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Abstract 

 
Parkinson's disease (PD) is a neurodegenerative Lewy body disorder characterized by 

severe motor deficits, followed by cognitive dysfunction with progression of the disease. 

Environmental exposure has been suggested as a possible contributor to the development of PD 

and this view is linked to the discovery of the nigrostriatal neurotoxin MPTP. MPTP can induce 

dopamine specific degeneration within the basal ganglia often resulting in motor deficits similar 

to PD. MPTP used in the C57BL/6 mouse is a widely used animal model of PD. The pyrethroid 

permethrin (PM), and the organophosphate chlorpyrifos (CPF), can produce changes in 

dopaminergic nigrostriatal neurons, the primary target of PD and MPTP-induced neurotoxicity. 

Such insecticide induced changes in the basal ganglia could exacerbate the onset or severity of 

PD. Chronic exposure to the metal manganese (Mn) can damage the globus pallidus (GP) of the 

BG, and produce motor deficits similar to PD. Since the GP is part of the BG circuitry essential 

for motor control, and is synaptically integrated with the nigrostriatal pathway, Mn may 

exacerbate MPTP-induced neurotoxicity. Because the BG is disynaptically linked to the 

mesocortical pathway, a dopaminergic pathway that is important for cognition, Mn induced 

damage in the BG could indirectly affect the mesocortical pathway as well. This study 

investigated the pesticides, permethrin and chlorpyrifos, and the heavy metal, manganese as 

possible environmental compounds that could exacerbate PD in the MPTP treated C57BL/6 

mouse.  

 



The first part of this dissertation used immunohistochemistry to examine 

insecticide induced effets on MPTP-induced neurotoxicity in the dorsolateral striatum of 

the C57BL/6 mouse, the principal target of the nigrostriatal pathway. Tyrosine 

hydroxylase (TH) was used as a marker for loss of dopaminergic neuropil and glial 

fibrillary acidic protein (GFAP) was used as a marker of glial activation in the striatum. 

Three experiments assessed effects of 1) PM (200 mg/kg), 2) CPF (50 mg/kg) & 3) PM + 

CPF, on MPTP (30 mg/kg) neurotoxicity. Immunohistochemistry revealed a decrease in 

TH staining and an increase in GFAP staining with MPTP (30 mg/kg). A main effect 

increase in GFAP was observed for PM (200 mg/kg), but not for CPF (50 mg/kg) or 

PM+CPF. Insecticides, alone or combined, did not alter MPTP-induced toxicity. . 

However, the absence of the PM-induced increase in GFAP staining following combined 

insecticide treatment suggests a neuroprotective effect. 

The next set of experiments in this dissertation looked at the effect of  Mn on 

MPTP-induced neurotoxicity in the nigrostriatal and mesocortical dopaminergic 

pathways  of the C57BL/6 mouse.  Inductively Coupled Plasma atomic emission 

spectrometry revealed striatal Mn levels were significantly increased with multiple dose 

100,  50, and 25 mg/kg MnCl2. Administration of Mn  (MnCl2  s.c., Days 1, 4, & 7) in the 

MPTP (20  mg/kg i.p., Day 8) treated C57BL/6 mouse revealed Mn and MPTP 

interactions for locomotor activity, grip strength, and repeated measures of learning. Mn 

attenuated the effect of MPTP on striatal DOPAC, and facilitated the effect of MPTP on 

cortical DA and DOPAC. Mn also attenuated the MPTP induced decrease in cortical 

DAT. 

iii 
 



While these data support the notion that insecticides can produce tissue damage in 

the nigrostriatal pathway, in this case, these insecticide induced changes were not found 

to be strong enough to facilitate PD-like tissue damage. While Mn did not always 

facilitate MPTP neurotoxicity in the mesocortical and nigrostriatal dopaminergic 

pathways, these results demonstrate Mn and MPTP can interact in a complex way to alter 

dopaminergic function as well as motor and cognitive behavior.  Differences in brain 

uptake mechanisms and metabolism of Mn and MPTP, could explain why combined 

administration of Mn and MPTP differentially affect dopaminergic activity in the 

nigrostriatal and mesocortical pathways.  
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SYNTHETIC AND NATURAL ENVIRONMENTAL COMPOUNDS AS 

POTENTIAL FACILITATORS OF MPTP-INDUCED PARKINSONISM 
 

Chapter 1: Introduction & Literature Review 

A. Introduction 

Parkinson's disease (PD) is a neurodegenerative disorder characterized by severe 

motor deficits, often followed by cognitive dysfunction with progression of the disease. 

Typical onset of motor symptoms occurs after age 50, and they include whole body 

tremor, bradykinesia, rigidity, and postural instability (World Health Organization, 2006).   

Epidemiological studies have identified several forms of PD, such as familial and 

sporadic with unknown cause, the latter comprising about 90% of cases (Samii et al., 

2004). Although the familial type of PD is often early onset and can be attributed to 

inheritance of genetic mutations, the cause of sporadic PD has yet to be uncovered 

(Olanow and Tatton, 1999). Suggestion of environmental involvement in the 

development of sporadic PD comes from incidents of induced Parkinsonism following 

intravenous drug use of an anomalous byproduct of a meperidine derivative, 1-methyl-4-

pheny-l,2,3,6-tetrahydropyridine (MPTP)(Langston, 1983; Royland and Langston, 1998).  

These incidents, along with equivocal evidence for a genetic link in sporadic PD, led 

researchers to investigate environmental chemicals that may be considered triggers of the 

disease. Concordantly, MPTP has been used to produce one of the most widely used 

animal models of PD (Przedborski and Vila, 2003; Smeyne and Jackson-Lewis, 2005). 

The basal ganglia are the primary target of PD, which manifests with the 

degeneration of dopaminergic cells in the nigrostriatal tract (a portion of the basal 

ganglia) (Fearnley and Lees, 1991). The basal ganglia are a collection of nuclei, most of 
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which are embedded deep in the white matter of the cerebral hemispheres including: the 

striatum (caudate nucleus, putamen, and nucleus accumbens), the globus pallidus, and the 

subthalamic nucleus in addition to the substantia nigra of the midbrain (Aird, 2000; 

Bolam et al., 2000) (see Introduction Figure 1). The basal ganglia play an important role 

in selection of potential, contextually appropriate movement strategies (Wilson, 2004). 

Information within the motor-related portions of the basal ganglia flows along two 

opposing pathways, the direct and indirect, to control excitatory thalamic output to the 

motor cortex.  The dopaminergic nigrostriatal tract, which runs from the substantia nigra 

to the striatum, plays a critical role in modulating the relative activity of the direct and 

indirect pathways (Bolam et al., 2000; Wilson, 2004). Any pathological disruption of the 

regulated flow of information within the basal ganglia circuitry can cause a change in 

thalamic control of the motor cortices consequently resulting in motor deficits. PD or 

MPTP-induced degeneration of the dopaminergic nigrostriatal pathway is one such major 

pathological disruption. 

Following the discovery of MPTP’s neuropathologic capability epidemiological 

studies have identified several categories of possible, exogenous parkinsonism inducing 

substances, which include both toxins and toxicants (Tanner and Langston, 1990; Olanow 

and Tatton, 1999). Insecticides are one category of toxicants suspected of contributing to 

PD (Gorell et al., 1998; Priysdarshi et al., 2001; Kamel and Hoppin, 2004). 

Organophosphate and/or pyrethroid insecticides have been shown to alter the synaptic 

pharmacology of the striatum, a primary target of PD and MPTP-induced neurotoxicity 

(Karen et al., 2001; Bloomquist et al., 2002; Pittman et al., 2003; Gillette and 

Bloomquist, 2003; Kou and Bloomquist, 2007). These changes include modification of 
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the activity and concentration of the dopamine re-uptake transporter (Karen et al., 2001; 

Bloomquist et al., 2002; Pittman et al., 2003), changes in dopamine turnover (Doherty et 

al., 1988), alteration of muscarinic receptor density (Bushnell et al., 1993; Padilla et al., 

2005), and decreases in mitochondrial function (Gassner et al., 1997; Karen et al., 2001; 

Braguini et al, 2004). Such pharmacological changes in the striatum have been linked to 

compromised integrity of nigrostriatal dopaminergic neurons and suggest that these 

insecticides may facilitate the onset of PD or the neurotoxic actions of MPTP upon the 

neural circuitry of the striatum. However, the overall body of epidemiological literature 

linking pesticides and PD is equivocal (Firestone et al., 2005; Li et al., 2005). 

Furthermore, although there is some experimental evidence that the insecticides, which 

are one type of pesticide, can modulate the effects of MPTP upon markers of dopamine 

neuron integrity in the striatum (Kou et al., 2006, Kou and Bloomquist, 2007), it is 

currently unclear whether this reflects enhanced degeneration of the nigrostriatal 

pathway.  

The first part of this dissertation addressed the equivocal nature of the 

epidemiological literature on the relationship between pesticide exposure and PD. 

Immunohistochemical methods were employed to examine the density of dopaminergic 

terminals within tissue sections of the striatum and to assess a glial indicator of possible 

neural damage in this region following exposure to two insecticides, permethrin and 

chlorpyrifos, in the MPTP mouse model of PD. Both insecticides have been identified 

experimentally as possible sources of damage and/or physiological disruption of the 

dopaminergic nigrostriatal pathway (Karen et al., 2001; Bloomquist et al., 2002; Pittman 

et al., 2003; Gillette and Bloomquist, 2003; Kou and Bloomquist, 2007). Permethrin 
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(PM), a type I pyrethroid used as an insecticide and insect repellent, has also been used to 

impregnate military battle dress uniforms and outdoor wear. Chlorpyrifos (CPF) is an 

organophosphate widely used as an agricultural insecticide and until recently was also a 

popularly marketed household insecticide (Casida and Quistad, 1998; Gambel et al., 

1998; Soderland et al., 2002; Miller et al., 2004). Three separate experiments were 

completed to examine the hypothesis of whether 1) PM, 2) CPF and 3) PM+CPF, 

facilitate MPTP-induced striatal damage in a mouse model of PD. The antibody to the 

dopamine-synthesizing enzyme tyrosine hydroxylase (TH) was used as a marker for the 

loss of dopaminergic neuropil and glial fibrillary acidic protein (GFAP) immunostaining 

was used as an indicator of damage that may be more subtle than tissue death.  

Manganese is an elemental metal that is present in many foods and is essential for 

normal functioning of cells and tissues (Aschner et al., 1999; Takeda, 2003; Aschner et 

al., 2005). Manganese toxicity from overexposure can disrupt the nervous system and, 

like PD, can cause or contribute to both motor and cognitive symptoms with the motor 

symptoms resembling those of PD (Calne et al., 1994; Pal et al., 1999; Normandin et al., 

2002). Overexposure usually results from inhalation of fumes produced by the melting of 

manganese ore in welding and the production of steel (Gorell et al., 1997; Normandin et 

al., 2002). Concerns over manganese exposure recently escalated due to new uses for the 

metal including the production of aluminum beverage cans, fungicides, fertilizers, dry-

cell batteries and an antiknock additive in gasoline (methylcyclopentadienyl manganese 

tricarbonyl or MMT) (Kaiser, 2003).  Manganese toxicity primarily targets a portion of 

the basal ganglia known as the globus pallidus (Canavan et al., 1934; Yamada et al., 

1986; Olanow et al., 1996; Baek et al., 2003). The globus pallidus extends projections to 
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the subthalamic nucleus, which sends axons to the substantia nigra, the dopaminergic 

neurons of which are the primary target in idiopathic and experimental PD (Bolam et al., 

2000; Schapira, 2006) (see Introduction Figure 1). Neurochemical relationships within 

the pathway from the globus pallidus to the substantia nigra provide a potential 

mechanism for excitotoxicity of DA nigrostriatal neurons following damage or 

inactivation of neurons in the globus pallidus (Bolam et al., 2000; Crossman et al., 2000).  

Therefore, it has been hypothesized that damage to the globus pallidus, caused by 

manganese toxicity, may facilitate the onset or enhance the severity of PD or MPTP-

induced Parkinsonism.  

The basal ganglia, an important mediator of motor behavior, is di-synaptically 

linked  to the mesocortical dopaminergic pathway, which is associated with cognitive 

function and which projects from the ventral tegmental area of the midbrain to the frontal 

cortex (Percheron et al., 1984; Bolam, et al., 2000; Nieoullon, 2002) (see Introduction 

Figure 2). Damage to the mesocortical dopaminergic pathway can also be observed in 

both PD and MPTP-induced Parkinsonism (Rinne et al., 1989; Stern et al., 1990; 

Langston, 1999).  Because manganese’s target, the globus pallidus, is synaptically linked 

to both the nigrostriatal and mesocortical dopaminergic pathways through potentially 

excitotoxic glutamate-containing neurons, it is possible for manganese to be an 

environmental toxicant responsible for facilitating PD or MPTP-induced damage to both 

the aforementioned dopaminergic pathways. However, the degree of damage to each may 

not be equivalent. Therefore, the exogenous toxicant manganese may be a significant 

influence upon the relative expression of motor versus cognitive symptomatology within 
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PD (or MPTP-induced parkinsonism) itself or across a class of related neurodegenerative 

diseases. 

PD and Dementia with Lewy Bodies (DLB) are neurodegenerative diseases 

known as Lewy Body Disorders or synucleinopathies because Lewy bodies are made up 

of abnormally aggregated neurofibrillary proteins including α-synuclein (Spillantini et al., 

1997). In PD, a primarily motor disorder, Lewy bodies are typically found in the neurons 

of the substantia nigra where they are a hallmark of the disease, and may contribute to 

dopaminergic cell death (Samii et al., 2004). DLB, a primarily cognitive disorder, is 

identified postmortem by the presence of cortical Lewy bodies. Overlapping elements of 

cognitive and motor symptoms in these two disorders and of the locus of Lewy body 

pathology suggest PD and DLB may lie on a continuum (Fahn, 2003; Weisman and 

McKeith, 2007). It is possible that the balance between cognitive and motor symptoms 

along this continuum may reflect the respective regions that are primarily damaged 

within the brain by manganese exposure since, as discussed above, manganese 

neurotoxicity in the basal ganglia has the potential to affect degeneration in both the 

nigrostriatal and mesocortical dopaminergic pathways.  

To address the variable relationship between motor and cognitive symptomology 

observed within PD and across Lewy body disorders, the second part of this dissertation 

employed three separate experiments to 1) determine what systemic dose of manganese 

chloride (MnCl2) produced a significant increase in mouse basal ganglia manganese, 2) 

determine the effect of MnCl2 upon MPTP-induced changes in striatal dopamine and 

DOPAC levels and in motor behavior, and 3) compare manganese modulation of 

dopamine and DOPAC concentration in the mesocortical versus nigrostriatal systems, 
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and examine the relative expression of associated cognitive versus motor dysfunction in 

the MPTP mouse model of PD. Inductively Coupled Plasma (ICP) analysis was used to 

determine the concentration of manganese in the basal ganglia following a series of 

MnCl2 dosing regimens. This established effective systemic dosing regimens for 

increasing basal ganglia manganese content in the C57BL/6 mouse, the strain most 

commonly used in producing the MPTP-induced rodent model of PD.  High Performance 

Liquid Chromotography (HPLC) was used to assess potential manganese-facilitated 

changes in dopamine and its DOPAC metabolite in the striatum and frontal cortex of 

mice exposed to MPTP. This provided an assessment of relative changes of the 

dopaminergic nigrostriatal and mesocortical pathways. Western blots for dopamine 

transporter and α-synuclein protein in the cortex were used to assess alterations of 

dopaminergic function and dopaminergic neuronal pathology in the mesocortical 

pathway that may have been more than subtle degeneration.  Both cognitive testing using 

the Barnes Maze, a test for learning/memory, and motor behavioral testing using 

measures including grip strength and fatigue, swim time to platform, and spontaneous 

activity were also performed in this portion of the project. These motor and cognitive 

analyses assessed potential clinical correlates of relative damage to the nigrostriatal and 

mesocortical dopaminergic pathways and addressed the possibility that manganese 

exacerbates motor and cognitive clinical endpoints without significantly altering MPTP-

induced degeneration. 
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B. Literature Review   

1. Characteristics of Parkinsonism 

Parkinson’s disease (PD) is a neurodegenerative disorder with predominant motor 

symptomatology afflicting approximately 1 million people in the United States alone 

(Parkinson’s Disease Foundation, 2008).  The second most common degenerative 

disorder affecting the nervous system (Alzheimer’s is number one), nearly 50,000 new 

cases are diagnosed each year in the U.S. with a higher incidence in males and for 

caucasians (Leibson et al., 2006; Parkinson’s Disease Foundation, 2008).  Typical 

sporadic PD has a peak age of onset of 60 years, while earlier onset forms of 

parkinsonism can manifest before the age of 40 years (Samii et al., 2004; Weintraub et 

al., 2008). Genetic studies have demonstrated the less common “young-onset”, between 

21 and 40 yrs old, and “juvenile-onset”, before 20 yrs old, forms of PD are most likely 

derived from a genetic abnormality, while about 90% of cases are considered sporadic. 

However, some of the late-onset PD cases may also have a genetic component (World 

Health Organization, 2006). Health care expenses for PD including hospital and doctor 

visits, prescriptions and productivity loss in the United States alone are estimated at 23 

billion dollars annually (Huse, 2005).  Long-term survival analyses report death rates are 

1.6 to 3 times higher than expected upon diagnosis with PD (Hoehn and Yahr, 1967; 

D’Amelio et al. 2006). Due to the unknown etiology of sporadic PD, there is currently no 

preventative treatment or cure, however, therapies exist to manage symptoms. Scientists 

have been working to uncover the etiology of PD since it was first described as the 

“shaking palsy” in an essay written nearly 200 years ago by the British physician James 

Parkinson (Mulhearn, 1971).  
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2. Symptoms 

 An insidiously progressive disorder, PD is characterized by the presence of at 

least 2 of 4 specific motor deficits: tremor at rest, bradykinesia, rigidity, and postural 

instability (Olanow and Tatton, 1999; Conley and Kirchner, 1999; Fahn, 2003; Samii et 

al., 2004; World Health Organization, 2006; Weintraub et al., 2008 ). Often the first 

symptoms observed by patients are tremors.  They usually begin asymmetrically, on one 

side of the body, and are most obvious when the body is at rest. They can be intermittent 

presenting only with stress, but usually progress to continuous exhibition. Bradykinesia is 

also an early symptom of PD that involves the slowing down or loss of spontaneous 

movement which can make completing simple tasks, such as dressing oneself, a huge 

challenge. Progression of the disease leads to loss of postural reflex and rigidity or 

freezing, making the patient increasingly immobile and plagued with balance difficulties.  

Rigidity, or resistance to movement, occurs when the balance of opposing muscles is 

disturbed causing constant tension and making the body stiff. Postural instability 

manifests as impaired balance and coordination making it difficult to walk (Bloem et al., 

2004). Many PD patients also suffer from non-motor symptoms including changes in 

personality and behavior, cognitive loss, sensory abnormalities, chronic fatigue, sleep 

disturbances, and complications of autonomic control (Emre, 2003; Samii et al., 2004; 

Zeimssen and Reichmann, 2007). Most common behavioral and mental disturbances 

include symptoms of depression and a declining mental state progressing toward 

dementia (Emre, 2003; McDonald et al., 2003). Dementia can occur in approximately 

40% of patients with PD and is most likely to take place in patients with older age of 
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onset (Emre, 2003; Fahn, 2003). Neuropsychological testing reveal cognitive 

impairments are in almost all patients with PD and include visuospatial, memory, speech 

and language, and attention deficits (Zgaljardic et al., 2003). These deficits manifest as a 

result of frontal/executive dysfunction which may be attributed to neuronal damage 

within the frontal cortex itself or somewhere within the mesocortical dopaminergic 

pathway connecting the basal ganglia to the frontal cortex.  

3. Pathology 

PD is characterized pathologically by a loss of pigmented cells in the substantia 

nigra pars compacta (SNc), resulting in a decrease in nigral DA (Olanow and Tatton, 

1999). Nigrostriatal dopamine depletion is accompanied by a decrease in DA metabolites, 

including, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) as 

well as a decrease in the enzymes responsible for the production of DA including tyrosine 

hydroxylase (TH) and aromatic amino acid decarboxylase (Gerlach and Riederer, 1996).  

There is also a large decrease in dopamine transporter (DAT) within nerve terminals of 

remaining striatal dopamine neurons, however, there is little to no change in dopamine 

deactivating enzymes MAO-B or COMT (Seeman and Niznik, 1990; Napolitano et al., 

1995). Postsynaptic dopamine receptors (D2) remain intact and have been found to be 

upregulated following dopamine denervation in the rostral putamen as well as in the 

cortex (Lee et al., 1978; Ichise et al., 1999). Research with animal models of PD as well 

as functional imaging in PD patients shows an initial increase in dopamine turnover from 

the remaining nigrostriatal dopamine neurons in response to dopamine loss (Zigmond et 

al., 1990; Sossi et al., 2002). However, with disease progression the initial compensatory 

increase subsides and symptoms ensue. Clinical motor symptoms of PD become apparent 
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with approximately 80% striatal DA loss and 50% loss of nigral DA neurons (Fearnley 

and Lees, 1991). The preclinical period for onset of PD is estimated at approximately 

seven years (Morrish et al., 2003). Following these dopaminergic pathological findings 

the therapeutic use of levodopa (L-DOPA) was implemented to treat motor symptoms of 

PD (Fahn, 2003). By providing this precursor to DA it allowed for the remaining DA 

neurons to produce DA through a one step process without the rate limiting enzyme, 

tyrosine hydroxylase. Clinically, definite PD diagnosis is often determined by continued 

improvement of motor symptoms following treatment with levodopa (Ward and Gibb, 

1990).  

The accumulation of intracytoplasmic inclusions called Lewy bodies within 

dopamine containing neurons is also considered a pathological hallmark of the disease 

(Olanow and Tatton, 1999; Uhl, Hedreen, and Price, 1985; Samii et al., 2004). Lewy 

bodies are made up of abnormally aggregated neurofibrillary proteins including 

neurofilament protein, ubiquitin, alpha B-crystallin and α-synuclein (Lowe, et al., 1988; 

Spillantini et al., 1997; Wakabayashi et al., 2007). α- Synuclein, a water- soluble protein, 

140 amino acids in length normally found in synaptic vesicles and pre-synaptic 

membranes, has become the predominant marker for Lewy bodies (Liani et al., 2004). A 

role for α-synuclein in the pathogenesis of PD has been inferred from the consequences 

of a single α-synuclein gene mutation, as well as a triplicated α-synuclein gene locus, in 

several families with young-onset PD (Polymeropoulos et al., 1997; Muenter et. al, 

1998). It is now recognized that α-synuclein is a major component of Lewy bodies in 

both sporadic and genetic-linked PD and DLB (Baba et al., 1998), although its specific 

role in the etiology of these conditions is equivocal.   
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In addition to the predominant pathology of the nigrostriatal region in PD, other 

regions may also be afflicted with both loss of dopamine and Lewy body accumulation. 

Significant loss of pigmented cells in the ventral tegmental area (VTA), a region that 

makes up part of the mesocortical dopamine pathway, has also been shown to occur in 

Parkinson’s patients (Nestler et al., 2001). Lewy bodies have also been found in other 

non-motor regions including the cortex, amygdala, locus ceruleus, and the peripheral 

autonomic nervous system (Braak et al., 2003). Lewy body development and dopamine 

loss in these regions may contribute to the many aforementioned non-motor symptoms 

observed in PD. Thus, the pathology of PD cannot be completely described unless the 

contributions of changes in these extranigral areas are also taken into account. 

Mitochondrial dysfunction has also been observed in PD. A 30-40% decrease in 

complex I protein activity in the mitochondrial respiratory chain was reported in the 

substantia nigra of patients with PD (Schapira et al., 1989; Mann et al., 1994). This 

mitochondrial complex I defect appears to be regionally specific since differences in 

mitochondrial activity between PD patients and controls have not been identified in other 

closely linked brain regions including the caudate nucleues, globus pallidus, ventral 

tegmentum, cortex, or cerebellum (Shapira et al., 1990).  The cause of decreased complex 

I activity in PD is unknown, however several genetic mutations in genes that encode for 

mitochondrial proteins have been linked to autosomal recessive inheritance of early onset 

forms (Bonifati et al., 2002; Valente et al., 2004).  Several environmental toxicants linked 

to PD are known complex I inhibitors including MPTP and the insecticides rotenone and 

permethrin (Royland and Langston, 1998; Bertabet et al., 2000; Gassner et al., 1997).  
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4. Functional Consequences of Basal Ganglia Pathology 

The aforementioned substantia nigra and striatum, the origin and the target of the 

dopaminergic nigrostriatal pathway, are part of the basal ganglia, a group of 

interconnected nuclei, most of which lie deep within the telencephalon. The basal ganglia 

play a significant role in the selection of contextually appropriate movement and in motor 

control (Wilson, 2004). Basal ganglia nuclei receive inputs from the cortex and send 

outputs to the thalamus which relays information back to the cortex (Bolam, et al., 2000). 

Lesions in the basal ganglia, including dopamine depletion, can cause disturbances in 

either the initiation or the cessation of a motor event as seen in PD. While motor control 

and movement selection are at the forefront of basal ganglia function, recent investigation 

has also linked the basal ganglia to neuronal circuitry that involve cognitive, emotional, 

motivational, and associative behaviors as well (Herrero et al., 2002; Zgaljardic et al., 

2003).   

As PD progresses, symptoms of cognitive decline, or dementia, may become 

present (Emre, 2003). It is believed that disruption of another dopaminergic pathway, the 

aforementioned dopaminergic mesocortical pathway, could be responsible for the onset 

of cognitive symptoms (Jellinger and Paulus, 1992; Emre, 2003).  This pathway is made 

up of dopaminergic neurons in the ventral tegmental area of the midbrain that project to 

the prefrontal cortex (Oades and Halliday, 1987; Zgaljardic, et al., 2003). The basal 

ganglia form a link with the mesocortical pathway through a projection from the 

subthalamic nucleus of the basal ganglia to the pedunculopontine nucleus of the pons, 

which in turn projects to the ventral tegmental area (Jackson and Crossman, 1983; 

Charara et al., 1996; Breit et al., 2001). Cognitive deficits have been linked to a 
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deficiency of the dopaminergic transmission in this mesocortical system (Emre, 2003; 

Zgaljardic et al., 2003; Carbon and Marié, 2003). A recent study reported a 45% loss of 

dopamine in the prefrontal cortex that correlated with decreased performance on 

cognitive assessment tests in patients with PD (Rinne et al., 2008). Thus, it is possible 

that dysfunction of certain elements in basal ganglia circuitry normally mediating motor 

function could ultimately affect input to the prefrontal cortex, increasing the risk for 

development of dementia.  

5. Basal Ganglia Circuitry and The Role of Dopamine 

Nuclei that make up the circuitry of the basal ganglia include the striatum 

(caudate nucleus and putamen), globus pallidus (external and internal), substantia nigra 

(pars reticulata and pars compacta) and the subthalamic nucleus (see Introduction Figure 

1). The major input to the basal ganglia arises from the cerebral cortex. Input from the 

cortex is processed in the basal ganglia and then is returned via the thalamus forming a 

cortico-thalamocortical pathway (Bolam et al., 2000).  

The striatum represents the central processing unit of the basal ganglia receiving 

direct input from cortical regions including the frontal, prefrontal, temporal, and motor 

related cortices as well as subcortical modulatory dopaminergic inputs from the 

substantia nigra, pars compacta (Middleton and Strick, 2000). Cortical information also 

projects directly to the subthalamic nucleus. The internal portion of the globus pallidus 

(GPi) and the substantia nigra pars reticulata (SNr) serve as output nuclei sending 

processed information from the striatum and the subthalamic nucleus to the ventral 

thalamus where it is relayed back to the cortex (Bolam et al., 2000). Other targets of the 
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output nuclei include the superior colliculus and the previously mentioned 

pedunculopontine nucleus.  

Information relayed from the striatum to the basal ganglia output nuclei flows 

along two opposing pathways, the direct and indirect (see Introduction Figure 1), to 

ultimately control the level of excitatory thalamic output to the cortex.  Excitatory 

glutamatergic afferents from the cortex form synapses on GABAergic neurons in the 

striatum (Aird, 2000). In the direct pathway inhibitory GABAergic efferents flow directly 

from the striatum to the internal portion of the globus pallidus (GPi).  In the indirect 

pathway inhibitory GABAergic connections synapse upon the external portion of the 

globus pallidus (GPe). The GPe then sends inhibitory GABAergic input to the STN, 

which then sends glutamatergic excitatory efferents to the internal globus pallidus (GPi). 

The GPi sends inhibitory GABAergic projections to the ventral lateral nucleus of the 

thalamus (VL) (Bolam et. al, 2000, Aird, 2000, Obeso, 2000). By virtue of this circuitry, 

under normal conditions, activating the striatal origin of the direct pathway will lead to 

inhibition of GABAergic GPi neurons and thalamic excitation (disinhibition). Activating 

the striatal origin of the indirect pathway leads to excitation of GABAergic GPi neurons 

producing thalamic inhibition. The opposing effects of the inhibitory inputs from the 

direct pathway and the excitatory inputs from the indirect pathway provides a balance in 

the control of thalamocortical neurons involved in motor activities.  Thus, a disruption 

within the BG circuitry can cause a change in thalamic control of motor cortices.   

 Dopaminergic connections between the substantia nigra, pars compacta (SNc) and 

the striatum are referred to as the nigrostriatal tract. Dopamine released in the striatum 

modulates cortical activation of striatal neurons through two types of dopamine receptors 
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(D1 and D2) located on striatal neurons (see Introduction Figure 1) (Wilson, 2004; 

Obeso, 2000). Dopamine released from the SNc binds to and excites D1- expressing 

striatal neurons in the direct pathway facilitating striatal GABAergic inhibition of the GPi 

which results in disinhibition of the thalamus. Dopamine released from the SNc that 

binds to D2-expressing striatal neurons in the indirect pathway reduces striatal 

GABAergic inhibition of GPe and also ultimately facilitates disinhibition of the thalamus. 

The dopaminergic nigrostriatal pathway therefore works along with the cortical input to 

the striatum to regulate activity in the direct and indirect pathways and ultimately the 

thalamic input to the cortex. By increasing inhibition in one portion of the globus pallidus 

and reducing inhibition in another the net effect of SNc dopamine release is thalamic 

excitation, in turn leading to cortical excitation.  

 Damage to dopamine producing cells in the SNc can result in an initial efflux of 

striatal dopamine from surviving cells (Stachowiak et al., 1987; Snyder et al., 1990). 

However, over time, DA release will fall to below normal levels as the number of 

remaining neurons decreases, resulting in dysregulation of nigrostriatal influence upon 

the direct and indirect pathways. Decreased D1-receptor binding reduces activation of the 

direct pathway thereby reducing the normal inhibition of GPi GABAergic neurons. Thus, 

the firing rate of GPi GABAergic neurons is increased producing a greater inhibitory 

effect on thalamocortical neurons. Decreased D2- receptor binding increases activity of 

the GABAergic neurons that are the origin of the indirect pathway. Thus the firing rate of 

GPe GABAergic neurons is decreased causing disinhibition of the glutamatergic neurons 

in the STN. Enhanced release of glutamate by the STN causes an increase in GPi-induced 

GABAergic inhibition of the thalamus (Obeso et al., 2000). Therefore, reduced DA input 
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to the striatum, as occurs in PD, produces increased inhibition of the thalamocortical 

pathway, contributing to the poverty and slowness of movement seen in Parkinson’s 

disease.  

 6. Mechanisms of Dopamine Cell Loss in PD   

Pathological evidence suggests that dopamine cell death occurs via the induction 

of apoptosis or programmed cell death following a cascade of events that include 

oxidative stress, mitochondrial dysfunction, inflammation, excitotoxicity, and ubiquitin-

protease malfunction (Dauer and Przedborski, 2003; Samii et al., 2004; Greenamyre et 

al., 2001; Jenner, 1998; Rodriguaz et al., 1998; Hirsch et al., 2000; Olanaow and 

McKnaught, 2006). While the order of these events leading to dopamine cell death 

remains equivocal, it is apparent from the descriptions below that they are interrelated.  

a. Reactive Oxygen Species 

Reactive oxygen species (ROS) are molecules that have unpaired electrons in 

their valence shell making them highly reactive and likely to interact with other 

molecules in a cell. ROS are a byproduct of normal oxygen metabolism and serve an 

important role in cell signaling. The benefits of ROS include functioning as second 

messengers in cell signaling pathways, defense against infectious agents and the 

induction of mitosis (Valko et al., 2006). However, endogenous and environmental 

stressors can increase the production of ROS to levels that overwhelm the cell.  An 

endogenous antioxidant defense system that includes glutathione (GSH) and superoxide 

dismutase (SOD) exists to remove excess free radicals and prevent significant oxidative 

damage.  When overproduction of ROS is triggered by stressors like toxic insults this 

antioxidant system may become saturated. The resulting increased level of ROS can 
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generate oxidative stress in which ROS react with key components of cells, including 

DNA, lipids, and protein resulting in cellular damage (Valko et al., 2006).  

Biochemical changes observed in post mortem tissue of patients with PD provide 

evidence for oxidative stress in Parkinson’s disease (Jenner, 1993; Jenner and Olanow, 

1996). Studies show changes in antioxidant activity, increased levels of lipid peroxidation 

products, and increased levels of iron in the substantia nigra of patients with PD. PD 

patients showed decreased levels of the antioxidant glutathione (GSH) (Sian et al., 1994) 

while the levels of antioxidant superoxide dismutase (SOD) is increased (Saggu et al., 

1989)  Changes in GSH activity have been found to occur early on in the development of 

PD, but increased SOD activity appears to be a neuroprotective defense mechanism 

induced with disease progression.   The loss of GSH is specific to the substantia nigra 

rendering the nigrostriatal pathway susceptible to oxidative stress (Jenner and Olanow, 

1996). Impaired GSH activity can decrease the clearance of ROS such as hydrogen 

peroxide (H2O2), promoting the formation of hydroxyl radicals (OH•). Increased 

hydroxyl radicals are capable of inducing cell damage through lipid peroxidation.  In fact 

lipid hydroproxides (LOOH)  along with malondialdehyde (MDA), a product of lipid 

peroxidation, are elevated in the substantia nigra of the PD brain (Dexter et al., 1994; 

Dexter et al., 1989).  

Iron, in a free non-bound form, is highly reactive with H2O2 and can lead to the 

formation of ROS. The neuromelanin community found in the nigrostriatl neurons is a 

significant accumulator of iron. Rodent studies revealed that infusion of iron into the 

substantia nigra can produce progressive nigral cell degeneration (Sengstock et al., 1993). 

However, there is controversey about whether iron observed in the brains of PD patients 
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remains unbound and reactive (Galazka- Friedman et al., 1996). Therefore the 

involvement of excess iron in the production of ROS in PD remains uncertain.   

b. Oxidation and Auto-oxidation of Dopamine 

ROS can also form from the oxidation of DA released in the synapse. Enzymatic 

oxidation by monoamine oxidase produces hydrogen peroxide (H2O2) which is normally 

metabolized by glutathione (GSH). However, with the decreased GSH activity in early 

stage PD mentioned above, H2O2 formed during normal metabolism of DA can induce 

lipid peroxidation and can also quickly form hydroxyl radicals (OH•).  Hydroxyl radicals 

are formed by a series of reactions called the Fenton reactions which require iron in its 

free form. Thus elevated levels of unbound iron in the substantia nigra combined with a 

decrease in GSH activity could promote the production of ROS following dopamine 

metabolism. Dopamine can also auto-oxidize producing toxic reactive quinones which 

can form ROS and disrupt the mitochondrial respiratory chain (Fornstedt, 1990; Khan et 

al., 2005; Jana et al., 2007). 

c. Mitochondrial Dysfunction 

As mentioned when discussing the pathology of PD, a selective 30-40% decrease 

in complex I activity of the mitochondrial respiratory chain has been found in the 

substantia nigra pars compacta of PD patients (Schapira et al., 1989; Mann et al., 1994). 

The mitochondrial defect observed in PD can result in the decreased production of 

adenosine triphosphate, ATP (Olanow and Tatton, 1999). ATP is responsible for the 

transfer of energy in hundreds of cellular reactions. It is produced in the mitochondria 

during  the process of oxidative phosphorylation, in which energy released from electron 

donor/acceptor transfer flows through a series of protein complexes (the electron 
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transport chain) allowing for synthesis of aerobic ATP (Garret and Grisham, 1995).  

Complex I is important for the generation of the mitochondrial inner membrane proton 

gradient in the electron transport chain and for the function of subsequent steps in the 

chain leading to ATP synthesis (Garret and Grisham, 1995). Reduction of ATP can have 

devastating effects on cellular function and could lead to death of the neuron.  

Inhibition of mitochondrial complex I can also result in a change in the 

mitochondrial permeability transition pore (MTP), a large calcium dependent inner 

mitochondrial pore that under normal conditions helps regulate calcium concentration 

within the mitochondria.  Chauvin and colleagues observed that inhibition of complex I 

by the insecticide rotenone caused the MTP to open more slowly resulting in an increased 

concentration of calcium within the mitochondrial matrix (2001). Such calcium 

dysregulation can set in motion cell death mechanisms (Rimesi et al., 2008). There is also 

evidence that complex I defects can lead to excess production of reactive oxygen species 

(ROS) (Robinson, 1998).  Thus, reduction of ATP, increased production of ROS, and 

perturbed calcium homeostasis could all result from the type of mitochondrial 

dysfunction observed in PD and could lead to dopaminergic cell death. 

d. Neuroinflammation 

Neuroinflammatory processes are also thought to be involved in the cascade of 

events leading to neuronal degeneration in PD. Immunostaining in the substantia nigra 

(SN) of patients with PD uncovered increased numbers of activated astrocytes, activated 

microglial cells, glial cells that express proinflammatory cytokines, as well as other 

immune positive cells (Damier et al., 1993; Banati et al., 1998; Hunot et al., 1999; 

Nagatsu et al., 2000).  The SN normally contains one of the largest concentrations of 
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microglia in the brain. Activated microglia can produce potentially cell damaging ROS. 

α-Synuclein, which has a higher concentration in nigrostriatal dopaminergic neurons 

compared with other brain regions, and which can be released by dying DA neurons, can 

activate microglia (Zhang et al., 2005). Studies of the MPTP model of PD found that the 

presence of MPP+ in astrocytes stimulates an inflammatory response leading to the 

upregulation of cytokines. Specifically, tumor necrosis factor (TNF-α), interleukin-1β 

and interleukin-6 are released which in turn increase the expression of inducible nitric 

oxide synthase (iNOS) (Liberatore et al., 1999; Hunot et al., 1999; Teismann et al., 

2003).  This allows for the production of large amounts of nitric oxide. Nitric oxide can 

combine with superoxide radicals produced by mitochondrial dysfunction and dopamine 

autooxidation to form an extremely potent oxidant, peroxynitrite, that is thought to play a 

major role in the production of oxidative damage in PD (Pryor and Squadrito, 1995; 

Kamat, 2006).  

e. Excitotoxicity 

Excitotoxicity, or glutamate-mediated toxicity, is another important mechanism 

thought to contribute to dopaminergic cell death in PD. Cells in the subthalamic nucleus 

(STN) use the excitatory amino acid glutamate to communicate with dopaminergic 

neurons in the substantia nigra. An overactive STN, like that of PD patients, causes the 

excess release of glutamate (Piallat et al., 1996).  NMDA (N-methyl-D-aspartate) 

glutamate receptors are found on dopaminergic cells within the substantia nigra and 

increased stimulation of these receptors by excess glutamate induces cytotoxic damage 

(Arundine and Tymianski, 2003). Studied primarily in experimental models, it seems that 

nigrostriatal dopaminergic cell loss observed in PD predisposes the STN to disinhibition 
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promoting NMDA receptor excitotoxicity. Increased activation of NMDA receptors in 

the substantia nigra by glutamate results in an increase in intracellular Ca2+ concentration 

(Arundine and Tymianski, 2003).  An increase in intracellular Ca2+  can increase the 

production of ROS and  cause cell death by 1) altering mitochondrial membrane potential 

causing the mitochondrial permeability transition pore (MTP) to open and release 

apoptotic factors,  2) activating nitric oxide synthase which produces nitric oxide that can 

react with superoxide radicals to form the potent oxidizing agent peroxynitrite, and  3) 

activating second messenger cascades which produce lipase and protease, both enzymes 

that can destabilize structural proteins and membrane lipids (Royland and Langston, 

1998; Beckman, 1990; Frandsen and Schousboe, 1993; Arundine and Tymianski, 2003).   

f. Protein Aggregation and Disposal 

Another popular hypothesis of dopamine cell degeneration is that accumulation of 

aggregated proteins becomes neurotoxic and induces cell damage either by direct insult, 

interruption of intracellular trafficking, or sequestering of proteins essential to cell 

survival. In early onset PD, protein aggregation and/or accumulation can result from a 

genetic abnormality that directly induces protein aggregation (α-synuclein) or a defect in 

the ubiquitin-proteasome system (UPS) (Olanow and McKnaught, 2006). The UPS is 

responsible for ridding the cell of intracellular proteins that have been misfolded, 

misplaced, or damaged. The UPS clears these unwanted proteins by first labeling them 

with chains of activated ubiquitin and then transferring the ubiquitinated proteins to 

proteases that are responsible for the unfolding and degradation of those marked proteins 

(Goldberg et al., 2003). Short peptide sequences formed from degradation are further 

catabolized by peptidases into their respective amino acids. These amino acids are 
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recycled and used for the formation of new proteins (Saric et al., 2004). Cells normally 

maintain a balance between production of new proteins and the degradation of unwanted 

protein. A disruption in this balance, such as a defect in the degradation system, can lead 

to the accumulation of unwanted proteins in the cell. Abnormal aggregation of proteins 

can prevent their processing by the degradation system. Such undisposed proteins may 

interfere with a number of cellular processes and ultimately lead to cell death. Evidence 

for involvement of the UPS in the development of PD evolved with the identification of 

genes associated with the addition of (Parkin) or recycling of ubiquitin (UCHl-1) and 

their mutation in early onset PD (Shimura et. al, 2000; Leroy et al., 1998).  There is also 

growing evidence that the UPS may be important in the development of sporadic PD.   

Post-mortem studies in patients with idiopathic PD revealed functional deficits in 

proteasomes located in the substantia nigra (Chung et al., 2001).  Studies using inhibitors 

of the UPS result in selective nigral cell loss and the formation of Lewy body like 

inclusions (McKnaught et al., 2004). In studies with Drosophila, reduced aggregation of 

α-synuclein decreased indicators of DA cell death while enhanced aggregation increased 

such indicators (Periquet et al., 2007). 

7. The Etiology of Parkinson’s Disease 

Data from clinical studies, autopsy reports, and in vitro and in vivo experimental 

models have allowed for the development of a theory for the pathogenesis of sporadic 

PD. It is now commonly acknowledged that idiopathic PD begins with multiple 

etiological hits, such as a mutant α-synuclein in combination with toxin exposure, which 

initiate a cascade of deleterious events including the over production of free radicals, 

mitochondrial dysfunction, excitotoxicity, and neuroinflammation, all of which, as 
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discussed above, can lead to death of dopaminergic cells (Vila et al., 2001; Dauer and 

Przedborski, 2003). While the etiological hit theory remains at the forefront of causal 

hypotheses the exact cause of PD still remains a mystery. PD most likely results from a 

combination of risk factors including increasing age, genetic anomalies and 

environmental toxins.  From each of these factors a pathological profile involving one or 

more mechanisms discussed above could emerge. For example gene mutations alter 

proteins that play a role in mitochondrial function, protein handling, and oxidative stress. 

Many of the environmental toxicants used to model PD also inhibit mitochondria and 

produce ROS. Part of the natural process of aging includes the formation of free radicals. 

These three major risk factors for the development of PD will be discussed in detail 

below.  

a. Age  

By far aging is the most accepted risk factor for developing PD.  While the 

average age of onset for PD is 60 years, the risk and prevalence increases exponentially 

with each decade of life (Le Couteur et al., 2002). Common physical symptoms of 

normal aging can appear similar to symptoms of PD and include slowness of movement, 

stooped posture, generalized stiffness, and postural instability (Bennett et al., 1996). The 

onset of motor symptoms in PD, however, differ from those observed in normal aging 

because they typically begin on one side of the body (asymmetrical) and progress at a  

more accelerated rate (Samii et al., 2004). Pathologically the normal aging process in the 

human brain is associated with neurodegeneration exemplified by a decrease in brain 

weight, accumulation of pigments, intraneuronal inclusions and oxidized proteins, 

alteration of neurotransmitter systems, increased numbers of activated glia, DNA 
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damage, and vascular changes (Mrak et al., 1997). These changes associated with normal 

aging can result from mechanisms such as oxidative stress and mitochondrial dysfunction 

(Le Couteur et al., 2002). As the brain ages there is an increased production of free 

radicals, or reactive oxygen species (ROS), while at the same time there is a decrease in 

endogenous antioxidant systems (Smith et al., 1991). Consequently, there is a build up of 

oxidized proteins and lipofuscion, a by-product of oxidative damage, within the brain.  

Build up of these proteinaceus elements become harmful to normal cell functioning and 

could potentially form aggregates similar to Lewy bodies. Some neurochemical 

indicators of PD that can be seen during the normal aging process include a significant 

decline in striatal DA levels (Kish et al., 1992; McGeer et al., 1977), an increase in DA 

metabolite molar ratios (homovanillic acid/DA) (Kish et al., 1992), and a decrease in 

striatal dopamine transporter (DAT) (van Dyck et al., 2002). Unlike in PD, where DA 

loss is typically higher in the putamen, (Nurmi et al., 2001; Morrish et al., 2003) the 

losses of DA and DAT in clinically normal aging individuals are similar throughout both 

the caudate nucleus and the putamen (van Dyck et al., 2002). Thus, there are several 

qualitative pathological similarities between normal aging and PD and some of the same 

mechanisms linked to disease pathology in PD may underlie the age-associated changes 

in the brain. However, since these normal age-associated changes do not reliably develop 

into PD, age alone is probably not the cause of PD and additional etiological factors 

could be necessary for differences between normal aging and PD such as the increased 

loss of DA in the putamen, relative to the caudate, observed in idiopathic PD.   

Because changes such as nigrostriatal dopamine neurodegeneration increase with 

normal aging, older persons should be more susceptible to PD than younger persons, 
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especially following an etiological “hit” that could trigger PD by further perpetuating 

dopamine neurodegeneration within the nigrostriatal tract. This is evidenced by increased 

susceptibility of older animals (primates and rodents) to nigrostriatal damage induced in 

the MPTP model of PD when compared to younger counterparts (Tatton et al., 1992; Ali 

et al., 1993; Ovadia et al., 1995).  The increased susceptibility to MPTP toxicity in older 

animals could also be a result of a normal age related increase in monoamine oxidase 

(MAO-B), the enzyme responsible for the conversion of MPTP to its toxic metabolite 

(Irwin et al., 1992). A normal age associated elevation in brain MAO-B activity has also 

been observed in humans (Fowler et al., 1980; Riederer et al., 1987). MAO-B in the brain 

is responsible for the metabolism of DA which in the process forms H2O2, a precursor to 

the hydroxyl radical (Adams and Ordunze, 1991). Thus, the increase in MAO activity can 

increase the production of ROS in elderly individuals which, in addition to its ability to 

convert some exogenous compounds to their toxic metabolites, adds to the susceptibility 

to dopamine degeneration. Interestingly in PD patients, MAO-B activity in the substantia 

nigra nearly doubles their clinically normal counterparts (Damier et al., 1996).  Although 

it is unclear whether this is a cause or an effect of PD, it could be an example of a normal 

age-related change amplified by an etiological “hit”.  

b. Genetic Factors 

Epidemiological studies have identified several forms of PD such as genetic-

linked or familial, and sporadic PD with unknown cause. Although rare, familial PD is 

most often associated with early age of onset and can be inherited as autosomal dominant 

(ADPD) or autosomal recessive (ARPD) forms.  To date, inherited forms of PD have 

been linked to 11 different gene loci discovered by mapping the genome of multiple PD 
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kindreds. Gene loci linked to inherited PD are referred to as Park 1-11 from which 6 gene 

products have been identified (Schapira, 2006). Although mutations or replications of 

these gene loci may not be responsible for sporadic PD, studying their downstream 

effects can provide clues about molecules or mechanisms that might contribute to the 

onset of sporadic PD. 

 α-Synuclein, a nerve terminal protein thought to play a role in synaptic function 

and plasticity has been found to be a major component of Lewy bodies (Clayton and 

George, 1998; Spillanti et al., 1997). A mutation in the  α- synuclein gene locus (Park 1) 

was first linked to an Italian family with autosomal dominant inheritance.  Eighty-five 

percent of family members that presented with characteristic PD phenotype including 

Lewy bodies had an A53T substitution (alanine for threonine) in location 53 of the α-

synuclein gene sequence (Polymeropoulos, 1997). While the pathogenic mechanism of 

the A53T mutation remains unknown, this mutation has been found to promote the 

formation of protofibrils, the more toxic form of α-synuclein (Conway et al., 2000).  

Another PD afflicted family of English/German decent known as the Iowa kindred was 

found to have a normal α-synuclein gene sequence; however the entire locus was 

triplicated (Muenter et al., 1998). Thus, rather than a mutation induced deficit, this 

family’s PD phenotype was thought to be induced by overexpression of the α-synuclein 

protein. Evidence that these genetic abnormalities in Park 1 contribute to the PD 

phenotype comes from several laboratory studies that have shown overexpression of the 

wildtype human α-synuclein gene, as well as expression of the human A53T mutated 

form, in mice results in pathology similar to PD. In fact overexpression of α-synuclein 

resulted in a loss of dopamine nerve terminals in the basal ganglia, formation of 
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intracytoplasmic inclusions, and motor deficits (Masliah et al., 2000). Specifically, 

immunohistological staining showed a reduction of tyrosine hydroxylase (TH), an 

enzyme required for dopamine synthesis, in the striatum while α-synuclein cytoplasmic 

inclusions were labeled in the substantia nigra, hippocampus, and cortex. The motor 

deficit displayed by these transgenic mice was exemplified by poor performance on the 

rotorod, a test of motor coordination. Another study using A53T-mutant mice showed the 

mutant strain developed fibrillary α-synuclein neuronal inclusions along with severe 

motor impairment progressing to death (Giasson et al., 2003). The formation of neuronal 

inclusions was determined to be age dependent occurring between 8-16 months of age 

without significant dopamine cell loss.  

Parkin (Park 2) is the second gene linked to PD and was first identified in patients 

suffering from autosomal recessive juvenile PD (AR-JP), characterized by onset before 

age 20 and dopamine loss in the SN without the formation of Lewy bodies (Kitada et al., 

1998). Since then, parkin mutations including deletions, frameshifts, nonsense and 

missense have been linked to a large number of families with early-onset familial PD 

(Abbas et al., 1999). Parkin has been identified as a ligase responsible for labeling 

proteins, including a form of α-synuclein, with a ubiquitin tag thus marking them for 

subsequent proteasome degradation (Shimura et al., 2000). Parkin deficient mice 

displayed motor deficits indicative of nigrostriatal damage including increased errors on 

beam traversal and adhesive removal tests. There was, however, no significant decrease 

in DA containing neurons in the SNc as seen in humans with parkin deficits (Goldberg et 

al., 2003).   
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Other gene loci with mutations linked to familial forms of PD exist, however, 

with limited prevalence. Park 5 codes for ubiquitin carboxyhydrolase L1 (UCH-L1), an 

enzyme that hydrolyzes the c-terminus of ubiquitin to generate a monomer for recycling. 

This mutation was found in one family of German decent and provides evidence for 

involvement of the ubiquitin- proteasome system in early onset PD (Leroy et al., 1998). 

Mutations were also found in PTEN-induced kinase 1 (PINK-1) and DJ-l which encode a 

mitochondrial protein kinase and a mitochondrial matrix protein, respectively (Valente et 

al., 2004; Bonifati et al., 2003). PINK-1 is thought to protect against stress related 

conditions that alter mitochondrial membrane potential. Protection against mitochondrial 

stressors is lost in families exhibiting the G309D PINK-1 mutation (Valente et al., 2004). 

When overexpressed DJ-1 can protect cells against mitochondrial complex-1 inhibitors 

and oxidative stress, while DJ-1 underexpression results in a loss of this neuroprotection 

(Canet-Aviles et al., 2004). 

Recently, a gene mutation in LRRK2 (Park 8) has been linked to both familial and 

sporadic PD. Specifically the LRRK2 G2019S mutation has been reported in 2.8%-6.6% 

of patients with autosomal dominant PD and 2-8% of sporadic PD cases (Schapira, 

2006). Families with the LRRK2 mutations display phenotypes similar to idiopathic PD 

with substantial loss of nigral dopamine and a positive response to L-DOPA as well as 

asymmetrical tremor at rest (Adams et al., 2005; Khan et al., 2005). A study of 118 

families with a history of late onset PD uncovered LRRK2 mutations in 5.1% of the 

families and also identified several healthy subjects with LRRK2 mutations (Khan et al., 

2005). This indicates that perhaps LRRK2 is a susceptibility gene requiring further 

environmental insult or an additional physiological change for disease progression.   

29 
 



 

 Although the genetic evidence appears compelling for early onset PD, single 

gene mutations leading to the development of idiopathic PD are a rarity. A large twin 

study utilizing 161 pairs of known zygosity found a significantly higher concordance for 

monozygotic twins with early onset PD (1.00) compared to dizygotic twins with early 

onset (0.167) , while there was no significant difference in concordance between 

monozygotic (.106) and dizygotic (.104) twins presenting with PD after age 50 (Tanner et 

al., 1999). This study suggests that early onset PD (before age 50), rather than late onset 

PD is influenced by genetic factors. This is not to say that patients with sporadic PD do 

not have some genetic susceptibility. A complete genomic screen of multiple individuals 

in 174 PD affected families found parkin mutations in 7 families with late onset PD as 

well as mutations on other chromosomes, including 17q about 8 cm away from the tau 

gene, a microtubule-associated protein, and 9q in a region related to a variable response 

to levodopa (Scott et al., 2001). Once identified these genes could represent susceptibility 

genes that may underlie an increased risk for developing PD. A population based study 

examining the medical records of 772 patients diagnosed with PD within the last 50 years 

in Iceland found patients with PD were more related to each other than subjects in 

matched control groups yielding risk ratios of 6.7% for siblings, 3.2% for offspring, and 

2.7% for nephews and nieces (Sveinbjörnsdottir et al., 2000). Given that the majority of 

subjects (560) were diagnosed with late rather than early onset PD, this study suggests a 

genetic component for sporadic PD. Furthermore, because the risk ratio for siblings was 

more than double that for offspring this study also indicates a possible shared 

environmental exposure early in life may contribute to sporadic PD.  
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The role of genetic variation in the vastly more common adult-onset form of PD 

is, however, still equivocal. This suggests that environmental factors may play a 

significant role in idiopathic PD. To understand how genetic/environmental interactions 

contribute to the pathogenesis of sporadic PD, it is important to define what 

environmental triggers pose the greatest risk.   

c. Environmental Factors 

Epidemiological evidence suggests a plethora of environmental risk factors for 

PD including consumption of well water, exposure to insecticides or herbicides, living or 

working in a farming community, and the profession of welding (Gorell et al., 1998; 

Priyadarshi et al., 2001). Although no specific toxin has consistently been identified in 

the brain of PD patients, exogenous substances that have been associated with the 

development of PD include trace metals, organic solvents, cyanide, carbon monoxide, 

insecticides, and herbicides (Royland and Langston, 1998).  

As previously mentioned, initial evidence for external involvement in the 

development of sporadic PD stems from the appearance of a PD-like syndrome in young 

adult drug users following the injection of a synthetic meperidine derivative. MPTP (1-

methyl-4-phenyl-1,2,3,6,-tetrahydropyridine) was found to be the byproduct that led to 

the mysterious disorder  (Langston, 1983). Upon physical examination of the drug 

abusers exposed to MPTP, clinicians found they exhibited motor symptoms 

indistinguishable from classical PD including bradykinesia, resting tremor, rigidity, 

postural instability and mask like facial expression (Langston and Ballard, 1984; Ballard 

et al., 1985).  In addition, MPTP patients, like PD patients, responded positively to 

levodopa therapy (Langston and Ballard, 1984). Fluorodopa positron emission 
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tomography (FD-PET) comparison of normal, PD affected, and MPTP exposed subjects 

revealed a significant decrease in striatal dopamine activity for MPTP subjects that lay 

between normal (non-exposed) and PD controls (Calne et al., 1985), while post-mortem 

examination (3-16 years following MPTP exposure) revealed moderate to severe 

reduction of neuromelanin positive neurons in the substantia nigra of three MPTP 

exposed subjects who developed parkinsonism (Langston et al., 1999). Although one 

pathologic feature of idiopathic PD is missing in these MPTP patients (the accumulation 

of intracytoplasmic inclusions or Lewy bodies (Langston et al., 1999), the discovery of 

MPTP and its capacity to produce neuropathological and clinical features similar to 

idiopathic PD lead to the search for exogenous causative agents of sporadic PD 

(Langston, 1998).  Such agents will be discussed in more detail below emphasizing their 

association with, or facilitation of, mechanisms of dopaminergic neuronal dysfunction. 

8. MPTP 

Clinical findings and pathologic similarities between MPTP toxicity and 

idiopathic PD make uncovering the mechanism of MPTP imperative to providing insight 

into the etiology of PD. Because PD is a progressive disease it is believed that 

neurodegeneration of dopamine neurons in the nigrostriatal tract is a step wise process 

that manifests over an extended number of years. In fact, FD-PET analysis of PD patients 

estimated the preclinical period to be approximately 7 years in length (Morrish et al., 

2003). On the contrary, degeneration of dopamine neurons in the substantia nigra 

following MPTP administration has been shown to occur within the first 48 hours 

(Sundstrom et al., 1988). Accordingly, the drug abusers studied by Langston and 

colleagues displayed clinical signs as early as 3 days post MPTP exposure (1983). 
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However, there is evidence that short term MPTP exposure can cause progressive long 

term damage similar to PD. Post-mortem nigral examination 3 to 16 years following 

MPTP exposure revealed activiated glia and extraneuronal neuromelanin both indicative 

of ongoing cell death (Langston et al., 1999). Furthermore, FD-PET analysis completed 

over the course of 7 years in 10 MPTP exposed patients with no initial clinical symptoms 

revealed a progressive decrease in striatal dopamine activity greater than what normally 

occurs with age. The neurochemical deficit observed was coupled with the increased 

prevalence of clinical symptoms (Vingerhoets et al., 1994). These results suggest that in 

humans initial exposure to MPTP can cause subclinical damage to the nigrostriatal 

pathway that may progress to clinical manifestation of parkinsonism over time.  

Given systemically MPTP is distributed throughout the body where it undergoes 

rapid elimination from all organs excluding the eye (Langston et al., 1984). MPTP is not 

toxic in this parent form and must be metabolized to exert its toxic effects. First, MPTP is 

metabolized to 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP+) via the enzyme 

monoamine oxidase -B (MAO- B), then MPDP+ is oxidized to a pyridinium ion,  1-

methyl-4-phenylpyridinium (MPP+) (Przedboriski and Vila, 2003). MPP+ is the toxic 

metabolite of MPTP that ultimately induces DA cell death in the SNc analogous to that 

observed in Parkinson’s etiology (Gerlach and Riederer, 1996).  Before MPP+ can cause 

nigral cell death it must enter the CNS. However, as a charged ion, MPP+ itself cannot 

pass through the blood brain barrier (BBB). Instead, MPTP, as a highly lipophillic 

molecule can easily diffuse across the BBB gaining access to the CNS (Royland and 

Langston, 1998). Once in the brain, MPTP is transported into glial cells where it 

undergoes the two step conversion to its toxic metabolite (Ransom et al., 1987).   
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Following catabolism in the glia, MPP+ is released into the extracelluar space via an 

unknown transporter mechanism (Smeyne and Jackson-Lewis, 2005). MPP+ gains entry 

into dopaminergic midbrain neurons through binding to the dopamine transporter (DAT) 

(Chiba et al., 1985). DAT is a transmembrane symporter that moves dopamine and 

sodium ions from the synapse into the neuron. Several studies found MPP+ toxicity could 

be prevented pharmacologically through the administration of DA uptake blockers 

(Mayer et al., 1986; Javitch et al., 1985), while a later study found mutant mice null for 

DAT were protected from MPTP induced DA cell death (Bezard et al., 1999). Together 

this data indicates MPTP- induced dopaminergic cell loss is dependent on the presence of 

the DAT.   

Over the past 20 years, scientists have identified several molecular events that 

occur in the neurotoxic process following the entry of MPP+ into dopaminergic neurons. 

Once in the DA neuron, MPP+ either remains in the cytosol, concentrates in the 

mitochondria or binds to the vesicular monoamine transporter (VMAT) and is 

incorporated into synaptic vesicles (Przedborski and Vila, 2003).   The significance of 

each of these scenarios for mechanisms of dopaminergic cell death will be discussed 

below.  

a. Mitochondrial Dysfunction 

As stated above, MPP+ interacts with the mitochondrial electron transport chain. 

Cytoplasmic MPP+ enters the mitochondrial matrix through changes in mitochondrial 

membrane potential. This was demonstrated by experiments with rat liver mitochondria 

that found treatment with valinomyocin, a drug that can disrupt the electrochemical 

gradient, prevented mitochondrial uptake of MPP+ while treatment with nigericin, a drug 
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that equilibrates protons across the membrane, increased uptake of MPP+ by 

mitochondria (Ramsay and Singer, 1986).  Once inside the mitochondria, MPP+ inhibits 

NADH transport by binding to complex I of the mitochondrial electron transport chain.  

MPP+ mediated electron transport chain inhibition leads to a reduction in aerobic ATP 

production and consequently alters mitochondrial membrane permeability leading to 

unwanted calcium influx and cell death (Chan et al., 1991; Jenner, 1998).  

b. Oxidative Stress 

Once inside the mitochondria, another consequence of Complex I inhibition by 

MPP+ is the excess formation of reactive oxygen species (ROS) (Li et al., 2003).  In 

addition to ROS formed from mitochondrial dysfunction, free radicals can also form by 

direct interaction between MPTP and its metabolites (MPP+ and MPDP+) with other 

biomolecules within a cell (Adams and Odunze, 1991). A variety of evidence supports 

the involvement of ROS in the neurotoxic mechanism of MPTP. First, the nigral 

degenerative properties of MPTP have been found to be protected against by pre-

administration of radical scavengers such as glutathione, melatonin, apomorphine, green 

tea extracts, and alpha-tocopherol (Vitamin E) (Sriram et al., 1997; Antolin et al., 2002; 

Grunblatt et al., 1999; Levites et al., 2001; Mandel et al., 2003; Perry et al., 1985). One 

early in vitro study looked at the affect of endogenous antioxidants on catecholanergic 

cell lines treated with MPTP and found that pretreatment with both superoxide dismutase 

(SOD) and catalase prevented MPTP-induced cytotoxicity (Lai et al., 1993). Transgenic 

mice with increased copper/zinc-superoxide dismutase activity were found to be resistant 

to MPTP neurotoxicity (Przedborski et al., 1992). Both in vitro and in vivo studies have 

also shown increased production of ROS, along with changes in endogenous antioxidant 
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levels and lipid peroxidation products, upon MPTP treatment. Using sagittal slices of 

mouse brain treated with MPTP, Sriram and colleagues measured a dose dependent 

increase in ROS ranging from 80% above controls for 1 nM MPTP to 751% for 10 µM 

MPTP (1997). Glutathione (GSH), an endogenous antioxidant that protects cells from 

ROS, was also significantly decreased, while malondialdehyde (MDA), a lipid 

peroxidation product, was significantly increased (Sriram et al., 1997). In the same study 

in vivo analysis of mice treated subcutaneously with 30 mg/kg MPTP revealed a time 

dependent increase in ROS in the striatum (peak at 4 hrs) and midbrain (peak at 8 hrs), 

that was not significantly different from controls at 24 hours. However, MDA levels were 

significantly increased and sustained in both the striatum and midbrain at 24 hours post 

injection. Other in vivo evidence stems from dose dependent increases in hydroxyl (OH) 

radical formation in the mouse striatum following intraperitoneal injection of MPTP (10-

45mg/kg) (Thomas et al., 2000) or striatal infusion of MPTP at 1 nmol/µl per minute for 

1 hour (Obata et al., 2001). There is little evidence linking the amount of free radicals to 

the degree nigrostriatal DA degeneration induced by MPTP, however, pharmacological 

analysis found that the neuronal nitric oxide synthase inhibitor, 7-nitroindazole, 

prevented the normal MPTP- induced decrease in DA concentration in a dose dependent 

manner (Yokoyama et al., 2008). Because nitric oxide reacts with superoxide anions to 

form the oxidant, peroxynitrite, blockade of nitric oxide, could prevent oxidative cell 

damage induced by MPTP within the striatum (Schulz et al., 1997). 

c. Dopamine Release 

ROS can also be produced secondarily to vesicular dopamine release following 

MPTP exposure. Early in vivo toxicity studies revealed acute administration of MPTP 
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results in depletion of striatal DA stores.  A significant release of DA was represented by 

an increase in the catecholamine metabolite 3-methoxytyramine (Pileblad et al., 1984; 

Pileblad and Carlsson, 1988). More specifically it was discovered that MPP+ and its 

affinity for the vesicular monoamine transport protein (VMAT) produces vesicular 

release of DA into the cytoplasm (Vaccari et al., 1991). Displaced DA is vulnerable to 

autoxidation which leads to the production of oxidative species including hydrogen 

peroxide, superoxide, and reactive quinones (Fornstedt, 1990; Lotharius and O’Malley, 

2000). Normal catabolism of DA results in the production of the reactive species, like 

H2O2, however overproduction of ROS induced by excess vesicular release of DA along 

with reduced efficiency of defense systems like glutathione (GSH) and superoxide 

dismutase (SOD) increases the potential for ROS-induced cell damage. Obata and 

colleagues (2001) showed that treatment with reserpine, which depletes presynaptic DA, 

prior to MPP+ infusion, results in lower concentrations of hydroxyl radicals when 

compared to MPP+ infusion alone. Thus MPTP can induce vesicular DA release thereby 

providing a large source of cytosolic DA for autooxidation and the generation of ROS. 

Depleted energy supplies along with increased oxidative damage, induced by the 

toxic MPTP metabolite MPP+ are ultimately associated with the death of nigrostriatal 

DA neurons.  Evidence including chromatin condensation and DNA fragmentation 

indicate chronic administration of MPTP initiates apoptosis, or programmed cell death 

(Novikova et al., 2006; Liu et al., 2003). Other evidence for apoptosis in MPTP induced 

DA cell death include neuronal protection from MPTP toxicity following  the ablation of 

Bax, a protein whose release stimulates apoptosis, and the overexpression of the anti-

apoptotic factor, BCl-2 (Vila, et al., 2001; Yang et al., 1998). While the precise method 
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of cell death induced by MPTP remains equivocal, most researchers support the notion 

that MPTP-induced damage to DA cells is initiated by the induction of ROS via MPP+ 

effects on the mitochondrial transport chain and endogenous dopamine stores. 

Overproduction of ROS can cause increased lipid peroxidation of membranes and lead to 

cellular energy deficits. Such compromised neurons in trouble release proapoptotic 

factors like Bax in response to this energy crisis initiating cellular death cascades (Vila et 

al., 2001). Further downstream, glial cells can produce secondary effects by releasing 

inflammatory cytokines in response to dopaminergic cell death that can exacerbate the 

neurodegenerative insult (Teismann et al., 2003). Finally studies examining the substantia 

nigra and ventral tegmental area in both rodents and primates treated with MPTP show 

neuronal death to be DA specific (Chan et al., 1992; Speciale et al., 1998).   

9. MPTP- induced parkinsonism: An Animal Model 

Treatment with MPTP can induce age- and dose-related neurochemical, 

neuroanatomical, and behavioral alterations reminiscent of Parkinson’s disease in 

different species including, non-human primates, mice, dogs, cats and sheep (Gerlach and 

Rieder, 1996). This has allowed the scientific community to utilize animal models in the 

study of PD. An early primate study of a 20 year old Java monkey reported the steady 

progression over 7 months following MPTP exposure of parkisonian symptoms including 

rigidity, tremor, and bradykinesia just as those observed in humans following MPTP 

exposure (Degryse and Colpart, 1986). Intraperitoneal injection of MPTP in the common 

marmoset resulted in similar motor symptoms one month post injection. 

Immunohistochemical staining in the primate brain for tyrosine hydroxylase, the rate 

limiting enzyme for DA synthesis, revealed an 80% loss of nigral DA neurons and a 45% 
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loss of dopamine neurons in the ventral tegmental area. However, parkinsonism in the 

primate may not be permanent due to partial recovery of both the motor symptoms and 

the DA cell deficit at longer survival times (Waters et al., 1987). This could be an artifact 

of a low dose MPTP and age at time of exposure.  A later study found an inverse 

correlation between age and maximum dose required to induce parkinsonism in rhesus 

monkeys (Ovadia et al., 1995). Monkeys aged 5 to 9 years old required 3 times the 

amount of MPTP used to induce behavioral symptoms than in 20 to 23 year old monkeys. 

The older monkeys also presented with more severe symptoms usually seen at later 

stages of the disease including balance and gait abnormalties.  Older mice (7-12 mo.) 

were also found to be more susceptible to the induction of MPTP related parkinsonism 

than younger mice (3 wks) (Ali et al., 1993). At 24 hrs post MPTP injection striatal DA 

levels were decreased 80% in 12 month old mice and 50-60% in 7 month old mice, while 

there was a significant decline in striatal DA at 4 hours in 23 day old mice that returned 

to normal levels by 24 hours.  

The apparent increased susceptibility to MPTP-induced DA neurotoxicity with 

age may be due to an increase in MAO-B, the enzyme responsible for the formation of 

toxic MPP+, or to decreased mitochondrial function in aging mice.  Increased levels of 

MAO-B can enhance the formation of the toxic metabolite MPP+. Irwin and colleagues 

(1992) found striatal MAO-B levels parallel MPTP induced DA depletion in C57BL/6 

mice, increasing between 2-16 months. However, studies with older non-human primates 

report varied levels of MAO-B with increasing age (Royland and Langston, 1998). 

Decreased mitochondrial function has been determined to be a result of an age-related 

increase of oxidative damage thus making older populations more susceptible to MPTP 
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induced mitochondrial deficits. A study by Desai and colleagues (1996) that found 

electron chain transport deficits to be greater in aged versus young mice supports this 

theory. However, the previously discussed Ali et al. (1993) study showing greater 

susceptibility to MPTP toxicity in older mice found no difference in ROS formation 

between the 3 different age groups (23 days, 7 months, or 12 months). Nevertheless, the 

interaction of MPTP (an exogenous compound) dose with age is concordant with a 

multiple “hit” model of PD onset.  

Although there is a significant decrease in DA levels and TH staining in the 

MPTP animal model, the formation of Lewy bodies typically observed in PD has not 

been found in either the MPTP rodent or primate model (Shimoji et al., 2005). Up-

regulation of a component of Lewy bodies, α-synuclein protein (and mRNA), has been 

observed within the nigrostriatal region in both the mouse and the primate (Vila et al., 

2000; Purisai et al., 2005). This supports a relationship between dopaminergic neuronal 

injury and the regulation of α-synuclein, suggesting that while true Lewy body formation 

may not occur, α-synuclein protein elevation in DA neurons is a feature of toxicity in the 

MPTP- treated animal. 

The C57BL/6 strain of mouse has been found to be highly sensitive to systemic 

injection of MPTP, exhibiting a greater selectivity of damage to nigrostriatal 

dopaminergic neurons than other strains including Balb/c, CD-1 and FVB/N (Schwarting 

et al., 1999; Muthane et al., 1994; Sedelis et al., 2000; Liu et al., 2003). These studies 

consistently found the C57BL/6 strain had a significantly larger striatal DA and DA 

metabolite deficit as well as a significantly larger decrease in striatal TH staining. Open-

field and swim-time motor assessments revealed delayed recovery times for C57BL/6 
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strain compared to the Balb/c strain (Schwarting et al., 1999; Haobam et al., 2005).  

Dosing regimens in the C57BL/6 mouse model of PD can vary. Striatal dopamine deficits 

have been found to occur both with single high dose injections as well as with multiple 

low dose injections. Several acute and sub-chronic dosing regimens in the C57BL/6 

mouse have been developed in order to mimic neurochemical and behavioral 

parkinsonism.  For example, subcutaneous administration of MPTP (2 X 40 mg/kg) 

produced the following results: 1) 4 weeks after treatment there is a significant reduction 

in striatal TH staining, 2) striatal dopamine and DOPAC levels have their highest 

reduction at 7 days with a slight recovery 28 days after treatment and 3) locomotor 

activity is significantly decreased at 24 hours with complete recovery 3-7 days following 

treatment (Sundstrom et al., 1990). The fact that both neurochemical and motor related 

indicators of PD can be induced following a simple dosing regimen of MPTP in the 

mouse make this model a practical choice for laboratory studies attempting to investigate 

the potential mechanisms and consequences of PD pathology or environmental toxins 

which may facilitate the onset or severity of PD.   

10. Other Animal Models of PD 

Other neurotoxin-induced animal models of PD include 6- hydroxydopamine (6-

OHDA) and the mitochondrial poison rotenone. 6-OHDA is a synthetic analog of 

norepinephrine developed as a catecholaminergic neurotoxin over 30 years ago (Jonsson 

and Sachs, 1975). Unlike MPTP, 6-OHDA passes poorly through the blood brain barrier 

and must be injected directly into the substantia nigra, striatum, or medial forebrain 

bundle in order to produce sufficient damage in the nigrostriatal dopaminergic pathway 

(Bove et al., 2005). This complex lesioning technique is typically done unilaterally in 
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rats, producing an asymmetrical circling behavior whose magnitude directly correlates 

with degree of nigrostriatal damage (Przedborski et al., 1995). Due to the reliability of 

this motor behavior upon lesioning and because this deficit can be reversed by treatment 

with levodopa, the 6-OHDA model is popular for preclinical testing of new therapies 

used to treat PD (Kirik et al., 2002). Pathologically however, it is difficult to determine 

the molecular basis of cell death since the mechanism for cytotoxcity differs among 

dopaminergic cells depending on location to the 6-OHDA injection site (Bove et al., 

2005). Cells close to the injection site will be more likely to be damaged physically 

and/or by neuroinflammation while cells further away from the injection site will most 

likely succumb to the toxic mechanism of 6-OHDA induced oxidative stress.  When 

studying effects of suspect environmental toxins on PD, it would be difficult to analyze 

and discern the effects on a mixed pathology. Thus, the difficulty in creating this model 

along with complex pathology makes the 6-OHDA an inappropriate model for this 

project.   

Using the naturally derived pesticide rotenone as an animal model for PD is a 

relatively new idea. Rotenone is highly lipophilic, easily crossing the blood brain barrier 

as well as cell membranes where it accumulates in subcellular organelles including 

mitochondria. Like MPP+, rotenone inhibits the mitochondrial respiratory pathway at 

NADH: ubiquinone reductase (Complex I) causing the reduction of ATP and build up of 

ROS (Bertarbet et al., 2000; Greenmyre et al., 2001; Sherer et al., 2003). This, in addition 

to complex I abnormalities observed in idiopathic PD, points to the potentially significant 

role of such inhibition in the development of the disorder. However, multiple in vivo 

studies using similiar dosing regimens and routes of administration found conflicting 
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results, raising the question as to whether rotenone actually induces nigrostriatal 

depletion (Ferrante et al., 1997; Thiffault et al., 2000; Betarbet et al., 2000; Sherer et al., 

2003; Hoglinger et al., 2003; Zhu et al., 2004). Striatal damage varied from no 

degeneration to complete loss of striatal dopamine. In contrast to MPTP, some of the 

remaining dopamine neurons in the rotenone treated rodents contained proteinaceous 

inclusions immunopositive to ubiquitin and α-synuclein similar to Lewy bodies (Betarbet 

et al., 2000; Sherer et al., 2003). Rotenone however, does not appear to be dopamine 

specific since a number of other neurons in the striatum are lost including dopamine 

regulated projection neurons, cholinergic interneurons, and NADPH positive neurons 

(Hoglinger et al., 2003). Behavioral observations include reduced mobility, rigidity, and 

flexed posture (Sherer et al., 2003). However, because rotenone treated animals without 

nigrostriatal damage also display similar motor deficits it is not clear whether these motor 

deficits can be attributed to dopamine depletion.  In addition, the lack of consistent 

nigrostriatal damage and dopamine specificity makes it difficult to determine whether the 

observed degenerative effects really mimic PD. Nevertheless, because rotenone shares a 

neurotoxic mechanism with MPTP that in some instances produces neurochemical and 

physiological deficits similar to those observed in PD, it is also widely used to induce an 

animal model of PD. Unlike MPTP, rotenone is a commonly used pesticide worldwide. 

This is concordant with the argument that pesticide exposure could be a possible 

etiological risk factor in the development of PD.   

11. Pesticides 

There is a large body of epidemiological evidence linking pesticide exposure with 

an increased risk of Parkinson’s disease (Gorell et al., 1998; Le Couteur et al., 1999; 
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Pyridarshi et al., 2001; Zorzon et al., 2002; Baldi et al., 2003; Kamel and Hoppin, 2004; 

Frigerio et al., 2006; Fong et al., 2007; Hancock et al., 2008) although the relationship is 

by no means equivocal. Human exposure to pesticides may result from manufacturing, 

contact with treated materials, or agricultural and indoor application. Pesticides can also 

accumulate in soil or ground water and there may also be an accumulation in dietary 

foodstuffs (Barbeau et al., 1987; Rajput et al., 1987; Ecobichon and Joy, 1994).  Humans 

can be exposed via oral, dermal, or inhalation routes. The general population is typically 

exposed to chronic low doses of pesticides consumed as residues on food or contaminants 

of drinking water. Those living on or near a farm that use pesticides, along with those 

employed in pesticide production, transport, application or harvesting of pesticide treated 

crops, are exposed to much larger doses. Epidemiological studies examining 

environmental risk factors of PD found a significant association between PD and rural 

living, well water consumption, farming (Ho et al., 1989, Morano et al., 1994, Liou et al., 

1997) and occupational exposure to pesticides (Gorell et al., 1998; Baldi et al., 2003). 

Odds ratios determined in a large meta-analysis of case controlled studies, 16 studies for 

rural living, 18 studies for well water consumption, 11 studies for farming, and 14 studies 

for direct pesticide exposure, confirmed the risk of PD increases for each aforementioned 

environmental factor (Pyridarshi et al., 2001). The highest risks for PD were linked to 

rural living for greater than 40 years, farming for greater than 20 years, and occupational 

pesticide exposure for greater than 10 years (Ho et al., 1989; Liou et al., 1997; Gorell et 

al., 1998). While these studies indicate an association between PD and pesticide 

exposure, there is limited epidemiological evidence yielding specific dose-response 

relationships or relationships between specific pesticide agents and PD. Because 
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pesticides have multiple mechanisms that can affect the nervous system, it is not entirely 

clear which are relevant to PD. Pinpointing a specific agent can be difficult in light of  

chronic low-level environmental exposures or acute environmental exposures that may 

produce delayed degeneration and disease expression that occurs much later from the 

time of exposure. Furthermore, humans, especially agricultural workers, are exposed to a 

wide range of pesticides. Until there is a case control study that unequivocally implicates 

a specific pesticide or group of pesticides in PD, scientists must rely on the available 

epidemiological evidence and carefully controlled laboratory research to uncover 

possible key participants linked to PD.   

Pesticides are classified on the basis of their target organism and mode of use as 

insecticides, rodenticides, herbicides, fungicides, or fumigants. Specific chemicals are 

designed and chosen for use as pesticides based on their selectivity and specificity for 

certain species and their persistence in the environment. Unfortunately, many non-target 

species often possess physiological and biochemical systems similar to target organisms 

making them vulnerable to harm following unwanted exposures. Deleterious effects of 

pesticides on non-target species, including humans, depend on the level of exposure 

including dose (concentration) of the chemical, time period exposed, and age at exposure 

(Ecobichon and Joy, 1994).   

Multiple types of insecticides in use today are designed to induce rapid death by 

poisoning the nervous system of their target insect. Obtaining an optimal shape and 

configuration of a compound assures specificity toward the unique biochemical or 

physiological features of the nervous system (Ecobichon and Joy, 1994). Because the 

nervous system is not unique to insects, mammals, including humans, are sensitive to 
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insecticide induced neurotoxicity. Potential sites of insectidal attack on the nervous 

system include axonal membranes, ion channels and concentrations (e.g. Na+, K+, Ca2+, 

Cl-), neurotransmitters, enzymes, and mitochondria (Anthony et al., 2001).  These 

potential target sites can trigger a variety of mechanisms that could lead to death of a 

neuron, including induction of oxidative stress, mitochondrial damage, exictotoxcity, or 

neuroinflammation, all of which have previously been discussed as possible mechanisms 

involved in PD. In addition, many experimental studies have shown that certain 

insecticides are capable of damaging the dopaminergic nigrostriatal pathway, the 

principal target of PD (Karen et al., 2001; Bloomquist et al., 2002; McCormack et al., 

2002; Sherer et al., 2003; Karanth et al., 2006; Mubarak Hossain et al., 2006). 

Today the most widely used classes of insecticides are the organophosphates and 

the pyrethroids.  Pyrethroids and organophosphates are typically used as agricultural, 

commercial, and residential pesticides. According to EPA’s 2001 pesticide usage report, 

approximately 70% of all insecticides in use agriculturally are organophosphates while 

pyrethroids are commonly used in homes and on pets for pest control (Kiely et al., 2001). 

A report released by the center for disease control in 2005 states the exposure to both 

pyrethroids and organophosphates remains high within the US population reflected by 

elevated levels of bodily metabolites of both pyrethroids and organophosphates (Center 

for Disease Control, 2005).  Over 30,000 veterans of the first Gulf war have developed 

neurological symptoms. These soldiers were exposed to multiple chemicals used for pest 

control including the pyrethroid permethrin (PM) and the organophosphate chlorpyrifos 

(CPF) (Grossblatt and Kelly, 2003). Some neurological symptoms reported by veterans 

are similar to those in PD and include headache, loss of memory, tremor, ataxia, and 
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fatigue. Several neurochemical and anatomical studies have identified the striatal 

dopaminergic pathways as targets of PM and CPF toxicity (Karen et al., 2001; 

Bloomquist et al., 2002).  Since PD similarly affects striatal dopaminergic transmission it 

is of interest to investigate pyrethroids and organophosphates when tackling the questions 

of which group or groups of pesticides may be responsible for the exposure risk that has 

been associated with PD.  

12. Pyrethroids 

The pyrethroids are synthetic derivatives of the natural insecticidal pyrethrins 

found in the chrysanthemum. The major target of pyrethroids in both insects and 

mammals is the voltage- gated sodium (Na+) channel (Ghiasuddin and Soderland, 1985; 

Vijverberg and van den Bercken, 1990; Ray, 2001). Two classes of pyrethroids have been 

developed. Type I, non-α-cyano-pyrethroids, produce what has been labled T syndrome 

(tremors) while type II, α-cyano group, produce C-S syndrome (choreoathetosis-

salvation) (Ray and Fry, 2006). Acute intoxication of laboratory rats with Type I 

pyrethroids causes the development of a progressive fine whole-body tremor, 

exaggerated startle response, hyperexcitability, and death (Soderlund et al., 2002).   

Symptoms in rats acutely exposed to Type II pyrethroids include repetitive chewing, 

nosing, washing, excessive salivation, choreiform movements of the limbs, clonic 

seizures and death (Soderlund et al., 2002; Ray and Fry, 2006). 

a. Mechanism 

As previously stated, pyrethroids act on the nervous system by binding to open 

voltage-gated Na+ channels on pre- and postsynaptic membranes. Binding increases the 

open time of the Na+ voltage-gated channels altering the influx of Na+. As more sodium 
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channels become bound to pyrethroid, increased Na+ flows into the neuron producing a 

depolarizing afterpotential, repetitive action potential firing of sensory and motor axons 

and repetitive release of neurotransmitter from motor nerve terminals (Vijverberg and 

vanden Bercken, 1990).   The two classes of pyrethroids have slightly different 

mechanisms of action leading to the production of different physical signs. Type I 

pyrethroids produce hyperexcitability in the neuron by prolonging sodium channel 

opening for less than 10 msec, while type II pyrethroids hold sodium channels open for 

longer than 10 msecs creating blockade of neuronal firing (Ecobichon and Joy, 1994; Ray 

and Fry, 2006). Differences in the mechanisms could be a result of different binding sites 

within the sodium channel for each class of pyrethroids or of different forms of sodium 

channels that display different sensitivity to multiple types of pyrethroids (Song and 

Narahashi, 1996; Smith and Soderlund, 1998). Additionally, sodium channels may not be 

the only target of pyrethroid toxicity. There is some evidence that pyrethroids can affect 

other neuronal components such as voltage gated calcium channels (Hildebrand et al., 

2004; Clark and Symington, 2007), γ-aminobutyric acid receptors (Lawrence and Casida, 

1983), and neurotransmitter membrane transporter expression (Kirby et al., 2001; Elwan 

et al., 2006).  

b. Pyrethroids and the Nigrostriatal Dopaminergic Pathway 

Pyrethroids can show selectivity for components of the nigrostriatal pathway.  For 

example, rabbit brain slices showed striatal dopamine and acetycholine release in 

response to treatment with the type II pyrethroid fenvalerate, while the same conditions 

did not induce neurotransmitter release from the hippocampus (Eells and Dubocovich, 

1988). In vivo studies in rats treated with decamethrin found the striatum was the first 

48 
 



 

region to show discharges and hyperexcitability on electroencephalographic (EEG) 

recordings (Ray, 1980).  In addition, increased blood flow in the caudate nucleus was 

observed following intraperitoneal injection of deltamethrin before the appearance of 

EEG spike discharges, proving to be an early indicator of the pending motor deficits 

(Ray, 1982). Deltamethrin also induces dopamine release from preloaded striatal 

synaptosomes 2.4 to 8.6-fold more than cortical synaptosomes holding serotonin or 

glutamate (Kirby et al., 1999; Bloomquist et al., 2002). Doherty and colleagues found 

that multiple pyrethroids, including the type I permethrin and the type II fenvalerate, 

shared the ability to increase levels of the dopamine metabolite DOPAC within the 

striatum (Doherty et al., 1988). In this study it appeared that the largest increase in 

DOPAC was associated with higher brain concentrations of Type I pyrethroids.  It has 

also been reported that pyrethroids have some inhibitory effects upon elements of the 

mitochondrial respiratory chain (Gassner et al., 1997; Braguini et al., 2004). Thus 

pyrethroids may act similar to the aforementioned toxins used in animal models of PD 

that inhibit Complex I of the mitochondrial respiratory chain (Royland and Langston, 

1998; Sherer et al. 2003; Richardson et al., 2007). However, more research needs to be 

done before conclusions can be made about specific subtypes of pyrethroids and their 

ability to induce damage within the nigrostriatal neurons. Nevertheless, there appears to 

be sufficient laboratory evidence to warrant further investigation of pyrethroids as 

contributors dopaminergic nigrostriatal dysfunction.   

c. Permethrin 

The type I pyrethroid permethrin is commonly used as an insecticide and insect 

repellant and has been used to impregnate military battle dress uniforms (Casida and 
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Quistad, 1998; Gambel et al., 1998; Soderlund et al., 2002; Miller et al., 2004).  Several 

analyses examined the effects of permethrin on components of the nigrostriatal tract 

(Karen et al., 2001; Bloomquist et al., 2002; Gillette and Bloomquist, 2003; Pittman et 

al., 2003; Elwan et al., 2006). As previously mentioned, permethrin has been shown to 

increase dopamine turnover and the concentration of the dopamine metabolite DOPAC in 

the striatum (Doherty et al., 1988; Liu et al., 2004). DA uptake in permethrin treated mice 

(3 x i.p. over 2 weeks), measured using synaptosomes prepared from fresh striatal tissue, 

showed Vmax (a measure of maximal uptake) for DA varied with dose. Vmax for DA 

uptake increased for low dose permethrin (1.5 mg/kg), while for high dose permethrin 

(≥25 mg/kg) Vmax for DA decreased to levels less than control, peaking at a value 50% of 

control for 200 mg/kg permethrin (Karen et al., 2001). In contrast to the previously 

mentioned studies showing an increase in DA turnover, Karen et al. (2001) found no 

effect on striatal DA or DOPAC concentrations at either low or high dose permethrin. 

Permethrin treatment also had no effect on the Km, the amount of substrate needed for 

half maximum velocity of the dopamine transporter. Thus, the lack of accompanying 

change in Km suggests the changes in Vmax reflect an alteration in the amount of DAT. 

Additional investigation using western blot analysis confirmed the increase in DA uptake 

seen with low dose permethrin was accompanied by upregulation of DAT (Bloomquist et 

al., 2002; Gillette and Bloomquist, 2003).  Furthermore Gillette and Bloomquist (2003) 

found that increased DAT expression occurs with permethrin doses as low as 0.2 mg/kg 

indicating permethrin has the ability to induce striatal changes at very low concentrations.   

 Pittman et al. (2003) performed immunohistochemical analysis to further 

investigate changes in the dopaminergic striatal tissue discovered by kinetic studies. A 
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low dose (3.0 mg/kg) of permethrin (3 x i.p. over 2 weeks) produced a significant 

decrease in immunostaining for DAT. At a high dose (200 mg/kg) of permethrin there 

were no differences in DAT or TH immunostaining compared to controls, however 

GFAP immunostaining significantly increased in the region of the caudate putamen. TH 

is a common marker used to determine the presence of DA terminals, while GFAP is a 

substrate of reactive astrocytes. Increased astrocyte activity detected by high levels of 

GFAP staining is thought to indicate that neuronal insult has occurred. These data 

provide further support for permethrin-mediated alterations of the nigrostriatal pathway.  

The high dose of permethrin may initiate cell damage in the nigrostriatal tract as 

indicated by increased GFAP staining. The corresponding lack of change in TH staining 

suggests this change is more subtle than cell death or degeneration. The decrease in DAT 

staining at low doses seemingly contradicts the significant increase in dopamine transport 

recorded by Bloomquist et al. (2002) with low dose permethrin. However, the tissue 

sampled for immunohistochemical analysis was from a more restricted region of the 

striatum, that which is most closely associated with degenerative changes.   

In addition to effects of permethrin on DAT levels, Karen et al. (2001) found 

signs of cellular stress evidenced by decreased mitochondrial activity 24 hours following 

high dose permethrin treatment in mice. Furthermore, in vitro, cultured cells stably 

expressing DAT treated with permethrin showed exposure lasting 24 hours produced no 

change of DAT protein, but rather an increase in DNA fragmentation, a measure of 

apoptosis (Elwan et al., 2006).  Perhaps this is an indication that the upregulation of DAT 

seen in vivo is an initial compensatory response to permethrin, while increased exposure 

time will result in apoptosis of the neuron. Additionally, because the density of DAT 
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strongly correlates with the amount of DA neurodegeneration, upregualtion of DAT by 

permethrin could increase the susceptibility of DA neurons to future toxic insult (Storch 

et al., 2004). Together these studies provide evidence suggesting that permethrin is 

capable of altering structural and functional aspects of dopaminergic neurons that 

comprise the neural circuitry representing the neurodegenerative substrate of PD.  

13. Organophosphates 

Organophosphate insecticides in use today are synthetic carbon-containing 

derivatives of phosphoric acid representing fourth generation derivatives of chemical 

warfare agents used in World War II.  Currently, organophosphates are the largest class 

of insecticides representing over 70% of insecticides used in agriculture (Kiely et al., 

2001). The principal neurotoxic mechanism of organophosphate insecticides in both 

target and non-target species is to inhibit acetylcholinesterase, the enzyme responsible for 

inactivation of acetylcholine at the synapse (Costa, 2008). The resulting build up of 

synaptic acetylcholine and increased cholinergic activity within the autonomic and 

skeletal muscle systems can have potentially lethal effects on the organism.  Each OP 

compound differs in its capacity to bind to and inhibit its target, acetylcholinesterase 

(AChE). 

In general all OP insecticides have a high potency relative to other classes of 

insecticides with a high number of poisonings and fatalities associated with purposeful or 

accidental exposure (Clegg and van Gemert, 1999).  Acute intoxication with 

organophosphates results in symptoms related to increased stimulation of the 

parasympathetic nervous system including salivation, lacrimation, urinary incontinence, 

diarrhea, gastroenteric cramping, and emesis (SLUDGE) along with peripheral motor 
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symptoms including tremors and muscular twitching (Keifer and Firestone, 2007). Death 

is believed to be due to respiratory failure following inhibition of central respiratory 

centers, profound bronchial secretion, and bronchial constriction (Lotti, 2002).  An 

intermediate syndrome marked by respiratory, neck and proximal limb muscle weakness 

may develop in recovering patients several days following acute exposure (Senanayake 

and Karalliedde, 1987). While the underlying cause of the intermeadiate syndrome is 

unknown it is believed to be a result of cholinergic receptor desensitization following 

prolonged cholinergic stimulation (Lotti, 2002).  Some organophosphates induce a third 

neurotoxic syndrome labeled organophosphate delayed neuropathy (OPIDN). Symptoms 

of OPIDN become apparent 2 to 3 weeks following acute exposure and include tingling 

in the hands and feet, progressive muscle weakness, and flaccidity of distal skeletal 

muscles in the lower and upper extremities (Lotti and Moretto, 2005).  The target for 

OPIDN inducing organophosphates is not acetylcholinesterase, but rather an esterase 

present in neuronal tissues named neuropathy target esterase (NTE) (Johnson, 1982). The 

primary function of NTE remains unclear, however, it is an important enzyme for axonal 

integrity (Chang et al., 2006) and the primary lesion initiated by organophosphate NTE 

inhibition is degeneration of distal peripheral axons. Today, OPDIN in humans is rare 

due to the fact that commercialization of organophosphates requires neurotoxcicity 

testing in the hen to determine whether OPDIN is induced.  However, exposure to acute 

high dose of OP can also result in other long lasting health effects. This is demonstrated 

in multiple studies of OP exposed agricultural workers that found exposed workers did 

much worse than age-matched controls on neuropsycholgical and motor tests completed 

several years following exposure (Rosenstock et al., 1991; Farahat et al., 2003; Roldan-

53 
 



 

Tapia et al., 2005). These studies found that acutely poisoned, chronic high dose and 

chronic moderate dose exposed workers had disturbances in perception, attention, 

visuomotor processing, and recall. While both motor and psychological deficits are 

clinical symptoms observed in PD, little clinical evidence exists directly linking OP 

toxicity to PD.  However, three studies report on patients developing frank parkinsonism 

following OP exposure (Davis et al., 1978; Bhatt et al., 1999; Arima et al., 2003) and as 

we will see later laboratory evidence shows some organophosphates can affect the 

dopaminergic system within the basal ganglia.  

a. Mechanisms of Mammalian Toxicity 

 The molecular mechanism of organophosphates (OP) is to phosphorylate the 

active site of acetylcholinesterase (AChE) thereby inhibiting the enzyme. Because 

hydrolysis of phosphorylated AChE occurs at a very slow rate, inhibition can last for 

hours to days. Reactivating the phosphorylated enzyme becomes impossible if the 

enzyme inhibitor complex goes through a process called “aging”. Aging results from 

non-enzymatic hydrolysis of an alkyl group yielding an anion. Once phosphorylated 

AChE has aged, the enzyme is irreversibly inhibited and can only be replaced following 

synthesis of new enzyme. The rate of aging is different for different OPs and plays a 

major role in increasing the toxicity of a particular OP (Ecobichon and Joy, 1994).  

The result of organophosphate- induced inhibition of AChE is increased 

cholinergic activity at the synapse.  Acetylcholine is a neurotransmitter with high 

concentration at the neuromuscular junction and autonomic ganglia and parasympathetic 

postganglionic synapses of the peripheral nervous system. Cholinergic receptors fall into 

two major classes, nicotinic and muscarinic. Nicotinic receptors are ionotropic, and 
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binding to them by acetylcholine opens a cation specific ion channel (Na+, K+) inducing 

depolarization of the recipient cell. Muscarinic receptors are coupled to G-proteins and 

affect second messenger systems following binding by acetylcholine. 

In the peripheral nervous system, nicotinic receptors are found postsynaptically at 

the neuromuscular junction and at the pre-ganglionic synapse in the autonomic nervous 

system, while muscarinic receptors are found at the postganglionic synapse of the 

parasympathetic nervous system (Cooper et al., 1996).  Organophosphate induced AChE 

inhibition increases peripheral acetylcholine which provokes hyperexcitation of 

postsynaptic neurons and end organs mediated by acetylcholine receptors. Some evidence 

suggests that OP compounds may bind directly to acetylcholine receptors initiating 

cholinergic transduction (Ecobichon and Joy, 1994). Since sympathetic postganglionic 

neurons have nicotinic receptors there is also increased release of norepinephrine onto 

end organs.  Increased cholinergic activity in the peripheral nervous system typically 

results from acute poisoning with OPs. Peripheral symptoms include the previously 

mentioned salivation, lacrimation, urinary incontinence, diarrhea, gastroenteric cramping, 

and emesis (SLUDGE), tremors and muscle fasciculations.  

 Acetylcholine and cholinergic receptors can also be found in the central nervous 

system.  Cholinergic innervation in the telencephalon stems from the basal forebrain 

complex, which sends cholinergic projections to the entire cerebral cortex and the 

hippocampus. The postmesencephalotegmental cholinergic complex sends cholinergic 

projections to the thalamus and other diencephalon loci as well as to pontine, medulluary 

and deep cerebellar nuclei (Cooper et al., 1996). Cholinergic hyperexcitation of 

muscarinic and nicotinic cholinergic receptors in the central nervous system gives rise to 
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signs and symptoms associated with organophosphate poisoning, including restlessness, 

emotional liability, ataxia, lethargy, mental confusion, memory-loss, generalized 

weakness, and convulsions.  

b. Acetylcholine and basal ganglia function 

In the basal ganglia, acetylcholine is contained in large interneurons in the 

striatum and the nucleus accumbens (Pisani et al., 2003). Cholinergic interneurons in the 

striatum receive glutamatergic input from the cerebral cortex and synapse with 

GABAergic spiny neurons that project to the basal ganglia output nuclei: the globus 

pallidus internal segment and the substantia nigra pars reticulata (Wilson, 2004; Salminen 

et al., 2004).  Both nicotinic and muscarinic cholinergic receptors are located on spiny 

neurons within the striatum (Cooper et al., 1996).  Binding by ACh on nicotinic receptors 

located on nerve terminals of dopaminergic nigrostriatal neurons can enhance dopamine 

release (Nayak et al., 2000). Vizi and Lendavi (1999) found a variety of nicotinic 

receptor agonists increase the release of DA in rat striatum both in brain slices and in 

vivo. Another study found cholinergic reception in the nucleus accumbens and ventral 

tegmental area also affect the release of dopamine (Rahman and McBride, 2002).  As 

noted earlier, DA can modulate the activity of the striatal projection neurons that are the 

origin of the direct and indirect pathways to the basal ganglia output nuclei. DA can also 

regulate striatal efflux of ACh through direct inhibition by DA binding to D2 receptors on 

cholinergic interneurons (Abercrombie and DeBoer, 1997). It therefore appears that a 

delicate balance between ACh and DA activity is necessary for normal function of basal 

ganglia circuitry (Lehmann et al., 1983). Increased ACh activity in the striatum as a result 

of organophosphate insecticide exposure can disrupt the concentration of DA needed to 
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maintain normal basal ganglia function. Furthermore, as previously discussed enhanced 

release and metabolism of DA can result in increase the production of ROS which play a 

role in degeneration of nigrostriatal dopamine neurons. Thus, changes in ACh 

concentration induced by organophosphates could indirectly affect the release of DA.   

Several laboratory studies provide evidence that organophosphate exposure can 

alter dopamine neurochemistry in the CNS. Rats given a sublethal dose of the OP 

diazinon had a significant decrease in AChE activity and an increase in cerebral DA 

concentration (Rajendra et al., 1986). There was a significant increase in DA metabolites, 

HVA and DOPAC, in the forebrain of rats treated with the OP soman (el-Etri et al., 

1992). Treatment with the OP fenthion in rat PC12 cells increased the release of both DA 

(2.8-fold) and norepinephrine (3.5-fold) (Tuler et al., 1989).  The concentration of DA 

decreased in the striatum of rats after a 200 mg/kg dose of the OP neguvon (Dishovski et 

al., 1981), where as DA turnover and release increased in guinea pig striatum after 31.2 

µg/kg s.c. dose of soman (Fosbraey et al., 1990). Therefore, there is some laboratory 

evidence that AChE-inhibiting OPs can modulate brain DA, but the nature of that change 

in the striatum, and its significance for PD-related changes, is equivocal.  

c. Chloropyrifos 

  Chloropyrifos (CPF) is an organophosphate insecticide widely used 

agriculturally to kill unwanted foliage and soil born insects on a variety of food crops.  

Until recently it was also one of the most widely used home and garden insecticides in 

the US sold under the name Dursban or Lorsban (Kiely, 2001). Chlorpyrifos has since 

been deemed unsafe to market for household use in the US, but is still marketed as a safe 

home insecticide in developing countries. While the EPA has classified chlorpyrifos as 

57 
 



 

moderately toxic, recent clinical studies have found prenatal exposure to CPF can cause 

cognitive and motor delays in developing children (Rauh et al., 2006).   

In the laboratory, acute exposure to chlorpyrifos produces inhibition of AChE in 

the peripheral nervous system as well as the central nervous system (Bushnell et al., 

1993).  Following a single dose of chlorpyrifos (279 mg/kg, s.c.), Pope and colleagues 

(1992) found significant inhibition of AChE activity in both the cerebral cortex and the 

corpus striatum for up to 6 weeks. The largest AChE inhibition occurred at 2 weeks and 

was accompanied by a decrease in cortical and striatal muscarinic receptors (Pope et al., 

1992). Further evidence of CPF induced dose dependent AChE inhibition in the striatum 

was shown in rats where at 60, 125, and 250 mg/kg doses of CPF, AChE was inhibited by 

60-80%, 85-90% and 80-95% respectively.  On day 21 there was still no recovery of 

AChE activity in the 250 mg/kg CPF treatment group (Bushnell et al., 1993).  Another 

study showed a dose and time dependent increase in striatal acetylcholine following 

injection with CPF (Karanth et al., 2006). Maximum striatal acetylcholine concentrations 

were observed 4 to 7 days following treatment and were highest for the largest dose (279 

mg/kg). Motor activity was also significantly decreased at all doses of CPF for up to 4 

days. These time and dose dependent changes in striatal acetylcholine were observed 

when AChE inhibition appears to plateau (Karanth et al., 2006). In addition, high affinity 

choline uptake, the rate limiting step in acetylcholine synthesis, was significantly 

decreased in synaptosomes 1 day following acute exposure to CPF (280 mg/kg), but was 

unchanged at 2 and 7 days (Liu and Pope, 1996).  Thus, it appears acute intoxication with 

CPF can produce sufficient AChE inhibition to alter the concentration of acetylcholine 

within the striatum, although changes in acetylcholine can occur that are not always 
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correlated with AChE level. Because there are acetylcholine receptors located on the 

terminals of nigrostriatal DA neurons, such changes could disrupt the normal functional 

integrity of DA neurons and of basal ganglia function.  

Laboratory studies have also shown CPF can alter striatal DA activity.  Lewis and 

Klein found rats receiving a single dose of CPF (200 mg/kg) developed stable AChE 

inhibition of 90.1%, 89.8%, and 85.5% at 4, 14, and 21 days respectively (Lewis, 2003). 

The DA metabolite DOPAC increased to 21.8% above controls at 2 days after rats were 

dosed with CPF (200 mg/kg).  No corresponding behavioral signs of organophosphate 

toxicity were observed.  Chlorpyrifos (100 mg/kg) has also been shown to produce a 

significant reduction in maximal dopamine uptake (Vmax) by striatal synaptosomes, 

suggesting either a malfunction in the dopamine transporter (DAT) system or a reduction 

in the available dopaminergic neuropil (Karen et al., 2001; Bloomquist et al., 2002). The 

same study found no differences in striatal dopamine concentration between CPF treated 

and control animals which is not concordant with a decrease in DA neuropil. However, 

increased striatal dopamine turnover, 14% above controls, was indicated by elevated 

titers of the dopamine metabolite DOPAC in the CPF-treated mice. These changes in 

dopamine turnover could reflect an increase in DA release induced by increased synaptic 

levels of acetylcholine within the striatum. As noted, such increased DA turnover could 

lead to increased generation of damaging ROS. In addition, a decrease in a measure of 

mitochondrial integrity has also been observed in chlorpyrifos treated mice (Karen et al., 

2001). This can also be a source of tissue damaging ROS and dysfunction of 

mitochondria has been shown to induce PD- like degeneration in the nigrostriatal tract. 
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Thus, organophosphate insecticides like CPF could contribute to DA neurodegeneration 

through a similar mechanism.  

More evidence for possible PD-associated changes induced by CPF is provided 

by locomotor and cognitive analysis. In the previously discussed Pope study (1992), 

locomotor activity was reduced following treatment with CPF (279 mg/kg). Recovery of 

reduced locomotor activity was observed two days after treatment, however when 

animals were challenged at 12 weeks with the muscarinic antagonist, scopolamine, CPF 

treated animals displayed hyperactivity compared to controls (Pope et al., 1992). These 

findings demonstrate that acute exposure to CPF can cause long-term neurobehavioral 

changes. A later study verified these findings by showing that months following acute 

exposure to CPF functional central nervous system alterations can be detected in the rat 

using a repeated acquisition spatial task in the water maze (Sanchez-Santed et al., 2004).  

The fact that CPF could induce long-term neurobehavioral deficits similar those seen in 

PD provides another line of evidence that the nigrostriatal dopaminergic neurons can be 

affected by CPF.  

As indicated in these previous studies, CPF exposure can disrupt cell homeostasis 

in the nigrostriatal dopaminergic pathway causing fluctuations in DA concentration and 

uptake along with motor and cognitive deficits.  Future immunohistochemical analysis 

will provide insight as to the source of changes in the dopaminergic striatal tissue 

discovered by kinetic studies. 

14. Pesticides and MPTP 

As outlined above, both pyrethroids and organophosphates are capable of altering 

dopamine metabolism with in the nigrostriatal tract. Changes in dopamine metabolism 
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and dopamine availability at the synapse could potentiate free radical-induced insult to 

dopaminergic nigrostriatal neurons.  There is also evidence that these compounds can 

reduce normal mitochondrial function.  Mitochondrial abnormalities, such as complex I 

inhibition have been linked with PD.  Although pyrethroids and organophosphates may 

not cause frank degeneration of dopaminergic nigrostriatal neurons, they can induce 

changes that have been linked with such Parkinson’s-like damage.  This, in addition to 

the equivocal nature of the literature linking pesticide exposure with PD, warrants 

examination of whether pyrethroids or organophosphates, either alone or together, could 

potentiate dopaminergic nigrostriatal degeneration in a common mammalian model of 

PD, specifically the MPTP-treated C57BL/6 mouse. 

Recently, Kou et al. (2006) examined such interactions using western blot 

quantification of the dopamine synthesizing enzyme tyrosine hydroxylase (TH), 

dopamine transporter (DAT), and the Lewy body (histopathological cellular inclusions 

considered hallmarks of PD) component protein α-synuclein in striatum (Sidhu et al., 

2004; Kou et al., 2006; Kou and Bloomquist, 2007).  They reported that permethrin and 

chlorpyrifos together (200 mg/kg, i.p. and 75 mg/kg, s.c., respectively, 3 times over 2 

wks) modulated changes in TH and DAT protein induced by MPTP (20 mg/kg i.p.) with 

the direction of the effect dependent upon survival time.  They also demonstrated that 

permethrin and chlorpyrifos together produced greater reductions in TH and α-synuclein 

protein than either insecticide alone but this effect was also dependent upon survival 

time.  In these studies, a synaptosomal tissue preparation derived from the entire 

dissected striatum was employed. Given that synaptosomal preparations principally 

isolate the synaptic bouton, and sometimes a small portion of the immediate post-
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synaptic membrane, they provide limited information regarding other major portions of 

the neuron (Webster, 2001).  In addition, dissection of the whole striatum may lend itself 

to unintentional removal of regions in close proximity to, but outside the caudate-

putamen such as the nucleus accumbens or globus pallidus.  

In order to continue the investigation of permethrin and chlorpyrifos involvement 

as a risk factor in the development of PD, the first part of this dissertation examines 

changes in the dopaminergic neuropil within a topographically restricted region of the 

striatum.  

a. Hypothesis I: The insecticides, permethrin and chlorpyrifos, can facilitate 

MPTP toxicity in a mouse model of PD. 

Immunohistochemical analysis was completed in 3 separate experiments 

(Experiments 1A, 1B, & 1C) to examine synergistic effects of permethrin (1A), 

chlorpyrifos (1B) or combined treatment of permethrin and chlorpyrifos (1C) on tyrosine 

hydroxylase (TH) and glial fibrillary acidic protein (GFAP) staining in the caudate 

nucleus of the MPTP treated C57BL/6 mouse. Immunohistochemistry was performed on 

serial coronal sections through the striatum using TH as a marker for the loss of 

dopaminergic neuropil and GFAP as an indicator of the onset of damage that has not 

progressed to cell death. TH is the rate limiting enzyme in the synthesis of dopamine. 

Therefore a change in TH immunoreactivity is one of the common markers used to 

evaluate frank degeneration of the dopaminergic nigrostriatal pathway in studies of 

experimental parkinsonism (Date et al., 1990; Laloux et al., 2008). GFAP is an 

intermediate filament protein of astrocytes and has been commonly used as an indicator 

of the onset, degree and locus of neuropathology (O’Callaghan and Sriram, 2005; 
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Croisier and Graeber, 2006). Therefore, changes in GFAP immunoreactivity were used in 

this experiment to indicate insult to striatal neuropil that may have been more subtle than 

frank degeneration. 

15. Metals 

Epidemiological studies have identified exposure to metals as another possible 

environmental risk factor in the development of PD (Zayed et al., 1990; Gorell et al., 

1999; Lucchini et al., 1999; Sadek et al., 2003; Gorell et al., 2004; Finkelstein and Jerrett, 

2007; Petersen et al., 2008). Unlike most pesticides, metals are chemical elements that 

exist naturally in the environment. While they are neither created nor destroyed by 

humans, their use by humans influences their availability for atypical exposures that may 

result in deleterious health effects, including disruption of the central nervous system.  

Metals have been found to accumulate in basal ganglia nuclei including the substantia 

nigra globus pallidus, and caudate putamen (Dexter et al., 1989; Newland et al., 1989; 

Layrargues et al., 1995; Becker et al., 1999).  

 Combustion of fossil fuels, such as coal, releases metals like copper, iron, lead, 

mercury, and manganese into the atmosphere (Reddy et al., 2005). The addition of lead or 

manganese to gasoline as “anti-knock” additives causes these metals to be emitted with 

the exhaust (Zayed et al., 1999; Nichani et al., 2006). Fish, a major food source, can 

become contaminated with metals in rivers, lakes and streams polluted by factory waste 

water, combustion fall out, and acid precipitation (Kirby et al., 2001; Nordberg et al., 

1985). Soils and groundwater can also become contaminated with metals in the same 

manner (Ritter et al., 2002; Micó et al., 2006). Likewise vegetables grown in tainted soil 
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or irrigated with contaminated waste water may contain increased levels of heavy metals 

(Kumar Sharma et al., 2007; Gupta et al., 2008). 

 Exposure of the general population to metals can result from inhalation of 

contaminated atmospheric emissions and ingestion of contaminated food or water (Jarüp, 

2003; Spadaro and Rabl, 2004; Oosthuizen and Ehrlich, 2001; Tchounwou et al., 1996; 

Ritter et al., 2002). Occupational exposure is another significant source of human metal 

exposure (Gorell et al., 1999; Sadek et al., 2003). Many workers including welders, pipe 

fitters, electricians, steel manufacturers, and miners are exposed to extremely high levels 

of metals on the job.   

Depending on the age of the person and type of metal to which they are exposed, 

toxicity can cause problems in neuronal development or increase the risk of 

neurodegenerative disease. Children are more susceptible to metals due to increased 

gastrointestinal absorption, while the fetus is at an extra risk due to an immature blood-

brain barrier. It is well documented that young children exposed to lead develop lower 

IQs, hyperactivity, attention deficits, and motor impairment compared to non-exposed 

children (Needleman et al., 1979; Needleman and Gatsonis, 1990; Bellinger et al., 1994; 

Banks et al., 1997). At the cellular and molecular level, lead-induced toxicity has been 

associated with altered neurotransmission, oxidative stress, mitochondrial dysfunction, 

problems with protein turnover, and neuroinflammation all of which are tied together by 

lead’s ability to mimic, and in some cases inhibit, calcium (Bressler and Goldstein, 1991; 

Lidsky and Schneider, 2003).  However, the neuroantomical basis of lead toxicity is 

poorly understood (Bellinger et al., 1994). A recent study tracking adults exposed to lead 

as a child found higher childhood blood levels of lead result in smaller brain size (Cecil et 
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al., 2008). Gray matter decreased in volume in the prefrontal cortex, anterior cinigulate 

cortex and cerebellular hemispheres, all regions involved in cognitive function and fine 

motor skills.   

Methylmercury is another metal known for its effects on neural development 

(Marsh et al., 1980). Prenatal exposure to methylmercury was found to cause decrements 

in language, attention, and memory as well as visuospatial and motor deficits in 7-year 

olds whose mothers consumed large amounts from contaminated pilot whales (Grandjean 

et al., 1998).  Neurodevelopmental problems following prenatal methylmercury exposure 

are believed to result from abnormalities in neural migration secondary to multiple 

molecular mechanisms including microtubule alterations, oxidative damage, impairment 

of calcium homeostasis, and protein synthesis inhibition (Carpenter, 2001; Castoldi et al., 

2003). Methylmercury poisoning in adults results in delayed symptoms and focal 

degeneration of neurons in select brain regions including the cerebellum and cerebral 

cortex (Castoldi et al., 2003).  

a. Metals in neurodegenerative disease other than PD 

With regard to neurodegenerative diseases, both lead and mercury increase the 

production of amyloid precursor protein and induce glial cell reactivity (Monnet-Tschudi 

et al., 2006). Mercury has also been linked to the formation of the toxic beta amyloid 

protein important to the etiology of Alzheimer’s disease (AD) (Olivieri et al., 2000). 

Although controversial, high levels of aluminum (Al) found in the neurofibrilllary tangles 

of patients with AD have sparked speculation that Al exposure may be a risk factor in AD 

(Perl and Brody, 1980; Martyn et al., 1989; Rogers and Simon, 1999; Yokel, 2000; 

Mizoroki et al., 2007). Animal studies showed injecting Al produce behavioral, 
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neuropathological, and neurochemical changes ressembling AD, but the majority of 

epidiemiolgical studies relying on Al levels in drinking water have been inconclusive 

with some studies reporting no association at all between brain Al and AD (Yokel, 2000; 

Mizoroki et al., 2007).  Thus, the pathological involvement of Al in AD remains unclear. 

Biometals including copper, iron, and zinc have been detected in senile plaques of AD 

patients. In the free, unbound form these biochemically functional metals are thought to 

mediate the oxidative stress mechanism of beta amyloid toxicity (Adlard and Bush, 

2006).   

Elevated copper, manganese and zinc levels have been detected in serum and CSF 

of amyotrophic lateral sclerosis (ALS) patients (Lovell et al., 1998; Kanias and Kapaki, 

1997).  Increased deposition of these redox-active metals due to altered binding by 

superoxide dismutase has been hypothesized in the initiation and development of ALS 

(Levenson, 2005; Smith and Lee, 2007). It has also been suggested that genetic 

susceptibility for ALS, associated with polymorphisms in the delta-aminolevulinic acid 

dehydratase gene, is affected by exposure to lead (Kamel et al., 2003). In fact, 

occupational exposure associated with elevated blood and bone levels of lead has been 

found to increase the risk of ALS 2-4 fold (Kamel et al., 2005; Oh et al., 2007).  

b. Metals Linked to PD 

PD has been linked with several metals including manganese, copper, iron, 

aluminum, and zinc. Post mortem studies of the PD brain uncovered iron and Al deposits 

in nigral Lewy bodies, decreased iron concentration in the globus pallidus, increased zinc 

concentration in the substantia nigra and striatum, and decreased levels of copper within 

the substantia nigra (Dexter et al., 1991). As previously mentioned, the presence of 
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reactive iron in the substantia nigra increases the production of reactive oxygen species 

through participation in Fenton chemistry. While Al does not participate in Fenton 

reactions, it has been shown to increase iron-catalyzed lipid peroxidation (Gutteridge et 

al., 1985). Iron found in the substantia nigra is often bound to neuromelanin, a brown 

granular substance produced in some dopaminergic neurons. Neuromelanin has been 

shown to have a protective effect by binding to reactive metals like iron and preventing 

iron induced production of reactive oxygen species (Zecca et al., 2008). However iron-

chelating sites on neuromelanin may become saturated with increased iron concentration 

in the substantia nigra (Enochs et al., 1994; Faucheux et al., 2003). Neuromelanin can 

also lose its integrity with increased oxidative stress causing the release of reactive iron 

from binding sites (Enochs et al., 1994). Thus, while iron may be attracted to chelating 

sites in dopamine neurons, saturation can result in elevated free iron in the substantia 

nigra increasing the production of oxygen radicals which can contribute to nigral cell 

death in PD.   

16. Manganese 

Industrial overexposure to manganese has also been implicated as a risk factor for 

PD due to the accumulation of manganese in the basal ganglia and its ability to produce a 

set of motor and psychological symptoms often difficult to distinguish from PD (Mena et 

al., 1980; Yamada et al., 1986; Calne et al., 1994; Spadoni et al., 2000; Normandin et al., 

2002). Manganese (Mn) is a heavy metal that is ubiquitous to soil and air, and is present 

in many foods (Pennington and Shoen, 1996; Aschner et al., 2006). One of eight 

nutritionally essential metals, manganese is a cofactor in a number of enzymatic reactions 

including phosphorylation, as well as cholesterol and fatty acid synthesis (Dobson et al., 
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2004). Manganese is a vital component of superoxide dismutase, which has antioxidant 

properties and serves as an endogenous defense mechanism against free radical induced 

damage.   As a transition metal manganese can exist in 11 oxidation states, the most 

common valence in biological systems being +2. The estimated safe and adequate daily 

intake level of manganese is 2 to 5 mg per day and is normally achieved by dietary intake 

of dark leafy vegetables like spinach, grains including rye and brown rice, fruits like 

blueberries and pineapple, nuts, tea and some spices (Pennington and Shoen, 1996; 

Aschner et al., 2006).  

Elements essential for normal cellular functioning can lead to both physiological 

and biochemical disruptions as a result of deficiency or excess exposure. Manganese 

deficiency in humans results from inadequate dietary intake and can cause impaired 

growth, seizures, skeletal abnormalities, disrupted reproductive function and birth defects 

(Aschner et al., 2006). Overexposure usually results from inhalation of fumes, aerosols, 

and particulate matter containing manganese. Significant sources of air manganese 

include combustion emissions from power plants, ferroalloy and steel production plants 

and welding flux (Lioy, 1983; Kaiser, 2003).  Recently, concerns about environmental 

manganese overexposure escalated due to new uses of manganese including the 

production of aluminum beverage cans, fungicides, fertilizers, dry-cell batteries and the 

“antiknock” additive in gasoline, methylcyclopentadienyl manganese tricarbonyl or 

MMT (Hudnell, 1999; Zayed, 2001; Bolte et al., 2004). Following combustion in engines 

MMT releases a mixture of manganese phosphates, oxides, and chlorides into the 

atmosphere. MMT has been used in Canada since 1976 and while it is approved for use 

in Argentina, Australia, Bulgaria, the United States, France, Russia, and New Zealand, 
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these countries do not use it extensively and are refraining from the use of MMT until 

strong evidence for the absence of health effects exists (Zayed, 2001). Whether there is a 

significant amount of manganese released into the atmosphere through automobile 

exhaust remains in question. However, when manganese released in exhaust is combined 

with industrial emissions of manganese there remains a chance that human exposure 

could exceed the inhalation reference concentration of 0.05 µg Mn/m3 set by the United 

States Environmental Protection Agency (Zayed et al., 1999).  

 Manganese overexposure can also occur through ingestion or total parenteral 

nutrition (TPN) (Takagi et al., 2001). Although some studies have reported manganese 

intoxication following the ingestion of well water contaminated with high levels of 

manganese, concern for overexposure due to ingestion is limited because the liver 

removes dietary manganese from circulation (Kondakis et al., 1989; Woolf et al., 2002).  

However, in patients with chronic liver disease serum levels of manganese are elevated 

and accumulation of manganese in the brain has been reported (Lucchini et al., 2000; 

Racette et al., 2005; Fabiani et al., 2007). There is also laboratory evidence of a decreased 

ability to eliminate Mn from the brain in older animals (Dorman et al., 2004).  TPN 

bypasses the metabolic pathways of the gut and therefore 100% of manganese found in 

TPN solutions enters the body (Kurkus et al., 1984). Manganese intoxications have been 

reported for TPN solutions containing 0.1 mg Mn/day, however withdrawal of TPN 

alleviates the symptoms (Bertinet et al., 2000). 

Inhalation of manganese yields an acute increase in respiratory illness, pulmonary 

edema, pulmonary fibrosis and lung cancer (Racette et al., 2001). Lung inflammation is 

typically a general response to inhaled particulates.  Significant neurological effects have 
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been observed following chronic inhalation of manganese. Brain absorption of 

manganese seems to depend largely on the solubility of manganese (Roels et al., 1997; 

Dorman et al., 2001; Normandin et al., 2004). Inhalation of the soluble Mn sulfate 

(MnSO4) and Mn phosphate (MnPO4) increased brain manganese content more than the 

insoluble Mn tetroxide (Mn3SO4) and the metal Mn (Dorman et al., 2001; Normandin et 

al., 2004).  Studies investigating the transport of manganese into the brain identified 

cerebral capillaries, cerebrospinal fluid, and the olfactory nerve as potential sites of 

import, while the divalent-metal transporter (DMT-1) and the plasma iron-carrying 

protein transferrin are the most likely transporters of manganese (Rabin et al., 1993; 

Aschner et al., 1999; Brenneman et al., 2000).  Inhalation studies in rats showed an 

increase in brain Mn concentration following absorption into the blood stream and direct 

transport to the central nervous system along the olfactory and trigeminal nerves 

(Dorman et al., 2002; Lewis et al., 2005).  Chronic exposure results in brain accumulation 

of Mn primarily in the globus pallidus of the basal ganglia (Eriksson et al., 1992; Kafritsa 

et al., 1998; Aschner et al., 1999). Within the basal ganglia, the globus pallidus extends 

projections to the subthalamic nucleus, which sends axons to the substantia nigra, the 

primary target of experimental and idiopathic PD (Bolam et al., 2000).  Therefore, 

manganese overexposure can potentially interfere with the operation of the integrated 

circuitry of the basal ganglia, resulting in PD-like motor disturbances. Furthermore, by 

virtue of potential downstream effects on neurons in the substantia nigra, manganese is an 

excellent candidate for a chemical that may facilitate the onset or severity of PD.  
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a. Molecular Mechanisms of Manganese Toxicity  

As previously mentioned, postulated mechanisms of parkinson pathology include 

the disruption of mitochondrial energy production and the formation of highly reactive 

oxygen species (ROS) such as hydrogen peroxides (H2O2) that cause cellular damage and 

could lead to cell death (Jenner and Olanow, 1998). The molecular mechanism of 

manganese toxicity remains unknown, however there is mounting evidence suggesting 

that oxidative stress and mitochondrial dysfunction play a major role in the Mn-induced 

degenerative process within the basal ganglia (Galvani et al., 1995; Witholt et al., 2000; 

Kitazawa et al., 2002). Mitochondria are the primary location of Mn in the cell (Maynard 

and Cotzias, 1954). Mn accumulates in the mitochondria as a result of mechanisms in the 

organelle that favor influx over efflux (Gavin et al., 1999; HaMai and Bondy, 2004). 

Galvani et al. (1995) reported inhibition of complex I of the electron transport chain after 

treatment of PC12 cell cultures with MnCl2. While Gavin et al. (1999) reported that only 

high manganese concentrations in the mitochondria can inhibit complex I of the electron 

transport chain. Interference in mitochondrial respiration can lead to the overproduction 

of ROS. As described earlier, excess ROS can cause lipid peroxidation of membranes and 

lead to cell death. Several studies found that while the divalent form of Mn is the 

predominant species within cells, the trivalent form is a more potent inhibitor of complex 

I (Archibald and Tyree, 1987; Ali et al., 1995; Chen et al., 2001). An in vitro study found 

that exposure of dopamine cells to MMT resulted in a rapid increase of ROS, which was 

followed by mitochondrial induced apoptosis (Kitazawa et al., 2002; Anantharam et al., 

2002). Also, MnCl2 and MnPO4 have been found to have an oxidizing effect on DA and 

DOPAC in the absence of tissue in vitro, suggesting a direct interaction between Mn and 
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DA/DOPAC (Sistrunk et al., 2007). Thus while the mechanism of Mn toxicity remains 

unknown, laboratory evidence indicates that processes of DA cell death similar to those 

responsible for DA degeneration in PD including mitochondrial dysfunction and 

oxidative stress could result from accumulation of Mn within the basal ganglia.   

b. Manganism 

Manganese poisoning produces a syndrome, termed “manganism” with clinical 

signs that are similar to PD (Aschner et al., 1999; Olanow, 2004). Manganism results in 

both extrapyrimidal symptoms including rigidity, bradykinesia, postural instability, gait 

dysfunction, and dystonia, and neuropyschiatric symptoms, including emotional 

instability, hallucinations, and compulsive behavior (Huang et al., 1993; Pal et al., 1999; 

Dobson et al., 2004).  As described earlier, PD is characterized clinically by extreme 

rigidity, bradykinesia, resting tremor, asymmetrical onset, and response to levodopa, 

while the pathological hallmarks of PD are degeneration of dopamine neurons in the 

substantia nigra and the accumulation of intracellular inclusions or Lewy bodies. 

Although they share similar symptoms like extreme rigidity and bradykinesia the clinical 

picture of manganism differs slightly from PD. Unlike PD, in manganism asymmetry 

resting tremor and response to levodopa are rare (Olanow, 2004). Also manganism 

reported in welders has an earlier age of onset (40 years old), than sporadic PD (60 years 

old) (Ellingsen et al., 2008).  MRI investigation of manganese exposed individuals 

showed hyperintense signals in the striato-pallidal region of the BG and not the substantia 

nigra, normally affected in idiopathic PD (Lucchini et al., 2000). Because manganese 

accumulates in regions downstream from the nigrostriatal tract, striatal neurons 

containing dopamine receptors could be damaged. This would prevent a good response to 
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dopamine produced through treatment with levodopa. The accumulation of manganese in 

the globus pallidus can also induce prolonged muscle contractions called dystonia, a 

distinct behavior related specifically to pallidal damage not often seen in PD (Calne et al., 

1994).  A cohort of patients who developed gait abnormalities, bradykinesia and dystonia 

following occupational exposure in a managanese smelting plant in Taiwan showed no 

benefit from levodopa therapy and unlike PD patients, had normal striatal flouradopa 

uptake during PET studies (Huang et al., 1989, 1993; Wolters et al., 1989). In addition 

several studies of manganese intoxicated rhesus monkeys showed the primates developed 

a parkinsonism represented by gait dysfunction, bradykinesia, rigidity, and dystonia 

(Mella, 1924; Eriksson et al., 1987; Olanow et al., 1996). Primates showed no response to 

levodopa, and while MRI showed deposition of manganese in the striatum and globus 

pallidus, postmortem dopamine levels were normal, indicating a preservation of the 

nigrostriatal tract (Olanow et al., 1996).  However, this does not mean that Mn 

intoxication cannot serve as a risk for PD, since the basal ganglia has such an intricate 

circuitry, damage to the globus pallidus could initiate or exacerbate imbalances 

manifesting as motor deficits linked to PD.  

Some epidemiological studies have linked manganese exposure to an increased 

incidence of PD (Gorell et al., 1997, 1999; Racette et al., 2001, 2005; Finkelstein and 

Jerrett, 2007).  A recent study in Canada compared the diagnosis and treatment of PD in a 

cohort of 110,000 subjects with markers of exposure to vehicle exhaust. The correlation 

included location near a major city or highway and amount of ambient NO2. Industrial 

emissions of manganese related to location near a steel manufacturer and amount of 

ambient Mn found that the incidence of PD increased with each 10 ng/m3 increase in 
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ambient manganese concentration (Finkelstein and Jerrett, 2007). Community based 

studies in Norway and northern Italy looking at the prevalence rates of PD in regions 

surrounding ferro-manganese plants found rates of 246 and 400 per 100,000, respectively 

(Zatta et al., 2003). These rates appear to be high when compared to prevalence rates of 

idiopathic PD within Europe: 115 per 100,00 in Sweden, 168 per 100,000 in Italy, 121 

per 100,000 in France, and 128 per 100,000 in the United Kingdom (Zatta et al., 2003; 

von Campenhausen et al., 2005). In a population based case- control study, Gorrell et al. 

(1999) found a significant association of PD with more than 20 years of occupational 

contact to manganese. In a study comparing the frequency of clinical symptoms in 15 

patients with welding-related parkinsonism, presumably resulting from exposure to fumes 

containing high concentrations of manganese, to 100 patients diagnosed with idiopathic 

PD, Racette et al. (2001) reported several findings that link exposure to manganese 

during welding to an increased risk of PD. First, there was no difference in frequency of 

symptoms including tremor, bradykinesia, asymmetric onset, or postural instability, 

between patients with idiopathic PD and welding-related parkinsonism.  In addition, 

unlike in patients diagnosed with “manganism”, patients in this study responded to 

treatment with levodopa and PET images displayed a reduction in striatal fluoradopa 

uptake typical of idiopathic PD (Racette et al., 2001; Calne et al., 1994). Finally, the only 

distinguishing factor in welders was the early onset (46 yrs.) of symptoms compared to 

those with idiopathic PD (63 yrs.) (Racette et al., 2001). A later analysis of parkinsonism 

in welders from Alabama revealed a greater prevalence of PD in welders than the general 

population (Racette et al., 2005). Together these findings suggest that both occupational 

over-exposure to manganese and exposure to industrial manganese emissions can be an 
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environmental risk factor in the development of idiopathic PD. However, results from 

these studies are by no means equivocal. Several studies found no correlation of 

occupational Mn exposure with the development of PD (Seidler et al., 1996; Park et al., 

2006; Fored et al., 2006).  

c. Potential Mechanisms For Manganese-Induced Facilitation of PD 

Because manganese accumulates largely in the basal ganglia when compared to 

other brain regions it has been hypothesized that overexposure to Mn could be a risk 

factor for the development of PD or could exacerbate preexisting cases of PD.  While 

manganese targets the globus pallidus and PD targets the nigrostriatal tract, these basal 

ganglia foci are synaptically integrated in a way that suggests a possible synergistic 

influence of manganese neurotoxicity on idiopathic PD (Bolam et al., 2000). As stated 

before, the globus pallidus extends projections to the subthalamic nucleus, which sends 

axons to the substantia nigra, the primary target of experimental and idiopathic PD (Joel 

and Weiner et al., 1997; Bolam et al., 2000). The globus pallidus is rich in neurons that 

release the inhibitory neurotransmitter GABA (gamma-aminobutyric acid). Thus pallidal 

GABA projection neurons normally inhibit the subthalamic nucleus. The subthalamic 

nucleus (STN) contains neurons that release the excitatory neurotransmitter glutamate. 

Glutamate projection neurons from the STN normally excite the substantia nigra.  

Disrupted glutamtergic and GABergic function can cause a disturbance in striatal 

dopamine metabolism (Castro and Zigmond, 2001). Thus manganese can indirectly affect 

nigrostriatal dopamine release through the induction of abnormal levels of GABA and 

glutamate within the basal ganglia. While in vivo analysis show that GABAergic systems 

in the basal ganglia are affected by manganese accumulation in the brain, the direction of 
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change (increase or decrease) clearly depends on the exposure dose and length of 

exposure time. For example, one study found rats exposed to 6 mg/kg Mn per day had a 

significant decrease in GABA concentration, while a later study found rats exposed to 20 

mg/kg Mn per day had increased GABA concentration (Lai et al., 1984; Lipe et al., 

1999). Lipe et al. (1999) also found manganese exposure can increase the presence of 

extracellular glutamate. Manganese has also been found to have an effect on the 

clearance of excess glutamate.  Glutamate is normally removed from the synapse by 

astrocytes via the glutamate: aspartate transporter (GLAST), however manganese 

exposure has been found to decrease astrocytic glutamate uptake (Normandin and Hazell, 

2002). Over time an increase in extracellular glutamate can lead to excitotoxicity of target 

neurons. This can lead to neuronal cell death caused by prolonged excitation of glutamate 

receptors and sustained increase of intracellular calcium levels in the postsynaptic DA 

cell (Doble, 1999). In the substantia nigra glutamate binds to in N-methyl-D-aspartate 

(NMDA) glutamate receptors located on dopamine neurons and because overstimulation 

of NMDA receptors could induce excitotoxic damage, a Mn-induced increase in 

glutamate can compromise dopamine neurons within the substantia nigra (Ravenscroft 

and Brotchie, 2000).  

Initial insult to the globus pallidus by Mn may decrease inhibitory GABA input to 

the subthalamic nucleus, which would lead to dysinhibition of STN glutamatergic output 

to the substantia nigra thereby deregulating dopamine output to the striatum (Erikson and 

Aschner, 2003). Thus like PD, manganese neurotoxicity has the potential to damage 

nigral dopamine neurons. Animal studies suggest that exposure to manganese is followed 

by nigrostriatal dopamine system dysfunction (Bird et al., 1984; Erikson et al., 1992; 
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Guilarte et al., 2006; Chen et al., 2006). Subtle motor deficits were associated with a 

decrease in striatal dopamine release following chronic manganese exposure in the non-

human primate (Bird et al., 1984, Gulliarte et al., 2006). Chen et al. (2006) found that 

acute administration of manganese in the primate was followed by an initial increase in 

dopamine transporter protein (DAT), while single photon emission computed 

tomography (SPECT) studies in humans exposed to chronic manganese show a slight 

decrease in DAT levels (Huang et al., 2003).  Changes in dopamine receptor 

concentrations have also been reported in the striatum of animals exposed to manganese. 

Erickson et al. (1992) reported a decrease in striatal D1 receptor, while others found a 

significant decrease in D2 receptors following exposure to manganese (Seth and Chandra, 

1984).  Together these findings illustrate the ability of manganese, like PD, to induce 

dysfunction in the striatal dopamine pathway.  

Because the basal ganglia share neuronal connections with another dopaminergic 

pathway, the dopaminergic mesocortical pathway, manganese-induced disinhibition of 

glutamate STN neurons outlined above could alter DA neurons in the mesocortical 

pathway by way of a di-synaptic connection. The glutamatergic projections from the STN 

synapse with the pedunculopontine nucleus (PPN) of the pons which sends glutamatergic 

projections to synapse with DA neurons in the ventral tegmental area (VTA) (Charara et 

al., 1996; Breit et al., 2001). The DA neurons of the VTA also contain NMDA glutamate 

receptors and are therefore susceptible to excitotoxicity following the overstimulation of 

the STN that may follow manganese-induced damage to the globus pallidus (Meltzer et 

al., 1997; Rodriguez et al., 2000).  
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A manganese induced increase in glutamate, which could result in over-

stimulation of DA neurons within the substania nigra and VTA, may not lead to 

excitotoxicity on its own. However, in PD, there is evidence that glutamatergic STN 

neurons and PPN neurons are already overactive (Bezard et al., 1999).  In fact lesioning 

of the STN in the primate model of PD curbed all major motor deficits (Bergman et al., 

1990).  Research is also being done on the effects of lesioning the PPN in the primate 

model of PD, which has proven to decrease the overactivity of the STN (Breit et al., 

2005). Thus, because overactivity of the STN is a symptom of PD, manganese induced 

hyperactivity of the STN in addition to that induced by PD could lead to excitotoxic 

degeneration of dopamine neurons (Rodriguez et al., 1998). Mn neurotoxicity could act 

synergistically in PD to reduce the threshold for, or increase the severity of, degeneration 

in the mesocortical and nigrostriatal pathways, thereby producing differential expression 

of cognitive and motor sequale.  The current project addresses Mn modulation of the 

mesocortical DA system and associated cognitive behavior, as well as Mn modulation of 

the nigrostriatal DA system in the MPTP mouse model of PD.  

17. Manganese and MPTP 

Both Mn and MPTP are basal ganglia neurotoxins that can elicit clinical 

symptoms similar to those seen in patients with PD. In addition, Mn and MPTP are 

thought to induce neuronal damage through similar molecular mechanisms including 

interference with the mitochondrial transport chain and overproduction of ROS (Galvani 

et al., 1995; Robinson, 1998; Witholt et al., 2000; Antharam et al., 2002; Przedborski and 

Vila, 2003). Because Mn and MPTP are both basal ganglia neurotoxins it is possible that 

exposure to both toxins could elicit potential additive or synergistic effects on toxicity in 
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the basal ganglia.  Manganese targets the globus pallidus while MPTP induced PD targets 

the nigrostriatal tract. As described earlier, the globus pallidus extends projections to the 

subthalamic nucleus, which sends axons to the substantia nigra, the dopaminergic 

neurons of which are the primary target of MPTP (Bolam et al., 2000; Schapira, 2006). 

By virtue of this circuitry; Mn accumulation could facilitate MPTP induced damage 

within the nigrostriatal tract.   

Several studies by Baek et al. (2003; 2007) examined whether Mn could alter the 

effects of MPTP toxicity in C57BL/6 mouse. Following intraperiteal (i.p.) injection of 2 

mg/kg (low dose) or 8 mg/kg (high dose) MnCl2 for 21 days, 8 -10 week old mice were 

given MPTP i.p. 30 mg/kg for 5 days. There was no significant brain accumulation of 

MnCl2 following the low dose (2 mg/kg), however at the high dose (8 mg/kg) Mn 

significantly accumulated in the striatum.  Mn did not significantly alter the effect of 

MPTP on DA or DA metabolite concentration or tyrosine hydroxylase staining in the 

striatum. The dose of MPTP used in this study was rather high (30 mg/kg for 5 days). 

Subcutaneous injection of MPTP (2 x 40 mg/kg) in adult C57BL/6 mice resulted in an 

80% reduction in striatal DA lasting for up to 4 weeks (Sundstrom et al., 1990). With 

such a large DA deficit it may be difficult to detect synergism between Mn and MPTP in 

the striatum. Also because there was no accumulation of Mn in the striatum with low 

dose MnCl2, the chances of Mn altering MPTP induced toxicity are greatly decreased. 

This is supported by the finding that low dose Mn alone did not alter the concentration of 

glial fibrillary acidic protein (GFAP) in the striatum, however high dose Mn did 

significantly increase GFAP staining in striatal tissue. These studies did not look at the 

effect of Mn and MPTP on motor behavior 
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The basal ganglia, established as an important mediator of motor behavior, is di-

synaptically linked to the mesocortical dopaminergic pathway, which is associated with 

cognitive function (Percheron et al., 1984; Bolam et al., 2000; Nieoullon, 2002). Damage 

to the mesocortical dopaminergic pathway can result from MPTP-induced parkinsonism 

(Rinne et al., 1989; Stern et al., 1990; Langston, 1999). Because manganese’s target, the 

globus pallidus, is synaptically linked to both the nigrostriatal and mesocortical 

dopaminergic pathways through potentially excitotoxic glutamate-containing neurons, it 

is possible for manganese to be an environmental toxicant responsible for facilitating PD 

or MPTP-induced damage to both the aforementioned dopaminergic pathways. 

The experiments described in Chapters 3 through 6 of this dissertation examined 

manganese induced neurotoxicity and its potential to facilitate degeneration of 

dopaminergic neurons in the MPTP-treated C57BL/6 mouse model of PD.  

a. Hypothesis II: The heavy metal manganese can facilitate MPTP toxicity in a 

mouse model of PD. 

Specific questions posed by this series of Experiments (2A & 2B) included:  

1) Does Mn accumulate in nigrostriatal pathway of the C57BL/6 mouse when 

administered via subcutaneous injection at different dose levels and dose 

regimens?  

2) Does manganese exposure induce changes in dopamine and DOPAC levels in 

striatal tissue of the C57BL/6 mouse?  

3) Are there observable motor deficits following exposure to Mn in the C57BL/6 

mouse?  
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4) Does Mn facilitate nigrostriatal dopamine neurotoxicity produced by MPTP in 

the C57BL/6 mouse?  

b. Hypothesis III: Mn can differentially modulate MPTP toxcicity in the 

nigrostriatal vs. the mesocortical dopaminergic pathway and in motor vs. 

cognitive behavior. 

Specific questions posed by this series of Experiments (2C & 2D) included:  

1) Does Mn accumulate in the dopaminergic mesocortical pathway of the 

C57BL/6 mouse when administered via subcutaneous injection at different dose 

levels?  

2) Does Mn alter dopamine concentration, dopamine transporter protein levels, or 

α-synuclein, a marker for Lewy bodies, in the mesocortical pathway?  

3) Are there observable cognitive deficits following exposure to Mn in the 

C57BL/6 mouse?  

4) Can manganese differentially modulate MPTP toxicity in the nigrostriatal vs. 

mesocortical pathway?  

The series of experiments incorporated Inductively Coupled Plasma (ICP), High 

Performance Liquid Chromotography (HPLC), western blot protein analysis, and 

cognitive and motor behavioral measures to address the variable relationship between 

motor and cognitive symptomology observed within PD and across Lewy body disorders. 

ICP was used to determine the dose of MnCl2 needed to produce a significant increase in 

brain manganese content in the C57BL/6 mouse. HPLC was used to assess potential 

manganese-facilitated changes in dopamine and its DOPAC metabolite in the striatum 

and frontal cortex of the MPTP treated C57BL/6 mouse.  Western blots were used for 

81 
 



 

dopamine transporter to assess subtle alterations of dopaminergic function and α-

synuclein protein to evaluate changes in Lewy-body associated material in the cortex. 

These endpoints were used as a measure of subtle changes in the mesocortical pathway. 

Motor behavior testing in this experiment included horizontal and vertical movement in 

an open-field arena, swimming time to a visible platform, and measures of grip force.  

Cognitive testing consisted of the Barnes maze test of spatial learning. These motor and 

cognitive analyses assessed potential clinical correlates of relative damage to the 

nigrostriatal and mesocortical dopaminergic pathways and addressed the possibility that 

manganese exacerbates motor and cognitive clinical endpoints without significantly 

altering MPTP-induced degeneration. 
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Introduction. Figure 1. Diagram of the Basal Ganglia. 
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The nuclei of the BG include the Striatum (STR), Globus Pallidus (GP), Subthalamic 
Nucleus (STN), and Substantia Nigra (SN). BG nuclei receive inputs from the cortex and 
send outputs to the thalamus which relays information back to the cortex. The direct and 
indirect pathways are influenced by SN dopaminergic neurons. In sporadic and MPTP-
induced PD, the loss of SN dopaminergic input to the STR results in increased inhibition 
of the thalamocortical pathway, contributing to the poverty and slowness of movement 
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Introduction. Figure 2. Diagram of the Basal Ganglia and Mesocortical Pathway. 
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The BG is di-synaptically linked to the mesocortical pathway. Glu projections 
from the Subthalamic Nucleus (STN) synapse with the Pedunculopontine Nucleus 
(PPN) of the pons which sends Glu projections to DA neurons in the Ventral 
Tegmental Area (VTA). By virtue of this circuitry Mn accumulation in the 
Globus Pallidus (GP) could facilitate MPTP-induced damage in both the 
nigrostriatal and mesocortical dopaminergic pathways by decreasing GABA 
inhibition of the STN. 
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Chapter 2: 

Influence of Synthetic Insecticides on MPTP-Induced Neurotoxicity 

Experiment 1A, 1B, and 1C: Effects of the pyrethroid insecticide permethrin (200 

mg/kg) (Experiment 1A), chlorpyrifos (50 mg/kg) (Experiment 1B), and combined 

permethrin and chlorpyrifos (Experiment 1C) upon MPTP-induced 

immunohistochemical changes in the nigrostriatal pathway of the C57BL/6 mouse.  

 

A. Experiment 1A, 1B, and 1C: Justification and experimental objectives 

Insecticides are exogenous compounds that can target the nervous system and 

several epidemiological studies support a connection between insecticide exposure and 

PD (Gorell et al., 1998; Priyadarshi et al., 2001; Baldi et al., 2003). Many experimental 

studies have shown that certain insecticides are capable of damaging or physiologically 

disrupting the dopaminergic nigrostriatal pathway of the basal ganglia, the principal 

target of PD (Karen et al., 2001; Bloomquist et al., 2002; McCormack et al., 2002; Sherer 

et al., 2003; Karanth et al., 2006; Mubarak Hossain et al., 2006). As outlined in the 

Introduction, both the pyrethroid, permethrin, and the organophosphate, chlorpyrifos, are 

capable of altering striatal dopamine metabolism, as well as mechanisms of dopamine 

signaling inactivation at nigrostriatal synapses.  Such alterations of dopamine metabolism 

are thought to potentiate free radical-induced insult to dopaminergic nigrostriatal 

neurons. There is also evidence that both of these compounds can reduce normal 

mitochondrial function (Karen et al., 2001). Permethrin has also been found to induce 

glial responses indicative of tissue insult in the striatum (Pittman et al., 2003).  Therefore, 

although neither permethrin nor chlorpyrifos appears to produce frank degeneration of 
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dopaminergic nigrostriatal neurons, they can induce changes that have been linked with 

Parkinson’s-like damage. This, in addition to the equivocal nature of the literature linking 

pesticide exposure with PD, warrants examination of whether permethrin or chlorpyrifos, 

either alone or together, could potentiate dopaminergic nigrostriatal degeneration in a 

common model of PD, the MPTP-treated C57BL/6 mouse.  

Three experiments were designed to examine whether MPTP-induced 

dopaminergic nigrostriatal damage in the C57BL/6 mouse can be modulated by: 1) 

permethrin (200 mg/kg) (Experiment 1A), 2) chlorpyrifos (50 mg/kg) (Experiment 1B), 

or 3) combined permethrin and chlorpyrifos (Experiment 1C). Immunostaining for the 

dopamine synthesizing-enzyme tyrosine hydroxylase (TH) was used to examine the 

density of the DA terminals within the caudate nucleus of the striatum and glial fibrillary 

acidic protein (GFAP) immunostaining was used to assess the glial response in this 

region.  

B. Experiment 1A, 1B, and 1C: Materials & Methods 

 1. Animals and Chemicals 

Sixty-four retired breeder C57BL/6 male mice were obtained from Harlan 

Sprague-Dawley (Dublin, VA, USA) for each of the three experiments.  All mice were 7-

9 months of age at the time of the experiment. For all experiments, mice were housed 

singly in a humidity and temperature controlled environment and provided free access to 

food and water.  The mice were on a 12-hour light/ dark cycle where lights were on from 

6am to 6pm daily. Mice were weighed immediately prior to every injection. The range of 

weights before dosing on Day 1 was between 30 – 48 grams. 
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A 96.6% pure permethrin (PM) mixture of 24.8% cis and 71.8% trans isomers, 

(Sigma-Aldrich, St. Louis, MO, USA) was delivered in triethyleneglycol vehicle (Sigma-

Aldrich, St. Louis, MO, USA) for the PM alone and the combined PM and CPF 

experiments. Chlorpyrifos, 99.5% pure (ChemService, West Chester, PA, USA) was 

delivered in corn oil vehicle for the CPF alone and the combined PM and CPF 

experiments. MPTP hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was delivered 

in physiological saline for all three experiments. For dosing a 30% solution of PM, a 3% 

solution of CPF, and a 4.5% solution of MPTP were prepared daily. Injection volume of 

each solution was determined for a single mouse by multiplying mouse weight in 

kilograms by the desired 200 mg/kg PM dose, 50 mg/kg CPF dose, or 30 mg/kg MPTP 

dose and then solving for the amount in microliters needed from the solution to equal that 

dose. The average intraperitoneal (i.p.) injection volume (PM & MPTP) was 20 μl and 

was delivered using a ½ inch X 27 gauge needle attached to a 100 μl syringe (Hamilton, 

Reno, NV, USA). The average subcutaneous (s.c.) injection volume (CPF) was 60 μl and 

was delivered in the scruff of the neck using a ½ inch X 27 gauge needle attached to a 

100 μl syringe (Hamilton, Reno, NV, USA). 

Stock solutions used for perfusions included: 1) PBS (pH 7.4), 0.05 M phosphate 

buffered saline; 2) Low pH fix (pH 7.0), 4% paraformaldehyde in 0.1 M phosphate 

buffer; 3) High pH fix (pH 10.5), 4% paraformaldehyde in 0.1 M phosphate buffer; and 

4) 10% sucrose in PBS.  All chemicals used in the preparation of these solutions were 

purchased from Sigma-Aldrich, St. Louis, MO, USA.  

Immunohistostaining was completed using commercially available tyrosine 

hydroxylase (TH) antibody (Pel-Freez, Rogers, AR, USA) and glial fibrillary acidic 
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protein (GFAP) antibody (Chemicon International, Inc., Temecula, CA, USA). Normal 

goat serum, biotinylated secondary antibody solutions and avidin-biotin complex were all 

purchased from Vector Laboratories (Burlingham, CA). Chemicals used in the 

preparation of slides including diaminobenzidine (DAB), ethyl alcohol, xylene, and 

permount were all purchased from Sigma-Aldrich, St. Louis, MO, USA. 

2. Treatment Groups 

Each experiment was a 2 (MPTP dose level) X 2 (insecticide dose level) factorial 

design (Experiment 1.Table1).  The four treatment groups were vehicle control, 

insecticide, MPTP and MPTP + insecticide. Each of these groups contained 16 mice  

Treatments were allocated over a sixteen-day period consisting of a single i.p. injection 

of MPTP (30 mg/kg) or saline on day 1 followed by 3 of insecticide or vehicle on days 2, 

9, and 16 (Experiment 1. Figure 1). Mice were sacrificed 24 hours following final 

injection on Day 17.  On the days of insecticide dosing, mice in Experiment 1C (the 

combined PM and CPF treatment), received the s.c. injection of CPF or vehicle 30 

minutes prior to i.p. injection of PM or vehicle.  

 

Experiment 1. Table1. 2 (MPTP dose level) X 2 (insecticide dose level) factorial design 

                       Insecticide Dose Level 
 

 

 0 mg/kg Insecticide 
Vehicle 

200 mg/kg PE,  
50 mg/kg CPF, or 
Both PE & CPF 

0 mg/kg MPTP 
(saline vehicle) 

N = 16  N = 16 

30 mg/kg MPTP N = 16 N = 16 

M
PT

P 
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Following assignment to treatment groups, mice from each treatment group were 

randomly assigned to sixteen cases. A single case consisted of four mice: one from each 

treatment group (Vehicle Control; Insecticide alone; MPTP alone; MPTP + Insecticide).  

Two cases were assigned to four experimental blocks to allow for tissue processing 

within a timely fashion on each processing day and to reduce systematic residual 

variation between treatment groups. Thus each experimental block consisted of 8 mice (2 

from each treatment). Mice in each separate block were dosed, sacrificed, and processed 

for immunohistochemical analysis on the same days. Brain tissue from mice in a single 

case was placed onto the same slide for concurrent immunohistochemical processing.  

Two cases were processed on a given day and this was done two times per week for a 

total of 4 weeks. The maximal temporal separation between first and last treatment blocks 

was 3 weeks. Each of the three experiments followed the same procedures.  

3. Tissue Preparation  

On the day of sacrifice, mice were deeply anesthetized with sodium pentobarbital 

(0.1 ml of 50 mg/ml in 0.5 ml of physiological saline) i.p. and perfused transcardially 

using a ministaltic Monostat pump to ensure constant flow rate. Perfusion began with 

30ml phosphate buffered saline (PBS) (0.05 M, pH 7.4 room temp.) pre wash, 

immediately followed by 80 ml of low pH fixative (pH  7,  4% paraformaldehyde in 0.1 

M phosphate buffer). The pump was stopped for 5 minutes before fixation with 80 ml of 

high pH fixative (pH 10.5, 4% paraformaldehyde in 0.1 M phosphate buffer). Following 

the perfusion, the head was severed from the spine so that the brain could be removed by 

carefully chipping away the hard outer covering starting at the base of the skull moving 

rostrally until the whole brain could be removed and stored in 10 ml high pH fixative. 
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After four hours, high pH fix was rinsed from the vial and the brain was washed 3 times 

at 30 minutes each with PBS. The brain was then cryoprotected with 10 ml of 10% 

sucrose (in PBS) at 4°C for 18 hrs. All stock solutions used in the perfusion were 

prepared the day prior to tissue preparation and refrigerated overnight at 4°C. 

4. Tissue Sectioning 

A tissue block containing the striatum was prepared for coronal sectioning by 

cutting with a razorblade at the caudal most portion of the olfactory bulb and the rostral 

most portion of the cerebellum. A notch was placed rostro-caudally on the right side of 

the brain, adjacent to the midline for purposes of orientation. The brain was rapidly 

frozen on a cryostat stage immersed in a 95% isopropyl alcohol dry ice mixture and 

placed in a cryostat at -20°C.  Once in the cryostat, the brain was coated with O.C.T, a 

formulation of water-soluble glycols and resins, providing a convenient specimen matrix 

for cryostat sectioning at temperatures of -10°C and below (Tissue-Tek, Miles Inc., 

Elkhart, IN, USA). After solidification of O.C.T, 16 μM coronal sections through the 

striatum were cut onto 0.5% gelatin coated slides. 

The appearance of the lateral ventricles (approximately 1.94 mm rostral to 

bregma), which could be microscopically identified in unstained tissue sections, was used 

as an indicator of the rostral-most tip of the caudate putamen according to the mouse 

brain atlas of Franklin and Paxinos (1997), Sections were then collected at 1410 µm and 

2820 µm caudal to this landmark corresponding to approximately 1/3 (location 1) and 2/3 

(location 2) of the total length of the caudate putamen (Experiment 1. Figure 2). Six 

consecutive sections were collected from both Location 1 and Location 2 and placed on 

12 separate 0.5% gelatin coated slides.  This process was repeated for the second, third, 
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and fourth brains in a case. At the completion of one case, a single slide contained 4 

sections of topographically corresponding brain tissue from one mouse of each treatment 

group within the experiment (vehicle control, Insecticide alone, MPTP alone, and MPTP 

+ Insecticide). Those 4 mice had been treated and sacrificed on identical days, their 

brains sectioned on identical days and their brain tissue subjected to identical 

immunohistochemical processing.  The position of each of the four striatal sections on the 

slide was predetermined and this location remained the same throughout a single case. 

The slide positions for the different treatment groups were counter balanced across cases, 

as well as the order in which the brains were cut.   

5. Immunohistochemical Staining for TH and GFAP 

The three best slides from the set of six for both location 1 and 2 were chosen for 

staining: one for anti-TH treatment, one for anti-GFAP treatment, and one for omission 

control. The most rostral acceptable slide was chosen for TH, the next most rostral for 

omission control, and the third most rostral for GFAP. The omission control slide from 

location 1 was always run through the staining procedure with TH slides, while the 

omission control slide from location 2 was always run through the staining procedure 

with the GFAP slides. Two cases were processed together during each 

immunohistochemistry session.  

The immunohistochemical staining procedures were performed directly on the 

slides according to minor modification of methods previously outlined by (Klein and 

Blaker, 1990; Klein et al., 1992; Misra and Klein, 1995; Pittman et al., 2003). Each 

antiserum used in this study has been widely used and was available commercially. The 

polyclonal TH antibody (1:400; Pel-Freez, Rogers, AR, USA) was diluted with 1% 
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normal goat serum in PBS containing 0.15% Triton-X-100 and the polyclonal GFAP 

antibody (1:3000; Chemicon International, Inc., Temecula, CA, USA) was diluted with 

the same diluent but containing 0.10% Triton-X-100. The respective diluents alone were 

used to treat omission control slides for the TH and GFAP antibodies.  

At the start of the immunohistochemical procedure, a circle was drawn around 

each tissue section with a hydrophobic marker, “PAP” pen (Research products, Mount 

Prospect, IL, USA) to maximize the containment of incubation solutions placed on 

sections. Slides were gently rinsed with PBS and washed for 10 minutes in PBS filled 

Coplin jars on a shaker table (∼0.5 RPM) separated according to stain: TH or GFAP. 

Following the PBS bath, slides were carefully dried with Kimwipes and put in a humidity 

chamber for a 20 minute incubation in blocking serum, 10% normal goat serum in PBS 

containing either 0.15% Triton-X-100 (in preparation for anti-TH) or 0.10% Triton-X-

100 (in preparation of anti-GFAP). All incubation solutions were applied with a pipette, 

careful not to touch the section while assuring full coverage of the section with solution. 

Slides were again dried and incubated in TH antibody or GFAP antibody at the above 

noted concentrations overnight for 18-20 hours. The omission control sections were 

incubated in diluent only. At the end of primary antibody incubation slides were gently 

rinsed with PBS and placed in a PBS wash bath (3 times at 5 min each). After gentle 

drying of the slides, tissue was then processed by the avidin-biotin complex method using 

Vectastain Elite peroxidase kit (Vector Labs, Burlingame, CA, USA). This consisted of 

slides being incubated for 45 min in biotinylated goat anti-rabbit secondary antibody 

solution in 1% diluent with 0.15% Triton-X-100 (as prepared for anti-TH) or 0.10% 

Triton-X-100 (as prepared for anti-GFAP).  At the end of the biotinylated antibody 
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incubation, slides were rinsed and washed in a PBS wash bath (3 times at 5 min each). 

Next sections were incubated in 3% hydrogen peroxide in PBS for 10 minutes to prevent 

endogenous peroxidase activity.  Following another PBS wash bath (3 times at 5 min 

each) the sections were incubated for 45 minutes in an avidin-biotin peroxidase complex 

solution.  After this incubation, slides were washed again in PBS (3 times at 5 min each), 

before incubation with diaminobenzidine solution (0.005% diaminobenzidine and 66 μl 

hydrogen peroxide in PBS) for 10 minutes in coplin jars on a shaker table (∼5 RPM). The 

DAB/H2O2 incubation allowed for the visualization of immunoreactivity.  Finally, slides 

were washed again in PBS (3 times at 5 min each) before dehydration in a series of 5 

minute alcohol baths (70%, 80%, 95%, 100%) and one 5 minute clearing in xylene. 

Slides were then cover slipped with Permount for microscopic examination. 

6. Morphometeric location of fields for image analysis 

For each mouse in a given experiment the amount of immunoreactive neuropil 

was determined at each of the two rostrocaudal locations in the striatum from which 

cryostat sections were collected, 1410 μm (location 1) and 2820 μm (location 2) caudal to 

the rostral border of the caudate-putamen.  At each of these locations immunoreactive 

neuropil was quantified within four morphometrically specified striatal analysis fields 

(Experiment 1. Figure 2b).  Each field was 2400 μm2 for TH stained tissue and 15000 

μm2 for GFAP stained tissue.  The fields were distributed within the region previously 

demonstrated to be the principal target of the dopaminergic nigrostriatal pathway (Hu et 

al., 2004; Liss and Roeper, 2008).  These coordinate-based procedures helped to 

minimize spatial variation in the sampling of tissue across brains within a case and across 

cases within an experiment.  The amount of immunoreactive neuropil within an analysis 
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field was defined as the number of image pixels darker than or equal to a threshold 

grayscale value for labeling that was empirically determined from the tissue within each 

experiment (see below). Independent statistical analyses were performed on the data 

obtained from the two rostrocaudal locations sampled within each of the three separate 

experiments: 1A) MPTP + PM, 1B) MPTP + CPF, and 1C) MPTP + PM & CPF. 

Morphometric location of the four analysis fields was done on camera-lucida 

tracings of brain sections using a microscope.  On the drawing, the central point of the 

caudate-putamen was located using the dorsal, ventral, medial and lateral borders of the 

nucleus as references.  Points at 1/3 and 2/3 of the distance along the arc comprising the 

outer circumference of the nucleus were also located.  The points on the arc were 

connected by straight lines to the point at the center of the nucleus.  Along each of these 

two radii, marks were made at 1/4 and 1/2 the distance between the perimeter of the 

nucleus and the center point.  This yielded four marks designating the centers of the four 

fields that were digitally photographed for image analysis. A digital image of each of the 

four sampling fields for each section was captured using a Kodak DC290 camera 

attached to a Vanox microscope (100X objective) and Flashbus image capture software 

(Integral Tech Inc., Clovis, CA, USA).  

 Around the four fields numerous tissue landmarks were traced, such as unstained 

fiber bundles or imperfections, to aid in relocating these specific fields for photography.  

When unstained fiber bundles of passage, which normally permeate the striatum, fell 

within the measurement field designated for photography the position of the field was 

adjusted to incorporate the closest adjacent field of homogenous immunolabeling.  Thus, 

fields like those depicted in Figure 2B could vary by as much as 50 μm in any direction, 
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but all still remained within the dorsolateral quadrant of the caudate-putamen.  In all 

tissue sections stained with the GFAP antibody, in addition to the four striatal analysis 

fields photographed, an analysis field within the corpus callosum was photographed at 

the convergence of the mediolateral and dorsoventral callosal midpoints (Experiment 1. 

Figure 2B).  The callosal data were used to address whether any observed changes in 

GFAP labeling were part of a generalized nervous system response to insecticide 

treatments.  For each case, on the slide used as the TH antibody omission control, the 

four striatal fields were photographed only in the brain of the vehicle-treated mouse for 

comparison with the immediately adjacent TH immunostained section from that same 

mouse.  A similar strategy was used for the GFAP omission control except that 

comparison was made between immunostained and omission sections within the brain of 

the MPTP-treated mouse.  The level of GFAP immunopositive staining in this treatment 

was the most concordant with the TH immunopositive staining in the vehicle treated 

mice. 

7. Image analysis 

Threshold values for immunopositive labeling, as well as the number of image 

pixels equal to or darker than the threshold value, were determined with the aid of the 

“Histogram” function of Abobe Photoshop 6.0 (Adobe Systems, Inc., San Jose, CA, 

USA).  Digital images of a given size are comprised of a fixed array of loci called pixels. 

For any selected area of pixels from a digital photograph, the “Histogram” function can 

determine the mean grayscale value (0 to 255, where 0 is black and 255 is white) and the 

number of pixels that are darker than a specified grayscale value.  

134 
 



 

Within each experiment, the brains of the vehicle-treated mice from each case 

were used to compile a TH immunolabeling threshold, respectively, for rostrocaudal 

locations 1 and 2.  For each location, this was done by measuring a mean grayscale value 

of the pixels from within synaptic boutons visually judged as unambiguously labeled.  

The pixel means from two synaptic boutons were averaged within each of the four striatal 

analysis fields within each vehicle-treated brain and the grand mean was used as the 

threshold value.  Once these threshold grayscale values were established for locations 1 

and 2 within a given experiment, the histogram function was used to count the number of 

pixels darker than or equal to threshold in each of the four striatal analysis fields in every 

brain (treatment) of every case within that experiment.  These suprathreshold pixels will 

be referred to as “immunopositive.” 

The strategy for determining thresholds and counting immunopositive pixels in 

the striatum and corpus callosum of GFAP immunostained tissue was similar to that 

described above.  However, instead of using the vehicle-treated mouse brain from each 

case in the calculation of the threshold value, the selection of treatment condition was 

randomized across cases.  This was necessary given that little GFAP immunostaining is 

usually observed in the striatum of a normal mouse brain, which would result in limited 

samples from which to compile a viable threshold (Dervan et al., 2004; Himeda et al., 

2006).  The randomization was done separately at location 1 and location 2 for both 

striatum and corpus callosum. 

8. Statistical analysis 

 An individual data point for these three experiments was defined as the number of 

immunopositive pixels (TH or GFAP) that have a grayscale value equal to or darker than 
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the threshold.  The amount of immunoreactive neuropil in a given brain section was a 

mean, calculated from four fields, distributed within the dorsolateral portion of the 

striatum.  Within each experiment the rostral and caudal striatal locations were run as 

separate analyses for each tissue stain.  Separate rostral and caudal analyses were also 

performed for the corpus callosum data in the GFAP stained tissue.  For each experiment 

a 2 x 2 factorial design resulted in the following statistical model: 

 y =β0 + β1=block + β2=MPTP dose level + β3=Insecticide dose level + β4=MPTP x Insecticide + εi.   

(where y = a single observation, β = variation linked to controlled factors, ε = 

unexplained error)  

Initial scatterplots of residuals, the difference between the sample and the (observed) 

sample mean, were examined to assess the viability of the model used for analysis. 

Because the residuals did not adhere to the normal distribution, a log transformation was 

used on the data.  Therefore, all reported values are geometric means that have been 

back-transformed from their log values.  SAS (SAS Institute Inc., Cary, NC, USA) was 

used to perform a two-way ANOVA for each of these aforementioned analyses, looking 

at the main effect of pesticide, the main effect of MPTP and the pesticide/MPTP 

interaction.  The hypotheses tested were as follows: 

a. Experiment 1A 

Ho: μ 0 mg/kg MPTP = μ 30 mg/kg MPTP  

Ho: μ 0 mg/kg PM  = μ 200 mg/kg PM  

Ho: There is no interaction between MPTP and PM 

b. Experiment 1B 

Ho: μ 0 mg/kg MPTP = μ 30 mg/kg MPTP  
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Ho: μ 0 mg/kg CPF  = μ 50 mg/kg PM  

Ho: There is no interaction between MPTP and CPF 

 c. Experiment 1C 

Ho: μ 0 mg/kg MPTP = μ 30 mg/kg MPTP  

Ho: μ 0 mg/kg PM + 0 mg/kg CPF  = μ 200 mg/kg PM + 50 mg/kg CPF 

Ho: There is no interaction between MPTP and PM + CPF 

Within each experiment, matched pairs Student’s t-tests were used on the log transformed 

data to compare vehicle-treated, TH-stained brains at location 1 with immediately 

adjacent omission control sections, as well as to compare MPTP-treated, GFAP-stained 

brains from location 2 with their immediately adjacent omission control tissue. 

C. Experiment 1A, 1B, and 1C: Results 

1. Experiment 1A: Permethrin with MPTP 

a. TH staining 

At both the rostral and caudal striatal locations, there was a significant main effect 

decrease in TH immunostaining produced by MPTP (Experiment 1. Figure 3; Figures 4A, 

4B).  Using the geometric means from the log-transformed data, this decrease was 50.2% 

(df = 1,39; p = 0.035) at the rostral location and 66.6% (df = 1,37; p = 0.0003) at the 

caudal location in groups receiving MPTP compared with groups not receiving MPTP.  

However, there was no significant main effect of permethrin upon TH immunostaining, 

nor was there a significant interaction between the effects of permethrin and MPTP. 
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b. GFAP staining 

For GFAP, there was a significant main effect increase in immunostaining in 

groups treated with MPTP compared with groups not treated with MPTP, at both 

rostrocaudal locations in the striatum (Experiment 1. Figures 4C, 4D; Figures 5A, 5C1, 

5C2).  This increase was 6,017% (df = 1,42; p < 0.0001) at the rostral location and 

1,996% (df = 1,38; p < 0.0001) at the caudal location.  There was also a significant main 

effect increase in GFAP in the permethrin treated groups at both striatal locations 

(Experiment 1. Figures 4C, 4D; Figures 5A, 5B).  The increase was 90.8% (df = 1,42; p = 

0.03) at the rostral location and 120.9% (df = 1,38; p = 0.03) at the caudal location.  

There was no significant interaction between the effects of permethrin and MPTP upon 

GFAP immunostaining in the striatum. 

2. Experiment 1B: Chlorpyrifos with MPTP 

a. TH staining 

Although there was a 47.1% reduction in TH immunostaining for MPTP-treated 

groups compared with non-MPTP treated groups at the rostral striatal location, this 

change was not significant (Experiment 1. Figure 6A).  However, at the caudal location, 

there was a significant 53.2% (df = 1,44; p = 0.030) main effect reduction for the MPTP 

treated groups (Experiment 1. Figure 6B).  There was no significant main effect of 

chlorpyrifos at either striatal location.  There was also no significant interaction of 

chlorpyrifos and MPTP upon TH immunostaining in the striatum. 

b. GFAP staining 

With regard to GFAP, there was a significant main effect increase in 

immunostaining in groups treated with MPTP compared with groups not treated with 
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MPTP at both rostrocaudal locations in the striatum (Experiment 1. Figures 6C, 6D).  

This increase was 3,619% (df = 1,43; p < 0.0001) at the rostral location and 1,142% (df = 

1,44; p < 0.0001) at the caudal location.  However, there was no significant main effect of 

chlorpyrifos upon GFAP immunostaining at either striatal location, nor was there a 

significant interaction between chlorpyrifos and MPTP. 

3. Experiment 1C: Permethrin and Chlopyrifos with MPTP 

a. TH staining 

At the rostral striatal location, there was a significant 69.9% (df = 1,42; p = 0.003) 

main effect decrease in TH immunostaining produced in MPTP-treated versus non-

MPTP-treated groups (Experiment 1. Figure 7A).  However, the 39.7% decrease in 

MPTP-treated groups observed at the caudal striatal location was not significant 

(Experiment 1. Figure 7B).  Furthermore, there was no significant main effect of the 

combined insecticide dose upon TH immunoreactivity at either striatal location, nor was 

there an insecticide-MPTP interaction at either location. 

b. GFAP Staining 

As for the previous two experiments, there was a significant main effect increase 

in GFAP immunostaining in groups treated with MPTP compared with groups not treated 

with MPTP at both rostrocaudal locations in the striatum (Experiment 1. Figures 7C, 7D).  

This increase was 7,973% (df = 1,43; p < 0.0001) at the rostral location and 1,117% (df = 

1, 44; p < 0.0001) at the caudal location.  However, there was no significant main effect 

of permethrin + chlorpyrifos upon GFAP immunostaining at either striatal location, nor 

was there a significant interaction between the combined insecticide dose and MPTP. 

 

139 
 



 

4. GFAP response in corpus callosum 

No significant main effects of MPTP or insecticides were observed at either the 

rostral or caudal callosal locations, nor were there any significant interactions. 

5. Omission controls 

In all three experiments, for both the TH and GFAP immunohistochemistry, there 

was a significant difference in the number of immunopositive pixels between the 

antibody-exposed tissue sections and their immediately adjacent omission control 

sections.  For each t-test the p value was <0.0001.  Averaged across the three 

experiments, the mean number of pixels counted as immunopositive in the omission 

control sections was only 0.2% that of the number in the antibody treated tissue for the 

TH antibody and only 0.1% for the GFAP antibody. 

D. Experiment 1A, 1B, and 1C: Discussion 

The general findings of the present experiments can be summarized briefly as 

follows:  The dopaminergic neurotoxicant MPTP decreased the amount of striatal TH 

immunopositive neuropil while increasing the amount of GFAP immunopositive 

neuropil. Neither of the insecticides permethrin nor chlorpyrifos, alone or in combination, 

altered the effects of MPTP upon TH or GFAP immunostaining.  Permethrin treatment 

alone increased the striatal GFAP immunopositive neuropil.  However, no such change 

was observed with combined permethrin and chlorpyrifos treatment.  Therefore, although 

insecticide treatment did not affect MPTP striatal neurotoxicity in these experiments, 

combined administration of the two insecticides appeared to protect against an increase in 

a neuropathological indicator of striatal damage seen with permethrin treatment alone. 
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In these experiments MPTP was utilized for its ability to induce damage to the 

nigrostriatal tract resulting in experimental parkinsonism. MPTP- induced reductions in 

TH immunopostitive staining, like those seen here, have been well documented 

(Sundstrom et al., 1990; Kurosaki et al., 2004). In cases of idiopathic PD in humans, a 

topographic pattern of striatal dopaminergic neurodegeneration exists with greater loss in 

the putamen than in the caudate and greatest loss in the caudal putamen (Kish et al., 

1988; Moratalla et al., 1992).  Evidence for a topographic pattern of MPTP-induced 

striatal degeneration in humans and primates is equivocal (Snow et al., 2000), while in 

the white mouse there is some evidence of greater rostral striatal degeneration (Jonsson et 

al., 1986).  In the present study, no consistent pattern of rostral versus caudal change in 

TH immunopositive neuropil was observed, although this study used C57BL/6 mice and 

not white mice.  The magnitude of significant decreases in striatal TH immunostaining 

ranged from 50-70% suggesting that such reductions were not so large as to prohibit 

detection of potential facilitation of MPTP-induced degeneration by the insecticides.  

However, a lower dose of MPTP might have increased the probability of detecting a 

small magnitude facilitation. 

MPTP-induced increases in GFAP immunostaining were expected given the 

antibody’s use as a widespread marker for neuropathology (Eng et al., 2000; O’Callaghan 

and Sriam, 2005). The large magnitude of MPTP-induced increases in GFAP 

immunoreactive neuropil (1117-7973%) are not discordant with those seen in 

neuroprotection studies in mouse (Watanabe et al., 2004; Himeda et al., 2006).  Although 

those studies used 2-4 times the dose of MPTP used here, their maximum survival time 

was only 7 days.  Given our very large MPTP-induced increase in GFAP combined with 
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our significant but comparatively smaller permethrin-induced increase (90.8 -120.9%) in 

GFAP, it is possible that a facilitation of MPTP-induced toxicity by permethrin could 

have been masked. 

Unlike the MPTP-induced changes in TH immunopositive neuropil, there was a 

clear topographic pattern to the changes in GFAP immunostaining with a much larger 

increase observed rostrally compared to caudally.  This result is concordant with the 

above noted report of greater rostral striatal degeneration in MPTP-exposed white mice 

although little previous information is available regarding the topography of GFAP-

specific changes in this paradigm. 

Combined permethrin and chlorpyrifos treatment in the present study did not 

change the amount of TH immunopositive neuropil in the dorsolateral striatum.  Using a 

similar temporal treatment and sacrifice paradigm in conjunction with Western blot 

analysis, Kou et al. (2006) observed a small but significant decrease in TH with 

combined administration of permethrin and chlorpyrifos.  However, evidence of frank 

degeneration was equivocal in that study because the same combined treatment failed to 

produce a significant change in DAT protein and the decrease in TH was no longer 

observed at 28 days after the last dosing.  However, it should be noted that Kou et al. 

(2006) used a higher dose of chlorpyrifos (75 mg/kg vs. 50 mg/kg in this study) and 

examined synaptosomes from the whole striatum.  Nevertheless, combined permethrin 

and chlorpyrifos treatment in the present study fails to provide evidence for frank 

degeneration in the dopaminergic nigrostriatal pathway.  

The permethrin-induced increase in GFAP in the present study, in light of the 

failure of permethrin to decrease TH immunoreactivity, suggests potential tissue damage 

142 
 



 

that may be more subtle than neuropil death.  This finding confirms a previous report by 

Pittman et al. (2003).  GFAP upregulation is associated with astrocytic gliosis or 

activation found at nervous system loci of inflammation, infection, ischemia, and tumor 

formation, as well as at sites between stained cell bodies of neuropil loss, and is 

considered a sensitive and specific indicator of neuropathology (O'Callaghan and Sriram, 

2005; Pekny and Nilsson, 2005).  The permethrin-induced increase in GFAP suggests 

that previously reported reductions in maximal dopamine uptake of striatal 

synaptosomes, following dosing like that used here, may reflect non-fatal damage to 

striatal tissues (Karen et al., 2001).  Such insult may be due, in part, to free radical 

damage generated by decreases in mitochondrial integrity as seen in the aforecited study.  

Kou et al. (2006) reported this dosing and sacrifice regimen for permethrin increased 

alpha synuclein protein in striatal synaptosomes.  Interestingly, α-synuclein can activate 

microglia, which can then lead to astrogliosis (Zhang et al., 2005; Reynolds et al., 2008).  

Such a response may have contributed to the permethrin-induced increase in GFAP 

observed here.  No chlorpyrifos-induced increase in GFAP was observed in the present 

experiment even though chlorpyrifos, under the same dosing schedule, can reduce both 

maximal dopamine uptake and mitochondrial integrity of striatal synaptosomes (Karen et 

al., 2001).  However, the aforementioned effects were observed at a higher dose than that 

used here (100 mg/kg vs. 50 mg/kg here).  The permethrin-induced increase in GFAP in 

dorsolateral striatum was not observed in the corpus callosum suggesting the lack of a 

generalized neurotoxic response to permethrin exposure. 

In the present study, although permethrin alone increased GFAP immunopositive 

neuropil while chlorpyrifos alone failed to change this marker of neuropathology, 
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combined treatment with the two insecticides also failed to change GFAP 

immunostaining.  This suggests that chlorpyrifos, when administered along with 

permethrin, can attenuate the neuropathological changes induced by permethrin alone.  

Examples of antagonism between pyrethroids (e.g. cypermethrin) and chlorpyrifos have 

been observed with regard to pesticidal activity (Ahmad, 2004; 2007).  However, this 

appears dependent upon the specific compounds that are tested because some 

pyrethroid/organophosphate combinations result in potentiation of lethality (e.g. 

chlorpyrifos and fenpropathrin).  The suggestion of potential antagonism between 

permethrin and chlorpyrifos in the present study was gleaned across three separate 

experiments, each with a 2 x 2 factorial design (see Materials and Methods).  A more 

rigorous test of this conclusion might include a 2 x 2 factorial design where the effects of 

permethrin and chlorpyrifos alone and together are examined upon GFAP 

immunostaining within a single cohort of mice in one experiment. 

Overall, our immunohistochemical findings suggest that the insecticides 

permethrin and chlorpyrifos do not significantly exacerbate the magnitude of MPTP-

induced parkinsonism. However, this does not preclude a contribution of such 

insecticidal compounds to the development of parkinsonism given that permethrin alone 

significantly increased a sensitive indicator of tissue insult within the terminus of the 

dopaminergic nigrostriatal pathway.  Our indirect evidence that chlorpyrifos may temper 

this effect of permethrin, while failing to affect the nigrostriatal pathway by itself, 

highlights the complex challenge of deciphering the effects of combinations of 

potentially neurotoxic environmental compounds upon the development of PD.  A clearer 

picture of the potential role of insecticides in PD may only emerge by expanding 
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variables such as the range of insecticidal combinations examined, the doses of those 

compounds, the post-dosing survival times, and the age of exposure and the marker of 

degeneration.   
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Experiment 1. Figure 1. Dosing and Sacifice Regimen. 
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Experiment 1. Figure 2A. Tissue sectioning and staining strategy.  & Figure 2B. 
Diagrammatic representation of the four loci measured in each coronal section of the 
striatum. (CPu = caudate-putamen; LGP = lateral globus pallidus; LV = lateral ventricle; ec = 
external capsule; ac = anterior commissure) 
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Experiment 1. Figure 3. Matched caudal striatal sections. A1.Vehicle Control: Anti TH, 
B1. MPTP: Anti TH , A2. & B2. are high magnification shots of  the corresponding 
boxes in A1. & B1. 
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Experiment 1. Figure 4. Mean immunopositive pixel counts in striatum for experiment 
(1A) examining effects of permerthrin upon MPTP toxicity. A: Mean TH IP pixels at 
rostral striatum B: Mean TH IP pixels at caudal striatum.  C: Mean GFAP IP pixels at 
rostral striatum.  D: Mean GFAP IP pixels at caudal striatum. Counts are geometric 
means calculated from log-transformed data. A p value next to a compound indicates a 
significant main effect of that compound. 

 

 

 

 
 
 
 
 
 
 
 

153 
 



 

Experiment 1. Figure 5. Matched caudal striatal sections from vehicle control (A), 
permethrin treated (B) and MPTP treated (C1) mice, exposed to GFAP primary antibody, 
from the case pictured in Fig. 3.  C2 is a lower magnification photo showing the framed 
region where C1 was photographed. 
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Experiment 1. Figure 6. Mean IP pixel counts in striatum for experiment (1B) 
examining effects of chlorpyrifos on MPTP toxicity. (see Fig. 4 legend for additional 
description) 
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Experiment 1. Figure 7. Mean IP pixel counts in striatum for experiment examining 
effects of combined administration of permethrin and chlorpyrifos on MPTP toxicity. 
(see Fig. 4 legend for additional description) 
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Chapter 3: 

Influence of Environmental Manganese on MPTP-Induced Neurotoxicity  

Experiment 2A: Accumulation of manganese in the basal ganglia and motor 

assessment following subcutaneous injection of 0, 50, or 100 mg/kg MnCl2 in the 

C57BL/6 mouse. 

 

A. Experiment 2A: Justification and experimental objectives 

As described in the introduction occupational exposure to high levels of 

manganese can result in “manganism”, a syndrome producing motor and cognitive 

symptoms similar to PD.  Chronic exposure results in brain accumulation of Mn 

primarily in the globus pallidus of the basal ganglia (Olanow et al., 1996; Kafritsa et al., 

1998; Aschner et al., 1999; Kim, 2004). Within the basal ganglia, the globus pallidus 

extends projections to the subthalamic nucleus, which sends axons to the substantia nigra, 

the primary target of experimental and idiopathic PD (Bolam et al., 2000).  Therefore, 

manganese overexposure can potentially interfere with the operation of the integrated 

circuitry of the basal ganglia, resulting in PD-like motor disturbances. Furthermore, by 

virtue of potential downstream effects on neurons in the substantia nigra, manganese is an 

excellent candidate for a chemical that may facilitate the onset or severity of PD. This 

experiment was designed to: 1) determine if Mn accumulates in the brain, specifically in 

the basal ganglia, of the C57BL/6 mouse when administered via subcutaneous injection 

2) determine what dose (0, 50, or 100 mg/kg MnCl2) produces the greatest accumulation 

of Mn in basal ganglia tissue without causing significant weight loss and overall poor 

health, 3) determine whether a single injection or multiple injections are necessary to 
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provide significant accumulation, and 4) determine if accumulation of Mn in basal 

ganglia tissue can cause observable deficits in motor activity and if so, assess the 

magnitude of such changes. The results of this experiment will establish a safe dosing 

regimen that can be used for experiments in the C57BL/6 mouse to evaluate the effects of 

manganese accumulation in the basal ganglia on the neurochemistry of the basal ganglia 

and associated motor behavior of the mouse and on MPTP-induced toxicity in the basal 

ganglia. Optimal dosing should produce significant increases in basal ganglia Mn 

content, without inducing behavioral deficits that are too large to be useful in studies of 

Mn-MPTP synergism. 

B. Experiment 2A: Materials & Methods 

1. Animals and Chemicals 

Forty- eight retired breeder male C57BL/6 mice were obtained from Jackson 

Laboratories and were 7-9 months of age at the time of the experiment. All mice were 

cared for in compliance with NIH guidelines and all procedures were approved by the 

Virginia Tech IACUC.  Mice were housed singly in a humidity and temperature 

controlled environment on a 12-hour light/ dark cycle and provided free access to food 

and water.  Lights were on from 6am to 6pm daily. MnCl2 tetrahydrate (Sigma-Aldrich, 

St. Louis, MO, USA) solutions (10% for 100 mg MnCl2 and 5% for 50 mg MnCl2 )were 

prepared daily. Injection volume was determined for each mouse by multiplying the 

animal’s weight in kilograms by the 5 ml volume of solution (e.g. weight in kg x 100 

mg/kg dose x 5 ml/50 mg concentration = dose volume). The average injection volume 

was 0.15 ml. Mice were weighed immediately prior to every injection and on all other 
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survival days of the experiment. Mouse weight on the day before dosing ranged from 26-

35 grams. 

2. Treatment Groups  

Mice were randomly assigned to one of six treatment groups in a 3 (dose level) X 

2 (dose regimen) factorial design (Experiment 2A. Table 1). Mice received either a single 

subcutaneous (SC) injection (single dose regimen), or three SC injections (multiple dose 

regimen), of 0, 50 or 100 mg/kg MnCl2, in the scruff of the neck, using a ½ inch X 27 

gauge needle attached to a 1 cc syringe. A separate syringe and needle was used for each 

dose level and the needle for each syringe was changed per every 2-3 mice. Mice in the 0 

mg/kg vehicle control group received a volume of distilled water determined in the same 

manner as that received by the MnCl2 treated mice (e.g. weight in kg x 100 mg/kg dose x 

5 ml/100 mg concentration = dose volume).  The multiple dosing regimen took place 

over the span of seven days with an injection given on day 1, day 4, and day 7 

(Experiment 2A. Figure 1).  All mice were sacrificed 24hrs following final injection, on 

days 2 and 8, respectively, for single and multiple dosing regimens. Behavioral 

assessment was performed between 9:00 am and 3:00 pm on the day of sacrifice, 

followed by sacrifice and tissue collection. 
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Experiment 2A. Table 1. 3 (Mn dose level) X 2 (dose regimen) factorial design. 
 

Dose Regimen 
 

 

 
 

Single Dose Regimen Multiple Dose Regimen 
(3 injections over 7 days) 

0 mg/kg MnCl2 
(Vehicle:H2O) 

N = 8  N = 8 

50 mg/kg MnCl2 N = 8 N = 8 

100 mg/kg 
MnCl2 

N = 8 N = 8 D
os

e 
L

ev
el

 

Once assigned to a treatment, mice were randomly placed into one of three 

processing blocks to allow for behavioral assessment and tissue processing within a 

timely fashion on each processing day and to reduce systematic residual variation 

between treatment groups.  Two blocks contained 3 mice from each treatment for a total 

of 18 mice per block, leaving one block with 2 mice from each treatment for a total of 12 

mice. All mice in a block were scheduled for concurrent dosing, motor assessment, and 

sacrifice. The maximal temporal separation between first and last treatment blocks was 2 

days. 

3. Motor Activity Assessment 

Motor activity was assessed 24 hours after final injection, on days 2 and 8, 

respectively, for single and multiple dose regimens. The measures of motor activity were 

grid crossing and rearing frequency in an open field, swim duration to a platform, grip 

strength and grip fatigue.  Mice were first observed in an open field arena, followed by a 

visible platform swim test, and then taken to another building for grip assessment and 

subsequent sacrifice. The time frame for motor testing to sacrifice was between 9:00 am 

and 3:00 pm. Mice were not formally habituated to any of the testing venues.  The 

experimenter was not blind to treatment conditions during behavioral assessment. 

160 
 



 

a. Open Field 

Grid crossing and rearing frequencies were collected during a 3 minute open field 

observation within a glass aquarium. The dimensions of the tank were 46.25 cm X 26.25 

cm  X 30 cm (length X width X height).   A grid pattern with six equal portions of 15.25 

cm X 13 cm was drawn using black permanent marker on the floor of the rectangular 

open field arena. The sides were covered with white paper to limit the animals’visual 

distractions while the top and bottom remained uncovered, allowing open access from 

above and a clear view from below. The mouse was observed from below the open field 

container by placing the apparatus on a platform with a subtending glass mirror below. A 

3 minute observation session began immediately following placement of the mouse into 

the arena.  The experimenter sat approximately 3 feet from the apparatus in the same 

room. The number of grid crossings and rearings were tallied using a double counter, one 

for each activity.  Crossing was defined as the complete movement of both forelimbs and 

hind limbs from one grid block to another. If a mouse moved his front limbs into a 

neighboring grid without moving his hind limbs, crossing was not recorded. Rearing was 

defined as lifting both forelimbs from the floor of the open field obtaining a vertical 

position, followed by exploratory behavior. Exploratory behavior was defined by head 

rotation and sniffing, while grooming was defined as licking and pawing the fur. If the 

mouse lifted both forelimbs in order to pursue grooming behavior, rearing was not 

recorded. Immediately following the open field session the mouse was placed back in his 

housing and the tank was cleaned with disinfectant before the next mouse was placed in 

the arena. 
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b. Visible Platform Swim  

The apparatus for the visible platform swim consisted of an opaque rectangular 

basin (91.5 cm long x 18.5 cm wide x 17 cm high), and a rectangular platform (7.5 cm 

long x 3.3 cm wide x 1.5 cm high) covered in wire mesh that extended the length by 1 cm 

on each end making a total platform length of 9.5 cm. The platform rested on a weighted 

stand 12.5 cm in height making the total height of the platform apparatus 14 cm from the 

basin floor. The platform apparatus was centered at one end of the basin with the 

platform 4.5 cm away from the end and sides of the basin (Experiment 2A. Figure 2). The 

basin was filled until the water was level to the bottom of the platform (12.5 cm high). 

The water was an average temperature of 27°C. The mouse was held by its tail and 

placed forepaws first into the basin at the end opposite of the platform. A timer was 

started as soon as the mouse was released and the time it took to swim to the platform 

was recorded. Reaching the platform was defined as gripping the wire mesh surrounding 

the platform with either a single or both forepaws. Once the mouse reached the platform, 

time was stopped and the mouse was removed and placed on a dry towel for 

approximately 30 seconds before start of the next trial. Swim time was recorded on four 

consecutive trials. The cutoff point for any trial was 4 minutes. Following the final trial 

mice were allowed to dry in a mouse warmer (an empty plastic cage, no food or bedding, 

with a heated fan attached to a metal lid) with the thermostat set at 40°C for 

approximately 1 minute. 

c. Grip Strength & Fatigue 

The grip strength measurement apparatus was made up of a force transducer 

called a load cell (Instron Corporation, Canton, MA, USA) that could measure a force up 
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to 100 grams connected to a conditioning amplifier (Measurements Group Model 2310). 

The load cell contained strain gauges that changed electrical resistance in response to the 

forces applied by a mouse. The strain gauge conditioning amplifier was attached to the 

load cell to apply a voltage to part of the strain gage circuit conditioning and to read and 

amplify the resulting voltage drop across the strain gage. Analog voltage signals were 

digitized every 50 ms by a National Instruments (Austin, TX, model PCI-MIO-16E-4) 

computer interface card.  Labview software (National Instruments, Austin, TX) provided 

a system for displaying and storing the voltage read by the amplifier in a Microsoft-Excel 

compatible format.  The apparatus was calibrated daily before the start of a testing 

session to assure accuracy when later converting the measurements stored in Labview 

from volts to grams. To calibrate, the load cell was held vertically so that the armature 

used to measure force was closest to the floor. A 100 g weight was hung from the 

armature in the same direction from which grip force was to be measured.  The gain on 

the strain gauge conditioner/ amplifier was then set so that 100 grams of force resulted in 

a reading of 0.5 volts. Following calibration, the load cell cylinder was placed 

horizontally on a custom made wooden saddle and held in place with two C-clamps 

(Experiment 2A. Figure 3). A rectangle of wire mesh (11.5 cm long X 10 cm wide) with 

a grid width of 0.5 cm was attached and oriented perpendicularly to the arm of the load 

cell providing a media for the mouse to grip. The experimenter held the mouse by 

wrapping a hand around its torso, allowing the forepaws to be free to grab the wire mesh. 

Once the mouse gripped the grid with both its forepaws, the experimenter took hold of 

the mouse’s tail pulling it horizontally until the mouse released its grip. Each mouse was 

given four consecutive trials measuring the grip force generated immediately prior to 
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releasing the grid. This force was recorded as voltage, which was displayed in real time 

for a period of 5-8 seconds. Trials were started and stopped manually and the mouse was 

placed in its cage for a period of 20-30 seconds between each trial. The digitized voltage 

records for each trial were imported to an Excel file where they could be transformed to 

force in grams by multiplying the voltage by a factor of 200 g/1 volt.  This allowed for a 

graphical display of force (g) vs. time (sec) for each trial to be plotted (Experiment 2A. 

Figure 4) revealing a characteristic force spike just before mouse grip release.  

Grip strength was defined as the peak of the last spike in the grip force 

measurement recorded before release of the wire grid for Grip Trial 1. Grip fatigue was a 

dependent variable that looked for a decrease in grip strength over the 4 trials. Grip 

fatigue was assessed by examining the slope of the best-fit line through the 4 grip force 

trials with a negative slope indicating fatigue and the magnitude of the slope indicating 

the magnitude of fatigue.  

4. Tissue Collection and Processing 

At the completion of all motor tasks mice were sacrificed by rapid cervical 

dislocation. The head was then removed from the body and the surrounding tissue was 

removed from the skull. Carefully cutting the skullcap horizontally, from the foramen 

magnum to the rostral ocular region, allowed for easy removal of the whole brain. The 

brain was then immediately placed onto a cold plate covered with filter paper kept wet 

with physiological saline. Any remaining olfactory bulb was removed and, using the 

dorsal longitudinal fissure as a guide, a rostral to caudal sagittal cut was made through the 

corpus callosum separating the left and right cerebral hemispheres. The striatum was 

uncovered by carefully teasing open the septum pellucidum to expose the inside of the 
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lateral ventricle. The striatum consisting of a striated band of gray matter rostral to the 

hippocampus was pinched off the wall of the lateral ventricle using microforceps. This 

procedure has been used previously by Karen et al. (2001), Klein et al. (2001), and 

Gillette and Bloomquist (2003). The left and right striata were placed together in a 

preweighed 1.5ml Eppendorf® capsule. Combined striatal weight was determined before 

freezing the tissue at -70° C for later analysis.   

5. Inductively Coupled Plasma-atomic emission spectroscopy Analysis 

Inductively coupled plasma-atomic emission spectroscopy (ICP) analysis was 

used to determine manganese content of the combined striata from each mouse.  The goal 

of ICP analysis is to get elements within a sample to emit characteristic wavelengths of 

light that can be measured by a spectrophotometer. This is accomplished by first putting a 

digested sample into a nebulizer to form an aerosol. The aerosol is then exposed to the 

ultra high temperature of an inductively coupled argon plasma, which is a gas containing 

atoms in their ionized state. The high temperatures efficiently excite atomic emission of 

elements in the sample. Because each element has a unique atomic structure, the 

wavelength of light emitted is unique to each element. The light intensity emitted at each 

wavelength is proportional to the amount of element that is excited allowing for the 

determination of unknown amounts of ions within a sample when compared to a 

calibration curve of known standards. Typical ion concentrations can be detected within 

0.0002 parts per million. 

For this study, striata were digested in a 20% perchloric/ 80% nitric acid solution, 

and then diluted with 0.5% nitric acid until a 5 ml sample volume was produced. The 

samples were run in a Spectro Flame Modula Tabletop ICP with autosampler Type: 

165 
 



 

FTMOA85D (Spectro Analytical Instruments, Fitchburg, MA, USA) by the Virginia 

Tech Soil Testing Laboratory. Operating conditions consisted of an Rf power of 1200 W, 

sample uptake of 1.2 ml/min, a nebulizer pressure of 36 psi and an argon gas pressure of 

100. Four replicates were run for each sample, while a calibration curve was run before 

and after the analysis of every 10 samples using concentrations of 0 to 0.5 ppm. The 

emission wavelength evaluated was 257 nm. Values of Mn were expressed per wet 

weight of brain tissue (µg/g). 

6. Data Analysis 

The dependent variables for this experiment included body weight, concentration 

of Mn, and five motor assessments: grid crossing frequency, rearing frequency, swim 

time to platform, grip strength and grip fatigue. Each was measured within the two dosing 

regimens (single and multiple) at each of the three dosing levels (0 mg/kg, 50 mg/kg, & 

100 mg/kg MnCl2). Utilizing the 2x3 factorial design of the experiment (Experiment 2A. 

Figure 1), an independent two way analysis of variance (ANOVA) was performed for 

each dependent variable via the mixed procedure of SAS (SAS Institute, Cary, NC, 

USA). Prior to ANOVA, scatter plots of raw data were visually examined by treatment 

block, dose and survival time to check for conformity to ANOVA assumptions of 

normality and homogeneity. A standardized plot of the residuals (unexplained error) 

within the predicted values was used to check the adequacy of the chosen statistical 

model:  

y =β0 + β1=block + β2=dose level + β3=dose regimen + β4=dose level x dose regimen + εi.   

Upon examination of these plots it was determined necessary to log transform the 

raw data for the brain concentrations of Mn and the grip strength measurements to better 
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fit the statistical model. The means reported for Mn concentration and grip strength are 

geometric, back-transformed from the log means, and the errors are 95% confidence 

intervals. Each analysis was corrected for any effect of treatment block. Excluding body 

weight, all analyses examined the fixed effects of dose level (0 mg/kg, 50 mg/kg, & 100 

mg/kg MnCl2), dose regimen (single or multiple), and the interaction of dose level and 

dose regimen.  The hypotheses tested in the ANOVA for these dependent variables 

included:  

Ho: μ 0 mg/kg = μ 50 mg/kg = μ 100 mg/kg, 

Ho: μ single dose regimen = μ multiple dose regimen, and  

Ho: There is no interaction between dose level and dose regimen.  

The analysis of body weight was only performed for the multiple day dose 

regimen and examined the effects of dose, day and the interaction of dose and day. The 

stastical model was:  

y =β0 + β1=block + β2=dose level + β3=day + β4=dose level x day + εi.   

The null hypotheses tested in the ANOVA for body weight were:  

Ho: μ 0 mg/kg = μ 50 mg/kg = μ 100 mg/kg 

Ho: μ day 1 = μ day 2  = μ day 3 = μ day 4 = μ day 5  = μ day 6  = μ day 7, and  

Ho: There is no interaction between dose level and day.   

The results of the ANOVA for each dependent variable were used to determine the 

necessary number of pair-wise comparisons between means. Post hoc analysis of 

differences between means, for striatal Mn levels and for motor behavior, was performed 

if ANOVA’s revealed: 1) a main effect of dose level alone, 2) a main effect of both dose 
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level and dose regimen, or 3) a significant interaction between dose level and dose 

regimen. For a main effect of dose level only, the following three hypotheses were tested:  

2) Ho: μ 0 mg/kg = μ 50 mg/kg,  

2) Ho: μ 0 mg/kg = μ 100 mg/kg, and  

3) Ho: μ 50 mg/kg = μ 100 mg/kg. 

For either a main effect of both or a significant interaction between, dose level and dose 

regimen, the following six hypotheses were tested:  

1) Ho: μ 0 mg/kg, single dose regimen= μ 50 mg/kg, single dose regimen,  

2) Ho: μ 0 mg/kg, single dose regimen = μ 100 mg/kg, single dose regimen,  

3) Ho: μ 50 mg/kg, single dose regimen = μ 100 mg/kg, single dose regimen,  

4) Ho: μ 0 mg/kg, multiple dose regimen= μ 50 mg/kg, multiple dose regimen, 

5) Ho: μ 0 mg/kg, multiple dose regimen = μ 100 mg/kg, multiple dose regimen and  

6) Ho: μ 50 mg/kg, multiple dose regimen = μ 100 mg/kg, multiple dose regimen. 

Post hoc analysis was performed using Tukey’s test, adjusting the p value (probability 

cut-off for rejection of the null hypothesis) for the number of comparisons such that the 

overall alpha remained .05. Selecting the most relevant pairwise comparisons from 

among all possible comparisons, a priori, permitted a more powerful post-hoc analysis of 

means. No post-hoc analysis was required for body weight. 

C. Experiment 2A: Results 

1. Striatal Mn Concentration 

Significant main effects of dose level (df = 2, 39; p< 0.0001) and dose regimen 

(df =2, 39; p< 0.0001) were revealed for striatal Mn concentration, as well as a 

significant interaction between the two independent variables (df = 2, 39; p = 0.0001).  
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Experiment 2A Figure 5 shows striatal Mn concentration as a function of dose level for 

both the single-day and multiple-day dose regimens.  This graph illustrates that 1 day 

after a single injection of Mn, only the 100 mg/kg dose produced a significant increase in 

striatal Mn relative to the vehicle control. This increase was 105% (df = 39; p = 0.0043). 

However for mice receiving three injections over seven days, both the 50 mg/kg dose and 

the 100 mg/kg dose caused significant striatal Mn increases. These increases were 421% 

(df = 39; p< 0.0001) and 647% (df = 39; p< 0.0001) of vehicle control, respectively.  Post 

hoc analysis found no significant difference between 50 mg/kg and 100 mg/kg doses for 

either the single-day or multiple-day dose regimens, although there was a numeric trend 

toward increased manganese concentration with the higher dose for both regimens.  

2. Body Weight 

Experiment 2A Figure 6 shows weight as a function of time (days 1-8). Day 1 

represents the pre-dosing weight since it was taken immediately prior to the first 

injection.  Day 8 weights were not used in the ANOVA since they were recorded several 

hours earlier than on days 1-7 in order to permit completion of behavioral testing prior to 

sacrifice. This was reflected in a slight weight reduction on day 8 consistent across all 

dose levels including vehicle control. For mice that received the multiple-day dose 

regimen, ANOVA of mean body weight for each dose level, on days 1 through 7, 

revealed no significant main effects across dose level or across experimental day, nor was 

there a significant interaction between these variables.   The mean weight for the group 

receiving the highest dose level (100 mg/kg), on day 8, which represented the lowest 

mean weight in the multiple dose regimen, was only 2.75% lower than the pre-dosing 

mean weight measured on day 1.   
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3. Open Field 

a. Grid Crossing 

The ANOVA for horizontal movement in an open field (grid crossing) revealed a 

significant main effect for dose level (df = 2, 39; p < 0.0001) and for dose regimen (df = 

1, 39; p< 0.0001). However there was no significant interaction between the two 

independent variables. Experiment 2A Figure 7a shows grid crossing frequency as a 

function of dose level for both single and multiple dosing regimens. One day after a 

single injection, grid crossing significantly decreased for the 50 mg/kg group and for the 

100 mg/kg group compared to vehicle control mice. The decreases were 30.9% (df = 39; 

p = 0.0012) and 38.9% (df = 39; p< 0.0001), respectively. For the mice receiving three 

injections over a 7-day survival time there was a significant decrease in grid crossing for 

the 100mg/kg dosing group relative to vehicle control.  This decrease was 43.2% (df = 

39; p = 0.026). There were no significant differences between the 50 mg/kg and the 100 

mg/kg dosing group for either the single or multiple dose regimens.  It should be noted 

that the grid crossing frequency for the vehicle-control mice in the single-day dosing 

regimen was noticeably higher than for the vehicle-control mice in the multiple-day 

dosing regimen (see Experiment 2A. Figure 7a). Although not part of the post-hoc 

analysis, the difference between these means is approximately four times the magnitude 

of the standard deviation of either mean and the main effect of dosing regimen should be 

considered in light of this.  

b. Rearing 

  ANOVA for vertical movement in the open field (rearing) revealed a significant 

main effect of dose regimen (df = 1,39; p<  0.029) while there was no main effect of dose 
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level or significant interactions between the independent variables. Experiment 2A Figure 

7b shows mean rearing frequency (per 3min) was 26.7% less for mice in the multiple 

dose regimen when compared to mice in the single dose regimen.  

4. Visible Platform Swim 

Swim time for each mouse included the means of trials 2 and 3 only. Trial 1 was 

removed to eliminate any effects on swim time due to locating the platform and trial 4 

was removed since mice appeared to use that trial to explore the trough rather than swim 

directly to the platform. ANOVA revealed no significant main effects or interaction of 

dose level and dose regimen for swim time. Although the maximum time limit for a swim 

trial was 4 minutes, this limit was reached in only one swim trial for two different mice. 

The results of the ANOVA were the same when run with or without these extreme 

values.  

5. Grip Force 

a. Strength 

The ANOVA performed for grip strength was done using the log-transformed 

measurements of grip force recorded during trial 1.  ANOVA for grip strength found no 

significant main effects of dose level or dose regimen, as well as no interaction of the two 

independent variables.   

b. Fatigue 

 The ANOVA for fatigue of grip was done using the slope of the best fit line 

through the force measurements recorded in trials 1-4. A negative slope would indicate 

fatigue.  Again, ANOVA found no significant main effects of dose level or dose regimen 

and no interaction of the two independent variables. Although not significant, Experiment 
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2A Figure 8 shows as dose level increases through 100 mg/kg, slope becomes 

numerically more negative relative to vehicle control.  

D. Experiment 2A: Discussion 

In general, the results of this experiment established dosing regimens that could 

produce a significant increase in the concentration of manganese within the basal ganglia 

of the C57BL/6 mouse. ICP results showed a single 100 mg/kg dose of MnCl2 could 

produce a significant accumulation of Mn within the basal ganglia a single day after 

subcutaneous injection. Furthermore, while a single 50 mg/kg dose did not cause Mn to 

significantly accumulate within a single day, multiple doses of 50 mg/kg MnCl2 over 7 

days produced a significant concentration of Mn in the basal ganglia. Accumulation of 

Mn over time was also suggested by the resulting higher striatal Mn concentrations 

following the multiple dose regimens of both the 50 and 100 mg/kg MnCl2 compared to 

striatal Mn concentration following the single dose regimen. However, analysis of these 

latter means was not included in the predetermined structure of the post hoc analysis. In 

addition, although post hoc analysis found no significant difference between 50 mg/kg 

and 100 mg/kg doses for either the single-day or multiple-day dose regimens, there was a 

numeric trend toward increased Mn concentration with the higher dose for both regimens. 

This numeric trend toward a dose-response relationship between the 50 mg/kg and 100 

mg/kg doses suggests that such a change could be demonstrated to be significant with a 

larger sample size.  

As established earlier the basal ganglia is the neural focus of both manganism and 

Parkinson’s disease and the C57BL/6 strain has been shown to be highly susceptible to 

the  effects of chemically induced parkinsonism.  Currently, there is a paucity of studies 
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that have examined Mn accumulation in the brain of the C57BL/6 mouse. Such an 

analysis is important pre-requisite for studying the modulation of MPTP toxicity by Mn 

in this strain. One previous study looked at the concentration of Mn in this strain 

following 3 weeks of 2 mg/kg/day MnCl2 given intraperitoneally and found MnCl2 failed 

to change Mn concentration in the basal ganglia (Baek et al., 2003). However, a study in 

another strain, CD-1 mice, found that when injected subcutaneously with MnCl2 (0.4 

mEq/kg, or the equivalent of 39.5 mg/kg) whole brain concentration of Mn increased 

monotonically to 370% of control by 24 hrs and remained highly elevated at 250% of 

control 3 weeks after a single dose (Gianutsos et al., 1985). The multiple dose regimen 

used in CD-1 mice, one dose per week for 3 weeks, also monotonically increased the 

brain manganese concentration reaching a level of 568% of control by the third week 

following the last injection. Comparing the present study to the data cited above proves 

difficult due to differences in dose level, strain of mice, and dosing regimen. However, 

the present results of this study appear similar to the study done in CD-1 mice.  Together 

the two studies suggest manganese accumulates over time with multiple subcutaneous 

doses and elevated concentrations can persist from 24 hours to at least 3 weeks. This is 

concordant with a report stating the half-life of Mn in the rat brain to be 51 to 74 days 

(Takeda et al., 1995).  

In addition to significant Mn accumulation in the basal ganglia, significant 

changes in motor behavior were observed in the C57BL/6 mouse strain of this study. 

Similar studies in other mouse strains utilizing a variety of dosing methods, forms of 

manganese, and behavioral testing have reported a decrease in locomotor behavior (Gray 

and Laskey, 1980; Komura and Sakamoto, 1992; Talavera et al., 1999). This coincides 
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with the present study’s finding of a significant decrease in horizontal movement. The 

changes in motor behavior observed were most likely not a result of generalized sickness 

following dosing as evidenced by the lack of significant weight loss for either the 50 

mg/kg or 100 mg/kg multiple-day or single-day dosing regimens.  

Because there was a deficit in horizontal locomotion in addition to an increase in 

manganese concentration in the basal ganglia it is tempting to attribute the behavioral 

deficit to interference by manganese with the functional integrity of the highly integrated 

structures that make up the basal ganglia. In rodents, however, manganese exposure can 

result in significant accumulation in other regions including the cerebellum and the 

cerebral cortex (Sotogaku et al., 2000; Aschner et al., 2005). Given the primary objective 

of this study, manganese levels were only determined for the basal ganglia, the primary 

locus of manganese accumulation following Mn exposure in the human and non-human 

primates.  Therefore, the possibility exists that motor deficits in this study are attributable 

to the action of manganese in other motor associated regions. This could account for the 

deficit observed in horizontal locomotion 24 hours after a single dose of 50 mg/kg Mn, 

even though there was no significant change in Mn concentration in the sampled striatal 

region. Additionally, significant accumulation of Mn in the striatum may not be 

necessary in order to induce pathological changes. Experiments by Baek et al. (2003; 

2004) that found Mn did not significantly accumulate in the basal ganglia of the C57BL/6 

mouse following a 2 mg/kg/day intraperitoneal injection with MnCl2 for 3 weeks, also 

uncovered gene and protein changes indicative of gliosis within the striatum and globus 

pallidus. Such astrocytic changes are often indicative of the onset and locus of 

neuropathology.  
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The findings of this experiment that manganese can accumulate in the basal 

ganglia of the C57BL/6 mouse following multiple dosing with MnCl2 will be of value to 

future experiments within this study as well as future explorations that employ an animal 

model to examine the putative role of manganese in PD. The magnitude of the motor 

deficit observed with this dosing regimen is modest enough to reveal potential 

interactions of Mn and MPTP upon behavior if they exist. Experiments in this 

dissertation used this dosing regimen to assess potential additive or synergistic effects of 

manganese upon one of the most highly documented animal models of PD, the MPTP-

treated C57BL/6 mouse, to provide insight into the potential role of manganese in 

neurodegenerative diseases.   
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Experiment 2A. Figure 1. Dosing and Sacrifice Regimen. 
 
 

 
 
 
Experiment 2A. Figure 2. Diagram of Swimming Apparatus. 
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Experiment 2A. Figure 3.  
Load cell for measuring grip strength. 

 
 
 
 
 
 
 
Experiment 2A. Figure 4. Plot of a single grip strength trial where final grip = the 
recorded grip force for that trial.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Grip Strength Trial

-20

-10

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6 7

Time (sec)

Fo
rc

e 
(g

)

Final Grip=66.4

 

179 
 



 

Experiment 2A. Figure 5. Graph showing the main effect of Mn dose on the 
striatal Mn concentrtation. Significant effects of Mn dose are labled with p values 
for each dose regimen. The percent increases were calculated from the value for 0 
mg/kg MnCl2 (~ 1 µg/g of striatal tissue). 
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Experiment 2A. Figure 6. Graph showing the change in weight over time for the 
multiple dose regimen.  There were no significant differences between Mn doses on 
weight. 
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Experiment 2A. Figure 7A. Graph showing the main effect of Mn dose on grid crossing. 
Significant effects of Mn dose are labled with p values for each dose regimen.  
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Experiment 2A. Figure 7B. Graph showing the main effect of dose regimen on rearing. 
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Experiment 2A. Figure 8.  Graph showing the main effect of Mn dose on grip fatigue 
(slope of 4 grip trials). A negative value for slope indicates an increase in fatigue.  
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Chapter 4: 

Influence of Environmental Manganese on MPTP-Induced Neurotoxicity  

Experiment 2B: Effects of 100 mg/kg MnCl2 on motor behavior and basal ganglia 

neurochemistry of the C57BL/6 mouse treated with 20 mg/kg of MPTP. 

 

A. Experiment 2B: Justification and Experimental Objectives 

In Experiment 2A, it was discovered that manganese accumulates significantly in 

the basal ganglia of the C57BL/6 mouse following multiple subcutaneous injections. 

Multiple dosing with 100 mg/kg MnCl2 led to the highest concentration of Mn within the 

basal ganglia. There was also a significant decrease in locomotor activity and no 

significant weight loss observed following multiple dosing of 100 mg/kg MnCl2. 

Therefore the multiple dosing regimen using a dose equal to 100 mg/kg MnCl2 was 

chosen for this experiment in order to increase the chances that Mn induced effects could 

be detected in the MPTP treated mouse.  As described in the Introduction, MPTP is a 

neurotoxicant that produces damage in the nigrostriatal tract of the basal ganglia in a 

variety of species resulting in neurochemical and behavioral deficits similar to those seen 

in PD (Gerlach and Riederer, 1996). This has allowed the scientific community to utilize 

animal models in the study of PD.   The MPTP exposed C57BL/6 mouse has been highly 

documented as such an animal model that has significantly larger striatal dopamine and 

motor deficits compared to other mouse strains (Schwarting et al., 1999; Haobam et al., 

2005).  Because manganese accumulates in the basal ganglia it is possible that it could 

modulate the neurotoxic effects of MPTP. Thus the MPTP mouse model was chosen to 
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analyze potential synergistic effects of manganese to provide insight into the potential 

role of manganese in neurodegenerative diseases.  

Utilizing the 100 mg/kg MnCl2 multiple dosing regimen from the previous 

experiment, found to induce Mn accumulation in the basal ganglia and produce mild 

motor deficits,  this experiment was designed to assess whether: 1) manganese exposure 

induced changes in dopamine and DOPAC levels in striatal tissue of the C57BL/6 mouse  

2) manganese changed dopamine deficits induced by 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), and 3) manganese exposure  in combination with MPTP 

caused changes in motor deficits seen with Mn or MPTP alone. The results of this 

experiment were expected to help identify the impact of exposure to manganese upon the 

onset or severity of experimental parkinsonism in the C57BL/6 mouse.  

B. Experiment 2B: Materials and Methods 

1. Animals and Chemicals  

One hundred and twenty-four retired breeder male C57BL/6 mice were obtained 

from Jackson Laboratories and were approximately 7-9 months of age at the time of the 

experiment. They were housed and fed as described in Experiment 2A.  Mouse weight on 

the day before dosing ranged from 25 to 42 grams.  

Daily mixing of the MnCl2 solution for the 100 mg/kg dosing, and determination 

of injection volume, were performed as described in Experiment 2A.The average 

injection volume was 0.15 ml. 

A 3% solution of MPTP was made by mixing MPTP hydrochloride (Sigma-

Aldrich,St. Louis, MO, USA) with 0.9% saline.  Injection volume of MPTP was 

determined for each mouse by multiplying mouse weight in kilograms by the desired 
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dose of MPTP (20 mg/kg) and then solving for the amount in microliters needed from the 

solution to equal the required amount of MPTP (see Example below). The average 

injection volume was 20 μl and was delivered intraperitoneally (i.p.) using a ½ inch X 27 

gauge needle attached to a 100 μl syringe (Hamilton, Reno, NV, USA). 

Example:   

Weight = .0289 kg   Dose = 20 mg/kg   3% Solution = 41.7 mg/ 1390 μl 

.0289 kg*20 mg/kg = 0.58 mg 

0.58 mg = 41.7 mg      X= 19 μl injection volume 
    X μl      1390 μl  
 

2. Treatment Groups 

Mice were randomly assigned to eight treatment groups in a completely crossed 2 

(Mn dose level) x 2 (MPTP dose level) x 2 (survival time) factorial design (Experiment 

2B. Table 1.). Mn dose levels were 0 mg/kg (H2O vehicle) or 100 mg/kg MnCl2, and 

MPTP dose levels were 0 mg/kg (0.9% saline vehicle) or 20 mg/kg. The experimental 

dosing groups were, 0 mg/kg MnCl2 and 0 mg/kg MPTP (vehicle control); 0 mg/kg 

MnCl2 and 20 mg/kg MPTP; 100 mg/kg MnCl2 and 0 mg/kg MPTP, and 100 mg/kg 

MnCl2 and 20 mg/kg MPTP each at two survival times of 7 days and 14 days following 

the final injection.  Injections were given over an eight-day period consisting of 3 

subcutaneous (s.c.) injections of 100mg/kg MnCl2 or H2O vehicle on days 1, 4, and 7, 

followed by a single i.p. injection of 20 mg/kg MPTP or saline vehicle on day 8 

(Experiment 2B. Figure 1).  
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Experiment 2B. Table 1. 2 (Mn dose level) x 2 (MPTP dose level) x 2 (survival time) 
factorial design. 
                                                                                 Survival Time 
   7 days 14 days 

0 mg/kg (vehicle) MnCl2/  
0 mg/kg (vehicle) MPTP 

N = 15 N = 16 

100 mg/kg MnCl2/  
0 mg/kg (vehicle) MPTP 

N = 15 N = 16 

0 mg/kg (vehicle) MnCl2/  
20 mg/kg  MPTP 

N = 15 N = 16 

100 mg/kg MnCl2/ 
20 mg/kg  MPTP 

N = 15 N = 16 
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Once assigned to treatment groups, mice were randomly placed into 8 processing 

blocks for the same reasons described in Experiment 2A. Blocks 1-7 each contained 2 

mice from each of the 8 treatment groups equaling 16 mice per block, while Block 8 

contained 1 mouse for the 7-day survival time treatments and 2 mice for the 14-day 

survival time treatments, equaling a total of 12 mice. The discrepancy in mouse totals for 

Block 8 was due to limited availability of mice from the vendor at the time of the 

experiment. All mice in a block were scheduled for concurrent dosing, motor assessment, 

and sacrifice. The maximum temporal separation between the first and last treatment 

blocks was 7 days. 

3. Motor Activity Assessment 

Motor activity was assessed either 7 days (Day 15) or 14 days (Day 22) following 

the final injection (Experiment 2B. Figure 1). On the day of assessment testing took place 

between 9:00 am and 3:00 pm. All motor activity measures were the same as in 

Experiment 2A; open field grid crossing and rearing frequency, visible platform swim, 

grip strength and grip fatigue. Both the apparatus and procedures used were the same as 

in Experiment 2A, with two exceptions: 1) the number of trials for the visible platform 
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swim test was decreased from four to three, because it was observed in Experiment 2A 

that mice would not swim directly to the platform in trial 4 and 2) due to availability of 

equipment, the room where the grip strength analysis took place was different from 

Experiment 2A.  

4. Tissue Collection and Processing 

Mice were sacrificed on either Day 15 or 22 upon completion of motor 

assessment.  Sacrifice, brain removal and weighing of brain tissue were performed as in 

Experiment 2A. Immediately following weighing, the combined striatal tissue from both 

the right and left hemisphere was homogenized with 3,4-dihydoxybenzylamine (DHBA) 

internal standard in a 1.5 ml Eppendorf® capsule in preparation for high performance 

liquid chromatography with electrochemical detection (HPLC-ED). Internal standard, 6.8 

x 10-6 mole/liter DHBA , was added at 10μl per mg of tissue increments (i.e.15 mg of 

tissue x 10 μl/mg = 150 μl internal standard). Samples were then frozen at -70° C for 

HPLC-ED analysis at a later date.   

5. High Performance Liquid Chromatography with Electrochemical Detection 

On the day of HPLC analysis, samples were thawed over ice and centrifuged at 

10,000 rpm for 5 min. The supernatant was removed and filtered through a Pall Gelman 

Acrodisc® LC13mm 0.2 micron filter and transferred to an HPLC vial.  Dopamine and its 

metabolite DOPAC were detected via HPLC following a modified version of the method 

as described by Jussofie et al. (1993).  The Toxicology Service Laboratory at VMRCVM 

performed the analysis using an Agilent Technologies 1100 Series HPLC system. 

Connected to this system was a Hewlett Packard 1049 (USA) electrochemical detector set 

at a potential of +0.35V for the detection of catecholamines. A Nucleosil 100 C18 
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(reverse phase), 250 x 4.0 mm, 3 μ column (Macherey-Nagel, USA) was used for 

purification with a buffer flow rate of 0.6 mL/min. The mobile phase consisted of 0.1 M 

sodium acetate, 25 mM citric acid, 134 μM ethylene diaminetetracetic acid (EDTA),  

230 μM octane sulfonic acid, pH 4.7, in 6% methanol. The injection volume for both 

standards and samples was 20 μl.  Calibration standards were run before and after every 

15-20 samples with the following concentrations of DHBA, DOPAC, and dopamine: 1 x 

10-5 mole/L, 5 x 10-6 mole/L, 1 x 10-6 mole/L, 5 x 10-7 mole/L, 1 x 10-7 mole/L, and 5 X 

10-8 mole/L. For each sample run the peak height ratio for DHBA, DA and DOPAC 

identified in the sample was compared to the peak-height ratio of the standard curves. 

The concentration of the DHBA internal standard in the HPLC vial for each sample was 

6.8 x 10-6 mole/L. The following formulas were used with the aid of Microsoft Excel 

(Microsoft, USA) to determine the percent recovery as well as the amount of DA and 

DOPAC in pmole per mg wet weight of striatal tissue: 

% Recovery = [DHBA] vial / 6.8 x 10-6 

[DA] striatum pmole/mg = ([DA] vial mole/liter x 10 dilution X 1x106)/ % recovery 

[DOPAC] striatum pmole/mg = ([DOPAC] vial mole/liter x 10 dilution X 1x106)/ % recovery. 

6. Data Analysis 

Eight dependent variables were measured in this experiment including the 

concentrations of dopamine and DOPAC in pmole/mg of striatal tissue, body weight, and 

the five motor assessments: grid crossing, rearing frequency, swim time to platform, grip 

strength & grip fatigue.  Each was measured within the two Mn dose levels (0 mg/kg & 
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100 mg/kg), and the two MPTP dose levels (0 mg/kg & 20 mg/kg) at two post injection 

survival times (7 days or 14 days).  An independent analysis of variance (ANOVA) was 

performed for each dependent variable using the mixed procedure of SAS (SAS Institute, 

Cary, NC, USA). Prior to ANOVA, scatter plots of raw data were visually examined by 

treatment block, Mn dose, MPTP dose, and post-injection survival time to check for 

conformity to assumptions of normality and homogeneity.  A standardized plot of the 

residuals within the predicted values was used to check the adequacy of the chosen 

statistical model:  

y =β0 + β1=block + β2=Mn dose level + β3=MPTP dose level + β4=Mn dose level x MPTP dose level + β5=survival 

time+ β6=Mn dose level x survival time + β7= MPTP dose level x survival time+ β8=Mn dose level x MPTP dose level x 

survival time  + εi.   

Upon examination of these plots the raw data for each dependent variable 

appeared to follow the assumptions for ANOVA and did not have to be log transformed 

for any of the analyses.  Excluding body weight, all analyses examined the fixed effects 

of dose level for Mn, dose level for MPTP, survival time, and the interactions of Mn and 

MPTP dose levels, Mn dose level and post-injection survival time, MPTP dose level and 

post-injection survival time, and Mn dose level, MPTP dose level, and post-injection 

survival time. The null hypotheses tested in the ANOVA for these dependent variables 

were: 

Ho: μ 0 mg/kg Mn = μ 100 mg/kg Mn,  

Ho: μ 0 mg/kg MPTP= μ 20 mg/kg MPTP,  

Ho: There is no interaction between Mn dose level and MPTP dose level,  
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Ho: μ 7days= μ 14days, 

Ho: There is no interaction between Mn dose level and post-injection survival time,  

Ho: There is no interaction between MPTP dose level and post-injection survival time  

Ho: There is no interaction between Mn dose level, MPTP dose level, and post-injection 

survival time.  

There were several analyses performed for body weight. The first analysis for 

body weight examined the effects of Mn dose, day, and interaction of dose and day only 

during the period of Mn (or Mn vehicle) dosing and prior to dosing with MPTP (or MTP 

vehicle). The statistical model used was: 

y =β0 + β1=block + β2=Mn dose level + β3=day  + β4=Mn dose level x day + εi.   

The null hypotheses tested were: 

Ho: μ 0 mg/kg  Mn = μ 100 mg/kg  Mn, 

Ho: μ day 1 = μ day 2  = μ day 3 = μ day 4 = μ day 5  = μ day 6  = μ day 7 = μ day 8 

Ho: There is no interaction between Mn dose level and day. 

The next two analyses for body weight examined the effects of Mn dose, MPTP dose, 

day, and the interactions of Mn and MPTP, Mn dose and day, MPTP dose and day, and 

Mn, MPTP, and day only during post MPTP (or MPTP vehicle) survival period.  A 

separate analysis was done for each post-injection survival time (7 days & 14 days). The 

statistical model was:  

y =β0 + β1=block + β2=Mn dose level +  β3=MPTP dose level + β4=day  + β5=Mn dose level x MPTP dose level 

β6=Mn dose level x day + β7=MPTP dose level x day  + β4=Mn dose level x MTPT dose level x day + εi.  

 The null hypotheses tested for each analysis were: 
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Ho: μ 0 mg/kg Mn = μ 100 mg/kg Mn, 

Ho: μ 0 mg/kg MPTP= μ 20 mg/kg MPTP,  

Ho: There is no interaction between Mn dose level and MPTP dose level,  

Ho: μ day 9 = μ day 10  = μ day 11 = μ day 12 = μ day 13 = μ day 14  = μ day 15  (7day survival),   

Ho: μ day 9 = μ day 10  = μ day 11 = μ day 12 = μ day 13 = μ day 14  = μ day 15 = μ day 16 = μ day 17  =  

μ day 18 = μ day 19 = μ day 20 = μ day 21  = μ day 22   (14day survival),   

Ho: There is no interaction between Mn dose level and day, 

Ho: There is no interaction between MPTP dose level and day, and 

Ho: There is no interaction between Mn dose level, MPTP dose level, and day.  

The results of the ANOVA for each dependent variable were used to determine 

the necessary pair-wise comparisons between means. Post hoc analysis of the differences 

between means, for striatal dopamine and DOPAC levels and for motor behavior, was 

performed if the ANOVA revealed: 1) a significant interaction between Mn dose level 

and post-injection survival time, 2) a significant interaction between MPTP dose level 

and post-injection survival time, 3) a significant interaction between Mn dose level and 

MPTP dose level, or 4) a significant interaction between Mn dose level, MPTP dose 

level, and post-injection survival time.  For a significant interaction for Mn and survival 

time the following two hypotheses were tested: 

1) Ho: μ 0 mg/kg Mn, 7days = μ 100 mg/kg Mn, 7days 

2) Ho: μ 0 mg/kg Mn, 14days = μ 100 mg/kg Mn, 14days. 

For significant interaction between MPTP and survival time the two hypotheses tested 

were: 

1) Ho: μ 0 mg/kg MPTP, 7days = μ 20 mg/kg MPTP, 7days  
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2) Ho: μ 0 mg/kg MPTP, 14days = μ 20 mg/kg MPTP, 14days. 

If the ANOVA found a significant interaction between Mn dose level and MPTP dose 

level then the following four hypothesis were tested (all collapsed over survival time): 

1) Ho: μ 0 mg/kg Mn = μ 100 mg/kg Mn, 

2) Ho: μ 0 mg/kg MPTP = μ 20 mg/kg MPTP,  

3) Ho: μ 100 mg/kg Mn + 0 mg/kg MPTP  = μ 100 mg/kg Mn + 20 mg/kg MPTP,  

4) Ho: μ 0 mg/kg Mn  + 20 mg/kg MPTP = μ 100 mg/kg Mn + 20 mg/kg MPTP. 

For a three- way interaction between Mn dose level, MPTP dose level, and survival time 

eight hypotheses were tested:  

1) Ho: μ 0 mg/kg Mn, 7days = μ 100 mg/kg Mn, 7days,  

2) Ho: μ 0 mg/kg Mn, 14days = μ 100 mg/kg Mn, 14days. 

3) Ho: μ 0 mg/kg MPTP, 7days = μ 20 mg/kg MPTP, 7days,  

4) Ho: μ 0 mg/kg MPTP, 14days = μ 20 mg/kg MPTP, 14days. 

5) Ho: μ 100 mg/kg Mn + 0 mg/kg MPTP, 7days  = μ 100 mg/kg Mn + 20 mg/kg MPTP, 7 days 

6) Ho: μ 0 mg/kg Mn  + 20 mg/kg MPTP, 7days  = μ 100 mg/kg Mn + 20 mg/kg MPTP, 7days. 

7) Ho: μ 100 mg/kg Mn + 0 mg/kg MPTP, 14days  = μ 100 mg/kg Mn + 20 mg/kg MPTP, 14 days,  

8) Ho: μ 0 mg/kg Mn  + 20 mg/kg MPTP, 14days  = μ 100 mg/kg Mn + 20 mg/kg MPTP, 14days. 

The Bonferroni alpha was used for each comparison and was adjusted according to 

number of comparisons: .05/ number of comparisons. For 2 comparisons, the Bonferroni 

alpha = 0.02532. For 4 comparisons, the Bonferroni alpha = 0.01274. For 8 comparisons, 

the Bonferroni alpha = 0.006391.  

 

C. Experiment 2B: Results 
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1. Striatal Dopamine Concentration 

ANOVA revealed a significant main effect of MPTP represented by a 49% 

decrease in DA concentration in mice treated with MPTP compared to mice treated with 

MPTP vehicle (df = 1, 90.8; p< 0.0001)( Experiment 2B. Figure 2a). Neither Mn dose 

level nor survival time produced a main effect on DA concentration.  Experiment 2B 

Figure 2b shows dopamine concentration as a function of MPTP dose in the presence or 

absence of Mn. As can be seen, the presence of Mn did not change the effects of MPTP.  

No significant interactions occurred between Mn or MPTP and survival time. 

2. Striatal DOPAC Concentration 

ANOVA revealed a main effect of MPTP represented by a 38% decrease in 

DOPAC concentration in mice treated with MPTP compared to mice treated with MPTP 

vehicle (df =1,89.1; p< 0.0001) (Experiment 2B. Figure 3a).  There was no main effect of 

Mn.  Experiment 2B Figure 3b shows Mn did not change the effect of MPTP on striatal 

DOPAC concentration. ANOVA revealed a significant survival time dependent effect of 

Mn on DOPAC concentration (df = 1, 89.2; p< 0.0080). However, post hoc analysis 

failed to reveal a significant effect of Mn treatment upon DOPAC levels in either the 7 

day (p = 0.0445, Bonferroni α = 0.025) or 14 day (p = 0.0756, Bonferroni α = 0.025) 

post-injection survival groups using the fairly conservative corrected Bonferroni α level 

(Experiment 2B. Figure 3c). It is worth noting that for mice receiving 100 mg/kg of 

MnCl2 in the 7 day survival time group there was a numerical trend toward a decrease in 

DOPAC concentration, while for the mice receiving 100 mg/kg of MnCl2 in the 14 day 

survival time group there was a numerical trend toward an increase in DOPAC 

concentration. DOPAC concentration was significantly different depending on survival 
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duration (df = 1, 90.1; p< 0.0115). Across treatments, mice surviving 14 days had 

DOPAC levels 14.4% higher than mice surviving 7 days (Experiment 2B. Figure 3d). 

3. Body Weight 

The first ANOVA for weight examined weights recorded on days 1-8, in which 

Mn was administered on days 1, 4, and 7. Day 1 represents the pre-dosing weight, while 

weights on days 2-8 were taken following Mn administration. Although mice received an 

injection of MPTP or MPTP vehicle on day 8, the weight on day 8 was recorded prior to 

MPTP dosing.  ANOVA results showed a significant main effect of Mn on weight.  

There was a 6.78% decrease in weight for mice treated with Mn compared to mice treated 

with Mn vehicle (df = 1,115; p< 0.0001) (see Experiment 2B. Figure 4a). There was also 

a significant effect of Mn that was dependent on day (df = 7, 788; p< 0.0001). Post hoc 

testing for the effect of Mn by day found that Mn significantly decreased weight on each 

of days 2- 8 (df = 1, 788;p< 0.0001) (see Experiment 2B. Figure 4b).  

ANOVA for weight at the 7 day survival time post Mn and MPTP treatment (days 

9-15), revealed a significant 5.39% main effect decrease in weight in mice treated with 

Mn compared to mice treated with Mn vehicle (df = 1, 31.3; p= 0.0143) (see Experiment 

2B. Figure 5a). MPTP treatment had no effect on mouse weight (df = 1, 30.9; p= 0.9892, 

α = 0.05) and there was no interaction between Mn and MPTP (df = 1, 30.8; p= 0.3892, 

α = 0.05). ANOVA revealed that the significant effect of Mn on weight was dependent 

on day (df = 6,222; p< 0.0001, α = 0.05). Post hoc testing for the effect of Mn by day 

found that Mn significantly decreased weight on each of days 9 through 12 (Experiment 

2B. Figure 5b). By the end of the 7 day survival (Day 15)  mice receiving Mn had only 
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2.27% lower weight (df = 1,35;p =0.2933) when compared to mice treated with Mn 

vehicle.  

ANOVA for weight at the 14 day survival time post Mn and MPTP treatment 

(days 9-22), revealed a significant 4.11% main effect decrease in weight in mice treated 

with Mn compared to mice treated with Mn vehicle (df = 1, 44.8; p= 0.0037) (see 

Experiment 2B. Figure 6a). MPTP treatment had no effect on mouse weight (df = 1, 44.3; 

p= 0.5180) and there was no interaction between Mn and MPTP (df = 1, 44.3; p = 

0.6617).  ANOVA revealed a significant effect of Mn on weight that was dependent on 

day (df = 13, 532; p< 0.0001, α = 0.05). Post hoc testing for the effect of Mn by day 

found that Mn significantly decreased weight on days 9 through 15 and on day 22 (see 

Experiment 2B. Figure 6b). At the end of the 14 day survival (Day 22) mice receiving 

Mn had a 3.48% (df = 1,64.2; p= 0.0191) lower weight compared to mice treated with 

Mn vehicle.  

4. Open Field 

a. Grid Crossing 

ANOVA indicated a significant interaction between MPTP and survival time (df 

= 1, 90.2; p= 0.0192) on horizontal movement.  However, this likely reflected a 

numerical decrease in grid crossing at 7 days survival combined with a numerical 

increase at 14 days survival neither of which by themselves were statistically significant 

as revealed by separate post hoc analyses.  

ANOVA revealed no significant main effect for Mn, MPTP, or survival time on 

horizontal movement in an open field. However, there was a strong numerical trend 

toward a main effect decrease in grid crossing for mice in the 100 mg/kg MnCl2 group 
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when compared to the Mn vehicle (df = 1, 90.8; p= 0.0547, α =0.05). Collapsed across 

MPTP and survival time, mice treated with 100 mg/kg MnCl2 displayed a non significant 

14.23% decrease in number of grid crossings compared to mice treated with Mn vehicle.  

ANOVA revealed a significant interaction between Mn and survival time on the 

frequency of horizontal movement in an open field (df = 1, 90.5; p = 0.0167). Post hoc 

comparison found no significant differences between mice treated with Mn vehicle or 

100 mg/kg MnCl2 for the 7 day survival group (p= 0.7224; Bonferoni α = 0.02503). 

However for the 14 day survival group there was a significant decrease in number of grid 

crossings performed by mice treated with 100 mg/kg Mn compared to those treated with 

Mn vehicle (see Experiment 2 B. Figure 7a). This decrease observed was 29.7% 

(p=.0035; Bonferoni α=.02503).  

ANOVA revealed a strong suggestion of an interaction between Mn and MPTP 

(df = 1, 90.9; p = 0.0546, α = 0.05) on grid crossing that was confirmed by post-hoc 

analysis. Post hoc testing found that 100 mg/kg Mn in the absence of MPTP significantly 

decreases the number of grid crossings by 26.5% (p = 0.0101, Bonferoni α=0. 0127). 

However, in the presence of MPTP, Mn failed to significantly reduce the number of 

crossings (p= 0.02184, Bonferoni α=0. 0127) (see Experiment 2B. Figure 7b). This 

suggests that MPTP eliminates the decrease in grid crossing seen with Mn alone.  

b. Rearing  

ANOVA revealed no significant main effects of Mn or MPTP on rearing 

frequency.  However, there was a significant interaction of MPTP and Mn on vertical 

movement that was survival time dependent (df = 1, 90.7; p = 0.0412).  Post hoc analysis 

showed that for the 7 day survival group, MPTP reduced the number of rearings by 
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39.8% (p= .0053, Bonferoni α=. 00639). However, for the same 7 day survival group in 

the presence of Mn, MPTP fails to reduce rearing frequency (p= .0442, Bonferoni α=. 

00639) (see Experiment 2B. Figure 8a). Post hoc analysis revealed no significant 

differences in rearing frequency for the 14 day survival group (see Experiment 2B. Figure 

7.b).  Thus at the 7 day survival time, Mn eliminates the effect of MPTP (decrease in 

rearing frequency), while at the 14 day survival time Mn and MPTP do not significantly 

alter vertical movement or interact.  

5. Visible Platform Swim 

ANOVA revealed mice treated with Mn had 26.5% shorter swimming times than 

mice treated with Mn vehicle (df = 1, 85; p = 0.0290) (see Experiment 2B. Figure 9a). 

MPTP treated mice showed a trend toward longer swim times when compared to mice 

that did not receive MPTP, however this effect was not significant (df = 1, 85; p = 

0.0616) (see Experiment 2B. Figure 9b). There was no main effect of survival time and 

no interactions between Mn, MPTP, and survival time for swimming.  

6. Grip Force 

a. Strength 

Grip strength is equal to the peak force before release recorded during the first of 

four grip trials. ANOVA for grip strength revealed a significant main effect of survival 

time (df = 1, 89; p< 0.0001) where mice in the 14 day survival group had a 29.4% 

stronger recorded grip than mice in the 7 day survival group (see Experiment 2B. Figure 

10a). There was also a significant interaction between Mn and MPTP that was dependent 

upon survival time (df = 1, 89; p= 0.0325).    Post hoc analysis revealed that for the 14 

day survival group in the absence of Mn, mice treated with MPTP gripped with 28.4% 
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less force than mice treated with MPTP vehicle (p = 0.0030; Bonferoni α = 0.00639) (see 

Experiment 2B. Figure 10b). However, in the presence of Mn, MPTP failed to produce a 

change in grip force (p = 0.6123; Bonferoni α = 0.00639). Thus, the decrease in grip 

strength produced by MPTP alone was eliminated in the presence of manganese. No 

significant effects of Mn and MPTP for the 7 day survival group were found.   

b. Fatigue 
The slope of the best fit line through the 4 grip strength trials was used to asses 

grip fatigue, where a decrease in slope represented an increase in fatigue. ANOVA for 

grip fatigue revealed a significant interaction of Mn and MPTP that was dependent on 

survival time (df = 1, 89; p = 0.0192, α = 0.05). However, post hoc comparisons revealed 

no individual significant differences between treatment groups at the 7 day or 14 day 

survival time.   

D. Experiment 2B: Discussion 

As expected, MPTP produced a significant decrease in both striatal DA (49%) 

and DOPAC (38%) concentration. MnCl2 alone did not significantly change DA or 

DOPAC concentration nor did it alter the significant effect of MPTP on DA and DOPAC 

levels in the nigrostriatal pathway (see Experiment 2B. Figure 2b & 3b). This is 

concordant with findings by Baek et al. (2003) showing that Mn did not change the effect 

of MPTP on striatal concentrations of DA and DOPAC in the C57BL/6 mouse. There are 

however some differences in the dose level, route of administration, and age of mice 

between the experiment of Baek et al. (2003) and the current study. The dose used in 

Baek’s experiment was low at 2 mg/kg MnCl2 i.p. per day for 21 days and the age of the 

mice treated was 10 weeks.  The current study treated aged mice (7-9 months) with 3 s.c. 
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100 mg/kg MnCl2 injections.  Baek et al. did not find significant accumulation of Mn in 

striatal tissue following this low dose regimen.  Thus it is possible that the dosing 

regimen used by Baek resulted in homeostatic conditions of Mn, which ultimately had no 

significant toxic effects on dopaminergic neurochemistry.  This is supported by the fact 

that 2 mg/kg MnCl2 i.p. per day for 21 days also did not alter the concentration of glial 

fibrillary acidic protein (GFAP) in the striatum.  It should be noted that a follow up study 

by Baek et al. (2007) using the same dosing regimen with an increased dose (8 mg/kg 

MnCl2 per day for 21 days) did result in a significant increase in striatal Mn compared to 

controls and a significant increase in GFAP staining of striatal tissue, but no change in 

DA and DOPAC concentrations. However, this still does not explain why the high dose 

regimen that resulted in significant Mn accumulation used in this experiment did not alter 

dopamine neurochemistry in the basal ganglia.  

While many studies have found that Mn accumulates in the basal ganglia 

(Gianutsos et al. 1985; Erikson et al., 1992; Kafritsa et al, 1998; Aschner et al., 1999; 

Aschner et al., 2005), not many report a consistant correlated relationship between Mn 

accumulation and change in DA concentration. One study found high dose Mn (10 mg/kg 

for 15 days) caused an increase in striatal DA in neonatal rats (Seth and Chandra, 1984), 

while another study in the neonate found that Mn (250 µg and 500 µg per day for 21 

days) decreased striatal DA concentrations (Tran et al., 2002). A study in the adult rat 

found striatal infusion of Mn (2 mM MnCl2 at a rate of 1.5 µl/min for 120 minutes) led to 

a significant decrease in DA levels (Vidal et al., 2005). A recent primate study found no 

significant alteration in the concentration of DA and its metabolites despite the presence 

of increased tissue manganese concentrations following high-dose exposure to MnSO4 
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(Struve et al., 2007). Thus it appears that whether Mn accumulation will significantly 

affect striatal DA concentrations depends on the form of Mn, dose level, type of exposure 

and age.  

A primate study by Guilarte et al. (2006) found intravenous MnSO4 resulted in a 

marked decrease of in vivo DA release in the absence of a change in DA and DA 

metabolite concentration, DA terminal integrity, and DA receptors in the striatum. 

Because the decrease in DA release was also accompanied by subtle motor deficits it was 

concluded that Mn-exposed primates with subtle motor function deficits have apparently 

intact but dysfunctional DA systems.  Another study in mice found that while Mn 

exposure did not alter protein concentrations of striatal tyrosine hydroxylase, a marker of 

DA neuron integrity, synaptic concentration of striatal D2 receptors were decreased with 

increasing Mn dose (Nam and Kim, 2008). Motor deficits were also reported in mice with 

Mn induced decrease in DA receptor concentration.  These findings indicate that Mn-

induced motor deficits may be modulated in part by the expression of D2 receptors in the 

striatum. In the current study there was a significant main effect of Mn resulting in a 

decrease in horizontal movement at the 14 day survival time. This was despite the fact 

that as described above no such effects of Mn were clearly seen upon DA or DOPAC in 

the dopaminergic nigrostriatal pathway. Thus while DA and DOPAC may not be altered 

in striatal tissue, other Mn induced changes in the nigrostriatal tract could be responsible 

for motor deficits observed in the Mn treated C57BL/6 mouse used in the present study. 

However, because Mn also accumulates in other motor related regions including the 

cortex and the cerebellum (Sotogaku et al., 2000; Aschner et al., 2005), the possibility 
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exists that motor deficits in this study are attributable to the action of manganese in other 

motor associated regions. 

The interactive effects of Mn and MPTP were observed upon several motor 

behaviors. Mn eliminated the main effect of MPTP on vertical movement at the 7 day 

survival time and grip force at the 14 day survival time, while MPTP eliminated the 

effect of Mn on horizontal movement. The interactive effects seen on grip fatigue were 

based on trends and are therefore not significant. Based on the results from Experiment 

2A we can assume the dosing regimen used in this experiment resulted in a significant 

increase in striatal Mn. We also know that while this increase in striatal Mn does not alter 

DA and DOPAC concentration in the nigrostriatal tract it does produce a subtle decrease 

in locomotor behavior. However, for the treatment group receiving both Mn and MPTP 

the Mn induced decrease in horizontal movement (grid crossing) frequency was 

attenuated. It is well known that MPTP can disrupt the nigrostriatal tract causing extreme 

motor deficiencies in both humans and animal models (Langston, 1998; Kurosaki et al. 

2004). Following this pattern, MPTP alone decreased vertical movement (rearing 

frequency) and grip strength, however for the treatment group receiving both Mn and 

MPTP these MPTP induced motor deficits were attenuated. Thus the interactive effects 

of Mn and MPTP appear complex and with limited knowledge of the scope of Mn effects 

on dopaminergic function the possible reasons for these multifaceted interactions on 

motor behavior can only be speculated.   

As described in the Introduction, DAT plays a critical role in the entry of MPP+, 

the toxic metabolite of MPTP, into dopaminergic neurons (Chiba et al., 1985; Bezard et 

al, 1999). Several studies have also reported an importance of DAT on Mn accumulation 
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in the basal ganglia (Eriksson et al., 2005; Anderson et al., 2007). DAT-knockout mice 

were found to have decreased Mn accumulation in the striatum, while treatment with the 

DAT inihibitor GBR12909 significantly decreased Mn accumulation in the globus 

pallidus.  Microinjections of radioactively labeled Mn into rat striatum revealed region-

specific accumulation and retention of the isotope in globus pallidus, striatum, thalamus 

and substantia nigra (Sloot and Gramsbergen, 1994). The previously mentioned studies 

suggest that Mn accumulation in the BG is dependent on the presence of DAT and that it 

is possible for Mn to be transported from the striatum to other BG nuclei. If both Mn and 

MPTP rely on DAT to be taken up into the striatum, there could be competition between 

these two basal ganglia toxins. If competitive inhibition for binding to DAT exists 

between MPTP and Mn this could prevent Mn from accumulating in the BG or MPP+ 

from entering the nigrostriatal tract. Initial Mn exposure could also change the 

concentration of DAT resulting in alteration of MPTP toxicity. This in turn could result 

in a complex interaction of Mn interference on locomotor behavior as observed in this 

study.   

For this study mice received multiple MnCl2 injections (Day 1, 4, & 7) before 

they were treated with a single MPTP injection (Day 8). Experiment 2A showed that in 

the C57BL/6 mouse striatal Mn levels are elevated on Day 8 following the multiple 

dosing regimen. However, it remains unknown if systemic Mn levels were increased 

outside the brain (in the blood or CSF) at the time of MPTP dosing (Day 8). 

Nevertheless, Mn could affect entry of MPTP in the brain at the BBB thereby resulting in 

a protective-like effect against MPTP toxicity. Although in this study Mn did not change 
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the MPTP induced decrease in DA and DOPAC, Mn did decrease motor behavior deficits 

induced by MPTP.  

Another study found postnatal high dose exposure to MnCl2 caused a decline in 

DAT protein expression and consequently decreased DA uptake in adult rats (McDougall 

et al., 2008), while Chen et al. (2006) found that acute administration of manganese in the 

primate was followed by an initial increase in DAT. Because MPP+ relies on DAT for 

transport into DA neurons, a Mn induced decrease in DAT could lessen the effect of 

MPTP on the nigrostriatal tract as well as motor behavior, while a Mn induced increase in 

DAT could exacerbate the effect MPTP. However, in this experiment because Mn did not 

change the MPTP induced decrease in DA and DOPAC, it could be assumed that DAT 

levels were not significantly altered by the presence of Mn. 

Mn and MPTP nigrostriatal neurotoxic synergism could have potentially resulted 

from changes induced by both toxins once they entered the striatum. Mn and MPTP are 

thought to induce neuronal damage through similar molecular mechanisms including 

interference with the mitochondrial transport chain and overproduction of ROS (Galvani 

et al., 1995; Robinson, 1998; Witholt et al. 2000; Antharam et al., 2002; Przedborski & 

Vila, 2003). While Mn did not significantly change the concentration of striatal DA and 

DOPAC in the C57BL/6 mouse in this study, Mn has been shown to alter other aspects of 

the nigrostriatal pathway including a decrease in DA release, a decrease in D2 receptor 

protein, and change in DAT protein (Guliarte et al., 2006; Nam and Kim, 2008; 

McDougall et al., 2008). MPTP has been found to increase release of DA, decrease DAT 

protein, and decrease tyrosine hydroxylase staining (Pileblad and Carlsson, 1988; 

Sundstrom et al., 1990; Kursaki et al., 2004).  Unfortunately the results of this study can 
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not answer the question of whether Mn and MPTP are interacting to induce dopaminergic 

deficits at points that may not affect dopamine neurochemistry.  

While not analyzed in this study, Mn accumulation in the basal ganglia has been 

shown to alter other neurotransmitter systems including GABA and glutamate (Fitsanakis 

et al., 2006). As was described in the Introduction, accumulation of Mn in the globus 

pallidus could decrease GABA activity, which in turn could disinhibit the STN, allowing 

for glutamatergic overstimulation of the nigrostriatal pathway (Castro and Zigmond et al., 

2001). Thus manganese could indirectly affect nigrostriatal dopamine release through the 

induction of abnormal levels of GABA and glutamate within the basal ganglia.  Because 

Mn did not significantly alter the concentration of DA and DOPAC, it is hard to say 

whether there was an effect of Mn on dopamine release in this experiment.   

There was no interaction between Mn, MPTP, and survival time on DA and 

DOPAC concentration. The significant MPTP decrease in DA and DOPAC remained for 

both the 7 day and 14 day post dosing survival times.  However, the percent decrease in 

DA observed at the 14 day survival time was 15% less than the decrease in DA at the 7 

day survival time.  Although not statistically significant, this indicates partial recovery of 

nigrostriatal DA with time. Partial DA recovery at the 14 day survival time could be the 

reason why the MPTP induced decrease in vertical movement for the 7 day survival time 

was no longer present at the 14 day survival time. This however does not explain the 

significant decrease in grip strength that was present only for the 14 day survival time.   

Unlike Experiment 2A, in this study, multiple dosing with 100 mg/kg MnCl2 

produced a significant decrease in weight that was dependent on experimental day. Mice 

treated with 100 mg/kg MnCl2 had significantly lower weights than mice treated with 0 
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mg/kg MnCl2 for each survival time on days 2 through 8. This effect of Mn was extended 

to days 9 through 12 for the 7 day post-dosing survival time, but was no longer 

significant by the final day (Day 15).  For the 14 day post-dosing survival time the effect 

of Mn was extended to days 9 through 15, with a significant 3.48% decrease compared to 

controls by the final experimental day (Day 22).  Because MnCl2 at this does level 

produced a significant change in weight, it may be useful to lower the dose of MnCl2 in 

future experiments to assure that all motor deficits are not a result of poor health. The 

decrease in horizontal movement induced by Mn treatment at the 14 day post-injection 

survival time could be a result of the significant decrease in weight produced by Mn. 

However, if this were the case you would not expect Mn to attenuate the effects of MPTP 

on vertical movement and grip strength or decrease swim time.  

The findings of this experiment provide insight into the potential role of 

exogenous overexposure to the element manganese upon Parkinson- like sequelae in the 

MPTP mouse model of PD. While Mn at the doses used does not alter the MPTP induced 

decrease in striatal DA and DOPAC concentration, Mn and MPTP were found to interact 

in the modulation of motor behaviors in the C57BL/6 mouse. This suggests that the 

influence of Mn upon chemically induced parkinsonism may involve aspects of 

dopaminergic function not directly addressed in this experiment. Other experiments in 

this dissertation were done in an attempt to elucidate the effects of manganese on MPTP 

neurotoxicity in another dopaminergic pathway, the mesocortical pathway. A comparison 

was made between the nigrostriatal dopamine pathways and mesocortical dopamine 

pathways to determine whether manganese could alter the relative expression of 

symptoms in the MPTP model of PD to be more cognitive or motor like.   
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Experiment 2B. Figure 1. Dosing and Sacrifice Regimen. 
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Experiment 2B. Figure 2A. Graph showing the main effect of MPTP on striatal DA 
across treatment groups. 
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Experiment 2B. Figure 2B. Graph showing Mn does not change the effect of MPTP on 
striatal DA.  
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Experiment 2B. Figure 3A. Graph showing the main effect of MPTP on striatal DOPAC 
across treatment groups. 
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Experiment 2B. Figure 3B. Graph showing Mn does not change the effect of MPTP on 
striatal DOPAC.  
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Experiment 2B. Figure 3C. Graph showing how the effect of Mn is changed by survival 
time.  
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Experiment 2B. Figure 3D. Graph showing the main effect of survival time on striatal 
DOPAC. 
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Experiment 2B. Figure 4A. Graph showing the main effect of Mn on weight (Day 1-8). 
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Experiment 2B. Figure 4B. Graph showing mean weights by day. 
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Experiment 2B. Figure 5A. Graph showing the main effect of Mn on weight (7 Day 
survival time). 
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Experiment 2B. Figure 5B. Graph showing mean weights by day.  
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Experiment 2B. Figure 6A. Graph showing the main effect of Mn on weight (14 Day 
survival time). 
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Experiment 2B. Figure 6B. Graph showing effect of Mn by day. 
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Experiment 2B. Figure 7A. Graph showing the effect of Mn on grid crossing was 
changed by survival time. 
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Experiment 2B. Figure 7B. Graph showing the effect of Mn on grid crossing was 
changed by MPTP. 
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Experiment 2B. Figure 8A. Graph showing Mn changes the effect of MPTP on rearing 
frequency at the 7 Day survival time. 
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Experiment 2B. Figure 8B. Graph showing Mn dose not change the effect of MPTP on 
rearing frequency at the 14 Day survival time. 
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Experiment 2B. Figure 9A. Graph showing the main effect of Mn on swim time. 
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Experiment 2B. Figure 9B. Graph showing the effect of MPTP on swim time. 
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Experiment 2B. Figure 10a. Graph showing the main effect of survival time on grip 
strength. 
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Experiment 2B. Figure 10B. Graph showing the effect of MPTP is changed by Mn at 
the 14 Day survival time.  
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Chapter 5:  

Influence of Environmental Manganese on MPTP-Induced Neurotoxicity  

Experiment 2C: Accumulation of manganese in the brain following a multiple dose 

subcutaneous injection regimen of 0, 25, or 50 mg/kg MnCl2 in the C57BL/6 mouse. 

 

A. Experiment 2C: Justification and experimental objectives 

Experiment 2A established dosing regimens that could produce a significant 

increase in the concentration of manganese within the basal ganglia of the C57BL/6 

mouse.  The multiple dosing regimen at a dose level of 100 mg/kg and 50 mg/kg MnCl2 

produced concentrations of Mn in the basal ganglia that were 647% and 421% above 

vehicle control, respectively. The 100 mg/kg multiple dosing regimen was chosen for 

Experiment 2B to evaluate the effects of Mn accumulation in the mouse basal ganglia on 

the dopaminergic neurochemistry of this region and associated motor behavior and on 

MPTP-induced toxicity in the basal ganglia. For Experiment 2D the 50 mg/kg multiple 

dosing regimen along with a lower dose of 25 mg/kg were chosen to evaluate manganese 

modulation of MPTP toxicity, by Mn,  in the mesocortical versus the nigrostriatal 

dopamine pathways.  The lower doses were chosen to improve the external validity of the 

Mn toxicity studies. As noted in the Introduction, the mesocortical dopaminergic pathway 

is a substrate of cognitive function synaptically linked to the basal ganglia (see 

Introduction Figure 2).  Experiment 2C is designed to 1) determine if Mn significantly 

accumulates in the brain with 25 mg/kg MnCl2 using the established multiple dosing 

regimen and 2) determine if  multiple subcutaneous MnCl2  injections produce a 

significant increase in Mn in the frontal cortex target of the mesocortical pathway. The 
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results of this experiment validate the dosing regimen chosen for Experiment 2D for the 

comparative and behavioral neurochemical (motor and cognitive) study of manganese 

accumulation on MPTP-induced toxicity in the nigrostriatal versus mesocortical 

dopaminergic pathways. 

B. Experiment 2C: Materials & Methods 

1. Animals and Chemicals 

 Twenty-four retired breeder male C57BL/6 mice were obtained from Harlan 

Sprague Dawley Laboratories and were approximately 7-9 months of age at the time of 

the experiment. They were housed singly in a humidity and temperature controlled 

environment on a 12-hour light/ dark cycle and provided free access to food and water. 

Daily mixing of the MnCl2 tetrahydrate (Sigma-Aldrich, St. Louis, MO, USA) solutions  

(5 % for 50 mg/kg doses and 2.5% for 25 mg/kg doses) and determination of injection 

volume were performed as described in Experiment 2A. The average injection volume 

was 0.15 ml and was given in the scruff of the neck using a ½ inch X 27 gauge needle 

attached to a 1 cc syringe. 

2. Treatment Groups  

Mice were randomly assigned to three treatment groups in a single factorial 

design consisting of 3 Mn dose levels. The experimental dosing groups were 0 mg/kg 

MnCl2 (vehicle-control), 25 mg/kg MnCl2, and 50 mg/kg MnCl2. Each treatment group 

contained eight mice. Once assigned to treatment groups, mice were randomly placed 

into 2 experimental blocks to allow for tissue processing within a manageable time frame 

and to reduce systematic residual variation between treatment groups. Each of the 2 

experimental blocks contained 4 mice from each treatment group for a total of 12 mice 
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per block.  Injections were allocated over a seven day period consisting of 3 

subcutaneous (s.c.) injections of MnCl2 or H2O vehicle on days 1, 4, and 7 followed by 

sacrifice and tissue collection on day 8.  

3. Tissue Collection and Processing 

Mice were sacrificed by rapid cervical dislocation.  Both striata were dissected 

using the approach through the medial wall of the lateral ventricle that was described in 

Experiment 2A.  The frontal cortices were removed by peeling off the cerebral 

hemispheres from the underlying forebrain attachments, flattening them, and after 

trimming the olfactory bulbs, removing the dorsal half of the rostral third of the 

hemispheres. All tissues were collected on an ice-chilled, glass Petri dish and moistened 

with 0.9% saline as needed.  

The left and right striata were placed together in a preweighed 1.5 ml Eppendorf® 

capsule. The left and right frontal cortices were also placed together in a preweighed 1.5 

ml Eppendorf® capsule. Combined striatal and cortical weights were determined before 

freezing the tissue at -70°C for later analysis.  Inductively coupled plasma-atomic 

emission spectroscopy (ICP) analysis was used to determine manganese content of the 

combined striata and frontal cortices from each mouse.  The procedure for ICP was 

completed as described in Experiment 2A.  

4. Data Analysis 

 The dependent variables for this experiment were the concentrations of Mn in the 

striatum and frontal cortex of the C57BL/6 mouse. Both were measured within a single 

factor, manganese dose, containing 3 levels, 0 mg/kg, 25 mg/kg, and 50 mg/kg MnCl2. 

After verifying that striatal and cortical Mn means followed an approximate Gaussian 

223 
 



 

distribution the effect of Mn dose on these measurements was evaluated using mixed 

models analysis of variance with block as a random effect. The chosen statistical model 

was: 

 y =β0 + β1=block + β2=Mn dose level + εi.   

The hypotheses tested in the ANOVA for dependent variables listed above include:  

Ho: μ Mn 0mg/kg = μ Mn  25 mg/kg = μ Mn  50 mg/kg 

If there was a main effect of Mn then post hoc testing followed using the Tukey’s 

procedure for multiple comparisons, adjusting the P value for the number of comparisons 

such that the overall alpha remained .05. Post hoc analysis revealed any differences 

between means for striatal and cortical Mn concentration using the following 3 

comparisons: 

1) Ho: μ 0 mg/kg = μ 25 mg/kg  

2) Ho: μ 0 mg/kg = μ 50 mg/kg  

3) Ho: μ 25 mg/kg = μ 50 mg/kg. 

C. Experiment 2C: Results 

1. Striatal Mn Concentration 

ANOVA revealed a significant main effect of Mn in the striatum (df = 2, 18; p< 

0.0001). Both the 25 mg/kg dose and the 50 mg/kg dose caused significant striatal Mn 

increases. These increases were 99% (df = 18; p< 0.0001) and 197% (df = 18; p< 0.0001) 

of vehicle control, respectively (see Experiment 2C. Figure 1).  Post hoc analysis 

revealed significant differences between all the dosing groups, 0 mg/kg and 25 mg/kg (df 

= 18; p= 0.0006), 0 mg/kg and 50 mg/kg (df = 18; p< 0.0001), and 25 mg/kg and 50 

mg/kg (df = 18; p= 0.0012).  
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2. Cortical Mn Concentration 

ANOVA revealed a significant main effect of Mn in the frontal cortex (df = 2, 21; 

p< 0.0001). Both the 25 mg/kg dose and the 50 mg/kg dose caused significant cortical 

Mn increases. These increases were 310% (df = 21; p< 0.0001) and 551% (df = 21; p< 

0.0001) of vehicle control, respectively (see Experiment 2C. Figure 1).  Post hoc analysis 

revealed significant differences between all the dosing groups, 0 mg/kg and 25 mg/kg (df 

= 18; p< 0.0001), 0 mg/kg and 50 mg/kg (df = 18; p< 0.0001), and 25 mg/kg and 50 

mg/kg (df = 18; p= 0.0004).  

D. Experiment 2C: Discussion  

The results of this experiment established that, like the 100 mg/kg and 50 mg/kg 

doses used in Experiment 2A, 25 mg/kg MnCl2 can produce a significant increase in the 

concentration of manganese within the basal ganglia of the C57BL/6 mouse. The increase 

in striatal Mn appeared to be monotonic with a 99% increase for the 25 mg/kg MnCl2 

dosing regimen which was nearly doubled to 197% with the 50 mg/kg MnCl2 regimen. 

The increase in striatal Mn with the 50 mg/kg MnCl2 dosing regimen was only half the 

increase observed in Experiment 2A, which found a 421% increase in striatal Mn with 

the same dosing regimen. It is unknown why such a discrepancy occurred. A possibility 

is that there could be differences in the pre-dosing concentration of Mn in the basal 

ganglia of the mice used for each experiment, particularly since they were from different 

breeding colony suppliers. After examining both the ICP mean values from Experiment 

2A (0.9363 µg/g) and 2C (1.0029 µg/g) for the control mice it appears that the 

concentrations of striatal Mn for vehicle mice in Experiment 2A were negligibly lower 

than for Experiment 2B. Therefore differences in accumulation did not result from a 
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lower starting concentration of striatal Mn. This being the case, biological variation in 

mice from different colonies still could have resulted in the difference in striatal Mn 

accumulation at the 50 mg/kg MnCl2 dose. Laboratory studies have shown that iron 

homeostasis could affect brain Mn accumulation. Plasma iron overload significantly 

decreased brain manganese levels, while decreased blood iron levels have been correlated 

with an increase in brain Mn following a bolus injection (Aschner et al., 2005).  Thus it 

appears that when iron levels are decreased in the blood, transferrin binding sites are free 

to accommodate other metals including Mn. Because blood samples were not taken in 

Experiment 2A and 2C it remains unknown if there was difference in blood iron levels 

between mouse colonies, however the possibility remains.  

This experiment also revealed that Mn significantly accumulates in the frontal 

cortex following subcutaneous injections of MnCl2. The increases in cortical Mn were 

310% for 25 mg/kg MnCl2 and 551% with 50 mg/kg MnCl2. As can be seen in 

Experiment 2C Figure 1, the concentration of Mn in the frontal cortex is lower than the 

concentration of Mn in the striatum at all three dosing levels. The percent differences at 

25 mg/kg, and 50 mg/kg MnCl2 between striatal and cortical Mn concentration were 41%, 

and 37% respectively. This is probably a result of increased basal levels of Mn. At 0 

mg/kg MnCl2 the percent difference between striatal and cortical Mn is 72%. This is 

consistent with primate studies that showed increased concentration of manganese in the 

striatum and globus pallidus versus the frontal cortex (Olanow et al., 1996; Guilarte et al., 

2006).  While the concentration of Mn tends to be lower in the cortex than in the 

striatum, cortical levels of Mn following MnCl2 dosing were significantly elevated 

compared to normal concentrations. Elevated Mn in the frontal cortex could therefore 
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also have direct consequences within the mesocortical dopaminergic pathway, a substrate 

of cognitive function. Schneider et al. (2006) reported subtle deficits in spatial working 

memory and increased stereotypic behaviors in non-human primates who had elevated 

cortical Mn concentrations following chronic low dose exposure to MnSO4. However, the 

basal ganglia is the neural focus of both manganism and Parkinson’s disease and because 

the basal ganglia is disynaptically linked to the mesocortical pathway, Mn toxicity within 

the basal ganglia could also affect this cognitive neural substrate. The findings of this 

experiment that manganese can accumulate in the basal ganglia and the frontal cortex of 

the C57BL/6 mouse following multiple dosing with 25 mg/kg and 50 mg/kg MnCl2 was 

of value to Experiment 2D which employed the MPTP animal model of PD to examine 

the role of manganese in Lewy body disorders. The dosing regimen established in this 

experiment was utilized to assess potential modulatory effects of manganese upon the 

MPTP-induced toxicity in the nigrostriatal versus the mesocortical dopaminergic 

pathways.  
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Experiment 2C. Figure 1. Dosing and Sacrifice Regimen. 
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Experiment 2C Figure 2. Graph showing the main effect of Mn dose on brain Mn 
concentration.  
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Chapter 6:  

Influence of Environmental Manganese on MPTP-Induced Neurotoxicity  

Experiment 2D: Effect of manganese on MPTP- induced changes in the 

mesocortical dopaminergic pathway and cognitive behavior: Comparison with 

effects on the nigrostriatal dopaminergic pathway and motor behavior. 

 

A. Experiment 2D: Justification and experimental objectives 

In Experiment 2B, modulatory interactions were observed between Mn and 

MPTP in their effects upon several motor behaviors. This was despite the fact that no 

such interactions were clearly seen in their effects on dopamine or DOPAC in a neural 

substrate of such behaviors, the dopaminergic nigrostriatal pathway. As noted in the 

Introduction, efferent connections of the basal ganglia raise the possibility that Mn-

induced damage in this neural complex could modulate MPTP-induced toxicity in the 

mesocortical dopaminergic pathway, a substrate of cognitive function. The principal aim 

of this experiment was to compare, in the same mouse, manganese modulation of MPTP 

toxicity in the mesocortical versus the nigrostriatal dopamine pathways by examining 

changes in dopamine and DOPAC concentration and to compare the expression of 

cognitive versus motor deficits, respectively, associated with the damage of these 

pathways.  HPLC of the striatum and the frontal cortex was used to assess changes in 

dopamine and DOPAC within the nigrostriatal and mesocortical pathways.  Western blots 

for dopamine transporter protein in the cortex were completed to assess subtle alterations 

of dopaminergic function in the mesocortical pathway that may not be degenerative.  

Western blots for α-synuclein protein in cortex were used to evaluate changes in Lewy-
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body associated material.  A spatial memory task was performed in this portion of the 

project to assess observable deficits in cognition and motor deficits were assessed as in 

Experiment 2B. The nature of the cognitive assessment necessitated a longer survival 

time after MPTP dosing in this experiment, prior to motor testing and sacrifice, compared 

to Experiment 2B. Lower doses of Mn were also used.  The results of this study provide 

in vivo evidence about the ability of manganese to change the effects of MPTP on 

dopaminergic neurochemistry and on MPTP induced behavior deficits. It also sheds light 

on whether environmental Mn exposure influences the cognitive versus motor nature of 

Lewy body disorders. 

B. Experiment 2D: Materials & Methods 

1. Animals and Chemicals 

108 retired breeder male C57BL/6 mice were obtained from Harlan Sprague 

Dawley Laboratories and were approximately 7-9 months of age at the time of the 

experiment. They were housed singly in a humidity and temperature controlled 

environment on a 12-hour light/ dark cycle and provided free access to food and water.  

The light cycle was reversed so that lights were on from 6pm to 6am daily. This allowed 

the experimenter to complete tasks during regular working hours, while at the same time 

permitting behavioral testing to take place during the dark cycle, the most active part of 

the day for a mouse. Mouse weight on the day before dosing ranged from 24-42 grams.  

Daily mixing of the MnCl2 (Sigma-Aldrich,St. Louis, MO, USA) solutions (5% 

for 50 mg/kg  doses and 2.5% for 25 mg/kg doses) and determination of injection volume 

were performed as described in Experiment 2A. The average injection volume was 0.15 

ml. MPTP solutions were prepared daily making a 3% solution of MPTP by mixing 
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MPTP hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) with 0.9% saline.  The 

average injection volume of MPTP was 20 μl and was delivered intraperitoneally (IP) 

using a ½ inch X 27 gauge needle attached to a 100 μl syringe (Hamilton, Reno, NV, 

USA). The volume was determined as described in experiment 2B.  

2. Treatment Groups 

Mice were randomly assigned to six treatment groups in a 3 (Mn dose level) x 2 

(MPTP dose level) factorial design (Experiment 2D. Table 1). Mn dose levels were 0 

mg/kg MnCl2 (H2O vehicle), 25 mg/kg MnCl2, or 50 mg/kg MnCl2, and MPTP dose 

levels were 0 mg/kg MPTP (0.9%saline vehicle) or 20 mg/kg MPTP. The experimental 

dosing groups were 0 mg/kg MnCl2 and 0 mg/kg MPTP (vehicle-control), 0 mg/kg 

MnCl2 with 20 mg/kg MPTP, 25 mg/kg MnCl2 with 0 mg/kg MPTP, 25 mg/kg MnCl2 

with 20 mg/kg MPTP, 50 mg/kg MnCl2 with 0 mg/kg MPTP, and 50 mg/kg MnCl2 with 

20 mg/kg MPTP. Injections were allocated over an eight day period consisting of 3 

subcutaneous (s.c.) injections of MnCl2 or H2O vehicle on days 1, 4, and 7, followed by a 

single intraperitoneal (i.p.) injection of MPTP or saline vehicle on day 8 (Experiment 2D. 

Figure 1). After a 7 day holding period, the circular platform test of learning and memory 

(Barnes Maze) was performed on Days 16 through 31. Analysis of motor behavior and 

sacrifice took place on Day 32, 24 days after the MPTP injection (Experiment 2D. Figure 

1). 
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Experiment 2D. Table 1. 3 (Mn dose level) x 2 (MPTP dose level) factorial design. 

 MnCl2 0 mg/kg MnCl2 25 mg/kg MnCl2 50mg/kg 
MPTP  
0 mg/kg 

Group A 
N= 16 

Group B 
N=18 

Group C 
N=17 

MPTP 
20 mg/kg 

Group D 
N=19 

Group E 
N=18 

Group F 
N=18 

 

Once assigned to treatment groups, mice were randomly placed into 9 

experimental blocks to allow for behavioral assessment and tissue processing within a 

manageable time frame and to reduce systematic residual variation between treatment 

groups. At the start of the experiment all blocks contained 2 mice from each of the 6 

treatment groups equaling 12 mice per block. Unexpected losses that occurred before the 

start of the experiment led to the addition of a tenth block and resulted in unequal 

numbers of mice in the treatment groups (Experiment 2D. Table 1). Necropsy performed 

on mice lost prematurely revealed enlarged spleens, however, the cause of death remains 

unknown.  Blood drawn from mice within the same shipment tested negative for all 

common rodent colony diseases. Harlan Laboratories provided 7 replacement mice. All 

mice in a block were scheduled for concurrent dosing, motor and cognitive assessment, 

and sacrifice.  

3. Motor Activity Assessment 

Motor activity was assessed on Day 32, which was 24 days following the final 

injection (Experiment 2D. Figure 1). All motor activity measures were the same as in 

Experiments 2A and 2B; open field grid crossing and rearing, visible platform swim, grip 

strength and grip fatigue. The procedures and apparatus for the open field, grip strength, 

and grip fatigue measures remained the same as described in Experiment 2A. However, 

there were several changes made to the platform swimming test. A visual cue, consisting 
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of a filled black circle was attached to the end of the rectangular trough. The addition of a 

visual cue in close proximity to the raised platform was complemented by a 30 second 

preconditioning session upon which the mouse was placed on the platform for 30 seconds 

before the start of the swim trials. This was done to acclimatize the mouse to the 

platform.  After the 30 second preconditioning session, the mouse was placed back in his 

cage for 10-15 seconds, before the start of the first trial.  Because preconditioning led to 

more efficient swim times during trial 1, this trial was included in the statistical analysis 

of swim time to platform. All the motor behavior tests were completed in a single testing 

room, providing a stable environment for the mouse during the testing procedures.  

4. Cognitive Behavior Assessment 

The cognitive assessment test that was utilized in this experiment was a circular 

platform learning/memory task called the Barnes Maze. The procedure does not require 

long or complex training periods and has minimal reliance on sensorimotor skills. Unlike 

other cognitive tasks that rely on food deprivation or electrical shock as motivation, the 

Barnes Maze takes advantage of a mouse’s natural preference for a dark, quiet 

environment. Originally developed by Dr. Carol Barnes to be used with rats, a modified 

version was tested and developed specifically for this project using insight from other 

studies that altered the Barnes Maze to test learning in mice (Barnes, 1979; Bach et al., 

1995; Inman-Wood et al., 2000). 

a. Barnes Maze Apparatus 

The Barnes Maze apparatus consisted of a circular white plexiglas platform 90 cm 

in diameter with 20 (5 cm) holes equally spaced around the perimeter 5 cm from the edge 

and 6.88 cm from each other. The maze was mounted on a rotating stand 87.5 cm from 
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the floor. There were four locations for an escape box (l x w x h = 19 cm x 9 cm x 7.5 

cm) to be mounted underneath a hole, by a drawer mechanism. At the start of each trial 

the mouse was placed in the center of the platform in a circular start chamber (8.75 cm in 

diameter and 8.13 cm in height). The testing environment set up around the platform was 

arranged with visual cues that were set up approximately 30-45 cm above and 30-45 cm 

from the horizontal edge of the circular maze. Cues were positioned in such a way as to 

not be identifiable with a specific hole and remained unchanged throughout the 

experiment.  A 120 watt light was suspended 105 cm (3.5 ft.) directly above the center of 

the circular platform.  Video imaging equipment was set up approximately 135 cm (4.5 

ft.) above and 60 cm from the horizontal edge of the circular maze and recorded each 

trial. A black curtain was positioned to block the experimenter from view. An 8 kHz tone 

set at approximately 70 db was played from two speakers positioned 3 ft above and away 

from the horizontal edge of the maze.  

b. Barnes Maze Testing Protocol 

Each mouse was randomly assigned a goal box location, which remained the 

same throughout the testing period. The testing period consisted of 2 consecutive trials 

daily for a period 16 days totaling 32 trials per mouse. Before the first trial on testing day 

1 each mouse was preconditioned to their designated goal box by placing it inside for 1 

minute. Trial one began approximately 30 seconds following removal from the goal box.  

For each trial the mouse was placed in the center of the platform in the black 

circular start chamber. Once placed on the platform the tone and light were switched on 

and the mouse remained in the start chamber for 10 seconds. After 10 seconds the start 

chamber was lifted and the timing of the trial was started. The trial ended once the mouse 
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entered the goal box (forelimbs only or forelimbs and hind limbs), located the goal box (4 

consecutive nasal investigations), or after trial time equaled 5 minutes without entry or 

location of the goal box. If the mouse entered the goal box the trial was stopped and the 

tone and light were turned off.  If the mouse located the goal box (no entry), the trial was 

stopped, the mouse was guided into the goal box and the tone and light were turned off. If 

the mouse did not locate or enter the goal box after 5 minutes, the trial was stopped, the 

mouse was placed into the goal box, and the tone and light were turned off.  After 30 

seconds in the goal box the mouse was returned to his home cage. Following a 3-5 

minute waiting period, the mouse was placed on the platform for the second daily trial. 

After the second trial the mouse was returned to his home cage until the next day’s 

session. The maze was cleaned with Roccal® sanitizer after every trial.   

 c. Mouse Trial Video Capture and Compression Protocols 

 In order to facilitate the ease of analysis and archiving of video footage related to 

these trials, a fully digital approach was used.  Video capture was achieved by using a 

500 MHz Apple PowerBook G4 Titanium, a Sony Digital Mini DV DCR-TRV10 

camera, a 1.2 TB LaCie Firewire external hard disk drive and Apple's iMovie HD 

software. For analysis and archival purposes the digital video clips were converted from 

Apple's Quicktime DV-NTSC compression format to Apple's Quicktime H.264 

compression format to save space while retaining overall video quality.  The clips were 

converted using Apple's Final Cut Pro HD application which allowed the individual clips 

to be compressed in a batch mode while retaining their individual file names.  The 

following table (Experiment 2D. Table 2) shows the settings for the raw video footage 

and the archival video format. 
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Experiment 2D. Table 2. Video Capture (raw vs. archival settings). 

 Raw 
(Apple DV-NTSC format) 

Archive 
(Apple H.264 format) 

Image Size (pixels) 
 

 
720x480 

 
480x360 

Frames per second 
 

 
29.97 

 
29.97 

Data rate (kilobytes 
per second) 

 
3,500 

 
300 

 

All video equipment was borrowed from the new media center located on the 

Virginia Tech campus in Torgeson Hall. The video compression was also completed by 

the new media center. 

d. Cognitive Measures  

All cognitive behavior measures listed below were documented during visual 

analysis of previously recorded video for each separate trial.  In assessing potential 

interactions of Mn and MPTP on cognitive behavior the dependent variables examined 

addressed two main questions; did the mice learn the task and did parameters of learning 

change over number of trials, irrespective of whether the mice learned the task. The 

parameters of learning that were examined included latency, distance, perseverations and 

errors as defined below: 

1) Latency: the time elapsed from trial start to finish. 

2) Distance: the number of holes that lie between the first hole visited and the goal 

box hole. The distance value will include the first hole visited. For example, if 

the first hole visited is adjacent to the goal box, the distance value will equal a 

value of 1.  
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3)  Perseverations: consecutive visits to the same non-goal hole or oscillations 

between 2 adjacent holes. Each consecutive visit to the same hole was counted 

as one perseveration. Each consecutive return from an adjacent hole (an 

oscillation) was also counted as a perseveration.  

4) Errors: any visit (head deflection or nasal investigation) of a hole that was not 

the goal box hole. If a perseveration is committed at any single hole, this was 

counted as a single error, however if a mouse moved back and forth between 

two adjacent holes then an error for each hole visited was recorded. 

 
A route to the goal box with errors ≤ 2 was used to identify a successful 

individual trial. A mouse was considered to have solved the Barnes Maze spatial 

learning/memory task if 7 out of 8 consecutive trials were successful at any point during 

the 16 day trial period. For analysis of changes in learning parameters that may occur 

over time the 16 testing days were grouped into four blocks consisting of four 

consecutive days each. Thus each trial block contained 8 trials (2 trials/day x 4 days).  

5. Tissue Collection and Processing 

Mice were sacrificed by rapid cervical dislocation.  Both striata were dissected 

using the approach through the medial wall of the lateral ventricle that was described in 

Experiment 2A.  The frontal cortices were removed by peeling off the cerebral 

hemispheres from the underlying forebrain attachments, flattening them, and after 

trimming the olfactory bulbs, removing the dorsal half of the rostral third of the 

hemispheres. All tissues were collected on an ice-chilled, glass Petri dish and kept moist 

with 0.9% saline as needed.  
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a. Tissue Processing for HPLC 

 Prefrontal cortex (the target of the mesocortical dopaminergic pathway) from the 

left hemisphere and the pooled striata from both sides were assayed for dopamine and 

DOPAC concentration using HPLC. Both striata were placed in a chilled 1.7 ml 

Eppendorf® capsule. The preweighed capsule was weighed again with the pooled striata 

to determine tissue weight. The internal standard (isoproterenol 10-6 M) was added to the 

tissue (10 µl/mg wet weight) and the tissue was homogenized for approximately 15-30 

sec. The homogenized sample was centrifuged for 10 minutes at 12,000 rpm (4ºC). The 

resulting supernatant was transferred into a clean 1.7 ml Eppendorf® capsule and stored 

at -70ºC until HPLC analysis. The same internal standard, homogenization, and 

centrifuging procedures were used for the left frontal cortex.  As in Experiment 2B, the 

Toxicology Service Laboratory at VMRCVM performed the HPLC analysis using an 

Agilent Technologies 1100 Series HPLC system. The protocol was altered for use of a 

different internal standard, isoproterenol rather than DHBA, as requested by the 

Toxicology Laboratory. The molarity of isoproterenol used for sample collection and 

analysis was 1 x 10-6 M.  

b. Tissue Processing for Western Blots 

The prefrontal cortex from the right hemisphere was assayed for α-synuclein, 

dopamine transporter, and synaptophysin protein levels using western blotting. Alpha-

synuclein serves as a marker for Lewy body-related material, while synaptophysin is a 

general synaptic marker used to evaluate non-specific neuronal degeneration. Dopamine 

transporter was used as a subtle marker for disruption in normal dopaminergic function. 
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Changes in dopamine transporter protein, in the absence of evidence of degeneration, 

could indicate changes in dopamine trafficking across the terminal membrane.   

The right frontal cortex was placed in a chilled 10 ml glass homogenizer tube and 

2 ml of cold sucrose isoloation buffer (0.32 M sucrose, 4.2 mM HEPES; pH 7.4) was 

added. This mixture was homogenized using a motor driven Potter-Elvehjem, PTFE 

pestle. One half (1 ml) of the homogenate was aliquoted into a 1.7 ml Eppendorf capsule 

for preparation of a whole cell cortical sample and the other half of the homogenate was 

placed in a different capsule  to make a synaptosomal  cortical sample. Whole cortical 

samples were prepared by centrifuging the homogenate for 15 minutes at 10,000 rpm 

(4ºC), discarding the supernatant, and freezing the resulting pellet at -70ºC for future 

analysis. Synaptosomal cortical samples were prepared by centrifuging the homogenate 

for 15 minutes at 1000 rpm (4ºC). The initial supernatant from this first centrifugation 

was placed into a clean Eppendorf capsule and centrifuged a second time for 15 minutes 

at 10,000 rpm (4ºC). The resulting pellet was stored at -70ºC until analysis.  

6. Bradford Protein Analysis and Western Sample Preparation 

Sample pellets that were frozen for western analysis were reconstituted with KRH 

buffer (NaCl: 118 mM, KCl: 4.8 mM, CaCl2: 2.5 mM, MgSO4: 1.2 mM, HEPES: 20 

mM; pH: 7.5), and the total protein content of each sample was determined using the 

colormetric protein dye assay of Bradford (Bradford, 1976). In brief, the Bradford protein 

assay is based on an absorbance shift of coomassie dye from red when unbound to blue 

upon binding of protein. The amount of protein-dye complex present in a solution 

provides a measure for the protein concentration by use of an absorption reading. The 

unknown protein concentrations of western samples were compared to a standard curve 
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formed from known protein standard solutions mixed using bovine serum albumin 

(Sigma Aldrich, St. Louis, MO, USA). The coomassie dye (Sigma Aldrich, St. Louis, 

MO, USA), in its protein bound form, has an absorbance spectrum maximum of 595 nm. 

Both unknowns and standards were run through a microplate reader set to this absorbance 

and Softmax software was used to determine the protein concentration by calculating 

from sample absorbance and the slope of the standard curve.   

After the protein concentration was determined for each tissue sample, 100 µl 

solutions equaling concentrations of 1 µg/µl, 0 .50 µg/µl, and 0.20 µg/µl were prepared 

using the original tissue sample, 25% per volume of sample buffer (Tris-HCl: 60 mM, 

SDS: 2%, glycerol: 10%, bromphenol blue: 0.001%; pH: 6.8) and KRH buffer to bring to 

final volume. These different concentrations were respectively prepared for the different 

dependent variables (DAT, α-synuclien, and synaptophysin). 

Example:  V1C1= V2 C2 , where C1=original sample protein concentration, C2 = 

new protein concentration,  V2= new solution volume, and V1= volume of original 

sample needed to make new solution 

 
V1 (2.7 µg/µl) = (100 µl ) ( 1 µg/µl), so V1 = 37 µl 

                                                                                
  37 µl tissue sample + 25 µl sample buffer + 38 µl KRH buffer = 100 µl total vol 
 

 

Up to this point, all solutions were made for each separate sample from a single 

mouse. To aid in analysis, samples from mice in the same treatment group within each 

processing block were pooled.  As explained earlier , the large number of mice 

necessitated running the experiment in 10 processing blocks, each of which contained 2 

mice from each of the six treatment groups (vehicle only, Mn 25, Mn 50, MPTP 20, Mn 
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25+MPTP 20, Mn 50+MPTP 20). Thus, pooled samples for each treatment within a 

given block never consisted of more than 2 mice. After pooling of tissue, each processing 

block contained 1 pooled sample for each treatment group comprising 6 whole tissue 

samples and 6 synaptosome samples per block. The pooled sample for each treatment 

group within a block was made by adding equal volumes of the same concentration of 

protein solution. For example, 50 µl of 1 µg/µl protein solution from mouse 1 of Block 1 

treatment A was combined with 50 µl of 1 µg/µl protein solution from mouse 2 of Block 1 

treatment A to make a total volume of 100 µl of 1 µg/µl sample for treatment A from 

Block 1.  

For a given dependent variable (DAT, α-synuclein, and synaptophysin), a separate 

western blot analysis was performed for the whole cell samples and for the synaptosome 

samples within each of the 10 blocks (3 dependent variables x 10 blocks x 2 sample 

preparations = 60 total western blots). For analysis of a given dependent variable (DAT, 

α-synuclein, and synaptophysin), within a processing block, pooled samples from the 

mice within each treatment group were run 2 times on a single gel. Therefore, each gel 

was comprised of 12 lanes: the pooled tissue from each of the 6 treatment groups 

replicated 2 times.  The mean of the 2 replicates for a given treatment group was used as 

the experimental unit for statistical analysis.  

7. Western Analysis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was run 

according to the method of Towbin et al. (1979) using the Mini Trans-Blot Cell and 

PowerPac HC Power Supply system (Bio-Rad Laboratories, Hercules, CA, USA). Gels 

were hand casted for each run and a 10% SDS resolving gel was used for the analysis of 
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DAT and synaptophysin, while a 12% SDS resolving gel was used for α-synuclein. A 4% 

SDS stacking gel with 15 lanes was used for all dependent variables. Lane 1 was loaded 

with 10 µl of Precision Plus Kaliedoscope Protein Marker (Bio-Rad Laboratories, 

Hercules, CA, USA) to provide molecular weight reference bands and aid in adequate 

protein transfer identification.  Before loading the protein samples onto the gel for 

analysis of synaptophysin and α-synuclein, proteins samples were denatured by heating 

for 5 minutes in 90º water bath. Samples loaded onto the gel for analysis of DAT were 

not heated. Lanes 3-11 were loaded with the 6 samples and their replicates from a given 

block. The samples were randomly assigned to lanes.  The protein concentration loaded 

was different for each dependent variable, but remained consistent for each gel where a 

sample of 10 μg protein was loaded for DAT, 5 μg protein was loaded for α-synuclein, 

and 2 μg protein was loaded for synaptophysin. The volume of sample loaded was equal 

to 10 µl and uniform protein loading was ensured by using the appropriate pooled sample 

protein solution made earlier.  

Example:  10 µl x 0.5 µg/µl protein solution = 5 µg sample protein for α-

synuclein 

The remaining lanes 2 and 12 were then loaded with 10 µl of sample buffer (Tris-

HCl: 60 mM, SDS: 2%, glycerol: 10%, bromphenol blue: 0.001%; pH: 6.8) to prevent 

protein running into neighboring lanes. After, running through the stacking gel for 15 min 

at 80V the system was set to run at 120V until samples reached the bottom of the gel, 

approximately 1.5 hours. The resulting protein bands were transferred to a nitrocellulose 

membrane run at 100 V for 1 hour. Equal loading was re-confirmed by Ponceau-S 

(Sigma Aldrich, St. Louis, MO, USA) red dye staining of each western blot lane on the 
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membrane. The Ponceau-S was then removed by washing with TBST buffer (tris 

buffered saline with 0.05% Tween 20, pH 8.0, Sigma-Aldrich, St. Louis, MO, USA).  

a. Antibody incubation and Western Blot developing 

The three proteins analyzed in this experiment were dopamine transporter (DAT), 

α- synuclein, and synaptophysin. The dilutions for each primary antibody, rat monoclonal 

anti-DAT, mouse monoclonal anti- α-synuclein or mouse monoclonal anti-synaptophysin 

(Chemicon International,Temecula, CA) and secondary peroxidase labeled antibodies, 

anti-rat and anti-mouse (Sigma Aldrich, St. Louis, MO, USA) used to detect these 

proteins are listed in Experiment 2D. Table 3. 

Experiment 2D. Table 3. Western Blot antibody dilutions. 

Antibody µg of protein 1º 2º 
DAT  10 1:1500 1:3000 (anti-rat) 
Synaptophysin  2 1:1000 1:12,000 (anti-mouse) 
α-synuclein 5 1:500 1:10,000 (anti-mouse) 
 

To prevent unwanted background staining, membranes were incubated with 5% non-fat 

milk in TTSB for 1 hour at room temperature before incubation with the primary 

antibody. After removing the blocking solution, the primary antibody was applied in 

TTBS according to the dilution listed in Experiment 2D. Table 3. The blot was incubated 

in the primary antibody overnight (16-18 hrs) on a shaker table in a cold room (4º). After 

incubation, the blot was washed in TTBS (1X for 20 min and 2X for 10 min) and the 

appropriate (anti-rat or anti-mouse) peroxidase-linked secondary antibody solution in 

TTBS was applied for 1 hour on a shaker table at room temperature. Following the one 

hour secondary incubation the blot was again washed in TTBS (1X for 10 min and 2X for 

5 min), before being developed using the ECL Chemiluminescence kit (GE Life Science, 
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Buckinghamshire, UK). The membrane was developed in a dark room. After developing, 

the membrane was wrapped in plastic, placed in a film cassette and then exposed to ECL 

hyperfilm (GE Life Science, Buckinghamshire, UK) for the appropriate time according to 

antibody used (DAT: 1min 30 sec, α-synuclein & synaptophysin: 30 sec).  The film was 

developed by hand following the below procedure: 

Film Development:  GBX Developer            1 min 
                      Stop Bath (ddH2O)      30 sec 
                                              GBX Fixer                    3-5 min 
                                              Water                            rinse 
 
After rinsing with water and air drying, the film was labeled for analysis.  

b. Western Blot Image Analysis: Kodak 1D 3.5 
 

The amount of labeled protein on the film was quantified using a Kodak EDAS 

290 image analysis system. The film was placed on a light box and captured with a 

Kodak 290 digital camera set for normal photography exposure of 1/125 seconds. Using 

Kodak 1D 3.5 imaging software, the labeled protein bands in each lane were selected 

manually with the region of interest (ROI) box tool. Once the protein bands were selected 

their net intensity which consisted of the total ROI intensity minus the background 

intensity was recorded.  Statistical analysis was completed using the mean net intensity of 

the 2 replicates for each treatment within a single film resulting in N=10 for each 

treatment group.  

8. Data Analysis 

 To examine the effect of Mn on MPTP-induced toxicity within the dopaminergic 

nigrostriatal tract this experiment utilized seven dependent variables including the 

neurochemical concentrations of dopamine and DOPAC in pmole/mg of striatal tissue, 

and five measures of motor activity: grid crossing, rearing frequency, swim time to 
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platform, grip strength, and grip fatigue. Eleven dependent variables were used to 

examine the effect of Mn on MPTP-induced toxicity within the dopaminergic 

mesocortical pathway including the neurochemical concentrations of dopamine and 

DOPAC in pmole/mg of the right frontal cortex, the level of three specific proteins 

(dopamine transporter, α-synuclein, and synaptophysin) in the left frontal cortex, and six 

measures of cognitive behavior (Barnes maze success, time (days) to task criterion, trial 

latency, trial errors, trial perseverations, and trial distance). Each dependent variable was 

measured within three MnCl2 dose levels (0 mg/kg, 25 mg/kg, & 50 mg/kg) and two 

MPTP dose levels (0 mg/kg & 20 mg/kg). Unless otherwise stated, utilizing the 2x3 

factorial design (Experiment 2D. Table 1) of the experiment,  a two-way mixed model 

ANOVA was performed on each dependent variable, using the GLIMMIX procedure of 

SAS (SAS Institute, Cary, NC, USA), to probe for main effects of Mn, MPTP and for 

potential interaction among these independent variables. If the ANOVA revealed a 

significant interaction, or significant main effects of both Mn and MPTP, comparisons 

among individual treatment groups were examined to further explore potential 

interactions between Mn and MPTP or to identify their specific nature. The Tukey-

Kramer adjustment for such multiple comparisons was used to maintain an overall alpha 

of 0.05.  

 The chosen statistical model for the neurochemical data (striatal and cortical), the 

western protein analysis, and all 5 motor measures was: 

 y =β0 + β1=block + β2=Mn dose level + β3=MPTP dose level + β4=Mn dose level x MPTP dose level + εi.   

The hypotheses tested in the ANOVA for dependent variables listed above include:  

Ho: μ Mn 0 mg/kg = μ Mn  25 mg/kg = μ Mn  50 mg/kg, 
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Ho: μ MPTP 0 mg/kg = μ MPTP 20 mg/kg, and  

Ho: There is no interaction between Mn dose level and MPTP dose level 
 
For a main effect of Mn dose level and no interaction, the following three hypotheses 

were tested:  

Ho: μ Mn 0 mg/kg = μ Mn  25 mg/kg,  

Ho: μ Mn  0 mg/kg = μ Mn  50 mg/kg 

Ho: μ Mn 25 mg/kg = μ Mn 50 mg/kg. 

For either a main effect of both Mn and MPTP or a significant interaction between, Mn 

dose level and MPTP dose level, the following six hypotheses were tested:  

1) Ho: μ Mn 0 mg/kg, MPTP 0 mg/kg = μ Mn 25 mg/kg, MPTP 0 mg/kg 

2) Ho: μ Mn 0 mg/kg, MPTP 0 mg/kg = μ Mn 50 mg/kg, MPTP 0 mg/kg   

3) Ho: μ Mn 25 mg/kg, MPTP 0 mg/kg = μ Mn 50 mg/kg, MPTP 0 mg/kg  

4) Ho: μ Mn 0 mg/kg, MPTP 20 mg/kg = μ Mn  25 mg/kg, MPTP 20 mg/kg  

5) Ho: μ Mn 0 mg/kg, MPTP 20 mg/kg = μ Mn 50 mg/kg, MPTP 20 mg/kg 

6) Ho: μ Mn 25 mg/kg, MPTP 20 mg/kg = μ Mn 50 mg/kg, MPTP 20 mg/kg. 

Post hoc analysis was performed using Tukey’s test, adjusting the P value for the number 

of comparisons such that the overall alpha remained .05. 

The Barnes maze measures required different strategies for statistical analysis. To 

assess the effect of Mn or MPTP on task acquisition, data were modeled using mixed 

effects logistic regression with Mn and MPTP as fixed effects and block as the random 

effect. Learning curves showing the number of mice that learned were initially compared 

between doses of either Mn or MPTP using log rank tests to determine significant 

differences among dosing groups using the Lifetest procedure of SAS (SAS Institute, 
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Cary, NC, USA). To assess the simultaneous (interaction) effects of both compounds on 

time to learning, data were modeled using Cox regression and the Phreg procedure of 

SAS (SAS Institute, Cary, NC, USA).  

The parameters used as individual trial measures of learning included errors, 

perseverations, latency and distance and were recorded for each of the 32 trials making 

them repeated measures. Because the assumption was made that these repeated measures 

would change with increased number of trials, a three way ANOVA was performed on 

these data to look for main effects of trial block, Mn, MPTP and their respective 

interactions. Trial blocks were groups of 4 consecutive trial days (trial days 1-4, 5-8, 9-12 

or 13-16; since there were two trials on each trial day, each trial block contained 8 trials).  

The chosen 2X3X4 factorial statistical model for the Barnes maze repeated 

measures was: 

 
y =β0 + β1=block + β2=Mn dose level + β3=MPTP dose level + β4=Trial Block + β5=Mn dose level  x MPTP dose level  

+ β5=Mn dose level x Trial Block + β5= MPTP dose level x Trial Block + β6= Mn dose level x MPTP dose level x Trial Block 

+  εi.  

The hypotheses tested for each analysis of repeated measures (errors, perseverations, 

latency, and distance) included: 

Ho: μ Mn 0 mg/kg = μ Mn  25 mg/kg = μ Mn  50 mg/kg, 

Ho: μ MPTP 0 mg/kg = μ MPTP 20 mg/kg 

Ho: There is no interaction between Mn dose level and MPTP dose level 

Ho: μTrial Block 1 = μTrial Block 2 = μTrial Block  3 = μTrial Block 4 

Ho: There is no interaction between Mn dose level and Trial Block 

Ho: There is no interaction between MPTP dose level and Trial Block 
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Ho: There is no interaction between Mn dose level, MPTP dose level, and Trial Block 
 

If the ANOVA revealed significant interactions among dependent variables or if 

more than one main effect was observed, further exploration of potential interactions was 

initiated. In all cases there was a main effect of trial block. Therefore, because there was 

a change over time the interaction of Mn and MPTP was examined at each individual 

trial block and if the interaction was significant post hoc comparisons were completed 

within the trial block to determine the specific nature of the interaction. P-values for these 

group contrasts were adjusted for multiple comparisons using the Tukey-Kramer 

procedure. The following 9 comparisons were made within each trial block: 

 
1) Ho: µ Mn 0/MPTP 0 = µ Mn 0/MPTP 20 ( A vs. D) 
 
2) Ho: µ Mn 0/MPTP 0 = µ Mn 25/MPTP 0  ( A vs. B) 
 
3) Ho: µ Mn 0/MPTP 0 = µ Mn 50/MPTP 0  (A vs. C) 
 
4) Ho: µ Mn 25/MPTP 0 = µ Mn 50/MPTP0  (B vs. C) 
 
5) Ho: µ Mn 25/MPTP 0 = µ Mn 25/MPTP 20 (B vs. E) 
 
6) Ho: µ Mn 50/MPTP 0 = µ Mn 50/MPTP 20 (C vs. F) 
 
7) Ho: µ Mn 25/MPTP 20 = µ Mn 50/MPTP 20 (E vs. F) 
 
8) Ho: µ Mn 0/MPTP 20 = µ Mn 25/MPTP 20 (D vs. E) 
 
9) Ho: µ Mn 0/MPTP 20 = µ Mn 50/MPTP 20  (D vs. F) 
 
 
 Analysis of body weight was also completed to determine the overall health of 

mice during Barnes maze testing.  Three separate mixed model ANOVAs were run for 

mouse weight on day 1 (before dosing), day 16 (first day of Barnes maze testing), and 

day 32 (last day of Barnes maze testing). Each analysis was run separately for each day 
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and the hypotheses tested were the same as those for the neurochemical and motor 

behavior testing.  

C. Experiment 2D: Results 

1. HPLC measures of dopamine and DOPAC in the nigrostriatal pathway 

a. Striatal Dopamine  

ANOVA revealed a MPTP-induced 34% decrease in striatal dopamine 

concentration (df = 1, 99; p< 0.0001). Mn did not have a significant main effect on 

striatal dopamine concentration, nor was there any interaction between the two 

independent variables, MPTP and Mn.  

b. Striatal DOPAC 

MPTP also produced a 21% main effect decrease in striatal DOPAC 

concentration (df = 1, 98; p <0.0001). While there was no main effect of Mn, there was a 

significant interactive effect between the two independent variables on the concentration 

of striatal DOPAC (df = 2, 98; p = 0.0215). The groups receiving MPTP along with 0 

mg/kg MnCl2 (df = 98; p = 0.0019) or 25 mg/kg MnCl2 (df = 98; p< 0.0001) had a 

significant decrease in striatal DOPAC concentration. However, for the group receiving 

both MPTP and 50 mg/kg of Mn the decrease in striatal DOPAC was eliminated (see 

Experiment 2D. Figure 2). Thus it can be said that MnCl2 at 50 mg/kg attenuates the 

effect of MPTP on striatal DOPAC.  

2. Open Field 

 Mixed model ANOVA revealed no main effect of Mn or interaction between the 

independent variables (Mn and MPTP) on the open-field measures, grid crossing or 

rearing.  However there was a significant main effect for MPTP on both measures. MPTP 
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induced an increase in both open-field horizontal movement 14.2% (grid crossing, df = 

92; p = 0.0021) and vertical movement 27.7% (rearing, df = 92; p = 0.0034) (see 

Experiment 2D. Figure 3a & 3b).  

3. Visible Platform Swim 

After careful examination of a plot of means for swim time a natural logarithmic 

transformation was applied to obtain an approximate Gaussian distribution. Mixed model 

ANOVA of the transformed means revealed no significant main effect of Mn or MPTP 

and no significant interaction of these independent variables on swim time.  

4. Grip Force 

a. Strength 

Mn produced a significant main effect on grip strength (df = 91; p = 0.0017) with 

a numeric monotonic decrease as Mn dose increased. Post hoc analysis revealed that from 

0 to 25 mg/kg of Mn (df = 91; p = 0.0025) and from 0 to 50 mg/kg Mn (df = 91; p = 

0.0005) there was a significant decrease in forelimb grip force (see Experiment 2D. 

Figure 4a).  However, post hoc analysis found that the 25 and 50 mg/kg MnCl2 groups 

were not different from each other. ANOVA also revealed a significant interaction 

between Mn and MPTP on grip strength (df = 91; p= 0.0315), where the decrease in grip 

force observed with MnCl2 (25 and 50 mg/kg) was eliminated in the presence of MPTP 

(see Experiment 2D. Figure 4b). Thus it can be said that MPTP attenuated the effect of 

Mn on grip strength.  
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b. Fatigue 

Using the slope of the 4 grip trials as a measure of fatigue, ANOVA revealed no 

significant main effect of Mn or MPTP or an interaction of the two independent variables 

on fatigue of grip.  

5. HPLC measures of dopamine and DOPAC in the mesocortical pathway 

a. Cortical Dopamine 

MPTP induced a significant main effect across treatment groups resulting in a 

25% decrease in cortical dopamine concentration (df = 1, 93; p < 0.0001). Mn also 

induced a significant main effect across treatment groups (df = 2, 93; p = 0.0021) 

resulting in a monotonic numerical increase in cortical dopamine concentration with 

increasing dose of MnCl2 . The percent change for 25 mg/kg MnCl2 was 14% (df = 93; p 

= 0.0143) and 50 mg/kg MnCl2 was 29% (df = 93; p = 0.0059). Given that a main effect 

existed for both independent variables, further comparison of the individual treatments 

was completed. It was discovered that with 0 mg/kg of MnCl2 there was no MPTP-

induced decrease of cortical dopamine concentration, however with 25 mg/kg (df = 94; p 

< 0.0001) and 50 mg/kg (df = 93; p = 0.0108) of MnCl2 the MPTP-induced decrease in 

cortical dopamine was present (see Experiment 2D. Figure 5). Thus it can be said that Mn 

(25 and 50 mg/kg) facilitated an MPTP-induced decrease in cortical dopamine.  

b. Cortical DOPAC 

 The same effects of MPTP and Mn seen on cortical dopamine concentration were 

observed with cortical DOPAC concentration. MPTP induced a significant main effect 

across treatment groups resulting in a 12% decrease in cortical DOPAC concentration (df 

= 1, 91; p <0.0001). Mn produced a significant main effect across treatment groups (df 
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=2, 91; p = 0.0014) resulting in a monotonic numerical increase in cortical DOPAC 

concentration with increasing dose. The percent change for 25 mg/kg MnCl2 was 7% (df 

= 91; p = 0.0252) and 50 mg/kg MnCl2 was 15% (df = 91; p = 0.0021) Comparisons of 

individual treatment groups revealed that with 0 mg/kg of MnCl2 there was no significant 

MPTP- induced reduction of cortical DOPAC. However, in the presence of 25 (df = 91; p 

= 0.0009) or 50 mg/kg of MnCl2 (df = 91; p = 0.0151), an MPTP-induced decrease in 

cortical DOPAC was observed (see Experiment 2D. Figure 6).  Thus it can be said that 

MPTP induced decreases in cortical dopamine and DOPAC were triggered by the 

presence of Mn. 

6. Western blot measures of α-synuclein, dopamine transporter (DAT) and 
synaptophysin in the cortical target of the mesocortical dopaminergic pathway 

a. Dopamine Re-uptake Transporter 

In the whole cell preparation MPTP produced a significant 34.4% main effect 

decrease in DAT (df = 1, 102; p < 0.0001) across treatment groups. A significant main 

effect of Mn (df = 2, 102; p = 0.0107), characterized by a numerical monotonic increase 

in DAT with increasing Mn dosage was also observed across treatment groups. ANOVA 

(df = 2, 102) also suggested an interaction of Mn and MPTP in their effects upon DAT, 

although the p value was 0.0501. Given the main effect of each of the independent 

variables, as well as the strong suggestion of an interaction, comparisons among 

individual treatment groups were examined more closely to determine the nature of the 

interaction. MPTP produced a significant 52.4% decrease (df = 102; p < 0.0001) in DAT 

in the absence of Mn (see Experiment 2D. Figure 7). However, this MPTP-induced 

decrease was eliminated in the presence of 25 or 50 mg/kg doses of MnCl2. 
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The effects upon DAT in the synaptosomal preparation essentially mirrored those 

seen in the whole cell preparation. MPTP produced a significant 32.8% main effect 

decrease in synaptosomal DAT (df = 1, 103; p < 0.0001). A significant main effect of Mn 

(df = 2, 103; p = 0.0005), characterized by a numerical monotonic increase in 

synaptosomal DAT with increasing Mn dosage, was also observed. ANOVA also 

revealed a significant interaction of Mn and MPTP (see Experiement 2D. Figure 8) in 

their effects upon synaptosomal DAT (df = 2, 103; p = 0.0034). Given the main effect of 

each of the independent variables, as well as the significant interaction, comparisons 

among individual treatment groups were examined more closely to determine the nature 

of the interaction. MPTP produced a significant 57.7% decrease (df = 103; p < 0.0001) in 

DAT in the absence of Mn. However, this MPTP-induced decrease was attenuated in the 

presence of 25 or 50 mg/kg doses of Mn. 

b. Synaptophysin 

In the whole cell preparation, MPTP produced a significant 16.2% decrease in 

synaptophysin (df = 102; p = 0.0055) but there was no main effect of Mn nor was there 

an interaction between the independent variables (see Experiment 2D. Figure 9). No 

significant effects were seen upon synaptophysin in the synaptosomal preparation. 

c. α-Synuclein 

 There were no significant main effects of Mn or MPTP, nor were there any 

significant interactions between the two independent variables on the concentration of 

cortical α-synuclein protein.  Therefore, the presence of neither Mn nor MPTP was 

associated with an increase in a protein component of a pathological marker of a Lewy 

body disorder in the cortex.  
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7. Cognitive behavior 

 In order to asses the interactions of Mn and MPTP on measures of cognition, two 

main questions were asked: 1) did mice learn the task and 2) how did the parameters of 

learning change over the number of trials.  

a. Task Acquisition 

 Experiment 2D Figure 10 shows the cumulative proportion of mice within each 

treatment group that had met the learning criterion as a function of the day of testing. The 

vehicle control group (0 mg/kg MnCl2 and 0 mg/kg MPTP) contained the largest 

proportion of mice that learned the task (62.5%), while the group receiving only MPTP (0 

mg/kg MnCl2 and 20 mg/kg MPTP) contained the lowest proportion of mice that learned 

(26.3%).  However there were no main effects of Mn or MPTP, nor any interaction 

between the two varirables, on the percentage of mice that acquired the spatial 

learning/memory task by the final day of testing. For those mice that reached the learning 

criterion during the experiment, the testing day on which they reached that 

criterion was examined. Since there were numerically different proportions of mice that 

ultimately reached criterion in the different groups, a log rank test was used. No main 

effects of Mn or MPTP, or an interaction between them, were seen for the day on which 

criterion was reached in the mice that learned the task. 

b. Repeated Measures of Trial Parameters  

1.Errors (visits to non-goal holes) 

 ANOVA revealed a main effect of trial block (df = 3, 291; p < 0.0001) and a main 

effect of Mn (df = 2, 101; p = 0.0191) on the number of errors.  Experiment 2D Figure 11 
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shows the number of errors decreased monotonically with an increased number of trials. 

Examining trial block 1-4 separately for effects of Mn and MPTP revealed a significant 

interaction between Mn and MPTP upon errors within trials blocks 1 (df = 5, 227; p = 

0.0087) and 2 (df = 5, 227; p = 0.0180). Examination of group means in trial block 1 (see 

Experiment 2D. Figure 12a) revealed that, in the absence of MPTP, MnCl2 at doses of 25 

(df = 228; p = 0.0205) and 50 mg/kg (df = 228; p = 0.0202) significantly increased the 

number of errors compared with 0 mg/kg of Mn.  However, in the presence of MPTP, 

there was no difference in errors between MnCl2 dosage groups. The nature of the 

findings was the same for trial block 2 (see Experiment 2D. Figure 12b), except that in 

the absence of MPTP, only the 50 mg/kg dose of MnCl2 (df = 228; p = 0.0445) 

significantly increased the number of errors compared with the 0 mg/kg dose. No 

significant effects of Mn or MPTP upon errors were observed for trial blocks 3 or 4. 

2. Perseverations (consecutive visits to the same, or adjacent, non-goal hole) 

The findings for the effects of Mn and MPTP upon perseverations mirrored those 

for errors. There was a general pattern of numeric monotonic decrease in perseverations 

over trial block for all treatment groups and ANOVA revealed a main effect of trial block 

(df = 3, 292; p < 0.0001)  (see Experiment 2D. Figure 13) and a main effect of Mn (df = 

2, 110; p = 0.0487). Exploration within each trial block revealed a significant interaction 

between Mn and MPTP upon perseverations within trials blocks 1 (df = 5, 280; p = 

0.0151) and 2 (df = 5, 280; p = 0.0380). Examination of group means in trial block 1 

revealed that, in the absence of MPTP, MnCl2 at doses of 25 (df = 280; p = 0.0288) and 

50 mg/kg (df = 280; p = 0.0188) significantly increased the number of perseverations 

compared with 0 mg/kg of MnCl2 (see Experiment 2D. Figure 14a). However, in the 
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presence of MPTP, there was no difference in perseverations between Mn dosage groups. 

The nature of the findings was the same for trial block 2, except that in the absence of 

MPTP, only the 50 mg/kg dose of Mn (df = 280; p = 0.0189) significantly increased 

perseverations compared with the 0 mg/kg dose (see Experiment 2D. Figure 14b). No 

significant effects of the independent variables upon perseverations were observed for 

trial blocks 3 or 4. 

3. Latency (time to locate the goal hole; 5 min maximum) 

For latency, ANOVA revealed a main effect of trial block (df = 3, 297; p < 

0.0001) (see Experiment 2D. Figure 15) and a main effect of Mn (df = 2, 107; p = 

0.0164). Within trial blocks, there was a significant interaction between Mn and MPTP 

for blocks 2 and 4. However, within these blocks, the nature of the interactions could not 

be identified since no significant differences between groups could be found using the 

Tukey-Kramer adjusted p values. 

4. Distance (number of holes between goal hole and first hole visited) 

For distance, ANOVA revealed a main effect of trial block (df = 3, 304; p < 

0.0001) (see Experiment 2D. Figure 16) and a significant interaction between the effects 

of Mn and MPTP (df = 2, 109; p = 0.0246). Within trial blocks, there was a significant 

interaction between Mn and MPTP for block 4 (df = 203; p = 0.0484) and a strong trend 

towards such an interaction in trial block 3 (df = 203; p = 0.0565). However, within these 

blocks, the nature of the interactions could not be identified since no significant 

differences between groups could be found using the Tukey-Kramer adjusted p values. 
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8. Body Weight 

 Body weight analysis for the pre-dosing weight revealed no significant 

differences between the randomly assigned dosing groups. The ANOVA  of mean body 

weight on Day 16, the start of the Barnes maze testing and 7 days following the last 

injection, showed a significant main effect of  Mn (df = 2, 92; p = 0.0264). Post hoc 

comparison revealed that mice receiving 50 mg/kg MnCl2 had 5.6% lower body weights 

than mice receiving 0 mg/kg MnCl2. There was no significant difference in weight 

between the 0 mg/kg and the 25 mg/kg MnCl2 groups.  There was no effect of MPTP and 

no interaction between the two dependent variables on the weight for Day 16.  Similar 

results were revealed for body weight at the end of the Barnes maze testing.  Mn 

produced a significant main effect (df = 2,92; p = 0.0078) on mean body weight for Day 

32. However there was no effect of MPTP or interaction of Mn and MPTP on body 

weight for that day. Post hoc analysis showed that the group receiving 50 mg/kg MnCl2 

had 6.1% and 6.7% lower body weights than the groups receiving 0 mg/kg MnCl2 and 25 

mg/kg MnCl2 respectively.  Therefore while mice in 50 mg/kg MnCl2 group had an 

average 6% lower body weight on Day 32 when compared to mice in the 0 mg/kg and 25 

mg/kg MnCl2 groups, by examining Experiment 2D Figure 17 it appears mice in this 

group did not gain or lose weight over time. 

D. Experiment 2D: Discussion 

This study aimed to determine the relative role environmental manganese plays in 

both the modulation of cognitive vs. motor deficits and in toxicity of corresponding 

neural substrates of such behaviors, the mesocortical and the nigrostriatal dopaminergic 

pathways, in a mouse model of Parkinson’s disease, a Lewy body disorder.  Specifically 
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this experiment was looking to identify interactions between Mn and MPTP on 

behavioral and dopaminergic toxicity which might shed light on whether Mn could 

influence a Lewy body disorder to present as more motor-related (e.g. Parkinson’s 

disease) or more cognitive-related (e.g. Dementia with Lewy bodies). MPTP produced a 

significant main effect for HPLC measures of DA and DOPAC, western blot measures of 

DAT and synaptophysin protein, and locomotor movement. Mn produced a main effect 

for HPLC measures of DA and DOPAC, grip strength, and repeated Barnes maze 

measures, errors, perseverations, and latency.  Toxic interactions between Mn and MPTP 

were observed for HPLC measures of dopamine and DOPAC, Western blot measures of 

dopamine transporter protein (DAT), and motor and cognitive behavioral measures.  

MPTP produced a significant decrease in both striatal and cortical DA and 

DOPAC concentrations. At 50 mg/kg of MnCl2, the decrease in striatal DOPAC induced 

by MPTP was eliminated. Although there was a significant interaction between Mn and 

MPTP on DOPAC concentration in the nigrostriatal tract, there was no interaction 

reported on DA concentration in this tract. These results are slightly different than for 

Experiment 2B. Although the dose was different (100 mg/kg vs. 50 mg/kg in this 

experiment), Experiment 2B reveled no interactive effects of Mn and MPTP on DOPAC 

concentration.  Gwiazda et al. (2002) found that in a pre-parkinson rat model (6-OHDA) 

low cumulative Mn exposure (4.8 mg/kg MnCl2 3 i.p. injections per week x 5 weeks) 

produced a significant decrease in GABA concentration but not DA. In addition striatal 

GABA decrease was accompanied by motor dysfunction that was exacerbated in the 

presence of the pre-Paarkinsonism condition. This study indicates that Mn at low 

threshold levels tend to produce GABAerigc deficits prior to DA deficits typically seen 
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with chronic or high dose regimens (Vidal et al., 2005). This finding fits the model of Mn 

induced dopamine toxicity presented in the Introduction, stating that accumulation of Mn 

in the globus pallidus could decrease GABA activity, which in turn could disinhibit the 

STN, allowing for glutamatergic overstimulation of the nigrostriatal pathway (Castro and 

Zigmond et al., 2001). Thus Mn can indirectly affect nigrostriatal dopamine release. This 

could explain why MnCl2 at 50 mg/kg eliminates the MPTP induced decrease in striatal 

DOPAC.  Elevated levels of DOPAC indicate an increase in DA turnover which can be a 

result of toxicant induced processes (Hudson et al., 1985). Gwiazda et al.’s findings 

suggest that with sub-chronic dosing, Mn can induce such toxicant processes in the basal 

ganglia. Therefore it is possible that in our experiment Mn has an effect on the 

neurotransmitter GABA that, while subtle (Mn alone does not significantly increase 

DOPAC), can increase DA turnover enough to counteract the effects of MPTP.  

The Mn and MPTP interaction observed in the mesocortical dopaminergic 

pathway did not share the same directional effect as that observed in the nigrostriatal 

pathway. Instead in the mesocortical pathway Mn triggered a MPTP induced decrease in 

both cortical (frontal cortex) DA and DOPAC.  In fact, post hoc testing revealed that 

MPTP alone did not induce a decrease in cortical DA or DOPAC, but rather the main 

effect of MPTP on cortical DA and DOPAC was a result of the Mn and MPTP 

interaction. Therefore, there was only an MPTP -induced decrease in cortical DA and 

DOPAC in the presence of 25 mg/kg and 50 mg/kg of MnCl2. MPTP treatment in the 

mouse has been shown to differentially modulate dopaminergic damage in the 

nigrostriatal vs. the mesolimbic pathway (Hung and Lee, 1996; 1998). While the target of 

MPTP is dopamine neurons, the nigrostriatal pathway usually suffers more severe 
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dopaminergic damage than the mesocortical pathway following MPTP exposure. It 

appears that this is the case for the current study which found MPTP alone significantly 

decreases striatal DA and DOPAC, while MPTP alone does not decrease cortical DA and 

DOPAC.  We know from Experiment 2C that multiple dosing of MnCl2 25 mg/kg and 50 

mg/kg significantly increases Mn concentration in the frontal cortex by 310% and 551% 

respectively. We also know that MnCl2 at the same doses significantly increases striatal 

Mn concentration. Although it was hypothesized that while Mn in this study did not 

induce a significant decrease in striatal DA and DOPAC, it could possibly decrease the 

inhibitory neurotransmitter GABA.  The basal ganglia are disynaptically connected to the 

mesocortical pathway through a connection from the STN.  A decrease in striatal GABA 

could potentially supress STN glutamatergic projections to the mesocortical pathway 

resulting in decrease in cortical function.  It is also possible that elevated Mn within the 

frontal cortex could have a direct effect within the mesocortical dopaminergic pathway. 

Thus the combined effect of “decreased GABA” inhibition in the nigrostriatal pathway 

and increased Mn concentration in the mesocortical pathway could potentially allow Mn 

to produce enough damage to trigger a significant decrease in cortical DA and DOPAC in 

the presence of MPTP.  

To complicate interpretation of these results western blot data for DAT protein in 

the frontal cortex revealed another interaction of Mn and MPTP. MPTP induced a 

decrease in DAT that was eliminated in the presence of Mn. This pattern is more 

concordant with that seen for the nigrostriatal HPLC data than for the mesocortical HPLC 

data. A study in non-human primates reported an increase in striatal DAT levels 

following injection with MnSO4 and increases in DAT have been shown to be a response 
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to some forms of insult to dopaminergic pathways (Chen et al., 2006). In contrast a more 

recent study found that high dose MnCl2 (750 µg /day postnatal days 1-21) in rats 

resulted in decreased levels of striatal DAT (McDougall et al., 2008). Therefore Mn has 

the capacity to alter DAT protein levels, but did not significantly change DAT protein 

levels in the present experiment. Mn did however trigger a MPTP induced significant 

decrease in cortical DA and DOPAC. DAT protein could be altered in response to the 

low concentration of DA in the combined Mn and MPTP treatment group.  

There were no effects of Mn or MPTP upon α-synuclein protein (a component of 

Lewy bodies) in frontal cortex. Increases in this protein in this region, resulting from a 

Mn/MPTP interaction, would have been suggestive of a shift toward a more cognitive-

associated Lewy body deficit. However, without comparison to α-synuclein levels in the 

striatum, whether Mn/MPTP produces a more motor-associated Lewy body deficit 

remains in question. In the whole cell preparation, MPTP produced a significant 16.2% 

decrease in synaptophysin protein. This decrease was not seen in the synaptosomal 

preparations. Synaptophysin was used as a general marker for synaptic boutons and was 

used as a general marker of synaptic loss.  The whole cell and synaptosome preparations 

were intended to be used to identify pre-synaptic mesocortical changes in α-synuclein 

from post-synaptic cortical changes, because levels of α-synuclein could be at locations 

other than the synapse. There are a plethora of neuronal types and glia that make up 

whole cortical tissue. Dopamine neurons, the target of MPTP, make up only a small 

portion of these neurons. Thus it could be possible to detect a small decrease in 

synaptophsin (synaptic boutons) in the whole cell preparation that could be masked in the 

synaptosomal preparation.  
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As noted in the results, interactions between Mn and MPTP were also seen in the 

effects upon both motor and cognitive behavior. The nature of the interaction was similar 

for both classes of behavior. MPTP eliminated Mn induced decreases in grip strength, 

while MPTP eliminated a Mn induced increase in number of errors and perseverations in 

the spatial learning task.  There was also a main effect of MPTP resulting in an increase 

in both horizontal and vertical behavior in an open field area. Thus, it appears that in this 

experiment MPTP had the ability to increase rather than decrease motor activity.  

Normally administration of MPTP results in locomotor deficits (Kurosaki et al., 2004). 

The magnitude and timeframe of locomotor deficit can depend on the dose. One study  

found MPTP (40 mg/kg s.c. x 2) significantly decreased locomotor activity at 24 hours 

with complete recovery 3-7 days following treatment (Sundstrom et al., 1990). In 

Experiment 2B, MPTP induced a significant decrease in vertical movement at the 7 day 

survival that was no longer present at the 14 day survival time.  Because the behavior was 

measured 24 days post injection, it can be speculated that by this time point MPTP mice 

probably had recovery of function. In addition the MPTP induced decrease in striatal DA 

(34%) and DOPAC (21%) were lower than the percent decreases observed in Experiment 

2B DA (49%) and DOPAC (38%) which used the same single dose of MPTP (20 mg/kg 

i.p.) The striatal DA concentration was still significantly decreased, so there may be other 

alterations within the nigrostriatal pathway (e.g. D2 receptor, DAT protein levels) that 

were not measured in this experiment in the striatum that could account for the main 

effect increase in locomotor activity produced by MPTP.  This does not, however, 

explain why MPTP attenuated the effect of Mn on behavior. It is difficult to predict 

whether altering multi-synaptic neural pathways will result in behavioral deficits or 
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behavioral facilitation. However in this experiment, Mn and MPTP appear to be 

interacting in such a way that they are able to dampen or lesson the effect of the other. 

This type of attenuation is seen throughout this experiment on measures including striatal 

dopamine neurochemistry, DAT protein levels, and measures of motor and cognitive 

deficits. The masking effect of Mn and MPTP combined could be happening by either 1) 

blocking of MPP+ uptake into dopamine neurons by Mn or vice versa 2) blocking MPTP 

or Mn entry into mitochondria or 3) accelerating or decreasing metabolism of the other 

compound. A molecular approach examining the metabolism of Mn and MPTP when 

given in combination would allow for elucidation of these interactive mechanisms.  

There were no interactive effects of Mn and MPTP on the ultimate success in the 

Barnes maze. The Barnes maze is a measure of a spatial memory (Barnes et al., 1979). 

Spatial memory can be defined as the part of the memory responsible for recording 

information about one's environment and its spatial orientation. The Barnes maze utilizes 

the idea that rats/mice will use spatial memory to achieve a goal, escape from a loud 

noise and bright light (Barnes et al., 1979). Typically spatial memory is related to 

function of the hippocampus (Rolls, 1991). However, Schneider et al. (2006) reported 

subtle deficits in spatial working memory in non-human primates who had elevated 

cortical Mn concentrations. In this study Barnes maze testing took place over a 16 day 

time period of 2 trials per day which was determined during preliminary testing to be an 

adequate amount of time for a vehicle control mouse to acquire the task.  However, in 

this study only 63% of vehicle control mice acquired the task.  Perhaps lengthening the 

testing period or increasing the number of trials per day would increase the percentage of 

vehicle control mice that acquire the task.  This could increase the chances of finding 
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significant differences of Mn, MPTP or Mn x MPTP on task acquisition. However, the 

day to day repeated measures including errors, perseverations, and latency seemed to be 

more sensitive behavioral measures of Mn induced cognitive interference in the 

mesocortical pathway.  

Despite the questions raised by this data, this experiment, 1) provides substantial 

evidence for Mn/MPTP interactions in dopaminergic and behavioral toxicity, 2) shows 

that these interactions occur in both motor and cognitive behavior and in respective 

dopaminergic neural substrates of these classes of behavior (e.g. nigrostriatal and 

mesocortical pathways), and 3) provides some support for differential Mn/MPTP 

interactions in mesocortical vs. nigrostriatal dopaminergic pathways. The results of this 

experiment can only allow one to speculate on the mechanism (see above) behind the 

differential changes in dopaminergic function within the nigrostriatal and mesocortical 

pathways. While it is widely accepted that MPTP toxicity produces mitochondrial energy 

deficits and increased production of ROS, the mechanisms of Mn toxicity are still being 

investigated. In vitro studies using PC12 cells showed that antioxidants (N-acetylcysteine 

(NAC) and ascorbic acid (AA)) limited Mn induced apoptosis, but not MPTP induced 

apoptosis (Desole et al., 1997). Also we know that treatment with Mn decreases levels of 

intracellular reduced glutathione (GSH) in a dose dependent fashion indicating that 

antioxidant activity is decreased during exposure to Mn (Marreilha dos Santos et al., 

2008). Thus it could be suggested that the presence of toxic levels of Mn decrease the 

activity of endogenous antioxidant systems allowing for a subtle change in DA 

metabolism. Future studies should be directed toward further exploration of Mn/MPTP 

interactions in the differential toxicity of dopaminergic pathways. It would be pertinent to 
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study the metabolism of MPTP, generation of ROS, and mitochondrial activity within 

both the nigrostriatal and mesocortical dopaminergic pathways for comparison.  
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Experiment 2D. Figure 1. Dosing, Behavioral, and Sacrifice Regimen. 
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Experiment 2D. Figure 2. Graph showing the effect of MPTP on striatal DOPAC is 
changed by Mn.  
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Experiment 2D. Figure 3A. Graph showing the main effect of MPTP on grid crossing 
collapsed across treatment groups. 
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Experiment 2D. Figure 3B. Graph showing the main effect of MPTP on rearing 
frequency collapsed across treatment groups. 
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Experiment 2D. Figure 4A. Graph showing the main effect of Mn on grip strength.  
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Experiment 2D. Figure 4B. Graph showing the effect of Mn on grip strength is changed 
by MPTP. 
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Experiment 2D. Figure 5. Graph showing that the effect of MPTP on cortical DA is 
changed by Mn. 
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Experiment 2D. Figure 6. Graph showing that the effect of MPTP on cortical DOPAC is 
changed by Mn. 
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Experiment 2D. Figure 7. Graph showing the effect of MPTP on cortical DAT in the 
whole cell preparation is changed by Mn.  
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Experiment 2D. Figure 8. Graph showing the effect of MPTP on cortical DAT in the 
synaptosome preparation is changed by Mn. 
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Experiment 2D. Figure 9. Graph showing the main effect of MPTP on synaptophysin in 
the whole cell preparation. 
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Experiment 2D. Figure 10. Graph showing the cumulative proportion of mice 
within each treatment group that met the learning criterion for the Barnes Maze as 
a function of the day of testing. There were no statistically significant differences 
between treatment groups. 
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Experiment 2D. Figure 11. Graph showing the main effect of trial block on number of 
errors in the Barnes maze. As the number of trials increased the number of errors 
decreased. 
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Experiment 2D. Figure 12A. Graph showing the effect of Mn on number of errors in 
Trial block 1 is changed by MPTP. 
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Experiment 2D. Figure 12B. Graph showing the effect of Mn on number of errors in 
Trial block 2 is changed by MPTP. 
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Experiment 2D. Figure 13. Graph showing the main effect of trial block on number of 
perseverations in the Barnes maze. As the number of trials increases the number of 
perseverartions decreases. 
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Experiment 2D. Figure 14A. Graph showing the effect of Mn on number of 
perseverations in Trial block 1 is changed by MPTP. 
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Experiment 2D. Figure 14B. Graph showing the effect of Mn on number of 
perseverations in Trial block 2 is changed by MPTP. 
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Experiment 2D. Figure 15. Graph showing the main effect of trial block on latency. As 
the number of trials increase the latency decreases. 
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Experiment 2D. Figure 16. Graph showing the main effect of trial block on distance. 
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Experiment 2D. Figure 17. Graph showing the main effect of Mn on weight for day 1, 
16, and 32. 
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Chapter 7: 

Summary and Conclusions 

 

The major findings from the 3 experiments examining whether the insecticides 

permethrin and cholorpyrifos, alone or in combination, facilitate MPTP-induced 

dopaminergic nigrostriatal damage in the dorsolateral striatum of the C57BL/6 mouse 

include: 1) PM alone increased GFAP neuropil staining 2) combined treatment with PM 

and CPF eliminated the increase in GFAP neuropil staining seen with PM alone 3) PM 

alone, CPF alone, and PM + CPF did not facilitate the MPTP induced decrease in TH 

staining or increase in GFAP staining.  Overall the immunohistochemical findings 

suggest that the insecticides permethrin and chlorpyrifos do not significantly exacerbate 

the magnitude of MPTP-induced Parkinsonism. Combined administration of the two 

insecticides appears to provide a protective effect within the striatum. The general 

mechanism of toxicity for both PM and CPF is to increase activity of the neuron. In the 

nervous system increased activity of neurons can lead to a phenomenon called 

excitotoxicity or cell death. The nature of these pesticides would allow for the assumption 

that combined treatment would exacerbate cell death and that combined treatment with a 

neurotoxin like MPTP would also increase cell death. Because this was not found to be 

true in this particular set of experiments one could speculate that these pesticides interact 

in such a way as to interfere with each others metabolism. Furthermore, there could also 

be interference at the level of entry into the cell. Future experiments should include 

pharmcokinetic studies that examine the metabolism of PM and CPF when given in 

combination. It will also be important to study the effects of these pesticides on MPP+ 
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uptake, and distribution to mitochondria.  In addition, expanding variables such as the 

range of insecticidal combinations, the doses of those compounds, the post-dosing 

survival times, the age of exposure and the marker of degeneration would help elucidate a 

clearer picture of the potential role pesticides may have in PD.  

The major findings from the 4 experiments designed to address the variable 

relationship between motor and cognitive symptomatology observed within PD and 

across Lewy body disorders were:  

For Experiment 2A: 

1) Mn significantly accumulates in the striatum with 3 subcutaneous injections of 100 

mg/kg and 50 mg/kg, MnCl2  

2) Mn treatment significantly decreased horizontal movement. 

Experiment 2A proved that Mn at the doses used can accumulate in the 

nigrostriatal tract, and that this combined accumulation is accompanied by a decrease in 

locomotor activity. These findings established a dosing regimen for experiments within 

this study as well as future explorations that employ an animal model to examine the 

putative role of manganese in PD. The magnitude of the motor deficit observed with this 

dosing regimen is modest enough to reveal potential interactions of Mn and MPTP upon 

behavior. Considering the LD50 for subcutaneous delivery of MnCl2 tetrahydrate in the 

mouse is 320 mg/kg (Sigma-Aldrich Material Safety Data Sheet), the doses chosen, 50 

mg/kg (x 3) and 100 mg/kg (x 3), could be considered “high-dose”.  Future experiments 

using the same multiple dosing regimen, testing lower doses of Mn could be explored for 

their ability to significantly increase brain Mn.  It may also be important to examine 
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regions other than the striatum to determine if Mn selectively accumulates in different 

regions in the C57/BL6 mouse.  

For Experiment 2B: 

1) Mn did not change the significant MPTP induced decrease in striatal DA and DOPAC 

2) Mn produced a significant decrease in grid crossing that was eliminated by MPTP.  

3) MPTP produced a significant decrease in grip strength that was eliminated by Mn. 

 In Experiment 2B the interaction of Mn & MPTP on behavior occurred despite 

the fact that no such interactions were seen for DA or DOPAC concentration. This 

suggests that the influence of Mn upon MPTP induced Parkinsonism may involve aspects 

of dopaminergic function not directly addressed in this experiment. Future experiments 

should help to elucidate what is going on in the nigrostriatal tract between Mn and MPTP 

if measures are made of striatal dopamine transporter concentrations, striatal dopamine 

receptor concentrations, and the neurochemistry of other basal ganglia neurotransmitters 

including GABA and glutamate.  

For Experiment 2C: 

1) Mn significantly accumulates in the striatum and the frontal cortex with 3 

subcutaneous injections of 25mg/kg or 50mg/kg MnCl2  

 Experiment 2C was completed in order to determine if  a lower dose of MnCl2 

than tested previously would accumulate in the brain and also to determine if  MnCl2  

accumulates in the target of the mesocortical pathway, the frontal cortex. This allowed 

for the previous dosing regimen to be lowered since there was a significant decrease in 

weight for mice treated with 100 mg/kg MnCl2 in Experiment 2B. The decrease in weight 
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could potentially interfere with behavioral results, although that did not appear to be the 

case in this experiment. 

For Experiment 2D: 

1) Mn did not change the MPTP induced decrease in striatal (nigrostriatal) DA 

2) Mn facilitated the decrease in cortical (mesocortical) DA and DOPAC produced by 

MPTP 

3) Mn eliminated the decrease in cortical DAT produced by MPTP 

4) The effect of Mn on grip strength was attenuated by MPTP  

5) MPTP & Mn did not affect ultimate success in the Barnes Maze 

6) The effect of Mn on measures of learning: errors and perseverations was attenuated by 

MPTP 

 Experiment 2D provides support for differential modulation of MPTP toxicity in 

mesocortical vs. nigrostriatal dopaminergic pathways by Mn. The results demonstrate 

complicated interactions between Mn and MPTP exist when using indices of motor and 

cognitive behavior as endpoints. Interactions of Mn and MPTP are complex for 

neurodegeneration of pathways that underlie those behaviors. Mn was capable of 

facilitating an effect of MPTP on cortical DA and DOPC, however in all the other 

significant interactions it appeared that Mn attenuated the effect of MPTP or vice versa. 

In other words Mn and MPTP appear to interact in such a way that they cancel out their 

effects. The mechanism behind the differential changes in dopaminergic function within 

the nigrostriatal and mesocortical pathways cannot be determined with the results 

provided in this experiment. The “dampening” effect of Mn and MPTP could be 

happening by either 1) blocking of MPTP (MPP+) uptake into dopamine neurons by Mn 
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or vice versa 2) blocking MPTP or Mn entry into mitochondria or 3) accelerating or 

decreasing metabolism of the other compound. Future studies should include 

pharmokinetic analysis of Mn and MPTP metabolism specifically looking at the effects 

of Mn on the generation and clearance of MPP+.  It would also be important to do in 

vitro analysis of studying Mn uptake into dopamine cells and checking for any 

completive inhibition between Mn and MPTP uptake in the same neurons. 

The global question asked in this dissertation is whether or not exogenous 

environmental chemicals can facilitate the onset of PD. The synthetic pesticides studied 

in the first set of experiments do not increase nigrostriatal damage in the MPTP mouse 

model of PD and therefore at the dose levels and combinations tested it can be stated they 

would not facilitate the onset of PD.  However, because permethrin alone was able to 

initiate damage in the striatum points to the importance of future studies examining 

different dose levels and their possible effects on PD. The second set of experiments 

provides a complicated set of data that shows it is possible for Mn and MPTP to interact 

in both the nigrostriatal and mesocortical pathways. Because the interactions of Mn and 

MPTP were sometimes facilitative and sometimes inhibitory in both of these pathways it 

would be difficult to assert that the natural chemical Mn can facilitate PD. However the 

findings do suggest that because Mn differentially affects MPTP toxicity in the 

mesocortical and nigrostriatal pathways that Mn is a potential modulator of whether a 

Lewy body disorder will have a more cognitive-like or more motor-like presentation.  
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