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Abstract
Disruption of Monoamine Homeostasis in Models of Neurological and Neuroendocrine Diseases

By Erika Danielle Dean

While glucose intolerance has been associated with Parkinson's disease (PD), a link
between PD and diabetes has been demonstrated in epidemiological studies only recently.
Additionally, numerous studies have shown that polychlorinated biphenyls (PCBs) increase the
risk of developing both PD and diabetes suggesting that common molecular pathways targeted by
PCBs may be involved in both diseases. Disruption of dopamine homeostasis is linked to PCBs in
PD; however, disruption of dopamine homeostasis with relation to glucose homeostasis is
unknown. Since the pancreas is dopaminergic, the effects of PCBs on glucose homeostasis were
investigated.

Female mice treated with PCBs gain weight, develop impaired glucose tolerance, and
have reduced adiponectin serum levels. PCB-treated female mice have a 36% reduction in
pancreatic dopamine levels and increased glucose-sensitive secretion of insulin. PCBs inhibit the
vesicular monoamine transporter 2 (VMAT?2) that packages dopamine into vesicles in neurons
and beta cells at low micromolar concentrations. Unlike PCB-treated females, female mice
expressing low levels of VMAT2 (VMAT2 LO) do not develop age-associated changes in
glucose homeostasis that wild-type mice develop. VMAT2 LO mice have low fasting glucose and
improved glucose tolerance at 24 months of age when wild-type littermates have begun to
develop impaired fasting glucose and glucose tolerance. Like PCB-treated female mice, VMAT?2
LO female mice have a 70% reduction in pancreatic dopamine levels and secrete more insulin in
response to rising blood glucose levels than wild-type mice. Intriguingly, glucose tolerance in
male mice treated with PCBs is improved as it is in VMAT2 LO mice. Thus, loss of dopamine is
sufficient to affect glucose-stimulated insulin release, but does not promote insulin resistance in
mice.
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Chapter 1

Introduction and Background



Introduction

Parkinson’s disease is a neurodegenerative disease that affects circuitry in the basal
ganglia of the brain controlling voluntary movement. While largely considered a movement
disorder with a loss of the dopaminergic nigrostriatal neurons in the brain, extranigral pathology
is also present in the disease. This extranigral pathology is believed to give rise to a many of the
non-motor symptoms of Parkinson’s disease. More recently, alterations in blood glucose
management has been appreciated in Parkinson’s disease patients. Additionally, patients with
diabetes mellitus have an increased risk of developing Parkinson’s disease. This suggests that
these two diseases may share a common etiology and common molecular pathways of
pathogenesis. Among possible shared etiologies is the exposure to polychlorinated biphenyls

(PCBs) and resulting dysregulation of dopamine homeostasis.

Monoaminergic Neurotransmission

Neuropsychiatric disorders, including Parkinson’s disease, Huntington’s disease,
Alzheimer’s disease, depression, bipolar disorder, autism spectrum disorder, and schizophrenia,
result from dysfunction in neurotransmission. More specifically, these disorders all share some
dysfunction in monoaminergic signaling. Monoamines, including dopamine, norepinephrine,
epinephrine, serotonin (5-HT), melatonin, and histamine, are so named because they share a
similar structure consisting of an amine group connected to an aromatic ring by a two-chain
carbon. Of these, the major monoaminergic signaling molecules of the central and peripheral
nervous systems are comprised of catecholamines (dopamine, norepinephrine, and epinephrine)

and tryptamines (5-HT and melatonin).

Catecholamines and tryptamines are synthesized by similar yet distinct mechanisms. All
catecholamines are derived from L-tyrosine metabolism while all tryptamines are derived from L-

tryptophan metabolism. For catecholamines, L-tyrosine is taken up into the neuron by the large



neutral L-amino acid transporter (LNAAT) where it is converted to L-DOPA by tyrosine
hydroxylase (TH) using tetrahydrobiopteran as a cofactor (Figure 1.1) (Eisenhofer et al., 2004a).
L-DOPA is then converted to dopamine, by aromatic L-amino acid decarboxylase (AADC). TH
and AADC are not only expressed in dopamine-producing cells, but also in norepinephrine and
epinephrine producing cells. In noradrenergic cell populations, dopamine is converted into NE
by dopamine [ hydroxylase (DBPH) in synaptic vesicles. Phenylethylnolamine-N-
methyltransferase (PNMT) can convert norepinephrine to epinephrine using S-

adenosylmethionine as a cofactor (Goldstein, 2010).

For tryptamine synthesis, L-tryptophan is taken up into neurons by LNAAT where it is
converted to 5-hydroxytryptophan (5-HTP) by tryptophan hydroxylase (TPH) using
tetrahydrobiopteran as a cofactor. 5-HTP is then converted to 5-HT by AADC. 5-HT can be
further catabolized by N-acetyltransferase to 5-hydroxyindole and then by 5-hydroxyindole-O-

methyltransferase to melatonin.

After monoamines are produced, they are packaged into synaptic vesicles in most
neurons by the vesicular monoamine transporter 2 (VMAT2) (Figure 1.2). Monoamines can then
be released into the synaptic cleft where they bind to and activate monoamine receptors. This
activation can be terminated by downregulation or endocytosis of the receptor. However, an
excess of monoamine can be present in the synaptic cleft and must be removed to attenuate
signaling by the monoamine. Monoamines can be cleared from the extracellular space by
reuptake transport or monoamine catabolism. For example, the dopamine transporter (DAT)
transports dopamine from the extracellular space back into the cytosol of the dopamine neuron,
and interference with this process is the mechanism by which many psychotropic drugs act (i.e.
cocaine). Dopamine is then typically recycled by repackaging into synaptic vesicles by VMAT2
for subsequent release. When not recycled, dopamine may be metabolized by catechol-O-

methyltransferase (COMT) to 3-methoxytyramine which is then metabolized to homovanillic acid



Figure 1.1: Monoamine Metabolism. TH converts L-tyrosine into L-DOPA. L-DOPA is
converted to dopamine by AADC. DBH converts dopamine to norepinephrine which is then
converted to epinephrine by PNMT. Dopamine can also be metabolized by COMT to 3-MT and
then to HVA by MAO. Alternatively, dopamine can be metabolized to DOPAL by MAO and

then to DOPAC ALDH. DOPAC is further metabolized to HVA by COMT.

TPH converts L-tryptophan 5-HTP. 5-HTP is then converted to serotonin by AADC.
Serotonin can be metabolized by N-acetyltransferase (NAT) to 5-hydroxyindole and then by 5-

hydroxyindole-O-methyltransferase (IOMT) to melatonin.
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Figure 1.2: Monoamine Homeostasis. Dopamine is synthesized in neurons by the concerted
actions of tyrosine hydroxylase and aromatic L-amino acid decarboxylase. Once dopamine is
synthesized, it is packaged into synaptic vesicles by the vesicular monoamine transporter 2
(VMAT?2) where it is stored until membrane depolarization and subsequent release from docked
synaptic vesicles. After release, dopamine can then bind to pre or post-synaptic dopamine
receptors. D1 receptors are coupled to Gsa subunits; therefore, activation of these receptors by
dopamine promotes the formation of cAMP from ATP. cAMP can then perform as second
messenger activating downstream pathways, including changes in gene expression. D2 receptors
are coupled to Gia subunits; therefore, activation of these receptors by dopamine inhibits the
formation of cAMP from ATP. In order to attenuate dopamine signaling after release, dopamine
can be metabolized by enzymes or taken back up into the presynaptic neuron by the dopamine
transporter (DAT). Once reuptake occurs, dopamine can either be metabolized by enzymes or

repackaged into synaptic vesicles by VMAT?2 for later release.
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(HVA) by monoamine oxidase (MAO) (Figure 1.1). Alternatively, dopamine may be
metabolized by (MAO) to 3,4-dihydroxyphenylacetaldehyde (DOPAL) which is rapidly
metabolized by aldehyde dehydrogenase (ALDH) to 3,4- dihydroxyphenylacetaldehyde

(DOPAC). Then, DOPAC can be further metabolized by COMT to HVA.

Monoaminergic neurotransmitters function by binding to cellular receptors that then
transduce signaling cascades. For dopamine signaling, dopamine binds to G-protein coupled
dopamine receptors that are expressed on membranes in multiple tissues throughout the body.
There are two classes of dopamine receptors D1-like (D1 and D5) and D2-like (D2, D3, and D4)
receptors. D1-like receptors are couple to Gsa proteins and stimulate cAMP production while

D2-like receptors are coupled to G;a proteins and inhibit cAMP production.

Introduction to Parkinson’s Disease

Parkinson’s disease is the 2" most common neurodegenerative disorder that is commonly
characterized by two pathological hallmarks, loss of dopamine neurons and the presence of
protein inclusions called Lewy bodies (Jankovic, 2008). Parkinson’s disease is a classically
described as a movement disorder characterized by several well-known motor symptoms
including tremor, rigidity, bradykinesia, postural instability, and shuffled gait; lesser known
motor symptoms include difficulty speaking, excessive salivation, difficulty swallowing,
drooling, masked facial expression, micrographia, dystonia, striatal deformities, and stooped
posture; however, Parkinson’s disease patients also experience a variety of non-motor symptoms.
Dementia, cognitive impairment, and loss of executive functions can develop. Psychiatric
disturbances such as hallucinations delusions are common late in the disease. Depression and
anxiety are often comorbid with Parkinson’s disease. Sleep disturbance in Parkinson’s disease
include excessive daytime sleepiness, restless leg syndrome, and REM sleep behavior disorder.
Patients may experience sensory disturbances such as pain, numbness, or tingling; patients will

often lose their sense of smell years before the onset of motor symptoms. Also, urinary
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dysfunction, sexual dysfunction, constipation, and delayed gastric emptying also are common in

this disease.

Parkinson’s disease was first formally described by James Parkinson, MD in “An Essay
on the Shaking Palsy” in 1819 (Kempster et al., 2007); however, it wasn’t until 1960 that striatal
dopamine deficiency was first described in Parkinson’s disease (Tolosa et al., 1998). Parkinson’s
disease is pathologically characterized by the loss of dopaminergic neurons in the substantia
nigra. This region of the midbrain projects to the striatum in the forebrain and is responsible for
the regulation of voluntary movement. Dopamine receptor agonists (apomorphine and
bromocriptine), dopamine replacement (i.e. Sinemet®- levodopa/carbidopa combination), and
MAQO inhibitors (selegiline and rasagiline) are commonly used to treat the motor symptoms of
Parkinson’s disease, but these are not affective at treating all other symptoms. Surgical
techniques and anticholinergic drugs are also used in combination with or in place of
dopaminergic drugs. With the numerous extra-motor symptoms associated with Parkinson’s
disease, it is not surprising that multiple other neuronal nuclei (especially monoaminergic

neuronal nuclei) are affected in the disease.

Another clue to the role of dopaminergic neuronal loss in Parkinson’s disease resulted
from the inadvertent poisoning of a group of heroin addicts in the San Francisco Bay area. Over
just a few days, the otherwise healthy addicts became parkinsonian (Langston et al., 1983). They
responded to L-DOPA therapy, and it was revealed that they had taken a synthetic opioid
contaminated with the compound 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). The
exposure resulted in dramatic loss of TH+ neurons in the substantia nigra pars compacta.
Additionally, a chemist at a pharmaceutical company that repeatedly worked with MPTP later
developed Parkinson’s disease (Langston and Ballard, 1983). He also responded to L-DOPA
therapy. These observations suggest that MPTP selectively targets dopamine neurons. This

effect has been repeatedly confirmed in animal studies. MPTP is the precursor to the neurotoxin
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1-methyl-4-phenylpyridine (MPP+) which is generated by the metabolism of MPTP by MAOg
(glial MAO). The selectivity of MPP+, a mitochondrial complex | inhibitor, is due to its selective
transport into dopamine neurons by DAT. MPP+ can also be transported into synaptic vesicles
by VMAT2 where it is sequestered (Liu et al., 1992).  Interestingly, both DAT and VMAT2
levels are reduced in the brains of Parkinson’s disease patients (Brooks et al., 2003). Overall,
these studies suggest that factors involved in regulating dopamine packaging and release may be

involved in Parkinson’s disease pathology.

The other pathological hallmark of Parkinson’s disease is the Lewy body. Lewy bodies
are eosinophilic, protein aggregates found throughout the brain stem and cortical regions of
Parkinson’s disease patients’ brains. Brain stem or classical Lewy bodies have a dense core of
protein with a halo of protein fibrils surrounding the core, while cortical Lewy bodies are
compact dense cores lacking any halo. Lewy neurites are also found in Parkinson’s disease and
represent swollen dystrophic neuritic processes. The primary component of Lewy bodies is the
Parkinson’s disease associated protein a-synuclein (a-syn); however, over 70 other proteins have
been demonstrated to be components of Lewy bodies, including several proteins implicated in
familial Parkinson’s disease, protein clearance, or dopamine homeostasis (ubiquitin, synphilin-1,
parkin, DJ-1, LRRK2, PINK1, TH, VMAT?2, etc) (Wakabayashi et al., 2007). It is unknown what
role Lewy bodies play in Parkinson’s disease pathogenesis; however, the fact that more Lewy
bodies are typically present in post-mortem analyses of patients in earlier stages of the disease
than those with late-stage diseases suggests that Lewy bodies mark neurons destined to die. It is
still intensely debated whether Lewy bodies actually cause neuronal death or if they serve some
protective purpose by sparing the neuron from aberrantly folded proteins interfering with other

cellular processes.

While the major pathological hallmarks of Parkinson’s disease have been identified, the

underlying causes of the pathology remain poorly understood. Several genes have been identified
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as risk factors or responsible for familial forms of Parkinson’s disease; however, these appear to
only account for a small percentage of Parkinson’s disease suggesting that environmental factors
play a large role in Parkinson’s disease pathogenesis. Although the number of genetic cases is
considered to be low, identification of the responsible genes has led to a much deeper
understanding of potential pathways involved. Oxidative stress, mitochondrial dysfunction, and
aberrant protein clearance are all now believed to be partially responsible for Parkinson’s disease
pathogenesis (Greenamyre and Hastings, 2004). However, factors affecting neurotransmission

are also affected in Parkinson’s disease.

Polychlorinated Biphenyls in Parkinson’s Disease

While several genetic loci are linked to familial and sporadic Parkinson’s disease,
numerous epidemiological studies have demonstrated a clear link between environmental
exposures and Parkinson’s disease. Several toxicants and metals have been identified to be
linked, including organochlorines (Hatcher et al., 2008a). While multiple toxicants have been
identified, no pure toxicant based model has reliably reproduced all or even most of the
symptoms of Parkinson’s disease. Unfortunately, neither have pure genetic models. This has led
to a great debate in the field as to what exactly “causes” Parkinson’s disease. It now seems clear
that a complex interaction between genetic susceptibly, dietary factors, and environmental
toxicant exposure most likely accounts for the majority of Parkinson’s disease cases. Despite the
lack of a single unifying cause, studying these multiple genetic and environmental factors has led
to the discovery of several common biochemical pathways affected by these triggers, including

mitochondrial respiration, oxidative stress, and dopamine /monoamine homeostasis.

Among these factors, organochlorines stand out as a disease modifier because so many
different organochlorines have been associated with Parkinson’s disease (Corrigan et al., 2000;
Elbaz et al., 2009; Fleming et al., 1994; Richardson et al., 2009; Weisskopf et al., 2010). One

large class of organochlorines associated with Parkinson’s disease is the polychlorinated
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biphenyls (PCBs). Post-mortem analyses show that PCBs are elevated in the caudate nucleus of
Parkinson’s disease patients (Corrigan et al., 1998). Recent unpublished data from our laboratory
has confirmed this link between PCB exposure and Parkinson’s disease. Several individual PCB
congeners and the class as a whole are detected at higher concentrations in the brains of
Parkinson’s disease patients versus age-matched controls by postmortem analyses, but only in
women. (unpublished observations). This is most striking because the incidence of Parkinson’s

disease is higher in men (Wooten et al., 2004).

PCBs are a large class of organochlorines characterized by the presence of a double-ring
structure that can be substituted at a combination of sites around the bi-ring backbone by chlorine
atoms to make up different individual compounds called congeners (Figure 1.3). There are 209
different PCB congeners named PCB 1 through PCB 209 with an increasing amount of chlorine
substitution corresponding to the increased numerical value of each congener (Mills et al., 2007).
PCBs were largely marketed in the US by Monsanto Company under the trade name Aroclor until
their ban in 1979, but were also widely produced and used throughout the world. PCBs as a class
have been shown to disrupt or activate several different biochemical pathways; however, each
PCB congener appears to act upon only a subset of these pathways. The ability to affect only a
subset of pathways is largely due to structural differences within the class and the varying degree

of chlorination.

Some PCB congeners have a planar or dioxin-like structure, and these congeners
typically have high affinity for the aryl hydrocarbon receptor (AhR). Traditionally, PCB toxicity
has been largely attributed to the dioxin-like congeners. This is because PCB binding of AhR has
been shown to activate transcription of genes related to the xenobiotic response, which has been
strongly linked to carcinogenesis and other forms of toxicity (Bemis et al., 2005; Pocar et al.,
2006). However, evidence exists of AhR-independent activation of gene transcription (Kietz and

Fischer, 2003). Another demonstrated mechanism of PCB effects is via estrogen receptor (ER),
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Figure 1.3: Structure of PCB. The general structure of a PCB includes biphenyl rings with
ortho (2, 2°, 6, or 6”), meta (3, 3°, 5, or 5°), and/or para (4, 4’) chlorine substitutions. Individual
congeners are named PCB 0- PCB 209 with increasing degrees of chlorination corresponding to
increasing congener number (Examples- PCB 0 or biphenyl is not chlorinated where as PCB 209

or decachlorobiphenyl is fully substituted.)
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but affinity for each ER subtype and associated cofactors is also affected differentially by
congener structure (Wu et al., 2008). In addition to transcriptional changes, ortho-substituted
(non-dioxin-like) PCBs have been shown to affect Ca*" signaling pathways via Ca®" channels
activation and to compete with thyroxine for transthyretin binding thus affecting thyroid hormone

signaling (Chauhan et al., 2000; Fonnum and Mariussen, 2009).

Polychlorinated Biphenyls in Diabetes Mellitus

With a variety of mechanisms of action, PCBs are able to exert their effects in multiple
cell types and tissues. Not surprisingly, PCBs are associated with multiple diseases. In addition
to evidence linking PCB exposure to Parkinson’s disecase, PCB exposure is also linked by
epidemiological studies to cancer (Hoque et al., 1998) . However, perhaps the strongest link
between PCB exposure and disease is PCB exposure and diabetes mellitus. Diabetes mellitus is
narrowly defined as a chronic disease state of hyperglycemia (fasting blood glucose >125mg/dl).
The cause of this imbalance in blood glucose is largely the effect of impaired signaling of the
hormone insulin.  Normally, insulin is released in response to elevated blood glucose levels.
Then, insulin interacts with cells throughout the body to signal that blood glucose concentrations
are excessive and production of glucose (gluconeogenesis) needs to halt and glucose must be
taken up into cells to provide fuel (ATP). When an individual has diabetes, this process is
impaired. Release of insulin in response to elevated glucose can fail for any number of reasons,
including impaired production of insulin or impaired recognition of glucose levels. Often time
beta cells die in the course of the disease leading to a reduced insulin pool available for release.
Alternatively, insulin may be released, but insulin receptors fail to transduce the appropriate

response, a condition called insulin resistance.

There are 3 types of diabetes. The most common form is type Il diabetes. This form is
characterized by insulin resistance where beta cells do not produce enough insulin to respond

properly to rising blood glucose levels and is often associated with obesity and sedentary
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lifestyle. Patients typically present with symptoms in adulthood which is why this form is
formerly referred to as adult-onset diabetes; however, childhood type Il diabetes is becoming
increasingly common as childhood obesity rates skyrocket. Type | diabetes is an autoimmune
form of diabetes where beta cells are immunogenic and little or no insulin is produced causing
patients to be dependent on insulin replacement therapy. The disease onset is most common in
childhood which is why type | diabetes is formerly referred to as juvenile diabetes; however in
type I, symptoms can also present in adulthood. This late onset is sometimes referred to as type
1.5 diabetes or latent autoimmune diabetes of adults (LADA). The third form of diabetes is
gestational diabetes, which affects women during pregnancy. During gestation, increased
metabolic demands on the mother to provide nutrition for the developing fetus challenge the
endocrine system. Normally, beta cell mass expansion occurs to facilitate better insulin response
and sensitivity. If the body fails to respond properly, the result can be intermittent diabetes
during the second and third trimesters. While this form typically resolves after birth, women with

gestational diabetes are at a much higher risk for developing type Il diabetes later in life.

Currently, diabetes affects approximately 1 in 10 individuals in the US (Prevention,
2011). The most recent projections predict that a child born in the US in the year 2000 will have
a greater than 30% chance of developing either type | or type Il diabetes with the vast majority
developing type Il (Narayan et al., 2003). Incidence rates for type Il diabetes are rapidly rising
worldwide, causing many scientists to investigate both new therapies for and potential causes of

diabetes mellitus.

Several risks factors for Type Il diabetes have been identified, including age, body mass,
family history, a history of gestational diabetes, heart disease, sedentary lifestyle, polycystic
ovary syndrome, and race. Symptoms are often undetected until many years after disease onset.
While dietary factors such as a high fat diet are commonly associated with type Il diabetes, other

factors are also currently under scrutiny.
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Over the last decade, epidemiologists have investigated more deeply the complex link
between obesity, diet, and environmental toxicant exposure. A multitude of environmental
toxicants have been associated with increased incidence of disease. Typically these toxicants are
lipophilic in nature and accumulate in body fat (Pelletier et al., 2003). Organochlorines are
believed to accumulate in body fat in both lean and obese persons; however, lean persons appear
to clear these toxicants from the body more readily than obese individuals shortening the duration
of exposure (Wolff and Anderson, 1999). Exposure to these compounds as measured by blood
concentrations are now commonly regarded as a risk factor for diabetes and may in part explain

the relationship between obesity and diabetes.

Indeed, numerous epidemiological studies over the last decade support a link between
organochlorines and diabetes. Most have found strong positive associations. Multiple studies
have shown associations with dioxins, PCBs, dichloro-diphenyl-dichloroethylene (DDE), B-
hexachlorocyclohexane, and heptachlor (Everett et al., 2011; Patel et al., 2010). Since both
dioxins and PCBs are structurally similar, these chemicals are often grouped together in studies.
However as mentioned previously, these compounds can exert their effects through sometimes

different mechanisms.

Unfortunately, relatively poor mechanistic data exist to support a role for PCBs and other
organochlorines in the pathogenesis of diabetes mellitus. Furthermore, metrics such as glucose
tolerance and insulin sensitivity in animals chronically exposed to PCBs and other
organochlorines to replicate a human exposure either have not been measured or do not support
such an association and went unpublished. Fasting glucose measures in rats chronically exposed
to PCB mixtures indicate that PCBs reduce blood glucose levels (Narbonne et al., 1978a;
Narbonne et al., 1978b). This seems counterintuitive at first that PCBs could then play a role in
diabetes mellitus since hyperglycemia is the primary symptom of the disease; however, increased

insulin secretion can result in hypoglycemia. This suggests that PCBs may regulate insulin
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secretion. While this affect has not been tested in animals or in isolated islets, experiments
performed in a rat insulinoma cancer cell line exposed to PCB congeners demonstrate that ortho-
substituted PCB congeners, but not dioxin-like PCB congeners can increase glucose-stimulated
insulin release in low micromolar concentrations (Fischer et al., 1996; Fischer et al., 1999).
Therefore, PCBs may be linked to diabetes mellitus because they promote hyperinsulinemia, an
early symptom of Type Il DM where the pancreas secretes too much insulin typically because of

underlying insulin resistance.

A recent study has examined the effect of PCB 77 (a dioxin-like PCB congener) on
adipocyte function. PCB 77 promotes body fat deposition in WT mice, but not AhR knockout
mice (Arsenescu et al., 2008). Additionally, differentiation of adipocytes increased in response to
low concentration of PCB 77, but high concentrations are inhibitory. Therefore, excessive
concentrations may simply be toxic to the cells masking their true effects at more physiologically

relevant exposures.

Is There a Link Between Parkinson’s Disease and Diabetes Mellitus?

Since epidemiological studies link PCBs to both Parkinson’s disease and diabetes,
naturally the question has been asked- “is there a link between Parkinson’s disease and diabetes
(Sandyk, 1993)?” There is a growing body of evidence that supports an association between
diabetes mellitus and Parkinson’s disease. One very large prospective study of over 50,000
Finnish people finds that a history of type Il diabetes increases risk for Parkinson’s disease in
men and women when adjusted for confounders {Hazard ratio 1.83 (95% CI 1.21-2.76)} (Hu et
al., 2007); however, surveillance bias may have influenced the findings. Additionally, a
prospective cohort study of 22,050 US male physicians (the Physicians Health Study) finds that
diabetes history increases the risk of Parkinson’s disease {Relative risk 1.34 (95% CI 1.02-1.80)}
after adjustment for confounders (Driver et al., 2008). This risk is highest in persons with a

normal body mass index, indicating that obesity is not necessarily driving the diabetes phenotype.
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However, one very large prospective study combining the Nurses' Health Study (121,046 women)
and the Health Professionals Follow-up Study (50,833 men) cohorts finds no association between
diabetes and Parkinson’s disease (Simon et al., 2007). A small case-control study in a Japanese
cohort found a reduced risk of Parkinson’s disease in diabetic patients (Miyake et al., 2010).
Another study finds a lower incidence of diabetes among Parkinson’s disease patients, but only
among patients receiving L-DOPA treatment (Becker et al., 2008). This may be related to the
known effects of dopamine and dopamine agonists on glucose homeostasis. Most recently, being
diabetic increases an individual’s risk of having Parkinson’s disease by 35% in a Danish cohort
{Odds Ratio 1.36 (95% CI 1.08-1.71)}. Also in this cohort, the use of any antidiabetic
medication results in a 35% increase in the risk of developing Parkinson’s disease {Odds Ratio
(1.35 (1.10-1.65)}. This effect is strongest in women {Odds Ratio 2.92 (1.34-6.36)} and with the
development of early-onset Parkinson’s disease {Odds Ratio 3.07 (1.65-5.70)}. Therefore,
epidemiological studies are beginning to support the hypothesis that Parkinson’s disease and
diabetes mellitus may be linked by a common pathological mechanism.

Perhaps the most intriguing associations are the common genetic polymorphisms
associated with both Parkinson’s disease and diabetes mellitus. The overlapping genetic loci on
Chromosome 10 containing the gene for insulin degrading enzyme is associated with diabetes
mellitus, Alzheimer’s disease, and Parkinson’s disease in independent mapping studies
(Blomgvist et al., 2004; Kwak et al., 2008; Rudovich et al., 2009; Vepsalainen et al., 2007).
Since insulin is a known neuroprotective agent, dysregulation of insulin peptide turnover may
make neurons vulnerable to neuronal death. Also, the PARK2 locus encoding the gene parkin is
associated not only with autosomal recessive juvenile Parkinson’s disease, but also type II
diabetes mellitus (Wongseree et al., 2009). Since parkin is also involved in protein catabolism,
aberrant protein clearance may be a common mechanism in both neurodegenerative diseases and
diabetes mellitus. Indeed, Parkinson’s disease, Alzheimer’s disease, and diabetes mellitus all

have both an amyloid aggregation component and degenerative component to their disease
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pathology. These genetic associations suggest that common molecular pathways may be
associated with these diseases.

In rodent studies, diabetic rats do not respond to the stimulatory effects of amphetamine
suggesting that dopamine circuits are impaired in these animals (Sandyk, 1993).
Developmentally-exposed PCB mice also fail to respond to the behavioral effects of
amphetamine (Chou et al., 1979; Sable et al., 2009; Sable et al., 2010). Furthermore, rats fed a
high fast diet to induce insulin resistance are more susceptible to dopamine neuron death from the
dopaminergic neurotoxin 6-hydroxydopamine, and lesioned animals develop greater striatal
insulin resistance (Morris et al., 2010; Morris et al., 2008). These data suggest that underlying
insulin resistance can influence dopamine neuron vulnerability to toxic insult and dopamine
lesions can influence insulin resistance at least at the lesion site itself.

Insulin Resistance and Hyperinsulinemia Hypothesis in Neurodegeneration

Insulin is known to have a protective effect on neurons suggesting that hyperinsulinemia
may be neuroprotective. However, peripheral hyperinsulinemia and insulin resistance have been
shown in several model systems to drive decreased uptake of insulin by the blood brain barrier
that results in lower brain levels of insulin (Neumann et al., 2008). Therefore, peripheral
hyperinsulinemia may predispose neurons for death. Much of our knowledge of the role of
peripheral hyperinsulinemia and insulin resistance in neurodegenerative disease has evolved from
work in the Alzheimer’s disease field.  Alzheimer’s disease is the most common
neurodegenerative disorder characterized initially by mild memory impairment that progresses to
a more prominent loss of cognitive and executive function (Pimplikar et al., 2010). Alzheimer’s
disease has been referred to as type Ill diabetes mellitus because of its high comorbidity with
diabetes mellitus (Han and Li, 2010; Steen et al., 2005). Alzheimer’s disease is also highly
comorbid with Parkinson’s disease (Boller et al., 1980; Brown et al., 1998; Heintz and Zoghbi,
1997; Riederer et al., 2011; Sabbagh et al., 2009). Peripheral hyperinsulinemia and insulin

resistance have been linked to poor memory which is responsive to intranasal treatment with
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insulin (Benedict et al., 2004; Stockhorst et al., 2004; Watson and Craft, 2003). Intranasal insulin
provides a direct means for the insulin to reach the brain independently of the blood brain barrier
via direct uptake from the olfactory epithelium. Intranasal insulin treatment can thereby bypass
the peripheral system and potentially restore brain insulin levels and is now in trials for aiding
memory function in Alzheimer’s disease patients (Benedict et al., 2007; Reger et al., 2008).
Additionally, insulin drives the exocytosis of AP peptide (found in amyloid plaques of
Alzheimer’s disease patients’ brains) from within neurons and regulates expression of the
protease insulin degrading enzyme™ that aids AP clearance (Messier and Teutenberg, 2005).
Therefore, decreased brain insulin levels have been proposed to participate in the intraneuronal
accumulation of AB peptide in Alzheimer’s disease. Alterations in brain levels of insulin and the

effects of insulin therapy in other models of neurodegeneration are unknown.

VMAT?2 as a Critical Regulator of Monoaminergic Signaling

One protein that has attracted much attention for its role in neurodegeneration is VMAT2. The
VMATS are major players in the regulation of monoaminergic homeostasis. They are composed
of a single gene family in the mammalian solute carrier superfamily with two genes that encode
two different transporter proteins. The SLC18A1 gene encodes the vesicular monoamine
transporter 1 (VMATL) protein, while the SLC18A2 gene encodes the vesicular monoamine
transporter 2 (VMAT2) protein. Both proteins play a critical role in the packaging of
monoamines into vesicles for subsequent release. VMAT2 is a member of the toxin extruding
exporter (TEXAN) superfamily of proteins (Yelin and Schuldiner, 1995). This ancient class of
proteins is present in both prokaryotes and eukaryotes. VMAT?2 is a 12 transmembrane domain
containing 45-75kDa phosphoglycoprotein that is essential for packaging monoamines into
synaptic vesicles for release at synaptic terminals (Liu and Edwards, 1997) (Figure 1.4). VMAT2
overexpression increases quantal size of dopamine release from cultured neurons and PC12 cells

(Pothos et al., 2000). Cytosolic pH is 7.4 while intravesicular pH is 5.6, and VMAT2 activity is
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Figure 1.4: Vesicular Monoamine Transporter 2 Topography. VMAT2 is a 12
transmembrane domain integral membrane protein. It is oriented in the vesicular membrane with
the N-terminus and C-terminus forming cytoplasmic tails. There is large intravesicular loop
(Loop 1) containing several sites of N-linked glycosylation. The typical 3 bands of VMAT2
observed by Western analyses represent fully glycosylated VMAT2 (75 kDa), partially

glycosylated (55 kDa), and unglycosylated (45 kDa) forms of VMAT?2 (Cruz-Muros et al., 2007).
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tightly linked to its proton antiporter activity (Figure 1.5). Bafilomycin A, a vesicular H+-
ATPase inhibitor, indirectly inhibits VMAT2 activity. Thus, the vesicular H*-ATPase is
indirectly responsible for VMAT activity via the proton gradient it establishes (Toll and Howard,
1978; Toll et al.,, 1977). For every monoamine VMAT2 transports across the vesicular
membrane, it also expels two H+ from the vesicle. As intravesicular pH moves toward a more
neutral pH, VMAT2 loses its ability to transport monoamines. Therefore, other known cellular

factors can influence VMAT?2 activity.

VMAT?2 in Aging and Neurodegenerative Disease

Positron emission transmission studies reveals that Parkinson’s disease patients have
markedly reduced VMAT2 levels in the brain (Frey et al., 2001). VMAT2 mRNA is dramatically
reduced in the brains and in the platelets of Parkinson’s disease patients (Harrington et al., 1996;
Sala et al., 2010). Immunohistochemical studies demonstrate that Parkinson’s disease patients
also lose VMAT?2 protein expression during the course of the disease (Miller et al., 1999b). Due
to the ability of dopamine and NE to become oxidized in the cytosol, timely packaging of these
monoamines into synaptic vesicles by VMAT2 may play a critical role in the survival of neurons.
When the activity of VMAT?2 is lost, impaired sequestration of monoamines from the cytosol
may result in oxidation of monoamines potentially affecting the overall oxidation state of the
neuron. Indeed, persons with allelic haplotypes of VMAT?2 that increase the promoter activity of
the gene have lower incidence of Parkinson’s disease, indicating that higher expression of
VMAT2 may be protective against Parkinson’s disease in part because of better storage of
monoamines (Glatt et al., 2006). Therefore, VMAT2 might be a target for dysregulation of

monoamine homeostasis and subsequent neurodegeneration in Parkinson’s disease.

Understanding how the brain changes with age and the regulation of such processes are

paramount for the study of Parkinson’s disease since age is the single greatest risk factor for the
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Figure 1.5: Vesicular Packaging of Monoamines. VMAT2 facilitates packaging of
monoamines by utilizing its proton antiporter activity and the proton gradient established by
vesicular H+-ATPase (V-ATPase). In Step 1, V-ATPase uses ATP to drive the proton pump
causing vesicular pH to drop acidifying the vesicle. This action can be blocked using
bafilomycin. In Step 2, VMAT2 transport one monoamine across the vesicular membrane into
the vesicular lumen while simultaneously transporting two protons across the vesicular membrane
in the cytosolic space. This action is sensitive to several chemicals, including tetrabenazine,
reserpine, lobeline, and ketanserin. Chloride channels transport CI” anions into the vesicle lumen
to depolarize the vesicular membrane and protect the packaged monoamines from repulsive

forces.
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disease. In humans and rodents, VMAT?2 expression levels do not appear to change with aging
(Harrington et al., 1996). While in rats changes in VMAT2 subcellular localization and
glycosylation are a normal part of aging, it is unclear whether this could result in changes in
function. Since Parkinson’s disease patients lose VMAT?2 during the disease, understanding the

role VMAT2 in monoamine homeostasis has become a topic of intense investigation.

Effect of VMAT?2 Inhibition

Pharmacological studies with VMAT2 non-selective and selective inhibitors and various
genetic studies of VMAT2 knockout mice illuminate the critical role of VMAT?2 in disease
pathology. Reserpine is a non-selective irreversible inhibitor of VMAT2 as it also inhibits
VMAT1. Reserpine competitively labels monoaminergic vesicles of both the mammalian
striatum and adrenal chromaffin granules (Giachetti et al., 1974; Near and Mahler, 1983). While
reserpine has been used as anti-hypertensive agent, it is rarely prescribed as an antihypertensive
today due to several unwanted side effects. Most notably a subset of patients treated for
hypertension in the 1960s developed a depressed affect over time. (Freis, 1954; Freis and Auri,
1954). This delirious effect of reserpine treatment helped to form the basis of the monoamine
hypothesis of depression stating that depletion of serotonin, dopamine, and norepinephrine are
responsible for the pathophysiological changes that occur in depression. Animal studies reveal
that reserpine treatment dramatically reduces monoamine levels in monoaminergic nuclei and
striatal dopamine terminals (Liu and Edwards, 1997). Thus, the effect of VMAT2 inhibition as it
relates to disease has been appreciated long before VMAT2 was identified and cloned as a factor
protecting against MPP+ toxicity and the molecular target of reserpine action (Chen et al., 2005;

Liuetal., 1992).

Tetrabenazine (TBZ) is another VMAT2 inhibitor that has been used to study the role of

VMAT2 in cellular systems that is a reversible and binds at a site distinct from reserpine (Guay,
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2010) (Figure 1.4). TBZ binding is stereoselective where (-) sterecisomers have low micromolar
affinity for VMAT2 while (+) stereoisomers have very low nanomolar affinities (Kilbourn et al.,
1995; Yao et al.,, 2011). TBZ treatment rapidly depletes monoamines from monoaminergic
nuclei. TBZ is used clinically to treat chorea symptoms in Huntington’s disease. It is presumed
that TBZ exerts its therapeutic effect by depleting striatal dopamine; however, TBZ also has
effects outside of the central nervous system (Pearson and Reynolds, 1988). A negative side
effect of TBZ is that it promotes orthostatic hypotension by impairing sympathetic neuron
signaling (Huang et al., 1976; Poon et al., 2010). TBZ administration, like reserpine, also results
in a depressant effect in rodents (Adler, 1964). Interestingly, acute administration of TBZ has
been recently shown to improve glucose tolerance and glucose-stimulated insulin release in a rat
model of glucose intolerance and TBZ-like ligands have been used to approximate beta cell mass
in models and patients of Type | diabetes (Ichise and Harris, 2010; Raffo et al., 2008). This

suggests that VMAT?2 may place an important role in the regulation of islet physiology.

Other inhibitors include ketanserin and lobeline both of which bhind to the TBZ site;
however, these both have potent off-target effects at 5-HT receptors and nicotinic acetylcholine
receptors, respectively. Therefore, these are rarely used to approximate VMAT2 function or
expression. Amphetamine and methamphetamine also inhibit VMAT?2 the micromolar range but

also have effects on plasma membrane transporters.

Genetic Mouse Models of VMAT2 Inhibition

Several laboratories have generated knockout mice to investigate VMAT2 function.
These studies have shown that compete or partial of loss VMAT2 protein expression decreases
monoamine levels in target tissues, increases susceptibility to various neurotoxins, and results in a
variety of alterations in behavior and responses to psychoactive drugs (Alvarez et al., 2002; Fon

etal., 1997; Fumagalli et al., 1999; Gainetdinov et al., 1998; Hall et al., 2003; Larsen et al., 2002;
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Savelieva et al., 2006; Takahashi et al., 1997; Travis et al., 2000; Wang et al., 1997). However,
VMAT?2 knockout mice die only a few days after birth making characterization of long-term loss

of VMAT2 impossible in these mice.

One laboratory attempting to generate VMAT2 knockout mice discovered a fortuitous
recombination event occurred in one transgenic line that allowed small amounts of VMAT2
transcript to be produced. Expressing only 5-7% of normal striatal VMAT?2 protein levels, these
mice (called VMAT2 LO mice) exhibit progressive nigrostriatal degeneration similar to that seen
in human Parkinson’s disease (e.g. progressive loss of DAT and TH in the striatum, progressive
loss of TH+ nigral neurons, and increased a-syn accumulation) and have evidence of increased
oxidative stress (Caudle et al., 2007). VMAT2 LO mice are hypokinetic and display increased
susceptibility to dopaminergic neurotoxins (Caudle et al., 2007; Colebrooke et al., 2007
Colebrooke et al., 2006; Guillot et al., 2008a; Mooslehner et al., 2001). In addition to
dopaminergic effects, these mice also display loss of 5-HT and norepinephrine, age-dependent
loss of noradrenergic neurons in the locus coeruleus, and non-motor behaviors that are responsive
to adrenergic and serotoninergic drugs (Taylor et al., 2009). Together these data show that
maintenance of proper VMAT2 activity is critical for the overall health of dopaminergic and

other monoaminergic neurons.

Regulation of VMAT?2 Protein Function

Several studies have been conducted to determine how VMAT?2 is regulated. Several
domains in the C-terminus of VMAT?2 appear to be critical for the proper trafficking of VMAT2
to synaptic vesicles and for the retention of VMAT2 on endocytic vesicles. These include studies
that show the mechanism by which phosphorylation of VMAT2 or other unidentified signaling
partners by casein kinase Il and PKA target VMAT2 to different populations of synaptic vesicles

or large dense core vesicles. More recently, the molecular chaperone Hsc70 was identified as
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regulator of VMAT? activity through an interaction with the 3™ cytoplasmic loop of VMAT?2
(Requena et al., 2009). Hsc70 cofractionated with VMAT?2 in a synaptic vesicle fraction and
coexpression of Hsc70 or the related Hsp70 protein dose-dependently inhibits VMAT2 activity.
Additionally, VMAT2 has recently been shown to interact with TH and AADC at synaptic
vesicles (Cartier et al., 2010). This discovery has important implications for synaptic biology
because dopamine synthesis and packaging into synaptic vesicles appears to be tightly

orchestrated possibly due to the oxidation potential of dopamine.

Additionally, intravesicular monoamine regulates monoamine loading into synaptic
vesicles through a G protein-dependent mechanism (Holtje et al., 2000). G0 and Gqa inhibit
vesicular uptake of monoamines (VMAT?2 activity), but only in monoamine-preloaded vesicles
and through a first luminal loop interaction with VMAT2 (Brunk et al., 2006). Moreover, this
effect is independent of heptahelical G-protein coupled receptors. This novel mechanism for G
protein regulation of VMAT?2 activity suggests that quantal storage of monoamines and not
simply exocytic release is an important point of regulation for neurotransmission. Additionally,
Ca”" activator proteins of secretion (CAPS) 1 and 2 increase vesicular uptake of monoamines
(VMAT2 activity) (Brunk et al., 2009). Identification of new VMAT2 binding partners may shed
light on this complex regulation and aid in our understanding of the potential neurotoxic effects

of dopamine.

PCBs as Environmental Targets of VMAT?2

PCB mixtures are also neurotoxic (Mariussen et al., 2002; Shain et al., 1991). In
dopamine neurons, acute and subchronic exposure to PCB mixtures can result in reduced striatal
DAT and/or VMAT?2 expression of animals (Caudle et al., 2006; Richardson and Miller, 2004).
Losses of nigral or striatal dopamine and dopamine metabolites have also been reported (Chu et
al., 1995; Chu et al., 1996; Lyng and Seegal, 2008; Richardson and Miller, 2004; Seegal et al.,

1986; Seegal et al., 1990; Seegal et al., 1991; Seegal et al., 2002). These changes in dopamine
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may be explained at least in part by decreases in packaging (and reuptake) of dopamine (Bemis
and Seegal, 2004; Seegal et al., 2002). Some PCB congeners inhibit vesicular packaging of
dopamine in the low micromolar concentrations; however, it is uncertain whether this effect is
due to inhibition of VMAT2 (Mariussen et al., 1999; Mariussen et al., 2001). Moreover, ortho-
substituted PCBs are better inhibitors of vesicular uptake than dioxin-like PCBs. Given that
VMAT2 loss in mice has been shown to result in monoaminergic neuronal loss over time, chronic
inhibition of VMAT2 by PCBs may be one mechanism linking exposure to the neurodegeneration
seen in Parkinson’s disease. While current evidence does not exist to support such a claim, it is an

intriguing hypothesis that should be further tested.

Monoaminergic signaling in the regulation of glucose homeostasis

While PCBs are associated with both Parkinson’s disease and diabetes, no studies have
tried to elucidate any common mechanisms associated with both diseases. While monoaminergic
dysfunction is the most commonly recognized pathological criteria for Parkinson’s disease, it is
unclear whether monoaminergic dysfunction plays any role in diabetes mellitus. However, much
evidence exists supporting the role of monoamines in regulating normal pancreatic physiology
related to insulin release. Also, drugs targeting monoaminergic signaling are increasingly used as

therapies for the treatment of diabetes mellitus.

Mechanism of Glucose-stimulated Insulin Release in Beta Cells of the Pancreatic Islets

Pancreatic islets are endocrine cells of multiple cell types organized into groups
throughout the exocrine pancreas (Figure 1.6). Beta cells are believed to have evolved in
vertebrates from a primitive group of insulin-secreting neurons. In fruit flies, there are insulin-
secreting cells in the brain that are homologous to the islet beta cells of vertebrates (Wang et al.,
2007). New evidence suggests that these cells in fruit flies originate from the neuroectoderm that

is homologous to the precursor of pituitary and hypothalamic cells. In vertebrates, pancreas
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Figure 1.6: Pancreatic Islet Organization. The pancreatic islet is the compact collection of
cells comprising the endocrine pancreas. Islets account for approximately 1-2% of total pancreas
mass. Within islets several different cell types are present distinguished by the secretagogue
produced and released by the cell. Beta cells make up the bulk of islet mass (approximately 65-
80% of total islet cells). These cells secrete insulin and the amyloid protein amylin (shown as red
cells). Alpha cells are the second most common cell type in the islet (15-20%). These cells
secrete glucagon (shown as green cells). Delta cells are the third most common cell type (3-
10%). These cells secrete somatostatin (shown as blue cells). The fourth cell type is the PP cell
(3-5%). These cells secrete pancreatic polypeptide (shown as orange cell). The fifth cell type is
epsilon cell (<1%). These cells are very uncommon and secrete gherlin (not shown). In addition
to these cell types, innervation received from the sympathetic pancreatic ganglion (shown in
purple) which contains VMAT?2 and secretes norepinephrine is present as well as parasympathetic

innervations (not shown).
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forms from a different embryonic tissue than flies. Involution of the endoderm from the
developing digestive tract forms the pancreas in higher organisms. However, this indicates that a
common ancestor to both flies and vertebrates displayed similar insulin-driven endocrine
function. Despite the divergence in mammalian pancreatic and brain tissue origins, expression of
neuronal proteins in pancreatic islets is common and knockout studies of islet proteins often result
in concomitant loss of expression in the brain (Song et al., 2010). Indeed, pancreatic islets in
general and beta cells in particular have long been recognized as monoaminergic in nature (Burr
et al., 1974; Cegrell, 1968; Gagliardino et al., 1970; Iturriza et al., 1970; Jaim-Etcheverry and
Zieher, 1968; Lebovitz and Feldman, 1973; Lundquist, 1971; Tjalve, 1971; Wilson et al., 1974).
When blood glucose levels rise typically after a meal, the body must clear excess glucose
from the blood (Figure 1.7). Glucose is transported into the beta cell by glucose transporter 2
(GLUT2). Once inside the cell, glucose is catabolized through glycolysis. This leads to an
increase in ATP production by mitochondria. As ATP/ADP ratios increase, the ATP —dependent
K* channel is blocked preventing K* efflux and depolarizing the beta cell membrane.
Depolarization stimulates Ca** channels to open promoting exocytosis of docked secretory
granules at the plasma membrane. Insulin is released from secretory granules and enters the
blood circulation to act on insulin—sensitive tissues. Insulin acts on the liver to promote glucose
uptake and inhibit gluconeogenesis and on muscle tissues to promote glucose uptake.
Approximately one third of post-prandial blood glucose is removed from the blood this way
(Moore et al., 2003). Therefore, glucose is the most potent driver of insulin release from the
pancreas. However, a variety neurotransmitters and neuropeptides have been shown to modulate

these processes, including monoamines.
Monoamine Regulation of Insulin Release and Glucose Metabolism

Beta cells appear to utilize a mechanism similar to neurons to synthesize and package dopamine.

Beta cells express TH, AADC, and MAO, to synthesize and metabolize dopamine while also
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Figure 1.7: Monoamine Regulation of Glucose-Stimulated Insulin Release. Beta cells
express many enzymes involved in dopamine synthesis including TH and AADC. After
dopamine is synthesized, it is packaged into secretory vesicles contain insulin via VMAT2. The
beta cell releases insulin in response to glucose stimulus. In step 1, glucose is transported into the
beta cell by glucose transporter 2 (GLUT-2). In Step 2, glucose undergoes glycolysis raising
intracellular ATP levels. In Step 3, ATP/ADP cellular ratios increase inhibiting K* efflux via the
ATP-dependent K* channel. This causes the beta cell to depolarize. In Step 4, upon
depolarization voltage-dependent Ca®* channels open allowing Ca?* influx into the cytosol of the
beta cell. In Step 5, Ca** influx results in plasma membrane-vesicle fusion leading to exocytosis
of insulin and copackaged dopamine. In Step 6, released dopamine can bind dopamine
autoreceptors located on the beta cell membrane. This leads to feedback inhibition of insulin
release under glucose stimulation. Additionally, sympathetic neurons synthesize and release
dopamine and norepinephrine in response to a need for more circulating glucose to fuel the
metabolic demands of the organism. Dopamine and norepinephrine released from these neurons
can also activate dopamine and adrenergic receptors on beta cells inhibiting further insulin

secretion.
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expressing VMAT?2 and a-syn in insulin-containing secretory vesicles (Billett, 2004; Geng et al.,
2010). Some evidence suggests that norepinephrine may also be present in beta cells as DBH is
expressed in some insulin-containing secretory vesicles (Takayanagi and Watanabe, 1996;
Watanabe and Nagatsu, 1991). Beta cells also express both D1 and D2 receptors and o,
adrenergic receptors. VMAT?2 is also highly expressed in the sympathetic neurons innervating
the pancreas, and previous studies in rats treated with the beta cell-selective toxin streptozocin
have shown a dramatic reduction in VMAT2-positive sympathetic fibers innervating islets and
loss of total islet VMAT?2 expression while the innervation to the exocrine pancreas is spared.

This suggests that islet innervations are lost upon the death of beta cells (Mei et al., 2002).

Dopamine Regulation of Insulin Release and Glucose Metabolism

It has been proposed that dopamine acts on nearby beta cells to attenuate insulin secretion.
Several studies have been done to characterize the effects of dopamine and dopamine receptor
agonists and antagonists on glucose-stimulated insulin release. Most notably the D2 receptor
agonist bromocriptine has been approved for the treatment of diabetes. D2 receptors are
expressed on beta cells, colocalized at insulin containing secretory granules, and inhibit glucose-
stimulated insulin release when activated; however, complete genetic ablation of D2 receptors
results in impaired glucose-stimulated insulin release and glucose intolerance (Garcia-Tornadu et
al., 2010; Rubi et al., 2005). Therefore, chronic loss of D2 receptor signaling is not necessarily
beneficial. In addition, catecholamines as a whole (dopamine, norepinephrine, and epinephrine)
have long been known to directly inhibit glucose-stimulated insulin release (Feldman et al., 1971;
Quickel et al., 1971). Therefore, the sum effects of dopamine are extremely complicated and may
be related to a combination of direct effects on the pancreas and indirect effects on the central

nervous system, opposing D1 and D2 receptor effects, or may be temporal in nature.
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Indeed, L-DOPA treatment in Parkinson’s disease patients promotes hyperglycemia and
hypoinsulinemia early in treatment; however, these side effects can be blocked with carbidopa
(peripheral AADC inhibitor) suggesting that peripherally-sourced dopamine, not centrally-
sourced dopamine is responsible for this effect. Chronic administration of L-DOPA/carbidopa in
rats does lead to obesity, hyperglycemia, and slight hyperinsulinemia though. Thus, chronically
elevated central dopamine most likely promotes blood glucose dysregulation through regulation

of feeding.

Norepinephrine Regulation of Insulin Release and Glucose Metabolism

Previous studies have shown that activation of the sympathetic pathway in the pancreas
blocks release of insulin and stimulates release of glucagon causing blood glucose levels to rise
(Ahren and Taborsky, 1988; Dunning et al., 1988; Kurose et al., 1990; Kurose et al., 1992). This
latter physiological response is important to combat exercise-induced hypoglycemia (Tuttle et al.,
1988). These data implicate the monoaminergic neurotransmitter norepinephrine as playing an
important role in islet physiology. ., adrenergic receptors expressed on beta cells play a critical
role regulating insulin secretion. a,, adrenergic receptor knockout mice have a 30% reduction in
fasting glucose levels than WT littermates and a near significant increase in fasting insulin levels,
indicating that adrenergic action plays an important role in normal glucose metabolism
(Savontaus et al.,, 2008). Activation of adrenergic receptors blocks insulin release, and
polymorphisms in the o, adrenergic receptor gene locus resulting in overexpression were
recently identified as a susceptibility gene for diabetes in both humans and a rat model (Nakaki et
al., 1980; Rosengren et al., 2010). Interestingly, one report suggests that the beneficial effects of
bromocriptine therapy for diabetes are actually mediated through o, receptors (de Leeuw van
Weenen et al., 2010). Thus, further investigation is required to dissect the contribution of each

monoamine system to VMAT2’s role in the regulation of glucose homeostasis and islet

physiology.
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Serotonin Regulation of Insulin Release and Beta Cell Mass

5-HT has also been shown to regulate insulin release under certain physiological
conditions. Recently, the role of 5-HT in the regulation of beta cell mass expansion during
pregnancy has been demonstrated (Kim et al., 2010; Schraenen et al., 2010). 5-HT is expressed
at extremely low levels in islets under normal conditions. However, during mid-gestation
prolactin and placental lactogen levels rise in order to prepare the mother for the demands of
caring for her offspring. During this time, the metabolic demands on the mother are sharply
increased and beta cell mass expands in response to increase insulin responses during the
remainder of gestation. TPH expression increases dramatically in response to prolactin leading to
increased 5-HT production (Schraenen et al., 2010). 5-HT g receptor activation then leads to beta
cell proliferation. Just prior to birth, 5-HT,g levels return to pre-pregnancy levels and expression
of 5-HTp increases returning beta cell mass to pre-pregnancy size (Kim et al., 2010). These data
highlight the role of 5-HT in regulation of pregnancy energy balance and suggest a mechanism
describing the known link between depression and gestational diabetes. Some studies suggest
that 5-HT has a greater role in islet physiology, but these were not typically done in whole animal
studies. Basal pancreatic 5-HT levels appear simply too low to have physiological consequences

(Schraenen et al., 2010).

Potential Role of VMAT2 in Glucose Homeostasis and Beta Cell Imaging

Since dopamine and adrenergic receptors blockers affect insulin secretion, VMAT2 may
also have a role in insulin secretion. A recent study showed that acute administration of TBZ
markedly reduced pancreatic dopamine levels, improved glucose tolerance, and increased
glucose-stimulated insulin release in the streptozocin-induced rat model of diabetes (Raffo et al.,

2008). This suggests that TBZ may be a useful drug for the treatment of diabetes and the glucose
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intolerance observed in Huntington’s patients (Andreassen et al., 2002; Hunt and Morton, 2005;

Josefsen et al., 2008).

More recently, the monoaminergic nature of the endocrine pancreas system suggests that
monoaminergic proteins may be excellent markers of islet and beta cell mass (Ichise and Harris,
2010). VMAT?2 is the leading monoaminergic biomarker because several reports indicate that
VMAT?2 is selectively expressed in beta cells and nerve terminals innervating the pancreas.
Additionally, TBZ PET ligands are being developed to approximate beta cell mass in models of
diabetes (Leung, 2004a; Leung, 2004b). In vivo imaging of beta cell mass by non-invasive PET
imaging would be an extraordinarily useful tool for physicians treating diabetic patients. While
TBZ ligands are lead compounds for this, much controversy exists as to the usefulness of TBZ
ligands to approximate true beta cell mass. While one group shows a loss of beta cell mass by
PET imaging using the TBZ ligand [11C]dihydrotetrabenazine ([11C]DTBZ), other groups have
shown that [11C]DTBZ binding occurs throughout the exocrine and endocrine pancreas (Eriksson
et al., 2010; Fagerholm et al., 2010; Freeby et al., 2008; Kilbourn, 2010; Kung et al., 2008a; Kung
et al., 2008b; Lin et al., 2010; Simpson et al., 2006; Souza et al., 2006). While TBZ is believed to
be a specific inhibitor of VMAT?2, it is unclear whether VMAT?2 targeted ligands such as TBZ
truly represent total VMAT2, whether VMAT?2 region and cell type expression data in the
pancreas is inaccurate, or whether VMAT2-nonspecific binding of TBZ is present in the
pancreas. Regardless, (18)F-labeled TBZ derivatives and other TBZ ligands have been shown to
be an extremely useful tools in approximating the integrity of monoaminergic cell bodies and

synapses in Parkinson’s disease (Frey et al., 2001).

a-Synuclein in the Beta Cell and Neuron

Recently, other proteins associated neurodegeneration have been implicated in the

regulation insulin secretion. o-Syn is expressed on insulin-containing secretory vesicles in beta
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cells, and loss of a-syn expression results in increased glucose-stimulated insulin release in
isolated mouse islets (Geng et al., 2010). It is conceivable that a-syn in the islet may be a
previously unappreciated target of dysregulation in Parkinson’s disease. Since a-Syn is known
regulator of monoamine homeostasis and monoamines affect insulin release in multiple models,
a-syn regulation of monoamine homeostasis may be the mechanism by which a-syn exerts its
effects in glucose-stimulated insulin release. Understanding the mechanisms of a-syn regulation

of monoamine homeostasis is necessary to fully appreciate any potential link.

Originally reported to be a nuclear protein, subsequent studies have shown that a-syn
primarily exists at synaptic terminals (Schulz-Schaeffer, 2010). a-syn typically exists as a
monomer or dimer (Nakajo et al., 1993). Structural studies show that as a monomer a-Syn exists
in either an a a-helical or random coil confirmation (Jo et al., 2004). In vitro studies have shown
that changes in a-syn structure resulting in increased o-helical formation increases a-syn ability to
bind to artificial membranes (Chandra et al., 2003; Davidson et al., 1998; Eliezer et al., 2001; Jo
et al., 2000). However, upon adoption of a B-sheet confirmation, a-syn begins to form insoluble
aggregates (Volles and Lansbury, 2003). Oxidation of a-syn is necessary to form dimers through
dityrosine interactions and promotes subsequent aggregation (Krishnan et al., 2003). Parkinson’s
disease-associated mutant o-syn appears to be more susceptible to this modification. Early on in
aggregation, a-syn transiently forms soluble oligomers or protofibrils that are thought to be toxic
to cells and lose toxicity as they further oligomerize into larger fibrils possibly because of
subsequent compartmentalization into Lewy bodies (Wood et al., 1999). Phosphorylation and
proteolytic cleavage also affects a-syn solubility and toxicity (Mishizen-Eberz et al., 2003). a-
syn protofibril formation may be an early feature of Parkinson’s disease pathology that initiates
events leading to neuronal cell death. In mice, nigral a-syn levels peak after birth and steadily

decline with age (Mak et al., 2009).
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Cell culture studies have also shown that dopamine is necessary for a-syn-induced cell
toxicity (Bisaglia et al., 2010a; Hasegawa et al., 2006). Both oxidized dopamine and oxidized NE
inhibit formation of the less toxic a-syn fibril by stabilizing the more toxic protofibril form of a-
syn leading to alterations in protein clearance (Bisaglia et al., 2007; Conway et al., 2001,
Martinez-Vicente et al., 2008; Norris et al., 2005). Interestingly, an estimated 90% of aggregated
a-syn protein is located at the presynaptic terminal (Schulz-Schaeffer, 2010). Also, it has been
postulated that these protofibrils can form pores that permeate vesicle causing dopamine leakage
(Volles and Lansbury 2002). Thus, decreased VMAT2 activity may actually exacerbate the
toxicity of a-syn overexpression (Lotharius et al., 2002). In VMAT2 LO mice, o-Syn
accumulation increases as the mice age; however, no direct evidence exists that a-Syn is
aggregating in this model (Caudle et al., 2007). Consistent with this interpretation, decreases in
VMAT?2 expression during Parkinson’s disease progression are observed in human PET studies
(Bohnen et al., 2006; Frey et al., 1996). This suggests that as Parkinson’s disease progresses,

neurons may become even more susceptible to insult from misplaced monoamines.

a-Synuclein Regulation of Monoamine Homeostasis

a-Syn shares high structural homology to the 14-3-3 family of chaperone proteins that
increase TH activity, and several studies have suggested a chaperone-like role for a-syn (Burre et
al., 2010; Chua and Tang, 2006; Xu et al., 2002). a-Syn interacts with both TH and AADC,
decreasing the activity of both enzymes (Perez et al., 2002; Tehranian et al., 2006). Lentivirally-
overexpression of A53T mutant a-syn in MESC2.10 dopaminergic cells results in decreased
dopamine uptake and release (Lotharius et al., 2002). This supports data showing that a-syn
interacts with DAT (Lee et al., 2001; Wersinger et al., 2003b); however, conflicting reports exist
as to what functional effects on DAT activity result from this interaction. Indeed, these data have
led to the study of a-syn effects on proteins involved in the regulation of the norepinephrine and

serotonin transporters (Wersinger et al., 2006a; Wersinger et al., 2006b).
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Additionally, overexpression of WT, A53T, or A30P a-Syn increases cytosolic dopamine
levels and impairs vesicular pH in PC12 cells (Mosharov et al., 2006). This demonstrates that
overexpression of a-syn protein impairs vesicular storage of dopamine by either compromising
membrane integrity resulting in proton and/or dopamine leakage, inhibiting dopamine vesicular
transport by direct inhibition of VMAT?2 or indirect impairment of vesicular pH gradient, or some
combination of these mechanisms. Indeed, one report suggests that a-syn directly interacts with
VMAT?2 and overexpression inhibits VMAT2 activity (Guo et al., 2008). Other experiments
suggest that o-syn overexpression impairs endocytosis of synaptic vesicle resulting in decreased
dopamine release (Nemani et al., 2010). Perhaps overexpression of wild-type a-syn or expression
of mutant a-syn increases a-syn’s ability to aggregate into protofibrils, greatly decreasing the
amount of soluble a-syn and leading to a-syn loss-of-function and mishandling of dopamine
(Perez and Hastings, 2004). In support of this hypothesis, flies overexpressing A30P a-syn have
selective dopaminergic degeneration that was similar to that of overexpression of TH.
Additionally, overexpression of VMAT2 or decreasing dopamine production can both rescue this

a-syn induced damage (Park 2007).

Several transgenic and knockout mouse models affecting neuronal a-Syn expression have
been created to study the role a-syn plays in dopamine neuron function. While alterations in the
vesicular pool size have been shown in a-syn transgenic mice, changes in dopamine levels have
also been observed (Chesselet, 2008; Yavich et al., 2005). This suggests that a-syn plays some
role in regulating dopamine homeostasis. However, nigral cell loss is not observed in any of
these transgenic models suggesting that a-Syn ablation or overexpression in neurons is
insufficient to cause nigral cell death. Interestingly, in rat virally-transduced models where a-syn
overexpression is driven in both neurons and glia, dopamine neuronal death does occur

suggesting that overexpression of a-syn may be necessary in both glia and neurons to promote
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neuronal death or species differences affect vulnerability to a-syn-induced neuronal

death(Dawson et al., 2010).

Introduction to Specific Aims

Central Hypothesis- PCBs have been linked to both Parkinson’s disease and diabetes in
epidemiological studies. While PCBs are known to act via a variety of mechanisms to exert their
toxic effects, dysregulation of dopamine is strongly linked the neurotoxic effects of PCBs. The
mechanisms by which PCBs may promote diabetes mellitus are not well understood. Dopamine
and other dopaminergic drugs are known to act directly on islets in the pancreas to affect glucose
homeostasis and insulin release in humans and animal models of diabetes mellitus. Therefore,
dopamine homeostasis may be a target of PCBs in the pancreas. Since drugs that target VMAT2
can decrease dopamine levels in the pancreas and affect insulin release, VMAT2 may be the
mechanism by which PCBs disrupt glucose homeostasis. | predict that both PCB exposure and
genetic deficiency in VMAT2 expression will alter dopamine levels in the pancreas leading to

impaired glucose homeostasis in mice.

Rationale

Epidemiological studies suggest that having diabetes increases the risk of developing
Parkinson’s disease. Interestingly, exposure to PCBs is strongly linked to both diabetes mellitus
and Parkinson’s disease. This suggests that a common pathophysiological mechanism may exist
in both diseases. PCBs are known to disrupt dopamine homeostasis in the striatum of exposed
animals. Therefore, the mechanism of action of PCBs in Parkinson’s disease may be events
leading to dopamine dysfunction. While the link between PCB exposure and diabetes has been
well documented by human epidemiological studies, the potential mechanisms by which this may

occur are not understood.
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I suggest that PCBs act by a common mechanism to promote both Parkinson’s disease
and diabetes mellitus (Figure 1.8). | propose that PCBs will promote monoaminergic dysfunction
in both the brain and pancreas. | believe that PCBs will be able to do this via VMAT?2 inhibition
resulting in reduced dopamine levels. In addition to the known effects in Parkinson’s disease,
this loss of dopamine will also alter glucose homeostasis. Demonstration of this effect will
greatly support the proposed link between Parkinson’s disease and diabetes mellitus.

Much evidence exists to suggest a link between these diseases, including a large body of
basic research that indicates potential common mechanisms, one of those being the common
control of monoamines in the physiological functions affected by both diseases (Arneric et al.,
1984; Caudle et al., 2006; Corrigan et al., 1998; Corrigan et al., 2000; Everett et al., 2011;
Hampshire et al., 1978; Jetton et al., 2001; Liang et al., 1998; Raffo et al., 2008; Richardson and
Miller, 2004; Sandyk, 1993). Currently, there is little evidence as to causality relationship
between PCBs and diabetes or PCBs and Parkinson’s disease. This is largely due to poor animal
data supporting such a link. Since | estimate that VMAT2 inhibition in the pancreas results in
alterations in glucose tolerance and insulin release and that PCBs may inhibit VMAT?2, | chose to
use the VMAT2 LO model and Aroclor 1254: Aroclor 1260 (PCB) models as tools to investigate
the role of pure genetically-induced VMAT2 inhibition on glucose homeostasis versus a “dirty”,
more environmentally-relevant toxicant model of VMAT2 inhibition on glucose homeostasis
(Figure 1.9 and Figure 1.10). It is the hope that comparing the outcomes of these two
experiments will shed light on the relative contribution of monoaminergic dysfunction in PCB

exposure as it relates to glucose homeostasis.

VMAT?2 plays a critical role in the health of monoaminergic neurons in the brain. Mice
with very low levels of VMAT2 expression have near complete loss of monoamine levels in
various brain regions and progressive nigrostriatal dopaminergic and locus coeruleus

noradrenergic degeneration. This loss leads to a variety of behavior abnormalities consistent with
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Figure 1.8: Proposed Model of the Interaction Between Parkinson’s Disease and Diabetes
Mellitus. In this model, PCBs affect monoaminergic function via VMAT?2 inhibition. This leads

to Parkinson’s disease and diabetes mellitus.
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Figure 1.9: Proposed Effect of PCB-mediated VMAT?2 Inhibition on Glucose-Stimulated
Insulin Release. Many studies have shown that dopamine and norepinephrine directly suppress
glucose-stimulated insulin release by action on dopamine and adrenergic receptors located on
beta cells. Since beta cells corelease dopamine with insulin upon glucose stimulation, local
action of dopamine on dopamine receptors can act as feedback inhibition of insulin release.
Additionally, sympathetic activation results in norepinephrine release from sympathetic nerves
innervating the pancreas. Since insulin action inhibits gluconeogenesis in the liver and promotes
lower blood glucose levels, sympathetic activation inhibits glucose-stimulated insulin release to
promote circulating glucose levels to provide the necessary fuel for the “fight or flight” response.
Thus, activation of adrenergic receptors on beta cells suppresses glucose-stimulated insulin
release. PCBs have been shown to inhibit VMAT?2 in isolated vesicles and to reduce dopamine
levels in dopaminergic regions of the brain. Therefore, we hypothesize that PCB-treated mice
will have reduced dopamine levels in the pancreas. This loss of dopamine will result in impaired

feedback inhibition leading to increased glucose-stimulated insulin release.
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Figure 1.10: Proposed Effect of VMAT?2 Inhibition on Glucose-Stimulated Insulin Release.
Previous studies have shown that dopamine and norepinephrine can affect glucose-stimulated
insulin release in beta cells. Dopamine and norepinephrine directly suppress glucose-stimulated
insulin release by action on dopamine and adrenergic receptors located on beta cells. Since beta
cells corelease dopamine with insulin upon stimulation, local action of dopamine on dopamine
receptors can act as feedback inhibition of insulin release. Additionally, sympathetic activation
results in norepinephrine release from sympathetic nerves innervating the pancreas. Since insulin
action inhibits gluconeogenesis in the liver and promotes lower blood glucose levels, sympathetic
activation inhibits glucose-stimulated insulin release to promote circulating glucose levels to
provide the necessary fuel for the “fight or flight” response. Thus, activation of adrenergic
receptors on beta cells suppresses glucose-stimulated insulin release. When VMAT2 expression
is loss in other tissues, monoamine levels are dramatically reduced. Therefore, we hypothesize
that VMAT2 LO mice will have reduced dopamine and norepinephrine levels in the pancreas.
This loss of dopamine and norepinephrine will result in impaired feedback inhibition leading to

increased glucose-stimulated insulin release.
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the loss of monoaminergic signaling in the brain. However, VMAT?2 is not solely expressed in
the brain. Therefore, loss of VMAT2 expression in the peripheral nervous system and in non-
neuronal tissues may have other effects on the body. This is of great interest since VMAT2
expression is loss in the brains of Parkinson’s disease patients, but also other monoaminergic
nuclei outside of the brain are affected particularly sympathetic tracts innervating a multitude of
tissues throughout the body. Alterations in sympathetic innervation to the heart and other
components of the circulatory system result in autonomic dysfunction such as orthostatic
hypotension. Additionally, glucose intolerance and diabetes are often reported in patients with
Parkinson’s disease (Barbeau et al., 1961; Boyd et al., 1971; Lipman et al., 1974). This suggests
that Parkinson’s disease pathology may involve other hormonally active tissues that affect blood
glucose homeostasis. Additionally, bromocriptine is approved to treat both Parkinson’s disease
and diabetes, suggesting that loss of dopamine signaling may be common to both diseases and
thus dopamine replacement is therapeutic in both diseases. Since VMAT2 expression has been
shown in islet cells of the pancreas and is expressed in sympathetic neurons innervating the
pancreas, we propose that loss of VMAT2 expression in the pancreas will alter blood glucose

homeostasis in the VMAT2 hypomorph mouse (Figure 1.10).

While several lines of evidence show the role of a-syn in vesicular storage when highly
overexpressed, these experiments appear to only represent a-syn effects under pathological
conditions. It is unknown what role, if any, a-syn plays in the storage of dopamine under normal
expression conditions.  Studies of TH expression and phosphorylation under pathological
conditions, indicate that a-syn may exert opposing roles on TH activity under low and high
(pathological) expression conditions (Alerte et al., 2008). While a-syn has been shown to
downregulate TH activity by blocking phosphorylation of TH Ser 40 in cell cultures, under
virally-transduced a-syn overexpression in vivo TH is hyperphosphorylated and thus most likely

overactive. Again, o-Syn appears to increase DAT activity by increasing cytoplasmic clustering
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of DAT protein, while a-syn also decreases DAT activity via a microtubule-dependent trafficking
mechanism (Lee et al., 2001; Moszczynska et al., 2007; Wersinger and Sidhu, 2003; Wersinger
and Sidhu, 2005). This suggests that a-syn expression level or other factors may be critical
determinants of the effects that a-syn exerts. Since previous studies with TH have suggested that
a-syn has dramatically different effects under pathological and non-pathological conditions, the
simplest explanation for the discrepancy seen with respect to DAT and a-Syn is that these
experiments are done under different levels of a-syn expression. To this end, determining the
role of a-syn on dopamine vesicular packaging is critical to discriminate the role of a-syn in

normal physiological conditions and under pathophysiological conditions.

While there is evidence supporting an in vivo interaction between a-syn and VMAT2,
data demonstrating a direct effect on VMAT2 activity is unfortunately weak. No experiments
relating dopamine vesicular storage and a-syn have been done in the presence of VMAT?2
inhibitors. This makes dissecting the relative contribution of VMAT2-specific effects from
VMAT?2 non-specific effects on vesicular storage or leakage difficult. Therefore to approximate
a-syn effects under normal non-pathological conditions, we will determine TBZ-sensitive
VMAT?2 activity under low a-syn expression levels. We will also determine dose-response
effects of a-syn on TBZ-sensitive vesicular dopamine uptake to determine if like DAT and TH a-
syn effects vesicular dopamine storage differently under different conditions. We will confirm
and map the sites of interaction between a-syn and VMAT2 and confirm these interactions in
vivo. Completion of these experiments will fill a critical gap in the field by expanding our
understanding of the role of a-syn in vesicular storage of dopamine under non-pathological

conditions.

Specific Aim 1: Subchronic exposure to PCBs leads to hyperinsulinemia and impaired glucose

tolerance in mice.
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Specific Aim 2: Genetic ablation of VMAT2 leads to improved fasting glucose, glucose

tolerance, and insulin release in mice.

Specific Aim 3:  a-syn protein regulates VMAT2 activity



Chapter 2

Polychlorinated Biphenyl Mixtures Reduce
Dopamine Levels in the Pancreas and Impair

Glucose Tolerance and Insulin Release
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Abstract

Exposure to polychlorinated biphenyls (PCBs) is associated with increased risk of diabetes;
however, poor experimental evidence exists supporting this link. We gave mice Aroclor
1254:Aroclor 1260 mixtures daily for 28 days to determine the effect of PCB exposure on both
the pancreatic dopaminergic system and glucose homeostasis. Interestingly, female mice show a
consistent impairment (18% and 30% increase over treatment period) of glucose tolerance versus
vehicle-treated controls; however, PCB-treated male mice show improved glucose tolerance at 14
days versus vehicle-treated controls. Additionally, PCB-treated female mice showed a trend
towards increased weight gain than controls over the study, increased glucose-stimulated insulin
release, and had significantly reduced (22%) serum adiponectin levels, a strong indicator of
insulin resistance. Previous studies show that PCBs can affect dopamine levels in the brain and
inhibit the vesicular packaging of dopamine. Pancreatic dopamine levels were reduced by over
35% in PCB-treated female and male mice. These data strongly support a role for PCBs in the
development of diabetes and suggest that alterations in catecholamine signaling in the pancreas
may play a role. Sexual dimorphic responses in glucose homeostasis to PCBs may be due to

estrogenic effects and suggest future studies should include analyses in females.
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Introduction

Diabetes mellitus is a metabolic disorder characterized by loss of insulin signaling and
glucose homeostasis. The diabetes epidemic has reached enormous rates domestically with 8.3%
of the US population affected by diabetes mellitus while approximately 1 in 3 individuals over
the age of 20 are estimated to be prediabetic in 2010 (Prevention, 2011). Over a lifetime a male
or female child born in the year 2000 in the US has a 32.8% or 38.5% risk of developing diabetes
mellitus, respectively (Narayan et al., 2003). Nearly 90% of those individuals will develop Type
Il diabetes mellitus. While genetics may play some role, several environmental factors are

believed to be responsible for this risk, including obesity and toxicant exposure.

Several epidemiological reports suggest a strong link between exposure to
organochlorines and Type Il diabetes mellitus (Everett et al., 2011). Among the highest
correlation are the polychlorinated biphenyls (PCB) (Patel et al., 2010). PCBs are ubiquitous
environmental contaminants; while marketed under a variety commercial names, the Aroclor
mixtures manufactured by Monsanto make up the majority of use in the US. The Aroclor
mixtures were comprised of a broad assortment of individual PCB congeners with varying
degrees of chlorination and were used in a variety of industrial applications including hydraulic
and lubricant fluids, insulators for electrical transformers, paints, adhesives, and pesticide
extenders (Fishbein, 1974) (Figure 1.3). Thermostability, resistance to biological and
environmental degradation, and lipophilicity have led most countries to ban the use of PCBs.
Still, PCBs persist in the environment and bioaccumulate up the food chain. Despite the US’s
ban on domestic production in 1979, PCBs can be found in the low 0.1 to high 100 ppb lipid-
adjusted serum concentrations in humans (Prevention, 2009). While several studies in animals
have shown a loose association between PCBs and the underlying mechanisms involved in

diabetes pathophysiology, studies have failed to reliably show a causal link between PCB
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exposure and DM. Since PCB exposure in humans is associated with diabetes mellitus, we

predicted that PCB-exposed mice develop alterations in their glucose homeostasis.

PCBs exposure has also been associated with an increased risk of cancer, depressed
immune function, and reproductive impairment possibly for their ability to disrupt cellular
processes by aryl hydrocarbon receptor (AhR) and estradiol B receptor (ER) signaling
mechanisms. Further, PCBs promote neurotoxic effects particularly those in dopamine-producing
neurons. In addition to others’ studies in nonhuman primates, rats, and cell culture, previous
studies from our lab have shown that exposure to PCB mixtures causes a reduction in the markers
of dopamine neurons in the brains of mice (Caudle et al., 2006; Richardson and Miller, 2004).
Acute administration of Aroclor 1260 (single dose 500mg/kg) results in a marked reduction in
striatal dopamine and dopamine metabolites. Additionally, striatal dopamine transporter
(DAT) and vesicular monoamine transporter 2 (VMAT?2) protein levels are reduced. These data
support the inverse association between PCB serum levels and DAT levels observed in the female
members of a cohort of former capacitor factory workers (Seegal et al., 2010). Various ortho-
substituted PCB congeners and PCB mixtures inhibit either plasmalemmal or vesicular dopamine
uptake or both at low micromolar concentrations; however, coplanar or dioxin-like PCBs fail to
inhibit and appear to act primarily though AhR or ER signaling (Bemis and Seegal, 2004;
Mariussen and Fonnum, 2001; Mariussen et al., 1999; Mariussen et al., 2001). Expression of
DAT and VMAT2 represent a key level of regulation of dopamine signaling and protect
dopamine neurons from the toxic effect of dopamine autooxidation. Reduced vesicular storage of
dopamine in mice results in dramatic reduction of striatal dopamine levels and progressive
nigrostriatal neuronal death (Caudle et al., 2007). It has been suggested that PCB-induced
toxicity to dopamine neurons is initiated through inhibition of VMAT?2 leading to increased
cytosolic dopamine that can quickly oxidize (Fonnum and Mariussen, 2009). Together these data

support a strong link between PCB exposure and alterations in dopamine homeostasis. We
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hypothesize that mice exposed to PCBs develop glucose intolerance. We also hypothesize that
PCBs are inhibitors of VMAT2 activity thus PCB exposed mice might have reduced dopamine

levels in the brain and pancreas.

Materials and Methods

Chemicals and Antibodies

Aroclor 1254 and 1260 were purchased from Accustandard (New Haven, CT).
Individual vials were resuspended in acetone and added to corn oil for oral gavage dosing.
Acetone was allowed to evaporate in a chemical safety hood overnight before use. Both nitrile
and latex gloves were worn at all times when handling PCB mixtures. All animal cages and
bedding were treated as biohazardous waste. All other chemicals were purchased from Sigma

Aldrich (St. Louis, MO.)

Animals

All animal procedures were conducted in accordance withthe National Institutes of
Health Guide for Care and Use of Laboratory Animals and were approved by Emory University
Institutional Animal Care and Use Committee for these specific experiments. Mice were
maintained on a 12 hour light: 12 hour dark cycle and were given food and water ad libitum. 8
week old male and female C57BI/6J mice were purchased from Jackson Laboratories (Jackson,

ME) and individually housed.

PCB Dosing

C57BI/6J mice were allowed to acclimate for 4-5 days before dosing. On day one, all
mice were weighed and randomly assigned to either the control group or treatment (PCB) group.
It was confirmed that there was no statistical difference between groups. Each mouse was orally

gavaged with ~30 pl of corn oil or 50mg/kg of a 1:1 ratio of Aroclor 1254:1260 in corn oil once
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daily for 28 days. Mice were weighed weekly to monitor any change in body mass. Glucose
tolerance tests were performed on either days 14 and 15 or 29 and 30. On day 31, mice were
sacrificed either by live decapitation for tissue collections with trunk blood collected for post-
sacrifice serum analyses or anesthetized by isofluorane and transcardially perfused with PBS

followed by 4% paraformaldehyde in PBS (PFA).

Glucose Tolerance Tests

Glucose tolerance tests were performed as described previously (Chapter 2). Mice were
fasted by cage change and removal for 5-8 hours but given water ad libitum. To determine fasting
glucose levels, each mouse was nicked with razor; a drop of blood was collected on an
Accuchek® Comfort Curve Testing Strip and read on an Accuchek® Advantage® Glucometer.
Immediately following, each mouse was given an intraperitoneal injection of 2g/kg sterile-filtered
glucose in PBS. A drop of blood was collected at 15, 30, 45, 60, 90, and 120 minutes for glucose
measurement. Measurements were plotted as blood glucose (mg/dL) versus time (minutes). Area
under the curve (AUC) of glucose tolerance was also calculated by the linear trapezoidal method

for each mouse and reported in relative units.

Glucose-stimulated insulin release

Mice were fasted by cage change and removal for 5-8 hours but given water ad libitum.
To determine GSIR, each mouse was nicked with a razor; approximately 50-75 pl of blood was
collected in a heparinized hematocrit tube. Blood was then transferred to a BD Microtainer SST
tube (BD Bioscience) and placed on ice. Immediately following, each mouse was given an
intraperitoneal injection of 3g/kg sterile-filtered glucose in PBS. Blood was collected as before at
2.5 minutes and immediately centrifuged for 10 minutes at 10,000 x g. Blood plasma was

removed and stored at -80°C until assayed. Insulin levels were measured by mouse/rat Insulin
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ELISA assay (Linco Research Inc., St Charles, MO) according to manufacturer’s protocol. All

values are reported as ng/ml of insulin.

Immunohistochemistry and Hematoxylin and Eosin Staining

Tissues were processed similarly as described previously (Chapter 2). Whole pancreas,
whole brain, median lobe of the liver, right ovary, and the biceps femoris of the right hind leg
were removed and stored overnight at 4°C in 4% PFA. The tissues were transferred 24 hours later
to 30% sucrose in PBS and stored at 4°C to allow tissues to drop. Tissues were then processed
for paraffin embedding. Eight micron-thick, paraffin-embedded sections were stained with
hematoxylin-eosin (H&E). For immunohistochemistry in the pancreas, eight micron thick
sections were subjected to antigen retrieval by microwave method in 100 mM Sodium citrate
buffer pH 6.0 for 10 minutes each, twice. Following block in 10% Normal Goat Serum (Gibco),
slides were incubated with a guinea pig anti-insulin antibody (1:2000; Abcam), rabbit anti- mouse
VMAT?2 antibody (1:250; Miller Lab) overnight at 4°C and then incubated in Alexa Fluor 488-
conjugated minimally crass reactive goat anti-rabbit secondary antibody and Alexa Fluor 594-
conjugated minimally cross reactive goat anti-guinea pig secondary antibody (both Invitrogen,
Carlsbad, CA) for 1 hour at room temperature. Visualizationwas performed using a Zeiss

Epifluorescent Microscope.

Determination of Serum Cholesterol, Triglycerides, and Adiponectin Levels

Trunk blood recovered with a SST tube at sacrifice was immediately centrifuged for 10
minutes at 10,000 x g. Blood serum was removed and stored at -80°C until assayed. Serum
cholesterol (total, HDL, and VLDL/LDL) and triglyceride levels were determined by colorimetric
assay kits per manufacturer’s protocol (Biovision, Mountain View, CA). Serum adiponectin was
determined by the mouse adiponectin ELISA kit per manufacturer’s protocol (Alpco Diagnostics,

Salem, NH).
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VMAT?2 Uptake in Isolated Mouse Brain Vesicles

VMAT?2 uptake was performed as previously reported (Caudle et al., 2007; Hatcher et al.,
2008b). Briefly, mice were sacrificed by decapitation and whole brains removed. Brains
were homogenized in ice-cold buffer (4 mM HEPES, 0.32 M sucrose, pH 7.4) Homogenates were
centrifuged at 1000 x g for 10 min, and the resulting supernatant was centrifuged at 20,000 x g for
20 min. The resulting pelletwas resuspended in 1.6 ml of 0.32 M sucrose before being
transferred to a glass/Teflon homogenizer containing 6.4 ml of water and subjected to 10 up-and-
down strokes by hand. All contents of the homogenizer were then poured into a tube containing 1
ml each of 250 mM HEPES and 1 M potassium tartrate and inverted to mix. The mixture was then
centrifuged at 20,000 x g for 20min, and the resulting supernatant was placed in an
ultracentrifuge tube and spun at 120,000 x g for 2 h. Vesicles were resuspendedin 1.8 ml of
buffer (100 mM potassium tartrate, 25 mM HEPES,0.1 mM EDTA, 0.05 mM EGTA, 1.7
mM ascorbate, pH 7.4). Uptake assays used 300 pl of vesicle stock solution for each
PCB concentration, with 0.1 pM dopamine with a 2% *H- dopamine tracer in 2mM Mg?*-ATP
with and without 10 M tetrabenazine to determine specific uptake. Samples were incubated for 10
min with 0.1 nM to 0.1 mM concentrations of individual PCB congeners or mixtures at 30°C
followed by the addition of *H- dopamine and further incubation for 5 min at 30°C. The assay was
terminated by addition of 5 ml of ice-coldassay buffer before filtration through 0.5%
Polyethylenimine-soaked Whatman GF/F filters (Brandel, Gaithersburg, MD). Filters were then
placed in scintillation fluid and counted using a Beckman LS6500 (Beckman Instruments,
Fullerton, CA). 1Cs, values were calculated by nonlinear regression using GraphPad Prism 4.0

software (San Diego, CA).

HPLC Analyses of Dopamine levels
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HPLC analyses were performed as described previously (Chapter 2). An Agilent 1100
Series Capillary HPLC system coupled with an ESA Coulochem I1I electrochemical detector was
used for separation and quantification of dopamine. Briefly, the pancreas of each mouse was
weighed and homogenized using a sucrose media (0.25 M sucrose, 10 mM Tris base, 0.5 mM
EDTA) at 10% w/v. A 100 pL aliquot was taken and proteins were precipitated by addition of 5
pL perchloric acid. Samples were then spun at 10,000 x g for 3 min to pellet precipitated
proteins. 10 pL of each sample solution was injected and separated using a Thermo Scientific
C18 Aquasil column (2.1 x 150 mm, 100 A). Mobile phase consisted of 50 mM citric acid, 1.8
mM sodium heptane sulfonate, 0.2% trifluoroacetic acid (v/v), pH 3.0 (A) and acetonitrile (B).
Gradient conditions were as follows: 3% B at 0 min, 3% B at 8 min, 18% B at 19 min, 3% B at 20
min and 3 % B at 35 min using a flow rate of 250 puL/min. dopamine was detected using
electrodes set at potentials of -150 and +300 mV. Retention time for dopamine was 12.7 minutes.
A calibration curve was generated using a dopamine standard and utilized to convert peak area to

concentration units.
Statistical Analyses

Values are represented as means + SEM. All statistical analyses were performed using
Graph Pad Prism 5.0 unless otherwise noted. Student t-tests were performed for initial two group
comparisons with significant values reported as p<0.05. Two-way ANOVA analyses were
performed on all multi-group comparisons with Bonferroni post-hoc tests to determine significant

interactions. Significant values are reported as p<0.05.
Results
PCB Exposure Impairs Glucose Tolerance and Increases Body Mass in Females

Changes in body mass were observed in female mice over the course of the study. There

were no difference between control and PCB-treated groups when the treatment protocol began
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(Figure 2.1A). Interestingly, while both control and PCB-treated female mice gained weight over
the study, female mice showed a greater trend in increased body mass over the study
(approximately 5% more weight gain when compared to control). Weight gain in general is
expected in 8 week old mice; however, the rate at which PCB-treated female mice gained was
double that of control females (Control females rate of growth = 0.44 + 0.07 g/week; PCB
females rate of growth = 0.82 + 0.12 g/week; F(1,16)= 7.31; p=0.008) (Figure 2.1C). By day 14,
a nearly significant increase in body mass is seen in treated females (14 days Control females fed
body mass- 18.6 + 0.36 g; PCB females fed body mass- 19.8 + 0.53 g; p= 0.087; 14 days Control
females fasting body mass- 17.1 £ 0.28 g; PCB females fasting body mass- 18.1 + 0.39 g; p=
0.052). This increase continues to statistical significance by day 21 (21 days Control females
body mass- 19.3 £ 0.25 g; PCB females body mass- 20.2 + 0.38 ¢; *, p<0.05) (Figure 2.1B).
Additionally, fasting body mass at 28 days of treatment is increased over controls (28 days
Control females fasting body mass- 18.5 + 0.21 g; PCB females fasting body mass- 19.3 + 0.25 g

* p<0.03).

To assess the physiological effect of PCB treatment on glucose homeostasis, we first
measured fasting glucose and then glucose tolerance in the PCB-treated female mice following an
intraperitoneal injection of glucose. In females, PCB treatment for 14 days resulted in impaired
glucose tolerance over control treated mice (Figure 2.3A). Repeated measure, two-way ANOVA
analyses revealed a significant main effect for treatment, F(1,9)=9.56, p=0.0129, a significant
effect of time, F(6,54)=103.26, p<0.0001, and a insignificant interaction for time at all values of
treatment, F(6,54)=1.59, p=0.1667. By day 28 of treatment, PCB treated female mice continued
to display impaired glucose tolerance (Figure 2.3B). PCB-treated females display a 16% increase
in AUC at 14 days and a 30% increase in AUC at 28 days over control female AUC levels (14
days Control females AUC- 3333 + 499; PCB females AUC- 3878 + 282; 28 days Control

females AUC- 3270 + 307; PCB females AUC- 4255 + 627) (Figure 2.3C).
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PCB Exposure Improves Glucose Tolerance and Decreases Body Mass in Males

By day 21, PCB-treated male mice begin to show a small trend towards loss of body
mass (5%) and are no longer gaining weight as quickly as the control animals (21 days Control
males body mass- 26.6 £ 0.54 g; PCB males body mass- 25.3 + 0.37 g; *, p<0.05) (Figure 2.2A
and B). Similar effects on body mass loss in males and body mass gain in females are observed

in older mice under the same treatment conditions (data not shown).

In males, PCB treatment for 14 days resulted in improved glucose tolerance over control
treated mice (Figure 2.4A). Repeated measure, two-way ANOVA analyses revealed a significant
main effect for PCB treatment in males, F(1,8)=8.05, p=0.0219, a significant effect of time,
F(6,48)=350.21, p<0.0001, and a significant interaction for time at all values of
treatment, F(6,48)=9.19, p<0.0001. PCB-treated males had a lower AUC than control males (14
days Control males AUC- 5990 + 265; PCB males AUC- 5798 + 224) (Figure 2.4A and C). At 28
days, there was surprisingly no difference in males between groups (28 days Control males AUC-

3132 + 172; PCB males AUC- 3249 + 273) (Figure 2.4B and C).

No differences were observed in fasting glucose levels in female or male mice. Similar
trends in blood glucose tolerance and body mass were found in retired breeder females (increased
body mass/impaired GTT) and males (decreased body mass/improved GTT) although the dosing
paradigm was too aggressive for the retired breeder males (data not shown). Treatment was
stopped for retired breeders on day 24 after 3 mice died in a 24 hour period. Therefore, direct

comparisons between those two groups are impossible to make.

PCB Exposure Increases GSIR and Reduces Serum Adiponectin Levels in Females

Since female mice appear to have early changes consistent with impaired glucose
tolerance, we investigated whether these mice also display other pathology related to DM. We

first measured basal insulin levels. At day 14, PCB-treated female mice have a modest decrease
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in fasting insulin levels when compared to control female mice (14 days Control females fasting
insulin- 0.272 £ 0.048 ng/ml; PCB-treated females fasting insulin - 0.202 + 0.060 ng/ml) (Figure
2.5A). By day 28, PCB female mice have a significant decrease in fasting insulin levels (28 days
Control females fasting insulin- 0.229 + 0.036 ng/ml; PCB females fasting insulin - 0.118 + 0.010
ng/ml; *, p<0.05) (Figure 2.5B). No difference in fasting insulin levels was observed in control

mice over the study.

We then measured insulin levels in PCB-treated female mice in response to a 3g/kg
glucose stimulation. At day 14, there is no difference in the fed insulin levels when compared to
control female mice (14 days Control females fed insulin- 0.30 + 0.05 ng/ml; PCB females fed
insulin - 0.36 £ 0.11 ng/ml) (Figure 2.5C). By day 28, fed insulin levels have doubled in PCB
treated female mice (28 days Control females fed insulin- 0.29 = 0.03 ng/ml; PCB females fed
insulin - 0.64 + 0.20 ng/ml; p=0.096) (Figure 2.5D). No difference in fed insulin levels was
observed in control mice over the study. Thus, PCB-treated female mice showed a dramatic
317% and a significant 516% increase in circulating insulin levels upon glucose stimulation as
compared to the 139% and 148% increase in control females at 14 days and 28 days, respectively

(Figure 2.5E and 2.5F).

Since PCB-treated female mice display evidence of dysregulation of insulin release, we
wanted to determine whether there were any functional consequences of these changes. Insulin
has been shown to regulate adiponectin expression and secretion from adipocytes (Hajri et al.,
2011; Mohlig et al., 2002). Additionally, serum adiponectin levels are reduced in obese and
diabetic humans (Kadowaki et al., 2006). Therefore, we measured serum adiponectin levels in
PCB-treated female mice. PCB-treated female mice had a significant 22% reduction in serum
total adiponectin levels compared to control female mice (28 days Control females total
adiponectin- 31350 + 1550 ng/ml; PCB females total adiponectin - 25500 = 1470 ng/ml; *,

p<0.05) (Figure 2.6).
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PCB Exposure Increased Serum Cholesterol Levels, but not Triglycerides in Females

Previous studies in humans suggest a link between changes in cardiovascular factors such
as serum triglycerides and cholesterol levels and PCB exposure (Everett et al., 2011). Animal
data support this link (Lind et al., 2004). We measured HDL, combined VLDL/LDL, total
cholesterol, and triglyceride levels in control and PCB-treated female mice. Total cholesterol
serum was increased by greater than two-fold (Control females Total Cholesterol- 0.35 = 0.02
mg/ml; PCB females Total Cholesterol- 0.83 £ 0.06 mg/ml; p<0.001) (Figure 2.7A). Serum
VLDL/LDL levels were increased by four-fold (Control females VLDL/LDL- 0.06 = 0.01 mg/ml;
PCB females VLDL/LDL- 0.24 + 0.05 mg/ml; p<0.001) (Figure 2.7B). We found that serum
HDL levels generally doubled in PCB-treated females (Control females HDL- 0.29 £ 0.01 mg/ml;
PCB females HDL- 0.59 £ 0.03 mg/ml; p<0.001) (Figure 4.7C). Interestingly, serum triglyceride
levels remained unaffected in PCB-treated females (Control females triglycerides- 0.40 + 0.03

mM; PCB females triglycerides- 0.48 + 0.10 mM) (Figure 2.7D).

Various PCB Congeners and Mixtures Inhibit VMAT2 Activity

We saw significant physiological changes in blood glucose homeostasis and other related
factors in PCB-treated mice. Previous studies in our lab have suggested that PCBs can affect
monoaminergic systems in the brain, especially VMAT2 (Caudle et al., 2006; Richardson and
Miller, 2004). Since PCB treatment has been shown to affect dopamine levels in the brain, we

determined the effect of PCB treatment on pancreatic dopamine.

Previous studies suggested that one mechanism of PCB action is to impair dopamine
packaging. Therefore, we wanted to determine if individual PCB congeners and PCB mixtures
do inhibit VMAT?2 activity by determining the ICs, value for TBZ-sensitive VMAT?2 inhibition in
isolated brain vesicles. Uptake experiments confirmed that PCB mixtures inhibit VMAT?2

activity with Aroclor 1260 mixture alone being the best VMAT2 inhibitor (IC5, = 1.0 uM) (Table
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2.1). Aroclor 1254 has a similar but slightly higher 1Cs, value of 5.2 uM. When Aroclor 1254
and Aroclor 1260 are combined, the VMAT2 ICs, value is 6.1 uM. These data confirm that
Aroclor mixtures of PCBs inhibit vesicular transport of dopamine in micromolar concentrations.

These data demonstrate that this occurs through TBZ-sensitive VMAT?2 inhibition.

Next, we evaluated the ability of individual congeners to inhibit VMAT2 activity. We
selected several ortho-substituted congeners based both upon previous studies by our lab and
others indicating relevant congeners found in human samples and congeners most highly found in
mice exposed to Aroclor 1254:Aroclor 1260 mixtures (Caudle et al., 2006). PCB 95 showed the
lowest I1Cs, of all congeners tested at 1.7 uM. PCB 138, PCB 153, PCB 170, and PCB 180 have
all been found at high levels in human serum and brain samples and in the brains of Aroclor
1254: Aroclor 1260 treated mice. Each inhibited VMAT2 activity at very low micromolar
concentration (Table 2.1). Interestingly, the coplanar PCB congener PCB 118 inhibits VMAT2
but at a much higher concentration than the ortho-substituted congeners (PCB 118 VMAT2 ICx,

=425 uM.)

PCB Exposure Alters Dopamine Levels in the Brain and Pancreas

VMAT2 is a key regulator of monoaminergic signaling as loss or inhibition results in
rapid reduction of monoamine levels in the target tissue. Having confirmed that individual PCB
congeners and mixtures inhibit VMAT2 activity, we next wanted to determine whether PCB
exposure in mice could affect monoamine levels in VMAT2-rich tissues. We chose the 1:1 ratio
of Aroclor 1254: Aroclor 1260 mixtures via oral gavage since exposure to this mixture in mice
represents relevant environmental PCB exposure to humans living in the US during the last fifty
years. Exposure to Aroclor mixtures have been shown to reduce dopamine and dopamine
metabolite levels in striatum of animals (Seegal et al., 1986; Seegal et al., 1991); however, the

effects of PCB exposure on pancreatic dopamine levels are unknown. We confirmed that PCB
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treatment in male mice reduces striatal and cortical dopamine and dopamine metabolite levels.
PCB treatment reduced striatal dopamine, DOPAC, and HVA levels in mice by 22%, 32%, and
18%, respectively. PCB treatment also reduced cortical dopamine, DOPAC, and HVA levels in

mice by 28%, 24%, and 24%, respectively (data not shown).

Next, we investigated the effect of PCB exposure on pancreatic dopamine levels. Since
PCBs inhibit VMAT2 activity and reduce catecholamine levels in the brain, we predicted that
they would also target VMAT2 activity in the pancreas. PCB treatment reduced pancreatic
dopamine, levels by 36% and 38% in female and male mice, respectively (Figure 2.8). Therefore,

PCB-treatment affects dopamine levels in the pancreas regardless of gender.

Discussion

Exposure to persistent organic pollutants has been strongly linked to insulin resistance,
diabetes mellitus, hypertension, and metabolic syndrome in humans (Everett et al., 2011). A
recent study in rats showed a high fat-diet supplemented with crude Atlantic salmon oil resulted
in increased insulin resistance compared to rats fed a high fat-diet supplemented with refined
Atlantic salmon oil or high fat diet alone (Ruzzin et al., 2010). This suggests that persistent
organic pollutants associated with high fat dietary sources help to contribute to insulin resistance.
The crude salmon oil used was confirmed to be enriched in among other things the PCB

congeners that comprise the Aroclor mixtures that we used in the present study.

We chose to use a mixture of Aroclor 1254:1260 because these two mixtures were
commonly manufactured and used in various applications in the US and their congener profiles
reproduce similar patterns in mice as those found in human serum and tissue. Previously, we
have shown that exposure to these PCB mixtures decrease VMAT2 and DAT levels in mice,
while others have shown that exposure to these mixtures decrease dopamine levels in the brain

(Caudle et al., 2006; Richardson and Miller, 2004; Seegal et al., 1986; Seegal et al., 1991). We
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have confirmed that these mixtures inhibit VMAT?2 (Table 2.1) and now demonstrate for the first
time that PCB exposure alters pancreatic dopamine levels (Figure 2.8). These results show that
PCB-treated females have impaired fasting insulin and increased fed insulin levels (Figure 2.5).
Consistent with our findings, in vitro studies demonstrate that PCBs increase glucose-stimulated
insulin release in the rat insulinomas RINm5F cell line (Fischer et al., 1999; Fischer et al., 1998).
These effects are rapid, blocked by Ca?* channel blockers, and only seen with mixtures or ortho-
substituted PCB congeners. Interestingly, concentrations of PCB 153 that we show to inhibit
VMAT?2 activity have been shown to increase glucose-stimulated insulin release in RINmM5F
cells, while the dioxin-like congener PCB 77 failed to increase glucose-stimulated insulin release
(Fischer et al., 1996). Together, this suggests that dioxin-like congeners do not directly increase
insulin release and that the ability of PCBs to promote insulin release may be independent of their
AhR effects and possibly driven by reduced dopamine signaling. It is undetermined whether
RINm5F cells are dopaminergic and/or express VMAT2. However, the potential for VMAT?2
inhibition in insulin secreting cells remains an unappreciated potential mechanism for the effect
of PCBs on glucose-stimulated insulin release (Figure 1.10). One study characterizing these cells
showed that a fraction expressed the closely related vesicular monoamine transporter 1 and
serotonin (Bargsten, 2004). Future studies aimed at the direct effect of PCB congener and
mixtures on glucose-stimulated insulin release in isolated islets and insulinomas cell lines may

help to dissect apart the contribution of each potential mechanism.

The increase in weight gain observed in the PCB-treated female mice in our study is a
stark contrast to the weight loss seen in the PCB-treated males (Figure 2.1 and 2.3). Studies
report that high concentration PCB treatment causes a wasting syndrome in rodents, and in fact,
male mice were more susceptible to wasting-like syndrome under our experimental conditions
(Figure 2.3 and 2.4). Perhaps females are more resistant to these effects due to metabolic

differences, hormonal differences, and/or differences in adiposity, whereby females are able to
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sequester more PCBs in fat tissue. Still, we saw dramatic hepatomegaly in both PCB-treated
males and females (data not shown). Therefore, the increase in body mass observed in females
may only be due to the increase in liver wet weight. Further studies are necessary to understand
the role of PCBs in adiposity; however, WT mice treated with the single coplanar congener PCB
77 have shown an increase in adiposity that was not observed in their AhR knockout littermates
(Arsenescu et al., 2008). This suggests that PCBs do cause adiposity through an AhR-dependent
mechanism. It is unknown whether non-coplanar PCB congeners can elicit similar effects though

another mechanism.

Adiponectin is a critical regulator of energy homeostasis acting via adiponectin receptors
to affect glucose uptake in muscle fiber and the liver and reduce gluconeogenesis in the liver. Its
expression and release is regulated by insulin (Mohlig et al., 2002). Serum adiponectin levels are
decreased in Type Il diabetes mellitus patients and it is considered “among the strongest and
most consistent biochemical predictors of type 2 diabetes” (Li et al., 2009). Additionally,
adiponectin levels are reduced in rodent models of obesity and insulin resistance (Hu et al., 1996;
Yamauchi et al., 2001). We hypothesized that since GSIR was increased in PCB-treated mice
that adiponectin levels might also be affected. Human studies have shown a link between
elevated serum levels of the ortho-substituted congener PCB 153 with reduced serum adiponectin
levels in obese women (Mullerova et al., 2008). The authors suggest that PCB 153 and other
persistent organic pollutants are associated with DM because they may regulate serum
adiponectin levels. To our knowledge, our results are the first demonstration that PCB exposures

can directly affect circulating adiponectin levels (Figure 2.6).

Despite the mounting evidence linking PCB exposure to diabetes mellitus and the other
pathologies falling under the umbrella diagnosis of metabolic syndrome in humans, animal data
supporting this link has been tenuous. More so, the underlying mechanism(s) of such an

interaction remain elusive. As a mixture of compounds having different physiochemical
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properties that affect each congener’s metabolism and mechanism of action, the term PCB
exposure represents a very broad definition related to a sequence of potential molecular events
that can persist for decades due to intrinsic half lives of 10-15 years for several congeners (Ritter
et al., 2011). Modeling such exposures in animals is not only difficult, but costly. As such,
laboratory studies rely on acute to subchronic exposures to high dosages of PCBs. Unfortunately,
these paradigms do not accurately reflect actual human exposures, and more chronic studies on
the long term effects of PCBs are necessary to fully understand their effects on the human body.
While we did not develop a PCB model of diabetes mellitus, the data presented here suggest that
PCBs modulate physiological processes related to diabetes mellitus. Thus, subchronic oral
exposure in females to moderate doses of PCB mixtures may provide a useful and, more-
importantly, environmentally-relevant, alternative model to genetic models of metabolic
syndrome for studying the early effects of PCBs on metabolic function, which might represent a
unique opportunity to identify interventions that reduce or prevent the progression towards

disease.

Conclusions

PCB exposure has been linked to a variety of illness in human, notably metabolic
syndrome and diabetes mellitus. Here, we provide evidence that PCBs alter physiological
process core to the development of these pathologies. Of particular note are the potentially novel
role for PCB disruption of pancreatic dopamine in the pathology of metabolic disease and the
unique susceptibility of female mice to the effects of PCBs. This difference underscores the
necessity to perform toxicological studies in both genders particularly when known pathological

mechanisms suggest that gender-related hormonal pathways may be involved.
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Table 2.1: VMAT2 ICs, Values of Various PCB Congeners and Commercial Mixtures.
Vesicular tetrabenazine-sensitive dopamine transport was measured in isolated mouse brain

vesicles.



PCB Congener or Mixture ICso
Aroclor 1254 5.2 uyM
Aroclor 1260 1.0 uM

Aroclor 1254/1260 Mixture | 6.1 uM

PCB 95 1.7 uM
PCB 118 (Mono-ortho) 42.5 yM
PCB 138 3.6 uM
PCB 153 5.3 UM
PCB 170 6.0 uM
PCB 180 9.1 pM

74
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Figure 2.1: PCB Exposure Promotes Increased Body Mass Over Time in Female Mice. A)
Increased body mass gain over study in PCB-treated females when compared to control females.
B) PCB-treated females have a significantly greater body mass at 21 days treatment when
compared to control females (Control females 21 days body mass= 19.3 + 0.25 g; PCB females
21 days body mass = 20.2 + 0.38 g; *, p<0.05) . C) Growth rates in Control and PCB-treated
female mice. (Control females rate of growth = 0.44 £ 0.07 g/week; PCB females rate of growth

=0.82 + 0.12 g/week; F(1,16)= 7.31; p=0.008).
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Figure 2.2: PCB Exposure Impairs Glucose Tolerance in Female Mice. A) Glucose tolerance
in females at 14 days of treatment. B) Glucose tolerance in females at 28 days of treatment. C)
PCB exposed females display a 16% increase in AUC at 14 days and a 30% increase in AUC at

28 days over control female AUC levels.
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Figure 2.3: PCB exposure promotes wasting and loss of body mass over time in male mice.
A) Decreased body mass over study in PCB-treated males when compared to control males. B)
PCB-treated males have a significantly smaller mean body mass at 21 days treatment when

compared to control males.
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Figure 2.4: PCB Exposure Does Not Impair Glucose Tolerance in Male Mice. A) Glucose
tolerance in males at 14 days of treatment. PCB-treated male mice have a faster clearance in
blood glucose in response to glucose challenge. B) Glucose tolerance in males at 28 days of
treatment. C) PCB-treated males do not have significant change in AUC at 14 days or at 28 days

over control male AUC levels.
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Figure 2.5: PCB Exposure Increases Glucose-Stimulated Insulin Release in Female Mice. A)
Fasting levels of insulin at 14 days treatment. B) Fasting levels of insulin at 28 days treatment.
C) Fed levels of insulin at 14 days treatment. D) Fed levels of insulin at 28 days treatment. E)
Percent increase of fed insulin levels over fasting levels at 14 days treatment. F) Percent increase

of fed insulin levels over fasting levels at 28 days treatment.
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Figure 2.6: PCB Exposure Decreases Serum Adiponectin Levels in Female Mice. Serum
adiponectin levels are reduced in PCB-treated mice by 22% when compared to control mice (28
days Control females total adiponectin- 31350 + 1550 ng/ml; PCB females total adiponectin -

25500 + 1470 ng/ml; *, p<0.05).
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Figure 2.7: PCB Exposure Increases Serum Cholesterol Levels, but Not Triglycerides in
Female Mice. PCB-treated females have a 237% increase in serum total cholesterol levels(A), a
400% increase in VLDL/LDL cholesterol levels (B), a 203% increase in HDL cholesterol

levels(C), and no change in serum triglyceride level (D) when compared to control mice.
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Figure 2.8: PCB exposure decreases dopamine levels in the pancreas. HPLC analyses were
performed on pancreas tissues from mice exposed to 50 mg/kg of Aroclor 1254:1260 mixture
daily for 28 days. dopamine levels in the pancreas are reduced by 36% in PCB-treated female
mice (Control female pancreas dopamine level- 18.6 + 1.5 nmol/mg of protein; PCB-treated
female pancreas dopamine level- 11.9 £ 0.9 mol/mg of protein; n=7-8, **, p<0.003) and 38% in
PCB-treated male mice (Control male pancreas dopamine level- 14.1 + 3.0 nmol/mg of protein;

PCB-treated male pancreas dopamine level- 8.76 + 1.3 mol/mg of protein; n=5-7, p=0.10).
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Abstract

With incidence rates of diabetes on the rise, new therapies for the management of the
disease are needed. Recently, it has been reported that acute treatment with the selective
vesicular monoamine transporter 2 (VMAT2) inhibitor tetrabenazine can improve fasting
glucose, glucose tolerance, and glucose-stimulated insulin secretion. Much is known about the
long term effects of VMAT2 inhibition on brain function, while the effects of long-term
inhibition as related to pancreatic function are unknown. Using mice engineered to express very
low VMAT?2 protein levels (VMAT2 LO), we determine the effects of long-term inhibition of
VMAT2 on blood glucose homeostasis. We show that VMAT2 LO mice have decreased
norepinephrine, dopamine, and dopamine metabolite levels in the pancreas. Although fasting
glucose levels in young VMAT2 LO mice appear normal, aged VMAT2 LO mice do not develop
the age-associated increase in fasting glucose levels seen in WT littermates (24 months old
VMAT2 WT mice fasting blood glucose — 126.0 + 10.1 mg/dL; 24 months old VMAT2 LO mice
fasting blood glucose — 87.0 £ 5.3 mg/dL). Additionally, aged VMAT2 LO mice have improved
glucose tolerance and glucose-stimulated insulin release. These data suggest that long-term
VMAT2 inhibition has therapeutic potential for the management of glucose homeostasis;
however, expectations should be tempered with the knowledge that long-term inhibition of
VMAT?2 in the brain can have serious deleterious side effects, including depression and possibly
monoaminergic neuronal cell loss. The data highlight the role of VMAT2 and catecholamines in

the regulation of blood glucose homeostasis and insulin release.
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Introduction

Diabetes mellitus is an endocrine disorder that currently affects approximately 10% of all
adults in the US. The estimated risk of developing DM over a lifetime for an individual born in
the year 2000 in the US is 32.8% for males and 38.5% for females (Narayan et al., 2003). Since
diabetes mellitus also modifies an individual’s risk for a variety of diseases, including
atherosclerosis, coronary heart disease, kidney disease, stroke, neuropathy, and dementia, treating
DM may be critical to manage the development of other associated illnesses (Bielefeldt and Reis,
1989; Grundy et al., 1999; Maser et al., 1989; Vokonas and Kannel, 1996). Therefore, diabetes

mellitus poses a significant public health issue both now and in the future.

Diabetes mellitus is characterized by a loss of function of insulin, resulting in the
inability to maintain blood glucose levels at proper levels (Sandoval et al., 2009). This can occur
by a variety of mechanisms, including insulin resistance in target tissues, loss of beta cell mass in
the pancreas, impaired secretion of insulin from beta cells, and loss of circulating insulin from the
blood. Understanding islet physiology with respect to how insulin is made and secreted is one
key to the discovery of new drug targets and better therapies for the treatment of diabetes.
Recently, monoaminergic neurotransmitter receptors and transporters have been identified as in
important new drug targets because of their action in islet physiology (Sandoval et al., 2009).
The pancreas with associated ducts and vessels contain large amounts of monoamines (Yi et al.,
2004). Like neurons, the beta cells of the endocrine pancreas both secrete and respond to
monoamines. While adrenergic inputs come from the pancreatic ganglion, dopamine is
synthesized and cosecreted with insulin in response to glucose stimulation (Ahren et al., 1981;
Ericson et al., 1977; Ichise and Harris, 2010; Yi et al., 2004). Dopamine and norepinephrine both
inhibit glucose-stimulated insulin release from beta cells in vitro and in vivo while both dopamine
and dopamine receptor agonists increase insulin release when administered systemically (Borelli

and Gagliardino, 2001; Jetton et al., 2001; Lundquist et al., 1991; Zern et al., 1980). Indeed, the
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FDA recently approved bromocriptine, a D2 dopamine receptor agonist, to treat diabetes because
it modestly decreases A;C hemoglobin and blood glucose levels (Gaziano et al., 2010).
Additional evidence shows that blockade or loss of o, adrenergic receptor increases insulin
secretion and improves fasting glucose levels in mice (Nakadate et al., 1980; Savontaus et al.,
2008). Together these data show a definitive role for monoamines in the regulation of islet and

nervous system physiology and subsequent management of blood glucose levels.

One major common factor between most monoaminergic neurons and beta cells is the
expression of the vesicular monoamine transporter 2 (VMAT2). This protein is critical for
packaging monoamines into vesicles for release. When VMAT?2 activity is lost, monoamine
levels decrease in target tissues. Although largely considered a neuronal protein, several reports
have shown that VMAT?2 is highly expressed in the pancreas (Anlauf et al., 2003). Recent data
show that the VMAT2 selective inhibitor tetrabenazine (TBZ) when given acutely can help
improve serum blood glucose levels in slightly insulin resistant rats by increasing insulin release
in response to glucose stimulus (Raffo et al., 2008). This suggests that VMAT2 may be a useful
drug target for the treatment of diabetes; however, the long term effects of VMAT2 inhibition on

glucose homeostasis are unknown.

To investigate the effects of long term inhibition of VMAT2 on blood glucose levels, we
utilized the VMAT2 hypomorph mouse (VMAT2 LO). This mouse model expresses only 5-7%
of normal VMAT?2 levels in the brain and has dramatically reduced monoamine levels in the
forebrain and other brain regions (Caudle et al., 2007). Therefore, we hypothesized that VMAT?2
levels would be reduced in the pancreas as well leading to reduced monoamine levels in the
pancreas. We utilize this model to investigate the effects of chronic VMAT?2 inhibition on blood

glucose management.

Materials and Methods



95

Animals

All animal procedures were conducted in accordance withthe National Institutes of
Health Guide for Care and Use of Laboratory Animals and were approved by Emory University
Institutional Animal Care and Use Committee for these specific experiments. Mice were
maintained on a 12 hour light: 12 hour dark cycle with standard rodent chow and were given food
and water ad libitum unless otherwise noted. VMAT2 mice were generated as described
previously (Mooslehner et al., 2001). Briefly, these mice were created by a fortuitous
recombination event during an attempt to make VMAT2 knockout mice. These mice have an
intact open reading frame without a frame shift that results in markedly reduced mRNA
expression. While complete VMAT?2 knockout is lethal within several days of birth, VMAT2 LO
mice survive well into adulthood, including up to 36 months of age under our laboratory
conditions. While the transgene was introduced into 129/0la CGR 8.8 embryonic stem cells, the
ES cells were injected into C57BI/6 blastocysts. Of the resulting pups, chimeric males were
crossed to C57BI/6 females followed by several generations of backcrossing to C57BI/6 mice.
VMAT?2 transgenic mice were group housed, were bred by VMAT?2 heterozygote/ a-syn wildtype
x VMAT?2 heterozygote/ a-syn wildtype mating, and were genotyped as previously described
(Caudle et al., 2007). Our colony was also genotyped to remove all traces of a spontaneous null
mutation in the a-synuclein (a-syn) gene that was present in the original C57BI/6 founder strain
as o-syn knockout mice have recently been reported to have alterations in glucose-stimulated
insulin release (Geng et al., 2010). Mice were sacrificed by either live decapitation for tissue
collections or anesthetized by isofluorane and transcardially perfused with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (Fisher Scientific) in PBS (PFA) for fixed tissue

collections.

Histochemistry and Hematoxylin and Eosin Staining



Whole pancreata were removed from perfused mice and stored overnight at 4°C in 4%
PFA. The tissues were transferred 24 hours later to 30% sucrose in PBS and stored at 4°C to
allow tissues to drop. The tissues were then processed for paraffin embedding. Eight-micron
thick paraffin-embedded sections were stained with hematoxylin-eosin (H&E).  For
immunohistochemistry, eight micron thick sections were subjected to antigen retrieval by
microwave method in 100 mM Sodium citrate buffer pH 6.0 for 2 minutes each, twice. After
block in 10% Normal Goat Serum (Gibco), slides incubated with a guinea pig anti-insulin
antibody (1:2000; Abcam) overnight at 4°C and then incubated in Alexa Fluor 594-conjugated
minimally cross reactive goat anti-guinea pig secondary antibody (Invitrogen, Carlsbad, CA)
for 1 hour at room temperature. Visualizationwas performed using a Zeiss Epifluorescent

Microscope.

*H-Dihydrotetrabenezine Binding Assay

*H-Dihydrotetrabenazine (*H-DTBZ- American Radiolabeled Chemicals; St. Louis,
MO) binding was performed on fresh pancreata fractions. Whole pancreata were harvested in
0.32 M sucrose with 1X protease inhibitor cocktail (Sigma) and homogenized using a
glass/Teflon homogenizer with 10 up and down stokes at 1000 rpm. Homogenates were
centrifuged at 1000x g at 4°C for 10 minutes. The resulting post-nuclear fraction (supernatant)
was reserved and used for binding assays. The supernatants were kept on ice and 25 pl of
sample was added to 175 pl of VMAT2 uptake buffer (2mM ATP-Mg*, 1.7mM Ascorbate,
25mM HEPES, 100mM Potassium tartrate, 0.1mM EDTA, 0.05mM EGTA, pH 7.4). Then
either a 20 uM final concentration of cold TBZ (25 pl of 200uM TBZ) for nonspecific binding
or 25 pl of buffer for total binding was added followed immediately by the addition of 2 nM
*H-DTBZ (25 pl of 20 nM *H-DTBZ). The reaction was incubated at 37°C for 2 minutes.
Cold uptake buffer (2-3ml) was added to attenuate each reaction and samples were harvested

on a Brandel Cell Harvester with Whatman GF/F Filter Paper (Brandel, Inc., Gaithersburg,

96
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MD) presaturated with 0.5% Polyethylenimine. Dried membranes were added to SafeScint
Econol Scintillation fluid (Fisher Scientific) and bound activity was measured on a LS6500
Beckman Scintillation Counter. Specific *H-DTBZ binding was determined by subtracting
total *H-DTBZ binding from cold TBZ-sensitive binding and normalized to the total protein

per sample as determined by BCA protein assay according to manufacturer’s protocol (Pierce).

HPLC Analyses of Norepinephrine, Dopamine, and Dopamine Metabolite Levels

An Agilent 1100 Series Capillary HPLC system coupled with an ESA Coulochem 111
electrochemical detector was used for separation and quantification of norepinephrine,
dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). Briefly, the
pancreas of each mouse was weighed and homogenized using a sucrose media (0.25 M sucrose,
10 mM Tris base, 0.5 mM EDTA) at 10% w/v. A 100 pL aliquot was taken and proteins were
precipitated by addition of 5 pyL perchloric acid. Samples were then spun at 10,000 x g for 3
minutes to pellet precipitated proteins. 10 pL of each sample solution was injected and separated
using a Thermo Scientific C18 Aquasil column (2.1 x 150 mm, 100 A). Mobile phase consisted
of 50 mM citric acid, 1.8 mM sodium heptane sulfonate, 0.2% trifluoroacetic acid (v/v),pH 3.0
(A) and acetonitrile (B). Gradient conditions were as follows: 3% B at 0 min, 3% B at 8 min, 18%
B at 19 min, 3% B at 20 min and 3 % B at 35 min using a flow rate of 250 pL/min.
Norepinephrine, dopamine, DOPAC, and HVA were detected using electrodes set at potentials
of -150 and +300 mV. Retention times for norepinephrine, dopamine, DOPAC, and HVA were

5.5, 12.7, 11.3, and 21.6 minutes, respectively. Calibration curves were generated using

standards (i.e., dopamine and HVA) and utilized to convert peak area to concentration units.
Fasting Glucose Measurements

Mice were fasted by cage change 8-12 hours but given water ad libitum. To determine

fasting glucose levels, each mouse was nicked with razor; a drop of blood was collected on an
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Accuchek® Comfort Curve Testing Strip and read on an Accuchek® Advantage® Glucometer

that was checked for accuracy against a standard curve before each experiment.

Glucose Tolerance Tests

Mice (n=5) were fasted by cage change for 5-8 hours but given water ad libitum. For
glucose tolerance tests, each mouse was nicked with razor; a drop of blood was collected on an
Accuchek® Comfort Curve Testing Strip and read on an Accuchek® Advantage® Glucometer
that was checked for accuracy against a standard curve before each experiment. Then, each
mouse was given an intraperitoneal injection of 2g/kg sterile-filtered glucose in PBS immediately
following fasting glucose measures (time = 0 minutes). A drop of blood was collected at 15, 30,
45, 60, 90, and 120 minutes after injection for glucose measurement. Measurements were plotted
as blood glucose (mg/dL) versus time (minutes). Area under the curve (AUC) of glucose
tolerance was also calculated by the linear trapezoidal method for each of mouse and reported in

relative units.

Glucose-Stimulated Insulin Release

Mice were fasted by cage change and removal for 5-8 hours but given water ad libitum.
To determine glucose-stimulated insulin release, each mouse was nicked with a razor;
approximately 50-75 ul of blood was collected in a heparinized hematocrit tube. The blood was
then transferred to a BD Microtainer SST tube (BD Bioscience) and placed on ice. Immediately
following, each mouse was given an intraperitoneal injection of 3g/kg sterile-filtered glucose in
PBS. Blood was collected as before at 2.5 minutes and was immediately centrifuged for 10
minutes at 10,000 x g. Blood plasma was removed and stored at -80°C until assayed. Insulin
levels were measured by mouse/rat Insulin ELISA assay (Linco Research Inc., St Charles, MO)

according to manufacturer’s protocol. All values are reported as ng/ml of insulin.

Statistical Analyses
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Values are represented as means £ SEM. All statistical analyses were performed using
Graph Pad Prism 5.0. Student t-tests were performed for all two group comparisons with
significant values reported as p<0.05. One-way ANOVA analyses or two-way AVOVA analyses
were performed on all multi-group comparisons with Newman Keuls or Bonferroni post-hoc tests

to determine significant interactions, respectively. Significant values are reported as p<0.05.

Results

VMAT2 LO Mice Have Reduced VMAT?2 Levels in the Pancreas

Since any difference between VMAT2 WT and LO mice could be due to embryonic
changes and result in structural differences in pancreata between the two, we first confirmed that
VMAT?2 LO mice have similar islet morphology and no gross differences between pancreata as
their WT littermates (Figure 3.1). Both VMAT2 WT and LO mice had large and small islets with
no differences between total numbers or morphology of islets. Next, we confirmed that VMAT?2
levels are reduced in the pancreas of VMAT2 LO mice. To do this, we developed an antibody
against the C-terminus of mouse VMAT2. Immunohistochemical staining revealed faint VMAT2
staining throughout that exocrine pancreas and strong islet staining in VMAT2 WT mouse
sections (Figure 3.2A). VMAT2 LO mice had markedly reduced VMAT2 staining in pancreatic
islets and surrounding exocrine tissues (Figure 3.2D). We also examined insulin distribution and
staining within islets from both VMAT2 WT and LO mice. There were no differences between
genotypes for insulin staining (Figure 3.2B and E). Merged images revealed that VMAT?2 is
present in all or nearly all insulin and non-insulin reactive cells of the pancreatic islets in VMAT2
WT mouse sections (Figure 3.2C and G). However, VMAT2 expression is largely absent in
VMAT2 LO mouse islets with only faint merged staining in the perinuclear puncta of insulin

secretory granules (Figure 3.2F and H).
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To further confirm VMAT2 expression in the pancreas, we also performed binding
studies on crude lysates of VMAT2 WT and LO mouse pancreas. TBZ is a selective VMAT?2
antagonist, and several studies have measured VMAT?2 levels in humans and rodents in vivo
using TBZ-derived PET ligands in an effort to estimate beta cell mass (Eriksson et al., 2010;
Goland et al., 2009; Inabnet et al., 2010; Kung et al., 2008a; Kung et al., 2008b; Lin et al., 2010;
Simpson et al., 2006; Souza et al., 2006; Tsao et al., 2010). VMAT2 LO mice express only 5-7%
of VMAT?2 protein in the brain (Caudle et al., 2007). While it is predicted that VMAT2 levels
would be reduced in all VMAT2-expressing tissues, VMAT2 expression in the pancreas of
VMAT?2 LO mice is unknown. We determined loss of VMAT2 expression in VMAT2 LO mice
using *H-DTBZ binding in pancreatic lysates. VMAT2 LO mice have a non-significant 36%
reduction in ®*H-DTBZ binding in the pancreas (Figure 3.21). VMAT2 WT mice displayed 21.4 +
7.47 pmol/min/mg of protein *H-DTBZ binding in the pancreas versus 13.7 + 1.99 pmol/min/mg

of protein *H-DTBZ binding in VMAT2 LO mice.
VMAT?2 LO Mice Have Reduced Monoamine Levels in the Pancreas

Since even acute loss of VMAT2 activity results in a rapid reduction in dopamine levels
in the pancreas (Raffo et al., 2008), we determined the effects of chronic inhibition of VMAT2 on
monoamine levels in the pancreas. Previous studies have shown that dopamine and NE levels are
significantly reduced in the brains of VMAT2 LO mice when compared to their WT littermates
(Caudle et al., 2007; Taylor et al., 2009). Likewise, VMAT2 LO mice have a (70%) loss of
dopamine in the pancreas (VMAT2 WT mice pancreas dopamine — 23.09 = 9.66 pmol/mg of
protein; VMAT2 LO mice pancreas dopamine — 6.259 + 3.22 pmol/mg of protein) (Figure 3.3A).
The dopamine metabolites DOPAC and HVA are also reduced by 80% and 65% loss,
respectively (VMAT2 WT mice pancreas DOPAC — 29.89 + 11.5 pmol/mg of protein; VMAT2
LO mice pancreas DOPAC — 6.084 + 2.56 pmol/mg of protein; VMAT2 WT mice pancreas HVA

—103.5 = 31.1 pmol/mg of protein; VMAT2 LO mice pancreas HVA — 32.31 + 14.7 pmol/mg of
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protein). (Figure 3.3B and C) We also see a (40%) reduction in pancreatic norepinephrine
levels (VMAT2 WT mice pancreas norepinephrine — 0.305 + 0.09 pmol/mg of protein; VMAT2

LO mice pancreas norepinephrine — 0.158 + 0.02 pmol/mg of protein) (Figure 3.3D).

Aged VMAT2 LO Mice Have Improved Fasting Blood Glucose Levels

Since loss of VMAT?2 results in a dramatic reduction in pancreatic monoamines, we
investigated the physiological effects that this loss has on mice as they age. Interestingly,
previous studies have shown that both C57BI/6J and 129/Sv]J mice have impaired glucose
tolerance and signs of insulin resistance when compared to other strains (Berglund et al., 2008;
Champy et al., 2008). Our mouse colony was created in 129/Sv] ES cells and has been
backcrossed onto a C57BI/6J background. Therefore, we suspected that our animals may develop

signs of insulin resistance as they reached middle-age.

We measured fasting glucose levels in VMAT2 WT and LO mice of different ages.
While there are no differences between VMAT2 WT and LO mice in earlier adulthood (3 months
VMAT2 WT mice fasting blood glucose — 63.5 = 3.2 mg/dL; VMAT2 LO mice fasting blood
glucose — 65.5 + 4.9 mg/dL; 6 months VMAT2 WT mice fasting blood glucose — 79.0 + 1.8
mg/dL; VMAT2 LO mice fasting blood glucose — 84.0 + 5.7 mg/dL), aged VMAT2 LO mice do
not develop the impaired fasting glucose levels seen in VMAT2 WT animals (15 months VMAT2
WT mice fasting blood glucose — 108.0 = 5.4 mg/dL; VMAT2 LO mice fasting blood glucose —
81.0 + 3.4 mg/dL, ***, p<0.001; 24 months VMAT2 WT mice fasting blood glucose — 126.0 +
10.1 mg/dL; VMAT2 LO mice fasting blood glucose — 87.0 + 5.3 mg/dL, ***, p<0.001) (Figure
3.4). Fasting glucose levels of VMAT2 heterozygote (VMAT2 HET) mice are similar to that of
VMAT2 WT mice (15 months VMAT2 HET blood glucose level - 119.4 + 4.70 mg/dL). There

are no differences in body mass between genotypes in middle-age mice (15 months VMAT2 WT
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mice body mass — 28.8 £ 0.9 g; VMAT2 LO mice body mass — 27.1 £ 1.1 g; 24 months VMAT2

WT mice body mass —28.9 £ 1.1 g; VMAT2 LO mice body mass — 26.4 + 1.0 g).

Aged VMAT2 LO Mice Have Improved Glucose Tolerance

Since aging VMAT2 LO mice display improved fasting glucose when compared to their
WT littermates, we determined the effect of VMAT2 genetic ablation on glucose tolerance.
VMAT2 LO mice display improved glucose tolerance when compared to WT littermates (Figure
3.5A). AUC measures are significantly lower in VMAT2 LO mice (Figure 3.5B) indicating that
they are much less likely to develop insulin resistance as they age (VMAT2 WT mice AUC —

2516 +195.7; VMAT2 LO mice AUC - 1658 + 287.6; p<0.05).

Aged VMAT2 LO Mice Have Improved Glucose-Stimulated Insulin Release

With improved fasting glucose and glucose tolerance, we proposed that VMAT2 LO
mice may respond better to a glucose challenge by secreting more insulin. At baseline fasting
levels, VMAT2 LO mice had slightly higher serum insulin levels than their WT littermates
(VMAT2 WT mice fasting serum insulin levels — 0.27 = 0.03 ng/ml; VMAT2 LO mice fasting
serum insulin levels — 0.30 + 0.06 ng/ml)(Figure 3.6). Upon glucose challenge, VMAT2 LO had
higher serum insulin levels than their WT littermates (VMAT2 WT mice fed serum insulin levels

—0.41 = 0.05 ng/ml; VMAT2 LO mice fed serum insulin levels — 0.64 + 0.20 ng/ml).

Discussion

Pharmacological Implications of VMAT2 inhibition for the Treatment of Diabetes

While previous studies investigating the role of VMAT2 in regulating glucose
homeostasis have shown that acute inhibition is beneficial, the effects of chronic inhibition of
VMAT?2 on glucose homeostasis and any resulting potential for long term therapeutic benefit

have remained unclear (Raffo et al., 2008). We found that as our colony aged fasting glucose
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levels increased in VMAT2 WT mice; however, VMAT2 LO mice continued to display low
fasting glucose levels regardless of age (Figure 3.4). Additionally, VMAT2 LO mice displayed
markedly better glucose tolerance than their WT littermates (Figure 3.5). These data suggest that
chronic inhibition of VMAT2 may be beneficial for maintaining lower blood glucose levels and
preventing the development of insulin resistance. However, there are several issues related to this
model that could confound interpretation of these results. The VMAT2 LO mice have a genetic
deficiency in VMAT2 protein levels that presumably persists from embryonic stages throughout
adulthood. Therefore, the early loss of VMAT?2 protein during development may have altered
islet physiology from birth. This does not appear to be the case as there is no difference in fasting
glucose levels between WT, HET, or LO mice until much later in adulthood (after 6 months of
age). Rather, VMAT2 LO mice display consistent management of glucose homeostasis at any
age measured. Additional studies are necessary to understand any role of VMAT?2 in early islet
development. Though VMAT2 does not appear to be expressed in alpha islets cells, they do
receive sympathetic innervation. This study has not investigated the role that VMAT?2 plays in
the regulation of glucagon secretion. Future studies aimed at determining whether VMAT?2 plays
any role in the control of other pancreatic cell types as it does in beta cell function are critical for

fully understanding VMAT2 function in pancreatic physiology.

VMAT2 Loss of function and Impact on Insulin Secretion

Loss of VMAT2 expression also resulted in greater insulin release in response to glucose
stimulation (Figure 3.6). This is consistent with the increase in glucose-stimulated insulin release
seen under acute administration of TBZ (Raffo et al., 2008). These data suggest that VMAT?2
plays a role in regulating the secretion of insulin. Interestingly, as VMAT?2 is a marker of beta
cells, some insulinomas (cancers of beta cell origin) have been shown to lose VMAT?2 expression
while other non-insulin secreting pancreatic endocrine tumors retained expression of VMAT?2

(Anlauf et al., 2003). This suggests that VMAT2 expression may also be directly related to
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certain pancreatic cancer phenotypes. A potential mechanism by which VMAT2 expression and
activity may regulate insulin secretion is via the role that VMAT?2 plays in regulating vesicular
pH. VMAT?2 is a proton antiporter where vesicular transport of monoamines occurs by proton-
amine exchange (Figure 1.4). Therefore, VMAT2 activity leads to the alkalinization of vesicles
and the subsequent inhibition of acid-dependent prohormone convertases (Blackmore et al.,
2001). Inhibition of VMAT2 by reserpine has been shown to increase the cleavage of
chromogranin A, proenkephalin, and progastrin (Eiden et al., 1984; Voronina et al., 1997;
Wolkersdorfer et al., 1996). Therefore, VMAT?2 inhibition in the islet may have a similar effect
on insulin secretion by increasing proinsulin cleavage and the available pool of insulin peptide for

release.

Monoaminergic Transmission in Islet Physiology

The activation of the sympathetic pathway in the pancreas blocks release of insulin and
stimulates release of glucagon causing blood glucose levels to rise (Kurose et al., 1990). This
latter physiological response implicates the monoaminergic neurotransmitter norepinephrine as
playing an important role islet physiology and evolved as an important mechanism to combat
exercise-induced hypoglycemia (Tuttle et al., 1988). Additionally, o, adrenergic receptors
expressed on beta cells play a critical role regulating insulin secretion. oy, adrenergic receptor
knockout mice have a 30% reduction in fasting glucose levels than WT littermates and a near
significant increase in fasting insulin levels, indicating that adrenergic action plays an important
role in normal glucose metabolism (Peterhoff et al., 2003; Savontaus et al., 2008). Activation of
o, adrenergic receptors blocks insulin release and the o, adrenergic receptor gene locus was
recently identified as a susceptibility gene for Type Il DM in both humans and a rat model
(Rosengren et al., 2010). It has also been proposed that dopamine acts on nearby beta cells to
attenuate insulin secretion (Ichise and Harris, 2010). Interestingly, one study has shown that

bromocriptine (a dopamine receptor agonist) does not exert its pharmacological benefits though
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dopamine D2 receptors rather acting as an agonist directly on o, adrenergic receptors to inhibit
glucose-stimulated insulin release (de Leeuw van Weenen et al., 2010). This seems
counterintuitive to the evidence supporting that loss of monoaminergic signaling results in
improved insulin secretion. Thus, further investigation is required to dissect the contribution of

each monoamine system and to VMAT?2’s role in the regulation of glucose homeostasis and islet

physiology.
VMAT2 as a Marker of Beta Cell Mass Integrity

VMAT?2 expression and thus TBZ-derived ligands are commonly used as a measure of
striatal dopamine terminal integrity in Parkinson’s disease and distinctly mark other areas of the
brain known for high expression of monoamines (Frey et al., 1996; Vander Borght et al., 1995).
More recently, TBZ-derived PET ligands have been used to estimate beta cell integrity in models
of diabetes mellitus (Eriksson et al., 2010; Goland et al., 2009; Inabnet et al., 2010; Kung et al.,
2008b; Souza et al., 2006); however, conflicting reports exist over the reliability of TBZ ligands
to indicate beta cell mass (Fagerholm et al., 2010; Tsao et al., 2010). This is due to possible
VMAT2-nonspecific binding of TBZ to the pancreas. In our DTBZ radioligand binding
experiment in VMAT2 WT and LO mice, we only saw a 36% reduction in pancreatic binding in
VMAT2 LO mice as compared to their WT littermates (Figure 3.2C). This is in contrast to the
95% reduction in VMAT2 protein observed in the striatum of these mice (Caudle et al., 2007).
The closely related protein vesicular monoamine transporter 1 (VMATL1) is also expressed in the
enterochromaffin cells of the endocrine pancreas (Anlauf et al., 2003). While previous studies
have shown that TBZ has 10,000 fold higher affinity for VMAT2 protein versus
VMAT1(Erickson et al., 1996; Finn and Edwards, 1997), the absence of VMAT1 protein from
the striatum may underlie the more predictable loss in **C-DTBZ binding in the brains of
Parkinson’s disease patients(Peter et al., 1995). Additionally, the ligand used in our study is a

mixture of (+)alpha- and (-)alpha-DTBZ stereoisomers. Previous studies have shown that large
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amounts of nonspecific binding in the pancreas of rats were largely due to the (-)alpha-
stereoisomer (Kilbourn, 2010). Two published report suggests that TBZ can actually act as a D2
receptor antagonist because of its ability to block spiperone binding with a K; of 5uM; however,
spiperone is now known to have high affinity for several 5-HT receptors (Login et al., 1982;
Login et al., 1983). Newer unpublished data from a company developing novel VMAT2
antagonists suggest that the (-)alpha-stereoisomer has much stronger affinity for the D2 receptor
of 192 nM than previously acknowledged (Neurocrine communication). These data suggest that
(-)alpha- sterecisomer has the same affinity for D2 receptors as it does for VMAT2 (K;= 200 nM)
while the (+)alpha- stereoisomer has very high affinity for VMAT2 (K;= 0.97 nM), but negligible
affinity for D2 receptors (K> 10 pM). Our experiments are performed with 2 nM *H-DHTBZ.
Therefore, we are possibly detecting small amounts of nonspecific binding to D2 receptors under
our experimental conditions which are highly expressed in the pancreas (Rubi et al., 2005).
Another unknown protein having high affinity for TBZ may also be expressed at high levels in
the pancreas. Additionally, species differences in VMAT2 expression may be responsible as the
conflicting data were generated from rodents, whereas weak islet-specific TBZ binding was

observed in human pancreas sections (Fagerholm et al., 2010; Tsao et al., 2010).

The expression of VMAT2 has also born some controversy. One study reports that
VMAT?2 transcript is strongly expressed in rat islets (Veluthakal and Harris, 2010). Other studies
have shown that VMAT2 protein is expressed in sympathetic nerves innervating the pancreas, in
islets, and in some cells lining pancreatic ducts (De Giorgio et al., 1996; Mei et al., 2002). We
show that VMAT2 is expressed in both exocrine and endocrine tissues of mice, where both
insulin and non-insulin islet cells are stain positive for VMAT2 as measured by
immunocytochemistry (Figure 3.2). Previous reports in human tissue have suggested that
VMAT?2 expression is limited to insulin-reactive and PP-reactive cells in the pancreatic islet and

the small amounts of sympathetic nerve fibers throughout the pancreas (Anlauf et al., 2003;
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Saisho et al., 2008). As with imaging and binding, it may be that the differences in VMAT2
expression in exocrine and endocrine tissues are due to species difference. However, it is
important to note that our clinical chemistry experiments were done in the absence of TBZ and in
mice with genetically-deleted VMAT2 protein showing a clear relationship between VMAT2

function and glucose homeostasis.
Conclusions

As we show here, loss of VMAT2 prevents mice from developing age-associated
impaired glucose tolerance. These data suggest an exciting new role for VMAT2 in the
regulation of islet physiology and hold promise for the development of novel therapeutics
targeting VMAT?2 for the treatment of diabetes mellitus. Recently, TBZ has been approved for
the treatment of chorea in Huntington’s disease in the U.S. (Wimalasena, 2010). A patent has
already been filed to use TBZ for the treatment of diabetes mellitus and a new VMAT?2 inhibitor
has already entered a 2" study in Phase | clinical trials for the treatment of tardive dyskinesia.
While TBZ and reserpine (another VMAT?2 inhibitor) have been used for decades for their
antihypertensive and antipsychotic properties, they are rarely used anymore. The deleterious side
effects associated with their use (e.g., parkinsonism, akathisia, depression, suicidality, sedation,
and neuroleptic malignant syndrome) has proven them too high of a risk for use when other safer
alternatives exist (Guay, 2010). Depression reported in patients upon chronic use of reserpine for
the treatment of hypertension helped to build the monoamine hypothesis of depression (Freis,
1954). A newer generation of VMAT2-selective inhibitors that do not cross the blood brain
barrier or that have better pharmacokinetics profiles may be therapeutically valuable for the

treatment of diabetes mellitus.
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Figure 3.1: VMAT2 LO Mice Have Normal Islet Morphology. A) H&E staining of
pancreatic islet from VMAT2 WT (left panel) and LO mice (right panel). VMAT2 LO mice have

comparable islet size shape and number.
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Figure 3.2: VMAT2 LO Mice Have Reduced VMAT?2 Levels in the Pancreas. B) Insulin
immunohistochemistry of pancreatic islet from VMAT2 WT (left panel) and LO mice (right
panel). Insulin is shown in red. 1) Tetrabenazine binding in pancreatic lysates from VMAT2 WT
and LO mice to determine relative VMAT2 levels. VMAT2 LO mice have a 36% reduction in
TBZ binding compared to WT animals. VMAT2 WT mice displayed 21.4 + 7.47 pmol/min/mg of
protein *H-DTBZ binding in the pancreas versus 13.7 + 1.99 pmol/min/mg of protein *H-DTBZ

binding in VMAT2 LO mice.
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Figure 3.3: VMAT2 LO Mice Have Reduced Monoamine Levels in the Pancreas. Pancreas
monoamine levels in aged VMAT2 WT and LO mice were measured by HPLC. A) Dopamine
levels in the pancreas were reduced by 70% in VMAT2 LO mice. (VMAT2 WT mice pancreas
dopamine — 23.09 + 9.66 pmol/mg of protein; VMAT2 LO mice pancreas dopamine — 6.259 +
3.22 pmol/mg of protein). B) 3,4-dihydroxyphenylacetic acid (DOPAC) levels in the pancreas
were reduced by 80% in VMAT2 LO mice. (VMAT2 WT mice pancreas DOPAC —29.89 + 11.5
pmol/mg of protein; VMAT2 LO mice pancreas DOPAC — 6.084 £ 2.56 pmol/mg of protein; *,
p<0.05). C) Homovanillic acid (HVA) levels in the pancreas were reduced by 40% in VMAT?2
LO mice. (VMAT2 WT mice pancreas HVA — 103.5 £ 31.1 pmol/mg of protein; VMAT2 LO
mice pancreas HVA — 32.31 + 14.7 pmol/mg of protein). D) Norepinephrine levels in the
pancreas were reduced by 40% in VMAT2 LO mice. (VMAT2 WT mice pancreas

norepinephrine — 0.305 + 0.09 pmol/mg of protein; VMAT2 LO mice pancreas horepinephrine

—0.158 + 0.02 pmol/mg of protein).
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Figure 3.4: VMAT2 LO Mice Show Improved Fasting Glucose Levels as They Age. No
statistical differences between VMAT2 WT and LO mice were observed in earlier adulthood (3
months VMAT2 WT mice fasting blood glucose — 63.5 + 3.2 mg/dL; VMAT2 LO mice fasting
blood glucose — 65.5 + 4.9 mg/dL; 6 months VMAT2 WT mice fasting blood glucose — 79.0 +
1.8 mg/dL; VMAT2 LO mice fasting blood glucose — 84.0 + 5.7 mg/dL). Aged VMAT2 LO
mice do not develop the impaired fasting glucose levels seen in VMAT2 WT animals (15 months
VMAT2 WT mice fasting blood glucose — 108.0 + 5.4 mg/dL; VMAT2 LO mice fasting blood
glucose — 81.0 = 3.4 mg/dL; 24 months VMAT2 WT mice fasting blood glucose — 126.0 + 10.1
mg/dL; VMAT2 LO mice fasting blood glucose — 87.0 £ 5.3 mg/dL; n= 5-21; *** p<0.0001)

Statistical differences shown are within age group differences (n=8-18).
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Figure 3.5: VMAT2 LO Mice Do Not Develop Impaired Glucose Tolerance as They Age.
Glucose tolerance was measured in aging VMAT?2 transgenic mice. A) A plot of blood glucose
measures over time to determine the mice’s ability to respond to glucose challenge. VMAT2 WT
mice show elevated blood glucose levels compared to VMAT2 LO mice (n=5; **, p<0.01). B)
Area Under the Curve (AUC) measurements in VMAT2 WT and LO mice at 15 months of age
were determined using the linear trapezoidal method. VMAT2 WT mice show increased AUCs
compared to VMAT2 LO mice (VMAT2 WT mice AUC — 2516 + 195.7; VMAT2 LO mice AUC

- 1658 + 287.6; *, p<0.05).
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Figure 3.6: VMAT2 LO Mice Have Higher Glucose-Stimulated Insulin Release as
Compared to Their WT Littermates. GSIR was measured in aging VMAT2 transgenic mice.
Baseline fasting levels in VMAT2 LO mice are slightly higher serum insulin levels than their WT
littermates (VMAT2 WT mice fasting serum insulin levels — 0.27 + 0.03 ng/ml; VMAT2 LO
mice fasting serum insulin levels — 0.30 £ 0.06 ng/ml; n=5). Fed serum insulin levels are nearing
significantly higher in VMAT2 LO than their WT littermates (VMAT2 WT mice fed serum
insulin levels — 0.41 = 0.05 ng/ml; VMAT2 LO mice fed serum insulin levels — 0.64 + 0.20

ng/ml).
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Chapter 4

The Parkinson Disease Associated Protein o-
Synuclein Interacts with the Vesicular
Monoamine Transporter 2 and Facilitates

Packaging of Monoamines
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Abstract

a-Synuclein (a-syn), the first protein identified to be associated with familial Parkinson’s
disease is a major component of Lewy body protein inclusions in Parkinson’s disease patient
brains.  Although a-syn is expressed throughout the brain, monoaminergic neurons are
preferentially affected in Parkinson’s disease suggesting a unique interaction exists between a-
syn and the monoaminergic system. The vesicular monoamine transporter 2 (VMAT?2) transports
cytosolic monoamines, including dopamine and norepinephrine into synaptic vesicles for
sequestration and subsequent release at synaptic terminals. Genetic ablation of VMAT?2 in mice
results in a substantial loss of dopamine and NE followed by an age-dependent loss of dopamine
and norepinephrine neurons with presentation of motor and non-motor symptoms similar to those
seen in Parkinson’s disease. Thus, factors responsible for maintaining normal VMAT2 activity
may be necessary to protect monoaminergic neurons from cell death. We hypothesized that
VMAT2 may be a target of a-syn. a-Syn colocalizes with VMAT2 in human substantia nigra,
mouse primary nigral neurons, and transiently-transfected monoaminergic SHSY5Y cells.
Interestingly, both expression of WT and A53T mutant a-Syn increase tetrabenazine-sensitive
packaging of dopamine over control by 48% and 47%, respectively. a-Syn expression increases
VMAT?2 transport of dopamine velocity (Control Vyax- 37.36 £ 3.5 pmol/mg/min; WT a-syn
Vuax- 55.17 = 3.0 pmol/mg/min; A53T a-syn Vyax- 54.85 £ 6.1 pmol/mg/min); however, a-syn
has no effect on dopamine affinity for VMAT2 (Control Ky- 4.016 £ 1.2 uM dopamine; WT a-
syn Ky- 3.558 £ 0.6 UM dopamine; A53T a-syn Ky- 3.025 £ 1.2 uM dopamine.) Finally, yeast
two-hybrid data suggest that a-syn interacts with the C-terminus of VMAT2. These data indicate
that one function of a-Syn may be to maintain proper storage of dopamine and norepinephrine via

VMAT?2.
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Introduction

Mutations, triplications, and promoter haplotypes in a-Syn show an association in genetic
studies with Parkinson’s disease (Kruger et al., 1998; Kruger et al., 1999; Munoz et al., 1997;
Polymeropoulos et al., 1997; Zarranz et al., 2004). a-Syn is enriched in Lewy bodies and
dystrophic neurites, both pathological hallmarks of Parkinson’s disease and is present in many
monoaminergic loci of the brain (Braak et al., 2001; Mochizuki et al., 2002; Spillantini et al.,
1998). Though the link between Parkinson’s disease and a-syn is strong, the function of a-syn in
the neuron remains poorly characterized. While missense mutations in a-Syn are known, it is also
unclear whether a loss of function or a perhaps a toxic gain of function, as suggested by gene

triplication studies, or both contribute to a-syn’s role in Parkinson’s disease pathogenesis.

One potential mechanism for a-syn’s role in Parkinson’s disease pathogenesis relates to
a-syn formation of toxic aggregates. Studies have shown that these aggregates are stabilized in
their most toxic form by oxidized dopamine and norepinephrine (Mazzulli et al., 2007; Mazzulli
et al., 2006). Due to the potential for dopamine and norepinephrine to become oxidized in the
cytosol, timely packaging of these monoamines into synaptic vesicles by VMAT2 may play a
critical role in the survival of neurons. Persons with allelic haplotypes of VMAT2 that increase
the promoter activity of the gene have lower incidence of Parkinson’s disease, indicating that
high levels of expression of VMAT2 may be protective against Parkinson’s disease (Glatt et al.,
2006). When the activity of VMAT2 is lost, impaired sequestration of monoamines from the
cytosol may result in oxidation of monoamines potentially affecting the overall oxidation state of
the neuron. VMAT2 mRNA is dramatically reduced in the brains and in the platelets of
Parkinson’s disease patients (Harrington et al., 1996; Sala et al., 2010). Additionally, VMAT?2
protein expression is reduced in the striatum of Parkinson’s disease patients (Miller et al., 1999b).
Therefore, VMAT2 might be a target for dysregulation of monoamine homeostasis and

subsequent neurodegeneration. In support of this hypothesis, mice that express only 5-7% of
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normal VMAT?2 levels exhibit progressive nigrostriatal and locus coeruleus degeneration similar
to that seen in human Parkinson’s disease and have evidence of increased oxidative stress and
display motor and non-motor symptoms of Parkinson’s disease (Caudle et al., 2007; Taylor et al.,
2009). Together these data show that maintenance of proper VMAT2 activity is critical for the

overall health of dopaminergic neurons.

Previous studies have shown that a-syn is present in the neuron as a soluble cytosolic
protein and can transiently associate with synaptic vesicles (Maroteaux et al., 1988). While most
investigation of a-syn centers on pathophysiological effects, it remains unclear the exact normal
physiological function of a-syn. Several transgenic and knockout animal models have been
created to study the role a-syn plays. While alterations in the vesicular pool size have been
shown in a-Syn transgenic mice, changes in dopamine levels in have also been observed,
suggesting that a-syn plays some role in regulating dopamine homeostasis (Chesselet, 2008;
Perez and Hastings, 2004). «o-Syn shares high structural homology to the 14-3-3 family of
chaperone proteins that increase TH activity (Xu et al., 2002). a-syn interacts with both TH and
AADC decreasing the activity of both enzymes (Perez et al., 2002; Tehranian et al., 2006).
Lentivirally-overexpression of AS3T mutant a-syn in MESC2.10 dopaminergic cells results in
decreased dopamine uptake and release (Lotharius et al., 2002). This supports data showing that
a-syn interacts with DAT (Lee et al., 2001; Wersinger et al., 2003b); however, conflicting reports
exist as to what functional effects on DAT activity result from this interaction. Indeed, these data
have led to the study of a-syn effects on proteins involved in the regulation of the norepinephrine

and serotonin transporters (Wersinger et al., 2006a; Wersinger et al., 2006b).

While several factors can influence dopamine levels in the neuron, we and others have
previously shown that loss of VMAT2 expression in mice results in a loss of striatal dopamine
and dopamine signaling (Caudle et al., 2007; Colebrooke et al.,, 2006; Fon et al., 1997;

Mooslehner et al., 2001; Patel et al., 2003; Takahashi et al., 1997; Wang et al., 1997). Due to
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VMAT2’s role in maintaining proper storage of dopamine and thus regulating dopamine levels,
we wanted to determine if a-syn plays any role for regulating VMAT?2. Previous studies report
that a-syn interacts with VMAT2 via GST-pull down assay (Guo 2008). Also, a decrease in total
dopamine accumulation was observed in cells stably-expressing high levels of a-syn compared to
control cells that corresponded to a decrease in VMAT2 expression. To expand the observation
that a-syn may affect VMAT2 function, we performed a set of more rigorous experiments to look
at VMAT2 expression and activity in the presence of a-syn. We also sought to determine

whether mutant (A53T) a-syn could also affect VMAT2 activity.
Materials and Methods
Antibodies

Antibodies used include, rabbit anti-VMAT2 polyclonal antibody 1:250 dilution
(Chemicon International Catalog # AB1767, Temecula, CA), mouse anti-a-synuclein 1:500
dilution (BD Bioscience Catalog # 610786, San Jose, CA), mouse anti-tyrosine hydroxylase (TH)
1:500 dilution (Chemicon), rabbit anti-TH 1:500 dilution (Chemicon), Alexa Fluor 488-
conjugated Goat Anti-Rabbit 1gG (Molecular Probes, Eugene, OR), Cy3-conjugated AffiniPure
Goat Anti-Mouse IgG (Jackson Immunoresearch, West Grove, PA) HRP-conjugated Goat Anti-
Rabbit antibody 1:5000 dilution (Jackson Immunoresearch, West Grove, PA), HRP-conjugated
Goat Anti-Mouse antibody 1:10000 (Jackson Immunoresearch, West Grove, PA), and normal

rabbit IgG (Santa Cruz).

Additionally, during the course of these experiments, the VMAT2 Chemicon antibody
AB1767 was discontinued. We produced of a rabbit polyclonal antibody against the C-terminus
of human VMAT2 using the peptide ""*CTQNNIQSYPIGEDEESESD “°°" (Covance). Post-

immunization sera were cleaned over a Protein A column per manufacturer’s protocol (Pierce)
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prior to use. A final antibody concentration of 15 pg/ml was used for all staining experiments in

human brain slices. Antigen preabsorption was performed to ensure antibody specificity.

Immunohistochemistry

Paraffin-embedded 8 pm slices of human midbrain (generous gift of Dr. W. Michael
Caudle, Emory University) were deparaffinized in xylene and rehydrated in successive washes
with decreasing concentrations of ethanol. Antigen retrieval was performed using the microwave
method with 20mM Sodium citrate pH 6.0. Slides were blocked using 10% Normal Goat Serum,
1% BSA, 1% Triton X-100 in 1X PBS. Primary incubations were also performed in 10% Normal
Goat Serum, 1% BSA, 1% Triton X-100 in 1X PBS in a humidified chamber overnight at 4°C.
Secondary incubations were performed in 1% Normal Goat Serum, 1% BSA, 1% Triton X-100 in
1X PBS in a humidified chamber for one hour at room temperature. Autofluorescence was
blocked by postsecondary incubation in 3% Sudan Black prior to coverslipping with Vectashield

Mounting media containing DAPI nuclear stain (Vector Laboratories).

Fluorescence microscopy on human midbrain slices were performed using a Zeiss Axio
Imager.D2M Microscope. Image capture was done using Microlucida software (MBF).
Colocalization analyses were performed on either RGB or grayscaled images using FIJI Image
Analysis software with both the Colocalization Threshold (Costes et al., 2004) and JACoP (Bolte
and Cordelieres, 2006) Java Plugins. Pearson Coefficients of Colocalization were calculated for
each image pair. A Regions of Interest (ROI) of n=5 individual neurons were used to calculate
the overall average Pearson Coefficient. A Pearson Coefficient >0.05 was considered to be
colocalization. ROIs defined outside of neuronal cell bodies displayed no colocalization (data

not shown).

Plasmids
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hVMAT2/pcDNA3.1-Zeo, hAASYNWT/pcB, and hASYNAS3T/pcB were generous gifts
of A. Levey (Emory University, Atlanta, GA). Each hASYN/pcB was digested with Sall and
Xhol and subcloned into Xhol digested pcDNA3.1+Zeo (Invitrogen). Presence and orientation of
the insert was confirmed by restriction digestion and sequencing. The resulting vectors were
called hASYN-WT/pcDNA3.1+Zeo or hASYN-A53T/pcDNA3.1+Zeo. Empty pcDNA3.1+Zeo

vector was used as control vector.

Cell Culture and Transfections

SHSY5Y cells (ATCC, Manassas, VA) were maintained in 50:50 F-12/Dulbecco’s
Modified Eagle Media with 4.5g/L Glucose and 2mM L-glutamine (DMEM) (Lonza
Walkersville, Inc., Walkersville, MD) containing 10% Fetal Bovine Serum (Atlanta Biological,
Atlanta, GA) and 1U/mL Penicillin/Streptomycin (Lonza Walkersville Inc., Walkersville, MD).
Undifferentiated SHSY5Y cells were grown to 80% confluency on 10-cm culture plates or poly-
D-lysine coated coverslips in 6-well plates. Cells were then transfected in Optimem Minimal
Serum media (Invitrogen, Carlsbad, CA) with a 1:1 ratio of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) to plasmid DNA. After 8 hours, 2X culture media without Pen/Strep were added
and cells were maintained for an additional 40 hours before harvesting. Cells were transfected
with 8ug of VMAT?2 vector and either 4ug of empty pcDNA3.1+Zeo vector, WT, A30P, or A53T

[1-syn vector. Cells were cultured at 37°C, 5% CO,, and 80% humidity.

Mouse postnatal primary cultured nigral neuron-glia co-cultures were generated as
described in detail previously (Guillot et al., 2008a), with slight modifications. Briefly, brains
from postnatal days 0-6 (P0-6) C57/BI6J mice (Jackson Labs) were removed and placed in
dissociation media containing 90 mM sodium sulfate, 30 mM potassium sulfate, 0.25 mM
calcium chloride, 5.8 mM magnesium chloride, 10 mM glucose, 1 mM HEPES, pH 7.4. Under a

dissecting microscope, a 0.8-1.0 mm coronal section of the mesencephalon was made using a
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scalpel, and the regions containing substantia nigra were isolated. The substantia nigra was
dissected, placed in fresh dissociation media, minced into small pieces. The substantia nigra was
digested in dissociation media containing papain and DNase (Worthington Biochemical,
Freehold, NJ, USA) and incubated at 37°C (2 times for 30 minutes). The tissue was rinsed twice
with dissociation media, and once with plating media containing 1 mg/mL bovine serum albumin,
1 mg/mL ovalbumin, 20 mM glucose, 10 MM HEPES, 0.5 mL concentrated media additives
dissolved in basal medium Eagle. The substantia nigra pieces were then triturated and the cell
suspension was layered over plating media with 100 mg/mL bovine serum albumin and
100 mg/mL ovomucoid albumin. The cell suspension was then centrifuged for 8 minutes at
1400 g. The supernatant was removed, and the pellet was resuspended in PM with 2% rat serum.
Cells were counted using Trypan Blue, and plated at 350 000 cells/cm?in Lab-Tek four-well
Permanox chamber slides that were previously coated with 20 pg/mL laminin and 200 pg/mL
poly-D-lysine (Collaborative Biomedical Products, Bedford, MA, USA) at 1 : 1 (vol:vol). Cells
were maintained in an incubator at 37°C, 5% CO,, and fed with plating media containing 2% rat
serum. At 24 h post-plating, the cultures were fed with complete feeding media (containing
0.6 MM glutamax, 12 mM glucose, 100 mg/ml transferrin, 60 uM sodium selenite, 2 MM
putrescine, 25 mg/mL insulin, 0.02 mL concentrated media additives, and 2% rat serum). The

cultures were allowed to rest for 7 days before use.
Immunocytochemistry

Cells were washed in 1X PBS without Mg®* or Ca** and fixed in 4% paraformaldehyde
for 10 minutes. Cells were then permeablized in 0.1% Triton X-100 in PBS for 10 minutes and
blocked in 1% BSA (Fisher) in PBS for 1 hour at room temperature. Primary antibodies in 1%
BSA/PBS were added and incubated overnight at 4°C. Fluor-conjugated secondary antibodies in
1% BSA/PBS were added and incubated for 2 hours at room temperature in the dark. Coverslips

were briefly incubated with Hoechst stain (Sigma) prior to mounting on glass slides with
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Vectashield mounting medium (Vector Laboratories) and storage at 4°C in the dark until imaged.
All confocal fluorescence microscopy was performed using the Zeiss LSM confocal microscope

system. Images are displayed as raw images.
Cell Harvesting for Western Analyses, Uptake, and Binding Assays

Cells were washed and then harvested in 1X PBS without Mg®* or Ca®". Cells were
pelleted at 1000 x g for 2 minutes. Cell pellets were resuspended in 0.32 M sucrose, 5 mM
HEPES, pH 7.4 with 1X Protease Inhibitor cocktail (Sigma). Cells were then sonicated at 4°C for
30 seconds and centrifuged at 8000 x g for 8 minutes 4°C. The supernatant was removed and

stored at 20°C until use.
Vesicular [*H] Dopamine Uptake Assays

This assay is adapted from the Edwards method of vesicular uptake assay(Merickel and
Edwards, 1995). Cell lysates were thawed on ice and 25 pl of lysates (350-450 ug of protein) was
added to either 200 ul of VMAT2 uptake buffer (2mM ATP-Mg®, 1.7mM Ascorbate, 25mM
HEPES, 100mM Potassium tartrate, 0.1mM EDTA, 0.05mM EGTA, pH 7.4) or 175ul of uptake
buffer plus 25 ul of 200 UM tetrabenazine (TBZ) in uptake buffer to yield a final concentration of
20 uM TBZ. Samples were incubated in a 30°C water bath for 10 minutes to allow TBZ to bind.
Then, 25pl1 of dopamine with a 6% [*H] dopamine (Perkin Elmer Boston, MA) tracer was added
to each reaction and incubated for 5 minutes. Final dopamine concentrations ranged from 0.01-
30 uM. Cold uptake buffer (2-3ml) was added to attenuate each reaction and samples were
harvested on a Brandel Cell Harvester with Whatman GF/F Filter Paper (Brandel, Inc.,
Gaithersburg, MD) presaturated with 0.5% Polyethylenimine. Dried membranes were added to
SafeScint Econol Scintillation fluid (Fisher Scientific) and bound activity was measured on a
LS6500 Beckman Scintillation Counter.  Specific dopamine uptake was determined by

subtracting total uptake from TBZ-sensitive uptake and normalized to the total protein per well as
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determined by BCA protein assay according to manufacturers protocol (Pierce). Velocity was
reported as pmol/mg/min and expressed as raw values. Kinetic parameters (Vuax and Ky) were
determined using nonlinear regression with GraphPad Prism 5.0 software (San Diego, CA).
Linear regression was also performed; however, these parameters were not used to calculate

Vvax and Kwv.
*H-Dihydrotetrabenezine Binding Assay

*H-Dihydrotetrabenezine (*H-DTBZ) binding was performed on cell lysates as described
for the vesicular dopamine uptake above with the following modifications. Cell lysates were
thawed on ice and added to VMAT?2 uptake buffer. Then a 20 uM final concentration of cold
TBZ was added followed immediately by the addition of 2 nM *H-DTBZ. The reaction was
incubated at 37°C for 2 minutes. The reaction was immediately attenuated with cold uptake
buffer and harvested as described above. Specific *H-DTBZ binding was determined by
subtracting total *H-DTBZ binding from cold TBZ-sensitive binding and normalized to the total

protein per sample as determined by BCA protein assay according to manufacturers protocol.
Western Analysis

Western analyses were performed similarly as described previously(Richardson et al.,
2006). Briefly, lysates in 1X SDS loading dye were electrophoresed on either 10% Bis-Tris (for
VMAT?2) or 4-20% Tris-Glycine (for a-syn) NUPAGE gels (Invitrogen) and transferred to a
0.2um pore size polyvinylidene difluoride membrane (Invitrogen) or nitrocellulose membrane
(Invitrogen), respectively. Membranes were blocked in 8% nonfat dry milk in Tris-buffered
saline (135 mM NacCl, 2.5 mM KCI, 50 mM Tris, and 0.1% Tween 20, pH 7.4) for 1 hour at room
temperature. Primary antibodies were added to 0.8% nonfat dry milk in Tris-buffered saline and
membranes were incubated overnight at 4°C. Secondary antibodies were added in Tris-buffered

saline and membranes were incubated 1-2 hours at room temperature. Antibody detection was
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measured by chemiluminescence (SuperSignal West Dura Extended Duration Substrate- Pierce)
and imaged using an Alpha Innotech Fluorchem Imaging system. Densitometry analysis was

performed using the accompanying software suite.

Statistics

In addition to nonlinear regression, statistical analyses were performed using one-way
ANOVA on GraphPad Prism 4.0 Software. Tukey post-hoc tests were performed. All significant

measures were reported as P<0.05.

Results

a-Syn Colocalizes with VMAT2 in Neuronal Cell Bodies and Vesicular Structures

In order to determine the effect of a-syn on VMATZ2, we first sought to confirm that both
proteins are present in the same cellular compartments. We performed immunohistochemistry on
human midbrain slices. We found that both VMAT?2 and a-syn largely localized to punctuate
perinuclear structures in nigral neurons (Figure 4.1A and 4.1B, respectively). a-Syn and VMAT2
staining was most closely associated with neurons baring very large nuclei (Figure 1C) consistent
with the known characteristics of the large dopaminergic neurons of the SNpC. The staining for
both of a-syn and VMAT2 demonstrated dramatic colocalization (Figure 4.1D, yellow staining).
All VMAT2-positive neurons observed coexpressed o-syn while nearly all a-Syn neurons
coexpressed VMAT2. All VMAT?2 nigral neurons observed were TH positive (data not shown).
Finally, quantative analyses of image pixels demonstrate strong colocalization between VMAT?2
and a-syn with Pearson Coefficients ranging from 0.7 - 0.93 (Figure 4.1F). These data strongly

show that a-syn and VMAT2 colocalize in dopaminergic neurons of the SNpC.

Endogenous expression of a-syn and VMAT2 was also examined in fixed primary

cultured nigral neurons from mice by confocal microscopy. Both a-syn and VMAT2 showed
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strong expression in nigral neurons. a-Syn colocalized with VMAT2 in the perinuclear
compartment and a few punctate structures along the axonal projections similarly as seen in cells
(Figure 4.2A). We also looked at TH staining in the nigral neurons. VMAT2 showed
considerable overlap in localization with TH indicating that they also reside in a similar
subcellular compartment (Figure 4.2B). Additionally, TH and a-syn colocalize in both the
perinuclear compartment and in punctate structures along the axonal projections (Figure 4.2C).
Furthermore, TH has been shown to localize preferentially to the cytoplasmic/perinuclear
compartment of the neuron further supporting that VMAT?2 and a-Syn also are colocalizing in the

cytoplasmic/perinuclear compartment.

Next, we wanted to confirm that VMAT?2 and a-syn are located within the same cellular
compartments in vivo. To do this, we performed subcellular fractionation on mouse striatal
samples. Both VMAT2 and a-syn are expressed in crude striatal lysates (S1) (Figure 4.3).
Additionally, further fractionation confirmed that both proteins could be found in the vesicular

fraction (P4), while a-syn is also highly expressed in the cytosolic fraction (S4).

To determine whether this interaction could be studied in vitro, we first confirmed that a-
syn colocalized with VMAT?2 in transfected dopaminergic cells. As reported previously by other
groups, a-Syn protein expression was undetectable in untransfected, undifferentiated SHSY5Y
cells (Figure 4.4) (Mazzulli et al., 2006). When transiently expressed, both wild-type and A53T
mutant forms of a-syn displayed colocalized distribution of expression with VMAT?2 and a-syn in
a perinuclear compartment and in a few small punctate structures present in the short neuritic

processes consistent with a vesicular structure.
a-Syn Expression Increases VMAT2 Activity in Cotransfected Cell Lysates.

To test the effect of coexpression of a-syn with VMAT2 on VMAT2 activity, we

performed vesicular *H- dopamine storage assays on cell lysates. Expression of wild-type or
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AS53T mutant a-syn increased TBZ-sensitive VMAT?2 activity by 48% and 47%, respectively over
control transfected cells with an increase in Vyax (Control Viyax- 37.36 + 3.5 pmol/mg/min; WT
a-syn Vyax- 55.17 = 3.0 pmol/mg/min; AS3T a-Syn Vyax- 54.85 = 6.1 pmol/mg/min) (Figure
5A). No effect on dopamine affinity was observed (Control Ky- 4.016 + 1.2 uM dopamine; WT
a-syn Ky- 3.558 + 0.6 pM dopamine; A53T a-syn Ky- 3.025 + 1.2 pM dopamine.) A
Lineweaver-Burk plot displays a minimal change in substrate affinity with a dramatic change in

the velocity of VMAT?2 uptake (Figure 4.5B).

A simple explanation for an increase in Viyax iS an increase in protein expression.
Therefore, we determined the effect of a-syn on VMAT?2 protein expression. First, we performed
*H-DTBZ binding. DTBZ is a selective, noncompetitive antagonist of VMAT2. °H-DTBZ
binding confirmed no changes in VMAT2 levels between control and a-syn transfected cells
(Figure 4.6A). Next, we performed Western blots on VMAT?2 cell lysates from a-syn transfected
cells. Western analyses confirm no differences in VMAT2 total protein levels between control
and a-syn transfected cells (Figure 4.6B and C). Additionally, there was no difference between
the three different glycosylation states (75, 55, and 45 kDa bands of VMAT2 protein) in each

group (densitometric data not shown).
a-Syn Interacts with the C-Terminus of hVMAT2

Since a functional interaction of these two proteins may occur via a physical interaction,
we sought to determine if a-syn physically binds VMAT2. First, we attempted to demonstrate a
direct interaction by using coimmunoprecipitation experiments from cellular lysates of
cotransfected cells.  Despite troubleshooting many factors including salt and detergent
concentrations, epitope tagging, and crosslinking, we were unable to reliably demonstrate a direct
link though coimmunoprecipitation. Therefore, we attempted a broader technique. We screened

a human cDNA library to determine proteins interacting with human VMAT2. Upon screening,
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a-syn was identified as a VMAT2 interacting protein (Figure 4.7A,B). This interaction was
confirmed by reselection. Specifically, a-syn interacts with the 480-515 C-terminal fragment of

VMAT?2.

Discussion

Previous experiments in vivo or in vitro have not directly tested the effects of a-Syn on
VMAT? transport. Several studies have investigated the role of a-syn in the release of dopamine
and norepinephrine (Abeliovich et al., 2000; Yavich et al., 2006; Yavich et al., 2004; Yavich et
al., 2005). These studies used electrophysiology techniques to measure release directly then
make inference from these data about dopamine and norepinephrine packaging. Our
experiments directly measure TBZ-sensitive dopamine uptake. Therefore, the observed
dopamine uptake can be directly attributed to VMAT?2 activity. VMAT2 is a proton antiporter
meaning that for every molecule of monoamine transported across the membrane two protons are
passed across the membrane in the opposite direction. Thus, other factors independent of
VMAT?2 itself can influence dopamine uptake, including cellular ATP levels that drive vesicular
ATPase production of protons and subsequent affects on vesicle pH. We perform our VMAT?2
assays on cellular lysates that are supplemented with physiological concentrations of ATP prior to
uptake. This insures that ATP concentrations are not substrate limiting. Therefore, any changes
in dopamine uptake under our experimental conditions are most likely due to changes in either
VMAT?2 protein expression or transporter function (i.e., substrate recognition or velocity with
which substrate is transported across the vesicle membrane.) We did not observe a change
VMAT?2 protein expression or Ky with 5 minutes of uptake (Table 4.1). Our conclusion is that a-
syn most likely affects the ability of VMAT2 to transport dopamine. We show here both a
functional and physical interaction between VMAT2 and a-syn. These data support the
hypothesis that a-syn plays a critical role in maintaining dopamine homeostasis. Other studies

have shown A53T a-syn to achieve protofibrils more aggressively and to be more cytotoxic than
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WT (Conway et al., 2000; Lehmensiek et al., 2002); however, it is interesting to note that the

mutant A53T a-syn behaved similarly to WT a-Syn in our experiment.

Surprisingly, our findings directly conflict with the observations by Guo et al. In their
study, they found that stable expression of WT a-syn decreases dopamine uptake while
decreasing VMAT?2 protein expression. Despite both sets of experiments being performed in
SHSY5Y cells, there are several methodological difference that may explain the differences
observed in results. First, we measured TBZ-sensitive uptake. As TBZ is VMAT2 selective
inhibitor, this is a more reliable measure of VMAT?2 activity. Therefore, we are able to determine
dopamine accumulation due solely to VMAT?2 binding or transport and exclude any nonspecific
radioactive counts that could result from *H- dopamine binding to various dopamine receptors
including DAT. Secondly, we performed our experiments under transient transfection conditions.
We were unable to detect VMAT?2 protein in our laboratory stock of untransfected SHSY5Y cells
by ICC (Figure 4.4), Western analysis, or by TBZ-sensitive *H- dopamine uptake using our
method (data not shown). Previous reports by Guo et al. did not transiently express VMAT?2, but
rather relied on endogenous expression of VMAT2. We were unable to do this due to
undetectable VMAT2 expression in SHSY5Y in our laboratory stock. Third, along the lines of
differences in VMAT2 expression, there is a vast temporal difference between these experiments.
We performed our uptake experiments with 5 minutes incubation rather than 45 minutes. This is
because our VMAT?2 expression is sufficient to reliably determine uptake in a short period of
time. Fourth, we performed our assay in cellular extracts from transfected cells similar to
experiments performed in isolated synaptic vesicles. We are confident that our experiments
produced kinetic values within published parameters for VMAT2 activity (Mmax ~30-40
pmol/mg/min and Ky ~1-4 pM dopamine.) Guo et al. used detergent permeablization methods to
bypass the need to transport dopamine into the cell for packaging; however, both methods are

commonly used to reliably measure VMAT?2 activity. Finally, we transiently expressed low
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levels of a-syn in our expression system. Guo et al. used stably-transfected a-syn expressing
SHSY5Y before performing dopamine uptake experiments. Myriad studies have shown that
overexpression of a-syn eventually leads to the generation of a-syn aggregates. a-Syn oligomers
form protofibril pores or disrupt membrane bilayers that cause leakage of synaptic vesicles (van
Rooijen et al., 2010a; van Rooijen et al., 2010b; Volles and Lansbury, 2002; Volles et al., 2001).
If such structures formed in cells the result may be a loss of dopamine packaging. Therefore, we
feel that our experiments better represent a-syn effects on dopamine transport under non-
pathological conditions and that a-syn dosage may be responsible for the observed difference
between studies. There was no evidence of aggregation by a-syn staining (Figure 4.4) nor by

thioflavin-S staining (data not shown) nor any evidence of overt cell toxicity in our experiments.

Conclusions

Taken together these data support a role for a-syn in the regulation of VMAT2 activity.
These findings build upon the enormous mounting evidence that a-syn is a critical regulator of
presynaptic functions, most notably vesicular functions and dopamine homeostasis(Perez and
Hastings, 2004). We have also expanded the understanding of VMAT?2, a critical player in the

health of monoaminergic synapses and Parkinson’s disease.
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Table 4.1: Analyses of VMAT?2 Kinetic Parameters. Vyax and Ky values for control, WT a-

syn and A53T a-syn transfected cells.
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Control WT a-syn A53T a-syn

Vuax (pmol/mg/min) 37.36+3.5 55.17 % 3.0 54.85+ 6.1

Ky (UM dopamine) 4.016 +1.2 3.558 + 0.6 3.025+1.2
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Figure 4.1: Colocalization of VMAT2 and o-Syn in Human Substantia Nigra Pars
Compacta (SNpC) Neurons. A) Epifluorescent microscopy of large VMAT2 positive neurons
in the SNpC. Green indicates VMAT2 expression. Note inset with arrowheads showing smaller
punctuate staining. B) Red indicates a-syn expression. C) Blue indicates the presence of nuclei.
Note the large nuclei demonstrating the typical large neurons characteristic of dopaminergic
neurons in the SNpC. D) Overlay of VMAT?2, a-syn, and nuclear staining. E) Overlay of
VMAT2 and a-syn colocalization. White indicates colocalization where each pixel met a
minimum threshold. Red and green indicate a-syn and VMAT2, respectively that does not
colocalize. F) Graphical representation of colocalization data. The slope of the white line
indicates colocalization. Pearson coefficient for this image is R=0.9223. Representative data are

shown.
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Figure 4.2: Expression of Dopaminergic Neuronal Markers in Mouse Primary Cultured
Neuron. A) Native expression of VMAT?2 and a-syn in mouse primary nigral neuronal cells
observed by immunofluorescence. Confocal microscopy images of VMAT2 and a-syn stained
primary nigral neurons. Large white arrows indicate neuronal cell body. Small white arrows
indicate areas of punctate colocalization. All VMAT2-positive cells observed were also TH-
positive. B) Native expression of VMAT2 and TH in mouse primary nigral neuronal cells
observed by immunofluorescence. C) Native expression of TH and a-Syn in mouse primary

nigral neuronal cells observed by immunofluorescence.
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Figure 4.3: VMAT2 and a-Syn Expression from Subcellular Fractionation of Mouse
Striatum. A) Diagram of fractionation protocol. The S1 (lysate) fraction, P2 (synaptosome)
fraction, S3 (soluble post-synaptosomal) fraction, and P4 (vesicle) fraction are enriched in
VMAT2 protein expression. Small amounts of VMAT2 are still associated with the P3
(synaptosomal membrane fraction) and most likely represent docked vesicles. a-syn is found in
all fractions, but is enriched in the S3, P4 (vesicle), and S4 (cytosol) fractions. B) Western blot

showing coexpression of VMAT?2 and a-syn in the vesicular compartment.



143

Homogenize Brain Tissue

/ \ 1000 x g

s1 (lysate) P1 (debris)

/ \20000 X g

P2 (synaptosomes)

Homogenize with
osmotic shock
20000 x g

P3 (synaptosomal

membranes)
/ \120000 Xd

P4 (vesicles)

S1 S2 P2 P3 S3 S4 P4

— 75

VMAT2 — 55

— 45




144

Figure 4.4: Confocal Microscopy Images of a-Syn and VMAT?2 in Cultured SHSY5Y Cells.
Expression of VMAT2 and WT or AS3T a-syn in cotransfected cells. Green represents
VMAT?2 immunofluorescence. Red represents a-syn immunofluorescence. Blue represents
Hoechst staining of nuclei. Yellow represents merged VMAT2 and a-syn immunofluorescence.

Note the presence of punctuate colocalization throughout the cytosol.
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Figure 4.5: Effect of a-Syn Expression on Dopamine Uptake in Immortalized
Dopaminergic Cells. TBZ-sensitive *H- dopamine uptake in lysates of VMAT2 and o-syn
expressing SHSYSY cells. A) Kinetic profile of a-syn effects on VMAT2 transport activity. B)
Lineweaver-Burk Plot of a-syn effects on VMAT2 transport activity. Data points represent
actual values plotted in linear regression; however, slope lines were determined using data from
nonlinear regression. C) Eadie-Hofstee Plot of a-syn effects on VMAT2 transport activity. Note
the differences in transport velocity between a-syn expressing lysates and control lysate, but little
change in Ky, (nearly parallel slopes between experimental groups). D) Hanes-Wolff Plot of a-
syn effects on VMAT?2 transport activity. Note the differences in slope between a-syn expressing

lysates and control lysate reflecting the increase in Vyax in a-syn expressing lysates.
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Figure 4.6: Effect of a-Syn on VMAT?2 Expression. A) *H-DTBZ binding in VMAT?2 and a-
syn coexpressing cell lysates. B) Western blot of VMAT2 expression in a-Syn COexpressing
SHSY5Y cells. C) Densitometric analyses of VMAT2 expression in a-Syn coexpressing

SHSYS5Y cells. Data are expressed in relative units.
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Figure 4.7: VMAT2 Interacts with a-Syn. A) For yeast two-hybrid experiments, sequence of
the 480-515 C-terminus of VMAT?2 used as bait. B) Yeast two-hybrid experiments reveal a
physical interaction between VMAT2 and a-syn. Briefly, yeast were transformed with bait
constructs fused to the GAL4 DNA binding domain and prey constructs fused to the GAL4 DNA
activation domain. Transformants were allowed to grow for 5-7 days at 30°C on either control

media (L'W") or test media (L'W'A).
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Chapter 5

Summary and Conclusions



153

Summary and Discussion

PCBs Impair Glucose Homeostasis and Promote Dyslipidemia in Female Mice

We show that PCB treatment markedly reduces pancreatic dopamine levels in both males
and females while VMAT?2 expression is unaffected. However, females appear to have a unique
susceptibility to obesogenic and metabolic effects of PCB. PCB-treated females gained weight
twice as quickly as control animals. Glucose tolerance was also slightly impaired in PCB-treated
females while fasting and fed insulin levels were also affected. In contrast, PCB-treated male
mice lost body mass and showed improved glucose tolerance when compared to control mice.
These sexually dimorphic differences may be the result of differences in hormonal responses as
they relate to PCBs. PCBs are known endocrine disruptor able to effect signaling and
downstream gene expression through estrogen and androgen receptors. Therefore, while some
mechanisms common to both males and females may yield similar phenotypes as is the case with
pancreatic dopamine levels, gender-dependent mechanisms may explain the variability in
responses seen in glucose tolerance and weight gain. Indeed, one report shows that a positive,
linear relationship exists between serum PCB levels and diabetes incidence in women (Vasiliu et
al., 2006). However, the vast majority of human studies do not detect any gender differences
only showing positive associations between PCB serum levels and diabetes/metabolic
disorder/glucose intolerance. Thus, the differences between genders reported here may not
translate to a human population. Also, male rats fed high fat diets supplemented with crude
salmon oil containing mixtures of multiple different classes of persistent organic pollutants
including PCBs developed exacerbated insulin resistance compared to high fat diet alone or high
fat diet with refined salmon oil with no persistent organic pollutants (Ruzzin et al., 2010).
Therefore, in some models of environmental toxicant exposure, males are susceptible to the
effects of these chemicals. Differences in response to PCBs by males and females in this study

may simply be a dosage-effect due to gender differences in metabolism and adiposity related to
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the local PCB concentration in target tissues (Pelletier et al., 2003). It is important to note though
that all of the experiments reported here are performed on mice exposed to standard rodent chow,
not high fat rodent chow. Thus, we provide for the first time evidence that PCBs alone are
sufficient to drive impairment of glucose homeostasis. Perhaps, combination of high fat diet and
exposure is necessary to drive pathology in male rodents. High fat diet combined with PCB
treatment in both males and females would be interesting for future studies to investigate this

potential interaction further.

Together these data suggest that PCBs may be influencing blood glucose homeostasis by
multiple mechanisms, including monoaminergic dysfunction in the pancreas. Other studies have
also addressed mechanisms of PCB-induced alterations in glucose homeostasis or obesity. Most
notably, male mice treated with the dioxin-like PCB 77 showed increases in body mass, body fat,
adipocyte area, and serum cholesterols and changes in liver gene expression, but these effects
were diminished in AhR knockout mice (Arsenescu et al., 2008; Arzuaga et al., 2009). However,
no evidence of glucose intolerance or alter insulin secretion has been provided. It is unclear
whether PCB-77 could affect those systems in vivo; however, in vitro studies suggest that PCB-
77 cannot affect glucose-stimulated insulin release (Fischer et al., 1996). Aroclor 1254:1260
treatment in AhR knockout female mice may help to dissect the contribution of AhR-dependent

mechanisms of action, if any, on PCB-induced alterations on glucose homeostasis.

It is important to note though that humans are exposed to mixtures of these individual
congeners and other chemicals. Epidemiological data indicate that PCB exposure can drive
multiple disease pathologies related to diabetes and cardiovascular disease, including obesity,
glucose intolerance, hyperinsulinemia, hypertension, and dyslipidemia. Mechanistic data clearly
show that individual congeners affect one or more pathways and this is largely determined by the

structural confirmation and the degree of chlorination of the congener (Figure 1.3).

Epidemiological data show a correlation between insulin levels and PCB exposure. Indeed, our
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data suggests that PCBs affect both fasting and fed levels of insulin and glucose tolerance where
this may be associated with the observed concomitant change in dopamine levels in the pancreas
(Figure 2.1 and 2.5). This newly implicates pancreatic dopamine homeostasis as potential site of
dysregulation from PCB exposure. Perhaps PCB mixtures work in concert together with
individual congeners affecting multiple discrete pathways. With multiple pathways affected the

net effect could increase risk of disease.

Additionally, PCBs inhibit TBZ-sensitive VMAT?2 activity (Table 2.1). Inhibition among
individual congeners is greatest in non-dioxin like congeners. Therefore, inhibition of VMAT2 is
a likely pathophysiological mechanism of PCB toxicity. Further, other chlorinated compounds
have been shown to inhibit VMAT?2 activity, including heptachlor epoxide and DDE (metabolites
of heptachlor and DDT pesticides, respectively) (Hatcher et al., 2008b; Miller et al., 1999a). The
effect of these chlorinated compounds on VMAT2 activity raises concerns as to the ability of
other chlorinated compounds found in the environment to also affect VMAT2 activity. The
endogenous iodinated thyroid hormones thyronamines also inhibit VMAT2 activity (Snead et al.,
2007). Indeed, inhibition of VMAT2 by endogenous compounds may be a normal part of
neurophysiology. However, unregulated inhibition by environmentally-persistent halogenated
compounds represents a great public health concern. Therefore, other halogenated compounds in

the environment should be screened for their ability to affect VMAT?2 activity.

Reduced Storage of Monoamines Improves Glucose Tolerance and Fasting Glucose in Aging

Mice

We show that VMAT2 LO mice have reduced VMAT?2 expression in the pancreas and
reduced dopamine and norepinephrine levels in the pancreas (Figures 3.2 and 3.4). VMAT2 is

expressed in both the exocrine and endocrine pancreas where both insulin-containing and non-

insulin cells express VMAT2 in the islet (Figure 3.3). Although both VMAT2 WT and LO mice
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have normal fasting glucose levels during early adulthood, VMAT2 WT mice begin to show
signs of glucose intolerance by 12 months of age (Figure 3.5 and 3.6). VMAT2 LO mice do not
show these alterations even at 24 months of age. Additionally, GSIR is increased in VMAT2 LO
mice (Figure 1.8 and 3.7). Therefore, loss of VMAT2 prevents the development of age-
associated impairment of glucose homeostasis. These effects are consistent with the acute effects

of TBZ treatment in streptozocin-induced diabetic rats (Raffo et al., 2008).
a-Synuclein Increases VMAT2-Mediated Transport of Dopamine

Here, evidence is presented showing that a-syn expressed in dopamine neurons of the
human SNpC colocalizes to areas within these neurons expressing both TH and VMAT2 (Figure
4.1). Our data from cultured nigral neurons show colocalization between TH and o-syn
supporting reports that TH and a-syn interact in vivo and in vitro (Figure 4.3). Recently, TH has
also been shown to coimmunoprecipitate with VMAT2 from cultured PC12 cells and rat brain
lysates. Our immunohistochemical data from both brain and cultured neurons support the model
that TH is found at synaptic vesicles where loading of dopamine can occur in a-syn-regulated

fashion.

TBZ-sensitive dopamine uptake is directly measured in our experiment demonstrating
that a-syn increases VMAT2-specific uptake of dopamine. ATP is supplemented at physiological
conditions during uptake in our experiment. Therefore, ATP concentrations are not subject to the
effects of a-syn on mitochondrial function and ATP production. Thus, dopamine uptake is
dependent on VMAT?2 protein expression or transporter function (i.e., substrate recognition or
transporter velocity). VMAT2 protein expression is unaffected by a-syn in our experiments as
measured by *H-DTBZ binding and Western analyses (Figure 4.6). a-Syn has no effect on
VMAT?2 affinity for dopamine (Ky) with 5 minutes of uptake (Table 4.1). However, a-syn

increases the velocity of TBZ-sensitive dopamine transport (Figure 2.5). The fold increase in
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velocity of VMAT2 is similar to that seen by coexpression of the CAPS 1 and 2 proteins (Brunk
et al., 2009). Additionally, a-syn is localized to the intravesicular lumen of synaptic vesicles (Lee
et al., 2005). Previous studies have shown that G,,a and Gjo interaction with VMAT?2 via the first
intraluminal loop inhibits VMAT?2 activity in monoamine preloaded vesicles (Brunk et al., 2006).
While CAPS may be involved, the mechanism underlying this regulation is unknown. Perhaps a-
syn plays a role in mediating this effect as both CAPS and a-syn proteins are known to play a role

in SNARE assembly (Burre et al., 2010; Daily et al., 2010; James et al., 2010; James et al., 2009).

We show here both a functional and physical interaction between VMAT2 and a-syn.
These data demonstrate that a-syn plays a role in optimizing VMAT?2 activity supporting the
hypothesis that a-syn is a critical regulator of dopamine homeostasis. Interestingly, mutant A53T
a-syn behaves similarly to WT a-Syn in our experiment. There is no evidence of aggregation by
a-syn staining (Figure 4.4) nor by thioflavin-S staining (data not shown) nor any evidence of

overt cell toxicity in our experiments.

Potential Role for a-Syn in C-Terminal-Mediated Trafficking of VMAT2 to Vesicles.

a-Syn is a soluble cytosolic protein and can transiently associate with synaptic vesicles
(Maroteaux et al., 1988). VMAT2 localizes to both SSVs and LDCVs in the presynaptic axon
terminal or tubulovesicular structures in the dendrites and cell body (Nirenberg et al., 1995) while
a-syn also interacts with both LDCVs and SSVs in neurons (Berg et al., 2000). These findings
are consistent with our observations in both striatal fractionation studies and immunofluorescent
staining in cultured neurons (Figure 4.2 and 4.3). We show that a-syn interacts with VMAT2’s
C-terminus which plays a critical role in trafficking (Figure 4.7). The C-terminus is a critical
regulator of VMAT2 and mutations in the region can completely alter or prevent VMAT2
localization to mature SSVs and LDCVs (Krantz et al., 1997; Waites et al., 2001; Yao et al.,

2004). Previous studies from cell cultures have implicated a-syn in regulation of the secretory
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pathway (Thayanidhi et al., 2010) and suggested a role as a chaperone through promotion of
SNARE assembly (Burre et al., 2010; Chandra et al., 2005). Thus, a-syn could additionally
function as a chaperone and aid in trafficking VMAT?2 to both SSVs and LDCVs. Alternatively,
the ability of a-syn to increase VMAT?2 activity may occur indirectly by relieving the inhibitory
effect that HSP70 chaperone protein exerts on VMAT2 (Hinault et al., 2010; Requena et al.,

2009).

Evidence Supporting a-Syn Direct Interaction with VMAT?2

Despite previous yeast two-hybrid assay data, coimmunoprecipitation experiments were
unable to confirm this interaction. While a-syn did on occasion appear to coimmunoprecipitate
with VMAT2, this effect was not consistently reproducible and control experiments suggested
that a-syn protein detected in VMAT?2 pull-downs is possibly due to nonspecific binding of a-syn

to 1gGs and/or Protein A/G agarose beads or due to insufficient washing of beads prior to elution.

Other potential technical problems addressed include epitope competition. The “best”
antibody for VMAT2 immunoprecipitation is raised against the C-terminus of VMAT2 where the
proposed a-syn interaction exists according to yeast two-hybrid data. Therefore, it is
hypothesized that this antibody may only immunoprecipitate a pool of VMAT?2 that is not bound
to a-syn because of antibody/a-syn competition for C-terminal binding. Another antibody raised
against the wvesicular luminal loop of VMAT2 is also used for coimmunoprecitptation
experiments; however, immunoprecipitation of VMAT2 with this antibody appears weaker and
this antibody does not work for western applications requiring visualization of VMAT2 with the
C-terminal epitope antibody. At the time of these experiments, new lot numbers of the C-

terminal antibody did not work for westerns.

To combat VMAT?2 antibody issues, coimmunoprecipitations are also performed with N-

terminal epitope-tagged VMAT?2 using epitope tag-specific antibody for VMAT2. In addition,
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salt concentrations in the immunoprecipitation buffer are varied to favor weaker interactions,
including using the assay buffer used for uptake experiments. None of these experiments yield
clear results. Stably expressing VMAT?2 cells transiently transfected with higher amounts of a-
syn are also used for immunoprecipitation experiments in order to assure maximal VMAT2
immunoprecipitation; however, these experiments also do not yield evidence of a direct
interaction. Since a clear effect is not achieved by traditional methods, crosslinking studies are
performed to detect any transient or weak interactions. However, these experiments are limited to
non-sulfhydryl crosslinking because a-syn does not contain any cysteine residues and do not yield
evidence of a physical interaction. Nonetheless, a functional interaction exists between VMAT?2
and a-syn. CAPS proteins also appear to affect VMAT2 independently of a physical interaction
with a very similar functional upregulation of VMAT2 activity (40-60% increase in Vyax) as

seen in the present study with a-syn (Brunk et al., 2009).

There are several strengths and weaknesses associated with study. Cellular models are
useful to study the effect of one protein on another because it is much easier to isolate and control
variables that might affect the outcome of experiments. For instance, by performing these
experiments on lysates containing vesicles we were able to control for the known effects of a-syn
on plasmalemmal monoamine transporters. Since a-syn has been shown to affect the activity of
these proteins, uptake in intact cells is extremely difficult to interpret. However, one caveat of
ectopic protein expression is that they are not always appropriate to determine the physiological
function of proteins. This is particularly the case when the protein’s function and toxicity is so

tightly linked to its expression.

While the ability to inhibit VMAT2 activity is easily achieved via multiple small
molecules and other proteins, the ability to enhance VMAT?2 is not easily achieved. Genetic
studies have shown that women carrying gain-of-function promoter haplotypes in VMAT?2 have a

reduced risk of Parkinson’s disease suggesting that VMAT2 is protective against Parkinson’s
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disease (Glatt et al., 2006). Consistent with this hypothesis, increasing VMAT?2 activity protects
dopamine neurons from both L-DOPA and methamphetamine toxicity through an unknown
mechanism (Guillot et al., 2008b; Mosharov et al., 2009). Mechanisms that increase VMAT?2
activity offer exciting potential for the development of neuroprotective drugs and deserve further

investigation.

A Model for a-Syn and VMAT2 Role in Dopamine Homeostasis.

Together these data support the hypothesis that a-syn plays a critical role in dopamine
neuron pathophysiology. Based on our data and others, we are proposing a model for the effect
of a-syn on the dopaminergic system. We propose that a-syn responds to a signal that recognizes
an elevated cytosolic dopamine level, possibly through a-syn known ability to interact with
oxidized dopamine species, as a cellular rheostat. a-Syn decreases TH and AADC activities to
reduce cytosolic dopamine levels. a-Syn also increases VMAT2 activity, which sequesters
cytosolic dopamine into vesicles where it is more protected from oxidation. This is an attractive
model; however, much debate exists surrounding conflicting reports that a-syn both increases and
decreases TH, DAT, and VMAT?2 activities (Alerte et al., 2008; Cao et al., 2010; Guo et al.,
2008; Lee et al., 2001; Lou et al., 2010; Marrachelli et al., 2010; Moszczynska et al., 2007;
Nemani et al., 2010; Peng et al., 2005; Perez et al., 2002; Tehranian et al., 2006; Wersinger and
Sidhu, 2003; Wersinger et al., 2004; Wersinger et al., 2003a). These differences are most likely
the result of experiments performed under different conditions, including a-syn expression levels
as suggested in (Perez et al., 2002). Cumulatively, these data support the notion that
overexpression of a-syn leads to a loss of soluble, functional a-syn (Perez and Hastings, 2004).
However, some studies in a-syn knockout mice do not support a loss of function role of a-syn in
dopamine neuron death because loss of a-syn does not alter cytosolic dopamine levels (Mosharov
et al., 2006). The effect of a-syn loss of function on dopamine levels are only revealed in aged o-

syn knockout mice (Al-Wandi et al., 2010). It may be the case that protein redundancy of other
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synuclein proteins in dopamine neurons have a remarkable ability to cope with loss of a-syn
function over a short period of time, but over time this disruption of a-syn regulation of dopamine
homeostasis leads to dopamine loss. This may play some role in toxicity. Regardless, a-syn

(over)expression appears to be the critical for toxicity associated with dopamine neurons.

It is widely believed that a-syn-induced pathology in Parkinson’s disease is a byproduct
of gain-of function toxicity. However, as a-syn becomes insoluble and aggregates, it may no
longer be able to perform its normal cellular duties. Ultimately, decreased functional a-syn and
increased dysfunctional a-syn could result in a sustained increase in cytosolic dopamine levels,
which would be more susceptible to oxidation. Since oxidized dopamine stabilizes a-Syn
protofibrils, this could essentially generate a positive feedback loop that would increase a-syn
insolubility in the cell and perpetuate a-syn protofibril-induced toxicity in dopaminergic neurons
(Asanuma et al., 2003; Bisaglia et al., 2010b; Conway et al., 2001; Follmer et al., 2007; Mazzulli
et al., 2007; Mazzulli et al., 2006; Norris et al., 2005; Rochet et al., 2004). a-Syn oligomers form
protofibril pores or disrupt membrane bilayers that cause leakage of synaptic vesicles (van
Rooijen et al., 2010a; van Rooijen et al., 2010b; Volles and Lansbury, 2002; Volles et al., 2001).
Therefore, if a-syn is overexpressed or harbors mutations that increase a-syn insolubility,
dopamine storage can be reduced by decreased VMAT2 activity and/or vesicular leakage.
Consistent with this hypothesis, overexpression of a-syn by either lentivirus or stable
transformation of dopaminergic cells increases cytosolic dopamine, impairs vesicular pH
gradients, decreases vesicular dopamine, and decreases dopamine release (Guo et al., 2008;
Larsen et al., 2006; Lotharius et al., 2002; Mosharov et al., 2006). These early pathological
effects of a-syn dysfunction and impaired dopamine homeostasis are attributed to events that
prelude cell death (Cappai et al., 2005; Leong et al., 2009; Mosharov et al., 2009). Thus a
combination of loss of function and toxic gain of functional may be responsible for the dopamine

neurons demise.



162

However, some experts in the field suggest that vesicular leakage of dopamine is normal
and perhaps even physiologically critical (Eisenhofer et al., 2004b). If this is true, then one might
anticipate some regulated form of vesicular leakage to occur. Furthermore, the mechanism by
which dopamine would pass across the vesicular membrane into the cytosol is unclear. Reversal
of VMAT2 may occur as it does with amphetamine. Passive diffusion of dopamine across the
vesicular membrane would be inefficient, but presumably concentration -dependent.
Alternatively, pores formed in the vesicular membrane by other proteins may mediate this
process. Since studies have shown that a-syn can form pores under laboratory conditions that are
kinetically stabilized by dopamine-quinones, it may be possible for this to occur in vivo (Conway
et al., 2000; Conway et al., 2001; Volles and Lansbury, 2002; Volles et al., 2001). Additionally,
0-syn monomers can also permeabilize vesicles in vitro when Ca®* levels are low by a detergent-
like mechanism (Volles and Lansbury, 2002). Perhaps a-syn regulates vesicular leakage as a part
of normal physiology whereby low levels of expression signal increased uptake of dopamine
while greater expression promotes vesicle leakage. If a-syn does form pores under physiological
conditions, pathophysiological conditions may be a result of unregulated, excessive vesicular
leakage caused from pathological levels of oligomeric a-syn. Supporting the idea that a-syn
undergoes both regulated and unregulated modification is the discovery that dopamine-quinones
modify a-syn by both covalent and non-covalent binding (Bisaglia et al., 2010b). This is an

attractive hypothesis that will require much more attention to test.

Can a-Syn Affect VMAT2 Function in the Pancreas?

Additionally, a-syn is expressed in the pancreas. A recent report shows that a-syn is
localized to insulin-secreting granules of beta cells and interacts with the K*-ATP channel that
regulates K+ efflux into the beta cell and insulin-containing secretory vesicles (Geng et al., 2010).

a-syn knockout mice also have increased insulin release from isolated islets under hypoglycemic

and euglycemic conditions. This demonstrates that both a-syn and VMAT2 play a role in
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regulating beta cell function in addition to neuronal function. Based on our model, one would
anticipate that loss of a-syn from beta cells may decrease VMAT?2 activity leading to increased
insulin release if a-syn were exerting its regulatory effects through increasing VMAT?2 activity
and dopamine release. However, a-Syn’s effects on TH and other beta cell proteins most likely
play a role. Future studies investigating dopamine levels, VMAT2 activity, and K* currents in o-
syn knockout mice may help illuminate a novel signaling mechanism for the regulation of
insulin release. Together these data demonstrate an important role for VMAT?2 in the

regulation of glucose homeostasis.

Final Thoughts

PCBs Are Environmental Toxicants that Impair Dopamine Homeostasis in Multiple Tissues with

Implications for Both Neurological and Neuroendocrine Disorders

Here, | have presented evidence that VMAT2 function is regulated by a-syn, a critical
protein in Parkinson’s disease pathogenesis and that VMAT?2 is expressed in monoaminergic
tissues of the brain and pancreas. Loss of VMAT2 expression affects monoaminergic
homeostasis in both of these organs. Dissecting the relative contribution of brain versus
pancreatic or neuronal versus beta cell VMAT2 expression to the regulation of glucose
homeostasis is difficult, and contributions of both organ systems most likely play a role in
physiological regulation by VMAT2. However, these studies highlight the possibility that this
largely considered neuronal protein may have critical functions outside of the neuron. | provide
evidence for the first time that VMAT?2 protein loss in the pancreas can lead to dramatically

reduced catecholamine levels.
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I have also provided direct evidence for the first time that PCBs can in fact alter glucose
homeostasis in an animal leading to changes that are known to predispose individuals to develop
diabetes. Since PCBs inhibit VMAT2 and loss of VMAT?2 also affects glucose homeostasis,
these studies highlight the novel contribution of VMAT2 and monoamines in glucose
homeostasis (Figures 5.1, 5.2, and 5.3). These data also beg the question “are Parkinson’s disease
patients with increased PCB serum levels at a higher risk of diabetes than those patients with low
levels of PCB and vice versa?” “If so, how does dopamine replacement therapy affect their
glucose status?” Together this body of work proves to be an important addition towards

understanding the complex interaction between toxicant exposures, neurochemistry, and disease.
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Figure 5.1: PCBs and Monoaminergic Dysfunction as Related to Parkinson’s Disease and
Diabetes Mellitus. This model proposes that PCBs act via monoaminergic (VMAT2)
dysfunction to promote Parkinson’s disease and diabetes mellitus pathology. Additionally, a-syn
may affect this model via monoaminergic dysfunction (VMAT?2) to partially explaining the role
of a-syn in Parkinson’s disease while proposing a new role for VMAT2 in glucose homeostasis
(diabetes mellitus). This model may in part explain the proposed association between

Parkinson’s disease and diabetes mellitus comorbidity.
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Figure 5.2: Proposed Mechanism of PCB-mediated Effects on Glucose Homeostasis. Since
beta cells corelease dopamine with insulin upon glucose stimulation, local action of dopamine on
dopamine receptors can act as feedback inhibition of insulin release. PCBs inhibit VMAT2 in
isolated vesicles and reduce dopamine levels in the pancreas leading to increased glucose-
stimulated insulin release. However, PCBs have been shown to act directly on adipocytes to
affect insulin sensitivity.  AhR and estrogen sensitive effects combined with dopaminergic

effects lead to impaired glucose tolerance.
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Figure 5.3: Proposed Mecanism of VMAT2 Inhibiton-Mediated Effects on Glucose
Homeostasis. Since beta cells corelease dopamine with insulin upon glucose stimulation, local
action of dopamine on dopamine receptors can act as feedback inhibition of insulin release.
VMAT?2 inhibition reduces dopamine levels in the pancreas leading to increased glucose-

stimulated insulin release.
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Appendix
Vitamin D Depletion Does Not Exacerbate MPTP-

Induced Dopamine Neuron Damage in Mice
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Abstract

Recent clinical evidence supports a link between vitamin D insufficiency (serum 25-
hydroxyvitamin D (25(OH)D) levels <30 ng/mL) and Parkinson’s disease. To investigate the
effect of vitamin D depletion on neuronal susceptibility to toxic insult, we induced a state of
vitamin D insufficiency in mice and then challenged them with the dopaminergic neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). We found there was no significant
difference between control and vitamin D-deficient animals in striatal dopamine levels or
dopamine transporter and tyrosine hydroxylase expression after lesioning with MPTP.
Additionally, we found no difference in nigral tyrosine hydroxylase expression. While other
studies have indicated that increasing vitamin D levels may provide a protective effect against
neurotoxic insult, these data suggest that depleting serum vitamin D has no effect on the
vulnerability of nigral dopaminergic neurons to lesion in this model system of parkinsonism and
raise the question of whether vitamin D insufficiency is causal or simply a byproduct of disease

state and its role in neuroprotection.
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Introduction

Parkinson’s disease is a progressive, neurodegenerative disease affecting approximately
1% of individuals over the age of 65 (Hindle, 2010). Several studies have suggested a role of
vitamin D deficiency in the pathogenesis of Parkinson’s disease (Knekt et al., 2010). Recently,
we have shown that vitamin D insufficiency is present at diagnosis of Parkinson’s disease in the
DATATOP cohort (Evatt et al., 2011). Also, we demonstrate that patients with Parkinson’s
disease were more likely to have vitamin D insufficiency than either healthy age-matched
controls or patients with another neurodegenerative disease (Alzheimer’s disease) (Evatt et al.,
2008). Additionally, certain vitamin D receptor polymorphisms are risk factors for Parkinson’s
disease (Butler et al., 2011; Kim et al., 2005). Vitamin D concentrations tend to be lower in
patients with more advanced disease, suggesting that as patients’ mobility declines so do vitamin
D levels or vice versa (Sato et al., 1997; Sato et al., 2005). However, whether vitamin D

deficiency is causal or merely correlative remains poorly understood.

While it is well known that Vitamin D plays a critical role in the maintenance of bone
health by optimizing calcium homeostasis, vitamin D may also play a role in the homeostasis of
the neuronal populations affected in Parkinson’s disease. Vitamin D receptors and l-alpha
hydroxylase enzyme (activating enzyme for vitamin D hormone) are expressed throughout the
human brain, but are particularly enriched in the large (possibly dopaminergic) neurons of the
substantia nigra (Eyles et al., 2005). Together these findings have led to speculation that vitamin
D deficiency may leave nigrostriatal neurons more vulnerable to insult (Evatt, 2010; Newmark
and Newmark, 2007). Indeed, several lines of evidence from animal and cell culture studies have
supported this hypothesis, including the finding that pre-treatment with vitamin D protects
dopaminergic neurons from 6-hydroxydopamine and N-methyl-4-phenylpyridinium (MPP+)

toxicity (Shinpo et al., 2000; Wang et al., 2001). The goal of this study was to determine if
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vitamin D deficiency would similarly render mice more vulnerable to insult by the dopaminergic

neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).

Materials and Methods

Animals and behavioral testing

All animal procedures were conducted in accordance withthe National Institutes of
Health Guide for Care and Use of Laboratory Animals and were approved by Emory University
Institutional Animal Care and Use Committee for these specific experiments. Retired breeder
male C57BI/6J mice were purchased from Jackson Laboratory. VMAT2 WT and LO mice have
been previously described (Caudle et al., 2007; Mooslehner et al., 2001). Mice were individually
housed on a 12 hour light: 12 hour dark cycle with ultraviolet-free bulbs and were given food and
water ad libitum. Mice were randomly assigned to either the control or depleted group. Control
mice were fed vitamin D control rodent chow (Harlan Teklad Catalog # TD.89124) while
depleted mice were fed vitamin D depleted rodent chow (Harlan Teklad Catalog # TD.89123).
Under these conditions, the only source of vitamin D for laboratory mice is via the diet. A

diagram of the study design can be found in the supplementary materials. (Figure A.1.)

Mice received daily subcutaneous injections at the nape of the neck of either phosphate-
buffered saline (PBS) or 15mg/kg of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCI
salt Sigma-Aldrich, St. Louis, MO) in PBS for 4 days. Mice were allowed to recover for 7 days
after the last MPTP dose. Mice were sacrificed by either live decapitation for tissue collections
or anesthetized by isofluorane and transcardially perfused with PBS followed by 4%

paraformaldehyde in PBS (PFA).

Motor Behavioral Assessment by Forepaw Stride Length
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To determine if vitamin D depletion affects motor behavior, forepaw stride length was
measured. Individually housed mice were allowed to acclimate to their home cage for a
minimum of three days prior to assays. Each mouse was transferred briefly to a novel cage. The
home cage was turned on its’ side at the end of a 2 inch wide by 14 inch long track with white
paper lining the bottom. The mice were briefly suspended by the tail over a tray of nontoxic,
black ink so the mice could ink their forepaws. The mice were then place at the beginning of the
track opposite their home cage. The mice were allowed to walk to their home cage. Stride length
was only measured as a minimum of 4 uninterrupted strides. If the mouse paused during the
procedure, the mouse was not allowed to reach its’ home cage and was put back in the novel cage
to repeat the procedure. If a mouse failed to complete the task again, it was excluded from the
behavioral assessment. Stride lengths were scored as the distance between forepaw pad to

forepaw pad. The average of at least 4 strides was taken for each mouse.

When vitamin D depletion was confirmed, mice were trained daily on the task for 5 days.
On the 6™ day, forepaw stride lengths were collected for pretreatment baseline measures. Mice
then received daily subcutaneous injections of either Phosphate Buffered Saline (PBS) or
15mg/kg of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP-HCI salt used from Sigma) in
PBS for 4 days. Mice were allowed to recover for 7 days. On the 6™ day of recovery, mice
received an additional day of reinforcement training on the forepaw stride length task. On the 7"

day, forepaw stride length measures were taken.
Vitamin D Determination

C57BI/6J mice were subjected to the control or vitamin D-deficient diet for 6 weeks prior
to MPTP challenge. Before MPTP challenge, blood was collected into a BD Microtainer®
Serum Separation Tube from the lateral tail vein without restraint. Blood was held on ice for 10

minutes and then centrifuged at 10,000 x g. Serum 25(OH)D levels were assayed by 25(OH)D
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Direct EIA kit (Immunodiagnostic Systems, Fountain Hills, AZ) per manufacturer’s protocol to
confirm depletion. Alternatively, tail vein blood was collected from VMAT2 WT and LO mice

for 25(OH)D measures.

Western analyses of striatal dopaminergic markers

Tissues were analyzed by Western blotting technique as previously (Caudle et al., 2007;
Miller et al., 1997). Unilateral striatum was homogenized with a tissue tearer (Biospec Products,
Inc.) in a homogenization buffer of 0.32 M sucrose, 5 mM HEPES pH 7.4 with 1X protease
inhibitor cocktail (Sigma Aldrich). Homogenates were centrifuged at 1200 x g for 5 minutes at
4°C. The post-nuclear lysate was collected and centrifuged at 20,000 x g for 45 minutes at 4°C.
The resulting synaptosomal pellet was resuspended in 100 pl of homogenization buffer. Protein
concentrations were determined by BCA protein assay (Thermo Scientific.) 20 pg of protein
lysates was electrophoresed on a NUPAGE 10% Bis-Tris Gel (Invitrogen) and then transferred to
a 0.2um PVDF membrane (Invitrogen). Blots were blocked in 8% instant milk powder solution
(Carnation) for 1 hour at 18-22°C. Primary antibodies (rabbit polyclonal anti-TH and rat
polyclonal anti-DAT, Chemicon, Temecula, CA and mouse anti-tubulin, Sigma-Aldrich, St.
Louis, MO) were incubated with blots at 4°C for 12-18 hours. Upon several washes, a HRP-
conjugated secondary antibody (Sigma) was incubated with the blots for 1 hour at 18-22°C.
Blots were washed and then developed with the Super Signal Dura substrate system (Thermo
Scientific.) Blots were then imaged immediately using a Fluorchem Imaging system (Alpha

Innotech). Densitometric analyses were performed using the accompanying software.

HPLC Analyses of MPP™, Dopamine and Metabolite Levels

An Agilent 1100 Series Capillary HPLC system coupled with an ESA Coulochem IlI
electrochemical detector was used for separation and quantification of dopamine, 3,4-

dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). Briefly, the striatal region
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of each mouse was weighed and homogenized using a sucrose media (0.32 M sucrose, 10 mM
Tris base, 0.5 mM EDTA) at 10% w/v. A 100 pL aliguot was taken and proteins were
precipitated by addition of 5 pL perchloric acid. Samples were then spun at 10,000 x g for 3
minutes to pellet precipitated proteins. 10 yuL of each sample solution was injected and separated
using a Thermo Scientific C18 Aquasil column (2.1 x 150 mm, 100 A). Mobile phase consisted
of 50 mM citric acid, 1.8 mM sodium heptane sulfonate, 0.2% trifluoroacetic acid (v/v),pH 3.0
(A) and acetonitrile (B). Gradient conditions were as follows: 3% B at 0 min, 3% B at 8 min, 18%
B at 19 min, 3% B at 20 min and 3 % B at 35 min using a flow rate of 250 uL/min. dopamine,
DOPAC and HVA were detected using electrodes set at potentials of -150 and +300 mV.
Calibration curves were generated using standards (i.e., dopamine and HVA) and utilized to

convert peak area to concentration units.

MPP+ levels were measured similarly as described previously (Richardson et al., 2006;
Richardson et al., 2008). Briefly, upon depletion mice were given a single dose of MPTP
(20mg/kg, s.c.) and sacrificed 90 minutes later for striatal dissection as described above. Bilateral
striata were used for detection. MPP+ iodide, acetonitrile (> 99.9% HPLC grade), sodium
trichloroacetate (TCA, 97.0%) and potassium phosphate monobasic ((> 99.0%) were purchased
from Sigma Aldrich (St. Louis, MO). For analysis of MPP" levels, striata were sonicated
(Branson S-250A with a double stepped microtip; Danbury, CT) in 5 volumes of 5% TCA and
centrifuged for 10 min at 14,000 g. MPP" levels were determined by analysis of supernatant using
an Agilent Model 1200 HPLC equipped diode array detector operated at a wavelength of 290 nm.
Separation was achieved on a reverse phase Altima C18 column (5 um, L=150mm, 1D=4.6 mm,
Catalog No. 88052; Alltech Associates Inc., Deerfield, IL) with a mobile phase consisting of 89%
50 mM KH,PO, and 11% acetonitrile. MPP* was identified by comparison of retention time with
known standards and concentrations were calculated from a 6-point standard curve of known

concentrations of MPP*. Protein concentrations were determined by Bradford Assay.
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Immunohistochemistry of striatal and nigral dopaminergic markers

Perfused brains were kept at 4°C for 12 hours in 4% PFA. Brains were then transferred
to 30% sucrose and stored at 4°C. Brains were sliced at 40 pm (Microm HM450). Sections were
transferred to Tris-buffered saline and stored at 4°C until use. Immunohistochemical staining
was performed. Briefly, thin sections were washed six times in 1X TBS to remove all traces of
PFA. Thin sections were incubated with a rat monoclonal anti-dopamine transporter
(DAT) (2:750; Chemicon), or a rabbit polyclonal anti-tyrosine hydroxylase (TH) antibody
(1:2000; Chemicon) overnight at 4°C and then incubated in a biotinylated-goat ant-rat or goat
anti-rabbitsecondary antibody (Jackson Immunoresearch) for 1 hour at room temperature.
Visualization was performed using 0.03% 3,3'-diaminobenzidine (Sigma Aldrich, St Louis, MO)

at room temperature.

Statistical Analyses

All statistical analyses were performed using Graph Pad Prism 5.0. Student t-tests were
performed for initial two group comparisons with significant values reported as p<0.05. Two-
way AVOVA analyses were performed on all multi-group comparisons with Bonferroni post-hoc

tests to determine significant interactions. Significant values are reported as p<0.05.

Results

Short Term Vitamin D depletion had no effect on body mass or behavior of the mice

Since a laboratory animal’s sole source of vitamin D is dietary, mice were merely
transferred from standard rodent chow (Purina) to a vitamin D deficient diet to deplete serum
25(0OH)D levels. There was no difference between starting body mass in the control and Vitamin
D depletion groups prior to changing their chow (mean body mass = SEM- control chow group-
30.44 = 0.741 grams; depletion chow group- 30.60 + 0.754 grams) (Figure A.2A). While both

groups of mice gained body mass on the new chow formulation, no differences were observed
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between control-fed and vitamin D depletion chow-fed groups at the time of depletion (mean
body mass + SEM- control chow group- 34.72 + 1.1 grams; depletion chow group- 33.37 + 1.1
grams) (Figure A.2B). After 6 weeks of depleted chow, serum 25(OH)D levels were depleted by
nearly 80% (Figure A.3A). Vitamin D control chow-fed and depletion chow-fed mice had a
mean £ SEM 25(OH)D serum level of 43.9 + 0.7 ng/ml and 7.17 + 0.4 ng/ml, respectively (n= 6;
p<0.0001). Additionally, vitamin D depletion had no effect on forepaw stride length Mean stride
lengths (Control Group- 6.28 + 0.16 cm; Vitamin D Depletion Group- 6.14 £ 0.22 cm) (Figure

A3.B). Thus, 6 weeks of vitamin D depletion had no overt effect on the mice’s health.

Vitamin D depletion did not further exacerbate the effects of MPTP in mice

After depletion was confirmed, the mice were treated with MPTP (4 x 15 mg/kg) to
produce a mild lesion resulting in approximately 50-60% reduction of striatal dopamine. This
dose was chosen so that exacerbation or protection could be detected in the vitamin D-depleted
animals. MPTP lesion was confirmed by measuring changes in dopamine, dopamine metabolites,
and markers of dopamine neuron. Striatal dopamine (Figure A4.A) was significantly reduced by
60% in MPTP-lesioned animals as compared to saline-treated animals (Control/Saline- 25.546 +
3.6 pmol/mg of protein, Control/MPTP- 10.523 + 1.2 pmol/mg of protein, Depleted/Saline-
32.735 £ 1.4 pmol/mg of protein, Depleted/ MPTP- 13.369 + 5.0 pmol/mg of protein; n=4).
While vitamin D depleted animals trended towards having higher dopamine, there was no
significant difference in striatal dopamine levels observed between Vitamin D control chow- fed

and depleted chow fed animals with or without MPTP lesion.

MPTP treatment did not significantly affect forepaw stride length measured at the end of
the study (Control Saline Group- 6.46 = 0.26 cm; Control MPTP Group- 6.47 £ 0.26 cm; Vitamin

D Depletion Saline Group- 7.02 + 0.29 cm; Vitamin D Depletion MPTP Group- 5.97 £ 0.25 cm;
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n=7-9.) (Figure A.4B). Interestingly, the difference within the vitamin D depletion groups is

significant (*, p<0.05).

A significant 46% and 49% reduction in striatal tyrosine hydroxylase and dopamine
transporter protein levels were observed with MPTP lesion, respectively (Figures A.5); however,
vitamin D depletion did not exacerbate the total loss of terminal markers in this paradigm.
Additionally, immunohistochemical analyses revealed a dramatic reduction in both of the striatal
TH (Figure A.6A) and DAT levels (data not shown) and the nigral TH levels (Figure A.6B) of
MPTP lesioned animals that were not further exacerbated by Vitamin D depletion. Further
studies in a separate cohort of mice confirmed that MPTP metabolism as measured by MPP+

levels is not altered by vitamin D depletion (Figure A.7).

We also determined whether dopaminergic neuron damage affected Vitamin D serum
levels. 25(0OH)D serum levels were not affected in animals with MPTP lesion within ten days of
lesion (Figure A.8). In addition, lifelong deficiency in dopamine levels has no effect on 25(OH)D
levels (Figure A.9). There are no differences in serum 25(OH)D levels in VMAT2 WT and LO
mice in young or old mice. Interestingly, older mice had significantly higher serum 25(OH)D

levels than younger mice (***, p<0.0001).

Discussion

Until recently the role that vitamin D plays in the pathogenesis of disease (with exception
to bone and tooth health) has been understudied and underappreciated. Because epidemiological
data have suggested a link between vitamin D status and Parkinson’s disease, we sought to
investigate the effects of vitamin D depletion in a mouse model of parkinsonism. We found that
while we are able to effectively deplete mice of serum vitamin D and lesion animals with MPTP,
there was no relationship between vitamin D serum levels and the magnitude of MPTP injury.

We found no significant difference between MPTP lesioned animals regardless of vitamin D
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status as measured by striatal and nigral dopamine neuronal markers, striatal dopamine, and gait

analysis.

MPTP is a reliable toxicant used to selectively lesion dopamine neurons and is the only
toxicant model available for animal studies that also undoubtedly causes a parkinsonian syndrome
in humans (Ballard et al., 1985). The MPTP dosing paradigm used in this study is designed to
cause a moderate loss of dopamine and terminal markers that does not induce behavioral deficits,
i.e. stride length. Therefore, any effect of vitamin D on MPTP susceptibility should be revealed.
However, there are some limitations to this study. First, while the MPTP mouse is the most
common animal model of Parkinson’s disease, it is limited by several factors including peripheral
and central metabolism of MPTP to MPP+, expression of DAT on the surface of target cells, and
the inability to reproduce the non-motor and progressive symptoms of the disease. We did not
detect any effect of vitamin D depletion on MPTP metabolism or DAT levels under our
experimental conditions. It is possible that the dosage of MPTP used in this study was simply too
great and masked any beneficial effects of vitamin D; however, a previous unpublished pilot
study from our laboratory using a milder 4 x 10 mg/kg MPTP dosing paradigm also revealed no
effects of vitamin D depletion on MPTP toxicity (data not shown). Perhaps other models of
Parkinson’s disease (such as a transgenic A53T a-synuclein mouse may yield different results
(Chesselet, 2008). However, chronic dopamine depletion as seen in VMAT2 LO mice did not
affect serum 25(OH)D levels (Figure A.9). This suggests that dopamine status does not influence
vitamin D status. Certainly in human populations, vitamin D status can become and remain low
over a lifetime. Therefore, our short term (six week) depletion which could be considered
equivalent to the course of only a few years in a human may have not reproduced any changes
that take place in neurons under chronic deficiency states. Additionally, this study was performed
in male mice only. In the experimental autoimmune encephalomyelitis model of multiple

sclerosis, vitamin D supplementation was shown to protect in females, but not in males (Spach
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and Hayes, 2005). This suggests that there may be some relationship between vitamin D, gender,

and toxicity that would not be addressed in our model.

In humans, midlife vitamin D insufficiency is associated with higher Parkinson’s disease
risk while higher serum levels are associated with reduced risk of Parkinson’s disease (Knekt et
al., 2010). Whether these effects are causal or correlative remain unknown, but it has been
proposed that vitamin D plays a protective role in the health of the neurons affected in
Parkinson’s disease and that lower serum levels of vitamin D predispose these neurons to
damage. Indeed, pretreatment of rat mesencephalic cultures with 1,25-dihydroxyvitamin D (the
active form of the hormone) confers resistance of dopaminergic neurons to MPP* (the active form
of the toxin) (Shinpo et al., 2000). More recently, it was shown that administration of 1,25-
dihydroxyvitamin D partially restored TH expression in the nigra of 6-hydroxydopamine lesioned
rats (Sanchez et al., 2009). Vitamin D could be protective by several distinct mechanisms,
including stimulating the action of growth factors, acting as an antioxidant, or increasing
glutathione production (Eyles et al., 2009; Lin et al., 2005; Shinpo et al., 2000). Interestingly, we
did not find the inverse that short term 25(OH)D depletion (for eight weeks) made dopaminergic
nigral neurons more susceptible to insult by MPTP. Still, additional studies are warranted to

explore the role of vitamin D deficiency on the long term health of dopaminergic neurons.

Vitamin D deficiency during development has profound effects on brain volume, cell
proliferation, and cortical thickness in rats (Eyles et al., 2009). Additionally, drug-induced
hyperlocomotion, increased striatal DAT, and decreased dopamine turnover are seen in rats
developmentally deficient in vitamin D (Keshy et al., 2006; Kesby et al., 2010). This suggests
that early deficiency can cause permanent changes to the dopaminergic pathways that may persist

into adulthood (Tekes et al., 2009b) and future generations (Tekes et al., 2009a).

Conclusions
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Our data suggest that short term vitamin D depletion does not render dopamine neurons
more susceptible to the neurotoxin, MPTP as we initially hypothesized. Rather, we propose that
as demonstrated in previous studies vitamin D acts as a neuroprotectant and that supplementation
of vitamin D, when deficient, may help spare further neuronal loss in patients or perhaps protect
more sensitive populations against insult. Further studies are warranted to explore whether long-
standing deficiency of vitamin D or gestational vitamin D depletion have a role in the

pathophysiology of Parkinson’s disease.
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Figure A.l: Diagram of Experimental Procedure. On day 1, mice were weighed and
randomly assigned to either the control chow or vitamin D depletion chow groups. Mice were
weighed weekly to check for changes in body mass. After six weeks, 25-hydroxyvitamin D
depletion was confirmed by ELISA assay. Then, mice were trained to learn the forepaw stride
length task from days 44-48. On day 49, baseline behavior was measured. On day 50, MPTP
injections began. Mice received a daily injection of either PBS or 15 mg/kg MPTP for 4 days.
The mice were allowed to recover for 7 days. On day 60, post-MPTP behavior was measured

prior to sacrificing the mice.
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Figure A.2: Vitamin D Depletion Has No Effect on Body Mass. Male retired breeder
C57BI/6J mice were randomly assigned to either the control or depletion group. Control mice
were fed vitamin D control rodent chow while depletion mice were fed vitamin D depleted rodent
chow. A) Predepletion body mass of mice. There is no difference between Control and Depletion
groups prior to switching the rodent chows. B) Body mass after 6 weeks on chow. There is no
difference between Control and vitamin D depleted groups after vitamin D depletion; however,

both groups gained body mass after being switched to the new chow.
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Figure A.3: Short Term Vitamin D Depletion Has No Observable Effect on Mouse
Behavior. A) Serum 25(0OH)D levels after 6 weeks on either control or vitamin D depletion
rodent chow. Results are presented as absolute mean values (ng/ml) + SEM for eight animals per

group (***p<0.0001.) B) Pre-MPTP lesion stride length measures.
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Figure A.4: Behavioral and Neurochemical Effects of Vitamin D Depletion on MPTP
susceptibility in mice. A) HPLC analysis of striatal dopamine levels in mice lesioned with
MPTP after vitamin D depletion. Results are presented as raw values (pmol/mg protein £ SEM,;
n=4, ***p<0.001). B) Post-lesion stride length was measured. There was no significant
difference control and vitamin D depletion group animals with or without MPTP lesion.
Interestingly, the difference within the Vitamin D Depletion groups is significant (*, p<0.05) with
an increase in forepaw stride length in Vitamin D Depleted not treated with MPTP over control

animals.
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Figure A.5: Effects of Vitamin D Depletion on TH and DAT Expression in MPTP-Lesioned
Mice. A) Western analyses of striatal TH and DAT levels after MPTP lesion in vitamin D
depletion mice. A representative blot is shown. B-tubulin is shown as a loading control. B,C)
Densitometric analyses of striatal TH and DAT are shown (Relative values + SEM; n=4,

***p<0.001), respectively.
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Figure A.6: Vitamin D Depletion Does Not the Exacerbate Loss of Tyrosine Hydroxylase
Staining in the Striatum and Nigra after MPTP Lesion. A) Representative TH staining of the

striatum. B) Representative TH staining of the nigra.
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Figure A.7: MPP+ Levels Are Not Altered by Vitamin D Depletion. Mice were fed vitamin
depleted chow for 50 days and given a single dose of MPTP (20 mg/kg). MPP+ levels were

measured by HPLC.
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Figure A.8: MPTP Lesioning Does Not Affect Serum 25-hydroxyvitamin D Levels. After
MPTP lesion, serum 25-hydroxyvitamin D levels were measured to determine if MPTP lesion
had any effect (Control/Saline Group- 40.40 £ 1.1 ng/ml; Control/MPTP Group- 40.60 + 1.1
ng/ml; Vitamin D Depletion/Saline Group- 6.60 + 0.7 ng/ml; Vitamin D Depletion/MPTP Group-
5.91 £ 1.4 ng/ml; n=4 (***, p<0.0001). There is no effect observed one week after lesioning;
however, the effect of MPTP lesion on mice that are lesioned and then allowed to age is
unknown. Further research is necessary to determine the effect of MPTP on long term vitamin D

status.
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Figure A.9: Serum 25-hydroxyvitamin D Levels Are Not Changed in VMAT2 LO Mice.
Serum 25-hydroxyvitamin D levels were measured in both young and old VMAT2 WT and LO
mice to determine loss of dopamine has any effect on vitamin D serum levels No differences were
observed between WT and LO mice; however, older mice have higher serum 25-hydroxyvitamin

D levels than young mice (***, p<0.0001).
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