leads to LB and LN aggregates is the 

immediate cause of PD (Duda, Lee, & Tojanowski, 2000; McNaught et al., 2002).  

The primary composition of LBs and LNs is non-degraded, misfolded α-synuclein 

proteins (Pollanen, Dickson, & Bergeron, 1993). The normal form of α-synuclein is an 

intrinsically unfolded, soluble protein found throughout the mammalian brain, primarily in 

synaptic terminals of neurons (McLean et al., 2000). Its function remains unclear, as evidence 

has been found suggesting an involvement in a wide range of cellular processes, including 

vesicle trafficking (Cooper et al., 2006) and microtubule formation (Alim et al., 2004). In PD 

however, α-synuclein proteins cluster, resulting in insoluble aggregations in the cytoplasm of the 

neuron. These aggregates are thought to disrupt the normal functioning of the α-synuclein 

protein, as well as the function of the neuron (i.e., dopamine release) (McNaught et al., 2002). 

While it is not known whether these dysfunctions lead directly to neuronal loss, it is clear that α-

synuclein aggregates are a principal component of neuronal damage in all cases of PD. In fact, 

immuno-positive alpha-synuclein inclusions in human brain tissue are the relied upon markers to 

confirm a positive PD diagnosis at autopsy (Braak et al., 2003).  

Staging model of PD 

A relatively recent model proposed by Braak et al. (2003) describes the progression of 

PD pathology and symptomatology. According to this model, development of the disease occurs 

in stages, which are characterized by the brain areas affected and the impairments associated 

with dysfunction in these areas. As such, the behavioural and cognitive symptoms, as well as the 

neuropathological signs (i.e., neurotoxicity and α-synuclein inclusions) progress in an additive 

nature in stages. 
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In the initial stage according to the theory, α-synuclein inclusions appear in the dorsal 

motor nucleus of the glossopharyngeal and/or vagal nerves and the anterior olfactory nucleus. 

Stage 2 exhibits α-synuclein inclusions in the medulla and the mesopontine tegmentum, affecting 

specific nuclei, including the LC/Subcoeruleus (SubC) complex involved in REM sleep control. 

Inclusions are evident in stage 3 in midbrain nuclei including the SNc and motor dysfunction 

becomes apparent. In stage 4, inclusions are seen in the amygdala and thalamus, while 

neurotoxicity is evident in the basal forebrain and hypothalamus. In stage 5, the sensory 

association cortex, anterior cingulate and prefrontal cortices are damaged and inclusions are 

evident. Finally, in stage 6, inclusions are evident in nearly the entire cortex. Cognitive and 

motor functions are severely impaired by this time. 

The Braak group have since added to the staging theory, suggesting that initial damage to 

the vagus nerve could be caused by foreign substances (e.g., environmental toxins) (Hawkes, Del 

Tredici, & Braak, 2007). They suggest that toxins that are „neuroactive‟ substances could be 

transported from the synapse, to the axon, to the cell body of unmyelinated neurons by receptor-

mediated endocytosis. Such cell types exist in the enteric nervous system (ENS), an area that is 

often in contact with neuroactive substances (e.g., pesticides in food). From this entry point, 

these toxins could enter the vagus nerve and cause dysfunction and α-synuclein aggregates in a 

progression of retrograde degeneration. A similar progression of degeneration is thought to 

occur within the olfactory system (Hawkes, Del Tredici, & Braak, 2007). There is now evidence 

from human autopsies and work with cat and rat models in support of the staging model of PD 

(for a full review, see Hawkes, Del Tredici, & Braak, 2007). For example, evidence shows that 

proteasome inhibition in rats, which can be induced with specific environmental toxins (Olanow, 

& McNaught, 2006), results in development of α-synuclein inclusions and behavioural 
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dysfunction that follows the same progression as the proposed staging model (McNaught et al., 

2004).  

α-synuclein and the ubiquitin-proteasome system (UPS) 

Familial PD and sporadic PD are presumed to have different etiologies, yet both involve 

mis-folded α-synuclein inclusions. Normally, when a protein is mis-folded, it is labelled with one 

or more ubiquitin molecules by the ubiquitin-proteasome system (UPS) (Karp, 2003).  

Proteolysis then occurs within a proteasome enzyme, breaking the protein down into smaller 

peptides. In cases of familial PD, it is thought that missense or triplication mutations of the α-

synuclein gene leads to aggregates of α-synuclein that are resistant to proteolysis 

(Polymeropoulos et al., 1997; Kruger et al., 1998; Singleton et al., 2003; as cited in McNaught et 

al., 2006). Similarly, it appears that a disruption of the UPS results in the aggregation of α-

synuclein in sporadic PD cases (McNaught et al., 2002). However, in sporadic PD the 

disturbance of the UPS involves dysfunction of the proteasome itself. As the McNaught group 

(2002) suggest, the 20s and 26 complex proteasomes normally degrade misfolded α-synuclein 

proteins. In PD, these proteasomes are functionally or structurally impaired, resulting in an 

inability to degrade the mis-folded protein. This, in turn, leads to aggregation of α-synuclein and 

the resulting LBs and LNs.  

Environmental toxins as a cause of PD 

 Recent evidence suggests that exposure to environmental toxins, such as specific 

pesticides, could lead to PD (Di Monte, Lavasani, & Manning-Bog, 2002; McCormack et al., 

2002; McNaught et al., 2004; Ascherio et al., 2006; Kamel et al., 2006; Hawkes, Del Tredici, & 

Braak, 2007). In a prospective study initiated by the American Cancer Society in 1992, 184,190 

individuals were surveyed to determine the relationship between diet and other lifestyle factors 
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and incidences of cancer. Follow up surveys collected in 2001 included a question related to 

incidences of PD. Of the 143,325 surveys returned, those who had been exposed to 

pesticide/herbicide use 13 years prior were 70% more likely to have developed PD than those not 

exposed. These individuals were also 14 times more likely to have been farmers, ranchers and 

fishermen, occupations commonly involving extensive use of pesticides/herbicides.    

It is now thought that pesticides and other environmental toxins can modify the structure 

and function of proteasomes, leading to sporadic PD. In one study, McNaught and colleagues 

(2004) tried to determine if proteasome inhibition caused by two different toxins would result in 

a model of progressive PD in the rat.  The two toxins used, epoxomicin (naturally occurring) and 

Z-lle-Glu(OtBu)-Ala-Leu-al (PSI; synthetic), are effective and potent proteasome inhibitors 

(Meng et al., 1999). Rats were injected 6 times over two weeks with epoxomicin or PSI to 

determine if proteasome inhibition would lead to motor deficits and neuropathology 

characteristic of PD. Analysis of behaviour over 8 wk showed the development of the hallmark 

PD symptoms bradykinesia, resting tremor, rigidity and postural instability. Interestingly, these 

symptoms were responsive to L-DOPA administration, indicating they were a result of 

dopaminergic dysfunction in the striatum. Neurotoxicity was found in the SN, LC, DMN, and 

Nucleus Basalis of Meynert. At each of these sites, immune-positive α-synuclein Lewy body-like 

inclusions were found in remaining neurons. These results supported the theory that PD could be 

caused by pesticide exposure. Moreover, the pattern of behavioural dysfunction and 

neuropathology closely resembles that of PD in humans, as outlined in the staging model 

reviewed above (Braak et al., 2003; Hawkes, Del Tredici, & Braak, 2007). Together, these 

results have provided evidence that proteasome inhibition in rats resulting from exposure to 

environmental toxins is an excellent model for studying human PD development.  
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Sleep 

To facilitate a discussion of disordered sleep as it relates to PD, it is necessary to provide 

a basic background of the neurophysiology of sleep. 

The stages of sleep 

As diurnal animals, most humans are awake for two-thirds of the day and asleep for one 

third, during the night (Kolb & Whishaw, 2001). Just as wake-sleep patterns are regulated by 

cycles, or „circadian rhythms,‟ sleep itself is an ultradian cycle of stages through which human 

brain activity progresses. Each stage of sleep is characterized by the electrical and chemical 

activity of the brain, the tension of large muscle groups, and eye movements as measured by 

polygraph recordings (polysomnograms).  

During regular waking periods, electroencephalograms (EEGs; skull surface recordings 

of the electrical activity emitted from the brain) record low amplitude beta-waves (14-30Hz). 

Cholinergic, serotonergic and noradrenergic activity is high. In a relaxed state the brain produces 

slower, high-amplitude alpha waves (8-12 Hz), which are accompanied by moderate muscle tone 

activity (Kolb & Whishaw, 2001). 

 Stage 1 sleep, lasting about 10 minutes and occurring mostly at sleep onset, is a transition 

from wakefulness to sleep and is characterized by a transition from EEG recorded alpha waves to 

theta waves (3.5-7.5 Hz) (Kolb & Whishaw, 2001). Some muscle activity may also be present. 

Activity of noradrenergic, serotonergic, and cholinergic neurons is reduced. Stage 2 sleep 

produces various EEG patterns consisting of theta waves, spindles (0.5-3 second bursts of 12-16 

Hz waves), and K complexes (single high amplitude waves). Muscle activity is reduced. On 

average, Stage 2 sleep makes up 50% of an individual‟s night of sleep. In Stage 3 sleep, 

approximately 20-50% of the EEG record shows slow, leading to high amplitude delta waves 
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(3.5 Hz or less). The only distinction in EEG activity between Stages 3 and 4 is that Stage 4 

produces more than 50% delta activity per 30 second epoch (Kolb & Whishaw, 2001). There are 

no eye movements and little muscle activity in slow wave sleep (SWS). Activity of 

noradrenergic and serotonergic neurons drops even more, while cholinergic neurons fire at very 

low levels or not at all, depending on the brain regions from which they arise.   

The fifth and final sleep stage, REM sleep, is characterized by rapid, irregular, desynchronized 

theta and beta waves, similar in size and frequency to the brain waves produced during relaxed 

waking and Stage 1 sleep. This EEG similarity is why researchers often refer to REM sleep as 

paradoxical sleep (Kolb & Whishaw, 2001). Activity of noradrendergic and serotonergic neurons 

is very low, while cholinergic neurons are very active. During REM, electrooculograms (surface 

recordings of oculo-muscular activity) record bursts of conjugate rapid eye movements, hence 

the term REM sleep. One feature unique to REM sleep is atonia of the skeletal muscles in the 

body as measured by Electromyograms (EMGs; recordings, surface or embedded, of electrical 

activity produced by contraction of skeletal muscles) (Kolb & Whishaw, 2001). Despite the lack 

of muscle activity during REM sleep, the brain, including the motor cortex, is very active. 

Studies showing increased oxygen consumption and cerebral blood flow in positron emission 

tomography scans (Kolb & Whishaw, 2001; Stickgold, 1998) support this idea. This increase in 

activity is associated with dreaming, as REM sleep is primarily when dreams occur. It is thought 

that the dissociation between increased activity in motor control centers of the brain during REM 

sleep  (compared to other sleep stages) and atonia of the large muscle groups, is an evolutionary, 

protective mechanism by which the brain can function (i.e., during dreams), while risk of 

physical harm to the body is reduced (Hobson, 1988). 
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 In a normal night of sleep, an individual will progress through Stage 1 to Stage 4 sleep, 

then back through Stages 4, 3, 2 and finally to REM. This pattern is known as a sleep cycle and 

lasts approximately 90 minutes (Kolb & Whishaw, 2001). Four to five of these cycles occur 

during a regular night, and although the progression and length of these cycles remains relatively 

stable, there is variability in the length of time spent in each stage of sleep. In the initial parts of 

the night (approximately the first half), the sleep cycle is dominated by SWS, with only short 

periods (approximately 10 minutes) of REM sleep. Over the course of the night, SWS time is 

reduced, such that it is much reduced or absent in the last half of the night. In addition, REM 

sleep time increases with each cycle, dominating, along with Stage 2 sleep, the final half of the 

sleep record (Smith, 2001; Stickgold, 1998). In an average night, REM sleep time will increase 

to 30 minutes per cycle, or more, although the exact amounts can vary (Kolb and Whishaw, 

2001).  

In rats, sleep stages are divided into non-REM (NREM) sleep, transition sleep (TS), and 

REM sleep. Neural activity in non-REM (NREM) in rats is roughly equivalent to SWS in 

humans, while REM sleep is similar to REM in humans (Gottesmann, 1996). TS in rats is a 

unique sleep stage occurring between SWS and REM sleep that is characterized by bursting, 

high-amplitude sigma and theta waves with duration, on average, less than 15 seconds 

(Gottesmann, 1996). Just as REM sleep in humans produces atonia of the large muscle groups so 

does REM sleep in rats. Sleep cycles tend to be much shorter in rats, with sleep dominating 

during light periods and waking during dark periods. However, the similarities in sleep between 

rats and humans, otherwise, have made rats ideal models for studying both healthy and 

disordered sleep. 
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REM sleep behaviour disorder (RBD) 

RBD is a parasomnia that primarily affects the motor system during REM sleep. 

Although total sleep time is often increased as a result of an increase in stages 3 and 4, and/or 

REM sleep, the amount of sleep is usually of less concern than the quality of sleep. RBD is 

characterized by vivid dreams and prominent motor activity (Boeve, Silber, & Ferman, 2004). 

Atonia of the large muscle groups that is normally present during REM sleep is lost in those 

affected by RBD (Hobson, 1988). This means that activity in the motor-cortex is transmitted to 

the spinal cord, as would occur during waking, resulting in the „acting-out‟ of dreams (Hobson, 

1988) (see „Neuropathology of RBD‟ below for more detail). Since the resulting motor 

behaviour is the product of dream mentation occurring when the person is unconscious, it is 

often chaotic, aggressive, or even violent in nature (Gagnon, Postuma, & Montplaisir, 2006). 

Thus, there is a serious risk of physical injury to the RBD sufferer, the bed partner, and 

potentially others.  

Although RBD can occur at any age, it is generally considered to be a disorder of aging, 

occurring after age 50 (Schenck, Hurwitz, & Mahowald, 1993) and more predominately in men 

than women. One study of 93 individuals indicates only 13% of cases occur in women (Olsen, 

Boeve, & Silber, 2000). Prevalence rates are not well known, but estimates range between 0.04% 

(Chiu et al., 2000) and 0.3% (Olsen, Boeve, & Silber, 2000) in the general population. However, 

in PD sufferers, estimates of RBD prevalence are reported at ~33-60% (Comella et al., 1998; 

Gagnon et al., 2002; as cited in Boeve et al., 2007), 65% (Schenck, Bunklie, & Mahowald, 2003) 

and 67% (Boeve, et al., 2003). Moreover, RBD precedes the onset of PD in the majority of these 

cases, suggesting it is a strong risk factor in the development of PD. 
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Neurophysiology of REM sleep atonia and RBD 

An overview of the brain regions directly involved with control of atonia in REM sleep is 

presented here. However, a full description of REM sleep production and the brain areas 

involved in motor control is beyond the scope of this study. For more detail on these subjects, 

refer to Lu et al. (2006) and Boeve et al. (2007). 

In REM sleep, there is a `functional disconnection‟ between the motor control systems of 

the brain and the spinal cord. To borrow an analogy from Lu et al. (2006), it is as though when 

REM sleep is initiated, a „switch‟ is turned on, causing information coming from higher brain 

regions to be disconnected from the spinal cord. This results in atonia of the skeletal muscles, as 

evident by a flat signal on the EMG channel of a polysomnogram (Figure 1). Although some 

oculomotor and locomotor twitching is normal during REM sleep, complicated movements (e.g., 

walking) are actively suppressed (Boeve et al., 2007).  

Much of what is known about the areas involved in REM atonia production and control 

comes from animal models (Jouvet & Delorme, 1965, as cited in Mahowald & Schenck, 2004; 

Lai & Siegel, 1998; Hajnik, Lai, & Siegal, 2000). Work with cats has implicated activity of the 

LC and Sub-coeruleus nuclei as necessary for maintaining atonia during REM sleep (Jouvet & 

Delorme, 1965, as cited in Mahowald & Schenck, 2004; Lai & Siegel, 1998). The Peri-coerular 

region and the dorsal part of the Subcoeruleus nucleus (SubCD; also known as the Sublateral-

dorsal nucleus) in the pontine tegmentum are thought to be functionally homologous regions in 

the rat (Boissard et al., 2003). While the LC in the rat is involved in REM motor control, the 

SubCD is thought to be the final common pathway to the spinal cord and functions as the motor-

inhibitory REM-on region (i.e., the „switch‟) (Lu, Sherman, Devor, & Saper, 2006). Boeve and 

colleagues (2007) have developed an anatomical model of the control of REM sleep atonia by  
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Figure 1: REM sleep in rats. Electroencephalogram (EEG) (top signal) and electromyogram 

(EMG) (bottom signal) recordings of rat rapid eye movement (REM) sleep with atonia (A) and 

without atonia (B). 

 

much of the research from cat and rat models. Spinal motor neurons usually receive excitatory 

input (i.e., during waking) from locomotor generators in the pontine tegmentum. This in turn 

results in excitation of the skeletal muscles, causing motor behaviour. However, during REM 

sleep, glutamatergic neurons arising in the SubCD activate glycinergic and gamma-

Aminobutyric acid (GABA) -ergic inhibitory interneurons in the medulla and the ventral horn of 

the spinal cord. This activity inhibits spinal motor neurons, resulting in muscle atonia. 

Neuropathology of RBD 

In RBD, the neurophysiology of REM sleep control is disrupted. In other words, the 

„switch‟ that produces atonia is dysfunctional. Work with rat models of RBD shows that damage 

to the SubCD causes a release from inhibition in spinal motor neurons, resulting in loss of 

muscle atonia in REM sleep (Lu et al., 2006). This in turn results in motor activity during REM, 

as evident from increased activity on the EMG channel in polysomnograms (Boeve et al., 2007). 

An example is shown in figure 1, which compares a normal EMG signal recorded from a rat 

during REM sleep with an EMG signal from a rat with lack of atonia during REM sleep. The 

dysfunction of the „switch‟ in RBD and the resulting motor behaviour during REM sleep is 

A B 
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thought to be a direct result of α-synuclein aggregates in neurons of the LC/SubCD (Boeve et al., 

2003, 2007; Lu et al., 2006).  

RBD, PD & α-synuclein  

As with PD and the synucleinopathies, RBD is associated with Lewy body-like α-

synuclein inclusions (Boeve et al., 1998). Immuno-staining for α-synuclein in cat and rat models 

of PD, as well as post-mortem human tissue analysis (Boeve et al., 2001) have shown that there 

is substantial overlap in the brain areas affected by RBD and PD (Halliday et al., 1990; Turner et 

al., 2000; Braak et al., 2003; Lai & Siegel, 2003; Mahowald & Schenk, 2003; Ferini-Strambi et 

al., 2005). α-synuclein inclusions are found in the DMN, LC, SubCD, and SNc in both diseases. 

This pattern of overlap is consistent throughout the other brainstem structures in both RBD and 

PD cases (for a full review of structures affected by α-synuclein in both RBD and PD, refer to 

Lai & Siegel, 2003). Moreover, the progression of α-synuclein pathology in RBD follows the 

staging model of PD as proposed by the Braak group (Braak et al., 2003; Hawkes, Del Tredici & 

Braak, 2007). For example, inclusions appear in the LC/SubCD in RBD in the absence of waking 

motor dysfunction and occur in the LC/SubCD in PD prior to the appearance of waking motor 

deficits. In addition, pathology in RBD and PD appears from less to more severe, moving from 

the DMN, through the LC/SubCD and to the SNc (Braak et al., 2003; Boeve et al., 2007). The 

pathological similarities of RBD and sporadic PD provide evidence that these are closely related 

disorders that may share a common etiology.  

The present study 

Many researchers now believe that RBD is not only a significant risk factor for sporadic 

PD development, but is a prodromal stage of sporadic PD. According to this theory, RBD 

appears at an earlier, pre-motor stage of PD, but both disorders lie on the same continuum 
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(Boeve et al., 2007). Thus, RBD is a significant early warning sign of PD onset. As described 

above, the research showing the age-related onset of both disorders, the exceptionally large 

percentage of cases of RBD that lead to PD, and the overlap progression of α-synuclein-

associated neuropathology in both disorders provides evidence that RBD is indeed a significant 

early warning sign of PD onset.  

At this point is should be clear that RBD and PD could be related disorders. The etiology 

of sporadic PD, although unclear, appears to be related to proteasome inhibition, potentially 

resulting from exposure to environmental toxins. As McNaught et al. (2004) have shown, 

systemic exposure to selective proteasome inhibitors can induce a progressive model of PD in 

the rat. The resulting neuropathology was consistent with PD in humans, showing LB-like α-

synuclein inclusions in the DMN, LC, SubC and SNc, areas found to have similar pathology in 

animal models and human cases of RBD. However, it is not yet known if toxin-induced 

proteasome inhibition produces RBD, or if this would subsequently lead to PD. In other words, 

does proteasome inhibition lead to pre-Parkinsonian RBD?  

The goal of this study was to examine the hypothesis that proteasome inhibition leads to 

RBD and subsequently, full blown PD. To answer the experimental question, a slightly modified 

version of the McNaught et al. (2004) rat model of progressive PD was used. First, it was 

predicted that exposure to the proteasome inhibitor PSI would, over time, result in lack of atonia 

and an increase in motor behaviour during REM sleep, symptoms characteristic of RBD. Next, it 

was predicted that these sleep disturbances would be followed by motor behaviour disturbances 

during waking, symptoms characteristic of PD. Finally, it was predicted that immuno-labelling 

of α-synuclein would show LB-like α-synuclein inclusions in the DMN, LC, SubCD and SNc, 

neuropathological evidence of RBD and PD. This study may provide evidence that RBD is an 
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early indicator of PD and that both disorders develop according to the staging model of PD 

proposed by Braak and colleagues (Braak et al., 2003; Hawkes, Del Tredici, & Braak, 2007) as a 

result of exposure to environmental toxins. 
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Chapter 3 

Methods 

General procedures 

 This section provides an overview of the procedures; details are provided in the following 

sections. All procedures and protocols followed the Canadian Council for the Use and Care of 

Animals Guidelines and were approved by the Trent University Research and Ethics review 

board and Animal Care Committee prior to study commencement. For a timeline of the  

experimental procedures, refer to figure 2. Twelve rats underwent surgery for EEG and EMG 

electrode implantation after 7 days of mandatory quarantine. Following 14 days of recovery from 

surgery, sleep testing began. All sleep „days‟ consisted of periods approximately 24 hr long, 

beginning between 8:00 and 9:00 am. Animals were given 2 days to acclimatize to the sleep 

recording equipment at which time the recording cable was attached to the EEG socket on the 

skull, but no recording was taken. On day 3, a baseline polysomnogram was recorded. 

Behavioural training carried out on the inclined beam-traverse task was started the following 

morning and continued for 5 consecutive days. All training and testing was between 8:00 and 

10:00 am. On training day 6, baseline behavioural measures were recorded and initial drug 

treatments were given. A total of 6 treatments (drug or vehicle) were given over two wks (Mon, 

Wed, Fri, Mon, Wed, Fri) and if coinciding with behavioural testing, always occurred following 

testing to ensure acute effects of the treatments did not interfere with behaviour. Sleep 

recordings were started on the day following the initial drug treatment day. Sleep was recorded 

once per week and was always done on the day following behavioural testing and drug treatment 

(when it occurred). This was a precautionary step to avoid recording altered sleep architecture 

that might have occurred as a result of post-training memory consolidation or acute effects of  
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Figure 2: Timeline and summary of experimental procedures. In the pre-test phase (3.5 wk) 

electroencephalographic (EEG) and electromyographic (EMG) electrodes were implanted 

(surgery). Following recovery, baseline sleep recording was done for 1 day (24 hr). Beam-

traverse (behavioural) training occurred for 5 days (5 trials/day), with baseline testing on day 6. 

In the testing phase (8 wk) injections of PSI (3.0 mg/kg) or vehicle (70% ethanol) were given 6 

times over 2 wk (M, W, F, M, W, F). Sleep recording was done at testing wk 4 (T4; 24 hr) and 

testing wk 8 (T8; 24 hr). Behavioural testing (5 trials/day) was done once weekly through testing 

(wk T1-8) and during the re-test phase (RT16). Following re-test Animals were perfused 

transcardially and tissue was prepared for immuno-staining of α-synuclein. 

 

drug treatment. Sleep recording and behavioural testing occurred weekly over 8 wk. Following 

an additional 8 wk (post-test) possible long-term behavioural and/or sleep effects were 

examined.  Two days of sleep recording, each followed by a behavioural re-test session, were 

carried out during post-test wk 7 and 8. Animals were weighed at surgery, immediately after 

final treatments (wk 2), 2 wk after final treatments (wk 4) and at the first re-test session. Animals 

were sacrificed immediately following the final re-test session and brains were examined using 

immuno-staining to visualize cellular inclusions of α-synuclein.  

Animals 

Twelve male Sprague-Dawley rats, approximately 8 wk in age and weighing 245-290 g, 

obtained from Charles River laboratories (Saint-Constant, Quebec, Canada), were individually 
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housed in opaque plastic cages (20 x 30 x 18 cm high) and kept on a 12-hr light/dark cycle (light 

from 10:00 am to 10:00 pm; dark from 10:00 pm to 10:00 am) with food and water available ad 

libitum.  

Surgery 

  After 1 wk, rats were prepared for surgical implantation of EEG and EMG electrodes for 

polysomnographic recording. Animals were placed in a plexigas chamger and were anaesthetized 

using isofluorane gas (0.5 l/min with 1.5-3.0% oxygen, depending on weight). Their heads were 

then shaved and they were placed in a stereotaxic frame. The anaesthetic was continued by way 

of a breathing mask attached to the bite bar of the stereotaxic frame and was maintained 

throughout the surgical procedure. A heating pad and rectal thermometer were used to ensure the 

rats remained normothermic throughout the procedure. The scalp was cleaned and an anterior-

posterior incision revealed Bregma and Lambda. Four sanitized jeweller‟s screws were 

implanted into the skull; 2 were placed 2 mm anterior and 2.5 mm lateral from Bregma and two 

were placed 3.5 mm posterior and 3 mm lateral from Bregma. Teflon-coated metric 2.0 gauge 

braided wires (3 cm long) were wrapped and secured around each of the 4 screws, while 2 more 

bare wires were inserted bilaterally into the neck muscles. The alternate end of each wire was 

crimped with a gold-plated connector and inserted into a plastic plug socket equipped with 6 

ports, one for each of the EEG and EMG wires. Wire connectors were secured to the plug socket 

using dental acrylic and the plug socket was secured to the skull using dental acrylic. 

Intramuscular injections of antibiotic were given before anaesthetic was terminated. Liquid 

acetaminophen was mixed with water and was made available to the animals for pain-relief 

during initial recovery. All animals were given 14 days for recovery and acclimatization to the 

skull cap socket.     



21 

 

Sleep recording and analysis 

 Sleep recording cages were made of Lexan (30 x 30 x 60 cm high) with a wire-mesh 

floor and were open at the top to allow recording cables to be connected to a commutator 

(Plastics One Inc., Roanoke, Virginia, USA) to move freely. The cage was equipped with 

bedding and food and water was made available ad libitum during recording. The commutator 

was connected to a portable Sandman Suzanne
TM

 digital signal amplifier (Denver, Colorado, 

USA), which was relayed to a Dell laptop computer (Dell Canada Inc., North York, Ontario, 

Canada).  

After 14 days of recovery from surgery, animals were acclimatized to the recording 

equipment for 2 days. During acclimatization, the recording cable was attached to the skull plug 

socket on the rat and to the commutator, but no recordings were made. On day 3, baseline sleep 

measures were recorded using Sandman software (Denver, Colorado, USA). Each recording 

contained 2 EEG channels 2 EMG channels. The EMG channels were bipolar with one posterior 

channel being referenced to the anterior channels. The second anterior channel functioned as a 

ground electrode. Both EEG and EMG channels were recorded at a sampling rate of 120 samples 

per s. Bandpass filters (0.18 Hz, low frequency cut-off; 42 Hz, high frequency cut-off) and a 

notch filter (60 Hz) were used during recording. All channels were visually inspected and were 

relatively artefact free and of acceptable quality, except on re-test days. Upon examination of the 

animals at re-test, it was determined that the skull cap sockets had been scratched loose, 

disturbing the connections of the EEG electrodes and resulting in recordings of poor quality. All 

re-test data were removed from the analysis.  

The preparation of sleep recordings for scoring analysis required EEG signals to be 

filtered for visual stage scoring using a bandpass filter (0.5 Hz, low frequency cut-off; 30 Hz, 
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high frequency cut-off). Sleep records were scored using PRANA® sleep analysis software 

(PhiTools, Strasbourg, France). Visual sleep stage scoring was done according to the 

international standard of Rechtschaffen and Kales (1968), except that sleep stages were scored in 

10-s epochs instead of the standard 30-s epoch. This was done to allow for scoring of the now 

commonly recognized transition sleep (TS) stage in rats. Waking, SWS, TS and REM sleep were 

scored as such when an epoch contained more than 50% of the respective stage. Reliability 

scoring was conducted on one 24-hr sleep recording by a sleep scoring expert blind to the 

original stage scoring. Reliability was found to be high, with the investigator and expert in good 

(92%) agreement (Kappa = .880, p<.0000001).  

Scoring of motor activity from the EMG channels determined if there was any disruption 

of the REM-sleep motor-inhibition system. The scoring method used was an automated version 

of the method described in Lapierre and Montplaisir (1992). Their parameters were entered into 

the PRANA® sleep scoring software artefact detection plug-in. To accomplish this, the average 

background amplitude of the EMG signal during REM sleep was calculated. The software then 

compared the EMG signal to the average background signal in 2-ms windows with a 1-ms 

overlap. When the amplitude in a window of EMG signal exceeded 4 times the average 

background amplitude, an „abnormal‟ movement was identified and a single event was counted. 

Movements were required to be at least 2 ms in duration, so that activity associated with repeated 

firing of a motor neuron was not counted as a discreet event (Lapierre & Montplaisir, 1992). In 

addition to movement identification, all movements were analyzed for duration.  

Drug treatments and injection procedures  

 Drug treatment procedures were obtained from the experimental method outlined in 

McNaught et al. (2004). Animals were randomly assigned to a control (n=6) or experimental 



23 

 

(n=6) group prior to commencement of experimental procedures. Experimental (EXP) animals 

were injected subcutaneously in the nape of the neck with 3 mg/kg of Z-Ile-Glu(OtBu)-Ala-Leu-

CHO (PSI) (Calbiochem - EMD Biosciences, San Diego, California, USA) dissolved in 70% 

ethanol (vehicle), while control animals (CON) received subcutaneous injections in the nape of 

the neck of  vehicle only. Injections of 3 mg/kg PSI were selected as this concentration has 

produced motor impairments and neuropathology in rats, characteristic of Parkinson‟s disease 

(McNaught et al., 2004). A total of 6 injections were given to each animal over the course of 2 

wk (Mon, Wed, Fri, Mon, Wed, and Fri). Group assignment and drug preparation were done by 

an assistant investigator and a coding system was employed to ensure the lead investigator (MM) 

was blind to the treatment groups until all results were obtained and analyzed.  

Behavioural training, testing and analysis 

 Animals were trained on the inclined beam-traverse task (described in Drucker-Colin & 

Garcia-Hernandez, 1991). This task is sensitive to motor impairment in behavioural models of 

Parkinson‟s disease in rodents (Meredith & Kang, 2006), including those models examining 

aging and dopaminergic dysfunction (Drucker-Colin & Garcia-Hernandez, 1991), dopamine 

neuron loss (Truong et al., 2006) and over-expression of alpha-synuclein (Fleming et al., 2004). 

The apparatus was a 2-m long wooden beam, elevated to 42.5 cm at the near end and 100 cm at 

the far end, with an incline of 15°. The walking surface was 12 mm wide, an optimal width to 

allow rats to traverse the beam while enabling motor impairment to be measured (Drucker-Colin 

& Garcia Hernandez, 1991). Rats were placed on the beam behind a start line (15 cm from the 

near end) and were trained to traverse the incline into their home cage placed at the far end. To 

initiate movement on the beam and avoid freezing behaviour, a 60 dB white-noise signal was 

emitted from a set of computer speakers (placed just before the start end of the beam) throughout 
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each trail. This signal is a mildly noxious stimulus capable of inducing avoidance behaviour on 

beam-traverse tasks (Soblosky et al., 1997; Piot-Grosjean et al., 2001). All trials were timed and 

began when all the animal‟s 4 paws were on the starting point of the beam. Trials were 

terminated when the animal reached the home cage or when a criterion of 120 s had been 

reached (at which point it was removed from the beam and placed in the home cage).  

There were 5 training days and multiple test sessions all consisting of 5 trials per day. 

Training began following 14 days of recovery from surgery and lasted for 5 consecutive days (25 

trials total). A 30-s rest period was given between trials to avoid fatigue.  The first test session 

took place the next day and served as baseline. Test sessions occurred twice weekly for 8 wk. 

Two re-test sessions occurring 6 wk after the final test session, each one following a day of sleep 

recording, were used to examined potential long-term behavioural impairments resulting from 

the treatment protocol. The first re-test session served as a re-learning day and was excluded 

from the statistical analysis. The second served as an indicator of behavioural impairments. 

Five measures were used to examine motor ability/impairment: Time to traverse (TT), 

time of no movement (TN), number of steps (NS), number of error steps (ES), and falls (FA). TT 

was the amount of time it took the animal to complete the task (the maximum of 120 s was 

recorded for incomplete trials or falls); TN, a fear-response measure (Drucker-Colin & Garcia-

Hernandez, 1991), was the amount of time the animal was immobile; NS was the number of 

steps to traverse the beam (excluding error steps); ES was the number of steps where the foot did 

not contact the beam or slipped off the beam after making contact; FA was recorded when the 

animal fell from the beam. All trials were video recorded using a Sony DCR-DVD405 

Handycam (Sony, Toronto, Ontario, Canada) and were scored, using slow-motion playback, by 

the lead investigator (MM) while still blind to the treatment for individual animals. 
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Histology 

 Immediately following the final re-test, animals were sacrificed and brain tissue was 

collected and prepared for immuno-staining of α-synuclein inclusion bodies. Animals were first 

deeply anaesthetized with sodium pentobarbital and were then perfused transcardially using 4% 

phosphate-buffered paraformaldehyde. Brains were extracted and were cryoprotected using a 

solution of 30% sucrose in phosphate-buffered saline for a minimum of 2 days. The posterior 

two-thirds of the brain were sectioned to ensure that each of the areas of interest were included in 

the analysis.  Tissue was frozen using dry ice and was sectioned in the coronal plane on a 

microtome, moving from posterior to anterior, with each section 40 µm thick. Sections were 

thawed in 0.1 M tris buffer saline (TBS) for a minimum of 5 min. The tissue was then bathed, 

free-floating, in a series of solutions to prepare it for immunohistochemical analysis. After each 

solution bath, the tissue was rinsed in 0.1 M TBS.  In the first step, the endogenous peroxidase 

activity was blocked using 3% hydrogen peroxide (H202) in 0.1 M TBS. Tissue was washed with 

3% bovine serum albumin (BSA) in 0.25 % Triton-X100 (TBX) for 1 hr.  The sections were then 

incubated in the primary antibody rabbit anti-α-synuclein IgG (1:200; Sigma Aldrich, Saint 

Louis, Missouri, USA) plus 3% BSA in 0.25% TBX for 48 hr at room temperature. This was 

followed by incubation in the secondary antibody goat anti-rabbit biotynilated IgG (1:200; 

Jackson Immunoresearch, West Grove, Pennsylvania, USA) plus 3% BSA in 0.25% TBX for 2 

hr. Tissues were then bathed with 1 ml 3% BSA in 0.25% TBX plus 9 µl “A” and “B” from the 

Vectastain ABC kit (Vector Laboratories Inc., Burlingame, California, USA).  Finally, tissue was 

bathed in 1 ml of a staining solution using diaminobenzidine (DAB) as the chromagen to 

visualize potential cellular inclusions of α-synuclein. The staining solution was made up of 200 



26 

 

µl of 8% NiCl2 6H20 (nickel chloride), 20 µl of 30% H202, plus 1 ml of DAB solution (20 

mg/ml) in 40 ml 0.1M (TBS).  

Tissues were mounted onto gelatine-coated glass microscope slides and were dried for a 

minimum of 12 hr. Following drying, slides were bathed in distilled water for 1 min and then 

bathed in a series of graded ethanol concentrations (50, 70, 80, 90, 95, and 100%) for 1 min each 

to dehydrate the tissues. Slides were cleared using HistoClear® and were cover-slipped using 

Permount permanent mounting media. Slides were viewed with a Carl Zeiss Axioskop 2 

microscope (Carle Zeiss, Toronto, Ontario, Canada) at 4 X magnification and digital images of 

the areas of interest in the brain tissue were captured on a personal computer. A total of 3 EXP 

brains and 3 CON brains were prepared and analyzed.  

Statistical analysis 

 All statistical analyses were carried out using SPSS version 17.0 statistical software 

(SPSS, Chicago, Illinois, USA). Statistical significance was set at p = 0.05 for all tests. The rat 

weights (g) were compared throughout the study using 2-tailed Student‟s t-tests for independent 

samples. Behavioural beam-traverse data were averaged across the 5 test trials for each training 

and test day. The TT variable, while being an indicator of motor dysfunction, is also measure 

used to determine learning on the beam-balance task (Drucker-Collin & Garcia-Hernandez, 

1991).  As such, a 2 (group) x 6 (training day) repeated measures analysis of variance (ANOVA) 

with TT as the dependent variable was performed for training  (days 1-5) and baseline sessions. 

This was done prior to further experimental procedures, to determine if animals successfully 

learned the beam-balance task and did not differ at baseline.  Behavioural data for all test days 

were analyzed using 2 (group) x 10 (test day) mixed model analysis of variance (ANOVA) tests. 

Sleep-architecture and REM sleep EMG movement data was compared, between groups, using 
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independent samples t-tests to examine differences at baseline during the light half of the day, 

dark half of the day, and total day.  Sleep recordings at re-test were of poor quality and were 

excluded from any analyses. Recordings taken at baseline, wk 4 and wk 8 were used for further 

analysis. Sleep architecture data was analyzed using separate 2 (group) x 3 (day) mixed model 

ANOVAs for the light half of the day, dark half of the day and total day, for each sleep 

architecture variable, respectively. REM sleep EMG movement data were analyzed using the 

same approach as for the sleep architecture data. For analysis of variables related to discrete 

sleep events (e.g. EMG movements during REM sleep), changes in the number of events from 

day to day can result from changes in the duration of sleep stages. To determine if changes in the 

number of discreet events are independent of change in duration of sleep stages, sleep event 

densities (number of events / minute of sleep) were used (e.g. Fogel & Smith, 2006).  EMG 

movement density (number of movements / minutes of REM sleep) was calculated to examine 

the number of EMG movements independent of the duration of REM sleep. Two (group) x 3 

(day) mixed model ANOVAs were used to examine REM sleep EMG density for the light half of 

the day, the dark half of the day, and the total day.  

Histological data were examined for immuno-positive α-synuclein inclusions 

qualitatively and semi-quantitatively.  No tissue samples in either group included the DMN. 

Thus, only tissue from the LC, SubCD and SNc was examined. Brain tissue samples from both 

groups were examined for chromagenic evidence of α-synuclein pathology in the LC, SubCD 

and SNc. The chromagen, DAB, produces a brown-ish stain when tissue is „positive‟ for the 

protein being examined. Thus, immunopositive α-synuclein inclusions were expected to appear 

at 4 x magnification as brown „speckles‟ in the affected brain regions (see Braak et al., 2003 for a 

full qualitative description and graphic examples of α-synuclein inclusions in PD). Semi-
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quantitative analysis of brain tissue was done using the method of Braak et al. (2003). According 

to this method, the severity of α-synuclein pathology in affected brain areas is labelled as „absent 

or not discernable‟ (--), „slight‟ (+), „moderate‟ (++), and „severe‟ (+++). Figures showing this 

pattern of pathology in Braak et al. (2003) were used as a guideline. 
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Chapter 4 

Results 

Two rats, one rat from the control group (CON) and one rat from the experimental group (EXP),  

removed their skull cap sockets and were immediately euthanized. Data from these cases were 

excluded from all analyses.   

Animal weights 

Two tailed t-tests were used to compare mean weights (g) of the 2 groups (CON; EXP) at 

baseline, wk 2, wk 4, and re-test. No significant weight differences were found at any of the four 

time points (Table 1). 

          Table 1  

Means (M), standard deviations (SD) and t-tests (t; two-tailed) for weights (g) of control  

(CON; n = 5) and experimental (EXP; n = 5) rats at surgery, wk 2, wk 4, and re-test. 
                    

          

  

CON 

 

EXP 

   Day   M SD   M SD   t p 

          Surgery 

 

271.2 15.7 

 

266.6 17.8 

 

0.7 0.40 

Wk 2 

 

309.4 13.3 

 

289.6 45.5 

 

0.4 0.18 

Wk 4 

 

341.0 15.2 

 

344.0 17.7 

 

0.8 0.65 

Re-test 

 

401.8 18.0 

 

402.8 24.1 

 

0.9 0.35 
                    

 

Sleep 

All sleep architecture and movement variables were analyzed by halves of the day (light 

half, 12 hr; dark half, 12 hr) and by total day (24 hour).  

Sleep architecture. For duration (min) of each wake and sleep stage, two-tailed t-tests 

revealed no significant baseline group differences during the light half of the day, the dark half 

of the day, or the total day (Table 2).  For duration (min) of each wake and sleep stage,  2 (group) 
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x 3 (day) mixed model ANOVAs revealed no significant main effect of group, day, or group x 

day interaction during the light half of the day, dark half of the day, or total day (Table 3).  

REM sleep EMG movements. Two-tailed t-tests revealed no significant group differences 

in REM sleep EMG movements at baseline during the light half (t(8) = -0.08, p = 0.44), dark half 

(t(8) = -0.17, p = 0.87), or total day (t(8) = -0.54, p = 0.61). Results of the 2 (group) x 3 (day) 

mixed model ANOVA performed for EMG movements revealed no significant main effect of 

group (F(1,8) = 0.08, p = 0.79), day (F(2,16) = 2.54, p = 0.11), or group x day interaction 

(F(2,16) = 1.05, p = 0.37) in the light half of the day (Figure 3A). Similarly, for the ANOVA for 

the dark half of the day, there was no significant main effect of group (F(1,8) = 0.09, p = 0.77), 

or day (F(2,16) = 0.12, p = 0.89), and no significant group x day interaction (F(2,16) = 0.58, p = 

0.56) (Figure 3B). ANOVA for the total day data also revealed no significant main effect of 

group (F(1,8) = 0.08, p = 0.78), or day (F(2,16) = 0.61, p 0.56), and no group x day interaction 

(F2,16) = 0.53, 0.58) (Figure 3C). 

 REM sleep EMG movement durations. No significant group differences in movement 

duration were found at baseline during the light half (t(8) = -0.97, p = 0.36), dark half (t(8) = -

0.15, p = 0.88), or total day (t(8) = -0.47, p = 0.65). The 2 (group) x 3 (day) mixed model 

ANOVA for the light half of the day revealed no significant main effect of group (F(1,8) = 0.05, 

p = 0.83), day (F(2,16) = 2.78, p = 0.09), or group x day interaction(F(2,16) = 2.40, p = 0.12) 

(Figure 4A). No significant main effect of group (F(1,8) = 2.35, p = 0.16), day (F(2,16) = 1.01, p 

= 0.39) or group x day interaction (F(2,16) = 0.39, p 0.68) was found for the dark half of the day 

(Figure 4B). Similarly, the total day ANOVA revealed no significant main effect of group 

(F(1,8) = 0.08, p = 0.40), day (F(2,16) = 1.25, p = 0.31), or group x day interaction (F(2,16) = 

0.83, p = 0.45) (Figure 4C).  
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Table 2 

        Means (M), standard deviations (SD) and t-tests (t; two-tailed) for duration (min) 

of wake and sleep stages in control (CON; n = 5) and experimental (EXP; n = 5) 

animals over the light half, dark half and total day, at baseline. 

                      

          

  

CON 

 

EXP 

   Stage M SD   M SD   t p 

          
Wake 

        

 

Light half 345.6 73.1 

 

311.17 59.7 

 

0.80 0.44 

 

Dark half 402.5 43.3 

 

387.1 47.1 

 

0.54 0.61 

 

Total day 748.1 83.5 

 

698.27 45.3 

 

1.17 0.28 

NREM 

        

 

Light half 313.5 68.2 

 

347.6 34.8 

 

-0.99 0.35 

 

Dark half 240.0 39.6 

 

258.9 34.3 

 

-0.08 0.44 

 

Total day 553.5 89.0 

 

606.5 20.1 

 

-1.30 0.23 

TS 

        

 

Light half 10.1 5.7 

 

4.4 5.8 

 

1.58 0.15 

 

Dark half 10.6 8.0 

 

7.0 7.8 

 

0.71 0.50 

 

Total day 20.7 7.0 

 

11.4 12.7 

 

1.43 0.19 

REM 

        

 

Light half 50.8 17.2 

 

56.8 30.4 

 

-0.38 0.71 

 

Dark half 61.7 22.0 

 

61.8 23.4 

 

-0.01 0.99 

 

Total day 112.5 34.4 

 

118.6 44.5 

 

-0.24 0.81 

Total Sleep 

        

 

Light half 374.4 73.1 

 

408.8 59.7 

 

-0.82 0.44 

 

Dark half 312.3 43.1 

 

327.7 48.2 

 

-0.53 0.61 

 

Total day 686.7 79.6 

 

736.5 47.6 

 

-1.20 0.26 
                    

Abbreviations: NREM (non-rapid eye movement); TS (transition sleep); REM (rapid eye  

movement)  

         

REM sleep EMG movement density. EMG movement densities were calculated by 

dividing the number of movements by the amount of REM sleep (min) over the light half, dark 

half, and total day. At baseline, no significant group differences were found in movement density 

during the light half (t(8) = -1.02, p = 0.34), dark half (t(8) = -0.49, p = 0.64), or total day (t(8) = 

-0.91, 0 = 0.39). Results of the 2 (group) x 3 (day) mixed model ANOVA for  
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Table 3 

     Results for the 2 (group: experimental, control) x 3 (day: baseline, wk 4, wk 8 

mixed model analysis of variance (ANOVA) tests (F) for duration of sleep stages 

in the light half of the day, dark half of the day and for the total day. 
              

       
Stage     F (df)     

       

 
ANOVA effect Light Half 

 

Dark Half 

 

Full Day 
              

       
Wake 

     

 

Group F(1,8) = 0.66 

 

F(1,8) = 1.53 

 

F(1,8) = 1.24 

 

Day F(2,16) = 0.35 

 

F(2,16) = 3.53 

 

F(2,16) = 2.50 

 

Group x Day F(2,16) = 2.28 

 

F(2,16) = 0.90 

 

F(2,16) = 3.02 

       
NREM 

     

 

Group F(1,8) = 0.17 

 

F(1,8) = 0.62 

 

F(1,8) = 0.45 

 

Day F(2,16) = 1.28 

 

F(2,16) = 1.69  

 

F(2,16) = 1.76 

 

Group x Day F(2,16) = 0.47 

 

F(2,16) = 0.81 

 

F(2,16) = 0.81 

       
TS 

      

 

Group F(1,8) = 0.03 

 

F(1,8) = 0.96 

 

F(1,8) = 0.39 

 

Day F(2,16) = 2.05 

 

F(2,16) = 1.57 

 

F(2,16) = 3.74 

 

Group x Day F(2,16) = 0.06 

 

F(2,16) = 1.61 

 

F(2,16) = 0.56 

       
REM 

     

 

Group F(1,8) = 1.69 

 

F(1,8) = 0.20 

 

F(1,8) = 2.37 

 

Day F(2,16) = 1.07 

 

F(2,16) = 3.10 

 

F(2,16) = 0.96 

 

Group x Day F(2,16) = 1.23 

 

F(2,16) = 0.86 

 

F(2,16) = 1.35 

       
Total Sleep 

     
 

Group F(8,1) = 0.60 

 

F(1,8) = 0.34 

 

F(1,8) = 0.42 

 

Day F(2,16) = 0.35 

 

F(2,16) = 4.75 

 

F(2,16) = 3.32 

 

Group x Day F(2,16) = 2.29 

 

F(2,16) = 0.65 

 

F(2,16) = 2.37 
              

Note: For all cases, p > 0.05; Abbreviations: NREM (non-rapid eye movement); TS 

(transition sleep); REM (rapid eye movement)  
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Figure 3: REM sleep EMG movements. Mean (±S.E.M.) number of rapid eye movement sleep 

(REM) electromyographic (EMG) movements over recording days for PSI treated (EXP; n = 5) 

and vehicle treated (CON; n = 5) groups during the light half of the day (A), dark half of the day 

(B), and total day (C). 

A: Light Half 

B: Dark Half 

C: Total Day 
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Figure 4: REM sleep EMG movement duration. Mean (±S.E.M.) duration (s) of rapid eye 

movement (REM) sleep electromyographic (EMG) movements over recording days for PSI 

treated (EXP; n = 5) and vehicle treated (CON;n = 5) groups during the light half of the day (A), 

dark half of the day (B), and total day (C). 

A: Light Half 

B: Dark Half 

C: Total Day 
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 the light half of the day revealed no significant main effect of group (F(8,1) = 2.19, p = 0.18), 

day (F(2,16) = 0.89, p = 0.43), or group x day interaction (F(2,16) = 0.20, p = 0.82) (Figure 5A). 

For the dark half of the day, no significant main effect of group (F(1,8) = 1.24, p = 0.30), or day 

 (F(2,16) = 1.22, p = 0.32), or group x day interaction (F(2,16) = 0.28, p = 0.76) was found 

(Figure 5B). The results were similar for the total day ANOVA, showing no significant main 

effect of group (F(1,8) = p = 3.70, p = 0.09), day (F(2,16) = 1.42, p = 0.27), or group x day 

interaction (F(2,16) = 0.18, p = 0.86) (Figure 5C).   

Behavioural testing 

Beam balance training. The 2 (group) x 3 (day) ANOVA for TT across training days 

revealed a significant main effect of day (F(5, 40) = 27.36, p < 0.001), indicating a reduction in 

TT, regardless of group. A trend analysis indicated that learning occurred in a quadratic function 

(F(1,8) = 84.79, p < 0.001) from training day 1 through baseline testing (Figure 6).  No main 

effect of group (F(1,8) = 0.03, p = 0.88), or group x day interaction (F(5,40) = 0.77, p = 0.58) 

was found. Therefore, groups learned the beam-balance task and did not differ in traversal times 

at baseline. 

 Beam balance testing. During behavioural testing, only two falls from the beam were 

exhibited for all rats. Therefore, there was insufficient data to analyze the FA variable. In these 

two cases, the maximum time of 120 s was recorded for each animal. For each of the behavioural 

variables, TT, TN, NS & ES, 2 (group) x 10 (day) mixed model ANOVAs were conducted. For 

TT, no significant main effect of group (F(1,8) = 0.003, p = 0.95), day (F(9,72 = 1.75, p = 0.09), 

or group x day interaction (F(9,72) = 0.44, p = 0.91) was found (Figure 7A). Similarly, no  
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Figure 5: REM sleep EMG movement density. Mean (±S.E.M.) density (# movements / min 

of sleep) of rapid eye movement (REM) sleep electromyographic (EMG) movements over 

recording days for PSI treated (EXP; n = 5) and vehicle treated (CON; n = 5) groups during the 

light half of the day (A), dark half of the day (B), and total day (C). 

A: Light Half 

B: Dark Half 

C: Total Day 
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Figure 6: Behavioural learning. Mean (±SEM) time to traverse (TT) (s) the beam-balance task 

over training days (1-5) and baseline testing for PSI treated (EXP; n = 5) and vehicle treated 

(CON; n = 5) groups. 

 

significant main effect of group (F(1,8) = 0.03, p = 0.86), day (F(9,72) = 1.58, p = 0.14), or 

group x day interaction (F(9,72) = 0.45, p = 0.90) was found for TN (Figure 7B). For NS, no 

significant main effect of group (F(1,8) = 4.95, p = 0.06), day (F(9,72) = 0.83, p = 0.59), or 

group x day interaction (F(9,72) = 1.19, p 0.31) was found (Figure 7C). For the ES variable, a 

significant main effect was found for group (F(1,8) = 7.52, p = 0.02), indicating that the 

experimental group (M = 1.68, SD = 0.11) had slightly more error steps than the control group 

(M = 1.25, SD = 0.11). No significant main effect of day (F(9,72 = 1.23, p = 0.29) or group x day 

interaction (F(9,72) = 1.58, p = 0.14) was found (Figure 6D). 

Histology 

Examination of tissues revealed that no samples for either group included the DMN. 

Thus, analysis for immuno-positive α-synuclein was done on the LC, SubCD, and SNc for both 

groups. Qualitative analysis of the tissue samples of the areas of interest in both groups showed a 

general and diffuse „brown-ish‟ staining pattern (Figure 8). Cells were visible, however, the  
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Figure 7: Behavioural testing: Mean (±SEM) scores for the vehicle (CON; n = 5) and PSI 

treated (EXP; n = 5) groups at baseline, test (wk 1- wk 8), and re-test sessions. Behavioural 

measures,  time to traverse (TT), time of no movement (TN), number of steps (NS), number of 

error steps (ES), are displayed in separate graphs, A, B, C, D, respectively.  

 

overall appearance of the samples was consistent with a general pattern of „background‟ 

immuno-labelling. No specificity of labelling for α-synuclein inclusions was evident in the 

LC,SubCD, or SNc in samples from either group (Figure 8). The semi-quantitative analysis 

A: TT B: TN 

C: NS D: ES 
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revealed no signs of „slight‟, „moderate‟, or „severe‟ α-synuclein pathology in any of the brain 

regions of interest for either group (Table 3; Appendix A). 
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CON    Locus coeruleus (LC)   EXP 

               

Subcoeruleus nucleus, dorsal part (SubCD) 

                   
 

Substantia Nigra pars compacta (SNc) 

                  
 

Figure 8: Brain pathology. Brain regions (4 x magnification) of vehicle treated (CON: A, C, E) 

and PSI treated (EXP: B, D, F) rats immunostained using antibodies to α-synuclein and DAB 

chromagen to visualize α-synuclein pathology.                  

 

 

A B 

C D 

E F 
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Chapter 5 

Discussion 

General findings 

In the present study we used a rat model of progressive PD to determine if systemic exposure to 

PSI, a proteasome inhibitor, produces pre-Parkinsonian RBD followed by PD. Contrary to our 

first hypothesis, PSI did not produce RBD symptoms. PSI did not alter number, duration or 

density of REM sleep EMG movements and there were no changes in wake or sleep stage 

durations of any kind in the light half of the day, dark half of the day, or total day over the 8 wk 

of testing. The results indicated that REM sleep atonia and normal sleep were maintained in all 

rats. The second hypothesis stated that in the PSI group, RBD symptoms would be followed by 

waking motor behaviour impairments, characteristic of PD. No motor impairments were found in 

either group. Both groups successfully learned the beam-balance task over training days, as 

evidenced by reduced time to traverse the beam (TT), and did not differ at baseline. While both 

groups successfully learned the task, all rats performed equally over the 8 weeks of testing and at 

re-test 8 weeks later, as measured by the TT, TN and NS variables. A small, but significant 

difference between groups suggested that the PSI group had more error steps over test days than 

the control group. Finally, it was hypothesized that PSI would produce LB-like α-synuclein 

inclusions in the DMN, LC, SubCD, and SNc. Although there was a lack of tissue samples in 

both groups that included the DMN, we failed to find evidence of neuropathology based on 

immuno-staining of α-synuclein in the LC, SubCD, or SNc in either group.  

 The behavioural and histological results of this study indicate that despite our adherence 

to the treatment procedure as outlined in McNaught et al. (2004), we were unable to replicate the 

PSI-associated behavioural impairments or neuropathological outcomes they reported. Other 
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researchers have had inconsistent findings with this model as well. Zeng et al. (2006) reportedly 

replicated McNaught and colleagues‟ findings, albeit using a higher dose of PSI. They 

administered rats with 6 systemic injections of 5 mg/kg or 8 mg/kg of PSI dissolved in 

dimethylsulfoxide, dimethylsulfoxide only (vehicle group), or ethanol (control group) on 

alternating days over two weeks. PSI-treated animals exhibited motor disturbances, as measured 

by a 30% - 40% reduction in ability to perform the „hole-board‟ task 2, 5, and 10 months after 

treatment. Additionally, they reported immuno-positive α-synuclein inclusions, as well as a 

reduction in SNc neurons in the PSI treated groups, but not the vehicle or control groups. 

However, other studies have found differing results. Using the treatment procedure of McNaught 

et al., but with dimethylsulfoxide instead of 70% ethanol as the vehicle, Schapira et al. (2006) 

found PSI to cause a reduction in SNc cells by up to 42%. Measurements of proteasome function 

showed a PSI-associated reduction at 2 wks post-treatment. Motor behaviour was mildly 

impaired in their animals, but no α-synuclein inclusions were found. The majority of studies has 

not been able to replicate any of the features of McNaught et al. in rats (Bove, 2006; Kordower et 

al., 2006; Mathur, 2007), mice (Bove et al., 2006), or monkeys (Kordower et al., 2006). A 

common feature of these studies, was the attempt at replicating some, or all of the McNaught et 

al. (2004) results. Taken together, the past research and the results of the current study suggest 

that the PSI proteasome-inhibition model of PD produces inconsistent and unreliable results.  

Behavioural findings 

With respect to the behavioural results found here, only one significant analysis was 

revealed. The PSI treated group had more error steps (ES) than the control group across test 

days. While it is tempting to suggest that this was motor dysfunction caused by PSI 

administration, it is important to note that there was no group x day interaction. If PSI was a 



43 

 

factor, we would have expected an increase in error steps in the PSI group over time. However, 

this was not the case. In addition, the mean differences in ES were very slight between the 

groups, (M = 1.68, SD = 0.11 and M = 1.25, SD = 0.11, for the experimental and control groups, 

respectively). There was a non-significant (p = 0.06) difference in number of steps (NS), with a 

trend toward the control group (M = 23.82, SD = 0.57) taking more steps than the PSI-treated 

group (M = 22.32, SD = .57). However, this was not corroborated by any other findings. More 

importantly, this was a trend for the control group having more steps than the experimental 

group, a finding inconsistent with what we would have expected if PSI had caused 

neuropathology in the SNc. No other differences in motor behaviour were found. It is possible 

that the beam-traverse task was not sensitive to PSI-induced motor behaviour and a more 

sophisticated measuring technique might be necessary. In McNaught et al. (2004) a more 

advanced, computerized 3-dimensional monitoring system measured movement numbers and 

distances in the x, y, and z planes to examine motor deficits.  While this is a more sophisticated 

method of behavioural analysis, it does not appear to be necessary to evaluate motor deficits in 

this model. Mathur et al. (2007) failed to find PSI-associated behavioural impairments using a 

similar computerized apparatus. More importantly, studies have shown that the beam-traverse 

task is sensitive to impairments associated with PD models and α-synuclein pathology in rats and 

mice (Drucker-Colin & Garcia-Hernandez, 1991; Fleming et al., 2004; Truong et al., 2006). 

Thus, it is unlikely that the beam-balance task was not sensitive to PSI-induced behavioural 

impairment or sophisticated enough to measure them. Rather, the results suggest that rats from 

both groups had normal motor functioning.  

Histology  

The examination of the immuno-stained tissue samples yielded inconclusive findings. No 
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immuno-positive inclusions were localized in the LC, SubCD, or SNc in samples from either the 

PSI-treated group or control group. The corroborating evidence from the sleep and behavioural 

data suggest that PSI did not produce neuronal pathology. It is possible that the pathology was at 

an earlier stage than expected. If so, we would have expected α-synuclein inclusions to be found 

in the DMN of PSI-treated rats, without evidence of sleep or waking motor dysfunctions. This 

seems unlikely though, as studies finding inclusions as far rostral as, and including the SNc of 

PSI treated rats did so at 8 wk post-treatment (McNaught et al., 2004; Zeng et al., 2006). On the 

other hand studies with similar procedures to ours failed to find evidence of α-synuclein 

inclusions at 8 wks (Kordower et al., 2006; Schapira et al., 2006) or 12 wk (Bove et al., 2006; 

Mathur et al., 2007) post-treatment. While it appears that the pathological stage is not the major 

factor, it cannot be ruled out, as no DMN tissue samples were available for analysis. Based on 

the analysis of the available tissues, it seems that the inability to localize immuno-positive α-

synuclein inclusions can be attributed to one, or a combination of, at least three factors. First the 

procedure and/or antibodies of the immunohistochemical analysis were flawed, leading to 

inconclusive results. Second, PSI resulted in α-synuclein inclusions, but we were unable to locate 

them. Third, PSI did not produce α-synuclein inclusions. Each of these possibilities is discussed 

below.  

The qualitative examination of the tissue samples provides evidence that the immuno-

staining procedure did not provide specificity. The general brown colour throughout all tissue 

samples in both groups suggests that staining was diffuse and non-specific. The chromagen, 

DAB, labelled a wide variety of neurons (including cell bodies, axons and dendrites) and glia. 

This is problematic for three reasons. First, there are few markers for proteins in both neurons 

and glia. Although α-synuclein is found naturally in both cell types, it is primarily found in 
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synaptic terminals of neurons, with only small amounts found in other neuronal regions (except 

pathologically) or glia. Thus, immuno-labelling of naturally occurring α-synuclein should 

provide only small amounts of staining in axons and very little in other neuronal regions or glia. 

Second, if the staining was specific, more axons would be stained in densely-packed nuclei (e.g., 

the LC), providing clearly visible colour differences in these areas. For example, staining of the 

LC should have provided visualization of a „column-like‟ structure (e.g., see Paxinos & Watson, 

1998). While some structures were identifiable, many were not. Third, immuno-staining for LB-

like α-synuclein inclusions produces a „speckled‟ or „peppered‟ look when tissue is viewed at 

low magnification (for an example of immuno-staining showing normal and pathologic alpha-

synuclein reactivity see figure 2 k –m in Braak et al., 2003). On the contrary, our tissue samples 

showed a dense and diffuse brown-ish stain and no „speckling‟.  

It is possible in the first step of the immuno-staining procedure, that not enough hydrogen 

peroxide was used. This would result in leftover endogenous peroxidase activity in the tissue 

samples, resulting in non-specific labelling. However, this was recognized and a second round of 

immuno-staining using an increased concentration of hydrogen peroxide was done (results not 

shown). The results were not different from the initial findings. Another possibility is that the 

primary and/or secondary antibodies did not function as expected, or the concentrations were 

inappropriate. The primary antibody, anti-α-synuclein raised in rabbit (Sigma-Aldrich, Saint 

Louis, Missouri, USA), is commonly used and its function well validated (Gentile et al., 2008; 

Hirai et al., 2004). The secondary antibody, goat anti-rabbit biotynilated, has been used 

successfully in the laboratory where the present histological methods were carried out and at the 

same concentration (e.g., Smithson & Kawaja, 2010). However, since this was the first time we 

had used the primary antibody, control experiments examining its function would have been 
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useful. While we followed the manufacturers suggested concentration (1:200), no titration testing 

was done. Furthermore, the manufacturer specified control tissue for anti-α-synuclein is 

Alzheimer-positive human brain tissue. Obtaining and working with this type of tissue was 

beyond the scope of our laboratory‟s expertise and was not a viable option. Thus, it is not known 

if the primary antibody used here functioned as specified. 

An alternate explanation for the inability to localize α-synuclein inclusions in the brains 

of rats treated with PSI is that we did not know how or where to locate the inclusions. The 

methodology used to find the inclusions in past experiments as well as the quantification of 

inclusions found following PSI administration, was not previously published (McNaught et al., 

2006; Zeng et al., 2006) and therefore, was unavailable for replication. Despite repeated attempts 

at contacting the McNaught group to gain this information, no return correspondence was made 

and no information was shared (see below). While other studies show that α-synuclein inclusions 

are readily observed at low magnification in pathological tissue (Braak et al., 2003), no 

indication of quantification of inclusions was provided in either of the studies reporting 

inclusions following systemic PSI injections (McNaught et al., 2006; Zeng et al., 2006). 

Furthermore, in a follow-up study to McNaught et al. (2003, 2004), McNaught and colleagues  

published an article showing evidence of α-synuclein inclusion bodies in rat neurons (see figure 

2, McNaught et al., 2006). This figure has since been formally withdrawn (McNaught & 

Olanow, 2009) with the author‟s stating: 

“[…] we interpreted [the figure] to represent preliminary evidence of protein 

accumulation and aggregation in the brain of rats following exposure to proteasome 

inhibitors. We understand there has been some disagreement as to whether this really 

represents a pathological change. In retrospect, we probably should not have included this 
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figure in the commentary. […] Accordingly, we would like to retract [the figure].” (pg. 

485). 

Thus, our study suffered greatly in its inability to replicate past findings and localize α-synuclein 

pathologies. There was no way of knowing how many inclusions to look for, precisely where to 

locate them, or if any pathological inclusions should even have been expected to exist. It was 

possible that with extensive re-examination of tissue samples α-synuclein pathologies could have 

been found. However, in light of the behavioural findings of the current study and the 

methodological difficulties discussed, it was the opinion of the lead investigator (MM) and 

collaborators (MK, RB, CS) that no further tissue analysis was necessary. 

A number of suggestions have been made by researchers attempting to uncover 

methodological reasons to account for the discrepancy of findings, behavioural and neurological, 

associated with systemic PSI administration in rats (e.g., Bove et al., 2007). Many of the 

questions are centered on PSI itself and focus on the validity of the drug, the concentration, 

preparation, and accumulation of the drug in the rat brain. It has been suggested that different 

manufacturers could have different methods for producing PSI which cause the drugs to have 

different effects (e.g., McNaught et al. 2006). McNaught et al. (2006) have even noted that the 

company that supplies them with PSI (Sigma-Aldrich Corp) has changed their production 

process. However, while we used PSI from a different company (Calbiochem –EMD 

Biosciences) than the McNaught group, this is an unlikely reason for the differences in our 

results and the results of others. In the McNaught et al. (2004) replication study by Zeng et al. 

(2006), PSI was purchased from the supplier that we used (Calbiochem), but was reported to 

produce similar behavioural and neuropathological effects to those reported by the McNaught 

group. Conversely, Bove et al. (2006) and Mathur et al. (2007) used PSI from the same 
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manufacturer as the McNaught group and were unable to replicate their findings. Moreover, 

Bove et al. (2006) report that their PSI was from the same batch as the PSI used in the McNaught 

study and repeated attempts at replication yielded null findings. Although we did not validate the 

PSI used in our study, Zeng et al. (2006) have replicated the McNaught et al. (2004) findings 

with PSI from the same supplier. In addition, there is substantial evidence showing that PSI from 

the supplier used here, is a potent proteasome inhibitor in a wide range of applications 

(Figueiredo-Pereira, 1994; Traenckner, 1994; Griscavage, 1996). Thus, PSI, as used in the 

present study, appears to be a valid proteasome inhibitor. 

Previous suggestions by some investigators that PSI may rapidly degrade or lose its 

potency once mixed in ethanol appear to be unsubstantiated. Bove et al. (2006) showed that PSI 

dissolved in 70% ethanol is still a potent proteasome inhibitor after 6 hours at room temperature. 

Still, we followed the suggestions from the manufacturer for storage and preparation. All doses 

were prepared just prior to injections and PSI was otherwise stored at a minimum of -20° C. In 

the present study the proteasome inhibiting activity of PSI was not measured directly (i.e., no 

analysis of the ability of PSI to inhibit proteasomes was done by directly exposing tissue cultures 

to PSI in vitro). It has been shown that PSI is a potent proteasome inhibitor and is neurotoxic 

when rat brain slices are exposed in vitro (Mathur et al., 2007; Rideout et al., 2005). 

Furthermore, Mathur et al. (2007) found that systemic exposure using the same doses as we used, 

only slightly reduced proteasome activity in the rat SN, and did not result in α-synuclein 

inclusions or neurotoxicity. This suggests that at the concentrations used here, PSI accumulation 

in the brain may not be sufficient to cause α-synuclein inclusions. Similar results have been 

found for expocimicin (Kordower et al., 2006). While this does not explain the discrepancies in 

findings from the present study and McNaught et al. (2004) and Zeng et al. (2006), it does 
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highlight the fact that an unknown factor may contribute to the amount of accumulation of PSI in 

the brain following systemic exposure.  

In order to investigate this, future studies could use direct micro-injections of PSI into 

specific brain areas (e.g., the SNc) and examine the resulting proteasome function, 

histopathology and motor behaviour. McNaught et al. (2002) and Miwa et al. (2005) have shown 

that intra-cerebral injections of the proteasome inhibitor lactacystin, directly into the SNc of rats 

results in a pathological profile characteristic of PD. This method is not as attractive as it 

involves a more detailed procedure and does not mimic the progression of PD seen in humans as 

closely. However, it may offer a way to examine the direct effect of PSI proteasome inhibition in 

the rat brain.  

Researchers would benefit from a procedure that enables reproduction of PD progression 

in humans, while also providing testable hypotheses of the staging model proposed by the Braak 

group (Braak et al., 2003, Hawkes, Braak & Del Tredici, 2007). According to their model, 

environmental toxins enter the gut or olfactory systems, causing retrograde degeneration of the 

vagus and olfactory nerves. One study provides support for this model in a way that resembles 

the human PD condition more closely than the McNaught group‟s systemic exposure procedure. 

Miwa et al. (2006) injected rats with PSI directly into the ventral wall of the stomach and 

measured neuronal toxicity and α-synuclein inclusions in the DMN. As proposed by Braak et al. 

(2003), PSI produced retrograde degeneration of the vagus nerve, as evident in α-synuclein 

inclusions in the DMN. No noticeable loss of neurons in the DMN was reported and no other 

brain regions were examined. While the findings were limited to the DMN, the method of 

intragastric injection, along with the resulting α-synuclein inclusions, provides a heuristic and 

testable rat model of the Braak group‟s staging pathology.  
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Sleep 

No differences in sleep architecture or REM sleep EMG movements were evident for 

either group over any part of the day, during any of the baseline or testing days. Sleep 

architecture differences were not expected, as they are not a prominent symptom of RBD 

(Boeve, Silber, & Ferman, 2004). EMG movement differences during REM sleep were expected 

for the PSI-treated group. This finding, along with the lack of neuropathology found, is 

indicative that PSI did not disrupt REM sleep atonia. There are at least three reasonable 

explanations for this. First, it is plausible that RBD is not part of a prodromal stage of PD. 

Second, proteasome inhibition does not produce RBD-like behaviours in the rat. Third, PSI 

administration does not effectively cause proteasome inhibition or α-synuclein inclusions to 

form. With respect to the final suggestion, all of the considerations discussed above would apply. 

The results strongly point to the third explanation. Failure of our study to replicate the results of 

McNaught et al. (2004) does not allow for an extrapolation of the findings to RBD or an RBD-

PD link. Any suggestions based on the results of this study would only be speculation. To this 

end, RBD might be associated with proteasome inhibition, possibly induced by environmental 

toxins. In turn RBD could be related to PD according to the staging model proposed by Braak et 

al. (2003). However, the results of the current study strongly suggest that proteasome inhibition 

did not occur and show that PSI administration does not appear to be a viable model of RBD in 

the rat. Therefore, the research question „does proteasome inhibition produce pre-Parkinsonian 

REM sleep behaviour disorder?‟ remains to be answered. 

Limitations and future research 

A number of limitations from the current study have been noted. First we intended to 

measure the long-term effects of PSI on sleep and REM sleep atonia. However, the sleep 
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recordings at the re-test time point were filled with artefact and no reasonable analysis was 

possible. This made it impossible to determine whether PSI produced long-term sleep 

disturbances characteristic of RBD. Examination of the rats revealed that over time, the skull 

socket caps had been scratched loose, thus disrupting the EEG and EMG electrode connections. 

This is an inherent difficulty in long-term sleep recording with rats. The procedure used here is 

effective over short time periods. However, it is a rather crude method and does not easily allow 

for quality recordings over the long term. Researchers interested in long-term sleep changes 

would do well to attempt to develop a more reliable recording method.  

With respect to the administration and function of PSI, it was presumed that PSI would 

effectively cause proteasome inhibition. However, no measure of proteasome inhibition was 

taken. Future studies would benefit from providing estimates of the actual level of proteasome 

activity associated with PSI exposure (for an example methodology, refer to Mathur et al., 2007).  

An obvious limitation was the lack of tissue samples for either group that contained the 

DMN. This was directly related to the inexperience of the lead investigator (MM) at sectioning 

tissue using a microtome. Without this tissue, it was not possible to determine if PSI resulted in 

any neuropathological changes.  

 As discussed above, this study lacked antibody control tests, limiting the interpretation of 

the findings. Future studies would do well to ensure that control tissue is available in order to test 

the activity of a new antibody. Even without the Alzheimer-positive human brain tissue for 

control testing, procedures could have been carried out to examine the specificity of staining of 

the primary and secondary antibodies. This procedure involves running through two rounds of 

the immuno-staining procedure and eliminating the use of primary antibody or secondary 

antibody in each round. The results of each of these processes would be expected to show no 
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immuno-positive staining. If staining occurred, it would likely be due to non-specific binding of 

the antibody included in the analysis. As it is possible that the primary antibody (anti-α-

synuclein) used here did not function as expected, a control test of this nature would have 

highlighted this issue. Two other control tests would have aided in the histological analysis. 

First, titration tests would have provided an optimal concentration of primary-antibody necessary 

for the chromagenic reaction. Second, staining for more than one protein would have provided 

corroborating evidence of neuropathology, or lack thereof. Ubiquitin is a common protein 

associated with proteolysis and is found in elevated levels in LBs (Pollanen, Dickson, & 

Bergeron, 1993) providing an optimal marker to corroborate results of α-synuclein 

immunostaining.   

The present study was undertaken while much of the conflicting evidence in support 

of/refuting this model was being published. At the time the present hypotheses were formulated 

it was not clear that the McNaught et al. (2004) model of progressive PD in rats produces 

unreliable results. In addition, lack of methodological detail published by McNaught and 

colleagues made it difficult, if not impossible, to follow their protocol. It was only after the 

current study was underway that missing methodological details became apparent when carefully 

studying the McNaught protocol. We (MM, RB) made repeated attempts to contact the 

McNaught group by email and phone to discuss some of the methodological issues, but no return 

communications of any kind were received. This contributed further to our emerging doubts 

about the model.  

The main implications of the current findings are that systemic PSI administration does 

not produce a reliable model of PD, or RBD in the rat. Future studies should be aimed at finding 

a replicable model of progressive neuropathology in PD, if further investigations into the 
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possible link between RBD and PD are to be fruitful. One way in which to do so would be to 

examine the model put forth by Fleming et al. (2004). In this model, transgenic mice were 

developed to over-express human α-synuclein. Beginning at 2 months of age, motor-behaviour 

disturbances were found using the beam-traverse and other tasks. On the beam-traverse, 

transgenic mice exhibited more error steps, took more total steps, and took more time to traverse 

the beam than wild-type mice. This pattern was worsened as the animals aged suggesting that the 

α-synuclein interacted with age to further reduce motor abilities in the transgenic animals. 

Furthermore, α-synuclein pathology was found in neurons of the substantia nigra, but not in glial 

cells or spinal neurons of the transgenic mice, suggesting that the dysfunction was associated 

with pathology of the substantia nigra. This is a promising model for human-like PD-progression 

and could provide testable hypotheses regarding the putative link between α-synuclein in RBD 

and PD. It would not be possible to test the etiology of damage as proposed by the environmental 

toxin proteasome-inhibition hypothesis, as increased levels of α-synuclein pathology would 

already be expected. However, it would be possible to examine the possible progression of α-

synuclein pathology over time in over-expressing mice.  

Future investigations would benefit from taking the Miwa et al. (2006) intra-gastric 

proteasome inhibitor model further and characterizing the resulting neuropathology in other 

brain regions (e.g., LC, SubCD, SNc), as well as examining the effect on motor behaviour. This 

model would also be useful for examining pre-Parkinsonian RBD. Sleep disturbances would be 

easily examined and could be investigated by following the procedures regarding sleep recording 

outlined in the present study.  

A more interesting study would be to examine the ability of ingested proteasome 

inhibitors to induce retrograde degeneration of the vagus nerve and PD-like symptoms in the rat. 
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This is the basis of the model proposed by the Braak group (2003; Hawkes, Braak, Del Tredici, 

2007), however, to the author‟s knowledge, this hypothesis has never been tested. Rats would 

presumably be able to tolerate substantial doses of PSI, or potentially other proteasome 

inhibitors, as Miwa et al. (2006) did not find that rats had any trouble tolerating direct intra-

gastric injections (i.e., weight, feeding, and grooming were not affected and all animals 

survived). RBD symptoms, motor symptoms and neuropathological symptoms could be 

measured in the same way as in the systemic model of proteasome inhibition. If ingestion of 

proteasome inhibitors results in a progressive model of PD in the rat, this would be the most 

heuristic model of PD to date. Furthermore, pre-Parkinsonian RBD could easily be examined. 

This may provide a promising model for future examinations of RBD and PD-like symptoms in 

rats. 

Summary 

The findings of this study did not provide support for RBD as a prodromal phase of PD 

within a systemic proteasome inhibitor-based model. It appears that PSI did not induce 

proteasome inhibition, as no behavioural or sleep disturbances were found and no Lewy body-

like α-synuclein inclusions were evident. The findings here are in contrast to McNaught et al. 

(2004) where it was found that through proteasome inhibition, systemic PSI at the same dose 

used here, produced severe PD-like behavioural symptoms and neuropathology that mimicked 

the progression of PD in humans.  In sum we suggest that systemic PSI exposure in rats does not 

produce a viable model of RBD or PD. Whether RBD is an early symptom of PD remains an 

open question that awaits further investigation. 
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Appendix A 

Table 4 

      Semi-quantitative analysis of severity of α-synuclein 

inclusions in brain tissue of vehicle treated (CON; 

 n = 5) and PSI treated (EXP; n = 5) rats. 

               

       

  

Brain Region 

       Group 

 

LC 

 

SubCD 

 

SNc 

              

       CON 

 

-- 

 

-- 

 

-- 

       EXP 

 

-- 

 

-- 

 

-- 

              

Legend of pathology severity: '--' = absent or not  

discernible; '+' = slight; '++' = moderate; '+++' =  

severe. 

       

 


