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ABSTRACT

Clinical studies have linked Type 2 Diabetes (T2D) with neurodegenerative diseases

such as Alzheimer’s disease and Parkinson’s disease (PD). Although the link between T2D and

AD is relatively well established, the potential link between T2D and PD is less understood. The

mechanism by which such a link is mediated is unknown. It is also unclear whether the

comorbidity between these diseases is bidirectional: whether T2D predisposes individuals to

develop PD, or whether it is actually PD that increases T2D risk. The purpose of this work was

to investigate this potential link using preclinical models. We used a high fat feeding regimen to

model early stage T2D and analyzed the effects of this model on the basal ganglia, which is

affected in Parkinson’s disease. We used the 6-hydroxydopamine (6-OHDA) lesion model of PD

to analyze glucose tolerance and peripheral insulin resistance following dopamine (DA)

depletion. Finally, we combined a high fat diet and low dose 6-OHDA model to determine

whether a high fat diet can exacerbate DA depletion. We found that high fat diet-induced insulin

resistance elicits profound functional effects in the striatum. DA release was severely blunted in

high fat-fed animals, and DA uptake was markedly slower. Interestingly, magnetic resonance

imaging revealed increased iron content in the substantia nigra of these same animals, and

expression of several proteins involved in iron transport was altered. The effects of 6-OHDA

mediated dopamine depletion on peripheral glucose tolerance were less impressive. Although

severe unilateral DA depletion induced insulin resistance in the striatum in both young and

middle aged rats, glucose tolerance and peripheral insulin signaling were not affected. Finally,

we observed that a high fat diet significantly increased DA depletion in response to the same

dose of 6-OHDA, indicating that high fat feeding may increase the vulnerability of nigrostriatal

neurons to toxins. While our studies do not support a role for DA depletion in mediating

peripheral glucose tolerance, they do provide evidence that high fat diet-induced insulin

resistance may contribute to impaired dopaminergic function and potentially neurodegeneration.
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Chapter 1

INTRODUCTION
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I.I. Type 2 Diabetes

In the United States, the Center for Disease Control estimates that 23.6 million

individuals have diabetes and an additional 57 million have pre-diabetes. Worldwide, the

numbers are even more staggering: diabetes affects approximately 150 million individuals,

and it is expected that this number will reach 300 million by 2025 (Adeghate et al., 2006).

Clinically, diagnosis of diabetes is based upon blood glucose levels. These can be

measured either after an overnight fast (fasting glucose) or after fasting and receiving a

glucose bolus (glucose tolerance test). In humans, an oral glucose tolerance test is a widely

used clinical assessment of glycemic status (Stumvoll et al., 2000) and consists of ingesting

a glucose-rich beverage and monitoring blood glucose levels at predetermined time-points

for 120 minutes following glucose administration. More sensitive techniques for determining

glucose and insulin sensitivity include the hyperinsulinemic-euglycemic and hyperglycemic

clamp techniques, but these are mainly used for research purposes and not for clinical

diagnosis.

World Health Organization criteria for diabetes diagnosis are: fasting glucose greater

than 126 mg/dL, or post-glucose tolerance test glucose levels of greater than 200 mg/dL.

Individuals who exhibit fasting glucose of 100-126 mg/dL or post-glucose tolerance of 140-

200 mg/dL are classified as pre-diabetic. Two main types of diabetes exist: Type 1 Diabetes

(T1D), which makes up approximately 10% of diabetes cases, and Type 2 Diabetes (T2D),

which constitutes the remaining 90% of diabetes cases. In T1D, individuals are sensitive to

the hormone insulin but do not produce it, and must administer insulin daily to maintain

proper blood glucose levels. Individuals with T2D produce insulin, but are resistant to its

effects: a signaling deficit prohibits the signal from getting transduced. Because T2D has

been linked to neurodegenerative disorders (Ristow, 2004), T2D and insulin resistance are

the primary foci of this project. It is now widely accepted that insulin resistance is mediated
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primarily through post-receptor effects on the insulin receptor substrate (IRS) protein, which

will be discussed in the following section.

I.I.a. Insulin Signaling

The mechanisms involved in insulin signal transduction are similar for the periphery

and the brain, (Reagan, 2005) and are detailed in Figure 1.1. Although four IRS isoforms

exist, IRS3 and IRS4 play only minor roles in insulin signaling (Sykiotis and Papavassiliou,

2001), while IRS1 and IRS2 are widely expressed and modulate the majority of insulin

signaling in the body (White, 2002). IRS1 is most important in skeletal muscle insulin

signaling (Sykiotis and Papavassiliou, 2001), where it has been extensively characterized.

Studies show that IRS2 plays a more prominent signaling role in tissues such as liver,

pancreas, and brain (Dong et al., 2006, Lin et al., 2004, Taguchi et al., 2007), where its role

has been most thoroughly characterized in the hypothalamus (Morton, 2007, Pardini et al.,

2006, Porte et al., 2005).

Insulin signaling requires interactions between IRS proteins and the insulin receptor.

These interactions are mediated by IRS tyrosine phosphorylation (Sykiotis and

Papavassiliou, 2001), a process that allows for the binding of effector proteins. Specifically,

tyrosine phosphorylation provides a docking site for proteins with Src Homology 2 (SH2)

domains, such as phosphatidylinositol 3’ kinase (PI3K) (Saltiel and Kahn, 2001). Thus, this

pathway is often referred to as the “PI3K pathway.” Activation of the catalytic subunit of PI3K

catalyzes conversion of PI(4,5)-bisphosphate to PI(3,4,5)-triphosphate. This causes proteins

that contain pleckstrin-homology domains, such as PDK-1 and AKT to be activated (Khan

and Pessin, 2002). Many studies suggest that AKT is a crucial player in transmission of the

insulin signal. It has been shown that a constitutively active form of AKT promotes glucose

transport even in the absence of insulin, and that silencing of this protein decreases insulin-

stimulated glucose uptake (reviewed in (Welsh et al., 2005)).
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Unlike tyrosine phosphorylation, serine phosphorylation of IRS1 and IRS2 impairs

IRS interaction with the insulin receptor and decreases propagation of the insulin signal via

tyrosine phosphorylation (Aguirre et al., 2002, Paz et al., 1997). This is thought to be the

primary mechanism behind insulin resistance. Serine phosphorylation of IRS1 (Pederson et

al., 2001) and IRS2 (Kim et al., 2005) can also target these proteins for degradation to

further modulate the insulin signal. It has also been suggested that IRS1 ubiquitin ligase

may associate with a serine kinase, which acts on IRS1 (Zhande et al., 2002). A partial

explanation for decreased insulin signaling in response to serine phosphorylation is

proteasome mediated degradation of IRS proteins (Rui et al., 2001, Rui et al., 2002). Thus,

phosphorylation of IRS proteins has been the subject of a large amount of research

regarding peripheral insulin resistance.

I.I.a.i. Muscle insulin signaling

Insulin signaling in skeletal muscle is relatively well-established. It is important in the

context of diabetes because skeletal muscle is responsible for more than 70% of glucose

uptake (Bjornholm and Zierath, 2005) and muscle glucose uptake decreases as a result of

insulin resistance. As mentioned, resistance to insulin occurs due to post-receptor events,

namely, IRS serine phosphorylation due to increased activity of stress kinases. Our

laboratory has shown that stress kinases play an important role in the impairment of insulin

signaling in both diet-induced and aging models of insulin resistance (Gupte et al., 2008,

Gupte et al., 2009).

In muscle, the primary function of insulin signaling is glucose transport. Glucose

transport into the cell occurs through the glucose transporter (GLUT) family of proteins. To

date, 14 GLUT isoforms have been characterized and vary in both tissue distribution and in

their responsiveness to insulin (Augustin, 2010). GLUT1-GLUT4 comprise the “classic”

glucose transporters and are the best characterized isoforms.  GLUT1 is expressed
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ubiquitously and the primary means of regulation for GLUT1 is through expression (Bunn et

al., 1999). In the brain, GLUT1 is primarily found in microvessels (Maher et al., 1994).

GLUT2 is present in beta cells and is responsible for glucose-sensing in the pancreas

(Augustin, 2010), while GLUT3 is expressed highly in neurons (Maher et al., 1994) and is

important for insulin-independent glucose uptake. The function of GLUT4 has been

intensively studied due to its important role in skeletal muscle glucose uptake. It is contained

intracellularly and exocytosed in response to the insulin signal, allowing for tight regulation

of glucose uptake by insulin (Klip and Paquet, 1990).

I.I.a.ii. Brain insulin signaling

Unlike the role of insulin in skeletal muscle, relatively little is known about its effects

in the brain. IRS1 and IRS2, PI3-K, and GLUT4 are all found in the brain, particularly in the

basal ganglia (El Messari et al., 1998, Folli et al., 1994, Porte et al., 2005), suggesting a role

for insulin signaling in this region. In the SN, insulin receptors co-localize with neurons

containing tyrosine hydroxylase (Figlewicz et al., 2003, Moroo et al., 1994), and there is

evidence that a dysfunction in insulin signaling may precede dopaminergic neuron death

(Moroo et al., 1994). In addition, a study of human PD brains found that insulin receptor

mRNA in the SN was markedly decreased in PD patients when compared to controls

(Takahashi et al., 1996).
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FIGURE 1.1.

Figure 1.1. Schematic representation of insulin signaling. Under normal conditions,

insulin binds to the insulin receptor, eliciting tyrosine phosphorylation of the insulin receptor

substrate. This phosphorylation is communicated through PI3K and results in AKT

phosphorylation. AKT phosphorylation has been linked to many diverse processes, including

glucose uptake, activation of survival pathways, translocation of neurotransmitter

transporters, and glycogen synthesis. Insulin resistance is a post-receptor defect. Cellular

stress can activate stress kinases, such as c-Jun N-terminal kinase (JNK) and inhibitor of

kappa B kinase beta (IKK). These kinases can serine phosphorylate IRS proteins, which

sterically hinders tyrosine phosphorylation and decreases transmission of the insulin signal.
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I.I.b. Additional roles of insulin

The presence of insulin receptors and proteins involved in insulin signaling in tissues

where glucose uptake is not primarily dependent on insulin suggests that insulin signaling

plays other cellular roles as well. In fact, insulin signaling is suggested to play a role in

processes ranging from glycogen synthesis and lipid regulation to cellular survival. Evidence

suggests that, in the CNS, insulin promotes cellular survival and that this effect is mediated

through AKT (van der Heide et al., 2006). It is well-characterized that insulin can affect

glycogen synthesis: glycogen synthase kianse 3 (GSK-3) is a downstream target of AKT

(reviewed in (Manning and Cantley, 2007)). It should be noted that GSK-3 may also have

direct relevance in neurodegenerative disease: active GSK-3 increases amyloid beta

production and tau phosphorylation (Sims-Robinson et al., 2010). Insulin also promotes lipid

synthesis and inhibits lipid degradation, possibly via steroid regulatory element-binding

protein-1c (SREBP-1c) (Saltiel and Kahn, 2001). Furthermore, insulin can play a role in

cellular dopamine and iron uptake, which will be discussed later (section I.3.b., 1.3.c).

I.I.c. Possible risk factors for T2D

There are several known risk factors for development of T2D. The most well-known

risk factor for T2D is obesity. According to the Third National Health and Nutrition

Examination Survey (NHANES), the prevalence of overweight or obesity in individuals with

diagnosed diabetes was 85.2% from 1999-2002 (Eberhardt, 2004). Another well-known risk

factor is aging. The prevalence of diabetes increases with age – in the United States, the

prevalence of T2D is 7%, but increases to 20% in the elderly (Adler, 2008, Olefsky, 2001).

This is of note, as the large population of baby boomers has reached middle age. Genetics

also plays a role in the development of diabetes: some individuals are more likely to develop

T2D based on their genetic makeup: many of these genes have only recently been identified
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(McCarthy, 2010). Finally, the two most common neurodegenerative diseases, Alzheimer’s

disease and PD, have both been linked to T2D. Associations have been shown between

dementia, AD, insulin resistance, and T2D, (Ott et al., 1996, Ronnemaa et al., 2008)

(reviewed in (de la Monte, 2009, Sims-Robinson et al., 2010)) and insulin deficiency

exacerbates amyloid pathology in mice (Wang et al., 2010). The potential link between T2D

and PD is the subject of this dissertation and will be discussed in the following sections.

I.2. Parkinson’s disease

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disease.

PD affects approximately 1.5 million individuals with 60,000 new diagnoses each year, and

ranks second behind Alzheimer’s disease regarding the number of individuals affected. The

cardinal symptoms of PD include bradykinesia, muscle rigidity, gait disturbances, and

resting tremor. Motor impairment occurs due to degeneration of dopamine (DA)-producing

neurons in the substantia nigra pars compacta (SNpc) and the resulting depletion of DA

from the striatum, the target region of these neurons. The preclinical phase of PD could last

as long as 20 years (Savica et al., 2010). Clinical diagnosis most often occurs after the

onset of motor symptoms.

The rate of PD misdiagnosis based on symptoms is estimated to be 10-25%,

although functional imaging (i.e. PET and SPECT) increases the accuracy of diagnosis

(Savitt et al., 2006). A PD diagnosis can be confirmed post-mortem. A hallmark of PD is a

loss of DA neurons containing neuromelanin in the SNpc (Thomas and Beal, 2007). Many

cases of PD also show a distinct staining for cytoplasmic inclusions called Lewy bodies in

the SN. In 1997 alpha synuclein was identified as the primary component of lewy bodies

(Polymeropoulos et al., 1997). The mechanism by which alpha-synuclein contributes to

neurodegeneration remains contentious, with the most direct evidence for a role of the
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protein in PD coming from clinical studies of genetic mutations. However, there are

conflicting reports regarding the toxicity of overexpressed monomeric, wild-type alpha-

synuclein (Waxman and Giasson, 2009). The role of the protein in PD is the subject of

ongoing research and will be discussed later.

1.2.a. DA Systems and Neurotransmission

There are approximately one million DA-producing cells in the brain, and DA

accounts for 80% of total brain catecholamine content. DA neurons are present in three

main regions of the brain: the arcuate nucleus of the hypothalamus, the ventral tegmental

area (VTA), and the SNpc. These DA neurons project to various termination nuclei via four

primary pathways. DA neurons in the VTA project to the prefrontal cortex and the nucleus

accumbens via the mesocortical and mesolimbic pathways, respectively. Hypothalamic DA

neurons primarily project to the pituitary via the tuberoinfindibular pathway, and nigral DA

neurons project to the caudate nucleus and putamen (humans) or striatum (rats) via the

nigrostriatal pathway.

I.2.b. Nigrostriatal circuit

The primary DA pathway affected in PD is the nigrostriatal pathway. Within the

nigrostriatal circuitry, DA neurons modulate movement through two pathways: the direct

pathway and indirect pathway. The effect of DA on cell excitability is determined by post-

synaptic receptor expression. Two main types of DA receptors exist on striatal medium spiny

neurons (MSN’s) and are important for understanding DA function in this region. D1

receptors are positively coupled to adenylate cyclase and, when activated, increase activity

of L-type Ca2+ channels and current through the AMPA and NMDA receptors (Cepeda et al.,

1998, Yan et al., 1999), reviewed in (Tang and Bezprozvanny, 2004)). In contrast, D2

receptors are negatively coupled to adenylate cyclase, and activation of these receptors

decreases L-type Ca2+ channel current and activity of NMDA receptors (Kotecha et al.,
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2002), causing cell hyperpolarization. Because MSN’s projecting through the direct pathway

express primarily D1 receptors, and MSN’s projecting through the indirect pathway express

primarily D2 receptors, DA affects these pathways differently.

Direct pathway

As mentioned, DA neurons originating in the SNpc excite GABA-ergic MSN’s that

express D1 receptor in the striatum. These neurons project to the internal segment of the

globus pallidus (Gpi), inhibiting GABAergic inhibitory neurons in this region. Because the

inhibitory GPi neurons project to the thalamus and inhibit excitatory neurons there, the net

effect allows glutaminergic excitatory neurons in the thalamus to fire. Motor related thalamic

neurons project to the cortex and output is communicated through the brainstem, spinal

cord, and motoneurons, resulting in movement. Loss of DA neurons in PD results in

disinhibition of inhibitory Gpi neurons, inhibiting the excitatory thalamic output to the cortex

and downstream targets.

Indirect pathway

SNpc DA neurons also project to D2 expressing MSN’s in the striatum, resulting in

inhibition. Because these neurons synapse on inhibitory neurons in the external segment of

the globus pallidus (GPe), GPe inhibitory neurons are disinhibited. This results in increased

inhibition of excitatory glutaminergic neurons in the subthalamic nucleus (STN), decreasing

excitation of GPi inhibitory neurons that project to the thalamus. This allows increased

excitation of glutaminergic excitatory neurons in the thalamus, which promotes movement

via output to the cortex. As in the direct pathway, loss of DA neurons ultimately increases

inhibitory output from the GPi to the cortex due to increased activity of glutaminergic,

excitatory input from the STN.

1.2.c. DA synthesis and storage
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DA synthesis begins with the amino acid tyrosine. Tyrosine is converted to DOPA by

the enzyme tyrosine hydroxylase and the cofactor tetrahydropterin. DOPA is subsequently

converted to DA by the enzyme aromatic L-amino acid decarboxylase with the cofactor

pyridoxal phosphate. DA is primarily stored in vesicles within a neuron, although a small

amount of newly synthesized DA exists in the cytoplasm. Vesicular monoamine transporter

2 (VMAT2) is the primary protein responsible for vesicular DA packaging in the SNpc. It is

coupled to an ATPase that pumps protons to the interior of the vesicle, creating both pH

(vesicular pH 5.5 vs. cytoplasmic pH 7.0) and electrochemical gradients (Eiden et al., 2004).

The cytoplasmic concentration of monoamines in nerve terminals is 10,000 fold less than

vesicular concentrations (Parsons, 2000). This is extremely important, as accumulation of

cytoplasmic DA increases production of reactive oxygen species (ROS) and quinones

(Caudle et al., 2007).

Exocytosis of DA is triggered by a large calcium influx into the nerve terminal. Thus,

it is not surprising that alterations in calcium regulation have been proposed to affect DA

release (Reimann et al., 1993). Re-uptake of DA occurs against a concentration gradient

and requires energy expenditure. Synaptic DA is taken up by the DA transporter (DAT) on

the cell membrane.  DA uptake is dependent on the electrochemical gradient created by the

Na+/K+ ATPase (Storch et al., 2004). Intracellular transport of DA is coupled with transport of

one Cl- ion and two NA+ ions and thus is driven via transport of Na+ down its electrochemical

gradient (Krueger, 1990). Once in the cell, the majority (90%) of DA is catabolized by

monoamine oxidase (MAO) to generate 3,4-dihydroxyphenylacetic acid (DOPAC). The

remainder is metabolized by catechol-O-methyltransferase (COMT). The ratio of DOPAC to

DA is often used as an index of “DA turnover.” This data can be useful, because even if DA

synthesis changes, tissue DA concentration may change little if the catabolism rate is also

altered.
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I.2.d. PD animal models

Several animal models of PD exist, all of which have strengths and weaknesses. Use

of reserpine was the first model of Parkinson’s disease that was developed. It results in

long-lasting inhibition of VMAT and loss of DA storage capacity (Tolwani et al., 1999). This

model is not selective for the DA system, as vesicular DA, NE, and 5-HT stores are

depleted. Also, the effects are only transient and there are no degenerative changes. Alpha-

methyl-p-tyrosine (AMPT) blocks the action of TH, which depletes DA and NE. Again, the

effects are only temporary and there is no neuronal damage. 6-OHDA is a toxin model

commonly used in rats that will be discussed extensively in the following chapters. This

model results in large-scale nerve terminal degeneration. Selectivity for DA neurons can be

introduced through pretreatement with desipramine, which blocks 6-OHDA transport into

noradrenergic neurons, and/or targeted (stereotaxic) delivery to the region of interest. In

unilateral 6-OHDA models, circling behavior in response to amphetamine is evident with

higher depletion levels (Tolwani et al., 1999). Bilateral treatment is difficult due to effects

such as severe bradykinesia and aphagia (Ungerstedt, 1968). A toxin commonly used in

primates is 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP crosses the blood

brain barrier and the site of toxicity is the mitochondria, where MPP+ is thought to block

mitochondrial complex I and decrease synthesis of ATP (Nicklas et al., 1987).

I.2.e. PD treatment options

There are several treatment options available for PD patients. The “gold standard”

for PD treatment is L-3,4-dihydroxyphenylalanine, or  L-DOPA. Unlike DA itself, which

cannot cross the blood brain barrier, the DA precursor L-DOPA can cross the blood brain

barrier and thus can be given peripherally as a drug. Because the enzyme that converts L-

DOPA to DA (DOPA decarboxylase) exists centrally and peripherally, L-DOPA is

administered with a DOPA decarboxylase inhibitor to minimize conversion to DA before it
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reaches the brain. Although L-DOPA is the most successful drug at treating PD, long-term L-

DOPA administration commonly results in dyskinesias. Development of dyskinesia is a

major drawback to L-DOPA therapy, as it increases the cost of patient care and decreases

quality of life (Calabresi et al., 2010). DA agonists represent another group of compounds

given to treat PD. These include drugs such as bromocriptine, ropinirole, and pramipexole

(Schapira et al., 2009). Surgical procedures, such as Deep Brain Stimulation (DBS),

pallidotomy, or thalamotomy, exist as treatment options for patients who do not respond or

are no longer responsive to medications (Betchen and Kaplitt, 2003). DBS involves electrical

stimulation of either the subthalamic nucleus or the globus pallidus. Unlike pallidotomy and

thalamotomy, which destroy selected neuronal populations, DBS is reversible, making it the

most attractive surgical treatment option available today.

I.3. Link between PD and T2D

I.3.a. Clinical evidence for comorbidity

As mentioned, clinical evidence suggests a mechanistic link between Parkinson’s

disease (PD) and Type 2 Diabetes (T2D). It has been shown that over 50% of PD patients

exhibit abnormal glucose tolerance (Barbeau et al., 1961, Boyd et al., 1971) or diabetes

(Lipman et al., 1974). The prevalence of T2D in the US is ~7% (Olefsky, 2001). The

prevalence of T2D increases to 20% in elderly individuals (Adler, 2008), but this is still less

than the prevalence in PD patients. PD patients also display increased immunoreactivity to

insulin (Wilhelm et al., 2007) and PD patients with diabetes are often faced with increased

motor symptom severity (Papapetropoulos et al., 2004) and cost of medical care (Pressley

et al., 2003). Furthermore, hyperglycemia may decrease the effectiveness of L-DOPA

therapy and increase motor dyskinesias in PD patients (Sandyk, 1993). L-DOPA therapy
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may also exacerbate hyperinsulinemia and hyperglycemia in PD patients, (Boyd et al., 1971,

Sirtori et al., 1972) possibly by diminishing peripheral glucose disposal in skeletal muscle

(Smith et al., 2004) or affecting insulin release (Rubi et al., 2005).

The link between PD and T2D may extend further than altered peripheral

metabolism in PD patients. It has been suggested that T2D may be a risk factor for PD. The

most sobering finding comes from a large prospective clinical study, which found that

patients with pre-existing T2D were 83% more likely to develop PD than their non-diabetic

counterparts (Hu et al., 2007). A large study by Harvard Medical School found that

diagnosed diabetes increased PD risk by 36% (Schernhammer et al., 2011), and an

additional study found that diabetes resulted in 40% increased PD risk (Xu et al., 2011).

Interestingly, the Harvard study found the highest risk between diabetes and early onset PD

(odds ratio = 3.07) (Schernhammer et al., 2011). A clinical survey of elderly individuals has

also found a positive correlation between T2D and PD based upon odds ratios (Pressley et

al., 2003).

I.3.b. Clinical evidence against comorbidity

Although several studies support a link between PD and T2D, the clinical literature

remains contentious as to whether a link exists and how it is mediated. One example is a

2008 prospective study that found increased PD risk in individuals with T2D. These authors

stopped short of concluding that T2D was a preceding risk factor for PD, since in their study,

increased T2D duration and severity did not increase PD risk (Driver et al., 2008). The

highest PD risk was seen in short duration diabetes and it was suggested that PD may

instead increase T2D risk. It should be noted that two clinical studies have found no

correlation between the diseases (Becker et al., 2008, Simon et al., 2007) and another

actually found an inverse relationship between the diseases (D'Amelio et al., 2009).
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I.3.c. Importance of preclinical studies

The aforementioned clinical studies are very important because their findings make

preclinical studies relevant. However, a weakness of these clinical studies is that important

variables are not consistent from study to study. For example, study design varied –

prospective studies, case-control studies, and surveys were all performed. Some studies

were limited to men, others included both men and women. Some studies allowed self-

reporting of disease, while others required clinical examination. These and other important

differences likely contribute to the equivocal state of the clinical literature and underscore

the importance of preclinical studies, where it is possible to tightly control potential

confounding factors.

1.4. Potential mechanisms for a molecular link

There are several mechanisms that could account for a link between PD and T2D. It

was unclear as to whether the link between these diseases is bidirectional, whether DA

neuron degeneration in PD affected peripheral glucose metabolism, or whether peripheral

hyperglycemia and hyperinsulinemia affected the brain. The potential mechanisms for these

connections are discussed in the following paragraphs and analyzed in the following

chapters.

I.4.a.The hypothalamus

The most direct mechanism for DA depletion in the central nervous system to affect

peripheral metabolism is through the hypothalamus. The hypothalamus plays an essential

role in regulating systemic autonomic and endocrine functions. Post-mortem examination of

PD brains indicates Lewy body degeneration in the hypothalamus (Langston and Forno,

1978), and PD patients exhibit decreased TH reactive fibers, NE, and DA levels in this
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region (Agid et al., 1973, Shannak et al., 1994). Thus, it is not surprising that PD patients

exhibit many autonomic and endocrine deficiencies, including glucose intolerance (Sandyk

and Iacono, 1987). Preclinical studies have shown that concentrations of monoamines, such

as DA or NE, are decreased in the hypothalamus following unilateral or bilateral 6-OHDA

administration into the medial forebrain bundle (Daniels et al., 1993, Jaffer et al., 1991,

Jaffer et al., 1992, Sandyk, 1989) in rats, although studies that observed hypothalamic DA

depletion reported much less depletion in this region than the striatum. In addition, the

hypothalamus plays a role in regulation of hepatic glucose output (Uyama et al., 2004), and

the autonomic nervous system is known to affect insulin release. In fact, parasympathetic

nerves promote pancreatic insulin release, while sympathetic input to the pancreas is

inhibitory to insulin release (Ahren, 2000, Migrenne, 2006, Teff, 2007). The autonomic

nervous system is particularly important during the early phase of insulin secretion following

a meal (Ahren, 2000), and in humans, insulin output during this phase has been correlated

to blood glucose levels following a glucose tolerance test (Ahren and Holst, 2001).

I.4.b. Glucose and Insulin

It is possible that glucose levels can affect DA in the brain. Streptozotocin (STZ)

treatment is used to model type 1 diabetes by destroying insulin-producing pancreatic beta

cells and causing hyperglycemia (Szkudelski, 2001). Interestingly, STZ has been shown to

decrease DA content in the nigrostriatal system (midbrain and striatum) (Gallego et al.,

2003). Another group utilizing the STZ model found that in the striatum, diabetic rats had

significantly decreased DA turnover rates. The degree of decreased DA turnover correlated

with blood glucose levels (Shimomura et al., 1988). These studies indicate that peripheral

hyperglycemia can affect DA function in the CNS. DA signaling can be affected by

presynaptic factors, including DA synthesis, release, and reuptake, as well as postsynaptic

factors, including expression and sensitivity of D1 and D2 DA receptors. DA reuptake occurs
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primarily through the actions of DAT. In addition to glucose, evidence is accumulating for

insulin as an important effector of pre- and post-synaptic DA function. In vitro, insulin

promotes DAT cell surface expression and PI3-K inhibition causes DAT internalization

(Carvelli et al., 2002). Furthermore, membrane DAT expression is controlled by basal

activity of AKT, and insulin requires AKT for regulation of DAT surface expression (Garcia et

al., 2005). AKT is a major downstream mediator of insulin signaling (van der Heide et al.,

2006), and it has been suggested that DA negatively regulates AKT by postsynaptic actions

on D2 receptors (Beaulieu et al., 2007). Finally, it has been shown that HF fed animals

exhibit increased D2 DA receptor expression and decreased DAT density in the striatum

compared to controls (South and Huang, 2008).

I.4.c. Iron

Iron is essential for proper brain function: it is necessary for neurotransmitter and

myelin synthesis and is a cofactor in the electron transport chain (Lozoff et al., 2006). In the

brain, iron is often stored in non-neuronal cell types, such as oligodendrocytes and microglia

(Burdo et al., 1999, Lopes et al., 2008). In these cells, ferritin is most commonly used to

store iron. In contrast, neurons primarily utilize neuromelanin to store iron and express lower

levels of ferritin (Rhodes and Ritz, 2008). Neurons are vulnerable to both iron deficiency and

iron excess. Iron is necessary many cellular functions, such as neurotransmitter synthesis,

so decreased iron can be detrimental (Moos et al., 1998). However, because neurons also

have more limited iron storage capacity than oligodendrocytes or microglia, excess iron can

quickly contribute to oxidative stress and neuronal damage (LaVaute et al., 2001, Sengstock

et al., 1992). Tight control of neuronal iron uptake is very important.

Several studies provide evidence implicating iron in the pathogenesis of T2D.

Impaired glucose metabolism leads to increased iron stores in the periphery, while iron

overload increases the risk of T2D (Fernandez-Real et al., 2002, Rajpathak et al., 2009,
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Swaminathan et al., 2007). Conversely, animal studies report that iron deficiency leads to

increased insulin sensitivity (Farrell et al., 1988). Dietary iron restriction and iron chelation

therapy has been found to protect against diabetes and loss of beta cell function in the

obese ob/ob leptin knockout mouse model of diabetes (Cooksey et al., 2010). In fat cells,

transferrin receptors (which initiate vesicular iron import from the plasma into the cell) co-

localize with glucose transporters and insulin-like growth factor receptors (Tanner and

Lienhard, 1989). Insulin can stimulate iron uptake by redistributing transferrin receptors to

the cell membrane (Davis et al., 1986). This is interesting, as iron metabolism and

deposition are altered in PD (Rhodes and Ritz, 2008).

Numerous clinical studies have used a variety of techniques, such as histology,

spectrophotometry, spectroscopy, and MRI to demonstrate increased nigral iron in PD

patients (Dexter et al., 1987, Gorell et al., 1995, Jellinger et al., 1990, Riederer et al., 1989,

Sofic et al., 1988), (Graham et al., 2000, Wallis et al., 2008). It has been suggested that iron

can contribute to oxidative damage by participating in the Fenton reaction, as iron increases

measures of oxidative stress (Harley et al., 1993, Jellinger et al., 1995). Insulin can cross the

blood brain barrier (Banks, 2004), and insulin receptors exist in both the SN (where they co-

localize with DA neurons) and striatum (Moroo et al., 1994, Morris et al., 2008). It is

therefore possible that neuronal iron metabolism is affected by the hyperinsulinemia that

results from a HF diet, leading to decreased nigrostriatal DA function and increased

vulnerability to toxins in this pathway.

I.4.d. Oxidative stress

Oxidative stress has also been implicated as a contributing factor in the development

of PD (Onyango, 2008, Thomas and Beal, 2007, Vali et al., 2008), and T2D (Evans et al.,

2003, Robertson, 2006). A study of erythrocytes from 80 PD patients found altered levels

and activity of several antioxidants when compared to controls (Younes-Mhenni et al.,
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2007). Molecularly, DA loss and increased DA metabolites have been correlated with

increased oxidized glutathione in the striatum (Spina and Cohen, 1989). Dopaminergic

neurons may be inherently vulnerable to oxidative damage. Mitochondrial monoamine

oxidases facilitate DA turnover and have high potential for H202 generation (Andreyev et al.,

2005). The high iron content of the SN and high H202 concentration promotes the Fenton

reaction, generating highly reactive oxygen species (ROS).

Oxidative stress also contributes to T2D. Increased oxidative stress due to insulin

resistance and hyperglycemia can activate stress kinases such as c-Jun N-terminal kinase

(JNK), glycogen synthase kinase 3 (GSK3), and IκB kinase β (IκBβ) (Aguirre et al., 2000,

Bloch-Damti and Bashan, 2005, Werner et al., 2004, Zick, 2005). These kinases inhibit

insulin signaling by phosphorylating IRS isoforms on serine residues and decreasing

tyrosine phosphorylation (Aguirre et al., 2002, Evans et al., 2003, Hotamisligil, 2005, Saltiel

and Kahn, 2001). Exacerbated insulin resistance and diabetes can result in oxidative stress

and systemic mitochondrial oxidative damage in areas ranging from renal tissues to the

brain (Kanwar et al., 2007, Moreira et al., 2007). Because it is involved in the pathogenesis

of both PD and T2D, it is possible that oxidative stress could contribute to comorbidity of

these diseases.

1.4.e. Mitochondrial dysfunction

It has been known for many years that dysfunction of mitochondrial complex I occurs

in Parkinson’s disease (Parker et al., 1989, Schapira et al., 1989). Interestingly, it is

becoming increasingly accepted that mitochondria are also affected in T2D (Kelley et al.,

2002, Mogensen et al., 2007, Ritov et al., 2010). In fact, a recent study specifically reported

a functional change in mitochondrial complex I in the skeletal muscle of patients with T2D. In

these individuals, mitochondrial complex I substrate sensitivity was increased, indicating that

this complex was functioning closer to capacity compared to controls (Larsen et al., 2011).
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However, the degree of mitochondrial dysfunction in T2D remains contentious. Some

studies have reported no difference in skeletal muscle mitochondrial function between T2D

groups and controls, either normally or after exercise training, after normalizing for

mitochondrial content (Boushel et al., 2007, Hey-Mogensen et al., 2010). To further

complicate matters, an additional study found individuals with T2D to exhibit decreased

mitochondrial respiration only in leg muscle, but not arm muscle (Rabol et al., 2010). It is

likely that the role of T2D in mitochondrial dysfunction, or vice versa, is complex. Our

laboratory has noted increased mitochondrial protein expression, but slightly decreased

mitochondrial enzyme activity, in a model of HF diet-induced insulin resistance (Gupte et al.,

2009). In any case, the fact that studies have shown impaired mitochondrial function and

alterations in mitochondrial complex I to be occur in both PD and T2D means that

mitochondria should be considered when assessing the co-morbidity between these

diseases.

I.4.f. Alpha synuclein

Due to its presence in Lewy bodies, alpha-synuclein has been implicated in PD for

many years. Although the protein is primarily found in neurons, it is also located in glial cells.

Alpha-synuclein is primarily found pre-synaptically (McLean et al., 2000) and is expressed in

neuronal mitochondria in some brain tissues but not others (Liu et al., 2009). The role of

endogenous alpha-synuclein remains unknown, but the protein may function as a

chaperone (Ostrerova et al., 1999), interact with tubulin (Alim et al., 2002), contribute to

vesicle transport (Cooper et al., 2006), or function as an anti-oxidant (Zhu et al., 2006).

Although endogenous expression of alpha-synclein is necessary for essential cellular

activities, mutation or overexpression of alpha-synuclein can contribute to aggregation,

neurodegeneration, and motor deficits (Pandey et al., 2006, Plaas et al., 2008, Ulusoy et al.,

2010).(Zhu et al., 2006). Iron, in addition to other metals, has been shown to induce alpha-



21

synuclein aggregation (Golts et al., 2002, Uversky et al., 2001) and fibrillation (Uversky et

al., 2002). Moreover, recently it has been shown that alpha synuclein contains an IRE in its

5’ UTR (Friedlich et al., 2007), meaning that cellular iron concentration may directly affect

alpha-synuclein levels in addition to aggregation. The question of how iron actually

accumulates in the SN is still unknown and is being actively investigated.

I.5. Research Questions

Using our knowledge of previous studies, we designed a project to increase our

understanding of the potential link between nigrostriatal dopamine depletion and insulin

resistance. Our primary goal was to determine the mechanism or mechanism behind this

link, so that further studies could investigate therapeutic approaches. A HF diet animal

model was used to determine the role of pre-diabetes in affecting DA function in the basal

ganglia and iron dynamics in the substantia nigra. We also examined nigrostriatal DA

depletion as a risk factor for insulin resistance using the 6-OHDA rat model of PD. Finally, a

multiple hit model using HF feeding and 6-OHDA was used to determine whether toxin

exposure could exacerbate the effects of a HF diet on the brain.
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CHAPTER 2

EFFECTS OF HIGH FAT FEEDING ON NIGROSTRIATAL DOPAMINE FUNCTION
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INSULIN RESISTANCE IMPAIRS NIGROSTRIATAL DOPAMINE FUNCTION
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Gerhardt, P.C. Geiger and J.A. Stanford

Experimental Neurology (2011) [In Press]

Abstract

Clinical studies have indicated a link between Parkinson’s disease (PD) and Type 2

Diabetes. Although preclinical studies have examined the effect of high-fat feeding on

dopamine function in brain reward pathways, the effect of diet on neurotransmission in the

nigrostriatal pathway, which is affected in PD and parkinsonism, is less clear. We

hypothesized that a high-fat diet, which models early-stage Type 2 Diabetes, would disrupt

nigrostriatal dopamine function in young adult Fischer 344 rats. Rats were fed a high fat diet

(60% calories from fat) or a normal chow diet for 12 weeks. High fat-fed animals were insulin

resistant compared to chow-fed controls. Potassium-evoked dopamine release and

dopamine clearance were measured in the striatum using in vivo electrochemistry.

Dopamine release was attenuated and dopamine clearance was diminished in the high-fat

diet group compared to chow-fed rats. Magnetic resonance imaging indicated increased iron

deposition in the substantia nigra of the high fat group. This finding was supported by

alterations in the expression of several proteins involved in iron metabolism in the substantia

nigra in this group compared to chow-fed animals. The diet-induced systemic and basal

ganglia-specific changes may play a role in the observed impairment of nigrostriatal

dopamine function.
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Introduction

Although much is understood about Parkinson’s disease (PD) pathophysiology, its

etiology remains unknown. Genes involved in processes as diverse as organelle trafficking,

degradation pathways, and mitochondrial or antioxidant function are affected in PD (Sulzer,

2007). In addition, non-genetic factors, such as aging (Hindle, 2010), pesticide exposure

(Priyadarshi et al., 2001, Priyadarshi et al., 2000), diet (Anderson et al., 1999, Johnson et

al., 1999, Logroscino et al., 1996), adiposity (Abbott et al., 2002, Hu et al., 2006) and

diabetes (Hu et al., 2007, Schernhammer et al., 2011, Xu et al., 2011) have been linked to

PD. It is likely that both environmental and genetic factors contribute to dopamine (DA)

neuron degeneration in PD.

Several clinical studies link PD with Type 2 Diabetes or obesity (Abbott et al., 2002,

Hu et al., 2007, Hu et al., 2006, Schernhammer et al., 2011, Xu et al., 2011). Because over

80% of individuals with diagnosed Type 2 Diabetes are overweight or obese (Eberhardt,

2004), a high fat (HF) diet is often used to model diabetes preclinically. We and others have

shown that a HF diet makes DA-producing neurons in the substantia nigra (SN) more

vulnerable to toxin exposure (Choi et al., 2005, Morris et al., 2010). Furthermore, motor

symptoms of PD are worse in individuals with co-morbid Type 2 Diabetes (Papapetropoulos

et al., 2004), and diabetes is associated with more severe parkinsonian signs in aged

individuals without PD (Arvanitakis et al., 2007). However, little is understood about the

mechanisms by which a HF diet or Type 2 Diabetes put the brain at risk and what factors

may contribute. Studies provide evidence of increased circulating iron levels in Type 2

Diabetes (Fernandez-Real et al., 2002, Rajpathak et al., 2009, Swaminathan et al., 2007),

which is interesting because iron levels are also increased in the SN in PD patients (Rhodes

and Ritz, 2008). It is possible that iron accumulation in DA neurons may contribute to

nigrostriatal vulnerability and impaired function. In addition, it has been shown that short and



25

long term HF feeding decreases DA release in striatal slices (Geiger et al., 2009, York et al.,

2010). However, the extent to which a HF diet affects nigrostriatal DA function in vivo is

unknown. Furthermore, important peripheral effects of HF feeding, such as glucose

tolerance, insulin, or ghrelin levels, have not been characterized in the context of striatal DA

function.

The purpose of this study was to analyze the degree to which HF diet-induced insulin

resistance affects nigrostriatal DA function and iron deposition in vivo. In addition, we

present a potential mechanism by which iron deposition could occur in this model.

Measurement of potassium-evoked striatal DA release using in vivo electrochemistry

allowed for calcium-dependent neurotransmitter release to be analyzed, mimicking normal

neurotransmission, and for characterization of release dynamics across the dorsal striatum

with a consistent stimulus in intact rats. Magnetic resonance imaging (MRI) permitted

measurement of iron deposition in vivo, and iron transport proteins were measured in the

SN using western blot. This study characterizes the role of HF-diet induced insulin

resistance on nigrostriatal DA function and suggests a role for iron dysregulation in the SN.
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Materials and Methods

Animals and Diet

Four-month-old male Fischer 344 rats were obtained from National Institutes on

Aging colonies (Harlan). Rats were individually housed on a 12 hour light/dark cycle and

provided food and water ad libitum. Rats in the control group (n=11) received chow (Harlan

Teklad rodent diet 8604; 5% kCal from fat, 40% kCal from carbohydrate), while animals in

the experimental group (n=15) received a HF diet (60% kCal from fat, 20% kCal from

carbohydrate; Table 1) for 12 weeks. The composition of the HF diet has been described

previously (Gupte et al., 2009). Food intake was measured every 2-3 days and body weight

was measured weekly. Protocols for animal use were approved by the University of Kansas

Medical Center Institutional Animal Care and Use Committee and adhered to the Guide for

the Care and Use of Laboratory Animals (National Research Council, 1996).

Materials

Rat insulin, ferritin, and unacylated ghrelin ELISA kits were purchased from ALPCO

diagnostics (Salem, NH), while a glutathione assay was obtained from Oxford Biomedical

Research (Oxford, MI). Carbon fiber electrodes were purchased from Quanteon, Inc

(Lexington, KY). Primary antibody corresponding to transferrin (Tf) was purchased from

Enzo Life Sciences (Plymouth Meeting PA), while anti-transferrin receptor 1 (TfR1) was

obtained from Invitrogen (Carlsbad, California). Anti-phospho-AKT and total AKT were

obtained from Cell Signaling Technology (Beverly, MA), while actin antibodies were

purchased from Abcam (Cambridge, UK). Anti-transferrin receptor 2 (TfR2), anti-divalent

metal transporter 1 (DMT1), and anti-ferroportin were purchased from Alpha Diagnostic (San

Antonio, TX). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Intraperitoneal glucose tolerance test (IPGTT)



27

An intraperitoneal glucose tolerance test (IPGTT) was performed one week prior to

tissue harvest following a 12-hour fast. Before glucose injection, serum samples were

collected to analyze fasting insulin and unacylated ghrelin. Tubes used to collect blood for

analysis of ghrelin were coated with EDTA prior to serum collection. Blood was placed on

ice for 10 minutes before centrifugation (20 min at 4°C). Serum was aliquoted into fresh

tubes for analysis using ELISAs specific to insulin or unacylated ghrelin (ALPCO). At time

t=0, a 60% glucose bolus was administered at 2g/kg body weight. Glucose was quantified in

tail blood using a glucometer at six timepoints over the following 2 hrs as previously

described (Morris et al., 2010).

Magnetic resonance imaging (MRI) image processing and analysis

High resolution MRI was performed using a 9.4 T Varian system equipped with a 12

cm gradient coil (40 G/cm, 250 μs) (Varian Inc., Palo Alto, CA). Animals were imaged using

a 6 cm volume transmit radio frequency (RF) coil and a detunable surface receive RF coil.

Anesthesia was induced by 4% isoflurane mixed with 4 L/min air and 1L/min O2 and

maintained by 1-1.5% isoflurane. Body temperature was maintained at 37˚C using a

circulating hot water pad and a temperature controller (Cole-Palmer, NY). Respiration was

also monitored via a respiration pillow (SA Instruments, NY). T2 MRI was performed using a

spin echo sequence with multiple echo times (TE). MRI parameters were TR/TE = 1200 /

13, 26, 39 and 52 ms, FOV = 3 × 3 cm, matrix = 256 × 256, slice thickness = 0.9 mm,

number of averages = 4, and scan time per TE = 21 min.  T2 maps were generated by fitting

MR signal intensities to a mono-exponential function using a Simplex algorithm in ImageJ

software (NIH) in a pixel-by-pixel basis.

Electrode preparation

Prior to the experiment, Ag/AgCl reference electrodes were plated by placing silver

wire into a solution of 1M HCL saturated with NaCL while administering a current for 15
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minutes. Reference electrodes were stored in 3M NaCl until use. Glass capillary

micropipettes were prepared using a micropipette puller (KOPF instruments) and bumped to

an inner diameter of 10 µm. Carbon fiber recording electrodes (30 µ O.D X 100 microns in

length) were coated 2x with Nafion®, baked at 200°C for 4 minutes following each coat, and

attached to a glass micropipette at a distance of 200 µm from electrode to micropipette tip

with Stickywax. The morning of the experiment, recording electrodes were calibrated using

stock solutions of 20mM DOPAC and 2mM DA added to 0.05M PBS (pH 7.4) to determine

sensitivity and selectivity for DA. All electrodes used exhibited a selectivity for DA of >300:1

vs. DOPAC, limit of detection of <0.01 µM and were linear to DA additions.

In vivo electrochemistry

Animals were anesthetized using urethane (1.25g/kg) over the course of three

injections and placed into a stereotaxic frame. A prepared Ag/AgCl reference electrode was

placed into the brain in an area distal to the striatum and a burr hole was drilled at striatal

stereotaxic coordinates of 1.0 A/P and 3.0 M/L. Each carbon fiber recording electrode was

lowered using a microdrive at 0.5mm/min into the striatum. In vivo chronoamperometric

measurements were made using the FAST-16 system (Quanteon, L.L.C.). A square wave of

0.0V (resting potential) to +0.55V (applied potential) vs. the reference electrode was applied

with a pulse duration of 100ms. A filtered potassium chloride (KCl) solution (70mM KCl,

79mMNaCl, 2.5mM CaCl2, pH 7.4) was pressure ejected using a Picospritzer III (Parker

instrumentation) and the volume ejected was carefully monitored through a MEIJI scope

with a 10mm reticule. DA responses were evoked every 0.5mm from 2.0 mm to 5.0 mm and

were averaged for each animal. Data were analyzed using FAST analysis software version

2.1. We based our in vivo electrochemistry signal parameters on those previously published

(Hoffman and Gerhardt, 1998).  For each rat, we obtained the following signal parameters:

1) amplitude / volume, the amplitude of the signal normalized to the amount of KCl (nL)
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infused to elicit the signal, 2) T80, the time a signal decay to 80% of peak amplitude, and 3)

Tc (clearance rate), the change in DA concentration between 20% (T20) and 60% (T60) of

peak amplitude. It should be noted that T80 and Tc are specific to DA uptake and not

diffusion or metabolism (Cass et al., 1993). Rise time for peak amplitude was also calculated

for each signal in order to account for the potential influence of diffusion related to

differences in parenchymal tortuosity between the two groups.

Measurement of circulating hormones and oxidative stress

Prior to tissue harvest, blood was collected for measurement of serum ferritin and

oxidized and reduced glutathione. Blood for glutathione analysis was immediately stored at

-80°C. Blood for serum ferritin analysis was allowed to clot for 10 minutes, centrifuged for 20

minutes and the serum was aliquoted into fresh tubes for further analysis. Serum collected

for analysis of ferritin was analyzed using a ferritin ELISA (ALPCO). Blood samples for

oxidative stress measurements were analyzed for reduced glutathione and oxidized

glutathione using a microplate assay (Oxford Biomedical Research). To minimize oxidation

of reduced glutathione, a thiol scavenger was added immediately to blood samples after

collection.

High Pressure liquid chromatography (HPLC)

Brains were removed and immediately placed onto an ice-cold brain block. Striatal

samples were carefully dissected, weighed, and frozen on dry ice for HPLC-EC analysis.

Samples were prepared and analyzed using HPLC as described previously (Morris et al.,

2008).

Western Immunoblotting

SN samples were carefully dissected from fresh brain, placed into centrifuge tubes,

weighed, and frozen on dry ice.  A 15x volume of cell extraction buffer (Invitrogen) with

protease inhibitor cocktail (400uL, Invitrogen), sodium fluoride (200mM), sodium
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orthovanodate (200 mM), and phenylmethanesulfonylfluoride (200 mM) was added based

on tissue weight. Samples were briefly sonicated and protein extraction was allowed to

occur on ice for 1 hour with intermittent vortexing. Tubes were centrifuged at 3,000 x g for

20 minutes to pellet cellular debris. Supernatant was collected into fresh tubes. A Bradford

assay was performed on extracted supernatant to determine protein concentrations.

Samples were prepared and analyzed using Western blot as previously described (Morris et

al., 2010).

Statistical Analyses

Data for glucose tolerance were analyzed using two-way analyses of variance

(ANOVA) with diet as the grouping variable and time as the repeated measure. All other

data were analyzed using one-way ANOVA with diet as the grouping variable. Data were

considered statistically significant at p≤0.05.
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Results

HF diet induces glucose intolerance and oxidative stress

Initial body weight did not differ significantly between the two groups. As expected, a

12-week HF diet significantly increased body weight (F=230.90, p<0.0001) and epidydymal

fat (F=83.40, p<0.001) compared to a chow diet (Table 2). Food intake also differed

between groups: as expected, HF-fed animals consumed more calories per day over the

course of the experiment (F=274.19, p<0.0001; Table 2). We performed an IPGTT to

analyze whole body glucose tolerance (Figure 1A). Glucose tolerance differed between

groups over the course of the IPGTT (F=5.496, p<0.05), and HF-fed animals exhibited

significantly greater area under the curve (AUC) (F=5.12, p<0.05; Table 2), indicating

impaired glucose tolerance. Fasting blood glucose and serum insulin levels were also

significantly higher in the HF group (F=49.20, p<0.001 and F=F=9.67, p<0.01, respectively),

as increased insulin was not able to compensate for rising glucose levels (Table 2). The

homeostatic model assessment of insulin resistance (HOMA-IR) is often used to obtain a

global measure of insulin resistance (Wallace et al., 2004). The HOMA-IR is based on

combined glucose and insulin values following an IGPTT. As expected, HOMA-IR was

significantly increased in HF fed animals, indicating insulin resistance (F=13.6, p<0.01;

Figure 1B).  Impaired glucose tolerance was accompanied by increased measures of

oxidative stress. HF feeding resulted in a significant decrease in serum reduced glutathione

(F=13.5, p<0.01) and a decreased reduced:oxidized glutathione ratio (F=5.15, p<0.05),

indicating less capacity to combat oxidative stress (Figure 1C, 1D). While these effects are

not necessarily novel, they are included here to demonstrate insulin resistance resulting

from the model. Serum levels of unacylated ghrelin and SN tissue expression of

mitochondrial uncoupling protein 2 (UCP2) were also analyzed (Table 2), but did not differ

significantly between groups.
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HF diet impairs nigrostriatal DA release

Potassium-evoked striatal DA release was analyzed using in vivo electrochemistry. A

representative plot of DA responses is shown in Figure 2A. The amplitude of striatal DA

release was significantly less in HF-fed animals compared to chow-fed animals for the same

KCl volume (F=16.58, p<0.01; Figure 2B). Signal rise times did not differ between the two

groups (Table 2), ruling out possible differences in diffusion as an explanation. Interestingly,

the amplitude of striatal DA release was positively correlated with HOMA-IR, as more insulin

sensitive animals exhibited greater DA responsiveness (p<0.01, Figure 2C).

Measures of DA uptake and turnover are reduced by a HF diet

In addition, DA uptake was markedly slower in HF-fed rats: T80 was increased

(F=4.58, p<0.05; Figure 3A), indicating that following HF feeding, the average time required

for DA concentration to decay was greater. The effect on DA uptake is also evident when

analyzing Tc, or clearance rate, which was decreased (F=4.73, p<0.05; Figure 3B). There

was no statistical difference in DA content between the HF diet and chow diet groups

(Figure 3C). However, in HF-fed animals, we observed a robust decrease in the DOPAC/DA

ratio, which indicates decreased DA turnover (F=5.84, p<0.05; Figure 3D) and is consistent

with in vivo electrochemical measures.

Iron deposition and transport is increased following HF feeding

The effect of a HF diet on iron deposition was also analyzed (Figure 4A). MRI T2

mapping of the SN revealed a significant difference in T2 values between HF and chow-fed

rats (F=5.14, p<0.05 Figure 4B), indicating increased iron deposition. Altered expression of

proteins involved in iron transport was also observed in the SN and further indicates

increased iron deposition. The protein transferrin receptor 1 (TfR1) plays a role in cellular

iron import, while ferroportin facilitates iron export. In HF-fed animals, ferroportin expression

was increased (F=5.021, p<0.05, Figure 5A), while TfR1 was decreased (F=4.253, p=0.05,
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Figure 5B), indicating that the cell may be compensating for increased iron load. We also

observed differential expression of DMT1, another protein responsive to iron levels and

involved in iron transport (F=4.50, p<0.05, Figure 5C). The protein transferrin (Tf) was

significantly increased in this region (F=4.42, p<0.05, Figure 6A), and we observed a trend

for increased transferrin receptor 2 (TfR2) expression (p=0.07, Figure 6B). Finally, we also

measured hepcidin, which can regulate iron transport through modification of ferroportin. We

observed a small but non-significant decrease in hepcidin expression (Table 2).

To determine whether circulating iron levels contributed to iron deposition, we

analyzed levels of ferritin in serum. Serum ferritin did not differ between groups (Figure 7A),

so it is unlikely that systemic iron levels were affected by diet. However, insulin signaling

through the phosphoinositol 3-kinase (PI3-K) pathway increases cell-surface iron transporter

expression and cellular iron transport in adipocytes (Davis et al., 1986, Ko et al., 2001). As

an index of the PI3-K pathway, we measured phosphorylation of AKT on residue Ser473,

which is representative of AKT activation (Alessi et al., 1996). pAKTser473 was increased in

the SN (F=7.23, p<0.05), indicating increased AKT activation (Figure 7B). Because insulin

signaling has been shown to increase iron transport in other tissues, it is possible that

increased SN insulin signaling could increase iron transport in this region.



34

Discussion

In this study, a 12 week HF diet resulted in peripheral insulin resistance and

oxidative stress. These changes were accompanied by impaired DA function in the dorsal

striatum and impaired SN iron homeostasis. Specifically, in vivo electrochemical measures

of DA neuron function revealed decreased potassium-evoked DA release, which correlated

with the degree of insulin resistance. Further impairment of neuronal function was evident by

decreased DA clearance in HF-fed animals compared to chow-fed controls. MRI showed a

significant decrease in T2 values in the SN of HF-fed rats, indicating increased iron

deposition, and expression of iron transport proteins was affected in the SN. Taken together,

we have shown that HF diet-induced insulin resistance contributes to impaired function of

nigrostriatal DA neurons and may play a role in increased iron deposition in the SN.

The purpose of this experiment was to sample the dorsal striatum as in previous

microdialysis and electrophysiological studies (Stanford et al., 2001, Stanford and Gerhardt,

2004). We selected the dorsal striatum because it receives DA input from the SN, where we

measured iron homeostasis. (Macdonald and Monchi, 2011). Our results are the first to

demonstrate a substantial detrimental effect of a HF diet on specific parameters of DA

function in this region of the nigrostriatal pathway. Stimulation with potassium evokes

neurotransmitter release in a calcium-dependent manner, mimicking normal

neurotransmission (West and Galloway, 1998). Our in vivo electrochemical analysis

revealed that potassium-evoked DA release was robustly attenuated in HF-fed rats and

correlated with HOMA-IR: decreased DA release was more evident in animals with a greater

degree of insulin resistance. DA uptake was also impaired in HF-fed animals. The time

required to clear DA (T80) was significantly increased, while the rate of clearance (Tc) was

decreased. Although striatal DA content was not different between groups, striatal DA

turnover was substantially decreased, supporting the functional in vivo electrochemical
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measures. The observed attenuation in striatal DA turnover in the nigrostriatal pathway may

be a consequence of decreased membrane-associated DA transporter in the striatum

(South and Huang, 2008). Our findings of impaired in vivo DA function in the dorsal striatum

extend previous reports of dietary effects on mesolimbic neurons (nucleus accumbens) in

brain slices (Davis et al., 2008, Geiger et al., 2009). In the context of parkinsonism, it is

interesting to note that the effects of HF feeding on potassium-evoked striatal DA release

and clearance in these young adult rats resemble the effects observed previously in

senescent 2-year-old F344 rats (Hebert and Gerhardt, 1998).

Given the importance of iron in PD pathogenesis, MRI T2 mapping was performed to

further investigate the effects of HF feeding on iron deposition in nigrostriatal neurons. MRI

provides a non-invasive method to investigate iron deposition in PD (Graham et al., 2000,

Wallis et al., 2008). Lower T2 values indicate increased iron deposition, as spin dephasing

from magnetic fields surrounding iron deposits results in loss of signal (reviewed in (Schenck

and Zimmerman, 2004)). It has been shown that iron deposition, as measured by T2

weighted MRI, is increased in many neurodegenerative diseases, including PD, as well as in

normal aging (Brass et al., 2006). In our study, MRI revealed significantly lower T2

relaxation times in the SN of HF-fed animals compared to chow-fed animals, indicating

increased iron levels. It is established that iron plays a role in the generation of highly

reactive radicals through Fenton chemistry and may promote DA auto-oxidation (Bharath et

al., 2002). Thus, increased iron deposition may be an early event that contributes to DA

neuron dysfunction.

Altered expression of iron transport proteins in the SN provides additional evidence

of increased iron deposition. Some proteins are responsive to iron levels and contain an iron

response element. If the iron response element is contained in the 3’ untranslated region,

the transcript is stabilized in response to low iron or down-regulated in response to high iron
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levels (Anderson and Vulpe, 2009, Kaur et al., 2009). The iron responsive proteins TfR1 and

DMT1 contain an iron response element in the 3’ untranslated region and were decreased in

the SN of HF-fed animals. As TfR1 is involved in iron import, increased cellular iron content

may contribute to the observed compensatory down-regulation of TfR1 expression in our

study. Our observed downregulation of the isoform of DMT1 that contains a 3’ IRE is logical

in light of our other findings, but should not be overinterpreted. It has previously been shown

that DMT1 expression is increased in the SN of PD patients (Salazar et al., 2008). However,

our model is not an overt PD model, as we did not observe any DA depletion. In addition,

there are four DMT1 isoforms, two of which do not contain an IRE. In the context of this

study, decreased DMT1 can be interpreted as a marker of high iron content but the

significance of this decrease remains unknown.

However, if the iron response element is contained in the 5’ untranslated region,

translation is blocked in conditions of low cellular iron and increased when iron is abundant

(Anderson and Vulpe, 2009). Ferroportin is the primary iron exporter and contains an iron

response element in the 5’ untranslated region (Anderson and Vulpe, 2009). Studies have

shown increased ferroportin mRNA and protein expression with increased iron (Aydemir et

al., 2009, Yang et al., 2002). In our study, ferroportin expression was significantly increased

in the SN of HF-fed rats, which is likely to result in increased iron export from the cell. We

also measured SN levels of hepcidin, which can control ferroportin through post-translational

modification (Nemeth and Ganz, 2006). We observed a non-significant decrease in hepcidin

expression. Although this is in line with our observations of increased ferroportin, the non-

significant effect on hepcidin suggests that in our study, control of ferroportin is primarily

post-transcriptional, through the IRP/IRE system, rather than post-translational, via hepcidin.

The differential regulation of TfR1 and ferroportin may represent a compensatory response

by the SN to manage a higher iron load.
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One outstanding issue in the field of iron homeostasis is how iron gets transported

into mitochondria. Iron transport is essential for mitochondrial function (Richardson et al.,

2010), but aberrant mitochondrial iron transport could be detrimental. It has been suggested

that mitochondrial iron accumulation increases mitochondrial oxidative damage and

dysfunction (Seo et al., 2008), and mitochondrial complex I function is impaired in PD (Beal,

2003, Schapira et al., 1989). One hypothesis regarding mitochondrial iron transport that has

gained recent support involves Tf and TfR2. Both Tf and TfR2 are localized to mitochondria

in DA neurons, are increased with rotenone treatment, and mediate mitochondrial iron

transport (Mastroberardino et al., 2009). We observed a significant increase in Tf and a

trend for increased TfR2 expression in the SN of HF-fed rats, which may indicate increased

mitochondrial iron transport.

The iron storage protein ferritin can be used to gauge whole body iron levels

(reviewed in (Wang et al., 2010)). We measured circulating ferritin to determine if systemic

iron levels were affected by diet.  Ferritin was not different between groups, so it is likely that

tissue-specific iron transport, rather than systemic iron overload, contributes to iron

dysregulation in the SN. Our 12-week HF diet resulted in impaired glucose tolerance and

peripheral hyperinsulinemia. This is relevant because, interestingly, insulin affects iron

metabolism (Fernandez-Real et al., 2002). In fat cells, Tf co-localizes with glucose

transporters and insulin-like growth factor receptors in microsomes (Tanner and Lienhard,

1989) and insulin stimulates iron uptake by redistributing Tf receptors to the cell membrane

(Davis et al., 1986). Because insulin can cross the blood brain barrier (Banks, 2004) and

insulin receptors exist in the SN (Moroo et al., 1994), it is possible that iron transport was

altered by the increased insulin levels produced by our HF diet. This is supported by our

observation of increased AKT phosphorylation, an indicator of increased insulin signaling, in

the SN. Insulin is known to activate (phosphorylate) AKT through the PI3-K pathway, and
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insulin transport across the blood brain barrier is not saturated at plasma insulin levels

observed in this experiment (Baura et al., 1993). Insulin stimulation has been shown to

increase presentation of TfR by 60%, and this is likely mediated by PI3-K signaling, as PI3-K

inhibition decreases cell surface TfR (Ko et al., 2001).

It should be noted that insulin is usually thought to be beneficial for the brain.

Intranasal insulin has been consistently shown to improve memory, and insulin signaling can

positively affect cell survival (Benedict et al., 2011, van der Heide et al., 2006). However, the

effects of insulin in the brain are complex. Insulin receptor substrate 2 (IRS2), a main

modulator of brain insulin signaling, can negatively regulate memory formation (Irvine et al.,

2011), and calorie restriction (through decreased IRS2 mediated insulin signaling) has been

linked to increased longevity (Taguchi et al., 2007). In the context of Alzheimer’s disease,

insulin has been shown to increase levels of the amyloid beta 42 (Craft, 2009), possibly by

interfering with insulin degrading enzyme, which degrades amyloid beta (Qiu et al., 1997). It

is likely that insulin can be detrimental at levels that are either chronically lower or higher

than normal. We cannot conclude that insulin itself contributed to increased iron deposition

in our study, but it is possible that insulin signaling may play a role in our observations of

altered iron homeostasis. It would be interesting for future studies to directly measure the

effects of insulin on expression of iron transport proteins in neurons.

Other factors that could compromise the function of DA neurons in the nigrostriatal

pathway following HF feeding were also analyzed. Oxidative stress occurs peripherally in

response to HF feeding, even prior to the onset of insulin resistance (Matsuzawa-Nagata et

al., 2008). We observed a significant decrease in the level of reduced serum glutathione and

the ratio of reduced to oxidized glutathione in HF-fed animals compared to the chow group,

indicating peripheral oxidative stress. HF feeding increases markers of oxidative stress in

multiple brain regions, including the SN (Fachinetto et al., 2005, Morrison et al., 2010,
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Zhang et al., 2005), so it is likely that oxidative stress was also increased in the SN in our

12-week HF diet model. In line with our findings, oxidative damage decreases dopamine

transporter expression and DA metabolite levels (Hatcher et al., 2007) so the contribution of

oxidative stress to the observed deficits in DA function cannot be ruled out.

We also measured ghrelin, a hormone affected in obesity.  Previous studies indicate

that ghrelin can be neuroprotective against DA neuron-specific toxins and that this

protection occurs via UCP2 (Andrews et al., 2009, Moon et al., 2009). Since decreased

ghrelin could make cells more vulnerable to damage, we measured unacylated ghrelin, the

most abundant form of ghrelin in serum (Delhanty et al., 2006) and UCP2 expression in the

SN. In our study, we did not observe a significant difference in either ghrelin or UCP2 levels

between groups, making it unlikely that decreased ghrelin contributes to the observed

alterations in nigrostriatal DA function. One other potential player in our observations,

specifically, the observed increase in AKT phosphorylation, is leptin. Leptin levels are

elevated with increasing adiposity (Maffei et al., 1995) and both leptin and insulin can affect

insulin signaling in neurons (Benomar et al., 2005). We did not measure leptin in this study

and cannot discount this hormone as a potential player in our observed effects.

Conclusions

We have shown that HF diet-induced insulin resistance produces profound in vivo

functional effects on nigrostriatal neurons. HF-fed rats exhibited attenuated DA release and

uptake in the striatum, and insulin resistance correlated with decreased DA amplitude. Our

findings are the first to characterize nigrostriatal DA function in vivo in the context of HF-diet

induced insulin resistance. These same nigrostriatal neurons exhibited markers of increased

iron deposition and a response to increased iron load in the SN. Although other mechanisms

cannot yet be ruled out, alterations in iron homeostasis in response to a HF diet could

impact nigrostriatal DA neuron function. These changes may precede neurodegeneration
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and overt DA depletion. Future studies are needed to further investigate the role of iron and

insulin signaling on DA neuron function.
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Table 2.1

High fat diet composition

Ingredients g/kg
Casein 254
Sucrose 85

Cornstarch 169
Vitamin mix 11.7

Choline Chloride 1.3
Mineral mix 67

Bran 51
Methionine 3

Gelatin 19
Corn oil 121

Lard 218
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Table 2.2

Additional metabolic and neuronal measures

Measure Chow High Fat
Final Body Weight (g) 372.1 ± 6.98 483.2 ± 4.19*

Food Intake (kCal / day) 61.3 ± 1.88 71.0 ± 1.49*
Iron intake (mg / day) 5.74 ± 0.057 5.36 ± 0.180*
Epidydymal Fat (g) 9.88 ± 0.648 23.35 ± 0.503*

Fasting glucose (mg / dL) 104.8 ± 1.02 131 ± 3.13*
Fasting insulin (µU / mL) 12.15 ± 2.57 44.6 ± 8.48*

Unacylated Ghrelin (pg/mL) 1178.12 ± 87.0 1174.10 ± 42.8
UCP2 (SN) 0.554 ± 0.048 0.533 ±  0.033

Hepcidin (SN) 0.420 ± 0.031 0.360 ± 0.021
Rise time (sec) 12.3 ± 0.950 13.4 ± 0.589

IPGTT Area under curve (AUC) 20913.7 ± 1192 27306.9 ± 2007*

* p<0.05
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FIGURE 2.1
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Figure 2.1. Peripheral glucose tolerance and oxidative stress. After an overnight (12

hour) fast, an intraperitoneal glucose tolerance test was performed. A 60% glucose solution

was administered intraperitoneally at 2g glucose/kg body weight. (A) Glucose was

measured in tail blood at six time points: 0,15,45,60, 90, and 120 minutes after the glucose

bolus (injection at t=0). Over the course of the test, glucose levels were higher in HF fed

animals. HOMA-IR was also significantly increased (B), indicating insulin resistance. Serum

levels of reduced glutathione (C) and the ratio of reduced to oxidized glutathione (D) were

measured to gauge diet-induced oxidative stress. HF-feeding decreased reduced

glutathione levels and decreased the ratio of reduced to oxidized glutathione. Values are

means ± SE for 11-15 rats per group. *P≤0.05 chow vs. HF.
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FIGURE 2.2
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Figure 2. Diet-induced insulin resistance attenuates striatal DA release. In vivo

electrochemistry was used to measure potassium-evoked DA release in the striatum. A

representative plot of evoked DA signals seen in response to a 50nL KCl stimulus in a HF

vs. Chow animal is shown (A). A representative plot of redox ratios indicates specific

detection of DA in our study (inset). HF-feeding significantly decreased the amount of DA

released per volume of stimulus (B). The degree of insulin resistance (HOMA-IR) correlated

negatively with the evoked DA concentration: more insulin resistant animals were less

responsive to stimulus (C). Values are means ± SE for 11-15 rats per group. *p<0.05 chow

vs. HF.
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FIGURE 2.3
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Figure 2.3. Uptake and turnover mechanics are affected by diet. The rate of DA uptake

was also affected by diet. The amount of time required to clear DA (T80) was increased (A)

and the rate of clearance (Tc) was decreased (B) with a HF diet. Although DA content was

not affected (C), the DOPAC/DA ratio (D), which indicates decreased DA turnover, was

significantly decreased in HF-fed animals. Values are means ± SE for 11-15 rats per group.

*p<0.05 chow vs. HF.
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FIGURE 2.4
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Figure 2.4.  Markers of iron deposition are increased with HF feeding. Magnetic

resonance imaging (MRI) was performed on a subset of rats. MRI revealed hypointensity in

the SN region, denoted by an arrow (A). T2 values were significantly decreased with a HF

diet (B), indicating increased iron deposition. Values are means ± SE for 3 rats per group for

MRI measures. *p<0.05 chow vs. HF.
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FIGURE 2.5
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Figure 2.5. Expression of IRE-regulated proteins in the SN. Expression of proteins

involved in iron transport was also affected in the SN. Ferroportin was significantly increased

(A), while TFR1 (B) and DMT1 (C) were significantly decreased, suggesting increased

intracellular iron content. Values are means ± SE for 11-15 rats per group. *p<0.05 chow vs.

HF.
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Figure 2.6.
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Figure 2.6. Expression of non-IRE regulated proteins in the SN. The expression of other

proteins involved in iron transport was affected as well. Tf was increased (A) and a trend for

increased TfR2 was observed (B), indicating further effects of increased iron. Values are

means ± SE for 11-15 rats per group. *p<0.05 chow vs. HF.
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Figure 2.7.
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Figure 2.7. Mechanisms for increased iron deposition. (A). Ferritin levels were not

different between groups, indicating that effects on iron transport may be tissue specific and

not due to increased circulating iron. Activation of AKT via phosphorylation was analyzed

using Western blot (B) and indicates upregulation of PI3-K pathway signaling, which has

been implicated in iron transport. Serum ferritin levels were analyzed to determine if whole-

body iron stores were affected by diet. Values are means ± SE for 11-15 rats per group.

*p<0.05 chow vs. HF.
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Chapter 3

EFFECTS OF 6-HYDROXYDOPAMINE

ON BRAIN AND PERIPHERAL INSULIN SIGNALING
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Overview

Although some clinical studies show a link between PD and T2D, it is unclear

whether this relationship is bidirectional, whether DA neuron degeneration in PD affects

peripheral glucose levels, or whether T2D affects DA function in the brain. To further

investigate this relationship, we analyzed the effect of 6-OHDA administration and DA

depletion on insulin signaling in the brain and periphery. In the first study, 6-OHDA was

administered to young rats, yielding a range of DA depletion levels. With severe striatal DA

depletion, impairments in insulin signaling were observed in the striatum, but peripheral

glucose tolerance and insulin signaling in muscle were not affected. A follow-up study was

performed in middle aged rats, because aging is a risk factor for both diseases. Once again,

impaired insulin signaling was observed in the striatum, but animals still did not exhibit

peripheral insulin resistance. However, small changes were observed in the insulin curve

throughout a glucose tolerance test. These findings suggest that any changes in glycemia

following 6-OHDA are likely due to altered insulin secretion and not glucose disposal into

muscle. Taken together, the findings of these two experiments do not suggest that the

unilateral 6-OHDA model is a good model for studying the effects of DA neurodegeneration

in peripheral glucose metabolism and instead indicate that a bilateral model may produce a

greater effect.
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MEASURES OF STRIATAL INSULIN RESISTANCE IN A 6-HYDROXYDOPAMINE

MODEL OF PARKINSON’S DISEASE

J.K. Morris, H. Zhang, A.A. Gupte, G.L. Bomhoff, J.A. Stanford, and P.C. Geiger.

Brain Research (2008) 1240:185-95

ABSTRACT

Clinical evidence has shown a correlation between Parkinson’s Disease (PD) and

Type 2 Diabetes (T2D), as abnormal glucose tolerance has been reported in >50% of PD

patients. The development of insulin resistance and the degeneration of nigrostriatal

dopamine (DA) neurons are both mediated by oxidative mechanisms, and oxidative stress is

likely a mechanistic link between these pathologies. Although glucose uptake in neuronal

tissues is primarily non-insulin dependent, proteins involved in insulin signaling, such as

insulin receptor substrate 2 (IRS2) and glucose transporter 4 (GLUT4), are present in the

basal ganglia. The purpose of this study was to determine whether nigrostriatal DA depletion

affects measures of insulin resistance in the striatum. Six weeks after 6-hydroxydopamine

(6-OHDA) infusion into the medial forebrain bundle, rats were classified as having either

partial (20-65%) or severe (90-99%) striatal DA depletion. Increased IRS-2 serine

phosphorylation, a marker of insulin resistance, was observed in the DA depleted striatum.

Additionally, severe depletion resulted in decreased total IRS-2, indicating possible

degradation of the protein. Decreased phosphorylation of AKT and expression of the kinase

glycogen synthase kinase-3 alpha (GSK3-α) was also measured in the striatum of severely

DA depleted animals. Finally, expression of heat shock protein 25 (hsp25), which is

protective against oxidative damage and can decrease stress kinase activity, was

decreased in the striatum of lesioned rats. Together, these results support the hypothesis

that nigrostriatal DA depletion impairs insulin signaling in the basal ganglia.



60

Introduction

Parkinson’s disease (PD) is characterized by degeneration of dopaminergic neurons

projecting from the substantia nigra pars compacta (SNpc) to the striatum. This

degeneration results in decreased striatal dopamine (DA) content, aberrant

neurotransmission throughout the basal ganglia, and motor dysfunction. PD patients also

exhibit autonomic and endocrine deficits, such as glucose intolerance and diabetes

(Barbeau and Pourcher, 1982, Boyd et al., 1971, Lipman et al., 1974). Insulin resistance,

often characterized by impaired insulin signal transduction, diminished glucose uptake, and

dysregulated energy metabolism, is frequently preceded by glucose intolerance and can

lead to the development of Type 2 Diabetes (T2D).

Clinical studies have revealed a high incidence of glucose intolerance (>50%) in PD

(Sandyk, 1993). It has been shown that patients with PD exhibit increased autoimmune

reactivity to insulin (Wilhelm et al., 2007), and that PD patients with diabetes have increased

PD disease severity (Papapetropoulos et al., 2004). Co-morbidity of PD and T2D is also

correlated with a significant increase in the cost of care of affected individuals (Pressley et

al., 2003). Hyperglycemia has been suggested to decrease the effectiveness of levodopa (L-

DOPA) therapy and increase motor dyskinesias experienced by PD patients (Sandyk,

1993). Further, L-DOPA therapy may exacerbate hyperinsulinemia and hyperglycemia in PD

patients (Boyd et al., 1971, Sirtori et al., 1972), possibly by diminishing peripheral glucose

disposal in skeletal muscle (Smith et al., 2004). An early marker for the development of

peripheral glucose intolerance may be insulin resistance in neural tissues. Hypothalamic

parasympathetic nerves affect insulin release by beta cells, while sympathetic nerves act

directly on the liver to affect hepatic glucose metabolism (reviewed in (Uyama et al., 2004)).

Thus, it is important to understand the mechanistic link between nigrostriatal DA depletion

and CNS insulin signaling.
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Studies indicate a role for insulin signaling in the basal ganglia. Insulin receptors co-

localize with neurons containing tyrosine hydroxylase in the SNpc (Figlewicz et al., 2003,

Moroo et al., 1994), and mRNA for insulin receptor is present in human SN (Takahashi et

al., 1996). Insulin receptor substrate 2 (IRS2) is also present in the CNS and functions to

couple insulin receptor activation to signaling via the IRS-PI3K pathway (Porte et al., 2005).

Finally, localization of the insulin-dependent glucose transporter GLUT4 to the brain,

including basal ganglia nuclei (El Messari et al., 1998), suggests an important role for insulin

signaling in neuronal function. Despite these findings and their clinical implications,

preclinical studies examining relationships between nigrostriatal DA depletion and insulin

resistance in animal models are lacking.

The purpose of the current study was to test the hypothesis that nigrostriatal

dopamine depletion following unilateral 6-hydroxydopamine (6-OHDA) infusion would impair

insulin signaling in the basal ganglia. The unilateral 6-OHDA-treated rat is perhaps the most

widely studied preclinical model of PD, and the effects of this model on nigrostriatal DA are

well documented (Schober, 2004, Yuan et al., 2005). Because insulin resistance has been

tied to a post-insulin receptor defect in insulin signaling (Fink et al., 1983), in the current

study we measured the expression and activation of proteins involved in post-receptor

insulin signaling, including IRS2, AKT, JNK, GSK3-α/β, and Hsp25. To our knowledge, this

study is the first to assess brain insulin signaling in the 6-OHDA preclinical model of PD.
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Materials and methods

Animals

Twenty male 4 month old Fisher 344 rats were obtained from National Institutes on

Aging colonies (Harlan). Rats were housed two per cage, maintained on a 12 hour light/dark

cycle, and provided food and water ad libitum. Protocols for animal use were approved by

the University of Kansas Medical Center Institutional Animal Care and Use Committee and

adhered to the Guide for the Care and Use of Laboratory Animals (National Research

Council, 1996).

Materials

Antibodies against phospho-SAPK/JNK(T183/Y185), total SAPK/JNK, phospho-AKT,

total AKT, and phospho-GSK/β (Ser21/9) were obtained from Cell Signaling (Beverly, MA).

Anti-phospho-Hsp 25 and anti-Hsp 25 were purchased from Stressgen (Victoria, BC,

Canada). Anti-phospho-Ser307-IRS-1 and total GSK3-/β were obtained from Upstate

(Lake Placid, NY), while total IRS-1 was purchased from BD Biosciences (Franklin Lakes,

NJ). Antibodies against phospho-Ser731-IRS-2 (corresponding to rat phospho-Ser233) and

Actin were obtained from Abcam (Cambridge, MA). Goat-anti-rabbit HRP-conjugated

secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Goat anti-mouse HRP-conjugated secondary antibodies were obtained from Bio-Rad

(Hercules, CA). Chemicals used in HPLC-EC (DA, DOPAC, DHBA) were obtained from

Sigma-Aldrich (St. Louis, MO). Enhanced chemiluminescence reagents were purchased

from Amersham (Little Chalfont, Buckinghamshire, UK).

6-OHDA Infusion

The 6-OHDA lesion procedure was based on previously published studies (Enna et

al., 2006). Rats were anesthetized with Nembutal (50mg/mL) at 1mL/kg body weight prior to

surgery and placed into a stereotaxic frame. Rats in the lesion group (n=14) were infused
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with 4uL of 6-OHDA in 0.9% NaCl with 0.02% ascorbate into the right medial forebrain

bundle (stereotaxic coordinates with respect to bregma: M/L 1.3, A/P -4.4, and D/V -7.8) at a

dose of 2.25mg/mL. The infusion rate was 0.25uL/minute over a period of 16 minutes, a flow

rate that will limit local tissue damage. The cannula was withdrawn 1 minute after infusion

was completed. Identical surgical procedure was followed for rats receiving a sham lesion

(n=6), except that sham rats received saline (0.9% NaCl with 0.02% ascorbate) instead of 6-

OHDA. Rats were allowed to recover for six weeks post-surgery. The six-week timepoint is a

somewhat arbitrary timepoint that was chosen to ensure that the oxidative stress and

apoptotic and neurodegenerative processes in the nigrostriatal pathway following 6-OHDA

administration were completed.

Intraperitoneal glucose tolerance test (IPGTT)

An IPGTT was performed 48 hours before animals were sacrificed. Animals were

fasted overnight (12 hours) prior to the IPGTT. A 60% glucose bolus of D-(+)-Glucose

(Sigma) in saline was administered intraperitoneally at t=0. A glucometer (AccuCheck

Active) was used to analyze glucose levels in tail blood at timepoints 0,15, 30, 60, 90, and

120 minutes following glucose administration. Tail blood samples (~400µL) were taken at

each timepoint and allowed to clot on ice for 30 minutes before being centrifuged at 3,000 x

g for 1 hour. Serum was immediately extracted and aliquoted into fresh tubes. Serum insulin

was measured using an Insulin (rat) EIA kit (Alpco Diagnostics). Rats were anesthetized

with Nembutal (50mg/mL) at 1mL/Kg body weight 45 minutes prior to the IPGTT.

HPLC-EC analysis of Dopamine Content

The HPLC-EC system consisted of a Coulochem III electrochemical detector (ESA),

Model 5011A high-sensitivity analytical coulometric cell (ESA), LC-10AS single plunger

pump (Shimadzu), and 3μm CAPCELL PAK reversed phase C-18 column (Shiseido). The

composition of citrate acetate mobile phase (pH 4) was as follows: octane sulfonic acid
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(0.0738 g/L), ethylenediaminetetraacetic acid (0.05 g/L), sodium acetate trihydrate (13.8

g/L), citric acid (14 g/L), triethylamine (0.01%), and methanol (4%). Mobile phase was made

using filtered water from a Milli-Q purification system (Millipore) and the solution was

subsequently filtered through a 0.2μm nylon membrane filter (Whatman).

Six weeks post-lesion, rats were sacrificed and brains were removed. Bilateral

striatum samples were dissected, weighed, and frozen on dry ice to be processed for HPLC-

EC and Western blot analysis. Striatal sections were processed for HPLC through sonication

in burnt, filtered citrate acetate mobile phase with 50uL DHBA (0.1mM) added to each

sample. Following sonication, tubes were centrifuged in a Hermle Z400K refrigerated

centrifuge (Midwest Scientific) for 10 minutes at 12,000 x g at 4°C. Supernatants were

extracted and placed into Microcon Ultracel YM-10 centrifugal filter devices (Amicon), and

centrifuged at 12,000 x g for 1 hour at 4°C. Eluent was collected and used for HPLC

analyses. DA depletion values were obtained from HPLC measures by dividing the DA

content of the striatum on the lesioned (right) side by the DA content of the striatum on the

non-lesioned (left) side of the brain. Rats receiving a lesion were further divided into two

groups (partial and severe DA depletion) based upon DA depletion levels.

Western Immunoblotting

Protein samples were processed as previously described (Geiger et al., 2007, Gupte

et al., 2008). Frozen striatum samples to be processed for protein analysis were diluted 10x

in cell extraction buffer (Invitrogen) with protease inhibitor cocktail (500µL, Invitrogen),

sodium flouride (200mM), sodium orthovanodate (200mM) and

phenylmethanesulphonylfluoride (200mM) added. Tissue was homogenized using a hand

homogenizer, and samples were placed on ice for 1 hour with intermittent vortexing to allow

protein extraction to occur. Samples were centrifuged at 3,000 x g at 4°C for 20 minutes.

Supernatants were extracted and placed into fresh tubes.
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A Bradford assay was performed to determine sample protein concentrations.

Samples were analyzed in triplicate using working strength Bradford reagent, diluted 5x from

Bradford dye concentrate (BioRad) with filtered distilled water. Based upon protein

concentrations, samples were diluted with HES buffer (20mM HEPES, 1mM EDTA, 250M

Sucrose, pH 7.4) and reducing sample buffer (0.3M Tris-HCL, 5% SDS, 50% glycerol,

100mM dithiothreitol, Thermo Scientific) to obtain samples of constant concentration for

analysis using SDS-PAGE. Due to the large molecular weight of the IRS proteins, samples

analyzed for IRS1 and IRS2 phosphorylation and expression were run on 7.5% gels. When

examining all other proteins of interest, samples were run on 10% gels.

For SDS-PAGE, the largest number of samples were run on the same gel as

possible. After SDS-PAGE, samples were transferred to nitrocellulose membranes. Due to

the high molecular weight of IRS2, gels to analyze IRS2 total protein and serine

phosphorylation were transferred for 90 minutes at 400mA. All other proteins were

transferred for 60 minutes at 200mA. Nitrocellulose membranes were blocked in 5% nonfat

dry milk for 1 hour and incubated with primary antibody diluted 1:1000 in 1% milk overnight

at 4°C. Secondary antibody corresponding to the host primary antibody of interest was used

at a dilution of 1:10,000 in 1% milk for 1 hour at room temperature. Upon exposure, films

were scanned at high resolution to obtain digital images. Densitometry analyses were

performed using Image J software. Images were normalized for background and repeated

densitometry measurements were averaged for each band of interest. All bands of interest

shown in figures are taken from the same gel. For analysis of results, phosphorylated

protein levels were normalized to total protein levels, while total protein expression was

normalized to the loading control actin.

Statistical analysis
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Two-way analysis of variance (ANOVA) with striatal hemisphere and experimental

group as factors was used to analyze differences in protein expression and activation

between sham, partial, and severe lesion groups. No protein expression or activation

differences between lesioned and non-lesioned hemispheres were observed for any

measure analyzed, so measurements from the left and right striatal hemisphere were

averaged to obtain one data point for each animal. ANOVA was used to analyze IRS2

serine phosphorylation and expression, and when appropriate this was followed by a post

hoc comparison using the least-significant difference test. Low tissue weights of several

animals from the partial depletion group resulted in a lower partial lesion group n-value

(N=3) for other proteins analyzed. To account for this, we used nonparametric statistics

(Kruskal-Wallis One-Way Analysis of Variance) to analyze measures other than

phosphorylated and total IRS2. Multivariate repeated measures analysis was used to

compare insulin and glucose levels over the course of an IPGTT, and an unpaired Student’s

t-test was used to analyze differences between groups at individual time points during the

IPGTT. For all analyses, statistical significance was set at P≤0.05.
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Results

Body weight

The Fisher 344 rats used in this experiment had an average initial body weight of

306.3 ± 8.3g. All three groups gained weight over a period of 6 weeks post-lesion. On

average, the percent weight gain was 6.2% for sham lesioned rats, 4.9% for rats with partial

DA depletion, and 5.5% for rats with severe DA depletion. The between-groups differences

in weight gain were not significant at 6 weeks post-lesion (p>0.05).

DA depletion

Values for DA and its metabolite dihydroxyphenylacetic acid (DOPAC) in the striatum

of animals in each group are given in Table 3.1. Striatal DA depletion following 6-OHDA

ranged from 20-99% (Figure 2.1). This range is consistent with previous studies using this

protocol (Hudson et al., 1993). As previous studies have done (Skitek et al., 1999), we

assigned individual rats to groups based on striatal DA depletion levels. Rats exhibiting

partial DA depletion (20-65%) were included in the “partial depletion” group (n=6). This

group was compared to rats with DA depletions of greater than 90% (n=8), the “severe

depletion” group (Figure 3.1). The mean DA depletion for the partial depletion group was

37.6% ± 13.9, while the mean DA depletion for the severe depletion group was 98% ± 2.7%.

Intraperitoneal glucose tolerance test (IPGTT)

An IPGTT was performed to determine if severe DA depletion affects peripheral

glucose tolerance six weeks post-lesion. An IPGTT was not performed on partially lesioned

animals.  Both serum insulin levels (Figure 3.2A) and blood glucose levels (Figure 3.2B)

were measured. A multivariate repeated measures analysis showed no difference in either

insulin or glucose levels between groups over the course of the test. However, at one

timepoint, (15 minutes), the severely depleted group exhibited an increase in serum insulin
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that approaches significance (p=0.06) that is reflected by a significant decrease in blood

glucose (p=0.04). No differences were observed between groups at any other timepoint.

Serine phosphorylation of IRS1 and IRS2

Six weeks post-lesion, rats exhibiting severe DA depletion showed a 69% increase in

striatal IRS2 serine phosphorylation (F=4.238, p=0.03) when compared to both sham

lesioned controls (Figure 3.3A). IRS2 serine phosphorylation was also increased with partial

DA depletion, although this increase was not significant when compared to the control

group. Serine phosphorylation of IRS1 was not significantly different between sham lesion

control rats and rats in either lesion group (Figure 3.4A).

IRS1 and IRS2 protein levels

Serine phosphorylation of IRS1 and IRS2 proteins can result in protein degradation

(Kim et al., 2005, Rui et al., 2001). Thus, we evaluated the three experimental groups for

total IRS protein content. As expected, the severe DA depletion group that exhibited

increased serine phosphorylation also displayed a 47% decrease in total IRS2 protein

compared to sham lesioned control rats and a 49% decrease when compared to partially

depleted animals (F=3.603, p=0.05) (Figure 3.3B). IRS2 protein content was not significantly

different between the control group and rats exhibiting partial DA depletion. IRS1 total

protein levels were not significantly different between any groups (Figure 3.4B).

Downstream insulin signaling affects

Protein kinase B (AKT) is a major mediator of insulin signaling that functions

downstream of IRS proteins (van der Heide et al., 2006). AKT is activated by

phosphorylation in response to insulin, and AKT phosphorylation can be used to gauge

insulin sensitivity. We observed a 59% decrease in AKT phosphorylation in severely

depleted rats compared to sham lesioned controls, (Figure 3.5A) which was statistically
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significant (H=6.224, p=0.04). No significant difference in AKT phosphorylation was

observed between partially depleted rats and sham lesioned controls.

Measures of cellular stress

Activation of stress kinases, such as c-Jun N-terminal kinase (JNK) or glycogen

synthase kinase 3 (GSK3) in response to a 6-OHDA lesion could contribute to the observed

increase in serine phosphorylation in lesioned rats. Lesioned rats exhibiting high levels of

DA depletion showed a non-significant increase in JNK phosphorylation six weeks post-

lesion (Figure 3.5B). Phosphorylation of GSK3- and GSK3-β isoforms was also examined.

Decreased GSK3 phosphorylation indicates increased kinase activity (Henriksen et al.,

2003). A non-significant decrease in GSK3- and GSK3-β phosphorylation was observed in

both partial and severe depletion groups (Figures 3.6A and 3.6C). However, a significant

decrease in GSK3- protein expression (H=6.353, p=0.04) was observed in rats exhibiting

both partial and severe DA depletion (Figure 3.6B). GSK3-β expression was not statistically

different between either depletion group and control rats (Figure 3.6D). Both depletion

groups showed a significant decrease (H=8.894, p=0.02) in Hsp25 expression. Hsp25 was

decreased by 43% in severely depleted rats and 59% in partially depleted animals

compared with control rats (Figure 3.7).
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Discussion

We report here effects on insulin signaling pathways in the basal ganglia following

nigrostriatal DA depletion. Signs of impaired insulin signaling in the basal ganglia in rats with

severe DA depletion included increased serine phosphorylation of IRS2, decreased IRS2

protein content, and decreased AKT phosphorylation. Decreased GSK3-α and Hsp25

expression were also observed in this group. Animals in the partial depletion group exhibited

decreased GSK3-α and Hsp25 expression without a significant effect on IRS2

phosphorylation or expression or AKT phosphorylation. Additionally, a non-significant

increase in JNK activation was observed with severe DA depletion, and a non-significant

increase in GSK3-α and GSK3-β activation was observed in both depletion groups. At six

weeks, no difference in peripheral glucose or insulin levels existed between severely

depleted rats and controls over the course of an IPGTT, indicating that a dysfunction in brain

insulin signaling may precede changes in peripheral glucose tolerance.

The mechanisms and pathways involved in insulin signal transduction are similar for

the periphery and the brain (Reagan, 2005). Insulin signaling requires interactions between

IRS proteins and insulin receptor, and these interactions are mediated by the

phosphorylation of IRS proteins on tyrosine residues (White, 1998). This process also allows

for the binding of effector proteins. Although four IRS isoforms exist, IRS3 and IRS4 are

thought to play only minor roles in insulin signaling (Sykiotis and Papavassiliou, 2001) and

were not measured in the current study. Conversely, IRS1 and IRS2 are expressed in most

tissues and modulate the majority of the insulin signaling in the body (White, 2002). IRS1 is

most important in skeletal muscle signaling (Sykiotis and Papavassiliou, 2001), where it has

been extensively characterized. Studies have shown IRS2 likely plays a more prominent

signaling role in tissues such as liver, pancreas, and brain (Dong et al., 2006, Lin et al.,

2004, Taguchi et al., 2007), where its role has been most thoroughly characterized in the
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hypothalamus (Morton et al., 2007, Pardini et al., 2006, Porte et al., 2005). IRS2 employs an

additional interaction with the insulin receptor via its kinase regulatory loop binding domain,

allowing discernment between IRS1 and IRS2 signals (Sawka-Verhelle et al., 1997). Serine

phosphorylation of IRS1 and IRS2 impairs IRS interaction with the insulin receptor and

decreases the ability of these proteins to propagate the insulin signal by undergoing tyrosine

phosphorylation (Aguirre et al., 2002, Paz et al., 1997). Our observation of a DA depletion-

related increase in IRS2 serine phosphorylation, with little change in serine phosphorylation

of IRS1 between either lesion group and sham lesion controls, implicates IRS2 in neural

insulin resistance in parkinsonism.

In addition to inhibiting tyrosine phosphorylation, serine phosphorylation of IRS1 and

IRS2 can target these proteins for degradation (Kim et al., 2005, Pederson et al., 2001),

providing another mechanism by which insulin signaling can be modified. It has been

suggested that IRS1 ubiquitin ligase may associate with a serine kinase which acts on IRS1

(Zhande et al., 2002), and that a partial explanation for decreased insulin signaling in

response to serine phosphorylation is proteasome mediated degradation of IRS proteins

(Rui et al., 2001, Rui et al., 2002). Our finding of a significant decline in total IRS2 protein in

rats with severe DA depletion, but not partial DA depletion, is consistent with increased

serine phosphorylation in severely depleted rats. Because IRS2 degradation occurs only

with severe and chronic IRS2 serine phosphorylation, it is likely that the non-significant

increase in IRS2 serine phosphorylation in the partial depletion group was not sufficient to

trigger significant IRS2 degradation. The fact that we observed no difference in total IRS1

protein between lesion and sham lesion groups is consistent with our negative findings

regarding expression and activity of IRS1 following DA depletion.

A major mediator of insulin signaling that functions downstream of IRS proteins is

AKT (van der Heide et al., 2006). AKT phosphorylation occurs in response to insulin and
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can be used to gauge insulin sensitivity. AKT activity promotes translocation of the glucose

transporter GLUT4 to the plasma membrane (Wang et al., 1999), which allows glucose

uptake, and AKT activation is tied to cellular survival (van der Heide et al., 2006). Basal AKT

activity also influences DAT expression on the plasma membrane (Garcia et al., 2005).

Because of the multifaceted roles of AKT, we analyzed AKT activation in the striatum of 6-

OHDA lesioned animals. AKT phosphorylation was significantly decreased in severely

depleted rats when compared to sham lesioned controls, indicating a defect in signaling. No

significant difference was observed between partially depleted rats and controls.

To investigate a mechanism for increased IRS2 serine phosphorylation, we analyzed

two well characterized stress kinases: c-Jun N-terminal kinase (JNK) and glycogen synthase

kinase 3 (GSK3). JNK is activated via phosphorylation in response to cellular stress (Bloch-

Damti and Bashan, 2005). Specifically, active JNK may contribute to serine phosphorylation

of IRS proteins and inhibit insulin signaling (Aguirre et al., 2002, Werner et al., 2004, Zick,

2005). The JNK pathway has also been linked to PD (Peng and Andersen, 2003). JNK

contributes to apoptosis of dopaminergic neurons in response to paraquat and rotenone,

two neurotoxins used in animal models of PD (Klintworth et al., 2007). Conversely, inhibiting

JNK activation facilitates survival of dopaminergic neurons in a 6-OHDA animal model of PD

(Rawal et al., 2007). Thus, JNK plays a role in both modulation of insulin signaling and PD

pathogenesis. Our data reveal a non-significant increase in active (phosphorylated) JNK in

the striatum of severely lesioned rats six weeks post-lesion.

GSK3 is classically known for its role in inhibiting glycogen synthesis by

phosphorylating glycogen synthase under basal conditions. Insulin stimulation causes GSK3

phosphorylation, inactivating its kinase activity and allowing glycogen synthesis to occur

(Lee and Kim, 2007). However, GSK3 activity has also been suggested to contribute to

serine phosphorylation of both IRS1 and IRS2 (Liberman et al., 2008, Sharfi and Eldar-
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Finkelman, 2008) in rodent models. Two isoforms of GSK3 exist, GSK3- and GSK3-β.

Using Western blot analysis, we measured the phosphorylation levels of both isoforms. A

non-significant increase in GSK3- and GSK3-β activation (decreased phosphorylation) was

observed in both depletion groups. GSK3-α expression was significantly decreased in both

groups, although no difference in GSK3-β expression was observed. GSK3-β is highly

expressed in the central nervous system, where it localizes to neurons (Leroy and Brion,

1999). A previous study reported that 6-OHDA treatment inhibits GSK3-β phosphorylation in

a human dopaminergic neuroblastoma cell line and induces GSK3-β dephosphorylation in

two additional cell lines (Chen et al., 2004), activating its kinase activity. The role of GSK3- α

in the brain has not been as clearly defined but likely exhibits some redundant actions of

GSK3-β. GSK inhibition is associated with activation of neuronal survival pathways (Garcia-

Segura et al., 2007), and stimulation of glucose transport (Henriksen et al., 2003), and both

isoforms have been implicated in tau phosphorylation in Alzheimer’s disease (Baum et al.,

1996).

Previous studies have shown Hsp25 (the rodent form of human Hsp27) to be

protective against oxidative stress (Escobedo et al., 2004). Specifically, Hsp25 protects

against damage to mitochondrial complex I (Downs et al., 1999), which is damaged in PD

(Beal, 2003). In addition to its protective role against oxidative damage, Hsp25 has been

shown to bind the stress kinase inhibitor of kappa kinase beta (IkKβ), decreasing its activity

(Park et al., 2003). Because IkKβ is another stress kinase that is suggested to contribute to

serine phosphorylation of IRS proteins and is linked to insulin resistance (Bloch-Damti et al.,

2006, Gupte et al., 2008), a decrease in Hsp25 expression could be also linked to IRS

serine phosphorylation. We observed a decrease in the expression of Hsp25 in rats

exhibiting both partial and full DA depletion. This could indicate increased vulnerability to

oxidative stress, even in the absence of altered phosphorylation levels. Because the pool
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from which activated Hsp25 can be drawn is decreased, it is possible that the Hsp response

upon exposure to stress conditions will be impaired, resulting in cellular and mitochondrial

damage.

When given an IPGTT, severely depleted rats exhibited a nearly significant increase

in serum insulin levels and a significant drop in blood glucose levels 15 minutes post-bolus

compared to controls. Chronic hyperglycemia is often preceded by increased metabolic

demand for insulin and compensation by beta cells to produce more insulin. This state of

hyperinsulinemia typically precedes glucose intolerance (Smiley and Umpierrez, 2007). The

changes we observe at 15 minutes post-bolus may indicate that changes in peripheral

glucose tolerance are beginning to occur six weeks post-lesion. However, severely depleted

rats are not glucose intolerant, as glucose and insulin levels are not different between

groups at any other timepoint or over the course of the test. It is thus possible that changes

in brain insulin signaling precede peripheral glucose intolerance.

Our statistical analyses revealed no effect of striatal hemisphere on any protein

measures addressed here. Although we did not measure diffusion, it is highly unlikely that

unilaterally administered 6-OHDA diffused into the contralateral hemisphere. Our findings

therefore suggest that the between-groups differences in expression and activation of

proteins involved in insulin signaling in this experiment are due to DA depletion rather than

direct effects from the toxin. It has been shown that the contralateral striatum is affected by

a unilateral 6-OHDA lesion even when DA projections to the contralateral striatum remain

intact (Cadet et al., 1991, Lawler et al., 1995, Nikolaus et al., 2003). The effects of unilateral

DA depletion are thus not necessarily restricted to the lesioned hemisphere, and the

bilateral effects that we observe here warrant further investigation. Furthermore, 6-OHDA

induced oxidative stress has been shown to return to pre-lesion levels within 7 days after

administration (Sanchez-Iglesias et al., 2007). It is therefore also unlikely that a sufficient
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level of residual oxidative stress persists from 6-OHDA administration to affect these

measures 6 weeks post-lesion.

Overall, our results demonstrate a bilateral increase in measures of striatal insulin

resistance in rats exhibiting severe DA depletion, with some effects in animals with partial

depletion. These novel findings suggest a direct effect of nigrostriatal DA depletion on

insulin signaling in the basal ganglia. Although we cannot completely rule out a general

neurotoxic effect of 6-OHDA on insulin signaling, several factors argue against this

alternative hypothesis. The first two are that 6-OHDA is highly selective for catecholamines

such as DA (Schober, 2004), and that DA terminals comprise less than 5% of striatal tissue

content (Bennett and Wilson, 2000), where the measures of insulin resistance were made.

Furthermore, measures of insulin resistance exhibited a “dose-dependent” effect, with the

severely DA-depleted group exhibiting greater effects than the partially depleted group.

These findings nevertheless warrant investigation of insulin signaling in other brain areas

and in other preclinical models of PD. Because the hypothalamus provides a direct

connection to peripheral metabolism, future studies of whether this region is affected in the

6-OHDA model are also warranted. The extent of brain insulin resistance beyond basal

ganglia nuclei could shed more light on the question of how PD can be a risk factor for

peripheral glucose intolerance.
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FIGURE 3.1

*
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FIGURE 3.1. DA depletion levels for partially and severely depleted rats. DA content in

the right (lesioned) striatum was divided by DA levels in left (nonlesioned) striatum to obtain

a percent depletion for each lesioned rat. The average depletion level for rats with partial DA

depletion was 37.6% ± 13.9, while rats in the severe DA depletion group exhibited a mean

depletion of 98% ± 2.7%. Values are mean ± SE for 7-8 animals per group. *P≤0.05.
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FIGURE 3.2
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FIGURE 3.2. Intraperitoneal glucose tolerance test (IPGTT). After an overnight (12 hour)

fast, an intraperitoneal injection of 60% glucose was administered at 2g glucose/kg body

weight. Insulin (A) and glucose (B) were measured in tail blood at six time points:

0,15,45,60, 90, and 120 minutes after the glucose bolus (injection at t=0). Fifteen minutes

following the bolus, an increase in insulin that approaches significance (p=0.06) is reflected

by a significant decrease in glucose (p=0.04). However, neither insulin nor glucose levels

were significantly different between groups over the course of the test or at any other

timepoint, indicating that severely depleted rats were not glucose intolerant six weeks

postlesion. *P≤0.05.



80

FIGURE 3.3
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Figure 3.3. Effect of 6-OHDA lesion on IRS2 activation and protein content.

Homogenized striatal lysates were analyzed by Western blot for pIRS2 (A), normalized to

total IRS2, and total IRS2 (B), normalized to actin. There was a DA depletion-related

increase in pIRS2, while total IRS2 was diminished in the severe lesion group. Values are

means ± SE for 6-8 samples per group. *P≤0.05.
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FIGURE 3.4
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Figure 3.4. Protein expression and phosphorylation of IRS1. Homogenized striatal

lysates were analyzed by Western blot for pIRS1 (A), normalized to total IRS1, and total

IRS1 (B), normalized to actin. There was no significant difference between phosphorylated

IRS1 or total IRS1 protein between any groups tested. Values are means ± SE for 3-8

samples per group.
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FIGURE 3.5
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Figure 3.5. Activation of AKT and JNK. Homogenized striatal lysates were analyzed by

Western blot for pAKT (A), normalized to total AKT, and pJNK (B), normalized to total JNK.

pAKT was significantly decreased with a severe lesion when compared to sham lesion

controls. Severely depleted rats also exhibited a non-significant increase in JNK

phosphorylation. Values are means ± SE for 3-8 samples per group. *P≤0.05.
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FIGURE 3.6
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Figure 3.6. Activation of GSK3 isoforms in response to DA depletion. Homogenized

striatal lysates were analyzed by Western blot for pGSK3- (A), normalized to total GSK3-,

GSK3- (B), normalized to actin, pGSK3-β (C), normalized to total GSK3-β, and total GSK3-

β (D), normalized to actin. Total GSK3- was decreased significantly in both the partial and

severe lesion groups. Although pGSK3-, pGSK3-β, and total GSK3-β were decreased in

the lesioned groups, these effects did not reach significance. Values are means ± SE for 3-8

samples per group. *P≤0.05.
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FIGURE 3.7
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Figure 3.7. Expression of Hsp25 in response to a 6-OHDA lesion. Homogenized striatal

lysates were analyzed for Hsp25 normalized to actin. Hsp25 was decreased significantly in

both the partial and the severe lesion groups when compared to sham lesioned controls.

Values are means ± SE for 3-8 samples per group. *P≤0.05.
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Table 3.1

Mean (+/- S.E.M.) striatal DA and DOPAC values for experimental groups

DOPAC (ng/g) DA (ng/g)
Left Striatum Right Striatum Left Striatum Right Striatum

Sham 1357.8 ± 130.3 1343.8 ± 117.4 4964.4 ± 383.4 4108.3 ± 584.3
Partial 1965.4 ± 419.4 2825.9 ± 597.2 4659.6 ± 1057.0 2891.9 ± 693.8
Severe 1558.3 ± 169.9 85.3 ± 54.5 6852.8 ± 2450.9 210.4 ± 124.8
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EFFECTS OF 6-OHDA ON PERIPHERAL GLUCOSE TOLERANCE AND INSULIN

SIGNALING IN MIDDLE AGED RATS

Morris, J.K., Seim, N.L., Geiger, P.C., and J.A. Stanford

Submitted

Abstract

Clinical studies have indicated an increased rate of Parkinson’s disease in patients

with Type 2 Diabetes, and impaired glucose tolerance in individuals with Parkinson’s

disease. It is unclear how Parkinson’s disease can affect glucose tolerance. The purpose of

this study was to analyze peripheral glucose tolerance in an established PD animal model,

the 6-hydroxydopamine lesion model. Our aim was twofold: to analyze glucose tolerance

following severe unilateral dopamine depletion and to determine whether peripheral insulin

signaling was affected. Six weeks following unilateral 6-hydroxydopamine treatment, we

observed severe unilateral dopamine depletion in the striatum and substantia nigra. Markers

of striatal insulin resistance were evident. However, although serum insulin levels differed

significantly between groups over the course of a glucose tolerance test, no significant effect

on glucose tolerance or insulin signaling was observed. Together, these data suggest that

although 6-OHDA may affect serum insulin levels, the unilateral 6-OHDA lesion model does

not induce glucose intolerance or insulin resistance.
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Introduction

Glucose intolerance or diabetes has been shown to occur in individuals with

Parkinson’s disease (PD) (Barbeau et al., 1961, Boyd et al., 1971, Lipman et al., 1974). It is

important to investigate the mechanism of glucose intolerance in this disease, as glucose

intolerance or diabetes has been suggested to decrease the effectiveness of L-DOPA

therapy (Sandyk, 1993), increase cost of medical care (Pressley et al., 2003), and increase

motor symptom severity (Papapetropoulos et al., 2004).

In a previous study, our laboratory showed that 6-OHDA administration into the MFB

impaired striatal insulin signaling in young rats (Morris et al., 2008). However, peripheral

glucose and insulin levels were not affected. We sought to determine if 6-OHDA would

affect peripheral glucose tolerance in middle-aged rats, since aging is a risk factor for both

PD and insulin resistance (Supiano et al., 1993, Vanitallie, 2008), and T2D onset often

occurs during middle age.

Material and Methods

Sixteen male 16 month old Fisher 344 rats were obtained from National Institutes on

Aging colonies (Harlan). Protocols for animal use were approved by the University of

Kansas Medical Center Institutional Animal Care and Use Committee and adhered to the

Guide for the Care and Use of Laboratory Animals (National Research Council, 1996). Rats

were divided arbitrarily to obtain two experimental groups of similar average body weight.

The 6-OHDA lesion procedure was based on previously published studies (Morris et al.,

2008). Nembutal (50mg/mL) was given at 1mL/kg body weight. Rats were placed into a

stereotaxic frame. Animals receiving a 6-OHDA lesion (n=8) were infused with 12µL of 6-

OHDA in 0.9% NaCl with 0.02% ascorbate into the right medial forebrain bundle (stereotaxic

coordinates with respect to bregma: M/L 1.3, A/P -4.4, and D/V -7.8) at a dose of

2.25mg/mL. The infusion rate was 0.75µL/min over a period of 16 min and the cannula was
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withdrawn 1 min following infusion. Sham (saline) infused rats received the same surgical

procedure was followed for rats receiving a sham lesion (n=8), with saline (0.9% NaCl with

0.02% ascorbate) substituted for 6-OHDA. Tissue harvest was performed  6 weeks post-

lesion.

Food intake and body weight were measured weekly. Two days prior to sacrifice,

blood glucose and serum insulin levels were measured during an intraperitoneal glucose

tolerance test (IPGTT) as previously described (Morris et al., 2008). Prior to tissue harvest,

muscles were dissected and incubated with insulin in vitro to determine insulin sensitivity

(Gupte et al., 2008). Animals were deeply anesthetized and soleus (slow-twitch) and EDL

(fast-twitch) muscles were carefully dissected. Muscles from each side were split

longitudinally and incubated in a recovery solution for 90 min at 39°C. One half of each

muscle was removed into a solution containing 1 mU/mL insulin for 10 min at 39°C (insulin-

stimulated) while the other half (basal) remained in the recovery solution. Muscles were then

clamp-frozen and stored at -80°C for Western blot analysis. At tissue harvest, adiposity was

measured by weighing epidydymal fat from animals in each group. Gastrocnemius muscles

were dissected and weighed to determine whether muscle atrophy had occurred.

Striatal sections were dissected for HPLC-EC and for Western blotting. For HPLC-

EC analysis, striatal tissue was processed and analyzed as previously described (Morris et

al., 2008). DA and NE levels were also analyzed in the SN and the hypothalamus. These

samples were prepared identically to striatal samples, except the volume of burnt citrate

acetate mobile phase was reduced to 250µL and DHBA concentration was reduced to 10-7M

due to the smaller size of these tissues. Striatal sections for Western blotting were dissected

freehand and frozen on dry ice. Brain and muscle samples were prepared and analyzed for

western blot as previously described (Gupte et al., 2008, Morris et al., 2010).
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Data for food intake, body weight and glucose tolerance were analyzed using two-

way analyses of variance (ANOVA) with diet as the grouping variable and time as the

repeated measure. Neurotransmitter depletion was analyzed using one-way ANOVA with

diet as the grouping variable. Western blot data was analyzed using student’s t-test. No

protein expression or activation differences between lesioned and non-lesioned

hemispheres were observed for any protein measures, so data from the left and right striatal

hemisphere were pooled for each animal. When necessary, post-hoc analyses were

performed using student’s t-test. Data were considered statistically significant at p<0.05.
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Results and Discussion

Although groups lost weight after surgery, the 6-OHDA group lost more weight

overall (F=7.18, p<0.05; Table 3.2). This group experienced a greater drop in food intake

immediately following surgery (weeks 1-4, F= 19.76, p<0.01; Table 3.2). However, food

intake almost completely normalized by the end of the experiment (weeks 5-6). Lesioned

animals also had less fat mass at tissue harvest (F=7.09, p<0.05; Table 1). Gastrocnemius

muscle weight did not differ between groups, indicating that weight differences were

primarily due to loss of fat mass and not contralateral muscle atrophy following the lesion.

Administration of 6-OHDA into the MFB had a dramatic effect on DA concentration in

the striatum, where a significant group (F=74.21, p<0.001), side (F=64.57, p<0.001) and

group by side interaction (F=13.103, p<0.01) were observed, as DA concentration was

reduced by ~95% in the lesioned hemisphere. Surprisingly, sham (saline) infusion also

decreased striatal DA concentration (~25%) in the saline-infused hemisphere. This is likely

due to neuronal damage from a higher infusion rate and larger infusion volume than used in

our previous study (Morris et al., 2008). DA concentration ipsilateral to the saline-infused

hemisphere was approximately the same as that in the control (contralateral) hemisphere of

6-OHDA infused animals. A bilateral decrease in striatal DA concentration in 6-OHDA

treated rats is consistent with our observation of bilateral effects on striatal insulin signaling

in both this and the previous study.

As expected, the 6-OHDA lesion group also had significant DA depletion in the SN.

(F=14.78, p<0.001; Table 3.3). Saline-infused animals did not exhibit DA depletion in this

region, while 6-OHDA treatment elicited approximately 50% DA depletion. Because 6-OHDA

induces retrograde terminal degeneration (Ries et al., 2008), it is not surprising that we

observed greater DA depletion in the striatum. In the hypothalamus, 6-OHDA did not cause

DA depletion in either hemisphere. Because 6-OHDA can also damage noradrenergic



96

neurons, we also analyzed NE levels in all three tissues. There was no significant effect of

6-OHDA on NE levels in the striatum or SN. However, in the hypothalamus, there was a

large depletion of NE in the 6-OHDA treated group (F=28.9, p<0.001; Table 3.3). Although a

bilateral decrease in NE was observed with 6-OHDA treatment, post-hoc analysis also

revealed a significant decrease in DA depletion between the lesioned and nonlesioned

hemisphere in the toxin-infused group.

As previously noted in a study with younger animals, insulin signaling was impaired

in the striatum following 6-OHDA mediated DA depletion. Serine phosphorylation of IRS2,

which is inhibitory to insulin signaling (White, 2002), was increased in the lesion group

(p<0.05; Figure 3.8A). Long term serine phosphorylation can result in IRS degredation (Kim

et al., 2005, Pederson et al., 2001), and we observed a strong trend (p=0.06) for decreased

protein content in lesioned animals (Figure 3.8B). The protein AKT is activated by

phosphorylation, which occurs in response to normal insulin signaling to promote glucose

uptake (Gonzalez and McGraw, 2006). As expected, we observed decreased pAKT in the

striatum (p<0.05), in line with increased serine phosphorylation of IRS2 (Figure 3.8C).

Although we observed effects on brain insulin signaling, in this study, peripheral

glucose tolerance was not affected. However, the insulin response to a glucose bolus did

differ between groups over the course of an IPGTT (F=3.93, p<0.01; Figure 3.9A). Post-hoc

analysis showed that 6-OHDA lesioned animals exhibited a greater initial increase in insulin

(15 min), but were not able to maintain this increased level and insulin was significantly less

at the final timepoint (120 min). Over the course of the test, blood glucose levels did not

differ between groups (Figure 3.9B), but lesioned animals did exhibit higher glucose values

at the final timepoint. Although this does not indicate an outright impairment in glucose

tolerance, these subtle changes in insulin action may precede a larger-scale effect. To

determine whether glucose uptake was affected, insulin signaling in skeletal muscle was
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analyzed. Even with severe nigrostriatal DA depletion, insulin signaling, as measured by

AKT phosphorylation, was not affected in either slow (Soleus) or fast (EDL) muscle (Figure

2C,2D).

It is possible that the increase in serum insulin levels early in the IPGTT may help

maintain normal glycemia. In support of this possibility, higher blood glucose levels were

observed at 120 minutes in the 6-OHDA treated group, when insulin levels had dropped

significantly. Another possibility is that insulin release was affected by decreased input of the

sympathetic nervous system. NE is the primary neurotransmitter used in the sympathetic

nervous system (Hall, 1990), and in this study we did observe hypothalamic NE depletion.

Sympathetic nerves inhibit insulin secretion (Ahren, 2000), and a decrease in the activity of

these sympathetic nerves would lessen their inhibitory effect. However, control of insulin

release by the autonomic nervous system is complex and involves reciprocal sympathetic

and parasympathetic inputs (Teff, 2007). We did not directly measure autonomic nervous

system function, and thus cannot further speculate on the role of these neurons in the

altered insulin response.

Conclusions

This study confirms previous work describing striatal insulin resistance in young rats

following 6-OHDA and expands these findings to a middle aged model and analysis of

peripheral insulin signaling. Although serum insulin levels differed over the course of a

glucose tolerance test, no effect on glucose tolerance or peripheral insulin signaling was

observed. We cannot conclude that aging increases the risk of developing peripheral

glucose tolerance following unilateral 6-OHDA treatment. However, the observed alterations

in serum insulin levels are interesting and warrant further study.
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Figure 3.8
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Figure 3.8. Striatal Insulin signaling in 6-OHDA treated middle aged rats. Treatment

with 6-OHDA significantly increased serine phosphorylation of IRS2 (A), indicating insulin

resistance. A trend for decreased IRS2, which has been shown to occur with chronic serine

phosphorylation, was observed in the severely depleted group. In line with these findings,

serine phosphorylation of the downstream protein AKT, which is a positive indicator of

insulin signaling, was significantly decreased in the lesion group. Values are means ± SE for

5-8 samples per group. *p<0.05 sham vs. lesion.
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FIGURE 3.9
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Figure 3.9. Peripheral glucose tolerance and skeletal muscle insulin signaling. An

intraperitoneal glucose tolerance test (IPGTT) was performed following a 12 hour overnight fast, A

glucose bolus (60% glucose, 2g glucose/kg body weight) was injected intraperitoneally at t=0.

(A) Appoximately 400uL of whole blood was collected at six time points: 0,15,45,60, 90, and 120

minutes, for analysis of serum insulin (A). Blood glucose (B) was also measured at these

timepoints using a glucometer. Basal (gray bars) and insulin-stimulated (black bars) AKT

phosphorylation was measured by western blot in soleus (C) and EDL (D) muscles as an

indicator of insulin signaling. No difference in insulin-stimulated pAKT was observed,

indicating the absence of skeletal muscle insulin resistance. Values are means ± SE for 8

muscles per group. *p<0.05 chow vs. HF.
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Table 3.2

Control 6-OHDA
Pre-lesion BW (g) 466.1 ± 6.6 466.4 ± 13.3
Final BW (g) 457.7 ± 6.75 407.7 ± 19.4*
Pre-lesion food intake (Kcal/day) 75.1 ± 2.2 89.5 ± 2.3*
Food intake (wk 1-4) (Kcal/day) 69.2 ± 2.0 47.5 ± 5.1*
Food intake (wk 5-6) (Kcal/day) 78.1 ± 5.2 77.3 ± 5.4
Contralateral Gastroc wt (g) 1.86 ± 0.05 1.77 ± 0.06
Ipsilateral Gastroc wt (g) 1.88 ± 0.05 1.76 ± 0.07
Fat Mass (g) 14.86 ± 0.68 10.96 ± 1.3*

*p<0.05 6-OHDA vs. control
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Table 3.3

Sham 6-OHDA
Tissue Analyte Contralateral Ipsilateral Contralateral Ipsilateral

Striatum DA 7376.5 ± 664 5490.71 ± 494# 5243.5 ±302 266.21 ± 111*#†

NE 116.4 ± 17 88.0 ± 17 104.3 ± 26 123.9 ± 54
Substantia

Nigra
DA 1064.2 ± 166 1185.0 ± 146 801.6 ±99.0 441.7 ± 95.9*#

NE 547.3 ± 67 692.5 ± 76 534.7 ± 109 609.2 ± 198
Hypothalamus DA 916.4 ± 323 1110.7 ± 392 751.2 ± 265 615.1 ± 232

NE 26503.1 ± 9370 28525.6 ± 10085 13888.9 ± 4910 6876.2 ± 2431*#

*p< 0.05 6-OHDA vs. Sham
#p<0.05 Ipsilateral vs. Contralateral
†p<0.05 Group x Side interaction
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CHAPTER 4

HIGH FAT FEEDING EXACERBATES TOXIN-MEDIATED DOPAMINE DEPLETION
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NEURODEGENERATION IN AN ANIMAL MODEL OF PARKINSON’S DISEASE IS

EXACERBATED BY A HIGH FAT DIET

J.K. Morris, G.L. Bomhoff, J.A. Stanford, and P.C. Geiger

Am J Physiol Regul Integr Comp Physiol (2010)299(4): R1082-90.

Abstract

Despite numerous clinical studies supporting a link between Type 2 Diabetes (T2D)

and Parkinson’s disease (PD), the clinical literature remains equivocal. We therefore sought

to address the relationship between insulin resistance and nigrostriatal dopamine (DA) in a

preclinical animal model. High fat feeding in rodents is an established model of insulin

resistance, characterized by increased adiposity, systemic oxidative stress, and

hyperglycemia. We subjected rats to a normal chow or high fat diet for five weeks before

infusing 6-hydroxydopamine (6-OHDA) into the medial forebrain bundle. Our goal was to

determine whether a high fat diet and the resulting peripheral insulin resistance would

exacerbate 6-OHDA-induced nigrostriatal DA depletion. Prior to 6-OHDA infusion, animals

on the high fat diet exhibited greater body weight, increased adiposity and impaired glucose

tolerance. Two weeks after 6-OHDA, locomotor activity was tested and brain and muscle

tissue was harvested. Locomotor activity did not differ between the groups nor did measures

of muscle atrophy. High fat-fed animals exhibited higher homeostatic model assessment of

insulin resistance (HOMA-IR) values and attenuated insulin-stimulated glucose uptake in

fast-twitch muscle, indicating decreased insulin sensitivity. Animals in the high fat group also

exhibited greater DA depletion in the substantia nigra and the striatum, which correlated with

HOMA-IR and adiposity. Decreased phosphorylation of HSP27 and degradation of IB in

the substantia nigra indicate increased tissue oxidative stress. These findings support the

hypothesis that a diet high in fat and the resulting insulin resistance may lower the threshold

for developing PD, at least following DA-specific toxin exposure.
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Introduction

Clinical studies suggest a link between Type 2 Diabetes (T2D) and Parkinson’s

disease (PD) (Hu et al., 2007, Pressley et al., 2003), and between fat intake or adiposity and

PD (Abbott et al., 2002, Hu et al., 2006, Johnson et al., 1999). Moreover, it was reported

over forty years ago that greater than 50% of PD patients exhibit abnormal glucose

tolerance (Barbeau et al., 1961, Boyd et al., 1971) or diabetes (Lipman et al., 1974). Despite

this information, very little is known regarding the relationship of these diseases and the

impact of co-morbidity on their pathogenesis. T2D is estimated to impact 300 million

individuals by 2025 (Seidell, 2000) with the elderly at greatest risk (Wild et al., 2004), the

population also at greatest risk for neurodegenerative diseases like PD. For these reasons,

understanding the potential for T2D, obesity, high dietary fat intake, and insulin resistance to

contribute to PD is critical. Although the exact cause of PD is unknown, various

environmental factors such as aging, diet, and environmental toxin exposure have been

implicated in contributing to its development (Hindle, Johnson et al., 1999, Thiruchelvam et

al., 2000). The idea that “multiple hits” play a role in PD degeneration is supported by the

fact that 80% of dopamine (DA) producing neurons must be lost for symptoms to appear

(Sulzer, 2007). While diabetes and PD do not invariably coincide, several studies suggest

that obesity may potentiate neuronal dysfunction or even neurodegeneration (reviewed in

(Bruce-Keller et al., 2009)). High fat diet-induced insulin resistance could make DA neurons

in the substantia nigra (SN), the origin of DA producing neurons that degenerate in PD,

more susceptible to environmental insults.

While it is possible that a diet high in fat may contribute to the development of PD,

much about this relationship remains unknown. In animal models, most studies have

focused on the effect of obesity or high fat (HF) feeding on the mesolimbic DA pathway

(Davis et al., 2008, Fulton et al., 2006, Geiger et al., 2009), which modulates response to
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reward and is likely affected in obese individuals. However, few studies have addressed this

issue in the nigrostriatal DA pathway, which is involved in the production of movement and

affected in PD. Although best known for its role in movement disorders, the nigrostriatal

pathway has also been shown to play an important role in feeding behavior (Palmiter, 2007)

and may also be affected by obesity or HF feeding. Although it is possible that HF feeding

may make DA neurons more vulnerable to environmental insults, such as neurotoxins, only

one preclinical study has investigated the effect of a HF diet on DA neurodegeneration (Choi

et al., 2005). These authors found that treatment with the neurotoxin MPTP (used to model

PD) produced greater striatal DA depletion in HF-fed mice than in chow-fed controls.

We wanted to further characterize the effect of a high fat diet on toxin-induced

nigrostriatal DA depletion using the 6-hydroxydopamine (6-OHDA) rat model of PD.  Unlike

MPTP, 6-OHDA may play a role as an endogenous neurotoxin (reviewed in (Blum et al.,

2001)). Iron is abundant in the SN and can react in a fenton-type reaction with DA and

hydrogen peroxide (produced extensively by monoamine oxidase during DA turnover) to

produce 6-OHDA (Pezzella et al., 1997), which in turn can increase iron release from ferritin

(Linert et al., 1996). This suggests that 6-OHDA may play an important role in perpetuating

this damaging endogenous cycle. In addition, 6-OHDA is increased in the urine of patients

treated with L-DOPA (Andrew et al., 1993, Jellinger et al., 1995), the most common and

effective treatment of PD, and L-DOPA treatment in rodents increases 6-OHDA production

in the striatum (Borah and Mohanakumar). To determine if HF-fed animals were indeed

more sensitive to 6-OHDA mediated DA depletion, we administered equal amounts of 6-

OHDA to HF-fed, insulin resistant rats and chow-fed controls. We observed that the HF diet

group exhibited significantly greater levels of DA depletion in the SN, the origin nucleus of

DA neurons in the nigrostriatal pathway, and the striatum, the termination point of this
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pathway. These results support an exacerbating role for dietary fat, and consequent insulin

resistance, in vulnerability to toxin-induced nigrostriatal DA depletion.
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Materials and Methods

Animals and Diet

Sixteen-month-old Fisher 344 rats were obtained from National Institutes on Aging

colonies (Harlan). Rats were individually housed, maintained on a 12 hour light/dark cycle,

and provided food and water ad libitum. Rats in the chow group (n=10) received normal

chow (Harlan Teklad rodent diet 8604), while animals in the HF diet group (n=8) received a

diet with 60% calories from fat. The composition of the HF diet has been described

previously (Gupte et al., 2009). During the seven weeks of the experiment, food intake was

measured every 2-3 days. Body weight was measured weekly. Protocols for animal use

were approved by the University of Kansas Medical Center Institutional Animal Care and

Use Committee and adhered to the Guide for the Care and Use of Laboratory Animals

(National Research Council, 1996).

Materials

Chemicals used in high pressure liquid chromatography (HPLC) (norepinephrine,

DA, 3,4-dihydroxyphenylacetic acid (DOPAC), and 3,4-Dihydroxybenzylamine) and D-(+)-

Glucose were obtained from Sigma-Aldrich (St. Louis, MO). [14C]mannitol and 2-deoxy [1,2-

3H] glucose were purchased from American Radiolabeled Chemicals (St. Louis, MO). Rat

insulin ELISA kits were obtained from Alpco diagnostics (Salem, NH). Cholesterol E and

LDL-C kits were purchased from Wako Diagnostics (Richmond, VA). Antibodies against

actin were obtained from Abcam (Cambridge, MA). Anti-phospho-Hsp 25 and anti-Hsp 25

were purchased from Stressgen (Victoria, BC, Canada), while IkBα antibody was purchased

from Cell Signaling Technology (Beverly, MA).

Pre-lesion glucose tolerance analysis

Three days prior to surgery, animals were administered an intraperitoneal glucose

tolerance test (IPGTT) as described previously (Morris et al., 2008). Animals were fasted
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overnight (~12 hours) at which time they were anesthetized with Nembutal (50mg/mL) at

1mL/kg body weight. To begin the test, an intraperitoneal injection of 60% of D-(+)-Glucose

(Sigma) at 2g/kg body weight was given. Blood glucose was measured using a glucometer

at 0, 15, 30, 60, 90, and 120 minutes following injection, and 400uL of tail blood was

collected at each timepoint for measurement of serum insulin. Blood samples were placed

on ice for 30 minutes and centrifuged for 1 hour at 3,000 × g and serum was aliquoted into

fresh tubes for serum insulin analysis.

6-OHDA Infusion

Five weeks after beginning the diet, all animals received a unilateral 6-OHDA lesion

in the medial forebrain bundle. This procedure was modified from previous studies published

by our laboratory (Morris et al., 2008). Anesthesia was induced with 5% isoflurane.

Anesthetized rats were placed in a stereotaxic frame and maintained at 3% isoflurane

anesthesia during surgery. Animals were infused with 3μg 6-OHDA (4μL of 0.75 mg/mL 6-

OHDA in 0.9% NaCl with 0.02% ascorbate) into the right medial forebrain bundle

(stereotaxic coordinates with respect to bregma: M/L 1.3, A/P -4.4, and D/V -7.8). The

infusion rate was 0.5μL/minute over a period of 8 minutes. The cannula was withdrawn 1

minute after infusion was completed. Animals were allowed to recover for two weeks post-

surgery. After two weeks and prior to tissue harvest, animals were placed onto a force plate

actometer (Stanford et al., 2002) in a dark room for 30 minutes so that spontaneous

locomotor activity could be measured.

Glucose, insulin, and cholesterol measures

Prior to sacrifice following an overnight (12 hour) fast, animals were anesthetized

with sodium pentobarbital (60 mg/kg). Tail blood was harvested for fasting blood glucose

and insulin measurements at the end of the experiment. Glucose measurements were made

using a glucometer, while serum samples were collected as previously described (Morris et
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al., 2008) and analyzed using a rat insulin ELISA (ALPCO). Serum samples were also

analyzed for total cholesterol levels using a Cholesterol E kit (Wako diagnostics) and low

density lipoprotein cholesterol (LDL-C) levels using an L-type LDL-C kit (Wako diagnostics).

HOMA-IR was calculated for rats as described previously (Cacho et al., 2008) using fasting

glucose and fasting insulin values. This method has been validated in rodents and is

consistent with other measures of insulin sensitivity (Cacho et al., 2008, Wallace et al.,

2004).

Epidydmal fat and gastrocnemius muscle atrophy measures

To measure fat accumulation, epidydymal fat was dissected and weighed. In

addition, to analyze if any muscle atrophy occurred due to disuse of the contralateral muscle

post-lesion, gastrocnemius muscles were carefully dissected tip to tip and weighed.

Muscle incubations

Soleus and extensor digitorum longus (EDL) muscles both ipsilateral and

contralateral to the lesioned hemisphere were quickly dissected from anesthetized animals.

Glucose transport was measured as previously described by our laboratory (Gupte et al.,

2009, Gupte et al., 2009) Each muscle was cut in half horizontally to avoid diffusion

limitation and allow assessment of both basal and insulin-stimulated glucose transport. Both

halves were placed into 2mL of Recovery buffer (8mM glucose, 32mM mannitol, and 0.01%

BSA in KHB) for 30 minutes at 35°C. One muscle half (insulin-stimulated) was incubated in

8mM glucose, 32mM mannitol, 1mU/mL insulin, 0.01% BSA in KHB for 1 hour at 35°C while

the other muscle half (basal) was retained in recovery buffer. Each muscle half was then

rinsed in 40mM mannitol and 0.01% BSA in KHB for 10 minutes at 29°C. Finally, the insulin

stimulated muscle half was placed into 4mM 2-[1,2-3H]deoxyglucose (2-DG) (1.5 µCi/ml),

36mM, [14C]mannitol (0.2 µCi/ml), 0.01%BSA in KHB containing 1mU/mL insulin at 29°C.

The other half was placed into the same buffer without insulin. After 20 minutes both
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muscles were immediately removed, trimmed, and clamp-frozen. A gas phase of 95%O2

/5%CO2 was maintained during all incubations. Muscles were processed as previously

described (Young et al., 1986), and analyzed in a scintillation counter to determine

intracellular 2-DG content (3H dpm) and extracellular space (14C dpm).

HPLC-EC analysis of Whole Tissue Dopamine Content

Following muscle harvest, brains were immediately removed and placed on an ice-

cold brain block. Striatum and SN samples were dissected from each hemisphere, weighed,

and frozen on dry ice to be processed for HPLC-EC and Western blot analysis. For HPLC-

EC analysis, burnt citrate acetate mobile phase was added to samples from each tissue. For

striatum tissue, 450μL of burnt mobile phase and 50μL DHBA (1e-6M) was added to each

sample.  Because the size of the SN is smaller than the striatum, SN samples were diluted

in 250μL of burnt mobile phase and 50μL DHBA (1e-7M) for maximum analyte detection.

Samples were then prepared and analyzed by HPLC as described previously (Morris et al.,

2008).

Western Immunoblotting

For protein extraction, frozen pellets from SN samples that were processed for HPLC

were diluted 15x in cell extraction buffer (Invitrogen) with protease inhibitor cocktail (500μL,

Invitrogen), sodium flouride (200mM), sodium orthovanodate (200mM) and

phenylmethanesulphonylfluoride (200mM) added. Samples placed on ice for 1 hour and

vortexed every 15 minutes to allow for protein extraction. Samples were centrifuged at 3,000

x g at 4°C for 20 minutes before supernatants were collected. Protein concentration was

determined using a Bradford assay. Bradford dye concentrate was diluted 5x in water to

obtain working reagent and used to analyze samples in triplicate. Samples were diluted with

HES buffer (20mM HEPES, 1mM EDTA, 250M Sucrose, pH 7.4) and reducing sample buffer

(0.3M Tris-HCL, 5% SDS, 50% glycerol, 100mM dithiothreitol, Thermo Scientific) based on
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protein concentration to generate samples of the same concentration for analysis using

SDS-PAGE.

Samples were run on 10% SDS-PAGE gels and transferred to nitrocellulose

membranes at 200mA for 60 minutes. After membranes were blocked for 1 hour in 5% milk,

they were incubated overnight with primary antibody at 4°C (1:1,000 dilution in 1% BSA).

Secondary antibody was used at a dilution of 1:10,000 in 1% milk for 1 hour at RT and

corresponded to the host primary antibody of interest. Films were scanned at high resolution

and densitometry measurements were analyzed using Image J software. Repeated

measurements were taken for each band of interest. Protein content was normalized to the

loading control actin.

Statistical Analyses

Data for body weight and food intake were analyzed using two-way analyses of

variance (ANOVA) with diet as the grouping variable and time as the repeated measure.

Glucose transport and DA turnover were analyzed using one-way ANOVA with diet and side

(ipsilesional vs contralesional) as grouping variables. Correlations were assessed using

Pearson's method. All other data were analyzed using one-way ANOVA with diet as the

grouping variable. Data were considered statistically significant at p< 0.05.
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Results

Body weight and food intake

Analysis of body weight (Fig. 4.1A) yielded significant main effects for both group

(F=7.915, p=0.01) and time (F=25.5, p<0.0001), as well as a significant interaction effect

(F=16.57, p<0.0001). As expected, HF-fed animals gained more weight than chow-fed

animals, and both groups lost weight post-lesion during the recovery period. Statistical

analysis of food intake revealed significant main effects for group (F=16.15, p<0.001) and

time (F=14.43, p<0.001), and a significant interaction effect (F=10.51, p<0.001, Fig. 4.1B).

Initially, animals in the HF diet group consumed far more calories than chow-fed animals,

although this difference became less pronounced after several weeks of feeding. Food

intake dropped in both groups post-lesion but rebounded during the recovery period, and

was virtually the same between groups post-lesion.

Systemic effects of HF feeding

An intraperitoneal glucose tolerance test (IPGTT) was performed on a subgroup of

rats after 5 weeks of feeding, prior to the 6-OHDA lesion. Glucose measurements revealed a

significant effect of group (F=4.84, p=0.04) and time (F=22.27, p<0.001; Figure 4.2A).

Glucose levels increased in response to the glucose bolus and HF-fed animals exhibited

higher glucose values over the course of the test than chow fed animals. Over the course of

the test, serum insulin measurements (Figure 4.2B) revealed a strong trend for a difference

between group (p=0.07), a significant effect of time (F=22.3, p<0.0001), and a significant

interaction effect of group and time (F=2.73, p=0.03). Serum insulin levels increased in both

groups in response to insulin, but remained high in HF-fed animals well after insulin levels

had returned to normal in the chow-fed group at the end of the IPGTT. Analysis of serum for

total cholesterol and LDL-C levels revealed no statistical difference between groups.
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When spontaneous locomotor activity was assessed 4 days prior to tissue harvest,

total distance traveled did not differ significantly between the two groups (Table 4.1). This

indicates no difference in activity level between groups. Fasting blood glucose and serum

insulin were measured on the last day of the experiment prior to tissue harvest and values

are given in Table 4.1. HF diet-fed animals exhibited significantly higher fasting glucose

levels compared to chow animals. (F=12.0, p=0.003). HF animals also exhibited a non-

significant (p=0.07) trend toward greater fasting serum insulin levels compared to the chow

group. To determine whether the lesion caused peripheral muscle atrophy, gastrocnemius

muscles were dissected bilaterally tip-to-tip and weighed. Gastrocnemius muscle weights

did not differ significantly between the ipsilesional and contralesional sides, nor did they

differ significantly between the two groups (Table 4.1).

Glucose uptake

The majority of glucose uptake in the body occurs in skeletal muscle. Thus, to

analyze the degree of insulin resistance, we assayed 2-deoxyglucose uptake into two

different skeletal muscles: the EDL (fast-twitch glycolytic fiber type) and soleus (slow-twitch

oxidative fiber type). Because there was no difference in glucose transport between muscles

ipsilateral or contralateral to the lesion, muscles for each rat were pooled for these analyses.

In the EDL, insulin exposure affected the diet groups differently: glucose uptake was greatly

increased in chow-fed animals in response to insulin (Figure 4.3A), but only a slight increase

from basal was observed in HF animals. This led to a significant effect of insulin (F=18.4,

p=0.0001) and a significant interaction between group and insulin (F=7.25, p=0.01). The

decrease in insulin action due to HF feeding is characteristic of insulin resistance. Basal

glucose uptake did not differ significantly between groups. In the soleus muscle, insulin

significantly increased glucose uptake from basal in both groups (F=24.7, p<0.0001). No
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significant difference was observed for either basal or insulin stimulated glucose uptake

between groups in the soleus (Figure 4.3B).

DA depletion

In the SN, DA depletion was 48.8 ± 7.2% in the HF group compared to 27.8 ± 6.1%

in the chow-fed group (Fig. 4.4A), a difference that was statistically significant (F=4.96,

p=0.04) . Likewise, striatal DA depletion was also significantly higher in the HF diet group

(F=4.986, p=0.04), averaging 28.3 ± 4.6% for chow animals and 49.0 ± 8.3% for HF animals

(Fig. 4.4B). Average analyte values for DA and DOPAC in each region are provided in Table

4.2.

DA depletion and systemic effects of HF feeding

When HOMA-IR was analyzed to take into account both fasting glucose and fasting

insulin values (Cacho et al., 2008, Wallace et al., 2004), HF animals exhibited values that

were significantly greater than chow-fed animals (F=4.23, p=0.05), indicating decreased

insulin sensitivity (Figure 4.5A). Interestingly, we observed a significant positive correlation

between this index of insulin resistance and DA depletion levels in both the SN (p=0.03,

Figure 4.5B) and striatum (p=0.02, Figure 4.5C). Epidydymal fat mass was measured to

determine differences in body fat composition and overall adiposity. As expected, HF rats

exhibited far greater fat mass than chow fed rats (F=38.56, p<0.001); Figure 4.5D). A

significant positive correlation also existed between fat mass and DA depletion in the SN

(p=0.04, Fig. 5E) and striatum (p=0.01, Figure 4.5F).

Dopamine turnover

To estimate whether diet-induced differences in depletion levels affected DA

metabolism, we analyzed the ratio of DOPAC to DA (a measure of DA turnover). In the SN

of HF animals, DA turnover was increased in the lesioned hemisphere compared to the

nonlesioned hemisphere, while chow animals exhibited a decrease in the lesioned
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hemisphere (Figure 4.6A). This led to a significant main effect for group (F=10.9, p=0.002)

and a significant interaction between group and hemisphere (F=9.97, p=0.004). In the

striatum, there were no significant effects for hemisphere or group with regard to DA

turnover (Figure 4.6B).

Protein effects in the substantia nigra

We measured activation of heat shock protein 27 (Hsp27) and protein levels of

(IkBα) to indirectly assess oxidative stress in the SN. Hsp27 is activated by phosphorylation,

and phosphorylated Hsp27 was significantly decreased in the HF-diet group compared to

chow-fed controls (F=8.01, p=0.01; Figure 4.7A). The stress kinase IKKβ is activated by

cellular stress, such as oxidative stress and insulin resistance (Gloire et al., 2006, Yuan et

al., 2001) and degrades the protein inhibitor I kappa B alpha (IkBα) when active. Thus,

protein levels of IkBα can be used to gauge stress kinase activity (Hacker and Karin, 2006).

We observed a strong trend for decreased IkBα protein levels in HF fed rats compared to

chow rats (F=4.02. p=0.056), indicating increased stress kinase activity (Figure 4.7B).
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Discussion

We report here that HF-fed, insulin resistant rats exhibited enhanced nigrostriatal

DA depletion following 6-OHDA. These changes occurred in the absence of altered

cholesterol levels, diminished locomotor activity or muscle atrophy. Our results support an

exacerbating role for dietary fat, and consequent insulin resistance, in vulnerability to toxin-

induced nigrostriatal DA depletion. If 6-OHDA is produced endogenously even in small

amounts, the increased vulnerability of DA neurons in response to HF diet-induced insulin

resistance could put the nigrostriatal pathway at greater risk of damage during chronic HF

feeding.

HF feeding in rodents has been previously characterized by our laboratory to cause

weight gain, impaired insulin signaling, and glucose intolerance (Gupte et al., 2009). In the

current study, an IPGTT indicated that HF-fed animals were insulin resistant prior to 6-

OHDA administration. Skeletal muscle accounts for the vast majority of glucose uptake in

the body (DeFronzo et al., 1985), and muscle glucose uptake decreases as a result of

insulin resistance. Thus, to further analyze the extent of insulin resistance in these animals,

glucose uptake was measured in two muscles: the EDL (fast-twitch glycolytic) and soleus

(slow-twitch oxidative) muscles. In the EDL, insulin action was impaired with HF feeding:

insulin exposure elicited a much greater increase in glucose transport in chow animals

compared to HF-fed rats. However, in the soleus, insulin-stimulated glucose transport did

not differ significantly between the two groups. This may be due to different metabolic

adaptations to a HF diet between muscle types (Gupte et al., 2009), or different levels of

heat shock proteins, which protect tissues against oxidative stress (Gupte et al., 2008).

The fact that HF-fed animals exhibited significantly greater DA depletion than chow-

fed animals in both the SN and the striatum after 6-OHDA treatment supports a relationship

between insulin resistance and PD. Neurons in the SN exist under a high oxidative load due
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to DA metabolism. Both enzymatic and non-enzymatic DA metabolism generates reactive

oxygen species (Martin and Teismann, 2009), and in this manner DA can cause both

intracellular and extracelluar damage to local neurons (Yokoyama et al., 2008). The SN also

has a very high iron content (Snyder and Connor, 2009), which may further exacerbate

oxidative damage by reacting with byproducts of DA metabolism to generate highly reactive

radicals (Coyle and Puttfarcken, 1993). Although the nature of DA neuron degeneration in

PD is unclear, it is likely that reactive oxygen species play a role in early disease

progression (reviewed in (Jenner, 2003). It is possible that the HF diet may exacerbate

further DA depletion in this region because it is already highly vulnerable to damage.

Because neurons in the SN project to the striatum and release DA, it follows that DA

depletion would be evident in this tissue as well.

Interestingly, DA depletion in both the SN and striatum correlated significantly with

HOMA-IR values. HOMA-IR is a widely used assessment of beta cell function and insulin

resistance that accounts for both fasting glucose and fasting insulin levels (Wallace et al.,

2004). As expected, HF-fed animals exhibited significantly higher epididymal fat weight was

compared to the chow group. HF feeding and increased adiposity have been shown to

increase levels of free fatty acids (Chess et al., 2009), which are known to contribute to

insulin resistance in skeletal muscle (Boden, 2008). Like HOMA-IR, epidydymal fat content

also correlated significantly with nigral and striatal DA depletion.

It is possible that increased oxidative stress contributes to SN vulnerability in the HF

diet group. As an indirect measure of oxidative stress occurring in the SN, we measured

activation (phosphorylation) of Hsp27 and protein levels of IkBα. We chose to analyze

Hsp27 because, when active, it can protect against oxidative stress and mitochondrial

complex I damage (Downs et al., 1999, Escobedo et al., 2004), which occurs in PD (Beal,

2003). Hsp27 also binds and sequesters the stress kinase IkKβ, in turn decreasing its
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activity (Park et al., 2003). We observed a significant decrease in protective Hsp27 activity

(pHsp27) in the SN of HF-fed rats, indicating an impaired stress response in this group.

Because the stress kinase IkKβ degrades the downstream protein IkBα, analysis of IkBα

levels is used as an indicator of IkKβ activity (Gupte et al., 2009, Hacker and Karin, 2006).

The HF group exhibited a strong trend for decreased IkBα protein levels, likely due to

increased activity of IkKβ.

Altered DA turnover (indicated by the ratio of DOPAC to DA in whole tissue) is a

measure of DA metabolism (Altar et al., 1987) and reflects a functional response to

nigrostriatal degeneration. In the SN, DA turnover was greater in HF-fed animals compared

to the chow fed animals. Previous studies have shown that DA turnover is dependent on the

extent of DA depletion, with greater DA depletion resulting in increased turnover [42, 43]. In

our study, DA turnover was significantly increased in the lesioned compared to nonlesioned

SN in HF rats, the group that exhibited nearly 50% DA depletion. Increased DA turnover

could be a compensatory mechanism for maintenance of normal synaptic DA levels

following DA neuron loss (Zigmond et al., 1990), and in a progressive MPTP model, DA

turnover increases with greater DA depletion (Bezard et al., 2001). However, the chow

group in our study actually exhibited decreased DA turnover in the lesioned vs. nonlesioned

SN. It is possible that, with much lower (~30%) DA depletion, decreased turnover could also

be a compensatory effect to keep existing DA in the synapse for an extended time period. It

is clear that the low depletion level in chow animals was not sufficient to trigger an increase

in DA turnover, as occurred in the HF group. In addition, there was no significant effect of

group or hemisphere for this measure in the striatum. This suggests either that alterations

occurring “upstream” in the SN occur first, or that the partial DA depletions in the chow-fed

rats did not reach the threshold necessary to produce these compensatory effects in the

terminal region.
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Although our results support an exacerbating role for a HF diet on toxin-induced DA

depletion, other effects of a HF diet may also contribute. Increased inflammatory signaling,

adipokine levels, oxidative or nitrostative stress, mitochondrial dysfunction, and lipid

metabolism have all been shown to occur with HF feeding (Cano et al., 2009, Gupte et al.,

2009), reviewed in (Uranga et al., 2010). Some of these peripheral effects, such as oxidative

stress, also occur in the brain following HF feeding (Fachinetto et al., 2005, Morrison et al.,

2010, Zhang et al., 2005). Although specific contributions of additional effects of the HF diet

cannot be ruled out, our findings support a role for insulin resistance in mediating increased

toxin-induced DA depletion.

In conclusion, our results suggest that a HF diet can increase 6-OHDA-induced DA

depletion in the nigrostriatal pathway. This study supports the findings of a previous study

reporting enhanced MPTP toxin-induced nigrostriatal DA depletion in mice following a HF

diet (Choi et al., 2005) and extends these findings to a different model and species. Our

novel findings regarding 6-OHDA are particularly of interest in light of the fact that 6-OHDA

is likely produced endogenously by DA metabolism. These findings, which support a

“multiple hit” hypothesis regarding insulin resistance and neurotoxin exposure in vulnerability

to PD, warrant further investigation into the mechanisms by which DA depletion is increased

by a HF diet and insulin resistance.
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FIGURE 4.1
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Figure 4.1. Food intake and body weight. HF feeding affected body weight (A), and food

intake (B). HF-fed animals weighed more than chow-fed rats, although food intake in the HF

group was increased only initially and was affected to a greater extent by the lesion. Values

are means ± SE for 8-10 rats per group. *p<0.05 Chow vs. HF.
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FIGURE 4.2
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Figure 4.2. Intraperitoneal glucose tolerance test (IPGTT). After an overnight (12 hour)

fast, an intraperitoneal injection of 60% glucose was administered at 2g glucose/kg body

weight. Insulin (A) and glucose (B) were measured in tail blood at six time points:

0,15,45,60, 90, and 120 minutes after the glucose bolus (injection at t=0). The HF group

exhibited significantly higher glucose values 90 and 120 minutes following the bolus. Serum

insulin levels were significantly higher at the fasting (0) time point and 120 minutes post-

bolus. *P≤0.05.
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FIGURE 4.3
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Figure 4.3. HF diet affects glucose transport in skeletal muscle. Glucose transport was

measured to further characterize the effect of diet on peripheral insulin sensitivity. 2-

deoxyglucose uptake was determined in EDL (A) and soleus (B) muscles incubated in the

absence (black bars) or presence (gray bars) of 2mU/mL insulin. Insulin significantly

increased glucose uptake in both the EDL and soleus muscles of all rats. In the EDL

muscle, insulin stimulated glucose transport in HF rats was less than controls, indicating

insulin resistance. Values are means ± SE for 10-12 muscles per group. *p<0.05 Basal vs.

Insulin, #p<0.05 interaction effect between group and insulin.
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FIGURE 4.4
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Figure 4.4 Effects of HF diet and 6-OHDA on tissue DA content. DA content in the right

(lesioned) striatum was divided by DA levels in left (nonlesioned) striatum to obtain a

percent depletion for each rat. Percent depletion was calculated in two different tissues: the

SN (A), and striatum (B). HF-fed animals exhibited significantly greater DA depletion than

controls in both tissues. Values are means ± SE for 8-10 samples per group. *p<0.05 Chow

vs. HF.
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FIGURE 4.5
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Figure 4.5.  Systemic effects of HF feeding correlate with DA depletion. HF-fed rats

exhibited a higher HOMA-IR value compared to chow fed rats (A), indicating impaired insulin

sensitivity. In all animals, there was a significant positive correlation between HOMA-IR and

DA depletion levels in SN (B) and striatum (C). The HF diet group also exhibited higher

epidydymal fat weight as expected (D). Like HOMA-IR, epidydymal fat also correlated

significantly with DA depletion in both tissues (E, F). Values are means ± SE 8-10 rats per

group. *p<0.05 Chow vs. HF.
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FIGURE 4.6
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Figure 4.6. Effects of HF diet and 6-OHDA on DOPAC/DA ratio. The ratio of DOPAC

divided by DA was calculated as an estimate of DA turnover in the SN (A) and the striatum

(B). In the SN, DA turnover was significantly increased in the lesioned hemisphere of HF-fed

animals, but was decreased in the lesioned hemisphere of chow-fed animals. No difference

between groups was observed in the striatum. Values are means ± SE for 8-10 samples per

group. *p<0.05 chow vs. HF, #p<0.05 interaction effect between group and hemisphere.
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FIGURE 4.7
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Figure 4.7. HF feeding decreases heat shock protein activation and IkBα protein

levels. Activation of Hsp25 (A) and IkBα expression (B) were analyzed in the SN. There was

significantly less activation of Hsp25 in HF-fed animals compared to the chow group. The

HF group also exhibited a strong trend (p=0.056) for  a decrease in IkBα protein levels

compared to chow rats. No difference between hemispheres was observed for either protein

measure. Values are means ± SE for 5-7 samples per group. *p<0.05 Chow vs. HF.
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Table 4.1

Characteristics of Chow- and HF-fed rats

Chow High Fat
Glucose (mg/dL) 115 ± 2.4 127 ± 1.8
Insulin (ng/mL) 0.675 ± 0.204 1.26 ± 0.420

Total Cholesterol (mg/dL) 93.3 ± 4.77 90.0 ± 4.13
LDL-C (mg/dL) 36.8 ± 2.17 30.2 ± 2.3

Distance Traveled (m) 44.28 ±3.6 45.27 ± 4.0
Ipsilateral Gastrocnemius wt (mg) 1955 ± 54.2 2005 ± 72.8

Contralateral Gastrocnemius wt (mg) 2045 ± 51.9 2017 ± 63.9
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Table 4.2

Mean (+/- S.E.M.) striatal DA and DOPAC values for experimental groups (ng/g)

Chow High Fat
Region Metabolite Nonlesion Lesion Nonlesion Lesion
Striatum DA 8485 ± 2683 6026 ± 1905 11329 ± 3776 5918 ± 1972

DOPAC 1557 ± 492 1141 ± 360 1952 ± 650 1105 ± 368
Substantia

Nigra
DA 629 ± 198 404 ± 127 647 ± 228 322 ± 113

DOPAC 198 ± 62 88 ± 28 210 ± 74 163 ± 57
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CHAPTER 5

DISCUSSION AND FUTURE DIRECTIONS
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DISCUSSION AND FUTURE DIRECTIONS

Clinical studies suggest a potential casual link between T2D and PD. The aim of this

study was to use animal models to investigate specific mechanisms that could mediate this

link. Our goals were threefold: 1) to determine the effect of HF feeding on DA function in the

basal ganglia, 2) to study the effect of DA depletion in insulin signaling in the basal ganglia

and periphery, and 3) to investigate whether diet could exacerbate 6-OHDA mediated DA

depletion.

5.1. Aim 1: HF diet model

To investigate T2D as a risk factor for PD, we used a HF diet model to induce insulin

resistance. The ability of a HF diet to impair peripheral glucose metabolism has been well-

characterized by our laboratory and others. As expected, we observed fasting

hyperglycemia, hyperinsulinemia, and impaired glucose tolerance following a 12 week HF

diet. Most interestingly, HF feeding resulted in striking effects on DA function in the basal

ganglia. In vivo electrochemical studies revealed a significant decrease in striatal DA

release and uptake; in fact, the observed alterations in DA function resembled those

reported in aging studies (Hebert and Gerhardt, 1998). HPLC revealed that DA turnover was

also significantly decreased. Although no overt DA depletion was observed, a decrease in

DA turnover is in line with the observed electrochemical changes and may precede actual

neuron loss. A drop in DA turnover could presumably indicate an increase in the length of

time DA is present in the synapse and increase its propensity to undergo auto-oxidation. It

could also decrease DA recycling and availability for re-packaging.

One of the most interesting findings from this aim was the alteration in iron

mechanics. MRI analysis in live animals showed a marked T2 hypointensity in the SN. This

indicates increased SN iron content, which is intriguing because protein analysis in that

region showed significant alterations in expression of proteins involved in iron transport. One



140

weakness of our study is that we did not directly measure iron transport. This would be

difficult to do in vivo, but future studies could measure the effect of insulin on membrane-

associated transferrin receptors in cultured neurons in a similar manner as has been done in

adipocytes (Davis et al., 1986). Because insulin signaling appears to be important to iron

transport, it is also important to temporally characterize the point at which insulin resistance

occurs in the brain. Although our study and previous studies in our laboratory have shown

that peripheral insulin resistance is evident following a 12 week HF diet, these animals

actually exhibit increased AKT phosphorylation in the SN (Figure 2.5). Because these

animals are hyperinsulinemic, this would be expected in the absence of brain insulin

resistance. We can speculate that by the time the brain does become insulin resistant, iron

deposition and neuronal damage may already be in progress. Although no DA depletion

resulted from the 12-week HF diet, impaired DA function and increased iron deposition

could together make DA neurons even more vulnerable to damage and precede neuronal

loss.

5.1.a.Future direction: Mitochondrial function and HF feeding

Data from this project indicate functional differences in nigrostriatal neurons between

diet groups. As mentioned, one striking finding was that K+-evoked DA release was

significantly blunted following HF diet-induced insulin resistance. The reasons behind this

effect are unclear: we observed iron dysregulation in the SN, but other possibilities have not

been ruled out. One possibility is energy deficiency due to mitochondrial dysfunction. DA

packaging into vesicles is accomplished by VMAT2 (Eiden et al., 2004). Because vesicular

packaging occurs against electrochemical and concentration gradients, it requires energy

expenditure. Mitochondrial damage can impair the ability of mitochondria to produce ATP

efficiently. Impaired mitochondrial ATP production is part of the mitochondrial theory of

aging (Navarro and Boveris, 2007), which is interesting because the effect of HF feeding on
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DA release (Figure 2.2) was strikingly similar to the effect of aging on DA release (Hebert

and Gerhardt, 1998). It is possible that these energy deficits could affect DA packaging via

VMAT2. This may explain why alterations in DA function are observed in the absence of

decreased DA content. Impaired vesicular partitioning would likely result in increased

cytosolic DA, which has been shown to increase oxidative stress levels and lead to

neurodegeneration (Caudle et al., 2007).

To test this hypothesis, striatal tissue will be harvested from rats following HF

feeding. Fresh striatum samples from subsequent sections will be pooled from both

hemispheres of each rat to obtain maximum tissue mass. Mitochondria will be density

gradient purified from fresh tissue and oxygen consumption will be measured to determine

mitochondrial capacity. SN tissue will be frozen and analyzed for expression of VMAT2 and

proteins involved in mitochondrial function (i.e. cytochrome c, citrate synthase, Cox-1 and

Cox-4, PGC1, etc.) using western blot. These measures have been made in skeletal

muscle following a HF diet (Gupte et al., 2009), but not in nigrostriatal neurons. Because

these measures will be available from individual animals, mitochondrial measures can be

correlated with electrochemical measures obtained in vivo to determine the contribution of

mitochondria to differences in DA function.

5.1.b.Future direction: HF feeding and alpha synuclein

We also measured monomeric alpha-synuclein expression in the SN of HF fed

animals. Intriguingly, we observed that HF feeding alone actually decreased endogenous

levels of monomeric alpha-synuclein (Figure 5.1A). In addition, there was a strong positive

correlation (p<0.0001, R=0.77) between monomeric alpha-synuclein expression and

expression of the protein IkBα in our 12 wk HF-diet model (Figure 5.1B). This is interesting

because IkBα is decreased in the face of oxidative stress due to increased expression of the

upstream stress kinase IkKβ. Thus, an increase in IkBα would indicate less oxidative stress,
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and a positive correlation between monomeric alpha-synuclein and IkBα indicates increased

monomeric alpha synuclein expression in neurons with less oxidative stress. This is

consistent with reports that alpha-synuclein plays a role as an antioxidant (Zhu et al., 2006).

Processes that deplete monomeric alpha-synuclein, such as oligomerization or aggregation,

could contribute to oxidation of lipid membranes in neurons (Zhu et al., 2006). Thus, it is

possible that either increased (overexpressed) alpha-synuclein that results in aggregation or

decreased monomeric alpha-synuclein could be detrimental to neuronal function.

FIGURE 5.1

Figure 5.1. HF feeding decreases monomeric alpha-synuclein expression. A 12 week

HF diet decreased expression of monomeric (14kd) alpha-synuclein protein. Alpha synuclein

expression was positively correlated (p<0.0001, R=0.77) with expression of IkBα, supporting

previous studies that indicate endogenous alpha-synuclein as having an antioxidant

function.
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5.2. Aim 2: 6-OHDA model

It is unclear whether the link between PD and T2D is bidirectional, so we designed

experiments to test glucose tolerance in a well characterized preclinical PD model, the 6-

OHDA lesion model. First, we tested whether insulin signaling was affected in the brain.

Although it is recognized that the majority of glucose uptake into neurons is insulin-

independent, insulin signaling proteins are abundant in many brain regions and the role of

insulin signaling in the brain is still debated. In young animals, we observed a DA depletion-

dependent, bilateral inhibition of insulin signaling in the striatum following a 6-OHDA

administration. This is not surprising, because oxidative stress is known to impair insulin

signaling, and the accepted mechanism for 6-OHDA mediated toxicity is oxidative damage.

Because the brain and periphery communicate via autonomic systems, and since

catecholamine depletion occurs in the hypothalamus in PD patients, it is also possible that

glucose disposal and insulin signaling could also be affected in the periphery. However, we

did not observe any effect on glucose tolerance or peripheral insulin signaling in young rats.

A follow up study using middle-aged animals also showed that striatal insulin signaling was

affected, but again, glucose tolerance and peripheral insulin signaling was unchanged. It

should be noted that, in the follow-up study, insulin levels were affected during the IPGTT.

It is possible that increased insulin early in the course of the glucose tolerance test

may serve as a compensatory mechanism to help maintain normal glucose levels in

lesioned animals. The increase in blood glucose levels at the end of the glucose tolerance

test corresponded to a decrease in serum insulin, which supports this possibility. However,

we did not see any changes in insulin-stimulated signaling in either fast or slow muscle, and

rats were not hyperglycemic. Thus, we conclude that the unilateral 6-OHDA lesion model is

not an optimal animal PD model to assess glucose tolerance.
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5.1.a.Future direction: Bilateral 6-OHDA model

As mentioned, we measured small changes in serum insulin levels following a

glucose tolerance test in animals treated unilaterally with 6-OHDA. Because the pancreas

receives bilateral inputs from the brain, it is possible that we would see a greater effect with

bilateral 6-OHDA administration. This model has been characterized (Salamone et al.,

1993), and we have performed bilateral lesions in our laboratory (Figure 5.2). Peripheral

glucose tolerance has not been assessed in this model. However, an important weakness of

this more severe lesion model is that these animals experience drastic decreases in food

intake and increased weight loss. These alterations alone may interfere with our

investigation of glucose tolerance, as it takes many weeks for these animals to resume

normal behavior. To minimize these effects, we could use a milder infusion (6 µg / side) into

the striatum to obtain a lower degree of bilateral depletion. The length of recovery could also

be increased from 6 weeks post-lesion.

FIGURE 5.2

Figure 5.2. Comparison of DA content in unilateral and bilateral lesion models.

Animals to be lesioned unilaterally were administered 9µg of 6-OHDA into the medial
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forebrain bundle on the right hemisphere. Animals to be lesioned bilaterally were

administered 12µg of 6-OHDA into the dorsal striatum in both hemispheres. DA content was

quantified using HPLC. Values are means ± SE for 2-7 samples per group.

5.3. Aim 3: Discussion and future directions: HF + 6-OHDA

Finally, we aimed to investigate whether a HF diet could exacerbate DA depletion

produced by the toxin 6-OHDA. This is of clinical relevance because several environmental

toxins have been shown to either elicit or exacerbate DA depletion (Brooks et al., 1999,

McEver, 1991, McGrew et al., 2000, Thrash et al., 2007, Walters et al., 1999). As expected,

we observed that a low dose of 6-OHDA resulted in partial DA depletion in rats fed normal

chow. However, the same dose of 6-OHDA elicited significantly greater DA depletion in

animals consuming a HF diet. It has been shown that HF feeding increases measures of

oxidative stress in several brain regions, including the SN. Because 6-OHDA is proposed to

elicit toxicity through an oxidative mechanism (Blum et al., 2001), it is likely that 6-OHDA

mediated damage is potentiated by the already high levels of oxidative stress in HF-fed

animals.

Interestingly, DA depletion correlated significantly with HOMA-IR, an assessment of

insulin sensitivity. This supports a role for insulin resistance in exacerbating DA depletion

following toxin exposure. However, it remains to be determined whether it is actually insulin

resistance itself or oxidative stress caused by insulin resistance that affects depletion levels.

Insulin signaling does affect (increase) membrane associated DAT (Carvelli et al., 2002,

Garcia et al., 2005), and we did not characterize brain insulin signaling in the combined

HF+6-OHDA model. This is important to note because it is known that 6-OHDA uptake can

occur via DAT (Blum et al., 2001). However, in this experiment, it is unlikely that high insulin,

per se, directly caused increased 6-OHDA uptake for two reasons. First, the lesion was
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performed at the beginning of the experiment. This was before increased glucose and

insulin levels were apparent in the HF-fed group. Thus, high insulin at the time of the lesion

should not have affected DAT membrane expression. Moreover, although we did not

measure DAT membrane association, we did measure DAT protein levels by Western blot,

and they were not significantly different between groups. Second, we have actually

demonstrated that insulin signaling is inhibited by 6-OHDA six weeks following toxin

administration (aim 2), meaning that even though high serum insulin levels were observed at

tissue harvest, there is likely insulin resistance in the brain, as we have shown in previous

studies using 6-OHDA and the 6-week timeframe. Furthermore, we have directly measured

markers indicating increased oxidative stress (decreased reduced glutathione, increased

oxidized:reduced glutathione ratio; aim 1) in serum of rats fed a HF diet for 12 weeks.

Oxidative stress was likely increased in the periphery, and we saw a strong trend for a

marker of increased oxidative stress (decreased Ikb protein) in the SN. In sum, we

observed higher DA depletion in HF-fed, insulin resistant rats in response to the same dose

of 6-OHDA. The exact mechanism by which this increased vulnerability is mediated remains

to be determined. However, it is likely that increased oxidative stress, a consequence of the

observed insulin resistance, plays a role.

5.3.a. Future direction: HF diet and alpha-synuclein AAV vector model

One weakness of our experiments involves the exclusive use of 6-OHDA to model

PD. While this widely-accepted animal model results in DA neuron degeneration, DA

depletion, and motor deficits, it does not result in Lewy body pathology. Genetic mouse

models expressing mutant alpha-synuclein or overexpressing wild-type alpha-synuclein can

be used to study the effects of alpha-synuclein aggregation and Lewy body formation. Such

genetic models are not available in the rat. However, recently it has been shown that SN
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infusion of alpha-synuclein viral vector increases nigral alpha-synuclein expression and

results in DA depletion.

Due to its presence in Lewy bodies, alpha-synuclein has been implicated in PD. In

addition, iron and other metals have shown to induce alpha-synuclein aggregation (Uversky

et al., 2001; Golts et al., 2002) and fibrillation (Uversky et al., 2002) which is interesting

since our results implicate high SN iron following a HF diet. One development in recent

years is targeted overexpression of alpha-synuclein using stereotaxic adeno-associated viral

(AAV) vector delivery (Kirik and Bjorklund, 2003, Ulusoy et al., 2010). We have recently

integrated the alpha-synuclein vector infusion model in our laboratory, demonstrating SN DA

depletion and overexpression of alpha-synuclein four months after alpha-synuclein vector

infusion (Figure 5.3). To expand on our findings regarding increased vulnerability of HF fed

animals to 6-OHDA, we could examine the combined effect of HF feeding and alpha-

synuclein expressing AAV vector infusion. Administration of alpha-synuclein expressing

AAV vector reproduces some of the same phenotypes seen in PD, including cytoplasmic

inclusions positive for alpha-synuclein (Kirik et al., 2003). We believe that this will

complement our studies using 6-OHDA.
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FIGURE 5.3

Figure 5.3. Nigral infusion of an α-synuclein vector results in DA depletion. Animals

were infused unilatearlly with AAV vector expressing alpha-synuclein and allowed to survive

for four months following infusion. Alpha-synuclein expression and DA content was analyzed

in the non-infused (control) and vector-infused (α-synuclein ) hemispheres. We have shown

that α-synuclein vector infusion results in (A) increased alpha-synuclein expression and (B)

decreased DA content in the SN. Values are means ± SE for 3 rats per group. *p<0.05

control vs. α-synuclein.

5.4. Additional interventions

During the course of this study, the potential for therapeutic interventions became

apparent. The observed increase in nigral iron content and altered iron-responsive protein

expression in our HF diet model suggest that normalizing SN iron levels may improve DA

function. An intervention such as iron chelation would also allow us to investigate whether it

is specifically iron that is contributing to impaired DA function. In addition, our laboratory has

shown of heat shock proteins improve insulin resistance following a HF diet. We are



149

investigating a drug that can upregulate heat shock protein expression in the brain and

periphery as another potential intervention. Upregulation of heat shock proteins will allow us

to improve glucose metabolism during HF feeding and further investigate the mechanism

behind impaired brain DA function.

5.4.a. Iron chelation

Our studies suggest that insulin may play a role in iron accumulation in the SN and

potentially affect neuronal function. It has been known for some time that iron accumulation

in the SN occurs in PD patients, and it has been shown that iron chelation can protect

against DA neuron degradation (Andersen, 2004, Zhu et al., 2010). However, controlling

iron-mediated DA neurodegeneration is not as straightforward as it seems. In fact, it has

been shown clinically that some PD patients actually have decreased serum iron

concentration when compared to controls (Logroscino et al., 1997) even though brain iron

concentration is higher. Furthermore, although dietary iron chelation is neuroprotective

against toxins such as MPTP, decreasing iron levels too much can actually decrease DA

content, as iron is necessary for DA synthesis (Levenson et al., 2004).

It is likely iron transport, not systemic iron levels, that is important in PD

pathogenesis. Impairment of iron transport into the nigra is protective against both MPTP

and 6-OHDA (Hirsch, 2009), To build on this idea, we will investigate the effect of

administering the iron chelator deferiprone (Ferriprox®). Deferiprone can cross the blood-

brain barrier and is approved for use in treatment of neurodegeneration with brain iron

accumulation and thalassemia (Forni et al., 2008). Deferiprone is unique because it works

by redistributing iron to other cellular compartments or regions rather than promoting iron

excretion (Kakhlon et al., 2010). As mentioned, this is important because iron plays

important physiological roles within the cell.
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5.4.b. Heat shock proteins as a therapeutic intervention

Molecular chaperones have long been recognized for their ability to mitigate cellular

stress and maintain homeostasis. Recently, our laboratory has shown that induction of

chaperone proteins by heat treatment improves insulin resistance following a HF diet (Gupte

et al., 2009). Two chaperones central to the heat shock response are heat shock protein 90

(Hsp90) and heat shock protein 70 (Hsp70). Overexpression of Hsp70 in non-neuronal cell

lines protects against cellular stress such as oxidative damage and apoptotic stimuli, and it

has also been shown that Hsp70 prevents apoptosis in neuronal cells (Zheng and Yenari,

2006). Investigation of Hsp70 as a therapeutic agent in PD is important because a role for

Hsp70 in the pathogenesis of PD has been implicated clinically. The protein ST13, a

cofactor which interacts with and stabilizes Hsp70, was found to be one of 22 genes

differentially expressed in PD patients (Scherzer et al., 2007). In sympathetic neurons,

Hsp70 inhibits apoptosis upon NGF withdrawl by decreasing c-Jun activation (Bienemann et

al., 2008). Because of its protective effects on neurons and ability to improve peripheral

glycemia, upregulation of Hsp70 could provide a novel intervention in the pathways that may

link PD and T2D.

Several studies have investigated the use of an Hsp90 inhibitor to increase Hsp70

expression. Normally, the heat shock response is restrained by a stable complex between

Hsp90 and another protein, heat shock factor-1 (HSF1). However, this complex is

destabilized in the presence of cellular stress, resulting in oligomerization, phosphorylation,

and nuclear translocation of HSF1 (Ansar et al., 2007). Once in the nucleus, HSF1 induces

heat shock protein expression. Pharmacological inhibition mimics this destabilization of the

Hsp90/HSF1 complex (Ansar et al., 2007). One such Hsp90 inhibitor, Geldanamycin (GA),

has been well-characterized for its ability to increase Hsp70 protein content, resulting in
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protection against against both alpha-synuclein and ROS. (Shen, 2005)(Shen, 2005)This is

likely mediated by a striatal increase in both Hsp70 and HSF1 (Shen et al., 2005). Flower et.

al. showed that overexpression of the yeast heat shock protein SSA3 decreases ROS, and

moreover, that GA also protected against ROS (Flower et al., 2005, Flower, 2005).

However, a pitfall of Geldanamycin is its toxicity.

We have recently investigated the ability of a nontoxic Hsp90 inhibitor, KU-32, to

upregulate Hsp expression in rat brain and skeletal muscle. Intraperitoneal administration of

KU-32 upregulates Hsp expression in a dose dependent manner (Figure 5.3). Because

Hsp70 upregulation can protect against insulin resistance, it is possible that it KU-32

administration could normalize the alterations in DA function that we observed following HF

feeding.
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Figure 5.4

Figure 5.4. Induction of Hsp70 expression by KU-32 injection in skeletal muscle and

striatum. (A) In soleus muscle, Hsp70 expression was increased 24% with 1 injection of

KU-32, which was increased to a 37% increase with 2 injections of drug when compared to

vehicle (saline) injected controls. In striatal tissue (B), there was a 76% increase in Hsp70

expression with 1 injection of KU-32 and an 83% increase when 2 injections were

administered vs. vehicle injected controls. Values are means of ± SE for 4-8 samples.

*p<0.05 vehicle vs. drug administration.

A. B.
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General Summary

This project characterized the effect of insulin resistance on DA function in the basal

ganglia, the effect of nigrostriatal DA depletion on peripheral metabolism, and the combined

effect of HF feeding and toxin mediated DA depletion. Our preclinical studies present

evidence that high fat diet-induced insulin resistance does affect the nigrostriatal pathway.

Marked changes in DA release and uptake, as well as iron deposition, were observed. In

addition, high fat diet-induced insulin resistance also increases the vulnerability of

nigrostriatal neurons to toxin exposure. However, unilateral nigrostriatal dopamine depletion

does not appear to discernibly affect glucose tolerance or peripheral insulin signaling. Our

preclinical studies support a link between insulin resistance and nigrostriatal function, but

suggest that this link is mainly one-directional, with insulin resistance preceding changes in

nigrostriatal function.  We feel that this work has significantly increased our understanding of

how insulin resistance can affect the brain, and that the proposed future directions will

contribute to our mechanistic understanding of insulin resistance and nigrostriatal function.
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