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Parkinson‘s disease (PD) is classically defined as a motor disorder resulting from 

decreased dopamine production in the basal ganglia circuit. In an attempt to better 

diagnose and treat PD before the onset of severe motor dysfunction, current attention has 

focused on the early, non-motor symptoms. Sleep disorders, such as excessive daytime 

sleepiness (EDS), are one of the most prominent initial symptoms in PD. Recently there 

have been studies revealing that the orexin-containing neurons of the hypothalamus, a 

cell type vital to sleep regulation, also degenerate in PD and may contribute to these 

associated sleep disorders. However, the role of orexin neurons in the development of PD 

remains controversial and relatively unstudied since few animal models can replicate 

both the motor and non-motor symptoms of the disease. We have developed a novel, 

progressive, neurotoxin-induced rat model of parkinsonism that accesses this subject. 

Epidemiological studies elucidated a fundamental connection between the Guamanian 

variant of Amyotrophic Lateral Sclerosis/Parkinsonism Dementia Complex (ALS/PDC) 

and the consumption of flour made from the washed seeds of the plant, Cycas 

micronesica (cycad). We have examined the effects of prolonged cycad consumption on 

male, Sprague-Dawley rats. Cycad-fed rats displayed a behavioral phenotype resembling 

that of parkinsonism. Briefly, we found that cycad consumption induced multiple, 



 

 

classical symptoms of PD including locomotor deficits, neurodegeneration of dopamine 

(DA) cell bodies and aggregation of -synuclein in the remaining neurons of the 

substantia nigra pars compacta (SNc). Uniquely, preceding these alterations we found 

that cycad-fed rats displayed a hypersomnolent behavior. Analysis of sleep architecture 

revealed an increase in the length and/or the number of bouts of rapid eye movement 

(REM) sleep and Non-REM (NREM) sleep during the active period of cycad-fed rats 

when compared to control rats. In addition, we found a significant reduction in orexin-A 

(ORX-A) neurons of cycad-fed rats. Lastly, dose response curves of NMDA-induced DA 

release in the striatum and SN provide a method to elucidate some of the neurochemical 

changes behind the early, non-motor symptoms of cycad-fed rats.   
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A Classical View of Parkinson’s disease 

Originally described by James Parkinson in 1817 as the shaking palsy, the mystery 

behind the etiology of Parkinson‘s disease (PD) remains the focus of intense clinical and 

scientific research (Parkinson, 1817). This common and debilitating neurodegenerative 

disease affects about a million people in the United States alone and totals to about four 

million cases worldwide. While some cases of PD have a clear link to gene mutations (six 

genes have been identified), it is largely considered a sporadic disease (Thomas and Beal, 

2007). PD is classically defined by the manifestation of severe motor impairment with 

symptoms such as resting tremor, muscle rigidity, postural instability, and bradykinesia. 

This is caused by a 50 to 70 % loss of dopamine (DA) neurons in the substantia nigra 

pars compacta (SNc), a pathological hallmark of the disease (Fearnley and Lees, 1991). 

The pathophysiology behind these symptoms relates to the dysregulation of the motor 

pathway of the basal ganglia circuit of the brain (Purves et al., 2001).  As summarized in 

Figure 1A, in a normal brain the direct pathway ultimately leads to stimulation of 

muscles (activation of movement) while the indirect pathway antagonizes the system 

(inhibition of movement). Another part of the basal ganglia circuit includes the DA 

neurons of the SNc. These cells can modulate the striatum (STR) either by activating D1 

type (excitatory input) or D2 type DA receptors (inhibitory input). The D1 type DA 

receptors are found on STR neurons that project to the internal globus pallidus (GPi) 

which stimulates the direct pathway. The D2 type DA receptors are found on STR 

neurons that project to the external globus pallidus (GPe) which inhibits the indirect 

pathway.  In other words, the SNc acts to initiate movement, by decreasing the inhibitory 

signals of the basal ganglia. As summarized in Figure 1B, PD is due to a loss of DA in 
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the nigrostriatal circuit. The inhibitory signals of the basal ganglia are abnormally high 

and there is a decrease in excitation of the direct pathway, therefore the activation of 

movement is less likely to occur.  

 

 

 

 

  

 

 

 

Figure 1: The basal ganglia motor circuit. 

(A) In the normal brain, two neuronal pathways work to control movement. The motor cortex projects 

excitatory glutamatergic (GLU) neurons onto medium spiny neurons of the striatum (STR). These neurons 

then use -aminobutyric acid (GABA) as their primary neurotransmitter. In addition neurons of the STR 

use substance P (SP) or enkephalin (ENK) as their secondary transmitter in the direct and indirect 

pathways, respectively. The direct pathway connects the STR to the internal segment of the globus pallidus 

(GPi) and the substantia nigra pars reticulata (SNr). This decreases the inhibitory GABAergic tone of the 

GPi/SNr on the thalamus, allowing for the thalamus to send excitatory signals (GLU) to the cortex leading 

to the initiation of muscle movement. The indirect pathway connects the STR to the external segment of the 

globus pallidus (GPe) decreasing the inhibitory tone of the GPe to the subthalamic nucleus (STN). The 

STN then sends excitatory projections to the GPi/SNr. This increases GABAergic release from the GPi/SNr 

on the thalamus, ultimately inhibiting the activation of upper motor neurons and muscle movement. (B) In 

a patient with PD, the balance of the circuit described in part A is lost. Decreased DAergic inputs to the 

STR from the SNc causes an increase in thalamic inhibition, leading to a decreased activation of the motor 

cortex. Excitatory projections are shown in green; inhibitory projections are shown in red. 

 

Once it was established that PD symptoms could be accounted for by a progressive loss 

in DA from the nigrostriatal circuit, the next logical step to treat the disease would be to 

supplement the brain with dopamine. While it was known that DA itself could not cross 

the blood brain barrier, is was also known that its immediate precursor in catecholamine 

synthesis, 3,4-Dihydroxyphenylalanine (DOPA), could (Figure 2). Testing of this 

A B 
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hypothesis began by administering various doses and mixtures of the compound (Cotzias 

et al., 1967). Based on animal studies and human trials, it was eventually determined that 

use of the stereoisomer, L-DOPA, in combination with a peripheral dopa decarboxylase 

inhibitor could partially restore DA levels and counteract PD symptoms with minimal 

side effects (Udenfriend et al., 1966; Cotzias et al., 1969). Use of the inhibitor is 

necessary to limit unwanted side effects such as hypotension, due to peripheral 

production of excess DA. In fact, today L-DOPA therapy remains the most commonly 

used approach in treating this disease.  

 

 

Figure 2: DA synthesis. 

For neurons to produce DA, a hydroxyl group 

is first added to the amino acid tyrosine via the 

enzyme tyrosine hydroxylase. This yields an 

intermediate, DOPA. DA is then made by loss 

of a carboxyl group from DOPA via the 

enzyme aromatic L-amino acid decarboxylase. 

Once DA is produced in neurons it can be 

packaged into vesicles for synaptic release or 

further processed to form other 

neurotransmitters (norepinephrine and 

epinephrine).  

 

 

Developments in the Pathogenesis of Parkinson’s disease 

 

Despite the majority of PD cases being idiopathic, the discovery of multiple genetic and 

environmental factors has helped to elucidate some of the potential pathogenic 

mechanisms behind the disease. One of the most pivotal findings occurred in the 1990‘s 

when the protein -synuclein (-syn) was found to aggregate into ‗Lewy bodies‘ in both 

familial and sporadic cases of PD (Kruger et al., 1998; Spillantini et al., 1998). While 

still somewhat unknown, the normal function of -syn appears to be involved in 
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packaging and trafficking of neurotransmitters such as DA, in synaptic vesicles 

(Lotharius and Brundin, 2002). When misfolded, -syn first tends to aggregate into 

protofibrils consisting of three to thirty monomers. Next, these oligomers can form 

strings known as fibrils, the major component of Lewy bodies and Lewy neurites 

(Spillantini et al., 1997; Volles and Lansbury, 2003). There is still much debate as to 

whether the organization of -syn into Lewy bodies is itself toxic or rather a protective 

mechanism of the cell. Post-translational modifications, such as the phosphorylation on 

serine residue at position 129, have also been shown to play a role in the aggregation of 

-syn (Neumann et al., 2002).  Overall, there are many proposed mechanisms as to how 

-syn dysfunction can damage neurons. In general, data suggests oligomers of the protein 

can impair the function of the proteasome, permitting further accumulation of misfolded 

proteins (Stefanis et al., 2001). While this alone may be sufficient to trigger cell death, 

additional studies show the -syn oligomers can also display pore-like activity, which 

could lead to damage in the structure of mitochondrial, DAergic vesicle, and cell 

membranes (Volles et al., 2002).       

Developed recently, pathological changes in PD have been defined using the 

Braak staging system, which is based on the distribution of Lewy bodies. The earliest 

pathological changes have been observed in the medulla oblongata and olfactory bulb 

(Braak stages I and II). At this stage of the disease patients are typically pre-symptomatic, 

however in retrospect, disturbances to smell or taste are often reported (Hawkes, 1995). 

As the disease progresses Lewy bodies can be found in the substantia nigra, gray matter 

nuclei of the midbrain, and the basal forebrain (Braak stages III and IV). Note that it is 

not until stage IV that patients will start to manifest the classical symptoms of motor 
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dysfunction mentioned previously. Lewy bodies will also appear in the amygdala and 

neocortex (Braak stages V and VI) as the disease worsens (Braak et al., 2006).  However, 

it is important to note that other studies have revealed some facets of this model may be 

lacking. Work by Kinsbury et al. (2010) determined the extent of pathology in the 

medulla does not correlate with the severity of changes to the cortex. Despite its 

limitations, the staging system proposed by Braak and colleagues highlights the truly 

global and progressive caudo-rostral development of the disease. 

Another paramount discovery that changed the way we view the etiology of PD 

was the fact that exposure to some toxins and pesticides could lead to the development of 

PD-like symptoms. It has been reported that 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) leads to the death of DAergic neurons of the SN (Langston, et 

al., 1984). In addition, rotenone, a pesticide similar in chemical structure to MPTP has 

been shown to cause -syn accumulation and cell death in animal studies (Betarbet, et 

al., 2000). Both of these toxins are thought to exert their deleterious effects on the 

mitochondria, more specifically, complex I of the electron transport chain. More 

specifically, oxidative stress and mitochondrial dysfunction have been implicated in PD 

pathogenesis (Jenner, 1998). Oxidative stress is largely due to the increased production of 

reactive oxygen species (ROS) that can damage DNA, proteins, and lipids. ROS, such as 

hydrogen peroxide or superoxide, are generated from a variety of standard cell processes, 

such as oxidative phosphorylation and dopamine metabolism. Importantly, cells also have 

free radial scavenging systems, including catalase and superoxide dismutase, to neutralize 

ROS. Toxins like MPTP and rotenone that are known to inhibit part of the electron 

transport chain, greatly increasing ROS generation, likely overwhelming the scavenging 
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systems and producing oxidative damage (Hensley et al., 1998). In addition, reduced 

complex I activity has been observed in the brain of PD patients (Schapira et al., 1990).  

Despite our increasing knowledge behind these changes in oxidative stress, and the 

development of -syn accumulation, the exact mechanism behind the pathogenesis of PD 

remains elusive. 

 

Non-motor symptoms of Parkinson’s disease 

Since the early 1960‘s, replacement of DA via L-DOPA has been the main treatment for 

patients with PD (Carlsson et al., 1957). A chief complaint associated with this treatment 

has been severe sleep disturbances that include fragmented sleep and daytime sleep 

attacks. The high prevalence (≥80%) of sleep disturbances in PD patients are often 

reported to be more troubling than the symptoms associated with motor dysfunction 

(Friedman and Millman, 2008). In fact, recent studies have shown that sleep alterations 

may actually precede motor impairment by at least a decade and cannot be completely 

accounted for by anti-parkinsonism treatments for altered DA neurotransmission (Arnulf 

et al., 2002; Rye et al., 2006). Indeed, a strong correlation exists between the diagnoses 

of sleep disruptions such as excessive daytime sleepiness (EDS) and REM behavioral 

disorder (RBD) and an increased risk of developing PD within the next decade (Abbott et 

al., 2005; Dhawan et al., 2006). The Braak staging system also cautions that sleep 

disturbances can occur during the preclinical phase of the disease (Braak stages II and III) 

when the brainstem is effected; a key brain region involved in sleep/wake activity (see 

‘Neurobiology of sleep’ below). Hallucinations are also a common symptom in PD that is 

not linked to therapy such as L-DOPA administration, but rather the presence of sleep 
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disturbances like RBD (Benbir et al., 2006). Interestingly, these early, non-motor 

symptoms in PD resemble that of a narcoleptic phenotype, suggesting that these disorders 

may have a common origin.  

In further support of sleep alterations as an initial symptom of PD, researchers 

have found that early changes in the hypothalamus may precede more substantial changes 

in the basal ganglia motor circuit (Langston and Forno, 1978; Kremer and Bots; 1993). It 

was recently discovered that an increasing loss of ORXergic neurons correlates with the 

clinical stage of patients with PD (Fronczek et al., 2007; Thannickal et al., 2007). In 

relationship to DA circuitry, it was demonstrated that ORX cells have reciprocal 

projections to DA neurons in the ventral tegmental area (VTA) and substantia nigra (SN), 

two nuclei potentially involved in the regulation of sleep and waking (Korotkova et al., 

2003; Monti and Monti et al., 2007). While it has previously been established that there is 

a negative correlation between a loss of orexin neurons and an increase in sleep 

(Gerashchenko et al., 2003) the role of orexin neurons in the development of PD remains 

controversial and relatively unstudied. One explanation for the paucity of studies 

addressing the etiology of non-motor symptoms is the lack of an animal model that 

replicates the progressive nature of both the motor and non-motor symptoms of the 

disease.  

 

The Neurobiology of Sleep 

Around the late 1940‘s, anatomists began to strongly advance our understanding of the 

multiple brain areas involved in sleep and wake states (Nauta 1946; Moruzzi and 

Magoun, 1949). It is now known that the ascending arousal system includes a 
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heterogeneous combination of nuclei and neurotransmitters. Implicated in cortical 

activation, due to rapid firing during wake and REM sleep, the cholinergic cells of the 

laterodorsal tegmental nucleus (LDT) and the pedunculopontine tegmental nucleus (PPT) 

innervate the thalamus, basal forebrain (BF), and prefrontal cortex (Jones, 1993). Other 

wake-active nuclei that project to the forebrain include noradrenergic cells of the locus 

coeruleus (LC; Aston-Jones and Bloom, 1981), the histaminergic cells of the 

tuberomammillary nucleus (TMN; Takahashi et al., 2006), and the serotoninergic cells of 

the dorsal raphe nucleus (DR; Jacobs and Fornal, 1999). In addition, -aminobutyric acid 

(GABA) and galanin containing cells of the ventrolateral (VLPO) and median (MnPO) 

preoptic nuclei have been shown to inhibit the ascending arousal system in order to 

promote sleep (Sherin et al., 1996). The VLPO can also be inhibited by the 

aforementioned brainstem nuclei from the arousal system. These mutual inhibitory 

connections, termed the ‗flip-flop switch,‘ allow for rapid and complete transitions 

between wake and sleep states. Another group of neurons shown to modulate this flip-

flop switch by maintaining wakefulness and inhibiting REM sleep is the orexinergic 

(ORX) cells of the hypothalamus (Figure 3; Mileykovskiy et al., 2005).  

The same type of flip-flop switch can be applied to transitions between NREM 

and REM sleep. The two main nuclei consist of the REM-on GABAergic neurons of the 

sublaterodorsal nucleus (SLD) and the REM-off GABAergic neurons of the ventrolateral 

periaqueductal gray (vlPAG) and lateral pontine tegmentum (LPT). This system can be 

modulated by a heterogeneous mixture of neurotransmitters. Noradrenergic cells of the 

LC, serotoninergic cells of the DR, and orexinergic cells of the hypothalamus excite 

REM-off nuclei (inhibiting entry into REM sleep), whereas cholinergic neurons of the 
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LDT/PPT and GABAergic neurons of the VLPO promote REM sleep by inhibiting these 

same REM-off nuclei. The muscle atonia that is observed during REM sleep is due to 

glutamatergic neurons of the SLD that activate inhibitory interneurons of the medulla and 

spinal cord, which leads to inhibition of motor neurons. These neurons of the SLD also 

send projections to the basal forebrain leading to EEG desynchronization, a characteristic 

of REM sleep (Figure 4; Lu et al., 2006).    

As described above, both of these flip-flop switches are stabilized by the 

orexinergic system. Two orexin isoforms (ORX-A and ORX-B) are produced by 

cleavage of a common precursor peptide, prepro-orexin. While these peptides are limited 

to cells of the lateral and posterior hypothalamus, these neurons send projections 

throughout the brain (Sakurai et al., 1998). Since its discovery in 1998, multiple studies 

have determined a clear role of ORX as a regulator of sleep and wakefulness states 

(Baumann and Bassetti, 2005; de Lecea et al., 1998; Sakurai et al., 2005; Saper et al., 

2001). Recent studies show that knockdown of ORX in rats increases their time spent 

asleep during the dark (active) period (Chen et al., 2006; Gerashchenko et al., 2003). In 

fact, narcolepsy, which includes symptoms of excessive daytime sleepiness, muscle 

weakness triggered by an emotional stimulus (cataplexy), hypnagogic hallucinations, and 

the loss of the majority of ORX neurons, is a clear example of the effect of 

destabilization of the flip-flop switch (Billiard, 2008; Yoss, 1957). 
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Figure 3: The wake-sleep switch. 

(A) The ascending arousal system includes the cholinergic neurons of the LDT/PPT and BF, the 

noradrenergic neurons of the LC, the serotoninergic neurons of the DR, and the histaminergic neurons of 

the TMN. During wakefulness, these nuclei are stabilized via innervation by orexinergic neurons. (B) To 

promote sleep, GABA- and galanin-containing cells from the VLPO/MnPO inhibit brainstem nuclei.  

Reused from ‗Neuron, 2010;68(6), Saper et al., Sleep State Switching,‘ with permission from Elsevier 

(Lic.#:2660350872395).  

 

 

 
Figure 4: The NREM-REM sleep switch. 

(A) During REM sleep, the vIPAG/LPT is inhibited by the GABAergic neurons of the SLD, the cholinergic 

neurons of the LDT/PPT, and the GABAergic neurons of the VLPO. REM-off nuclei include the LC, DR, 

and orexin cells. (B) Glutamatergic neurons of the SLD are responsible for the muscle atonia and EEG 

desynchronization observed during REM sleep. Reused from ‗Neuron, 2010;68(6), Saper et al., Sleep State 

Switching,‘ with permission from Elsevier (Lic.#:2660350872395). 
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Recording of Sleep/Wake Activity 

 

A well-established technique used to measure sleep/wake activity is through recording of 

the electrical activity from neurons firing in the brain (electroencephalography; EEG) and 

from skeletal muscles of the body (electromyography; EMG). Originally discovered in 

1929 by Hans Berger, scalp EEG is an amplified recording of the summation of electrical 

potential changes in the cortex. More specifically, it is a measure of postsynaptic 

potentials from thousands of synchronized pyramidal neurons in the cortex that are 

oriented parallel to one another. Action potentials are typically not recorded since they 

are frequently too fast and asynchronous. Contrary to what one might expect EEG waves 

often consist of oscillating or rhythmic activity that can be correlated to multiple 

vigilance states. However, much remains unknown as to the origin and functional 

significance of these cortical rhythms. Part of the paucity of this information is due to a 

main limitation of the EEG technique referred to as the inverse problem. This principle is 

that since countless sources in the volume of the brain could produce any given EEG 

signal it is mathematically impossible to know the exact location of the generating 

neurons (Phillips et al., 2002). EMG is a recording of skeletal muscle activity. Briefly, an 

activated motor neuron will release acetylcholine into the synaptic cleft which triggers a 

depolarization in the end plate potential that moves across the muscle fibers causing a 

contraction. The EMG is a recording of this depolarization of the muscle fibers. EMG are 

often used clinically to test for problems such as neuromuscular disease, however they 

can also provide information about vigilance states when used in combination with EEG.   

Originally established in the late 1960‘s by Rechtshaffen and Kales, the frequency 

of EEG waveforms can determine the state of wakefulness or sleep of the individual 
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under observation (Rechtshaffen and Kales, 1968). These criteria were recently updated 

by the American Academy of Sleep Medicine (Iber et al., 2007; Figure 5). Stage W 

represents wakefulness and is characterized by a high percentage of alpha activity (8-13 

Hz) and/or beta activity (13-30 Hz). NREM sleep is composed of three stages. Stage N1 

consists of a decrease in alpha activity at the expense of a low amplitude, theta activity 

(4-7 Hz). Stage N2 is characterized by sleep spindles (11-14 Hz) and K complexes. Sleep 

spindles are small bursts of activity, while K complexes consist of a brief negative, then 

positive wave. The physiological importance of these features is still under some debate 

but it is thought to be related to maintaining sleep and memory consolidation (Steriade 

and Amzica, 1998). Stage N3, also referred to as slow-wave or deep sleep, is 

characterized by the presence of delta activity (0.5 - 4 Hz). In addition, there is low EMG 

muscle activity. The last stage of sleep, Stage R, refers to REM sleep. This typically 

consists of rapid eye movement, mixed frequency activity (theta and beta activity), and 

the lowest EMG tone when compared to other sleep stages. Overall, the use of EEG and 

EMG is a valuable tool that enables the characterization of physiological and abnormal 

aspects of sleep/wake activity.   
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Figure 5: The relationship between EEG activity and vigilance state. 

Wakefulness, Stage W, consists of alpha and beta wave activity. NREM sleep consists of three stages, N1-

N3. Stage N1 shows increased theta activity. Stage N2 displays characteristic sleep spindles and K 

complexes. Stage N3, also referred to as deep sleep, consists of a high amount of delta activity. REM sleep, 

Stage R, shows a characteristic desynchronized pattern and consists of theta and beta activity.  

 

Animal Models of PD 

As previously mentioned, certain toxins and genetic mutations have a causal link to the 

development of PD. Some of the most widely used compounds to study the disease in 

animals include 6-hydroxydopamine (6-OHDA), MPTP, rotenone, and mutant forms of 

-syn. 6-OHDA was originally found to have deleterious effects on catecholamine 

containing cells (Ungerstedt, 1968). It is believed that the toxin acts on the mitochondrial 

complex I creating oxidative stress from generation of hydrogen peroxide and other free 

radicals (Kumar et al., 1995). Scientists used this knowledge to target the nigrostriatal 

pathway with stereotactic injections of 6-OHDA in an attempt to mimic the symptoms of 

parkinsonism (Perese et al., 1989). If the toxin is injected into the SN, the DAergic 

neurons begin to degenerate which produces a severe loss of striatal dopamine in only a 

few days (Faull and Laverty, 1969). In contrast, the toxin can be injected into the STR 
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which produces a much slower degradation of the system through a retrograde 

mechanism that occurs over a period of weeks (Przedborski et al., 1995).  Behaviorally, a 

unilateral injection of 6-OHDA was found to produce quantifiable asymmetric circling 

(animals rotate toward the hemisphere with lower striatal dopaminergic activity) making 

this model valuable for testing the efficacy of anti-parkinsonian treatments (Schwarting 

and Huston, 1996). In other words, a reduction of asymmetric circling could be due to a 

restoration of DA levels in the STR. However, the model does have its disadvantages. 

Use of 6-OHDA does not produce Lewy bodies, effect any other brain regions outside of 

the basal ganglia circuit, nor provide a truly progressive degeneration of the brain.  

 MPTP is another toxin commonly used to produce parkinsonism in animals. This 

toxin was originally discovered when a group of young men presented with 

parkinsonism. It was found that a batch of ‗synthetic heroin‘ used by the patients was 

contaminated with MPTP (Langston et al., 1999). Later scientists found that MPTP 

crosses the blood-brain barrier, metabolizes to 1-methyl-4-phenyl-2,3-dihydropyridinium 

ion (MPP
+
), and is taken up by dopaminergic neurons due to an affinity to the DA 

transporter. Once in the cell, the toxin inhibits mitochondrial complex I which produces 

oxidative stress that can lead to cell death (Javitch et al., 1985; Nicklas et al., 1985). As 

mentioned previously, the discovery of this mechanism led to the idea of mitochondrial 

dysfunction in the pathogenesis of PD. In addition, MPTP has proved a valuable tool in 

producing motor clinical symptoms in non-human primates in order to test potential 

therapies. Similar to 6-OHDA however, MPTP/MPP+ does not produce Lewy bodies nor 

is able to mimic the progressive nature of PD. 
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 The final toxin to be discussed is the pesticide rotenone, another complex I 

inhibitor. An important difference from MPTP and 6-OHDA, is that at lower doses 

rotenone can be used to target death of the nigrostriatal pathway, but the compound is not 

specific for DAergic cells (Ferrante, et al., 1997). At higher doses (12 mg/kg), rotenone 

results in a more uniform blockage of complex I in the brain producing nonspecific 

lesions. This is also seen with another complex I inhibitor, 3-nitropropionic acid, which 

supports the hypothesis that the DAergic cells of the nigrostriatal pathway may be 

intrinsically sensitive to dysfunction of complex I of the electron transport chain (Ouary 

et al., 2000). Importantly, at a dose of 2-3 mg/kg rotenone can produce a progressive 

degeneration and fibrillar -syn accumulation when given chronically. However, the 

major disadvantage is the variability in phenotypes; up to around 50 % of animals will 

not develop lesions after rotenone exposure (Betarbet et al., 2000). 

 In addition to toxin-induced animal models of DAergic cell death, genetic 

manipulations have also shed light on the pathogenesis and potential treatments of the 

disease. Transgenic animals with -syn mutations have been intensely studied due to the 

role of the protein in familial cases of PD and its presence in Lewy bodies. Mice 

overexpressing high levels of the human protein (wild type and mutated forms) develop 

motor dysfunction, -syn accumulation, and loss of DA striatal terminals.  However, 

while DAergic neurons of the SN show protein aggregation, there are no significant 

losses in the number of cells in this region (Masliah et al., 2000). Each of the animal 

models discussed in this section comes with its own advantages and disadvantages based 

on which aspect of PD is in question. It is also the development and use of these models 

that continues our ability of study potential therapies and treatments of the disease.        
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Amyotrophic Lateral Sclerosis/Parkinson-Dementia Complex (ALS/PDC) 

Guam is the largest of the Mariana Islands and the indigenous Chamorro population is 

believed to have originated from the Malay Archipelago around 1500 BC (Spoehr, 1957).  

Magellan discovered Guam during his first circumnavigation of the globe in 1521, and 

when the Chamorros were estimated to be around 50,000 in number. Natural disasters 

and infectious diseases devastated the island leaving fewer than 2,000 people by 1783 

(Carano and Sanchez, 1964). However, the population gradually recovered and grew 

during the next several decades. During World War II, the Japanese took over the Guam 

and many of the Chamorros had to retreat to other parts of the island as villages were 

decimated. Eventually American forces reclaimed the island, however beginning in the 

early 1900‘s a secret endemic was also invading the island.  

Zimmerman was the first to report a high prevalence (50 to 100 fold increased 

rate of incidence) of amyotrophic lateral sclerosis (ALS or ‗lytico‘) in the Chamorro 

population of Guam (Zimmerman, 1945). Almost a decade would pass before Mulder and 

colleagues would identify yet another disease on the island that consisted of atypical 

parkinsonism and dementia. In addition, they speculated all the disorders were 

epidemiologically linked (Mulder et al., 1954). This second endemic was further 

characterized by Hirano in 1961 and became known as Parkinsonism-Dementia Complex 

(PDC or ‗bodig‘). It has now been over 60 years since the discovery of ALS/PDC on 

Guam, and while the prevalence of the disease cluster has been on a steady decline for 

many of those years the original cause remains controversial (Plato et al., 2003).  

 The clinical manifestations of the disease can include phenotypes of ALS, 

parkinsonism and/or dementia, however one symptomology will typically dominate 
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(Steele, 2005). ALS symptoms include muscle weakness and eventual atrophy. PDC 

symptoms include bradykinesia, shuffling gait, and progressive dementia demonstrated 

by irrational behavior and memory loss. Changes in sleeping habits, (particularly 

hypersomnolence), anosmia, and an asymptomatic linear retinal pigment epitheliopathy 

were also reported as relatively early symptoms (Cox et al., 1989; Sacks, 1996). The 

pathogenesis of ALS/PDC, as its name suggests, would be expected to encompass aspects 

of multiple diseases (Miklossy et al., 2008). Indeed, analysis of post mortem tissue 

reveals loss of motor neurons and aggregation of the protein TDP-43/ubiquitin 

(characteristic of ALS); loss of DAergic neurons in the SN and aggregation of -

syn/ubiquitin (characteristic of PD); and finally, the accumulation of 

hyperphosphorylated tau in neurofibrillary tangles and amyloid aggregation 

(characteristic of AD).  

 As clinicians began to better characterize the symptomology of ALS/PDC, 

epidemiologists also sought to find the cause of the rise in the prevalence of these 

diseases. While a genetic predisposition was originally suspected due to the disease being 

familial and often occurring in successive generations, Mendelian inheritance patterns 

were not followed. However, the incidence of the disease did appear to correlate with the 

use of seeds from the plant, Cycas micronesica (cycad; formally classified as Cycas 

circinalis). These seeds were one of the few sources of food available during the 

Japanese occupation from 1941-1944, potentially leading to high exposure of cycad 

neurotoxins by the Guamanians (Whiting, 1963; Borenstein et al., 2007).   

The Chamorros learned early on that the cycad seeds, or as they called it ‗fadang,‘ 

if consumed raw were extremely toxic. This led to the traditional practice of washing the 
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seeds for a variable number of times over multiple days. The seeds were then ground into 

flour and cooked as tortillas (Kurland et al., 1988). Original studies that began in the mid-

1960s, focused on the unwashed cycad flour in an attempt to isolate toxins and study 

effects of cycad consumption in animals. The first compound isolated was cycasin, the 

most common glycoside found in all genera of cycads (DeLuca et al., 1980). The toxic 

component is methylazoxymethanol (MAM) which is produced from the cleavage of 

cycasin by betaglucosidase (a bacterial enzyme localized in the stomach). When 

consumed orally, studies have shown that MAM is a hepatotoxin (Hoffman and Morgan, 

1983). However, rats fed cycasin failed to have neurotoxic effects (Campbell et al., 

1966). Currently, Spencer and colleagues continue to defend the hypothesis that cycasin 

is the toxin involved in ALS/PDC based on their findings that MAM can effect tau 

expression and DNA repair in vitro (Esclaire et al., 1999). However it is important to 

recognize that the Chamorro population ate washed cycad seeds, which removed virtually 

all traces of cycasin or MAM (Wilson et al., 2002).  

 Another toxin found in unwashed cycad flour is the non-protein amino acid, β-N-

methylamino-L-alanine (BMAA). BMAA is thought to be excitotoxic by acting as an 

agonist for the NMDA receptor (Allen et al., 1995). In 1987, Spencer and colleagues fed 

BMAA to non-human primates which consequently displayed motor deficits (Spencer et 

al., 1987). However, this work was soon criticized due to the extremely high doses used 

to induce the observed phenotype (Duncan et al., 1990). In addition, a group examined 

oral administration of BMAA in mice and found no behavioral or pathological effects 

(Cruz-Aguado et al., 2006). Because of the lack of a physiologically relevant animal 

model, the support for BMAA as the putative toxin in cycad waned. Recently, Murch and 
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colleagues have now proposed the hypothesis that BMAA-induced toxicity involves the 

incorporation and/or biomagnification of this nonprotein amino acid into a bound form or 

―toxic reservoir,‖ that slowly releases the compound eventually producing neurological 

effects. Murch et al. (2004) report 3-10 µg/g of free BMAA and 149-1190 µg/g of bound 

BMAA were present in both Guamanian patients with PDC and in Canadian brain tissue 

of persons with AD. In 2009, an independent study published a new method for detecting 

BMAA. Their methods could not detect free or bound BMAA in post-mortem brain 

tissue of similarly effected individuals, despite increased sensitivity (Snyder et al., 2009). 

 While the toxin(s) in cycad remain elusive, work continued to try to replicate the 

phenotype of ALS/PDC in animals by focusing on washed cycad flour, which does not 

contain significant amounts of cycasin or BMAA. This pivotal work was completed by 

Shaw and colleagues and published in 2002. Aged, male, CD-1 mice were fed pellets 

made from washed cycad flour (0.5 g) for 30 days. By day 14 of cycad exposure, mice 

displayed significant motor deficits as shown by a decrease in gait length and loss of the 

hind limb extension reflex. In addition, cognition was impaired as shown by an increase 

in the number of errors during a radial arm maze task. Importantly, these behaviors 

persisted even after the cessation of cycad feeding. Lastly, histological results revealed 

degeneration in multiple regions including the cortex, hippocampus, SN, spinal cord and 

olfactory bulb (Wilson et al., 2002). Overall, this study was the first to demonstrate that 

cycad consumption could induce neurological changes in adult animals and mimic 

multiple aspects of ALS/PDC.  
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 We began our investigation of the behavioral and neurobiological effects of 

ingested cycad flour in outbred Sprague-Dawley (SD) rats in an attempt to develop a rat 

model of ALS with which to compare to the SOD1G93A genetic model of ALS (Howland 

et al., 2002). We chose to use a low, chronic dose of cycad (16 weeks exposure) that 

could be compared to the latency (~120 days) observed in the development of ALS-like 

symptoms in the SOD1 rat model (Nagai et al., 2001). Importantly, the creation of this 

type of progressive model could be extremely valuable in that the pathogenesis of ALS, 

PD, and ALS/PDC remains elusive. In other words, this model will enable us to study the 

earliest stages of the disease(s) and how the symptomology of the cycad model compares 

to the few existing animal models. In addition to furthering our knowledge of the 

underlying causes of neurodegeneration, future experiments can also examine new 

therapeutics aimed at treating some of the initial stages of the disease. Since there are 

currently limited treatments and no cure for ALS or PD, new drug development aimed at 

delaying or preventing the loss of neurons (rather than treating end stage symptoms) will 

greatly improve a patient‘s quality of life. We hypothesize that we can develop a novel 

model of neurodegeneration that will address the unknown etiology of ALS/PDC, and 

that this information can further our understanding and treatment of ALS and PD. With 

this goal in mind, the following predictions are outlined and discussed in this thesis: 

Prediction I: Chronic consumption of cycad flour in the rat recapitulates the 

phenotype of ALS/PDC. 

A. Cycad-fed rats will display a progressive motor deficit, evidenced by 

bradykinesia and eventual hind limb paralysis. 
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B. The symptomology of cycad-fed rats will be coincident with 

neurochemical and histological changes, such as motor neuron loss 

and decreased DA release with eventual DAergic cell loss.  

Prediction II: Cycad-fed rats will develop early symptoms of PD. 

A. Rats will display a decrease in arousal as one of the initial symptoms 

of cycad consumption. 

B. Changes in sleep/wake activity will be coincident with dysregulation 

and loss of the ORX arousal system.  

Prediction III: The initial symptoms observed in cycad-fed rats are due to changes 

first in the DAergic system, which is then followed by changes in the ORXergic 

system. 

A. Cycad-fed rats will display independent decreases in DA release in the 

nigrostriatal circuit prior to changes in ORX-mediated DA 

neurotransmission. 
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Animals – Cycad Paradigm  

Twelve-week old Sprague-Dawley (SD) male rats were obtained from Taconic (Hudson, 

New York).  Cohorts 1 and 2 each included 8 cycad-fed and 8 flour-fed rats and Cohort 3 

included 8 cycad-fed and 6 flour-fed rats (Figure 6). All rats were individually housed 

under a reversed 12 h:12 h light:dark cycle (lights off at 07:00 h, lights on at 19:00 h). 

Regular rat chow and water were provided ad libitum. All animals were treated in 

accordance with federal standards and institutional guidelines. All animal procedures 

were approved by the University of Maryland, Baltimore, Institutional Animal Care and 

Use Committee. 

 

Preparation of Cycad and Wheat Flour Pellets  

Cycad seeds (Cycas micronesica; K.D. Hill) were obtained from Guam and washed with 

water to remove all traces of BMAA and cycasin (Figure 7; Khabazian et al., 2002). The 

washed seeds were ground to a flour-like consistency using a blender. Pellet batches were 

prepared for control and experimental rats, using unbleached white wheat flour or cycad 

flour, respectively. Flour, sterile distilled water and flavoring (maple syrup, vanilla 

extract or almond extract) was mixed into a dough-like consistency. The same type of 

flavoring was used for both cycad and wheat flour pellet batches made at the same time. 

Once mixed uniformly, aliquots of 1.25 g wheat or cycad per pellet (wet weight of 2.25 

g) were weighed, formed into a pellet shape and dried at 56°C. Flour and cycad pellets 

were stored separately in sealed plastic containers at 4°C.  
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Figure 6: Experimental paradigm for cycad-induced model of parkinsonism.  

Three cohorts of rats underwent the pellet-feeding paradigm as outlined in the methods section. Feeding 

began for all rats (flour-fed, n = 21; cycad-fed, n = 24) at 15 weeks of age. The pilot study consisted of 

Cohort 1A and 1B, in which rats were pellet fed over 16 weeks. At this time, Cohort 1A was euthanized, 

with the brain and spinal cord collected for subsequent analysis. To observe potential long-term effects of 

cycad exposure, Cohort 1B was monitored for an additional 20 weeks and then euthanized. Cohort 2 was 

pellet fed for 18 weeks, after which brains were collected for HPLC analysis of DA and its metabolite 

levels. Cohort 3 was pellet fed for 22 weeks, after which the rats underwent EEG/EMG electrode 

implantation surgery for sleep/wake activity recordings and then brains were collected for subsequent 

immunohistochemical analysis. Please note that due to the natural death of a flour-fed rat, the final count 

for the flour group in Cohort 1B is n = 4. 

 

 

Figure 7: Chromatogram of cycad seed extract.  

HPLC analysis of washed lots 112304 and 022305 of cycad seeds revealed no significant remaining traces 

of BMAA or cycasin. The chromatogram shows the presence of phytosterols such as β-sitosterol (BSS) and 

stigmasterol (SS), phytosterol glucosides such as β-sitosterol glucoside (BSSG) and stigmasterol gluoside 

(SG) as well as unknown peaks. 
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Feeding Paradigm 

Monday through Friday, between 09:00-11:00 h, each rat was fed a 1.25 g flour pellet in 

addition to regular chow ad libitum. Due to the sweetened flavoring, rats readily 

consumed the flour pellets (food deprivation was not necessary). As outlined in Figure 6, 

feeding began for all rats at 15 weeks of age. Cohorts 1A and 1B were pellet fed over a 

16 week period. After 16 weeks of pellet feeding, Cohort 1A (n = 6) was euthanized and 

the brains and spinal cords were collected for subsequent histological analysis. To 

observe potential long-term effects of cycad exposure, Cohort 1B (n = 9, one flour-fed 

animal died of unexplained causes) was monitored, though not fed cycad, for an 

additional 20 weeks and then euthanized at 51 weeks of age. Cohort 2 (n = 14) was pellet 

fed for 18 weeks, then were euthanized at 33 weeks of age, after which brains were 

collected for high-performance liquid chromatography (HPLC) analysis of DA and DA 

metabolite levels. Cohort 3 (n = 16) was pellet fed for 22 weeks before undergoing 

surgery for sleep/wake activity recordings, after which they were euthanized at 38 weeks 

of age and brains were collected for histology.  

 

Behavioral Testing 

Tests of motor function were performed every other week.
 
A cylinder test was used to 

determine general motor activity represented by vertical exploration (Schallert and 

Tillerson, 2000). The number of rears over a 3-minute interval in an enclosed cylinder 

was recorded for all rats throughout the feeding paradigm (including baseline recordings). 

Changes in gait were evaluated by paw-print analysis, and grip strength was measured 

using a grip strength meter (Columbus Instruments). Aberrant behaviors such as 
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tremulous jaw movements and spontaneous rotations were video recorded. In order to 

quantify the observed increase in grooming and purposeless chewing of cycad-fed rats, 

the final cylinder recording was reviewed by a person blinded to experimental conditions. 

The number of stereotypic bouts, as defined by a bout of vacuous chewing immediately 

followed by a bout of grooming, was determined for all rats. Drug-induced behavioral 

tests were conducted by subcutaneously injecting 1 mg/kg apomorphine (Sigma) to 

induce contralateral rotations in unilaterally rotating animals and 0.5 mg/kg apomorphine 

was used to suppress tremulous jaw movements (Salamone, et al., 1998). Data were 

compared using an unpaired, two-tailed Student‘s t-test or a two-way, repeated measures 

ANOVA as required. Values of p < 0.05 were deemed significant. All statistical analysis 

was performed with GraphPad Prism 4 (San Diego, CA, USA). 

 

Implantation of Radiotelemetry Transmitter and EEG/EMG Electrodes 

After cessation of pellet feeding (22 weeks), animals from Cohort 3 underwent surgery 

for implantation of a radiotelemetry transmitter with electroencephalography/ 

electromyography (EEG/EMG) electrodes. Animals were anesthetized with a 

ketamine:acepromazine solution (80 mg/kg:2.5 mg/kg) and placed in a stereotaxic frame 

to secure the head.  A TL11M2-F40-EET transmitter (Data Sciences International, St. 

Paul, MN) was implanted subcutaneously through a 3 cm incision on the left dorsal side 

of the abdominal region.  Another 3-4 cm incision was made along the midline of the 

head and neck through which all four leads were passed.  The two leads for measuring 

the EEGs were implanted epidurally. Two burr holes (approximately 0.5 mm diameter) 

were made with a handheld drill and two dental screws (Plastics One, Roanoke, VA) 
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were implanted into the skull, one on each of the parietal bones (2 mm anterior to lambda 

and 2 mm bilateral of the midline suture). Each of the two EEG leads were attached to a 

screw and secured with dental cement.  The two EMG leads were placed about 5 mm 

apart in direct contact with the dorsal cervical neck muscle and sutured into place.  The 

cranial incision was sutured and the dorsal side was stapled.  Animals were individually 

housed and allowed 7 days to recover. 

 

EEG/EMG Acquisition 

All recordings took place in a designated room shielded from noise or other background 

disturbances. EEG and EMG waveform data were acquired using the Dataquest ART 4.0 

software (DSI, MN) set to a continuous sampling mode. Animals were housed 

individually in standard plexiglass home cages and at the start of the recording the 

homecages were placed on receiver plates (RPC1, DSI, MN) that sent the data via an 

exchange matrix (DSI, MN) to a computer installed with the Dataquest A.R.T. Gold 

Analog software. The data were collected at a sampling rate of 250 Hz. The analog signal 

was converted to a digital signal and stored for future analysis. 

 

Sleep Scoring and Data Analysis 

As rats are nocturnal and accumulate the majority of their activity and wakefulness in the 

dark phase and the majority of their sleep in the light phase, these phases will be referred 

to as the Active and Quiescent phases, respectively. One 24-hour block (12 hr dark, 12 hr 

light) of EEG/EMG waveforms from all animals (n=8 flour-fed rats; n=8 cycad-fed rats) 

were scored manually using Neuroscore software (DSI, MN) into 10-second epochs of 



 

30 

 

Wake (low-amplitude, high-frequency EEG combined with high amplitude EMG), 

NREM (high-amplitude, low-frequency EEG combined with low-EMG tone), or REM 

(low-amplitude, high-frequency EEG combined with muscle atonia and occasional 

muscle twitches). All 10 sec-epochs for each stage of sleep was summed for both the 12 h 

Quiescent and Active phase and reported as the total number of minutes spent in each 

vigilant state. Additionally, the total sleep time (TST) was determined by summing the 

time spent in NREM and REM sleep across the Active and Quiescent phases.  Data for 

TST was distrusted over 2 hour bins as well as for each 12 hour Quiescent and Active 

phase and reported as a percentage of total recording time.  To further explore changes in 

sleep-wake architecture, the number of bouts for each vigilance state (number of 

episodes), and the mean duration of an episode in each vigilance state (mean duration) 

were determined for the Quiescent and Active phases. Data for the Quiescent and Active 

phase totals were analyzed using an unpaired, two-tailed Student‘s t-test to determine if 

there was a significant, main effect of treatment. Alpha level was set at 0.05. Data 

averaged over 2-h intervals were analyzed using a two-way, repeated measures ANOVA 

with independent variables being the treatment and time of day. Statistical tests were 

conducted using GraphPad Prism 4 (San Diego, CA) on a Macintosh computer. 

 

Brain Tissue Processing 

Rats from Cohort 1 was deeply anesthetized with isoflurane then perfused intracardially 

with saline (0.9% NaCl) followed by 4% paraformaldehyde (Polysciences). The brains 

and spinal cords were removed and postfixed in the 4% paraformaldehyde solution 

overnight.  For Cohort 1A, tissues were then fixed in Pen-Fix for 2 h followed by paraffin 
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embedding. For immunochemical analysis, brain slices were cut with a thickness of 6 µm 

and spinal cord slices were cut with a thickness of 10 µm using a microtome. For Cohort 

1B, brains were placed in 30 % sucrose in potassium phosphate buffered saline (KPBS) 

solution then frozen and cut at 40 µm, using a freezing microtome. Cohort 3 was deeply 

anesthetized with an intraperitoneal (i.p.) cocktail of ketamine:acepromazine, 

approximately 8.5 hours into their Active phase. The animals were then perfused 

intracardially with saline containing 2 % sodium nitrite followed by a solution containing 

4 % paraformaldehyde and 2.5 % acrolein (Sigma-Aldrich). The brains were removed 

and postfixed in the paraformaldehyde:acrolein solution for 24 h and were then placed in 

30 % sucrose in KPBS solution then frozen.  For immunochemical analysis, brains slices 

were cut with a thickness of 30 µm at -18 
o
C using a cryostat. Slices from Cohort 1B and 

Cohort 2 were stored in cryoprotectant at -20°C. 

 

Immunohistochemistry and Immunofluorescence – in vivo studies 

In Cohort 1A, spinal cord tissue was deparaffinized and rehydrated, then sections were 

stained with a standard hemotoxylin and eosin protocol. Brain tissue was deparaffinized 

and rehydrated with xylene and graded ethanol rinses, then subjected to antigen retrieval 

(Antigen Unmasking Solution; Vector Laboratories). Free-floating sections from Cohort 

1B were thoroughly rinsed with Tris buffered saline (TBS; 50mM Tris in 0.9% NaCl, pH 

7.4) to remove the cryoprotectant. Tissue slices were then treated with 3% H2O2 (to 

block endogenous peroxidases) and 0.1% TritonX (TX)-100 in TBS for 10 min. Slices 

were then blocked with 5% normal goat serum (NGS) or normal donkey serum (NDS) 

and 0.1% TX-100 in TBS for 60 min and then incubated with primary antibody at room 
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temperature (1 h) then at 4°C (48-96 h, depending upon the antibody) in 0.01% sodium 

azide, 0.1% TX-100, and 1% serum in TBS. For immunohistochemical analysis, slices 

were then rinsed in TBS and incubated in a biotinylated secondary antibody for 1 h at 

room temperature, rinsed and incubated for 1 h in A/B ELITE solution (1:800; Vectastain 

ABC Kit). Antibody labeling was then visualized via precipitation with a 

diaminobenzidine (DAB) chromogen solution (Polysciences) in 0.175 M sodium acetate. 

For immunofluorescent analysis, slices were incubated in a secondary antibody directly 

conjugated to either fluorescein isothiocyanate (FITC) or Texas Red for 1 h at room 

temperature, rinsed and then mounted with Slowfade with DAPI (Invitrogen, Molecular 

Probes). The protocol of proteinase K treatment is similar to that described in earlier 

reports in which the presence of soluble versus insoluble α-synuclein was assessed in 

free-floating tissue sections from the mouse midbrain (Alerte et al., 2008). Sections were 

incubated in 2.5 µg/ml proteinase K (Invitrogen) in 0.1 M-Tris-HCL buffer, 0.005 mM 

EDTA, pH 7.5, at room temperature for 30 minutes, washed in PBS, and then 

immunostained for phosphorylated α-synuclein using the protocol described. 

Antibodies included tyrosine hydroxylase (Pel-Freez, polyclonal for 

immunohistochemistry (IHC) or Chemicon, monoclonal for immunofluorescence (IF)) at 

dilutions of 1:800 for paraffin sections, 1:100,000 for free-floating sections for IHC and 

1:1,000 for IF; glial fibrillary acidic protein (GFAP; Dako) at a dilution of 1:1,000 for IF; 

α-synuclein (Chemicon) at a dilution of 1:15,000 for IHC; phosphorylated serine-129 α-

synuclein (Chemicon) at dilutions of 1:40,000 for IHC and 1:1,000 for IF; poly-ubiquitin 

(Chemicon) at a dilution of 1:500 for IHC; and phosphorylated-tau (Epitomics, clone 

E178; and Pierce, clone AT8) at a dilution of 1:500 for IHC. Secondary antibodies 
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included biotinylated goat α-rabbit IgG (1:500; Vector Laboratories), biotinylated donkey 

α-mouse IgG (1:500, Jackson ImmunoResearch Laboratories, Inc.), FITC conjugated 

goat α-rabbit IgG (1:500; Vector Laboratories) and Texas Red conjugated donkey α-

mouse IgG (1:1,000; Vector Laboratories). 

 For Cohort 3, brains were serially sectioned (30 μm) in the coronal plane with a 

cryostat and stored in a cryoprotectant solution (ethylene glycol/glucose in phosphate 

buffer) at −20 °C until processed. The following protocol was used to separately stain for 

antibodies against orexin-A (ORX-A) and melanin concentrating hormone (MCH). Free-

floating sections were rinsed in KPBS to remove cryoprotectant. Sections were then 

incubated for 20 min in 1% sodium borohydride (to neutralize the acrolein fixative), then 

after rinsing, for 15 min in 1% H2O2 (to block endogenous peroxidases). Once the tissue 

was rinsed again, sections were incubated in 0.4% TritonX-100, 10% normal goat serum, 

and diluted primary antibody at room temperature for 1 h then at 4 °C for 48 h. Next, 

sections were incubated for 1 h in biotinylated goat anti-rabbit IgG secondary antibody 

(1:1000; Vector Laboratories, Burlingame, CA), and 1 h in A/B ELITE solution (1:1000; 

Vectastain ABC Kit). The tissue was stained with a nickel (II) sulfate DAB chromogen 

solution (Polysciences) in 0.175 M sodium acetate. For additional, double-labeled 

immunocytochemistry, staining for c-fos immunoreactivity was completed with the 

nickel enhanced chromogen solution (black nuclei), followed by a non-nickel enhanced 

solution in TRIS buffer, pH 7.2 for the development of orexin immunoreactivity (brown 

cell bodies). Primary antibodies included rabbit anti-orexin-A primary IgG antibody 

(1:5000; Phoenix Pharmaceuticals, Belmont, CA); rabbit anti-melanin concentrating 
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hormone primary IgG antibody (1:10,000; Phoenix Pharmaceuticals); and rabbit anti-c-

fos primary IgG antibody (1:15,000; Santa Cruz, CA). 

 

Stereology 

Population estimates of tyrosine hydroxylase – immunoreactive (TH-ir) cells within the 

SNc were obtained using StereoInvestigator (MBF Bioscience, Williston, VT). Briefly, 

every sixth section was analyzed at 200x magnification with the Optical Fractionator 

probe to provide an unbiased estimate for the population of TH-ir cells. The SNc is a 

compact, cell dense region of the substantia nigra; the region of interest (ROI) was traced 

by outlining the densest cell region in the area of interest and then confirmed using a rat 

brain atlas (Paxinos and Watson, 2005).  TH-ir cells were then counted in the ROI using a 

counting frame (100 x 100 μm) and optical dissector (height = 10 μm). This method 

generated a population estimate for TH-ir cells based upon the number of counted cells 

and the volume of the ROI, calculated from the following parameters: area of the ROI, 

the number and thickness of slices and their periodicity. The SNc of the left and right 

hemispheres were analyzed individually to determine if there was bilateral or unilateral 

loss of TH-ir in cycad-fed rats. 

 

Quantification of orexin-A, c-fos, and melanin concentrating hormone 

A single examiner blinded to treatment conditions performed systematic cell counts using 

a Nikon Eclipse E600 microscope and Neurolucida software (MicroBrightField Inc., 

Williston, VT) that allows quantification of cell numbers in three-dimensional space.  A 

total of three anatomically matched sections of the hypothalamus were used for analysis. 
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Sections analyzed were from a one-in-three series (adjacent sections were separated by 

90 µm) roughly between the Bregma coordinates -2.8 mm and -3.3 mm, based on the 

Paxinos & Watson rat brain atlas (2005). For cell counts involving ORX-A-

immunoreactivity (ORX-A-ir), the lateral hypothalamus was defined by a 2000 m x 900 

m box with vertical alignment at the outer edge of the third ventricle and horizontal 

alignment at the most ventral portion of the fornix for both hemispheres of the brain. For 

the MCH-ir cell counting, the defined box was extended dorsally by 200 m, giving a 

total area of 2000 m x 1100 m. Three brain sections were used in the analysis, thus six 

sectors per bilateral nucleus were counted and an average per section for each antibody 

was derived. Similarly, for double-labeled staining of ORX-A/c-fos-ir neurons, the cells 

contained in the mapped boundary were counted as either ORX-A-ir neurons or double-

labeled. A percentage of doubled labeled from the total ORX-A-ir was derived.  

Unpaired, two-tailed Student‘s t-tests were performed on the mean number of cells per 

section for ORX-A-ir, MCH-ir and the percent of doubled labeled cells. 

 

HPLC Analysis of DA and DA Metabolites from Rat Brain Tissue 

Rats of Cohort 2 were euthanized after 18 wk of cycad ingestion. Their brains were 

removed; a 1 mm section of the dorsal STR (1 mm anterior to bregma) and the substantia 

nigra were dissected for both the ipsilateral and contralateral hemispheres. Tissue 

samples were homogenized in 0.1 mM perchloric acid containing 0.2 mM sodium 

bisulfate. The homogenates were centrifuged for 10 min, and the supernatant was 

removed and then assayed for DA, 3,4-dihydroxyphenylacetic acid (DOPAC), and 

homovanillic acid (HVA). Supernatant (20 l) was injected onto a C18 column (3 mm 
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particle size; Symmetry).  The mobile phase consisted of 50 mM H2NaPO4, 0.72 mM 

sodium octyl sulfate, 0.075 mM Na2EDTA, and 16% methanol (v/v), pH 2.7. The mobile 

phase was pumped through the system at 1.2 ml/min using a LC-10AD pump 

(Shimadzu). Compounds were detected and quantified with an ESA detector (Model 

5100A). Samples were expressed as percentage of control. The limits of detection for 

DA, DOPAC, and HVA are 2 pg/20 l. HPLC grade chemicals were purchased from 

Fisher Scientific. 

 

Animals – in vitro experiments 

Two-day old, Sprague-Dawley, rat pups (Taconic, Hudson, NY) were euthanized with 

CO2 and their brains were extracted and placed in ice-cold Gey‘s Balanced Salt Solution 

(0.2251 g/L CaCl2, 0.21 g/L MgCl2 • 6 H2O, 0.0342 g/L MgSO4, 0.37 g/L KCl, 0.03 g/L 

KH2PO4, 2.27 g/L NaHCO3, 7.0 g/L NaCl, 0.1196 g/L Na2HPO4, 1.0 g/L glucose) with 

glucose.  Coronal sections (500 μm) were cut using a vibratome (Vibratome Company) 

and the substantia nigra and striatum were carefully dissected from each section with the 

aid of a stereomicroscope. 

 

Nigrostriatal Organotypic Slice Culture (NSOC)  

Single nigral and striatal tissue sections (300 μm thick) were paired and attached to glass 

coverslips coated with poly-D-lysine in a droplet of chicken plasma, which was then 

coagulated with thrombin (Siebert et al., 2009). Tissue sections were placed roughly 1 

mm apart from one another.  Each coverslip was then placed in a culture tube with media 

(containing 50% basal medium Eagle, 25% Hanks‘ balanced salt solution, 25% horse 
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serum, 0.0197% D-glucose and 0.004% glutamine) and rotated slowly in a roller drum at 

35
o
C in room air and humidity. As the tube was slowly rotated the slice was gently and 

alternately bathed by the media or aerated within the tube for 2 weeks. Media was 

changed twice a week.  At 3 days in vitro (DIV) mitotic inhibitors (4.4 μM cytosine-β-D-

arabinofuranoside, 4.4 μM uridine and 4.4 μM 5-fluorodeoxyuridine) were added to 

cultures for a period of 24 hours to prevent glial overgrowth.  Cultures were on average 

25 days old when used in experiments (range: 15-48 DIV). The number of TH-ir cells 

remained stable in these cultures over 48 DIV, mean 25 TH-ir cells/culture. From 

previous experience, after 7 DIV, the cell degeneration that accompanies the slicing 

procedure appears to have ended. 

 

Water-insoluble extract of cycad flour 

From 10 g of cycad flour approximately 76 mg of cycad organic material was recovered 

using a methanol extraction. Briefly, 10 g of cycad flour and 30 mL of methanol was 

stirred at room temperature for 72 hours. The supernatant was filtered (PTFE membrane; 

0.2 m pore size) and the remaining flour was sonicated for 30 minutes with another 30 

mL of methanol. The supernatant was filtered again and combined with the previous 

filtrate, after which the methanol was evaporated using a rotary evaporator at 40 
o
C. This 

water-insoluble extract was then dissolved in 0.01% dimethyl sulfoxide (DMSO) in PBS; 

an aliquot of this extract was then put in culture medium (1.9 mg/mL of extract solution). 

The cultures were chronically treated for two weeks by adding extract to each media 

change (twice a week). Control cultures received a 0.01% DMSO in culture medium 

solution.  
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Immunofluorescence of NSOC 

Cultures were fixed in 4% paraformaldehyde and then washed and blocked in 0.1 M PBS 

containing 0.3% TX-100 and 5% normal goat serum. Antibodies for in vitro studies 

included mouse anti-tyrosine hydroxylase (1:1000, Vector), mouse anti-NeuN (1:1000, 

Chemicon), or rabbit GAD65/67 (1:1000, Chemicon) with an overnight incubation. After 

washing, cultures were incubated with biotinylated goat anti-mouse IgG (1:500, Vector) 

for two hours and then visualized with fluorescent secondary antibodies (1:500, 

fluorescein or rhodamine, Vector). Cultures then underwent a final wash and were 

mounted onto glass slides using VectorShield with DAPI. All washes were completed 

using 0.1 M PBS or distilled water. 

 

Animals – Microdialysis Experiments 

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) weighing 

between 300–350 g were used in these experiments. Rats were housed 2 per cage and 

were maintained on a regular 12 h light – 12 h dark cycle. Food and water were available 

ad libitum. All animals used in the study were handled in accordance with the National 

Institutes of Health Animal care guidelines. 

 

Construction of Microdialysis Probes 

Concentric dialysis probes were prepared with AN69 sodium methallyl sulfate copolymer 

fibers (Hospal Dasco, Bologna, Italy; cut-off 40 kDa), silicia tubing, 22 G hollow metal 

tubing, and epoxy (Figure 8A). Probes designated for the NAC or CPu had 2 mm of 

dialyzing surface, while probes designated for the VTA or SN had 1 mm of dialyzing 
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surface. In order to infuse lipophilic compounds, yet still recover dialysate samples from 

the VTA, and additional modification was made to the probes (Figure 8B). This consisted 

of another piece of silica tubing (contained in 30 G metal tubing) being attached with 

epoxy to the original probe design. For cannula experiments, cannulae were made with 

26 G metal tubing. Dummy stylets (extended 0.5 mm past the end of the cannula) and the 

injection apparatus (extended 2 mm past end of cannula; positioned immediately prior to 

infusion) were made with 30 G metal tubing.  

 

 
Figure 8: Microdialysis probe design.  

(A) Concentric microdialysis probes were constructed with 22G hollow tubing, hollow silica tubing, AN69 

membrane fibers and epoxy. (B) The design used in part A was modified by adding additional metal and 

silica tubing. Note there is no dialysis membrane on this attachment, so compounds can be directly infused 

into the brain region of interest, while still collecting dialysate samples from the other portion of the probe. 

 

Implantation of Microdialysis Probes 

Rats were anesthetized with 3 mL/kg of Equithesin (4.44 g of chloral hydrate, 0.972 g of 

sodium pentobarbital, 2.124 g of magnesium sulfate, 44.4 mL of propylene glycol, 12 mL 

of ethanol and distilled water up to 100 mL of final solution; NIDA Pharmacy, Baltimore, 

A B 
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MD) and placed into a stereotaxic apparatus (Koph Instruments). Concentric 

microdialysis probes with a 2-mm long dialyzing surface (NAC/CPu), a 1-mm long 

dialyzing surface (VTA/SN) or cannulae with dummy stylets were implanted and secured 

with dental screws and dental cement. The coordinates were as follows (from Bregma): 

NAC = +1.7 mm AP, +0.7 mm ML and -8.2 mm DV; VTA = -6.04 mm AP, +0.6 mm 

ML and -9.0 mm DV; CPu = +1.0 mm AP, +2.0 mm ML and -6.0 mm DV; SN = -5.2 

mm AP, +2.0 mm ML and -9.0 mm DV. Rats were allowed to recover for 24 hours. 

 

Collection of Dialysate Samples from Rat Brains 

The experiments were performed on freely moving rats 24 h after probe implantation. An 

artificial cerebrospinal solution (144 mM sodium chloride, 4.8 mM potassium chloride, 

1.7 mM calcium chloride, and 1.2 mM magnesium chloride) was pumped through the 

microdialysis probe at a constant rate of 1 L/min with an automated pump 

(Bioanalytical Systems, Inc). After a washout period of 90 min, dialysate samples were 

collected at 20-min intervals. After 80 min of collecting samples for baseline, the 

artificial cerebrospinal solution was supplemented with either NMDA (30, 100, 300 or 

1000 M) or ORX-A (1, 3, or 10 M) for 60 minutes while samples were collected. After 

this time elapsed, the original artificial cerebrospinal solution was again pumped through 

the probe for an additional 80 minutes as samples were collected. Samples were kept at 4 

o
C until the experiment was completed, then were analyzed for DA using HPLC. Rats 

were deeply anesthetized and brains were collected. Briefly, brains were placed in 4 % 

paraformaldehyde overnight and then placed in 30 % sucrose until they sank. Brains were 

next cut to a thickness of 40 m at -18 
o
C using a cryostat and sections underwent 
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staining with cresyl violet to verify probe placement. Only rats with the correct placement 

were used in analysis.  

 

 

HPLC Analysis of DA in Rat Brain Dialysate Samples  

Dialysate samples (20 L) were injected without purification into an HPLC apparatus 

equipped with an MD 150- x 3.2-mm column, particle size 3.0 µm (ESA, Chelmsford, 

MA) and a coulometric detector (5200a Coulochem II; ESA Inc., Chelmsford, MA) to 

quantitate DA. The oxidation and reduction electrodes of the analytical cell (5014B; ESA 

Inc.) were set at +125 and –125 mV, respectively. The composition of the mobile phase 

was 100 mM NaH2PO4, 0.1 mM Na2EDTA, 0.5 mM  sodium octyl sulfate, and 18% (v/v) 

methanol (pH adjusted to 5.5 with Na2HPO4) The mobile phase was pumped by an ESA 

582 (ESA Inc.) solvent delivery module at 0.60 mL/min. The limit of detection for 

dopamine was 50 fmol. Dopamine values were transformed as percentage of the mean of 

the four values before the drug application and transformed values were statistically 

analyzed. 

 

Analysis of ORX Recovery in vitro - Mass Spectrometry 

A MALDI-TOF-TOF 4700 proteomics analyzer from Applied Biosystems (Framingham, 

MA) was used in reflectron and positive ion-mode to acquire spectra of the dialysates.  

The matrix used was alpha-cyano-4-hydroxy cinnamic acid (Aldrich Milwaukee, WI); it 

was prepared fresh daily as a saturated solution in 50% ethanol. Samples of 0.3 mL 

dialysate and 0.3 mL matrix solution were applied to the MALDI target and air-dried 

prior to introduction into the mass spectrometer and spectra acquisition. 
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Introduction 

PD afflicts an increasing number of older individuals worldwide (Hornykiewicz, 2008; 

Thomas and Beal, 2007). The etiology of PD remains largely unknown except for a 

minority of genetic disorders and several well-documented environmental toxins or drugs 

known to induce parkinsonism (Perl, 2007). A provocative idea suggests that exposure to 

environmental toxins, possibly primed by genetic susceptibility, can cause parkinsonism 

(Morris et al., 2004; Uversky, 2004). One such example is the toxin(s) found in the flour 

of washed seeds from the plant Cycas micronesica (cycad), which has been implicated in 

the development of amyotrophic lateral sclerosis/parkinsonism dementia complex 

(ALS/PDC) in the Chamorro population of Guam. A high incidence of ALS in Guam was 

first described in the 1940s, and by the early 1960s another comorbid neurodegenerative 

disease was identified as PDC (Kurland, 1988; Hirano et al., 1961). These diseases have 

been linked to the ingestion of cycad seed flour tortillas, prepared after careful washing 

of the seeds (Plato et al., 2003). The Chamorros knew that unwashed seeds containing 

neurotoxins BMAA and cycasin were poisonous (Borenstein et al., 2007). However, they 

were unaware that even washed cycad seeds contained toxins that could produce 

neurodegeneration years later (Ince and Codd, 2005). We began our investigation of the 

behavioral and neurobiological effects of ingested cycad flour in outbred Sprague-

Dawley rats in an attempt to develop a rat model of ALS with which to compare to the 

SOD1G93A genetic model of ALS (Howland et al., 2002). Other investigators have 

developed a mouse model of ALS/PDC by feeding washed cycad flour to outbred CD1 

mice (Wilson et al., 2002). These mice developed an ALS-like syndrome, with a loss of 

motor neurons and an eventual loss of dopaminergic innervation of the striatum (STR). 



 

44 

 

However, cycad-fed rats displayed a behavioral phenotype resembling that of 

parkinsonism, with no symptoms of ALS. It has proven especially difficult to develop 

progressive rodent models for parkinsonism (Olanow and Kordower, 2009); however, 

cycad-fed rats show the gradual development of multiple PD symptoms, including 

decreased motor activity and a progressive loss of DA in the basal ganglia circuit, as well 

as aggregation of phosphorylated--synuclein in multiple brain nuclei. 

 

Cycad-Induced Progressive Motor Dysfunction 

After approximately 8 weeks of cycad consumption, rats began to display aberrant motor 

behaviors (Figure 9). The cylinder test, used to monitor changes in motor activity, 

revealed a progressive decline in the number of rears completed by cycad-fed rats (F1,21 = 

7.8; p = 0.01; Figure 10A). As cycad feeding continued, rats developed a variety of 

additional motor abnormalities. By week 22 of cycad feeding, rats displayed a significant 

increase in grip strength when compared to flour-fed control rats (t21 = 4.093; p = 0.0005; 

Figure 10B). In addition, paw print analysis revealed a blurred, short-stepped gait 

indicative of shuffling, although this phenotype could not be consistently recorded 

(Figure 11). Another novel behavior seen in a number of cycad-fed rats was the presence 

of tremulous jaw movements at a mean frequency of 6 Hz, a characteristic frequency 

seen in other parkinsonian animal models (Salamone et al., 1998). These jaw movements 

were suppressed with apomorphine (0.5 mg/kg). We also observed a spontaneous, 

unilateral rotating behavior in some cycad-fed rats that could be reversed on 

administration of apomorphine (1.0 mg/kg). None of these behaviors were seen in flour-

fed animals. 
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Initial Loss of Striatal DA Innervation in Cycad-Fed Rats 

We investigated the effects of cycad on DA and DA metabolite concentrations in the STR 

and substantia nigra pars compacta (SNc) of Cohort 2 with HPLC analysis. After 18 

weeks of pellet feeding, cycad-fed rats displayed significant alterations in DA 

metabolism in the dorsal striatum compared to flour-fed rats. There was a significant 

bilateral decrease in the concentration of DA (t12 = 2.15; p = 0.021; Figure 12A) and its 

metabolites 3,4-dihydroxy-phenylacetic acid (t12 = 1.95; p = 0.031; Figure 12B) and 

homovanillic acid (t12 = 2.78; p = 0.005; Figure 12C) in the STR of cycad-fed rats. No 

significant differences in the concentration of DA and its metabolites between cycad-fed 

and flour-fed rats were found in the SN of these animals (data not shown). 

 

Later Degeneration of DAergic Neurons in the SN of Cycad-Fed Rats 

To determine if long-term cycad exposure produced a degeneration of DAergic neurons 

of the SNc, Cohort 1B was pellet fed for 16 weeks then fed regular rat chow for an 

additional 20 weeks. Immunohistochemical analysis suggested a loss of DAergic cell 

bodies in the SNc and their projections in cycad-fed rats when compared to flour-fed rats 

(Figure 13A-L). To quantify these changes, we calculated stereological cell population 

estimates. There was a significant loss of tyrosine hydroxylase-immunoreactive (TH-ir) 

neurons in cycad-fed rats (7,935 ± 779) compared to flour-fed rats (11,551 ± 708; p = 

0.014). This loss of TH-ir cells was concurrent with a significant decrease in SNc volume 

(cycad, 2.830 ± 0.189; flour, 3.684 ± 0.274 x 103 m
3
; Figure 13M). In addition, cycad-

induced neurodegeneration in the SNc was specific for DAergic neurons and neurites in 

the SNc and STR. Immunohistochemical staining for neuronal nuclei (NeuN)-ir and -
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aminobutyric acid (GABA)-ir of the striatum revealed no loss of overall neurons or loss 

of GABAergic neurons and their processes (data not shown). Lastly, cycad-fed rats 

showed no pathological signs of neurofibrillary tangles (NFTs) in the entorhinal cortex, 

hippocampus, and neocortex (data not shown). As a positive control, human neocortical 

Alzheimer‘s brain tissue was immunostained for NFTs. 

 

Aggregates of Phosphorylated -syn and Ubiquitin in Cycad-Fed Rats 

Synucleinopathy is a well-known characteristic of several neurodegenerative diseases 

including PD, dementia with lewy bodies, and multiple system atrophy. We used 

immunohistochemical analysis with antibodies against -syn and phospho--syn to 

determine if cycad-fed rats also displayed this abnormal synuclein aggregation. Analysis 

of Cohort 3 revealed neurites with -syn-ir aggregates in the STR of cycad-fed rats 

(Figure 14) but not in flour-fed rats. At this time point, after 22 weeks of cycad feeding, 

no -syn aggregates were observed in the SNc of cycad-fed rats. However, 5 months 

after the cessation of cycad feeding, analysis of Cohort 1B revealed that long-term cycad 

exposure produced aggregates composed of the toxic, phosphorylated form of -syn 

(Gorbatyuk et al., 2008) in TH-ir neurons in the SNc (Figure 15A-C). These p--syn 

aggregates were proteinase K-resistant (Figure 12J-L). SNc neurons containing 

aggregates of p--syn also contained ubiquitin-positive aggregates (Figure 15D–I), as 

confirmed with confocal microscopy. No aggregates of -syn/ubiquitin were found in 

SNc neurons of flour-fed rats. In addition, in the locus coeruleus and the cingulate cortex 

of these cycad-fed rats, we found p--syn inclusions (Figure 16). 
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Figure 9: Development of symptoms for cycad-induced model of parkinsonism.  

This figure summarizes the multiple parkinsonian-like symptoms that were observed in cycad-fed rats. 

Pellet feeding for all rats commenced at 15 weeks of age. At roughly 23 weeks of age, cycad-fed rats 

showed a variety of aberrant motor behaviors, including tremulous jaw movements and decreased vertical 

exploration. By 33 weeks of age, cycad-fed rats were found to have decreased levels of DA and DA 

metabolites in the STR but not the substantia nigra pars compacta (SNc). At 37 weeks of age, cycad-fed 

rats displayed an increase in grip strength, and histological analysis revealed the presence of 

phosphorylated -synuclein-immunoreactive cells (-syn-IR) in the neurites of the STR but not in the DA 

neurons of the SNc. Finally, at 51 weeks of age, cycad-fed rats displayed aggregates of phosphorylated  -

syn in the SNc. 

 

 

 

 
 

 

Figure 10: Aberrant motor behavior.  

(A) Cycad-fed rats (n = 16) showed a significant decrease in rearing behavior when compared to flour-fed 

rats (n = 7; p =  0.01). Data were age-normalized in the form of a ratio to monitor specific activity changes 

in each rat and enable comparisons between animals. In addition, age-dependent decreases in activity were 

eliminated by using a correction factor (inverse of averaged control ratio for each time point) applied to all 

data. (B) The grip strength of flour-fed (n = 7) and cycad-fed (n = 16) rats was determined using the 

averaged result of 6 measurements. Results revealed a significant increase in the grip strength of cycad-fed 

rats (1,212 ± 51.03 gf) when compared to flour-fed controls (880.1 ± 33.81 gf; p = 0.0005). 
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Figure 11: Paw prints of control and cycad-fed rat.  
Paw printing was used to record the movement of the rats and to observe progressive changes in stride 

length. A stereotypical shuffling gait seen in PD patients was also observed in cycad-fed rats (black 

arrows). This behavior was not observed in flour-fed rats. 

 

 

 

 

 

  
 
Figure 12: Decrease of dopamine and its metabolites in the striatum of cycad-fed rats.  
(A) Cohort 2 (flour, n = 6; cycad, n = 8) was pellet fed for 18 weeks then euthanized for high-performance 

liquid chromatography analysis. Cycad-fed rats showed a significant decrease in the concentration of 

dopamine in the dorsal striatum (*p = 0.02, Student‘s t-test). (B, C) Cycad-fed rats also demonstrated 

significant decreases in the concentration of dopamine metabolites (3,4-dihydroxy-phenylacetic acid 

[DOPAC] and homovanillic acid [HVA]) in the dorsal striatum compared to flour-fed rats (*p = 0.03 and 

**p = 0.005, respectively). The mean DOPAC/dopamine ratio for flour-fed animals was 0.173 ± 0.004. 

A B C 
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Figure 13: Cycad-fed rats show significant changes in the number of DA neurons of the SNc.  

Representative images of tyrosine hydroxylase-immunoreactive (TH-ir) neurons in SNc of flour-fed rats 

(A–C, G-H) and of cycad-fed rats (D–F, I-L) in Cohorts 1A and 1B. (M) Stereological population estimates 

of TH-ir neurons in the SNc determined that cycad-fed rats had significantly fewer TH-ir cells in the SNc 

(n = 4; 7,935 ± 708) when compared to flour-fed rats (n = 4; 11,551 ± 779; *p = 0.014). This loss of TH-ir 

cells was concurrent with a significant decrease in SNc volume (cycad, 2.830 ± 0.189; flour, 3.684 ± 0.274 

x 103m
3
); p = 0.02). Scale bars: A, D = 1mm; G, I, K = 250m; B, C, E, F, H, J, L = 50m. 

 

 
Figure 14: -syn aggregates in the STR of cycad-fed rats.  

(A-C) Immunohistochemical analysis indicated neurites with -synuclein aggregates in the striatum of 

cycad-fed rats of Cohort 1A (counterstained with hematoxylin). (D-F) No -synuclein aggregates were 

observed in the striatum of flour-fed rats (counterstained with hematoxylin and eosin).  
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Figure 15: -syn and ubiquitin aggregates in DA neurons of the SNc of cycad-fed rats. 

Confocal microscopy with antibodies against phosphorylated--synuclein (p-syn; A) and against 

tyrosine hydroxylase (B) revealed -syn aggregates in DA neurons in the SNc of 51-week-old rats from 

Cohort 1B (C, merged image). Dual labeling of SNc sections of another member of cycad-fed Cohort 1B, 

with antibodies against p-syn and ubiquitin, revealed numerous neurons with aggregates of both -syn 

and ubiquitin in the SNc (D, p-syn; E, ubiquitin; F, merged image). A confocal image of these SNc 

neurons revealed numerous aggregates in individual neurons (G, p--syn; H, ubiquitin; I, merged image). 

The p-syn aggregates are shown before and after proteinase K treatment. Prior to proteinase K treatment 

(J), immunostaining for p-syn, showed both p-syn aggregates and soluble p-syn in SNc neurons; 

following proteinase K treatment, p-syn aggregates were found in SNc neurons from cycad-fed animals 

(K), but were not found in flour-fed animals (L).  
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Figure 16: α-syn aggregates in the locus coeruleus and cingulate cortex of cycad-fed rats. 
Immunohistochemical analysis of locus coeruleus neurons from 51-week-old cycad-fed rats from Cohort 

1B with a p-α-syn antibody and counterstained with hematoxylin show a similar pattern of cytoplasmic 

labeling as seen in the SNc of cycad-fed rats. The aggregates are asymmetrically distributed (A – C).  No 

aggregates of α-syn are found in controls (D – E). In the cingulate cortex, aggregates of p-α-syn are found 

in cycad-fed rats (F – H) but are not seen in controls (I – J). Scale bars for locus coeruleus are; 100 μm in 

A, D; and 25 μm in E; and, 20 μm in B, C. For cingulate cortex, 50 μm in F, I and 10 μm in G, H and J. 
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Cycad-Fed Rats Did Not Display ALS Phenotype 

Based on the previous report of the development of an ALS-like syndrome in cycad-fed 

mice (Wilson et al., 2002), we conducted behavioral tests to evaluate possible motor 

neuron loss in Cohort 1 (flour, n = 7; cycad, n = 8). No muscle weakness or change in 

hind limb reflexes or grip strength could be demonstrated in cycad-fed rats. In addition, 

we verified a lack of ALS pathology in cycad-fed rats. No loss of motor neurons or 

increased gliosis was observed in the lumbar spinal cords of either of the cycad-fed rats 

or in the flour-fed rats in these cohorts (Figure 17). 

 

Cycad Toxins Are Selective for DAergic Neurons in Vitro 

We used nigrostriatal organotypic cocultures (NSOC) to begin the investigation into the 

mechanism(s) of cycad toxicity. This unique explant culture system maintains a stable 

number of TH-ir somata with an extensive network of dendrites, as well as axonal 

projections extending from the nigra to cells in the striatum up to 48 days in vitro. In 

NSOC, TH-ir projections in the striatum have small varicosities reminiscent of synaptic 

boutons (et al. Cultures were treated with either vehicle (DMSO, 1:10,000 dilution) or 

DMSO with cycad flour (1.9 mg/mL) derived from an organic extract of washed cycad 

twice a week for 2 weeks. Exposure to cycad extract led to a significant loss of TH-ir 

somata in the SN slice and a change in cell morphology (Figure 18A, D, G). The TH-ir 

neurons in the NSOC appeared to both have shrunken somata. The total number of 

NeuN-ir cells in the cycad-treated SN slice was unchanged (Figure 18G), and there was 

no loss of GABAergic cells in the SN (data not shown). In addition, in the STR, the total 

number of neurons (NeuN) and the numbers of GABAergic (GAD65/67-ir) neurons were 
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also comparable between vehicle- and cycad-treated cultures. As seen in cycad-fed rats, 

TH-ir neurons in the SN of cycad-treated cultures contained p--syn aggregates. This 

localization of p--syn in TH-ir neurons and their projections was not seen in control 

cultures, confirming our in vivo observations that cycad neurotoxins cause the formation 

of p--syn aggregates in DA neurons. 

 

  
 

Figure 17: Cycad-fed rats do not display ALS phenotype or pathology.  

Cohort 1A and 1B (flour, n = 7; cycad, n = 8) were used to verify a lack of ALS pathology in cycad-fed 

rats. Representative images of motor neurons from the ventral horn of the lumbar spinal cord stained with 

hematoxylin and eosin from cycad-fed rat IJ (D–F) and flour-fed rat QR (A–C). Results indicate no 

differences in size of intact motor neurons on either side. There was also no astrogliosis in the spinal cord 

of cycad-fed rats (G–I) as compared to flour-fed rats.  
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Figure 18: Loss of dopamine neurons and induction of p--syn aggregates by incubation of an 

organic extract of washed cycad in NSOC.  

After 2 weeks of exposure to cycad extract, NSOC were analyzed for TH-ir and p--syn aggregates. In the  

SN, in the presence of an organic cycad extract, there was a loss of TH-ir neurons and processes (D) as 

compared to vehicle-treated cultures (A). TH neurons (DMSO = 20 ± 2.5; cycad = 3 ± 1.2; p < 0.01; n = 9–

19 cultures/cycad or vehicle treatment; n = 12 experiments). There were p--syn aggregates in the 

remaining TH-ir neurons (E). Merged images show TH-ir only in vehicle-treated cultures (C) and TH-ir 

neurons with p--syn aggregates in cycad extract-treated cultures (F). The total number of neurons in the 

SN (G) and in the STR (H; NeuN-ir) of the cycad-treated NSOC was unchanged (G, H; SN slice: DMSO = 

750 ± 304.1, cycad = 776 ± 210.9, p = 0.95; STR slice: DMSO = 2,533 ± 394.4, cycad = 1,699 ± 514.3, p = 

0.24; n = 4–5 cultures/treatment group; n = 12 experiments). The number of GABAergic neurons 

(GAD65/67-ir) in the STR of cycad-fed cultures was unchanged in the presence of the extract (H; DMSO = 

325 ± 125.8; cycad = 339 ± 24.7; p = 0.91; n = 4–5 cultures/treatment group; n = 12 experiments). A 

Student‘s t-test analysis revealed a significant loss of TH-ir cells in cycad extract-treated cultures (G; 

Controls/DMSO 20 ± 2.6 TH-ir neurons, n = 15 cultures; cycad/DMSO, 5 ± 2.4 TH-ir neurons, n = 4 

cultures, *p = 0.03). Values represent mean ± SEM. Scale bar = 50 m (A–F).  
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Discussion 

The tragic development of a significant cluster of cases of ALS/PDC among the 

Chamorro population of Guam generated much interest as to a common etiology for these 

neurodegenerative disorders (Kurland, 1988). The ingestion of washed flour prepared 

from seeds of the plant Cycas micronesica during a period of famine has been implicated. 

This is not without precedent. In Guadeloupe, atypical parkinsonism has been linked to 

the consumption of the fruit and leaves of the tropical plant Annona muricata (Lannuzel 

et al., 2007). Patients present with symptoms of progressive supranuclear palsy or 

Guadeloupian PDC with cerebral atrophy. Pathologically, there is neurodegeneration of 

both cholinergic cells and GABAergic cells of the STR and cholinergic and DAergic 

cells of the SN (Caparros-Lefebre and Lees, 2005), differing from our observations with 

cycad exposure both in vivo and in vitro. 

We began our investigation of cycad-induced neurodegeneration in an attempt to 

develop another rat model of ALS (Howland et al., 2002). In cycad-fed mice, Wilson and 

Shaw demonstrated an ALS-type syndrome with later denervation of DAergic neurites in 

the STR (Wilson et al., 2002; Shaw and Wilson, 2003). However, we found parkinsonian 

behavioral symptoms in cycad-fed rats, including slowness of movement, tremulous jaw 

movements, a shuffling gait, unilateral rotations, and increased grip strength (Fellows and 

Noth, 2004). We conducted neurochemical and histological analysis of the brains of 

cycad-fed rats and found that cycad ingestion causes a progressive loss of DAergic 

innervation of the STR, and progressive degeneration of nigral DAergic neurons later, 

with the remaining DAergic neurons showing ubiquitin aggregates and proteinase K-

resistant aggregates of p--syn (Hashimoto et al., 2003). We also found p--syn 



 

56 

 

aggregates in the locus coeruleus and cingulate cortex of cycad-fed rats as has been 

reported in PD (Jellinger, 2003; Braak and Del Tredici, 2009). The p--syn antibody 

used in our studies recognizes phosphorylation at residue Ser-129, a post-translational 

modification shown to be a toxic form of the protein and indicative of increasing levels of 

oxidative stress in these cells (Chen and Feany, 2005). In cycad-fed rats, there was a 

time-dependent accumulation of aggregates of -syn first in DAergic neurites in the STR 

and later in DAergic neurons in the SNc. This loss of the TH-ir neurons in the SNc could 

be a loss of the TH phenotype in the absence of an actual cell loss of DAergic neurons. 

However, our stereological counts of TH-ir neurons at rats of 51 weeks of age showed a 

significant loss of TH-ir neurons in the presence of increased -syn aggregates. Chu and 

Kordower (2007) found in PD patients and in nonhuman primates that age-related 

increases in -syn are associated with DA depletion in the basal ganglia circuit, and we 

found a similar phenomenon in older cycad-fed rats.  

Organotypic nigrostriatal co-cultures offer a useful tool for studying 

dopaminergic degeneration in a natural circuit. These slice cultures survive greater than 

two months, making chronic intoxication studies feasible (Plenz and Kitai, 1996; Siebert 

et al., 2009). Chronic treatment with an organic extract of washed cycad over 2 weeks 

resulted in an 85% decrease of TH-ir somata in the SN, either by loss of TH-ir neurons or 

a loss of the TH phenotype. The lack of NeuN-ir cell loss in the SN from slice cultures is 

possibly due to loss of the TH phenotype in the absence of actual TH-ir cell loss. 

However, the abnormal morphology of the TH-ir neurons in the presence of cycad 

suggests that death of DAergic neurons, which are only a small number of the total 

number of NeuN-ir neurons, may occur. In the STR of slice cultures, there is a small (not 
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significant) loss of NeuN-ir cells, which is clearly distinct from the 85% loss of TH-ir 

cells in the SN. One possible explanation is that the concentrations of cycad toxins in the 

slice culture differ from the dose of cycad ingested in vivo, leading to slightly different 

selectivity. In addition, p--syn accumulation in TH-ir neurons and neurites in the NSOC 

was observed. Most notably, this preparation is one of the first demonstrations of p--syn 

aggregates coupled with a loss of DAergic neurons in an organotypic slice without a 

genetic alteration.  

A number of natural and synthetic molecules exert deleterious effects on DAergic 

neurons, including 6-OHDA, MPTP, rotenone, and paraquat. None of these toxins causes 

a progressive syndrome that closely resembles idiopathic parkinsonism in humans. For 

example, brains of individuals who died after MPTP exposure showed evidence of DA 

neuronal loss in the SNc in the absence of Lewy bodies in the remaining neurons 

(Langston et al., 1999). The temporal loss of DAergic innervation in the STR before the 

loss of DAergic neurons in the SNc in cycad-fed rats mimics a similar phenomenon in 

nonhuman primates in a chronic low-dose MPTP model of PD (Chen et al., 2008). Braak 

and colleagues have proposed that sporadic PD can be staged in the brain based on 

nonrandom neuronal dysfunction and Lewy body pathology (Braak et al., 2002). To 

demonstrate similarities between the cycad model and sporadic PD, we investigated 

whether aggregates of -syn occur in other regions of the brain in addition to the SNc. 

We found these aggregates in the locus coeruleus and cingulate cortex, similar to 

sporadic PD (Braak and Del Tredici, 2009). Our in vivo findings in the cycad-fed rat 

makes this model an interesting addition to the study of the relationship between -syn 

aggregates and DAergic neurodegeneration in a nongenetic model, recapitulating some of 
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the progressive behavioral and histopathological abnormalities seen in the human 

disorder. Unlike PDC, the cycad-fed rat showed no pathological signs of NFTs in the 

cortex. Thus, the rat exposed to cycad flour has both similarities (parkinsonism) and 

differences (synuclein aggregates in the SNc and no cortical NFTs) with pathology found 

in patients with ALS/PDC.  

Unlike genetic models or toxicant-based end-stage models of parkinsonism that 

may have a great deal of phenotypic similarity among animals, there is considerable 

variability in the response of individual animals to cycad ingestion. This variability may 

be due to first-pass metabolism of cycad flour or due to the inconsistency of uptake of 

phytosterols and other components of cycad flour into the brain. However, we believe 

that the novelty of this cycad-fed rat model is that it recapitulates the variability and 

progression of symptoms and neuropathology seen in human parkinsonism. It also allows 

for examination of the early stages of the disorder. Based on our observations, we believe 

that the cycad model in rats can uniquely serve as a progressive model of parkinsonism. 
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CHAPTER V. SLEEP ALTERATIONS IN CYCAD-FED RATS 
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Introduction 

PD is typically viewed as a neurodegenerative disease that manifests severe motor 

impairment with symptoms such as resting tremor, muscle rigidity, and bradykinesia. 

These symptoms often do not appear until there is a 60–80% loss of dopamine (DA) in 

the basal ganglia circuit (Fearnley and Lees, 1991). Since the early 1960s, replacement of 

DA via 3,4-Dihydroxyphenylalanine (L-DOPA) has been the main treatment for patients 

with PD (Carlsson et al.,1957). A chief complaint associated with this treatment has been 

severe sleep disturbances that include fragmented sleep and daytime sleep attacks. The 

high prevalence (>80%) of sleep disturbances in PD patients is often reported to be more 

troubling than the symptoms associated with motor dysfunction (Friedman and Millman, 

2008). Recent studies have shown that sleep alterations may actually precede motor 

impairment by at least a decade and cannot be completely accounted for by anti-

parkinsonism treatments for altered DA neurotransmission (Rye, 2006; Arnulf et al., 

2002). In fact, a strong correlation exists between the diagnoses of sleep disruptions, such 

as excessive daytime sleepiness (EDS) and REM behavioral disorder (RBD), and an 

increased risk of developing PD within the next decade (Dhawan et al., 2006; Abbott et 

al., 2005). We present evidence for a novel neurotoxin-induced rat model of 

parkinsonism that assesses some of the cellular disruptions mediating the non-motor 

symptoms. Our previous research examined the effects of prolonged consumption of 

flour made from seeds of the plant Cycas micronesica (cycad) in male Sprague–Dawley 

rats. We found that cycad-fed rats display a progressive parkinsonian phenotype with no 

signs of ALS (Shen et al., 2010). Here, we report an in-depth analysis of the sleep 

architecture in cycad-fed and control rats. Cycad-fed rats displayed a hypersomnolent 
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behavior, prior to some of the more severe parkinsonian characteristics observed in our 

cycad model. Specifically, we found that cycad-fed rats experienced a change in the 

number of vigilance state episodes and their duration that led to more REM and NREM 

sleep at the expense of wakefulness in their active phase when compared to control rats. 

In addition, we found a significant reduction in orexin neurons of cycad-fed rats. Thus, 

these results provide further evidence for a relationship between altered orexin 

neurotransmission and the development of the initial, non-motor symptom of EDS. Our 

results reveal a novel rodent model of parkinsonism that includes an EDS-like syndrome 

that may be associated with a dysregulation of orexin neurons. Further characterization of 

this early, non-motor symptom, may provide potential therapeutic interventions in the 

treatment of PD. Moreover, our animal model offers a much-needed tool for further 

understanding of the etiology of the neurodegeneration underlying the symptoms 

observed in PD. 

 

Consumption of cycad flour induces alterations in sleep/wake activity  

To test whether sleep-wake patterns were affected by cycad feeding, EEG and EMG 

waveforms acquired from freely moving animals were used to quantify the time spent in 

Wake, NREM and REM. Analysis of a 24-hour period consisting of 12 hours of light 

(Quiescent phase) and 12 hours of dark (Active phase) revealed significant alterations in 

the sleep/wake activity of cycad-fed rats when compared to flour-fed rats. During the 

Active phase, cycad-fed rats showed a significant decrease in the time spent in 

wakefulness (-8.5%; p=0.0056; t(14)=3.272; Figure 19A), an increase in NREM sleep 

(24.9%; p=0.0152; t(14)=2.763; Figure 19B)  and an increase in REM sleep (38.9%; 
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p=0.0047; t(14)=3.353; Figure 19C). There was no difference between the vigilant states 

of flour-fed rats and cycad-fed rats during the Quiescent phase (Figure 19A-C).  

To further characterize the potential hypersomnolent behavior induced by cycad 

consumption, the total sleep time (TST) was analyzed. The cycad-fed rats displayed a 

significant increase in TST during the Active phase (p=0.0053; t(14)=3.299; Figure 20A). 

While there was no significant change in TST during the Quiescent phase, there was an 

increase over the 24 hour block which did not quite reach statistical significance 

(p=0.061; t(14)=2.030; Figure 20A).  When the continuous 24 hour recordings were 

distributed over 2 hour bins there was a significant main effect of cycad exposure on TST 

over the Active phase (F(1,14)=11.1, p=0.005), but not over the Quiescent phase (p=0.99). 

In addition, a Bonferroni comparison revealed that cycad-fed rats accumulated 

significantly more total sleep at ZT8 and ZT12 compared to the controls (Figure 20B; 

p<0.05).   

Finally, analysis of sleep-wake architecture (number of episodes and mean 

episode duration) suggested a hypersomnolent phenotype in cycad-fed rats without sleep 

fragmentation in the Quiescent phase (Table 1). In the Active phase, cycad-fed rats 

experienced 35% more wake episodes that were 50% shorter in mean duration than 

controls (t(14)=2.15, p<0.05 and t(14)=2.14, p<0.05, respectively). Coincident with the 

decrease in Active phase wakefulness was a significant increase in the number of REM 

episodes (35%, t(14)=2.88, p<0.05) and the mean episode duration of NREM sleep (28%, 

t(14)=2.20, p<0.05).  
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Figure 19: Consumption of cycad induces a hypersomnolent behavior.  
During the 12 hr active phase, cycad exposure decreased the total minutes spent in wake (A; *; p=0.0056; 

t(14)=3.272), increased the amount of time spent in NREM sleep (B; *; p=0.0152; t(14)=2.763) and REM 

sleep (C; *; p=0.0047; t(14)=3.353) compared to flour-fed rats. No significant changes were observed 

between flour-fed and cycad-fed rats in Wakefulness (p=0.93), NREM sleep (p=0.65), or REM sleep 

(p=0.29) during the 12 hr quiescent phase. Values are the means + SEM of 8 animals in each group. 
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Figure 20: Total Sleep Time is increased in cycad-fed rats.  

 (A) Cycad-fed rats showed a significant increase in the percentage of TST over the active phase (*; 

p=0.0053; t(14)=3.299). TST over the 24 hr period also increased but did not reach statistical significance 

(p=0.061; t(14)=2.030). (B) Distribution of the percentage of TST into 2-hr bins revealed a main effect of 

cycad on TST over the Active phase (F(1,14)=11.1, p=0.005), but not in the Quiescent phase (p=0.99). Post-

hoc analysis revealed that cycad-treated rats accumulated significantly more total sleep at ZT8 and ZT12 

compared to the controls (p < 0.05). Values are the means + SEM of 8 animals in each group. 

 

 

 

 
Table 1. Sleep/Wake Architecture 

Number and duration of episodes for each vigilance state during the Active and Quiescent phase in cycad 

and flour-fed rats.  Values are the means + SEM of 8 animals in each group (*; p<0.05). 
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Consumption of cycad flour induces alterations in orexin-A neurons 

Previous reports implicate orexin-A in the maintenance of wakefulness and more recent 

findings describe orexin loss in PD patients (Fronczek et al., 2007; Thannickal et al., 

2007). To determine whether a similar cellular pathology was present in cycad-fed rats, 

relative changes in the ORX-A and MCH cells of the lateral hypothalamus were 

quantified in brain tissue sections.  The mean number ORX-A-ir neurons per section was 

significantly less in the cycad-fed rats when compared to flour-fed rats (Fig. 21A-B; 

p=0.0332; t(14)=2.362). Furthermore, there was no significant difference in the mean 

number of MCH-ir cells between treatment groups (Fig. 21C-D, p=0.25). 

 Since a significant loss of ORX-A neurons could alter the way the surviving cells 

function, the activation pattern of the remaining neurons was examined with double-label 

immunohistochemical analysis with antibodies against c-fos (a marker for neuronal 

activation) and ORX-A. The percentage of doubled labeled c-fos-ir/ORX-A-ir neurons to 

ORX-A-ir only neurons was significantly increased by approximately 86% in cycad-fed 

rats compared to the flour-fed controls (p=0.0273; t(14)=2.46; Figure 22).  

 

Consumption of cycad flour induces stereotypic behaviors 

Upon further examination of the behavioral video recordings a unique phenotype was 

observed. This consisted of a significant increase in stereotypic behavior, as shown by the 

number of vacuous jaw movements that immediately preceded a bout of grooming 

behavior (Figure 23; p=0.013; t14=2.828).  
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Figure 21: Consumption of cycad induces a loss of orexin-A neurons.  

(A) Representative images of ORX-A-ir cells in flour-fed and cycad-fed rats (left = 4X magnification; right 

= 20X magnification). (B) Analysis of ORX-A cell counts revealed a significant decrease in the mean 

number of orexin-A positive cells in anatomically matched tissue section of cycad-fed rats compared to 

flour-fed rats (*; p=0.0332; t(14)=2.362). (C) Representative images of MCH-ir cells in flour-fed and cycad-

fed rats (left = 4X magnification; right = 20X magnification). (D) Analysis revealed no significant 

differences in cell counts of cycad-fed rats when compared with controls (p=0.25). Values are the means + 

SEM of 8 animals in each group. 

 

Figure 22: Loss of orexin-A neurons causes a change in activation of remaining cells.  

(A) An example of co-labeled c-fos and ORX-A positive cells at low (4X) and high (100X) magnification.  

(B) Using c-fos as a nuclear marker of cell activation, analysis of ORX-A neurons revealed a significant 

increase in the percentage of activated ORX-A-ir cells in the lateral hypothalamus of cycad-fed rats when 

compared to flour-fed rats (*; p=0.0273; t(14)=2.46). Values are the means + SEM of 8 animals in each 

group. 
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Figure 23: Rats display a cycad-induced increase 

in stereotypic behavior.  

A bout of stereotypic behavior was defined as a 

bout of vacuous chewing that was immediately 

followed by a bout of grooming. Statistical analysis 

using an unpaired, two-tailed Student‘s t-test 

revealed a significant increase of this patterned 

behavior in cycad-fed rats when compared to flour-

fed rats (*; t14=2.828; p=0.013). 

 

 

Discussion 

While there are numerous studies that analyze the motor deficits observed in rat models 

of parkinsonism, there is a scarcity of research looking into early progression of the 

disease in these same models. In one of the few progressive studies, rotenone, a pesticide 

linked to parkinsonism, was chronically administered to rats resulting in a 

hypersomnolent behavior (Yi et al., 2007). Another longitudinal study found injection of 

the parkinsonian toxin MPTP in rhesus monkeys induces sleep disturbances including 

EDS (Barraud et al., 2009). We now report that consumption of an environmental 

parkinsonian neurotoxin, cycad, induces an EDS-like disorder in rats. This cycad-induced 

phenotype does not resemble RBD as evidenced by a lack of significant change in muscle 

tone during REM sleep (data not shown). Instead, these animals display an increase in 

NREM and REM sleep during their active phase, whereas the sleep patterns of the 

quiescent phase remain the same as control levels.  

Moreover, analysis of the sleep-wake architecture revealed that cycad-fed rats 

exhibited fragmented wakefulness (increased episode number accompanied by a decrease 

in episode duration) during their Active phase when compared to the flour-fed controls 

that exhibited longer consolidated bouts of wake, further supporting an EDS-like 

syndrome. The sleep-wake architecture during the Quiescent phase was indistinguishable 
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between the cycad- and flour-fed groups suggesting that the change in wakefulness 

during the Active phase was not a consequence of sleep fragmentation during the 

expected sleep phase.  

The presence of these non-motor changes represents an early stage in the 

progression of parkinsonism resulting from approximately twenty weeks of cycad 

exposure. Furthermore, these animals did not show advanced symptoms (i.e., motor 

disturbances) of the disease. It is only at later time points (thirty-six weeks after cycad 

exposure) that cycad-fed rats display a significant loss of DA neurons in the SN and the 

presence of -synuclein aggregation, a classical histological hallmark of PD 

(Shen/McDowell et al., 2010). In other words, cycad consumption in rats induces a 

hypersomnia that precedes the development of parkinsonian symptoms. Since sleep 

disturbances, particularly EDS, are common in numerous chronic neurodegenerative 

diseases, such as Huntington‘s disease, dementia with Lewy bodies, progressive 

supranuclear palsy, and corticobasal dementia, the cycad model of early onset symptoms 

may be useful in elucidating the underlying neuropathology of these diseases (El-Ad & 

Korczyn, 1998; Happe, 2003; Yasui et al., 2006).
 
 

 We have utilized the progressive nature of the cycad-induced parkinsonian model 

to analyze both the non-motor symptoms and importantly, start to address some of the 

cellular pathology behind their development. It is known that ORX neurons, while 

isolated to the lateral hypothalamus, send projections to numerous sleep/wake nuclei 

throughout the brain (Saper et al., 2001; Sakurai, 2005). Thus, the 15% reduction in ORX 

neurons seen in cycad-fed rats suggests that this ORX innervation of wake-promoting 

nuclei may be decreased.  A novel finding in this study was the appearance of vacuous 
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jaw movements preceding an extended bout of grooming suggesting an increase in 

stereotypy. This type of stereotypic behavior is mediated by the VTA/SN and ORX 

neurons projecting to these dopaminergic nuclei have been implicated (Korotkova et al., 

2003). More specifically, it has been found that ORX can induce stereotypy through 

activation of the VTA (Nakamura et al., 2000). This relationship may be particularly 

relevant since cycad-fed rats also display an increased activation of the remaining cells 

roughly eight and a half hours into their active phase, which could suggest a potential 

compensatory mechanism against the early stages of ORX cell loss. Future studies will 

address the role of this altered ORX activation. Clinically, the involvement of 

dopaminergic circuitry and the newly discovered loss of ORX neurons in the initial 

development of PD, suggests that it may be the communication between these two cell 

types that is first altered, causing behavioral abnormalities such as sleep disturbances and 

impulse control disorders (Thannickal et al., 2007; Stamey & Jankovic, 2008).  

Interestingly, we did not find a significant difference in MCH cell counts. This could be 

due to the specificity of cycad toxicity or to the relative short length of cycad exposure. 

Elucidation of the complete circuitry behind the cycad-induced sleep disruption can 

provide additional, valuable information into the role of sleep disturbances in the initial 

stages of neurodegeneration for our progressive model of parkinsonism. 
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CHAPTER VI. DEVELOPMENT OF DOSE RESPONSE CURVES 

FOR ANALYSIS OF DA AND ORX INTERACTION 
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Introduction 

Our previous work has revealed the development of excessive daytime sleepiness (EDS) 

as an early symptom in rats with cycad-induced parkinsonism. Furthermore, we have 

found that at this stage of the disease, cycad-fed rats show a significant loss of ORX-A-ir 

cells in the hypothalamus along with a decrease in DA and its metabolites in the STR. 

With growing studies suggesting the important role of ORX and DA in sleep disturbances 

and PD, the progressive nature of our parkinsonism model will help to discover the 

earliest alterations in these neurotransmitters and their relationship to the observed 

behavioral phenotype in the cycad-fed rat. Collection of brain dialysates through 

microdialysis and subsequent analysis with HPLC is a well-established technique that can 

be used to assess changes in DA and ORX neurotransmission. Another technique that has 

been used to detect rapid changes in DA levels in the brain is in vivo fast-scan cyclic 

voltammetry. Briefly, this method utilizes a carbon fiber microelectrode to generate 

potential changes which can be related to changes in the concentration of extracellular 

DA (Millar and Barnett, 1988; Phillips et al., 2003). While this technique has the 

advantage of temporal resolution, we wanted to design experiments that would enable the 

detection of DA concentrations and the perfusion of compounds into the same brain 

region. As such, the experiments described below were designed to utilize microdialysis 

in order to elucidate changes in DA and ORX neurotransmission due to chronic cycad 

consumption.  

In particular, we have chosen to focus on the DAergic neurons of the SN and 

VTA which project to the caudate putamen (CPu) and nucleus accumbens (NAC) shell, 

respectively. This was based on the symptoms of EDS and stereotypy displayed by 
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cycad-fed rats early in the progression of the disease. Similar to the EDS symptom, 

stereotypic behavior has been shown to be regulated by both the ORXergic and DAergic 

systems. More specifically, stereotypic behavior, including the act of purposeless 

chewing, is most often associated with the VTA (Takigawa et al., 2000). Furthermore, it 

was demonstrated that ORX cells of the hypothalamus directly project to the VTA and 

that ORX-A release in the VTA induces increases in grooming and chewing of inedible 

material (Fadel and Deutch, 2002; Nakamura et al., 2000). While we have observed an 

increase in stereotypic behavior in cycad-fed rats, we have not determined if there are any 

histological changes in the neurons of the VTA. However, in these experiments analysis 

of two DAergic circuits in cycad-fed rats will enable us to determine the specificity of 

cycad toxicity. In other words, is only the nigrostriatal circuit damaged or is the 

mesolimbic system involved as well?  

One last aspect of our experimental design involves the use of various 

concentrations of NMDA perfused into the SN/VTA to construct a dose response curve 

of induced DA release. We can also perfuse multiple concentrations of NMDA into the 

lateral hypothalamus to induce increased ORX release in the SN/VTA, and in turn 

increased DA release. Due to the dynamic nature of the DAergic system it is important to 

determine the response of a nucleus at multiple drug concentrations. In addition, since we 

are focusing on the initial development of changes in neurotransmission, we will likely 

need evoked release to observe any alterations. The data represented below will enable 

future experiments designed to elucidate some of the earliest changes in neurochemistry 

of the cycad-fed rat.  It is predicted that cycad-fed rats will show decreased NMDA-

induced DA release before ORX-mediated DA release in the CPu/SN. 
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The Effect of NMDA on DA Levels in the VTA/NAC and SN/CPu 

In order to address the hypothesis that DA neurotransmission is altered in cycad-fed rats, 

we chose to first construct a dose response curve for the effects of NMDA on two 

DAergic brain circuits using microdialysis and subsequent HPLC analysis. This method 

enables us to detect changes in NMDA-induced release of DA between control and cycad 

rats. This is vital since early changes in neurotransmission will be unlikely to produce 

clear changes in basal DA levels between animals. The first of the circuits to be examined 

consisted of the DAergic neurons of the VTA and their projections to the shell of the 

NAC. We have shown that the response of VTA neurons varies with the dose of NMDA 

(30, 100, 300 and 1000 M) perfused through the dialysis probe (Figure 24). In was 

found that lower doses (30 and 100 M) of NMDA do not induce a significant change in 

DA levels in the VTA or the NAC.  At a dose of 300 M, NMDA produces about a 50 % 

increase in DA levels relative to the baseline in the VTA and roughly a 25 % increase in 

DA levels in the NAC. However, at the highest dose of NMDA perfused (1000 M) there 

appears to be a more transient increase in DA levels relative to the baseline in the VTA 

and no significant increase in DA levels in the NAC.  

The second circuit used to create a dose response curve for the effect of NMDA 

on DA levels consisted of the DAergic neurons of the SN and their projections to the CPu 

(Figure 25). Results show that 100 M of NMDA perfused into the SN induces a modest 

decline in DA levels relative to baseline which is in opposition to the modest increase in 

DA levels in the CPu. At a dose of 300 M, NMDA produces about a 400 % increase in 

DA levels relative to the baseline in the SN and roughly a 25 % increase in DA levels in 

the CPu. Additional doses of NMDA are needed to determine the validity of these initial 
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findings in the SN/CPu circuit. However, importantly these results show the dynamic 

response of the DAergic system to varying concentrations of the same compound. Indeed, 

these experiments will enable us to detect any changes (shifts of the dose response curve) 

in NMDA-induced DA release that could be due to cycad consumption.   

 

The Effect of ORX-A on DA Levels – Perfusion       

Once we established our dual-probe microdialysis model to study DA neurotransmission, 

we next sought to determine the effects of ORX-A on the VTA/NAC and SN/CPu 

circuits. Using the same experimental design as with the NMDA experiments, multiple 

doses (1 M, 3 M, and 10 M) of ORX-A were perfused into the VTA (Figure 26). 

Unexpectedly, ORX-A perfusion did not cause an increase in DA levels relative to 

baseline in the VTA or the NAC as previously reported in other literature (Wang et al., 

2009). However, it is worth noting that there remains a paucity of studies that have 

perfused ORX into the brain through a microdialysis probe. In fact, direct infusion of 

peptides into the brain using cannulation is a much more common method due to the 

extremely low recovery rate across the dialysis membrane of these often lipophilic 

compounds. Based on these data, the experiments described below tested the recovery 

rate of ORX across a dialysis membrane and  utilized the more conventional method of 

peptide delivery into the brain.         

 

Figure 24: NMDA dose response curve for the VTA and NAC. 

Dialysate samples were taken every 20 minutes from the VTA and NAC. The baseline was determined 

from the first four samples. NMDA was then supplemented to the aCSF solution and perfused into the 

VTA only for 60 minutes (gray box) while the next three samples were collected. The final four samples 

were collected after the original aCSF solution was replaced in the VTA probe. Four different doses of 

NMDA were used: 30 M (A-B; n=6), 100 M (C-D; n=4), 300 M (E-F; n=6) and 1000 M (G-H; n=6).  

To create the dose response curves (I-J) the area under the curve from 0 to 140 minutes was summed. Error 

bars represent S.E.M.  
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Figure 25: NMDA dose response curve for the SN and CPu. 

Dialysate samples were taken every 20 minutes from the SN and CPu. The baseline was determined from 

the first four samples. NMDA was then supplemented to the aCSF solution and perfused into the SN only 

for 60 minutes (gray box) while the next three samples were collected. The final four samples were 

collected after the original aCSF solution was replaced in the SN probe. Two different doses of NMDA 

were used: 100 M (A-B; n=3) and 300 M (C-D; n=3). To create the dose response curves (E-F) the area 

under the curve from 0 to 140 minutes was summed. Error bars represent S.E.M.  
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Figure 26: DA response to ORX-A perfusion in the VTA/NAC circuit. 

Dialysate samples were taken every 20 minutes from the VTA (A; n=5) and NAC (B; n=5). The baseline 

was determined from the first four samples. ORX-A was then supplemented to the aCSF solution and 

perfused into the VTA only for 60 minutes (gray box) while the next three samples were collected. The 

final four samples were collected after the original aCSF solution was replaced in the VTA probe. Error 

bars represent S.E.M.  

 

Recovery of ORX-A in Dialysate samples 

Due to the lack of an effect of even relatively high doses of ORX-A (10 M) on DA 

levels in the rat brain, it became imperative to verify the recovery rate of the neuropeptide 

across the microdialysis membrane. Using the in vitro technique outlined in Figure 27, 

we collected samples to test two synthetic membranes (polyethersulfone and 

polyarylethersulfone), an organic membrane material (cuprophane), multiple pore sizes 

(6, 20, 50, 100 kDa cut-off), varying salt concentrations and pH levels of the aCSF 

solution (1:144 mM NaCl, 4.8 mM KCl, 1.7 mM CaCl2, and 1.2 mM MgCl2; 2: 140 mM 

NaCl, 3 mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, 2 mM Na2HPO4 and 2 mM NaH2PO4, 

pH 7.5), and lastly, silica and non-silica tubing. Standard samples of known ORX-A 

concentrations, along with the dialysates, were processed and analyzed using mass 

spectrometry. Results revealed that standard solutions of ORX-A as low as 10 nM could 

be clearly detected with this technique, however none of the dialysates contained 
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detectable levels of the peptide (Figure 28). Since 10 M ORX-A was used for dialysis, 

our findings suggest well less than 0.1 % of the compound, if any, is crossing the probe 

membrane.   

 

 

Figure 27: In vitro recovery of ORX-A. 

Microdialysis probes were placed into tubes containing 10 M 

of ORX-A. An aCSF solution was then perfused through the 

probe at a rate of 1 L/min. 20 mL samples were collected 

then frozen until analyzed with mass spectrometry. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: Representative mass spectrum of 10 nM ORX-A standards. 

Using a MALDI TOF/TOF technique, analysis of ORX-A standards revealed a clear peak (3559.8 m/z) 

corresponding to the neuropeptide. Note that all dialysate samples displayed no clear peaks. 

 

The Effect of ORX-A on DA Levels – Infusion 

Based on the mass spectrometry results, it appeared ORX-A was not crossing the 

microdialysis membrane at desired concentrations. To address this problem, the previous 

experimental paradigm was modified by replacing the microdialysis probe in the VTA 

with a guide cannula. This enables infusion of ORX-A directly into the target nuclei; 



 

79 

 

however DA can now only be recovered from the microdialysis probe in the NAC. 

Results showed infusion of ORX-A (10 M) does not induce changes in DA levels 

relative to the baseline, while NMDA (100 M) produced a very slight increase in DA 

levels relative to baseline (Figure 29).  

 

 

Figure 29: DA response in the NAC to ORX-A 

infusion in the VTA. 

Dialysate samples were taken every 20 minutes 

from the NAC. The baseline was determined from 

the first four samples (Box 1). ORX-A (10 M) 

was then infused into the VTA for 90 seconds at a 

flow rate of 0.25 L/min and four samples were 

collected (Box 2). Next, NMDA (100 M) was 

infused into the VTA for 90 seconds at a flow rate 

of 0.25 L/min and then four samples were 

collected (Box 3). Error bars represent S.E.M.  

 

Since ORX-A infusion into the VTA produced no effect on synaptic release of DA in the 

NAC, a new microdialysis probe was designed that would enable both infusion of ORX-

A and recovery of dialysate samples from the VTA (Figure 8). The traditional 

experimental paradigm was used for collection of dialysate samples. After baseline 

samples were collected, ORX-A (10 M) was infused into the VTA for 60 minutes at a 

rate of 0.1 L/min.  Preliminary results show about a 50 % increase in DA levels relative 

to baseline in the VTA after ORX-A infusion. There were no significant changes to the 

DA levels of the NAC (Figure 30).  
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Figure 30: DA response to ORX-A infusion in the VTA/NAC circuit. 

Dialysate samples were taken every 20 minutes from the VTA (A) and NAC (B). The baseline was 

determined from the first four samples. ORX-A (10 M) was then infused into the VTA only for 60 

minutes (gray box) while the next three samples were collected. The final four samples were collected after 

the ORX-A infusion was stopped. Error bars represent S.E.M. 

 

 

Discussion 

The nigrostriatal and mesocorticolimbic DAergic systems have been implicated not only 

in motor deficits found in PD, but also in the regulation of sleep and waking (Monti and 

Monti, 2007). This is supported by the fact that non-motor symptoms such as excessive 

daytime sleepiness (EDS) and REM behavioral disorder (RBD) are commonly reported 

in PD patients (Friedman and Millman, 2008). Lesions in the SN of non-human primates 

using DA specific toxins (MPTP) produce a reduction in locomotor activity and impaired 

daytime arousal (Rye, 2004). In addition, NMDA-induced lesions of the SNc or VTA 

induce insomnia and hyperactivity in cats (Lai et al., 1999). These two nuclei also have a 

high expression of receptors for ORX, a peptide that is involved in maintaining arousal 

and is lost in PD (Marcus et al., 2001).  

 Cycad-fed rats show behavioral (motor deficits, hypersomnolence, stereotypy) 

and pathological (protein aggregation, cell loss) features that suggest a potential role for 
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both DA and ORX in the development of the disease. To elucidate the pathogenesis 

behind cycad consumption, we developed a dual-probe microdialysis technique to study 

the earliest changes in the neurochemistry in the rat brain due to the toxin. This approach 

enabled us to collect dialysates consisting of the somatodendritic release of DA (from the 

SN or VTA) and the synaptic terminal release of DA (from the CPu or NAC). However, 

these systems have a variety of regulatory and compensatory mechanisms that may mask 

early, cycad-induced changes. To address this issue, we used NMDA to develop a dose 

response curve in these two DAergic systems. Based on previous literature, this 

compound would be expected to cause an increase in DA release in all interested regions 

and has been implicated in ORX neurotransmission (Cobb and Abercrombie, 2003; Nisell 

et al., 1994; Tose et al., 2009).  

Once the dose response curves using NMDA were completed, we then attempted 

to mimic the observed increase in DA using various doses of ORX-A. While few in 

number, studies have shown that local administration of ORX-A should produce an 

increase in DA release in the VTA and SN (Kotz et al., 2006; Wang et al., 2009). 

However, our studies in vivo suggested ORX-A cannot cross the microdialysis membrane 

to produce any significant change in DA levels. This finding was confirmed with in vitro 

ORX-A dialysates that were analyzed with mass spectrometry. In order then to continue 

the development of a microdialysis model that will enable the study of the 

neurochemistry of cycad-fed rats, we designed a probe for the VTA/SN that has a dialysis 

portion for collection of DA, but also a separate portion of silicia tubing for direct 

infusion of compounds into the brain region of interest. Preliminary results suggest this is 

a valid solution to bypass perfusion of ORX-A. Future experiments will test rats at 
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multiple lengths of cycad exposure. It is expected that rats exposed to cycad will show 

decreased NMDA-induced DA release before ORX-mediated DA release in the CPu/SN 

revealing some of the initial changes in neurochemistry. These studies are the first step in 

determining the mechanistic role of ORX and/or DA in the development of EDS and PD. 

In addition, analysis of the earliest changes in the parkinsonian rat brain could open the 

window of opportunity for treatment options as well as diversify potential therapeutic 

compounds.  
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CHAPTER VII. CONCLUSIONS AND FUTURE DIRECTIONS  
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The Cycad-Induced Model of Parkinsonism  

 

Parkinson‘s disease (PD) is a severe, progressive, and debilitating disease which affects 

approximately 1 % of all individuals over the age of 65 (de Lau and Breteler, 2006). As 

the disease progresses, patients experience decreases in quality of life and substantial 

increases in medical costs (Dodel et al., 1998). Traditional animal models of PD have 

contributed substantially to our understanding of behavioral and neurological changes 

following significant loss of neurons within the SN. Unfortunately, these same models 

produce severe neurotoxic injury and do not model natural progressive changes seen in 

human PD. The work presented here has first and foremost developed a novel model of 

parkinsonism that addresses this very issue. Briefly, histological analysis of the brains of 

cycad-fed rats revealed a progressive loss of DAergic innervation of the STR leading to 

later nigral cell death with the remaining DAergic neurons. Uniquely, use of cycad flour 

has mimicked a seemingly retrograde loss of DAergic cells in the basal ganglia circuit.  

While the exact site of action for cycad toxicity remains unknown (see 

‘Mechanism of Cycad Toxicity’ section), our data and previous work with the 6-OHDA, 

MPTP, and axotomy models suggest that dopaminergic terminal dysfunction can precede 

or induce nigral cell death (Beal, 2002). The small amount of evidence from PD patients 

is also compatible with a model that terminal dysfunction precedes nigral cell death 

(Wilson et al., 1996). Reasoning that the earliest site of dysfunction is likely to be sites 

experiencing the greatest oxidative stress, we predict that the most vulnerable and the 

most likely initial target of cycad-induced neurodegeneration will be the dopaminergic 

nerve terminals. The dopaminergic nerve terminals are likely to be highly susceptible to 

degeneration resulting from oxidative stress and mitochondrial dysfunction for the 
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following reasons: 1) nerve terminals have a high density of mitochondria in a small 

volume, 2) the release and reuptake of transmitter and the clearance of calcium result in 

high metabolic demand, 3) the terminals are a long distance from the regenerative soma, 

4) dopamine metabolism, which takes place at the nerve terminal, generates H2O2, and 5) 

dopamine, itself a toxic oxidant, is at a high concentration at the terminal. One reason that 

this synapse-centric hypothesis (Mattson et al., 1998) has not received adequate attention 

is because the most commonly used models of PD have relied on acute overwhelming 

toxic insult to induce selective and rapid dopaminergic degeneration. In such acute 

paradigms the window of time between initial dysfunction and cell death is too short and 

the pathology at the nuclei overshadow the harder to identify pathology at the nerve 

terminals. The development of our progressive cycad model of parkinsonism is beneficial 

in this respect.  Knowing whether the initial injury to dopaminergic neurons is focal or 

diffuse may provide important insights to the pathogenic mechanism of PD.  Identifying 

the most vulnerable and initial targets of neurodegeneration may also provide useful 

insights for the treatment of PD. 

Another one of the novel findings of the cycad model is the progressive 

development of p--syn aggregation. Cycad-fed rats displayed Lewy neurites in the STR 

and later DAergic neurons of the SNc showed ubiquitin and proteinase K-resistant 

aggregates of p--syn (Hashimoto et al., 2003). We also found p--syn aggregates in the 

locus coeruleus and cingulate cortex of cycad-fed rats, as has been reported in PD 

(Jellinger, 2003; Braak and Del Tredici, 2009). However, there is no clear evidence that 

demonstrates if the aggregation of -syn occurs as a cause or result of the disease. The p-

-syn antibody used in our studies recognizes phosphorylation at residue Ser-129, a post-
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translational modification shown to be a toxic form of the protein and indicative of 

increasing levels of oxidative stress in these cells (Chen and Feany, 2005).  In addition, it 

has been shown that the oligomeric species is considered to be the most neurotoxic, 

potentially by causing membrane permeability (Volles and Lansbury, 2002). Our in vivo 

findings make this cycad-induced model an interesting addition to the study of the 

relationship between -syn aggregates and DAergic neurodegeneration in a non-genetic 

model, recapitulating some of the progressive histopathological abnormalities seen in the 

human disorder. 

 

The Importance of Sleep in Parkinson’s disease 

 

Once diagnosed, a PD patient will lose on average about 5 % of the remaining DAergic 

cells each year (Morrish et al., 1998). Sadly, the main treatment for the disease, 

administration of L-DOPA, ultimately fails as neurons continue to degenerate (Fahn et 

al., 2004). More specifically, after chronic treatment (>5 years) with L-DOPA 80-90 % 

of patients experience severe motor fluctuations and dyskinesia (Marsden and Parkes, 

1977). However, the high prevalence (≥80%) of sleep disturbances in PD patients are 

often reported to be more troubling than the symptoms associated with motor dysfunction 

(Friedman and Millman, 2008). In fact, the majority of PD patients suffer from daytime 

sleep attacks that can occur independent of treatment with dopaminergic drugs (Rye, 

2006; Arnulf et al., 2002). In addition, hallucinations are a common symptom that is not 

linked to therapy such as L-DOPA administration, but rather the presence of sleep 

disturbances like RBD (Benbir et al., 2006). This cluster of early, non-motor symptoms 

in PD resembles that of a narcoleptic phenotype.  
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Acknowledged since the 1800‘s, narcolepsy, which commonly includes 

symptoms of EDS, muscle weakness (cataplexy), hypnagogic hallucinations and loss of 

the majority of ORX neurons, remains the most well characterized hypersomnia (Yoss 

and Daly, 1957; Nishino, 2007). While cataplexy is one narcoleptic symptom that is not 

present in PD, the overlap of the aforementioned characteristics suggest that these 

disorders may have a common origin leading to the growing interest behind the role of 

nuclei other than the SN in the early progression of PD (Braak et al., 2003). Uniquely, 

another novel feature of our progressive cycad-induced model of parkinsonism is the 

development of EDS as one of the initial symptoms of the disease. We also found a 

significant decrease in the number of ORX-ir cells of the hypothalamus and the levels of 

DA and its metabolites in the STR. At this time point we observed no significant changes 

in the SN of cycad-fed rats. Based on these data, our last aim was designed to determine 

the earliest change to DA and/or ORX neurotransmission in the cycad-induced model of 

parkinsonism. With this information, future experiments can address if the loss of the 

neurotransmitters are dependent upon one another and how that could lead to the 

development of EDS. We predicted that due to progressive nature of DAergic neuron 

degeneration in PD, cycad-fed rats will display independent decreases in DA release in 

the nigrostriatal circuit prior to changes in ORX-mediated DA neurotransmission.  

Despite a body of literature to suggest the role of DA in sleep/wake activity and 

the role of ORX in PD, there is little evidence to relate all these factors specifically 

together. For example, 6-OHDA administration in the median forebrain bundle of the rat 

induced DAergic cell loss followed by ORXergic cell loss, but unfortunately this study 

did not monitor the rats for sleep/wake activity (Cui et al., 2010). However this supports 
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our hypothesis that DAergic changes occur before ORXergic alterations. Another group 

found that rotenone produced a significant loss of DAergic cells of the SNc and an 

increase in both NREM and REM at the expense of wakefulness however ORXergic cells 

were not analyzed. Contrary to our hypothesis, ICV administration of DA to the rats 

exposed to rotenone had no effect on sleep levels (Yi et al., 2007). Interestingly, in an 

orexin knockout mouse it was found that cataplexy is modulated by a D2-like receptor 

mechanism, whereas sleep attacks is regulated by a D1-like receptor mechanism (Burgess 

et al., 2010). This supports the role of DA in the involvement of sleep/wake activity, 

independent of the ORX system.  

Clearly, there remains a clear deficit in the agreement of the specific relationship 

between ORX, DA, EDS and PD. We believe the cycad model, due to its progressive 

nature and ability to mimic both motor and non-motor symptoms, will provide insight 

into this circuitry. And utilizing our microdialysis technique and NMDA-evoked release 

of neurotransmitters, future experiments will attempt to determine if in fact the earliest 

changes in DA release in the nigrostriatal circuit are prior and independent of changes 

observed in ORX release.       

 

 

Mechanism of Cycad Toxicity 

Multiple mechanisms of neurodegeneration have been implicated in PD, but the 

significance and potential interactions among them remain unclear. One area of research 

that has been largely overlooked is the effect of nutrition, more specifically cholesterol 

metabolism, and its impact in the brain. While it has been known for a number of years 
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that cholesterol is synthesized de novo in the brain and is extremely important for brain 

function, new specific functions of cholesterol and its potential toxicity have been 

recently documented. It has been determined that cycad has high levels of phytosterols 

and sterol glucosides, such as β-sitosterol and β-sitosterol-D-glucoside, and that these 

compounds are toxic to motor neuron cultures (Tabata et al., 2008). In fact, when cycad 

flour was fed to CD-1 mice they developed multiple symptoms characteristic of ALS in 

which ApoE knockout mice were less susceptible to the cycad-induced ALS phenotype 

(Wilson et al., 2002; Wilson et al., 2005). Therefore, it may be that ApoE, a cholesterol 

trafficking protein, is involved in cycad toxicity.     

 Many signaling pathways in the brain, including synaptic transmission, occur at 

cholesterol-rich microdomains known as lipid rafts (Lang et al., 2001; Thiele et al., 

2000). Importantly, disruption of these lipid rafts with -methylcyclodextrin, a 

cholesterol-extracting agent, or nystatin, a drug that binds cholesterol, can perturb 

synapse morphology (Hering et al., 2003). Changes in lipid raft composition have been 

linked to the development of -syn aggregation, the main constituent of Lewy bodies 

found in the brains of PD patients. Current evidence suggests that -syn is localized to 

the nerve terminals and is involved in synaptic vesicle trafficking via interactions with 

cholesterol and other components of lipid rafts. Mutation studies in mice suggest that this 

lipid raft association is required for the synaptic localization of the protein (Benarroch, 

2007; Fortin et al., 2004; Zabrocki et al., 2008). However, the precise role of -syn in 

PD, as well as its normal function is poorly understood.  

In addition to the role of cholesterol in lipid rafts, research has begun to analyze 

the potential toxicity of cholesterol metabolites such as 24-hydroxycholesterol (24-OH-
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Chol). The conversion of cholesterol into the metabolite, 24-OH-Chol, is suggested to be 

one of the most important mechanisms in the central nervous system for eliminating 

cholesterol from the brain. Interestingly, 24-OH-Chol displays an age-dependent decrease 

in serum concentration (Lütjohann et al., 1996). Also, work involving human 

neuroblastoma cells revealed that just a 1.5 fold increase in 24-OH-Chol levels can 

increase levels of reactive oxygen species (ROS) and cause up to a 90% loss of cell 

viability (Kölsch et al., 1999). Based on these studies, it seems that 24-OH-Chol must be 

exported from the brain in order to prevent toxicity. 

 Originally discovered around 1995, the Liver X Receptors (LXRs) were 

considered orphan receptors in the nuclear receptor family of transcription factors. They 

were later found to have an important role in cholesterol and lipid homeostasis and it has 

since been determined that oxysterols, like 24-OH-Chol, are the endogenous ligands for 

the LXR (Edwards et al., 2002; Lehmann et al., 1997; Schultz et al., 2000). While there 

are  and  isoforms, only LXR- is expressed in the brain suggestive of differing roles 

for the isoforms in cholesterol homeostasis (Wang et al., 2002). LXR- is expressed 

primarily in astrocytes and upon activation will induce the transcription of cholesterol 

trafficking and efflux proteins such as ApoE and ABCA1 (Pfrieger, 2003). Surprisingly, 

it has been determined that inactivation of LXR- leads to adult-onset motor neuron 

degeneration in male mice, once again suggesting a role for brain cholesterol homeostasis 

in the development of neurodegenerative disease (Andersson et al., 2005).  

 Phytosterols have a comparable chemical structure to cholesterol. It is generally 

assumed that ingested cholesterol and phytosterols do not cross the blood-brain barrier, 

but it has been recently discovered that plant sterols can accumulate in the brain (Jansen 



 

 

91 

 

 

et al., 2006). In addition, it has been found that phytosterols such as sitosterol and 

campesterol can activate LXRs and that LXR mRNA is expressed in rat brain capillary 

endothelial cells, which make up the blood-brain barrier (Akanuma et al., 2008; Plat et 

al., 2005). Furthermore, it has been shown that oral administration of LXR agonists 

increased cholesterol excretion out of the brain (Repa et al., 2007). Most importantly, it 

was determined that consumption of β-sitosterol to LXR- -/- mice accelerated the 

previously observed motor neuron degeneration (Kim et al., 2008). In other words, the β-

sitosterol was able to reduce brain cholesterol levels in not only the wild type mice, but in 

the LXR- knockout mouse as well. Also, without LXR-, the knockout mice displayed 

an increase in 24-OH-Chol, an endogenous ligand for the LXRs. This result suggests that 

high levels of β-sitosterol may lead to chronic cholesterol depletion from the brain and, 

ultimately, neuronal toxicity.  

Overall, our hypothesis is that chronic exposure to the high levels of phytosterols 

in cycad induces a disruption in lipid rafts. More specifically, this lipid raft destruction 

causes the disassociation of -syn from the synaptic terminal membrane. Without proper 

targeting to the membrane, -syn aggregates to form oligomers and inclusion bodies, a 

classical histological marker of PD. This dysregulation of a-syn would then lead to 

oxidative stress and ultimately cell death. Elucidation of the mechanism of toxicity 

behind cycad consumption could provide insights into the importance of lipid 

homeostasis in the brain, an area that needs increased attention from the scientific and 

medical communities. 
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Future Directions 

The work presented here has developed a progressive and novel model of parkinsonism 

that enables the study of multiple facets of disease development. Briefly, we have shown 

that cycad-red rats display a retrograde mechanism of DAergic cell death that 

corresponds to -syn accumulation. In addition, these rats display a hypersomnolent 

behavior that may in part be mediated by decreases in ORXergic neurons. Completing 

experiments with the microdialysis technique will be an important continuation of this 

dissertation work. We predict that evoked DA release in the STR and SN will require 

perfusion of higher concentrations of NMDA in cycad-fed rats when compared with 

control animals. Importantly, this effect will be seen before any changes in evoked DA 

release due to the stimulation of ORX neurons with NMDA. These results will allow for 

us to focus on the development of potential treatment options aimed at these early 

changes in neurochemistry. For example, if future work determined that our hypothesis 

was incorrect, and in fact we see changes in ORX-mediated DA release first, then 

treatments or therapies potentially could be developed that target the hypothalamus or 

ORXergic cells rather than the DA cells.  

 The idea of treatment options for PD brings up an important set of experiments 

that have not been specifically addressed. Namely, it will be useful to try and shed light 

on the potential mechanism of action for cycad toxicity, which could also be applied to 

the mechanism for sporadic cases of parkinsonism. In terms of specific cycad toxicity, we 

proposed that the high levels of phytosterols are the component of the flour that induces 

neurodegeneration, likely via oxidative stress mechanisms. To determine if cycad 

exposure increases ROS production/oxidative stress, we would expect to see increases in 
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certain compounds such as SOD or glutathione (Kaur et al., 2011). These could be 

analyzed in the SN or hypothalamus of cycad-fed rats using western blot analysis. If 

changes in ROS are observed, treatment with antioxidants could be a potential 

therapeutic target (Tufekci et al., 2011).    

Finally, another set of experiments could be designed to address why DAergic 

and/or ORXergic cells are specifically dying before other cell types. It was previously 

mentioned that DAergic cells are more susceptible to death due to characteristics such as 

the production of free radicals during DA synthesis. Interestingly, ORXergic cells have 

been shown to be vulnerable to excitotoxic mechanisms. In an organotypic rat 

hypothalamic rat culture, 72 hours of exposure to NMDA led to the significant loss of 

ORX-containing neurons but not MCH-containing neurons (Katsuki and Akaike, 2004). 

In addition, 72 hours of exposure to TTX led to a significant reduction in the expression 

of ORX but not MCH, and this effect could be reversed by coapplication of a moderate 

concentration of NMDA (Michinaga et al., 2010). Based on these data, an in vitro 

experiment to determine the effect of cycad on a hypothalamic culture would be a simple, 

yet valuable experiment to determine in cycad can induce ORXergic cell death. In 

conclusion, the development of this progressive, cycad-induced model of parkinsonism 

has proven to be, and will no doubt continue to be, a valuable tool in the research of the 

pathogenesis, progression and treatment of Parkinson‘s disease. 
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