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Parkinson’s disease is a progressive neurodegenerative disorder that is
characterized by the loss of dopaminergic neurons in the substantia nigra that innervate
the striatum, and it is the loss of these neurons that causes the motor dysfunction that is
associated with the disease. However, the mechanisms that contribute to the induction
and perpetuation of dopaminergic neuronal cell death in Parkinson’s disease are multi-
faceted and poorly understood. Inflammation has been shown to contribute to
cytotoxicity in animal models of Parkinson’s disease, and increased levels of
inflammatory cytokines have been observed in the cerebral spinal fluid and striatum of
Parkinson’s disease patients. We have previously demonstrated that blocking soluble
tumor necrosis factor (TNF) signaling with dominant-negative TNF inhibitors attenuates
the loss of dopaminergic neurons in models of Parkinson’s disease, but which signaling
pathways downstream of TNF mediate this effect remain undetermined. Here, I show that
TNF-dependent ceramide signaling contributes to dopamine neuron cytotoxicity by
compromising mitochondrial membrane potential, inducing endoplasmic reticulum stress
and activating caspase signaling in vitro. My data demonstrate that TNF-induced
cytotoxicity is partially ceramide-dependent, as TNF-induced cytotoxic effects are
attenuated with two different pharmacological inhibitors of sphingomyelinase, an enzyme
that hydrolyzes active ceramide from inactive sphingomyelin pools. Collectively, my data
support a model whereby low-dose TNF and concomitant low TNF receptorl occupancy
activates downstream ceramide signaling and metabolism, culminating in caspase-
dependent cytotoxic cell death of dopaminergic neurons. My data and the data
associating ceramide biology and metabolism with Parkinson’s disease warrants future

studies examining the potential neuroprotective effects of inhibition of sphingomyelinase
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in animal models of Parkinson’s disease, and may eventually lead to improved therapy

for patients who suffer from Parkinson’s disease.
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CHAPTER ONE
Introduction and Review of the Literature

OVERVIEW OF PARKINSON’S DISEASE

Etiology, pathology and symptoms
Etiology

Parkinson’s disease (PD) was first formally described almost two centuries ago by the

London physician James Parkinson in “An Essay on the Shaking Palsy,” which was
published in 1817 (J Neuropsychiatry Clin Neurosci, 2002). PD is now known to be the
second most common neurodegenerative disorder and most common movement disorder
/worldwide, and is associated with an age-related onset such that approximately 1% of
the global population at age 65 and approximately 4-5% of people 85 years old are
afflicted with PD (Fahn, 2003; Farrer, 2006). Considered to be a non-genetic disease for
decades, the etiology of PD remains largely undetermined, despite intensive research
efforts and significant insight over the last several years into genetic factors associated
with PD. Linkage analysis studies of large-scale PD pedigrees have revealed mutations in
several different genes that are associated with heritable PD, but the vast majority of PD
cases are considered to have a sporadic etiology, and are believed to result from complex
genetic interactions among genes and between genes and environmental factors

(Xiromerisiou et al., 2010).

Pathology
Pathologically, PD is characterized by the progressive loss of neuromelanin-containing

dopamine (DA) neurons in the Substantia Nigra pars compacta (SNpc) of the midbrain.



DA neurons of the SNpc project to the striatum, which plays a major role in the initiation
and modulation of movement. The histopathological hallmark of PD is the intraneuronal
presence of Lewy bodies, which are cytoplasmic inclusions of aggregated a-synuclein
and ubiquitin proteins, first described by Frederick Henry Lewy in 1912 (Forstl et al.,
1993). The progressive nature of PD has long been appreciated (Halliday et al., 2008) and
in 2003, Braak and colleagues introduced a staging procedure based on the topographical
extent of Lewy body distribution throughout brain tissue and subsequent brain lesion to
better elucidate the course of PD pathology in sporadic PD cases (Braak et al., 2003). The
concept of histological disease progression in PD suggests an association with clinical
disease progression, which was elegantly explored by Halliday and colleagues who
studied disease progression in longitudinally followed PD patients from the Sydney
Multicentre Study (Halliday et al., 2008). Halliday et al., describe the types of PD
pathology observed in numerous PD patients in five year increments over the course of
more than twenty years, and report that case selection for typical PD (i.e. levodopa-
responsive) identifies three main clinicopathological phenotypes: patients with early
dementia-dominant syndrome and severe neocortical disease, patients with younger
disease onset with a “typical” clinical course consistent with the Braak staging, and
patients with older age disease onset who are more likely to experience a complex disease
course with curtailed survival. Halliday and colleagues surmise that their data are not
consistent with a unitary concept of the pathogenesis of Lewy body pathology, and
advocate further assessment of PD patients with younger age of disease onset and longer

disease progression to better elucidate Lewy body pathology in PD progression. While



there is still much progress to be made in better elucidating the progression of PD, the

symptoms of PD pathology are more apparent.

Clinical symptoms (motor)

It is the progressive loss of DA tone in the striatum that leads to the insidious onset and
gradual progression of the primary motor symptoms associated with PD, namely postural
instability, rigidity, bradykinesia, tremor (especially at rest), flexed posture, and the
transient freezing phenomenon, where the feet cannot be moved from the ground (Fahn,
2003). The first symptoms to emerge in PD are usually rigidity, bradykinesia, and resting
tremor which are directly related to the progressive loss of nigrostriatal DA and are
therefore responsive to dopamine replacement or agonist therapy while the development
of other motor symptoms associated with PD (diminished postural reflexes, freezing
phenomenon, and flexed posture) are usually more protracted in onset and tend to be

therapeutically intractable (Fahn, 2003).

The loss of innervation in the nigrostriatal pathway in PD essentially short-
circuits the neurological function of the basal ganglia. There are two main neurological
pathways through the basal ganglia which oppose each other and are thought to work in
balance, the direct pathway, which facilitates movement and the indirect pathway, which
is believed to inhibit unwanted movement. Both pathways originate in the cortex and
terminate in the internal segment of the globus pallidus. The DeLong model of basal
ganglia circuitry maintains that DA depletion (as in PD) elicits a two-fold effect: 1.)

increased activity of the indirect striatal pathway and 2.) decreased activity of the direct



striatal pathway (DeLong and Wichmann, 2007). The net effect of nigrostriatal DA
depletion can thus be simplified as abnormal hypokinetic movement due to aberrantly
increased output via the indirect striatal pathway (i.e. increased inhibition of movement)
and consequently, decreased output through the direct pathway (resulting in inefficient

initiation of movement).

Clinical symptoms (non-motor)

Many of the non-motor symptoms of PD are thought to precede motor impairment and
include: anosmia, rapid eye movement (REM) behavior disorder, anxiety, depression,
excessive daytime somnolence, and constipation (Park and Stacy, 2009). Additionally, it
has been hypothesized that aberrant function of autonomic neurons in the spinal cord,
gastrointestinal and genitourinary tracts may be early components of PD (Braak et al.,
2003). Furthermore, it is believed that in addition to aberrant dopamine system function,
PD pathology may also involve abnormal noradrenergic, serotonergic and cholinergic
neurotransmitter systems (Boeve et al., 2007; Bohnen et al., 2003) which may contribute
to symptoms of cognitive, neuropsychiatric and sleep abnormalities in PD patients. When
considering the non-motor symptoms of PD, it is important to distinguish, as much as
possible, symptoms that are primary to PD pathology from symptoms that are secondary
to PD therapy (such as dopamine replacement treatment). It may be possible to achieve
earlier diagnosis and treatment in PD by screening patients for primary non-motor PD

symptoms that occur prior to onset of motor symptoms.



THE IMPACT OF GENETIC AND ENVIRONMENTAL FACTORS ON

PARKINSON’S DISEASE ONSET AND PROGRESSION

Contribution of genetic factors to PD

The conviction that Parkinson’s disease had no genetic component persisted until the last
couple of decades when several genes were described to be associated with Mendelian
inheritance patterns for PD. The number of PD cases that are considered to be idiopathic,
or sporadic (i.e. exhibiting no known PD-causing genetic mutation) far outnumber
genetic PD cases, rendering the overall contribution of genetics to PD extremely difficult
to define or appreciate. However, much has been learned from studying PD genetics in
terms of elucidation of pathogenic mechanisms and pathways in PD as well as from the
development of PD animal models in which to develop and test novel therapeutics. An
overview of the most significant genes that have been recently genetically linked to
familial PD is provided below. Furthermore, it is quite likely that there are yet to be
discovered additional genetic mutations that lead to PD, and it is equally likely that there
are multiple genes that lead to increased susceptibility when combined with

environmental factors.

Dominant “PARK” loci (a-synuclein, LRRK?2, and UCHLI)
Dominant alleles can cause aberrant gene function in many ways, such as gain of
endogenous function that leads to abnormal gene or protein action, gain of a novel toxic

function, simple loss of genetic or protein function, or loss of function through a



dominant negative mechanism. The PARK nomenclature system is assigned to genetic

loci linked to a monogenic form of PD or a related disorder.

a-synuclein (PARK1/4)

The first gene to be genetically linked to PD was a-synuclein (SCNA), which was
designated PARK1/4 and was initially described in a large Greek/Italian kindred that
exhibited autosomal PD with a mean onset of approximately fifty years old
(Polymeropoulos et al., 1997). Soon thereafter, wild type a-synuclein was determined to
be a component of Lewy bodies (Spillantini et al., 1997). Subsequently, a total of three
point mutations (A53T, A30P and E46K) have been described for a-synuclein, and
disease-associated gene duplications and triplications have also been described (Fuchs et
al., 2007; Singleton et al., 2003). Because a-synuclein-associated PD exhibits dominant
inheritance and can be caused both by point mutations and duplications of SCNA, it is
likely that a mechanism of a-synuclein-induced cytotoxicity is attributable to its inherent
propensity to aggregate (Hardy et al., 2009). Significantly, a-synuclein is ubiquitously
expressed and its endogenous function has not yet been fully delineated. It is
hypothesized however, that aberrant a-synuclein may be pathologically correlated to
idiopathic PD by age-related dysfunction of and impingement on the ubiquitin
proteosome system (UPS) (reviewed by (Bedford et al., 2008)) and the autophagy

lysosome system (ALS) (Cuervo et al., 2004).

LRRK2 (PARKS)



Another gene with mutations linked to dominantly inherited PD is leucine-rich
repeat kinase-2 (LRRK?2), which is designated as PARKS8. LRRK2 mutations were first
discovered in Japanese families (Funayama et al., 2002) and was later validated as a PD
gene by positional cloning in families from Spain and England (Paisan-Ruiz et al., 2004).
Subsequently, numerous missense mutations in LRRK?2 have been described (Paisan-
Ruiz et al., 2009) and some insight into the function of LRRK2 and therefore its potential
role in PD pathology has been made. The protein encoded by the LRRK?2 gene has been
shown to be largely localized to the cytoplasm but also associates with the mitochondrial
outer membrane, potentially implicating LRRK?2 in mitochondrial function. LRRK?2 also
interacts with the gene parkin and expression of mutant LRRK?2 induces neuronal
apoptosis in neuroblastoma and murine primary cortical neurons (Smith et al., 2005b).
LRRK2 is a large kinase protein with multiple domains, suggesting that it may have
numerous distinct functions, and mutations can occur in many of these domains,
potentially affecting the kinase function of LRRK?2 if mutations occur in the kinase
domain or its interaction with other proteins if mutations occur outside of the kinase
domain. Complicating the elucidation of direct mechanisms of LRRK?2 toxicity in PD,
neither the upstream activators nor the immediate downstream targets of LRRK?2 have

been identified (Hardy et al., 2009).

UCHLI (PARKS)
Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), designated as PARKS, has been
identified as a deubiquitinating enzyme and was linked to autosomal dominant PD in a

German family in 1998 (Leroy et al., 1998) but subsequent epidemiological and genetic



studies have yielded conflicting results and interpretations regarding the classification of
UCHLI as a PD-linked gene (Healy et al., 2006; Maraganore et al., 2004). However,
UCHLI is abundantly expressed in brain, is enriched in brain areas relevant to PD
(Wilkinson et al., 1992; Wilkinson et al., 1989) is present in Lewy bodies and has
putative function in the UPS pathway (Lowe et al., 1990), a cellular pathway that has
been implicated in PD pathogenicity. Potentially further connecting UCHL1 function
with PD pathology, transgenic mice expressing the UCHL1 193M mutation were
observed to have mild DA neuron cell loss (decreased by approximately 30%) in vivo at
twenty weeks of age (Setsuie et al., 2007). However, further large-scale genetic studies
and rigorous meta analyses of previously conducted familial studies focusing on
association of UCHL1 with PD are warranted to clarify what role, if any, UCHL1 may

play in familial PD.

Recessive “PARK” loci (parkin, PINK and DJ-1)

Understanding the genetic component of PD is inherently mired with difficulty. Further
complicating the understanding of the genetic etiology of PD is the issue that recessive
mutations of genes linked to familial PD often have variable penetrance. Additionally,
many of the genes associated with recessive inheritance of PD harbor multiple, distinct
mutations and it is possible that more than one different recessive PD gene mutation can
combine with other recessive mutations or other susceptibility factors to elicit complex

gene interactions.

Parkin (PARK2)



The PARK?2 gene encodes the protein Parkin. Mutations in parkin were initially
described in the mid to late 1990’s in multiple Japanese families who suffered from the
syndrome referred to as autosomal recessive juvenile Parkinsonism (AR-JP) (Ishikawa
and Tsuji, 1996; Kitada et al., 1998). Subsequent analysis of parkin has clearly associated
PARKIN mutations with early onset familial PD and has revealed that Parkin is a RING-
finger-containing protein that functions as an E3 ubiquitin ligase (Shimura et al., 2000);
however, identifying putative substrates of Parkin has proven to be elusive and has

yielded disparate results.

Approximately sixty different point mutations in parkin have been described
(Mata et al., 2004). Patients with homozygous exonic deletions that nullify Parkin protein
function exhibit selective loss of DA neurons in the SN and locus coeruleus but do not
manifest either Lewy body or neurofibrillary tangle pathology, in remarkable contrast to
patients who have compound heterozygous mutations in PARKIN and have been
observed to have concomitant neurofibrillary tangle or Lewy body pathology (Pramstaller
et al., 2005).These divergent outcomes to different parkin mutations may be mutation
specific, as the localization of the mutation likely affects the degree of endogenous parkin

function and may also affect the interaction of Parkin with other proteins.

Parkin has been shown to interact with PINK1 and LRRK 2, the products of two
different PD-linked genes (Ng et al., 2009; Thomas and Cookson, 2009) and over-
expression of Parkin is protective against the effects of over-expressed mutant a-

synuclein in DA neurons (Lo Bianco et al., 2004). Additionally, Parkin has been shown
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to interact with different pathways that have been associated with PD pathology such as
mitochondrial dysfunction (Berger et al., 2009), and mitophagy (Geisler et al., 2010). A
wide array of oxidative stressors, including MPP", paraquat, rotenone, 6-
hydroxydopamine (6OHDA), nitric oxide and dopamine have been determined to modify
the solubility of Parkin, leading to Parkin protein aggregation (Wang et al., 2005) thus
suggesting a potential mechanism for Parkin dysfunction in sporadic PD. Furthermore,
we have demonstrated that parkin deficiency increases vulnerability to inflammation-
related nigral degeneration (Frank-Cannon et al., 2008) supporting the hypothesis that
inflammatory pathways triggered by a variety of ailments can impinge on wild-type or

mutant Parkin to modify predisposition to onset and progression of PD.

PINK (PARK®6)

Loss of function mutations in the gene PTEN-induced kinase 1 (PINK), which is
designated as PARK6, were determined to be the cause of early onset familial PD from
linkage studies of consanguineous families. The PINK1 transcript is ubiquitously
expressed and encodes a mitochondrial serine-threonine kinase similar to the
Ca**/calmodulin family of kinases (Valente et al., 2004). Single point mutations and
compound heterozygous mutations in PINK1 have been reported (Hedrich et al., 2006).
Mutations in PINK 1 have diverse effects on protein stability, localization, and kinase
activity (Beilina et al., 2005). Studies examining the WT function of PINK1 have
revealed that PINK1 seems to be protective against stress-induced mitochondrial
dysfunction and apoptosis in neurons (Deng et al., 2005; Petit et al., 2005) and PINK1

and Parkin have a cooperative mitochondrial function (with PINK1 apparently
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functioning upstream of Parkin) in drosophila models (Clark et al., 2006). While these
and similar studies of wild type PINK1 have imparted valuable information regarding its
endogenous function, much remains unknown about the pathological effects of mutant
PINK1 in DA neurons, as neither its direct activators/repressors nor downstream targets
are known. To date, no patients with homozygous mutations in PINK1 have been
pathologically examined at autopsy (Farrer, 2006; Hardy et al., 2006), but the
histopathological analysis of patients with heterozygous PINK 1 mutations reveals the

presence of Lewy bodies (Gandhi et al., 2006; Stayner et al., 2006).

DJ-1 (PARK7)

Initially cloned as an oncogene, (Nagakubo et al., 1997) DJ-1 (designated as
PARKT7) was first identified by family linkage analysis in a Dutch population and has
been shown to cause early onset familial PD with a phenotype similar to AR-JP (Bonifati
et al., 2003). The DJ-1 protein exists primarily as a dimer localized to the mitochondria
and is a putative molecular chaperone that is induced under conditions of oxidative stress
(Tao and Tong, 2003; Zhang et al., 2005). Several mutagenic sequence variants of DJ-1
have been described, and some point mutations have been shown to disrupt DJ-1
dimerization, leading to rapid degradation of the protein via the UPS (Miller et al., 2003).
In addition to its apparent function as a chaperone protein, other experiments examining
the function of DJ-1 strongly support its role in oxidative stress responses. The isoelectric
point of DJ-1 shifts to more oxidized forms under conditions of oxidative stress (Canet-
Aviles et al., 2004) and these oxidized forms of DJ-1 have been observed in brain

samples from PD patients ((Bandopadhyay et al., 2004). Additionally, over-expression of
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DJ-1 is protective from a variety of stimuli that induce oxidative stress (Aleyasin et al.,
2010; Taira et al., 2004). One possible mechanism of DJ-1-induced antioxidant capacity
is its function as a transcriptional inducer of glutamate cysteine ligase, which is the rate-
limiting enzyme of glutathione biosynthesis (Zhou and Freed, 2005) and as an indirect
transcriptional stabilizer for nuclear factor erythroid 2-related factor 2 (NRF2) which

itself is an antioxidant transcriptional master regulator (Clements et al., 2006).

DJ-1 null mice have been generated, and while they exhibit no overt nigrostriatal
degeneration, (Goldberg et al., 2005; Yamaguchi and Shen, 2007) they do exhibit
hypokinesia and age-dependent motor deficits and dopaminergic dysfunction, and have
heightened sensitivity to the dopaminergic neurotoxin MPTP (Goldberg et al., 2005;
Yamaguchi and Shen, 2007). The lack of overt DA neuron loss in DJ-1 null mice implies
that environmental or epigenetic factors may converge with loss of DJ-1 gene/protein

function, to culminate in increased succeptibility to PD.

Contribution of Environmental Factors to PD

Familial Parkinson’s disease is quite rare, and the vast majority of PD cases are
considered to be sporadic or idiopathic. Additionally, among families who harbor the
same genetic mutation for PD, disease onset is often quite variable, futher implicating
environmental factors in PD onset and pathology. In addition to the overall rarity of
genetic or familial PD, one of the most compelling indications of an environmental
component to PD were the results of a large twin study published in 1999. Assuming an

integral contribution of genetic factors, the concordance rate of PD would be expected to
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be greater in monozygotic twins relative to dizygotic twins; however data from Bronstein
and colleagues reported similar concordance for PD in either monozygotic or dizygotic
(Bronstein et al., 2009) twin pairs, indicating that identification of environmental

contributions to PD is requisite for a better comprehension of PD etiology and patholgy.

Increasing age

The most incontrovertible risk factor for PD is increasing age, as incidence of PD is
extremely rare prior to age 50 and its incidence increases from age 50 onward (Di Monte
et al., 2002). The molecular mechanisms that render the aging brain more susceptible to
nigrostriatal degeneration remain quite elusive, although recent data indicate that redox
homeostasis and cellular stress response mechanisms are compromised with aging and in
neurodegenerative disease (Calabrese et al., 2010). Additionally, age-dependent changes
in inflammatory responses in the brain, have been associated with neurodegeneration.
Age-related changes in microglia cells (brain resident inflammatory cells of macrophage
lineage) have been hypothesized to contribute to the onset of neurodegenerative diseases
by inducing cytotoxicity instead of neuroprotection (Sawada et al., 2008; von Bernhardi
et al., 2010). Furthermore, there is an age-associated decline in the function and
homeostasis of several cellular pathways that have been associated with PD, such as the
UPS and the ALS as well as accumulation of mitochondrial DNA mutations, all of which
will be discussed later in further detail. A major hurdle in deciphering the effects of
environmental insults and aging in PD is compounded by a very vague understanding of
the so called “latent phase” of PD, which is the pre-clinical disease phase that preceeds

acute symptomatic onset (Tanner et al., 2001) and is likely to be significantly variable
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depending on environmental interactions. Many different environmental factors that are

proposed to contribute to PD are discussed below.

Pesticide exposure

Epidemiological studies over the years have consistently proposed an association
between PD and exposure to agricultural chemicals (Brown et al., 2006). Brown and
colleagues investigated 38 different case studies on environmental exposures and
incidence of PD, across North and South America, Europe, Asia, Australia and Africa
and found an association with farming and professional pesticide use and PD (Brown et
al., 2006). These studies suggest that PD risk increases proportionally with both increased
duration of exposure as well as exposure to high dose of pesticides. The types of
pesticides that have been associated with PD are numerous and varied and include:
insecticides (e.g., organophosphates, carbamates, rotenone); herbicides (e.g., bipridyls
and paraquat); fungicides (e.g. maneb); and organochlorines (e.g. DDT and dieldran)
(Brown et al., 20006).

Many of these pesticides are quite dissimilar in chemical nature, so it is likely
that their adverse association with PD result from several divergent mechanisms. Some of
these pesticides are overtly neurotoxic both in vivo and in vitro (Betarbet et al., 2000;
Bove et al., 2005; Karen et al., 2001) and many pesticides are capable of inducing or
inhibiting enzymes that function in zenobiotic pathways (Le Couteur et al., 1999) which
may impact metabolism of endogenous or exogenous neurotoxins. These and similar
studies have implicated numerous potential mechanisms of pesticide-induced

dopaminergic neurotoxicity, including oxidative stress, mitochondrial toxicity, and
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aberrant interactions with a-synuclein. Potential limitations to these in vivo and in vitro
studies of the mechanisms of pesticide-mediated toxicity is that they tend to be acute and
short-term in nature, (importantly, data from human case studies analyzed by Brown and
colleagues, discussed above, was most correlative to PD over the duration of ten to
twenty years), involve doses and routes of exposure that may not be environmentally
relevant, and few studies using multiple or mixed pesticides have been attempted (Elbaz
et al., 1999). Thus continued studies are warranted to further elucidate the mechanisms of
pesticide-indued nigrostriatal toxicity, especially since professional pesticide exposure is

a preventable exposure.

1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP)

If environmental agents like pesticides are likely to impact the etiology of PD, it is
essential to demonstrate that toxicant exposure can recapitulate many aspects of the
disease; the neurotoxin 1-Methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP) largly
achieves this requirement (Di Monte et al., 2002). Although there were occasional early
reports of MPTP-induced neurotoxicity, the potential role of MPTP in parkinsonism was
not fully appreciated until the early 1980’s after several young heroin users in the San
Francisco Bay area presented at emergency rooms with symptoms that were
indistinguishable from those of PD (Langston, 1985; Langston et al., 1983). The
symptoms of the MPTP-induced parkinsonsim responded to dopamine replacement
therapy, strongly implicating the nigrostriatal pathway in symptom onset. Interestingly,
the case of MPTP is one of the rare instances where the effects of a neurotoxin were

discovered first in humans.
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Subsequent development of non-human primate (Burns et al., 1983) and rodent
(Heikkila et al., 1984) models of MPTP have fostered a wealth of information on the
mechanisms of MPTP-induced dopaminergic neurotoxicity and have provided models in
which to test potential PD therapeutics. After repeated systemic injection of MPTP, the
MPTP crosses the blood brain barier (BBB) and is then metabolized by the enzyme
monoamine oxidase B (MAQO-B), which is enriched in endothelial cells of the BBB
microvasculature and in glial cells (astrocytes and microglia) into the metabolite 1-
methyl-4-phenyl-2,3-dihydropyridium (MPDP"). MPDP" is then deprotonated to generate
MPP". Once converted to the MPP" species within glia, MPP" robustly stimulates
inflammatory responses, inducing upregulation of TNF, IL-1f, and IL-6 (Teismann et al.,
2003; Youdim et al., 2002) which in turn generate inducible nitric oxide synthase (iNOS)
(Hunot et al., 1999). The MPP" that is released into the extracellular space is then readily
taken up by neighboring cells, primarily via the dopamine transporter (DAT). MPP" is a
potent mitochondrial toxin that binds to complex 1 of the mitochondrial transport chain,
inhibiting electron flow and inducing reactive oxygen species (ROS) and other mediators
of oxidative stress, such as hemeoxygenase-1 (Rossetti et al., 1988). Additionally, MPTP
toxicity has been shown to induce the redistribution and aggregation of a-synuclein
within degenerating DA neurons in vivo in non-human primates, likely modeling the

early stages of Lewy body formation (Kowall et al., 2000).

Infection, Inflammation and Autoimmunity
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Viral encephalitis, which is literally brain inflammation due to viral infection, is one
environmental trigger that has long been associated with delayed or secondary PD onset.
Over a dozen different viruses have been associated with viral encephalitis-related PD,
including influenza Type A, Measles, Epstein-Barr, Cytomegalovirus, West Nile virus,
and Japanese encephalitis B virus (JEBV) (reviewed by (Jang et al., 2009)). Influenza
virus has been implicated as a causative factor of PD (both directly and indirectly) based
on epidemiological studies and clinical description. Most famously, the 1918 influenza
pandemic, caused by an influenza HIN1 Type A virus, led to an eruption of subsequent
postencephalic parkinsonism. Studies have shown that several type A influenza viruses
are neurotropic (Klopfleisch et al., 2006) and one hypothesis proposed to explain the
mechanism of ensuing PD following postviral encephalitis is the “hit and run”
mechanism, whereby the initial transient insult induces a chronic immune response in the
brain that persists long after the original insult is cleared (Langston et al., 1999).
Experimental evidence associating viral encephalitis and PD has been generated from
animal studies using JEBV, which is the most common cause of viral encephalitis in
Asia. Rats experimentally infected with JEBV exhibited significant gliosis in the SNpc as

well as bradykinesia that was tractable with levodopa administration (Ogata et al., 1997).

Recently, to account for a portion of PD cases, an autoimmune hypothesis has
emerged (reviewed by (Monahan et al., 2008)), postulating that autoimmunity and
peripheral inflammation contribute to PD etiology. A proposed mechanism to explain this
association is that BBB dysfunction is prevalent in some animal models of PD, allowing

peripheral vascular factors and immune cells to freely enter the brain and potentially



18

facilitate a progressive degenerative process (reviewed by (Monahan et al., 2008)).
Important principles of this hypothesis question some long-standing CNS paradigms,
including the assumption of an inpenetrable BBB, the brain existing as an immune
privleged area, and dissociation between a pathogenic insult and disease progression,
suggesting different mechansms for neurodegenerative disease progression. Future
studies in this field are crucial to clarify these questions and many others that confound

the association between inflammation and PD.

Cellular protein handling systems: the ubiquitin proteasome system and the
autophagy lysosome system

The mammalian cell has two primary systems for maintaining protein homeostasis and
cellular quality control, the ubiquitin proteasome system (UPS) and the autophagy
lysosome system (ALS). Altered protein handling has been associated with a number of
neurodegenerative diseases (which are alternatively referred to as proteinopathies)
including PD, in which protein aggregation is correlated with disease pathology. Under
conditions of cellular stress resulting in protein damage, the protein handling systems
work cooperatively to refold (if possible) or degrade damaged proteins. Importantly, the
efficiency of the UPS and ALS seems to generally decrease with age (Massey et al.,
2006). A brief synopsis describing how the UPS and ALS may relate to PD is provided

below.

Function of the ubiquitin proteasome system in Parkinson’s disease
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The evidence for UPS impairment in PD is mounting; however, whether UPS function is
a cause or consequence of PD (or plays a role in both) remains ambiguious. One piece of
evidence liking UPS function to PD comes from post-mortem studies of the SN of PD
patients. Using immunoblotting and histological analysis, subunits of the 20S proteasome
and PA700/19S complex were found to be reduced in the SN of PD patients, but were
unaltered in non-nigral brain regions (McNaught et al., 2002; McNaught and Jenner,
2001). Another link between the UPS and pathogenesis of PD is that use of lactacystin,
an ihibitor of the UPS, leads to neuronal degeneratation and formation of a-synuclean
and ubiqutin positive inculsions in rat primary ventral mesencephalon cultures (Rideout
et al., 2005). Further linking sporadic PD to the UPS is the observation that UPS function
is compromised following exposure to the pesticides rotenone, paraquat, and maneb
(Betarbet et al., 2006). Additionally, some of the genes with mutations linked to familial
PD have been shown to impact UPS function. For example, aggregated a-synuclein
impairs the UPS to a greater extent that monomeric non-aggregated a-synuclein and
recent data has shown that mutant (but not wild type) LRRK2 binds to the heat shock
protein hsp90. In order for mutant LRRK2 to be degraded by the UPS, the UPS must be
functioning normally and the mutant LRRK2-hsp90 complex must dissociate (Wang et
al., 2008). Thus dysregulated UPS function could lead to accumulation of mutant
LRRK?2. Furthermore, there is an assumed general link between UPS function and Lewy
body formation as Lewy bodies contain ubiquitin, aggregated a-synuclein, and
occasionally PINK 1, which localizes to aggresomes along with Parkin under conditions

of UPS stress (Gandhi et al., 2006; Mugqit et al., 2006).
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Functions of the autophagy lysosome system (ALS) in Parkinson’s disease

Autophagy is a highly conserved process across species and in addition to being a
regulated pathway for degrading long-lived proteins, it is the only pathway involved in
organelle turnover. The two main steps in autophagy are the delivery of substrates to the
lysosomal lumen followed by the degradation of the substrates inside lysosomes by
resident enzymes. The degradation step is universal, but different types of autophagy
have been described in mammalian cells depending on the mechanisms that engage in
delivery of cargo to the lysosome: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA). Macroautophagy is an inducible autophagic vesicle
mediated pathway that is upregulated in response to stress and involves de novo
formation of a double membrane referred to as an autophagosome or autophagic vacuole,
and is the only cellular mechanism that engages in organelle turnover. Microautophagy
involves the budding of the autophagosome membranes to engulf small cytoplasmic areas
(Ohsumi and Mizushima, 2004). CMA has only been defined in mammals (Massey et al.,
2004), and only selective cytosolic proteins (but not organelles) are targeted (via a unique
amino acid motif on substrate proteins) for degradation by individual translocation into
the lysosomal lumen without engagement of vesicular trafficking (Cuervo and Dice,

1998).

Recently, there has been growing interest in deciphering the role of the ALS in
neurodegeneration (reviewed by (Martinez-Vicente and Cuervo, 2007; Rubinsztein,
20006)) as defects in the ALS pathway have been linked to neurodegenerative diseases

(Bandyopadhyay and Cuervo, 2007; Ravikumar et al., 2004). Alpha-synuclein is a CMA
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substrate protein, and more than any other gene product associated with PD, a-synuclein
has been implicated in ALS dysfunction. Dopamine-modified a-synuclein has been
shown to impair the CMA pathway (Martinez-Vicente et al., 2008) and there is likewise
impaired degradation of mutant a-synuclein by the CMA pathway due to aberrant
interactions between mutant a-synuclein and the CMA lysosomal receptor LAMP-2A
(Cuervo et al., 2004). Additionally, the UCHL1 193M mutant protein, which is linked to
familial PD, also interacts with LAMP-2A as well as with the heat shock chaperone
proteins Hsc70 and Hsc90, which are components of the CMA pathway, and expression
of mutant UCHL1 193M induces a CMA inhibition-associated increase in the amount of

a-synuclein (Kabuta et al., 2008).

Furthermore, mutations in the gene that encodes glucocerebrosidase (GBA), a
lysosomal enzyme in the ceramide metabolism pathway, have been associated with PD.
Homozygous mutations in GBA cause a lysomal storage disorder called Gaucher’s
disease (GD). Epidemiological studies suggest that heterozygous carriers of GBA
mutations are at increased risk of developing PD (Aharon-Peretz et al., 2004; Gan-Or et
al., 2008), potentially due to disruption of CMA-mediated degradion of a-synuclein. The
connection between PD and GBA and the ceramide pathway will be discussed in further

detail below.

Mitophagy, the autophagic degradation of mitochondria, has been proposed as a
cellular compensatory mechanism engaged during the progression of PD. The PD-

associated proteins Parkin and PINK1 are believed to function in maintenance of
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mitochondrial integrity (Cherra et al., 2009; Narendra et al., 2009; Whitworth and
Pallanck, 2009). The PINK 1/Parkin pathway has been proposed to regulate mitochondrial
dynamics by promoting mitophagic turnover of damaged mitochondria; therefore, the
absence or mutant/aberrant function of Parkin/PINK 1 may disrupt the turnover of

damaged mitochondria, contributing to pathogenesis in PD.

Organelles and pathways implicated in PD: mitochondrial dysfunction, oxidative
stress, endoplasmic reticulum stress, and ceramide metabolism

Recent data from studies of genetic and sporadic forms of PD have revealed several
common molecular pathways believed to be involved in pathogenesis. These pathways
include mitochondrial dysfunction, oxidative stress, endoplasmic reticulum (ER) stress,
and ceramide metabolism. Below is a brief discussion of these pathways and how they

interact with genetic and sporadic PD.

Mitochondrial dysfunction in Parkinson’s disease

The exclusive degeneration of dopaminergic neurons following systemic exposure to
mitochondrial toxicants such as MPTP and rotenone strongly supports a role for
mitochondrial dysfunction in PD. In general mitochondria are key regulators of cellular
bioenergetics and are effectors of cell death. Mutations in mitochondrial DNA and the
mitochondrial release of reactive oxygen species (ROS) contribute to aging, and aging is
the greatest risk factor associated with PD and neurodegenerative diseases. The brain is
acutely sensitive to oxidative damage due to its high content of easily peroxidized

unsaturated fatty acids, high oxygen consumption rate, and relative paucity of antioxidant
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enzymes compared to other organs (Nunomura et al., 2006). Disrupted mitochondrial
energy metabolism leads to decreased ATP production, impaired Ca>" homeostasis, and
increased generation of ROS (Beal, 2005). Additionally, mitochondrial DNA (mtDNA) is
especially vulnerable to oxidative damage because of its close vicinity to the electron
transport chain (which is a potent source of ROS), it is not protected by histones like
genomic DNA, and employs an inefficient repair mechanism, all of which combine to

lead to a high mtDNA mutation rate (Lin and Beal, 2006).

Mitochondrial involvement in the pathogenesis of idiopathic PD is further
supported by post-mortem biochemical studies wherein a disease-specific and drug-
independent defect of the mitochondrial respiratory complex 1 (an approximate 25-30%
inhibition) was found in SN tissue from patients with idiopathic PD (Hattori et al., 1991).
Additionally, MPTP and many pesticides also impinge on mitochondrial function.
Connecting mitochondria and familial PD, a remarkable number of PD-specific proteins
interact with mitochondria and mounting experimental evidence suggests that
mitochondrial dysfunction occurs early and acts causally in PD pathogenesis (reviewed

by (Lin and Beal, 2006)).

Although there is no direct evidence for mitochondrial localization, dysfunction
of a-synuclein has been shown to indirectly but robustly impinge on mitochondrial
function in neurons (Abou-Sleiman et al., 2006). Additionally, recent in vitro data
indicate that knockdown of a-synuclein attenuates MPP"-induced mitochondrial

dysfunction in SH-SYSY cells (Wu et al., 2009).



24

Compared to a-synuclein, there is a more direct association between Parkin and
mitochondria in PD. Parkin has been shown to be requisite for mitochondrial function in
drosophila, as parkin null mutants exhibit severe mitochondrial pathology, flight muscle
degeneration, apoptosis and shortened lifespan (Greene et al., 2003). While mammalian
parkin null models do not exhibit as severe of a phenotype as the drosophila parkin null
model, there is still strong evidence to support a role for Parkin protein in mammalian
mitochondria function. From in vitro experiments using differentiated PC12 cells, Parkin
protein has been shown to localize to the outer mitochondrial membrane where it has a
crucial role in maintaining mitochondrial morphology by preventing swelling and rupture
secondary to ceramide toxicity (Darios et al., 2003a). Additionally, Parkin has been
experimentally placed in a linear pathway with PINK1 as a mitochondrial quality control
system (Whitworth and Pallanck, 2009). PINK1 and Parkin seem to promote
neuroprotection through a cooperative role in mitophagy. PINK1 and Parkin have been
linked to mitochondrial fission, which promotes the segregation of terminally
dysfunctional mitochondria for degradation by the lysosome through mitophagy
(Whitworth and Pallanck, 2009). Additionally, PINK1 interacts with mitochondrial
pathways independent of Parkin. The kinase PINK1 harbors a mitochondrial localization
sequence and has been shown to mediate mitochondrial functions. From overexpression
studies using G309D mutant PINK 1, PINK1 is surmised to play a role in maintaining
mitochondrial membrane potential in response to cellular stress, as cells expressing
G309D mutant PINK1 had disrupted mitochondrial membrane potential in response to

the proteasome inhibitor MG-132 but were unaffected at baseline. Moreover, cells that
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over-expressed wild type PINK 1 had higher mitochondrial membrane potential and

subsequently less cell death due to MG-132-induced toxicity (Valente et al., 2004).

Oxidative Stress in Parkinson’s disease

Oxidative stress is the general term used to describe the steady state level of oxidative
damage (redox state) in cells, tissue, organs etc., caused by an intracellular accumulation
of reactive oxygen and nitrogen species (ROS and RNS, respectively). Perturbation of the
normal redox state of a cell can elicit toxic damage of many cellular components,

including proteins, lipids and DNA by peroxides and free radicals.

Overall, ROS and RNS can be linked to nearly every pathogenic mechanism
posited to play a role in PD, including protein aggregation, mitochondrial dysfunction,
inflammation, ER stress, and pesticides; ROS can also significantly amplify cell death
pathways (Levy et al., 2009). Numerous studies have reported augmented levels of
multiple markers of oxidative damage in the SN of PD patients: DNA damage, protein
oxidation, lipid peroxidation, reduced glutathione and increased deposition of iron
(Jenner and Olanow, 2006). ROS is generated in a number of ways, including leakage of
electrons from the electron transport chain leading to partial reduction of O, to
superoxide species (reviewed by (Lin and Beal, 2006)), peroxide formation from
dopamine catabolism by monoamine oxidase (Chen et al., 2002) and through
inflammatory signaling in glia (Tansey et al., 2007). In inflammatory signaling, microglia
cells become activated through the action of nicotinamide adenine dinucleotide phosphate

(NADPH) oxidase which generates ROS (reviewed by (Dringen, 2005). Interestingly,
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NADPH oxidase is more highly expressed in SNpc microglia from sporadic PD patients
relative to SNpc microglia from unaffected controls (Wu et al., 2003). RNS can be
generated by entry of Ca’" through N-methyl-D-aspartate (NMDA) receptors, stimulating
nitric oxide synthase activity by binding calmodulin, a cofactor for NOS (Bredt and

Snyder, 1990).

Endoplasmic reticulum (ER) stress in Parkinson’s disease

Endoplasmic reticulum (ER) stress describes the imbalance between the cellular demand
for ER function and ER capacity and is induced upon accumulation of unfolded and/or
misfolded proteins in the lumen of the ER. To cope with ER stress, numerous pathways
of the unfolded protein response (UPR) are activated. The purpose of the UPR is to
remove aberrant substrates and restore ER homeostasis, which is achieved through a
tripartite signal that 1.) inhibits general translation to attenuate the load of proteins to the
ER, 2.) induces transcriptional activation of chaperone proteins to increase folding
capacity, and 3.) activates ER-associated degradation (ERAD) to promote degradation of
misfolded proteins  (reviewed by (Wang and Takahashi, 2007)). If the ER stress is
severe or prolonged however, eventually apoptotic signaling is activated, leading to
programmed cell death. The inhibition of general translation is regulated by the PKR-like
ER-localized elF2a kinase (PERK) pathway, increased transcription of chaperone
proteins is mediated by activating transcription factor 6 (ATF6), inositol-requiring 1
(IRE1), and PERK, ERAD is regulated by IRE1 and ATF6, and cell death is activated by
CIEBP homologous protein (CHOP), JINKs and the ER-resident caspase 12 (reviewed by

(Wang and Takahashi, 2007)). ER stress has been determined to be an important pathway
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in PD (Yamamuro et al., 2006), but it is not fully clear if ER stress is a cause, result, or

epiphenomenon in PD.

ER stress has been observed in models of familial PD. In PC12 cells, inducible
overexpression of A53T mutant a-synuclein induces ER stress as evidenced by elevated
protein expression of CHOP, increased phosphorylation of PERK and activation of
caspase 12 (Smith et al., 2005a). Furthermore, in these experiments ER stress was shown
to contribute to cell death, as use of a selective inhibitor of cellular phosphatase
complexes that dephosphorylate PERK and inhibition of caspase 12 each attenuated

AS53T mutant a-synuclein-induced cell death.

There is also compelling evidence for the function of Parkin in the ER stress
pathway. Parkin is an E3 ubiquitin ligase that interacts with cognate E2 (ubiquitin
conjugating enzyme) partners Ubc6 and Ubc7, which are ER-associated E2 enzymes
involved in ERAD, thereby stationing Parkin in the ERAD machinery (Wang and
Takahashi, 2007). Additionally, cells from AR-JP patients over-expressing wild type but
not mutant Parkin were found to be resistant to cell death induced by unfolded proteins
(Imai et al., 2000), presumably due to collaboration between Parkin and Ubc6/Ubc7 in

ERAD.

Additionally, experimental data support a role for ER stress in toxin-induced
models of PD. Ryu and colleagues used a functional genomics approach to identify
transcriptional changes in genes associated with the UPR in a PC12 cellular model of PD

and discovered that CHOP, PERK and JNK were dramatically upregulated in response to
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rotenone, MPP" and 6-OHDA, but were unchanged in response to apoptotic stimuli (Ryu
et al., 2002). It is possible that ER stress is induced by these toxins upon accumulation of
damaged oxidized proteins or that oxidative stress can directly impact ER stress.
Furthermore primary sympathetic neuronal cultures from perk” mice, which are
defective in their ER stress response were found to be significantly more sensitive to 6-
OHDA-induced cell death relative to control neurons (Ryu et al., 2002), indicating that

ER stress contributes to 6-OHDA-induced cytotoxic cell death.

Finally, ER stress can be directly or indirectly triggered by oxidative stress
(Friedlander et al., 2000; Malhotra and Kaufman, 2007) and Holtz and colleagues
demonstrated that oxidative stress-induced UPR is upstream of intrinsic apoptotic cell
death evoked by 6-OHDA (Holtz et al., 2006). As oxidative stress is a pathway that is
common to all models of PD, it is thus likely that ER stress is likewise a common

pathogenic pathway in PD due to oxidative stress-induced ER stress.

Ceramide signaling and metabolism in Parkinson’s disease

Ceramide is a sphingolipid composed of a sphingoid base and a single fatty acid attached
at C1 via N-acetylation. Ceramide is the backbone of all complex sphingolipids, which
are formed by attachment of different head groups at C1. Sphingolipids are one of the
three lipid components of the plasma membrane and have a well-established role in cell
membrane homeostasis (Goni and Alonso, 2006). In its structural capacity ceramide has
been shown to increase lipid order, contribute to lateral phase separation, facilitate

transmembrane (flip-flop) lipid motion, and increase membrane permeability (reviewed
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by (Morales et al., 2007)). However, what is becoming more appreciated is a role for
ceramide as a second messenger sphingolipid that regulates many diverse cellular
functions, such as differentiation, proliferation and apoptosis, and is crucial in the cellular

response to a variety of stresses (reviewed by (Hannun and Obeid, 2008)).

Ceramide signaling has been shown to induce caspase-dependent and caspase-
independent cell death (Lock et al., 2007). Proposed mechanisms of ceramide-induced
neurotoxicity include increased intracellular Ca>* (Colina et al., 2005), mitochondrial
dysregulation (Darios et al., 2003b), ER stress (Xue et al., 2005) and inhibition of the
neuronal survival pathway regulated by phosphatidyl-inositol-3-kinase/protein kinase B
(PI3K)/Akt (Arboleda et al., 2009). Additionally, experimental data indicate that
ceramide is neurotoxic (Willaime et al., 2001) but the mechanisms of ceramide-induced

neurotoxicity in DA neurons have not been fully delineated.

Recently, a connection has been drawn between ceramide signaling/metabolism
and PD. In an effort to identify pathways of Lewy body pathogenicity by examination
and identification of common pathology as opposed to examination of common clinical
characteristics, Bras and colleagues suggest that ceramide metabolism is a general theme
for pathogenesis in Lewy body disease (Bras et al., 2008). Notably, PD is considered a
Lewy body disease, and mutations in many PARK loci are associated with Lewy body
disease as well. In the last few years, heterozygous mutations in the gene that encodes the
lysosomal enzyme glucocerebrosidase (GBA) have been associated with early onset PD

(Aharon-Peretz et al., 2004; Gan-Or et al., 2008), and while it has not been assigned a
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PARK locus, GBA is the gene with the strongest association to PD in the PDGene
database (Alzheimer Research Forum. Available at: http://www.pdgene.org/. Accessed
February 2009). Notably, the lysosomes of patients with heterozygous mutations of GBA
display normal levels of GBA and its associated substrates, implying that general
ceramide metabolism, rather than acute loss of GBA function, may be causative in early

onset PD.

Interaction between genetics and environment in the onset and pathogenesis of
Parkinson’s disease

In addition to the aforementioned genetic and environmental susceptibilities associated
with PD, it is likely that there are several yet-to-be elucidated genes with potential PD-
associated mutations and additional predisposing environmental factors, but their
identification is complicated by incomplete penetrance, subtle effects, and otherwise
intangible interactions between genetic predispositions and etiologic heterogeneity. It is
assumed that in most cases, PD results from a complex interaction of multiple genetic
susceptibilities and environmental factors on the background of an aging brain (reviewed
by (Gasser, 2009)). One clue to the complex interaction between genetics and
environment in PD is its notably worldwide prevalence among different ethnic groups
and geographical locations (Benmoyal-Segal and Soreq, 2006). Various countries have
reported on their prevalence of PD, with the lowest prevalence occurring in the Far East,
specifically China. The relatively large representation of PD in the global population
(estimated to be approximately 1%) and its variable etiology support the ideology of

environmental/genetic interaction in PD.
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Due to the presumed complex interaction between genes and environment in PD,
a so called “second-hit” hypothesis has been developed (reviewed by (Sulzer, 2007)). In
support of this hypothesis, the common PD pathways, protein aggregation, mitochondrial
dysfunction, and oxidative stress, coincide with the “clustered” functions of PD
susceptibility genes which can generally be segregated into the following categories: 1.)
proteins affecting mitochondria (e.g., PINK, DJ-1); 2.) proteins involved in vesicular
trafficking (e.g., a-synuclein); 3.) proteins involved in macromolecular degradation
pathways, (e.g. Parkin and DJ-1 in the UPS, and GBA and a-synuclein in the ALS); 4.)
proteins that modify oxidative stress or antioxidant function (e.g., DJ-1) (reviewed by
(Sulzer, 2007)). According to Sulzer, a primary hit might lead to neuronal stress within
the SN, and secondary hits, by loss or inhibition of stress-induced protective pathways,
may combine with primary hits in a manner that may elicit significant DA neuron loss in
the SNpc (Sulzer, 2007). Thus future studies aimed at elucidating the complex milieu of
genetics and environment in PD, as well as development of “second hit” models of PD
are warranted and necessary to provide a better understanding of PD onset and

progression and to rationally identify putative therapeutic targets.

INFLAMMATION AND PARKINSON’S DISEASE
Evidence of Neuroinflammation in Parkinson’s Disease
Inflammation has been cited as a common pathway in PD (reviewed by (Sulzer, 2007)
and impinges on many other pathways common to PD such as ER stress (Ryu et al.,

2002), and oxidative stress (reviewed by (Jenner and Olanow, 2006)). Increased levels of
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pro-inflammatory cytokines have been detected in the CSF and striatum of PD patients
relative to healthy age-matched controls (Mogi et al., 2000; Muller et al., 1998).
Additionally, levels of inflammatory cytokines are likewise elevated in the MPTP and 6-
OHDA animal models of PD (Mogi et al., 1999; Nagatsu and Sawada, 2005) and
neuroinflammation has a general role in transgenic PD mouse models (Schwab et al.,
2009). Furthermore, activated glial cells expressing inflammatory cytokines and iNOS
have been observed in the SN of PD (Hirsch et al., 1998; Hunot et al., 1996). Moreover,
polymorphisms in genes for the inflammatory cytokines TNF and IL-1P confer risk of
developing PD (Wahner et al., 2007). Conversely, use of non-steroidal anti-inflammatory

drugs (NSAIDs) reduce the risk of developing PD (reviewed by (Esposito et al., 2007)).

Characteristics of Neuroinflammation

The four classic signs of inflammation in the periphery, rubor (redness), color (heat),
dolor (pain) and tumor (swelling) are not present in the CNS largely due to the physical
restriction of the skull. The brain was formerly considered to be an immune privileged
organ and it was presumed that the blood brain barrier (BBB) was inpenetrable. It is now
appreciated that the brain possesses an inflammatory repertoire, referred to as
neuroinflammation, that is distinct from peripheral inflammation and that under certain
developmental and pathological conditions, the BBB can be breached. Moreover, the role
of neuroinflammation in aging and neurodegenerative disease is becoming more

appreciated.

Microglia: mediators of neuroinflammation
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Microglia cells are derived from the macrophage lineage and are brain resident immune
cells obligate for proper immune function in the brain. Microglia represent 10% of the
total cell population in the brain and perform crucial functions in normal physiological
conditions and as well as in injury and disease (Streit et al., 2004). In their resting state,
microglia exhibit a ramified morphology, characterized by long branching processes and
a small cellular body, and have low expression of membrane receptors (Whitton, 2007).
Under normal physiological conditions, microglia are maintained in their quiescent state
by expression of the glycoprotein CD200 on the surface of neurons (Hoek et al., 2000).
Non-activated microglia provide trophic support for neurons and perform a phagocytic
surveillance function to remove cellular debris. Microglia are a dynamic cell type capable
of diverse functions and respond rapidly to their changing microenvironment and are
involved in inflammation, trauma, ischemia and neuronal death (reviewed by (Kraft et al.,
2009)). To perform these latter functions, microglia become activated and undergo a
morphological change with a widening of the cell body and concomitant retraction of
processes (Whitton, 2007). Upon activation, microglia upregulate cell surface
glycoproteins such as CD40, CD80 and CD86, which provide powerful stimulus for
immune cell activation, and if sustained, promote microglial proliferation and migration
to sites of injury (Aloisi, 1999, 2001; Whitton, 2007). Thus microglia have been
described as a double-edged sword in neuroinflammation, with an innate role in immune
regulation that can lead to cell loss and tissue damage if chronically sustained (Tansey et

al., 2007; Wyss-Coray and Mucke, 2002).

Cytokines and chemokines
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When activated, microglia (and to a lesser extent astrocytes) produce and secrete many
substances including growth factors, cytokines (e.g. TNF, IL-1, IL-6, IFNy and TGF-f),
chemokines (which are chemotactic cytokines), prostaglandins, and RNS/ROS (reviewed
by (Tansey et al., 2008)). Some of these substances provide trophic support for neurons,
but others can lead to cell loss and tissue damage (Aloisi et al., 2000). Cytokines can be
neuroprotective independent of their inflammatory capacity and depending on cellular
cues, cytokines and chemokines can promote apoptosis of neurons, oligodendrocytes, and
astrocytes. The overall outcome of cytokine signaling in the brain is very dynamic,
depending on the pathophysiological context, cellular source and compartmentalization
of cytokine release and the presence of cofactors (reviewed by (Tansey et al., 2008)).
Importantly, activated microglia in the SN are found in several models of PD (reviewed
by (Miller and Streit, 2007)) and cytokines and the inflammatory processes they mediated

play an important role in PD (Sawada et al., 2006).

Tumor Necrosis Factor (TNF) signaling in Parkinson’s disease

TNF signaling

TNF is a pro-inflammatory cytokine; TNF signaling has been implicated in diverse
cellular functions, from proliferation and differentiation to inflammation and apoptosis.
To mediate its diverse signaling functions, the TNF homotrimer ligand can be membrane
bound (tmTNF) or cleaved by the metalloprotease TNF-a-converting enzyme (TACE)
into a soluble fragment (solTNF). Both species of TNF are biologically active and the
TNF ligand signals through two receptors, TNF receptor 1 (TNFR1) and TNF receptor 2

(TNFR2) (Aggarwal et al., 1985; Aggarwal, 2000). Through engagement and



35

concomitant activation TNF receptors, TNF utilizes numerous downstream effectors
including ceramide, NFkB, P38, MAPK, and JNK; TNF signaling through these
downstream mediators leads to activation of proteases, caspases, and ROS (reviewed by

(MacEwan, 2002).

SolTNF preferentially signals through TNFR1, which is a canonical
transmembrane death receptor, to potently transduce inflammatory stimuli (Ruuls et al.,
2001; Tartaglia et al., 1993). Importantly, TNFR1 is constitutively expressed by most cell
types (Grell, 1995; McGuire et al., 2001). SolTNF signaling through TNFR1 leads to a
membrane signaling complex facilitated by dissociation of silencer of death domains
(SODD), binding to TNF receptor-associated death domain (TRADD) and subsequent
recruitment of adaptor proteins such as receptor interacting protein (RIP) (Hsu et al.,
1996a; Hsu et al., 1996b). This membrane associated complex can then activate ERK,
JNK, p38 MAP kinase, and ceramide/sphingomyelinase pathways (Dressler et al., 1992;
Lee et al., 2003; Mathias et al., 1991; Winston et al., 1995). TNFR1 can also be
internalized after engagement with the solTNF ligand, leading to dissociation of the
TRADD/TRAF2/RIP complex and eventual caspase signaling via association of the Fas-
associated death domain (FADD) and subsequent recruitment of pro-caspase 8 and
assembly of the death-inducing signaling complex (DISC), further activating executioner
caspase cascades (McCoy and Tansey, 2008; Micheau and Tschopp, 2003; Schneider-

Brachert et al., 2004).
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TNFR2 is inducible, is expressed primarily on endothelial and hematopoietic
cells and preferentially binds tmTNF, although solTNF can also bind TNFR2 but with
much lower affinity (Grell, 1995). Activation of TNFR2 leads to TNF-dependent
inflammatory and pro-survival signal pathways via recruitment of TRAF1 and TRAF2
adaptor proteins and subsequent activation of cytosolic inhibitor of apoptosis proteins
(cIAPs), and the NFkB pathway (McCoy and Tansey, 2008; Rao et al., 1995; Rothe et al.,
1995; Rothe et al., 1994). Additionally, TNFR2 can also activate PI3K-independent
signaling which has been shown to promote neuron survival (Fontaine et al., 2002;
Marchetti et al., 2004). Moreover, TNFR2 does not contain a death domain and cannot
lead directly to caspase activation as TNFR1 can. Overall, TNFR2 activation is
considered to initiate predominately pro-inflammatory and pro-survival signaling

(McCoy and Tansey, 2008).

Thus TNF binding and concomitant activation of signaling through its obligate
receptors can lead to diverse cellular outcomes, and is regulated by the overall ratio of
TNFR1 to TNFR2 on the cell surface and cell and context-specific cofactors. TNF-
mediated inflammatory signaling has been implicated in the progression of numerous

diseases, such as Chron’s disease, rheumatoid arthritis, and neurodegenerative diseases.

Evidence of TNF signaling in Parkinson’s disease
There is mounting evidence supporting a role for TNF signaling in PD. Increased levels
of TNF have been observed in the CSF and post-mortem brains of PD patients, with the

highest levels of TNF found in brain regions important in PD pathology (Boka et al.,
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1994; Mogi et al., 1994; Mogi et al., 2000). Additionally, elevated TNF mRNA and
protein levels have been detected within the midbrain of 6-hydroxydopamine (6-OHDA),
MPTP and lipopolysaccharide (LPS) rodent models of PD (Gao et al., 2002; Mogi et al.,
1999; Rousselet et al., 2002; Sriram et al., 2002) and DA neurons have been shown to be
acutely sensitive to TNF in vitro and in vivo (Carvey et al., 2005; McCoy et al., 2006;
McGuire et al., 2001). Moreover, high frequency of a single nucleotide polymorphism in
the TNF promoter (TNF-308) resulting in overproduction of TNF has been associated
with early onset PD (Nishimura et al., 2001) establishing a potential genetic association
between TNF and PD in addition to the presumed role for TNF-mediated inflammation as

a modifying factor in sporadic PD progression.

ANIMAL MODELS OF PARKINSON’S DISEASE
Animal models of human disease can play critical roles in the elucidation of pathogenic
pathways, enabling identification of putative therapeutic targets, and providing disease-
appropriate contexts in which to test and optimize novel drug therapies. Animal models
of neurodegenerative diseases are invaluable as most neurodegenerative diseases exhibit
an age-related onset, thus the shorter life-spans of rodents and murine transgenic
technology provide valuable model systems. Additionally, as human PD patients are
often not diagnosed until after significant progression through the latent /non-
symptomatic phase of the disease, the use of animal models may enlighten a better

understanding of early disease pathology that could not otherwise be afforded.
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However, the usefulness of a given animal model resides in the degree to which
the model is translatable to the human condition. As reviewed by Cicchetti and
colleagues, animals are ultimately limited in their ability to mimic the human PD state
due to the following potential shortcomings: inadequate characterization of the disease
state being modeled, inadequate comprehension of the effect of the route of exposure on
disease pathogenesis, and biochemical or anatomical differences between animals and
humans (Cicchetti et al., 2009). Following is a brief synopsis of some non-genetic PD
models, elaborating on their apparent strengths and limitations as well as an opinioned

evaluation on how well they model the human PD condition.

The 6-hydroxydopamine (6-OHDA) rat model of Parkinson’s disease

The earliest models established for PD research were developed by using specific
neurotoxic agents, namely 6-OHDA and MPTP that selectively destroyed
chatecholaminergic systems (Dauer and Przedborski, 2003). 6-OHDA is a hydroxylated
analog of dopamine (Blum et al., 2001) and is preferentially taken up by the DA
transporter (DAT) and accumulates in the cytosol to induce specific non-apoptotic cell
death of catecholaminergic neurons (Jeon et al., 1995; Luthman et al., 1989).
Collectively, the pathogenic mechanisms of 6-OHDA are respiratory inhibition, and
oxidative stress induced by free radical formation, and these mechanisms appear to act
synergistically to induce DA neurotoxicity (Schober, 2004b). Importantly, 6-OHDA does
not cross the BBB, and therefore has to be stereotaxically injected directly into the brain.
The magnitude of the nigrostriatal lesion induced by 6-OHDA depends on the site of the

injection, the amount of 6-OHDA injected, and the species used, as rats are more
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sensitive to 6-OHDA than are mice (Betarbet et al., 2002). The severity of the 6-OHDA
lesion and the degree to which motor behavior is affected depends on the injections
site(s) and number of injections used, with more pronounced deficits observed in animals
where the total dose of 6-OHDA was distributed over multiple sites along the rostro-
caudal extent of the lateral striatum or where the injections were made in close proximity

to the junction of the globus pallidus (reviewed by (Kirik et al., 1998)).

In summary, 6-OHDA induces selective degeneration of DA neurons, sparing
other neuron populations. Importantly, the 6-OHDA model does not mimic all
pathological and clinical features of human parkinsonism, as other brain regions that are
affected in PD, such as locus coeruleus and anterior olfactory regions, are unaltered by 6-
OHDA and Lewy body formation is not generally observed (Schober, 2004a).
Additionally, 6-OHDA is rather acute in action, with DA neuron degeneration occurring
within hours and appreciable striatal dopamine depletion occurring on the order of days

(Faull and Laverty, 1969).

The lipopolysaccharide (LPS) rat model of Parkinson’s disease

Lipopolysaccharide (LPS) is a bacterial endotoxin found on the protein coat of certain
Gram-negative bacteria. LPS is recognized by the toll-like 4 receptor (which is expressed
on microglia and other immune cells) which is important in pathogen recognition and
innate immune response (Raetz and Whitfield, 2002). The LPS model was initially
developed to study the role of inflammation in PD and involved a single intranigral

injection of (2pg LPS in 2pl volume of PBS) into either the medial forebrain bundle
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(MFB), SN, or striatum (Castano et al., 1998; Herrera et al., 2000). Using this model, the
authors reported that the SN was acutely sensitive to an LPS stimulus, as death was
selective to DA neurons, sparing GABAergic and serotonergic neurons. Additionally, the
authors observed initial, robust microglial activation in the SN (within days) that waned
to near baseline levels one week later. The DA neuron loss was permanent, however and

was observed up to one year after LPS injection (Herrera et al., 2000).

Gao and colleagues then developed a more progressive version of the LPS model
by infusion of LPS into the nigral region (5ng/hr, 1.68ug total) over the course of two
weeks. In this less acute LPS model, microglial activation was observed to initiate
quickly, persist and plateau at two weeks, but remain elevated for an additional 8 weeks
after infusion onset. The authors observed DA neuron loss at four to six weeks following
initiation of LPS infusion, culminating in an approximately 70% loss of DA neurons at

10 weeks post the onset of infusion (Gao et al., 2002).

Additionally, subtle changes to the LPS model have been used to study the role
of neuroinflammation in PD revealing that prenatal exposure to LPS induces loss of
neurons in postnatal mice. A single injection of LPS was intraperitoneally administered
to timed-pregnant female rats at embryonic day 10.5. The pups were sacrificed at
postnatal day 21 and exhibited reduced DA (29%), increased levels of TNF (101%) and
cell death (27%) in the mesencephalon (Ling et al., 2002). In other studies of rats

prenatally exposed to LPS, glutathione homeostasis was altered (Zhu et al., 2007).
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Moreover, when a single systemic LPS injection (Smg/kg) was administered to
adult mice, it led to microglial activation, increased expression of several pro-
inflammatory factors (including TNF) and decreased DA neurons in the SN by 23% at 7
months after LPS injection that progressed to 47% at 10 months post LPS treatment.
Importantly, these effects were observed in wild type but not TNFR1/R2” mice (Qin et
al., 2007). Finally, the LPS model has recently been used in mice on the C57Bl/6
background; intrastriatal LPS injection induced a Parkinson’s-like phenotype,

recapitulating results observed in rat LPS models (Hunter et al., 2009).

While the LPS model does not perfectly recapitulate human PD (there is no
Lewy body pathology and motor symptoms are mild) there are many advantages to the
LPS model, including its progressive nature, relative to neurotoxin PD models, and its
recapitulation of a ubiquitous environmental insult, as numerous disorders exhibit chronic
inflammation (e.g., Chron’s disease, Rheumatoid Arthritis, Metabolic Syndrome, etc.,).
Additionally, the single injection LPS models may model a common PD phenotype that
is secondary to brain inflammation induced by divergent triggers like post-viral
encephalitis or traumatic brain injury. Furthermore, the above and other studies using the
LPS rodent model of PD support a general role for inflammation in onset, progression
and even causation of PD. Lastly, progressive models such as the LPS model are well
suited for combination with other PD-relevant environmental factors/models and warrant

future study.

“Second-hit” models of Parkinson’s disease
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Due to the heterogeneous etiology of PD, perhaps “second hit” models of PD will
enlighten further understanding of the complicated interaction of multiple susceptibility
factors in PD. As described by Sulzer and outlined above, a primary hit might be an insult
that leads to neuronal stress in the SN (such as dopamine oxidation or mitochondrial
dysfunction, perhaps even aging) and secondary hits may synergize with primary hits to
elicit significant DA neuron loss in the SNpc (Sulzer, 2007). Candidate secondary hits
might be inhibition of a protective cellular mechanism, such as loss of Parkin or stress-
induced loss of UPS or ALS function. At its simplest, a multiple hit model would
synergistically combine more than one potential PD gene or trigger with another trigger

or environmental susceptibility.

We recently published a second hit model of inflammation-induced nigral
degeneration on the background of parkin”™ mice (Frank-Cannon et al., 2008).
Importantly, parkin” mice do not exhibit overt/spontaneous nigral degeneration, but
when we induced chronic systemic inflammation via intraperitoneally administered LPS
to wild type and parkin” mice over the course of three or six months, we observed
selective loss of DA neurons in the SN, as determined by stereological estimates.
Notably, our analysis indicated that inflammation was induced in both wild type and
parkin” mice, but only parkin” mice exhibited nigral degeneration secondary to
inflammation. From this study we conclude that loss of parkin function increases

vulnerability of nigral DA neurons to inflammation-related degeneration.
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Other groups have also examined multiple hit models for PD. The combination
of LPS and the neurotoxin MPTP was found to induce synergistic dopaminergic
neurotoxicity (Gao HM, Liu B, Zhang W, Hong JS, FASEB J, 2003; Byler SL, Boem
GW, Karp JD, et al., Brian Res 2009). Other groups have administered MPTP to alpha-
synuclein, parkin and DJ-1 transgenic mice (reviewed by (Manning-Bog and Langston,
2007)). Additionally, Boger and colleagues describe an age-related dual hit model to
investigate progressive parkinsonism. The authors sought to investigate combined factors
that would exacerbate the age-related inherent decline in the DA system. Therefore the
authors investigated the effects of methamphetamine or MPTP in aged Gfra™ and wild
type mice and found that the Gfia™ mice were more susceptible to methamphetamine
and MPTP. Gfia is the high affinity receptor for GDNF, and Gfia’" mice exhibit
progressive motor deficits, and DA neurons loss in the SN, similar to Gdnf™" mice (Boger
et al., 2010). Therefore, future studies of “multiple hits” will be fundamental for better
elucidation of complex interactions between genetic and environmental susceptibilities in
PD and will assist in the development of better animal models in which to explore novel

therapies.

CURRENT AND PROSPECTIVE THERAPIES FOR PARKINSON’S DISEASE
Although much has been learned about the potential pathological mechanisms of PD,
there remains a paucity of disease modifying/curative therapies and preventative
measures in PD. Pharmacologic treatment of motor symptoms remains the primary

treatment for PD and has been the therapeutic approach for decades.
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Current therapies for Parkinson’s disease

Dopamine replacement therapy

The motor symptoms of PD exhibit as a direct result due to loss of dopamine producing
neurons in the SNpc, leading to aberrant motor signaling in the striatum. Therefore, the
mainstay in PD symptom treatment is dopamine replacement therapy, which has
dominated PD therapeutics since the 1960’s. Levodopa (L-dopa) is the precursor to
dopamine and is competent to cross the BBB (dopamine is not). Thus systematic
administration of L-dopa leads to its conversion to dopamine in the brain. While it can
cross the BBB, L-dopa is subject to significant first-pass clearance and only
approximately 1% of an orally administered dose will reach its target in the brain (Nutt
and Fellman, 1984). To address this problem of bioavailability, L-dopa is administered
along with a dopa decarboxylase inhibitor (DDCI) which does not cross the BBB and
imparts a 10-fold improvement in L-dopa delivery to its target (Pletscher and DaPrada,
1993). Importantly, DDCIs block DA metabolism only in the periphery, as they do not
cross the BBB. While it is still the most effective symptomatic therapy for PD, L-dopa is
associated with adverse side effects including dyskinesia, and its effectiveness declines
over time. In addition to L-dopa therapy, dopamine agonists have been developed to
increase DA levels in the brain, but they possess similar limitations to L-dopa in terms of
effectiveness and are while they have less impact on untoward motor complications, they
are associated with other adverse side effects including psychiatric disorders (reviewed

by (Grosset, 2008)).
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Deep brain stimulation (DBS)

A surgical therapy for Parkinson’s disease is deep brain stimulation (DBS). DBS utilizes
electrical stimulation to ablate aberrant neurological activity related to parkinsonian
tremor. DBS can be targeted to the thalamus or the ventral intermediate of the thalamus
to reduce tremors, but the most efficacious application of DBS is to the subthalamic
nucleus, which results in reduced tremor, rigidity and dyskinesia (Yu and Neimat, 2008).
Multiple criteria are used to screen candidates for DBS, and preoperative L-dopa
responsiveness is the best indicator of successful DBS response (Hughes et al., 1991).
Contraindications to DBS include dementia, extensive brain atrophy, and co-morbid
health conditions that preclude safe surgery (Yu and Neimat, 2008) so many PD patients

are not candidates for DBS.

Monoamine oxidase B (MAO-B) inhibitors

Monoamine oxidase B (MAO-B) enzymatically degrades dopamine within the brain.
Selective inhibitors for MAO-B thus increase DA and have been shown to improve motor
symptoms in both early and late disease stages, are well tolerated and are associated with
good patient compliance. Conversely, drawbacks to MAO-B inhibitors include a

disappointingly mild efficacy and potential cognitive effects (Schapira et al., 2006).

Prospective therapies for Parkinson’s disease

Cell replacement therapy
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The prospect of cell replacement therapy potentially provides the most disease modifying
potential in Parkinson’s disease therapy, as it may be able to replace DA neurons and
restore function to the dopamine system. One advantage to cell replacement strategies in
PD relative to other CNS disorders, is the small, well-defined target area of the SNpc

(reviewed by (Hedlund and Perlmann, 2009)).

Successful transplantation of fetal dopaminergic cells into animals was reported
in 1979; importantly therapeutic benefit was only observed with graft placement in the
striatum, presumably because the grafted cells could not extend processes far enough to
terminate in the striatum if transplanted in the SN (Bjorklund and Stenevi, 1979; Perlow
et al., 1979). Following this success, two open-label clinical trials were carried out in
Mexico and Sweden, with both trials using embryonic ventral mesencephalon (VM)
tissue transplanted into the striatum (Lindvall et al., 1989; Madrazo et al., 1988). The
results of these trials were met with minimum success, but paved the way for improved
techniques and provided proof-of-principal to further pursue similar trials. The results of
these latter trials indicated that grafts of VM tissue could survive the host environment,
and become sufficiently integrated enough to afford sustained clinical benefits (Hauser et
al., 1999; Kordower et al., 1996; Piccini et al., 2000). However, the outcomes of these
trials were quite variable and a complication of graft induced dyskinesias was observed
(Ma et al., 2002). These confounding issues, technical hurdles of harvesting and
preparing a large number of cells and ethical concerns motivated a search for alternative

cell sources.
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Embryonic stem cells (ESCs) likewise encounter many hurdles to widespread
use, similar to embryonic tissue grafts, prompting intensive research into generating
pluripotent ESC-like cells from adult somatic cells using the technology of
reprogramming adult cell populations. Utilizing viral vector technology, Takahashi and
Yamanaka demonstrated that ESC like cells could be derived from adult fibroblasts via
over-expression of four transcription factors: Oct3/4, Sox2, c-Myc, and K1f4 (Takahashi
and Yamanaka, 2006). These reprogrammed adult cells, referred to as induced pluripotent
stem cells (iPS cells), exhibited several common properties with ESCs, including
differentiation into distinct cell types, but lacked other important characteristics to ESCs,
having a slightly divergent gene expression profile (Rodolfa and Eggan, 2006).

Takahashi and colleagues used a similar approach to successfully generate iPS cells from
human fibroblasts (Takahashi et al., 2007). Upon withdrawal of other factors, the
majority of the cells were Tuj-1 positive and approximately 5% of the Tuj-1 positive cells
were also TH positive. After transplanting 100,000-300,000 of these cells into the
striatum of 6-OHDA lesioned rats, the authors observed functional recovery in four out of
five rats, although they later had to modify their method of cell sorting prior to

transplantation in order to avoid tumorigenesis (Wernig et al., 2008).

Of interest, a number of adult cell populations have been shown to be capable of
expressing neuronal markers, including bone marrow stromal cells (BMSCs) (Bonilla et
al., 2005; Bossolasco et al., 2005) skin-derived precursors (SKPs) (Amoh et al., 2005;
Fernandes et al., 2004) and adipose-derived adult stromal (ADAS) cells (Safford et al.,

2002; Safford et al., 2004).
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Recent interest in transplantation of adult progenitor cells into PD models has
expanded. Instriatal transplantation of mouse BMSCs was found to improve motor
behavior deficit in 6-OHDA lesioned mice (Offen et al., 2007). Additionally,
regenerative effects were observed after transplantation of neural-induced human
mesenchymal stromal cells in 6-OHDA-lesioned rats (Levy et al., 2008). We recently
published a study demonstrating that adipose-derived adult stromal (ADAS) cells afford
dopaminergic neuroprotection in the 6-OHDA rat model of Parkinson’s disease (see
Appendix A). In this study, we show that while the ADAS cells do not maintain a
phenotypically stable neuronal phenotype in vivo, they afford protection from 6-OHDA-
induced dopaminergic neurotoxicity when transplanted into the rat striatum one week
after 6-OHDA-lesion. The apparent mechanisms by which ADAS cells afford
neuroprotection from 6-OHDA are through generation of trophic factors and modulation

of inflammation.

Other potential therapies for Parkinson’s disease

Mounting evidence supports a complex interaction between genetics and environment in
Parkinosn’s disease. Although no current PD drug therapy has proven to be disease
modifying or neuroprotective, development of novel drugs guided by selective targeting
of specific mediators in common pathogenic pathways in PD shows promise in this
regard. Based on our studies and the data of others, putative therapeutic targets for PD

include: inflammation, oxidative stress, aberrant calcium homeostasis, ER stress and
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apoptosis. Therefore, potential modulation of these pathways via pharmacological agents

or gene therapy may provide much needed disease modifying therapies for PD.
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CHAPTER TWO
BLOCKING SOLUBLE TUMOR NECROSIS FACTOR SIGNALING WITH
DOMINANT-NEGATIVE TUMOR NECROSIS FACTOR INHIBITOR
ATTENUATES LOSS OF DOPAMINERGIC NEURONS IN MODELS OF
PARKINSON’S DISEASE

The contents of this chapter were previously published:
McCoy MK, Martinez TN, Ruhn KA, Szymkowski DE, Smith CG, Botterman BR,
Tansey KE, Tansey MG (2006) Blocking soluble tumor necrosis factor signaling with

dominant-negative tumor necrosis factor inhibitor attenuates loss of dopaminergic

neurons in models of Parkinson's disease. J Neurosci 26:9365-9375.

ABSTRACT

The mechanisms that trigger or contribute to loss of dopaminergic (DA) neurons in
Parkinson's Disease (PD) remain unclear and controversial. Elevated levels of Tumor
Necrosis Factor (TNF) in cerebrospinal fluid and postmortem brains of PD patients and
animal models of PD implicate this pro-inflammatory cytokine in the pathophysiology of
the disease; but a role for TNF in mediating loss of DA neurons in PD has not been
clearly demonstrated. Here we report that neutralization of soluble Tumor Necrosis
Factor (solTNF) in vivo with the engineered dominant-negative TNF (DN-TNF)
compound XENP345 reduced by 50% the retrograde nigral degeneration induced by a
striatal injection of the oxidative neurotoxin 6-hydroxydopamine (6-OHDA). XENP345
was neuroprotective only when infused into the nigra, not the striatum. XENP345/6-

OHDA rats displayed attenuated amphetamine-induced rotational behavior indicating
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preservation of striatal dopamine levels. Similar protective effects were observed with
chronic in vivo co-infusion of XENP345 with bacterial lipopolysaccharide (LPS) into the
substantia nigra, confirming a role for solTNF-dependent neuroinflammation in nigral
degeneration. In embryonic rat midbrain neuron/glia cell cultures exposed to LPS even
delayed administration of XENP345 prevented selective degeneration of DA neurons
despite sustained microglia activation and secretion of solTNF. XENP345 also attenuated
6-OHDA-induced DA neuron toxicity in vitro. Collectively, our data demonstrate a role
for TNF in vitro and in vivo in two models of PD, and raise the possibility that delaying
the progressive degeneration of the nigrostriatal pathway in humans is therapeutically

feasible with agents capable of blocking solTNF in early stages of PD.

INTRODUCTION

Parkinson’s Disease (PD) is the second most prevalent neurodegenerative disease in the
U.S. with a 5% incidence in individuals over 65 (Moore, 2005). Its clinical
manifestations result from selective loss of dopaminergic (DA) neurons in the ventral
mesencephalon substantia nigra pars compacta (SNpc), with a resulting decrease in
striatal dopamine. The critical molecular mediators and mechanisms that elicit death of
nigral DA neurons have yet to be identified; but a wealth of studies implicate microglia
and inflammatory processes in the pathophysiology of PD (Hald and Lotharius, 2005;
Hirsch et al., 2005; McGeer et al., 1988; Vawter et al., 1996), and chronic use of non-
steroidal anti-inflammatory drugs can lower risks for development of PD in humans by

46% (Chen et al., 2003).
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Cerebrospinal fluid and post-mortem brains of PD patients display elevated
levels of the pro-inflammatory cytokine Tumor Necrosis Factor (TNF) as do animals
treated with the dopaminergic neurotoxins 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and 6-hydroxydopamine (6-OHDA) used to model nigral degeneration in non-
human primates and rodents (Barcia et al., 2005; Boka et al., 1994; Hunot et al., 1999;
Mogi et al., 2000; Nagatsu and Sawada, 2005; Sriram et al., 2002). TNF is synthesized as
a type Il transmembrane trimeric protein cleaved by the TACE metalloprotease to a
soluble form (Aggarwal, 2000; MacEwan, 2002); both forms are biologically active, but
their relative roles in mediating DA neuron survival are unknown. Soluble TNF (solTNF)
transduces inflammatory stimuli through the canonical death receptor TNFR1 (Tartaglia
et al., 1993) which is highly expressed in nigrostriatal DA neurons rendering them
vulnerable to TNF-induced toxicity (Aloe and Fiore, 1997; Carvey et al., 2005; Gayle et
al., 2002; McGuire et al., 2001). The role of transmembrane (tm) TNF is less well
understood, but it can mediate pro-survival effects through TNFR2 in cortical (Marchetti

et al., 2004) and hippocampal (Heldmann et al., 2005) neurons.

We hypothesized that solTNF is a major mediator of neurotoxic mechanisms
contributing to degeneration of nigral DA neurons in vivo; therefore blocking its activity
should yield neuroprotection in animal models of PD. To test our hypothesis, we
employed TNF variants engineered to disrupt binding of the solTNF trimer to its
receptors by forming dominant-negative TNF (DN-TNF) heterotrimers that eliminate
solTNF homotrimers, and thus inhibit its signaling (Steed et al., 2003). To elucidate the

cellular mechanisms by which TNF promotes DA neuron death, we utilized rat
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embryonic ventral mesencephalon (EVM) neuron/glia cultures. Our findings that solTNF,
but not tmTNF, contributes significantly to the progressive loss of DA neurons induced
by bacterial and oxidative neurotoxins in cellular and animal models of PD are relevant

for the design and testing of novel therapeutic strategies for PD.

MATERIALS AND METHODS

Materials

Rabbit anti-tyrosine hydroxylase (TH), guinea pig anti-GABA, mouse anti-MAP2b, and
mouse anti-NeulN (neuron specific nuclear protein) antibodies were obtained from
Chemicon (Temecula, CA). Mouse anti-rat complement 3 receptor (C3R) antibody Ox-42
was obtained from Santa Cruz and mouse anti-CD45 antibody was obtained from
Serotec. FITC conjugated isolectin-B4, LPS (from E. coli 0111:B4, Lot # 114K4133 1.5
x 10° EU/mg), 6-OHDA, poly D-lysine, and D-amphetamine were obtained from Sigma-
Aldrich Corporation (St. Louis, MO) and a single stock of each was used for all
experiments. Cell culture reagents were purchased from Invitrogen Corporation
(Carlsbad, CA). Laminin was obtained from BD Biosciences (San Jose, CA). The
recombinant dominant-negative TNF XENP345, a PEGylated version of the TNF variant
A145R/T97T (Steed et al., 2003), was bacterially produced and formulated by Xencor Inc.
to contain less than 0.1 EU/mL. Recombinant mouse TNF was obtained from R&D
systems (Minneapolis, MN). Antibodies for quantitative TNF ELISA were obtained from

Biosource/Invitrogen Corporation (Carlsbad, CA). Osmotic pumps were purchased from
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Alzet Corporation (Cupertino, CA), cannulae and tubing from Plastics One Corp.

(Roanoke, VA). All other reagents were obtained from Sigma-Aldrich.

Animal studies

Young adult and timed-pregnant Sprague Dawley SASCO and CDF/Fischer 344 rats
were purchased from Charles River Laboratories (Wilmington, MA) and housed in
pathogen-free climate-controlled facilities at the Animal Resources Center at The
University of Texas Southwestern Medical Center. All animal studies were approved by
the Institutional Animal Care and Use Committee at UT Southwestern Medical Center at

Dallas.

Methods

Intrastriatal 6-OHDA injection and XENP345 infusions

Young adult female Sprague Dawley SASCO rats (200-225 g) (n= 6 per group, total of
30) were anesthetized with halothane (2%) and placed in a stereotaxic frame. Their eyes
were protected with ophthalmic ointment and body temperature was monitored with a
rectal probe and maintained with radiant heat under feedback control. The scalp was
prepped under sterile conditions and the skull exposed and incised. We chose a
previously published regimen of 6-OHDA to induce a mild-to-moderate retrograde lesion
in the nigrostriatal pathway (Kirik et al., 1998). Burr holes were drilled to permit
unilateral injection of 20 pg 6-OHDA (4 pL of 5 pg/uL) at a rate of 1 pL/min into the

striatum on the right hemisphere (stereotaxic coordinates: anteroposterior (AP): -1.2 mm
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from bregma, mediolateral (ML): -3.9 mm; and dorsoventral (DV): -5 mm below surface
of dura) (Paxinos et al., 1985). Cannulae (gauge 28, Plastics One) connected via
polyethylene tubing to a subcutaneously implanted osmotic minipump (Alzet 2002)
preloaded with vehicle (sterile saline) or the treatment agent XENP345 (0.08 mg/kg/day)
were then stereotaxically inserted through the burr holes into the same site as the 6-
OHDA lesion or into an area just above the substantia nigra pars compacta (stereotaxic
coordinates from bregma: AP: -4.8mm from bregma, ML: -1.7 mm, and DV: -8 mm
below surface of dura) through another burr hole and were left in position for 3 weeks.

Cannulae were secured to the skull with surgical glue (Plastics One).

Intranigral LPS or LPS/XENP345 infusions

The low-dose chronic LPS infusion model published previously was used to induce
selective, delayed and progressive death of DA neurons in vivo (Gao et al., 2002). LPS (5
ng/hr) was unilaterally infused for 2 wk via a 28 gauge cannula into the SNpc
(coordinates from bregma AP: -4.8 mm, ML: -1.7 mm, and DV: -8 mm) (Paxinos et al.,
1985) of young adult male CDF rats (200-240g) (n=6 per group, 3 sets of experiments)
under the same surgical procedures described above. Cannulae were connected via
polyethylene tubing (Plastics One) to a subcutaneously implanted osmotic minipump
(Alzet 2002) preloaded with the treatment agent. Vehicle (sterile saline) or XENP345
(0.03 mg/kg/day, representing a 5:1 ratio XENP345:LPS) was preloaded along with LPS

into the pump and infused for 2 wk (n= 6 per group).

Rotational behavior analyses
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At 1, 2 and 3 wk post 6-OHDA lesion, amphetamine-induced rotational behavior was
monitored in a glass cylinder (diameter 24.5 cm). Animals received 2.5 mg/kg D-
amphetamine prepared in sterile saline (Sigma, St. Louis) i.p. and 60 min after the
injection, rotational asymmetry was monitored for 20 min. Rotation towards the lesion
(ipsilateral) was scored as positive and net rotational asymmetry score was expressed as

full body turns/min.

Perfusion and tissue processing for histology

At 3 wk post 6-OHDA lesion or 8 wk post start of LPS infusion, animals were deeply
anesthetized with pentobarbital and intracardially perfused with 300 ml of heparinized
PBS pH 7.4, followed by 500 mL of 4% paraformaldehyde in PBS, pH 7.4. Brains were
postfixed for 24 h in the same solution and cryoprotected in 20% sucrose in PBS for 18-
24 hr. Coronal sections (40 pm-thickness) were cut through the striatum and substantia
nigra pars compacta on a Leica cryostat and mounted on glass slides (SuperFrost Plus,
Fisher) for immunohistological analyses and stereological estimate of DA neuron number

in a fixed 200 pm area in SNpc.

Immunohistochemistry of brain sections

Sections on glass slides were fixed for an additional 15 min in 4% paraformaldehyde,
followed by a PBS rinse (pH 7.4). Mounted sections (rather than the standard free-
floating sections) were chosen because of the critical importance of maintaining right/left
hemisphere orientation at all times for comparison of ipsilateral (lesioned) to contralateral

(unlesioned) side in both the unilateral 6-OHDA and LPS lesion models. Even with the



73

use of standard brain notching techniques, re-establishing correct R/L orientation prior to
mounting free-floating sections would have been technically laborious and prone to error.
Prior to immunohistochemistry, sections were incubated in 0.2 M glycine (pH 7.4) for 30
min to minimize tissue autofluorescence due to the aldehyde fixative. Pilot experiments
were conducted using 40um brain sections from control (unlesioned rats) to establish the
optimum blocking and antibody incubation times to completely penetrate the section all
the way to the 2um bottom guard zone used in the stereological analyses of neuron
number. Sections were permeabilized for 35 min in TBS containing 0.3% Triton-X-100
and 1% normal goat serum (NGS), followed by blocking for 60 min in TBS containing
1% NGS. Primary antibody incubations were done for 48 hr at 4°C in TBS containing
0.1% Triton-X-100 and 1% NGS. Secondary antibody incubations were performed for 4
hr at room temperature in the same dilution buffer. Nuclei were counterstained with 0.5
pg/mL Hoechst 33258. Sections were coverslipped with aqueous-based mounting media

with anti-fade reagent (Biomeda).

Nigral DA neuron counts

Stereolnvestigator analyses software (Micro Bright Field Inc., Williston, VT) was used to
perform unbiased stereological counts of NeuN/TH-immunoreactive (NeuN/TH-IR) cell
bodies in the SNpc using the optical fractionator method (West et al., 1991) for both LPS
and 6-OHDA studies. The boundary of SNpc was defined according to previous
anatomical demarcation in the rat (German and Manaye, 1993). For analysis, the
treatment of the various brain sections was blinded to the observer. Cells were counted

with a 100X oil immersion objective (1.3 NA) using an Olympus BX61 microscope.
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Random and systematic counting frames (each 50 x 50 x 5 um with 2 pm upper and
lower guard zones) on cryosections (40um serial sections placed 4 per slide) obtained
from over 40 rats through the extent of SNpc (from AP:-3.3mm to -5.3mm behind
bregma) were sampled using a 20 p optical dissector. We systematically chose to stain
every other slide for TH/NeuN and the intervening slide for complement 3 receptor (OX-
42 antibody). A dopaminergic neuron was defined as a NeuN/TH immunoreactive cell
body with a clearly visible unstained nucleus. For estimating total neuron number
(number of NeuN-positive cell), a cell was defined as a soma with a nucleolus in focus
within the counting frame. A microglial cell was defined as an OX-42-immunoreactive

cell with processes (ramified) or without processes (ameboid-shape).

Striatal TH fiber density

Fluorescence intensity of TH-immunoreactive fibers above a fixed threshold using
entorhinal cortex for background subtraction was used to estimate striatal TH-fiber
density. For this analysis, cryosections were taken from a region Imm anterior to
olfactory bulb, through the CPu complex, an ending 1mm posterior to SNpc. Areas at the
striatal lesion site (AP: -1.2 mm from bregma, ML: -3.9 mm from midline in right
hemisphere; and DV: -5 mm below surface of dura (Paxinos et al., 1985) devoid of
cellular material were excluded from the analysis and normalized for comparison to the

contralateral (unlesioned side) according to standard practice.

Mesencephalic mixed neuron/glia cultures
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Primary rat ventral mesencephalic neuron/glia cultures were prepared by modification of
a published protocol (Liu et al., 2000). Briefly, ventral mesencephalic tissues were
dissected from embryonic day 14 Fischer 344 rats into Hank’s balanced salt solution and
dissociated with mild, mechanical trituration in cold media containing 10% FBS.
Following trituration, cells were centrifuged at 1200g for 5 minutes, resuspended in 3-
4mL complete media for counting, and plated into 4-well chamber slides (two 25 pL-
microislands per well at a density of 7.5x10° cells/mL) according to the method of
(Takeshima et al., 1994) or in 96 well culture plates (100 uL/well at a density of 2x10°
cells/mL) precoated with poly-D-lysine (0.1 mg/mL) and laminin (20 pg/mL) in
DMEM/F12 supplemented with 10% fetal bovine serum (FBS), 1 g/L glucose, 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 pM nonessential amino acids, 50 U/mL
penicillin, 50 pg/mL streptomycin, and 10 ng/mL basic Fibroblast Growth Factor (bFGF).
Cultures were maintained at 37°C in a humidified atmosphere of 5% CO,/95% air.
Cultures were replenished two days later with 0.5 mL/well (chamber slides) or 0.1
mL/well (96-well plate) fresh media lacking bFGF and were used for treatment five days
later. For treatment (in duplicate or triplicate) with LPS or 6-OHDA the cultures were
maintained in 0.5 mL/well (chamber slides) or 0.1 mL/well (96-well plate) of media

supplemented with 2.5% FBS and lacking bFGF.

Quantitative TNF ELISA
The culture medium was collected after treatment of cells with LPS or 6-OHDA as
indicated. The quantities of TNF-a were measured with a mouse TNF-a ELISA kit from

Biosource/Invitrogen Corporation (Carlsbad, CA) as per manufacturer’s instructions.
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Immunocytochemistry in EVM cultures

Neurons were stained with anti-MAP2b antibody to detect both somata and neurites or
anti-Neuronal antigen N (NeuN) antibody to detect somata only. Dopaminergic neurons
were detected with anti-TH antibody. GABAergic neurons were identified with anti-
GABA antibody. Microglia were detected with an anti-complement type 3 receptor
antibody (0X-42), CD-45 antibody, or FITC-BS-1 isolectin B4. Cells were fixed with 4%
paraformaldehyde, permeabilized with TBS containing 3% gelatin from cold water fish
skin (Sigma), 1% BSA, and 0.3% Triton-X-100, blocked with TBS containing 3% gelatin
from cold water fish skin and 1% BSA. Primary antibody incubations were done for 2 hr
at room temperature with primary antibodies diluted in TBS containing antibody diluent
(TBS containing 3% gelatin from cold water fish skin, 1% BSA, and 0.1% Triton-X-100)
anti-MAP2b, 1:400; anti-Neu-N, 1:400; anti-TH, 1:250; OX-42 1:60; anti-CD-45 1:600;
anti-GABA 1:1500; FITC-BS-1 isolectin B4, 0.1 mg/mL; or anti-GFAP, 1:1000). Except
for FITC-isolectin B4, the bound primary antibody was visualized on an Olympus BX61
fluorescence microscope after incubation with an appropriate Molecular
Probes/Invitrogen Alexa-conjugated secondary antibody (1:1000). Images were captured
with either a CoolSnap CCD ES monochromatic or CF color camera and analyzed with
MetaMorph software (Universal Imaging Systems, West Chester, PA). For analysis, the
treatment of the various cultures was blinded to the observer. Counts were performed in a
minimum of 6 fields per well per treatment condition. To obtain average cell counts per

well, 20X images were taken throughout the extent of each microisland. The number of
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cells per 20X field were averaged and multiplied by the number of fields to obtain the

averages per well. Each experimental set was repeated two to three times.

Uptake assays for tritiated DA or GABA

Neurotransmitter uptake was measured using published protocols (Gao et al., 2002).
Mixed neuron/glia cultures grown in 96 well plates were washed two times with 100 pL
Krebs-Ringer buffer (containing 16 mM sodium phosphate, 119 mM sodium chloride, 4.7
mM potassium chloride, 1.8 mM calcium chloride, 1.2 mM magnesium sulfate, 1.3 mM
EDTA, and 5.6 mM glucose; pH 7.4). For DA and GABA uptake the cultures were
incubated for 15 min at 37°C with 50 uL. of 10 uM [*H]DA (30 Ci/mmol) and 50 uM
[PH]JGABA (90 Ci/mmol) in Krebs-Ringer buffer, respectively. After being washed three
times with 100 pL ice-cold Krebs-Ringer buffer, the cells were collected in 50 uL 1N
sodium hydroxide, combined with 1 mL scintillation fluid, and radioactivity was counted
with a liquid scintillation counter. Nonspecific uptake was determined in parallel wells
that received both the tritiated tracer and 10 pM mazindol (to block specific DA uptake)
or 2 mM [3-alanine (to block glial GABA uptake) (Mabjeesh et al., 1992). Each treatment

condition was done in triplicate. Each experimental set was repeated at least two times.

Statistical Analyses
Differences among means were analyzed using one-way analysis of variance (ANOVA).
When ANOVA showed significant differences, comparisons between means were tested

by the Tukey-Kramer Multiple Comparisons post-hoc test. Left versus right differences
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from the same animals were analyzed using two-tailed paired Student’s t test. Values
expressed are the group mean + SEM. For culture experiments, differences in TH cell
number among the different groups were analyzed by ANOVA followed by the Newman-
Keuls post-hoc test for p values significance. Values expressed are the mean + SD; *p

values < 0.05, **p values < 0.01, *** p values < 0.001.

RESULTS

Blocking soluble TNF signaling in vivo provides protection to dopamine neurons

from 6-OHDA-induced death and attenuates rotational behavior.

TNF levels have been reported to increase in striatum and substantia nigra of 6-OHDA
injected rats (Mogi et al., 1999). To determine if TNF signaling has a critical role in
nigral DA neuron loss in vivo, we tested the ability of a DN-TNF inhibitor (XENP345),
to provide neuroprotection from 6-OHDA-induced lesions in rats. 6-OHDA neurotoxin
rodent models of PD are characterized by increased oxidative stress and striatal terminal
die-back followed by loss of DA cell bodies within the SN (Przedborski, 2005;
Przedborski and Ischiropoulos, 2005). In these experiments a lesion was induced by a
unilateral intrastriatal pre-terminal injection of 6-OHDA into rats (Kirik et al., 1998).
Immediately following administration of 6-OHDA (or vehicle) into the striatum, a
cannula connected to an osmotic minipump preloaded with XENP345 or saline was
stereotaxically positioned into the ipsilateral striatum or ipsilateral SNpc. Using unbiased

design-based stereology, the number of TH/MAP2b-positive soma was estimated within
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the substantia nigra 3 weeks after administration of the 6-OHDA striatal injection. We
found that administration of the XENP345 into the nigra rescued about 50% of the nigral
DA neurons from 6-OHDA-induced death and prevented the decrease in TH fiber density
(Figure 2.1 a-e). In contrast, no statistically significant difference was detected between
groups when rats were implanted with striatal pumps pre-loaded with vehicle or
XENP345. These findings suggest that the key TNF signaling events mediating
neurodegeneration of DA neurons occur at the cell somata in the region of the substantia

nigra pars compacta.

As a physiological measure of 6-OHDA-induced striatal DA depletion, we tested
amphetamine-induced rotational behavior weekly for 3 weeks following the 6-OHDA
lesion. We found that the protection of DA neurons in SNpc achieved with nigral
delivery of XENP345 correlated with attenuated ipsiversive circling behavior induced by
D-amphetamine (2.5 mg/kg i.p.) (Figure 2.1 f). These data suggest that TNF may be
crucial for the progressive phase of 6-OHDA induced dopaminergic cell loss, and support

a role for TNF signaling in DA neuron loss induced by oxidative neurotoxins.

Blocking soluble TNF signaling in vivo during a chronic neuroinflammatory

stimulus protects DA neurons from death.

Since inhibition of solTNF signaling was efficacious in protecting DA neurons from
death induced by the oxidative neurotoxin 6-OHDA, we hypothesized that a TNF-

dependent neuroinflammatory or neurotoxic component is required for robust killing of
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nigral DA neurons. To test this, we used a purely neuroinflammatory in vivo model of PD
and compared survival of TH+ neurons in SNpc after infusion of LPS alone or LPS and
XENP345. Previous studies by (Gao et al., 2002) reported that a 2-week supra-nigral
infusion of LPS (5 ng/hr) increased the number of complement 3 receptor (Ox-42
antibody) immunoreactive microglia with rod-like morphology as early as three days
after the start of LPS infusion which subsequently peaked at 2 weeks and persisted for 8
weeks. This microglial activation profile is consistent with this being a chronic
neuroinflammatory model. We have confirmed the persistent presence of Ox-42-positive
ameboid-shaped microglia at week 8 after a 2-week chronic LPS infusion into SNpc
(Figure 2.2). We reasoned that since TNF is a potent activator of microglia (Aggarwal,
2000; Hinkerohe et al., 2005) and a known mediator of LPS action in peripheral tissues
(Beutler, 2005), chronic infusion of DN-TNFs to block solTNF signaling during an
inflammatory stimulus might prevent TH-positive cell loss in the SNpc of LPS-infused
rats. Unbiased stereological measurements of TH-IR/NeuN neuron soma and
fluorescence densitometry of TH-positive fiber density revealed that co-infusion of
XENP345 (70 ng/hr) with LPS (5 ng/hr) for 14 days into rat substantia nigra rescued
about 50% of the LPS-induced nigrostriatal degeneration measured 8 weeks after the start
of infusion (Figure 2.2¢). In addition, rescue of DA neurons was accompanied by a
decreased number of C3R-immunoreactive (IR) microglia in SNpc (Figure 2.2a).
Infusion of XENP345 alone, chronically or in a single bolus (20 pg), did not induce
microgliosis and was not associated with any tissue damage (Figure 2.2a) consistent with
a lack of TNF-like agonistic activity of DN-TNFs published in previous work (Steed et

al., 2003). Together with our findings in the 6-OHDA model, these data indicate that
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solTNF signaling is a primary mediator of DA neuron loss in vivo induced by either
neuroinflammatory agents or oxidative neurotoxins, and that inhibition of solTNF can

reduce neuroinflammation and subsequent neurodegeneration.

Soluble TNF is a critical mediator of LPS- and 6-OHDA-induced dopaminergic

neuron loss in vitro.

Given the fact that in vivo administration of TNF inhibitors selective for solTNF
signaling rescued only 50% of DA neurons from LPS- or 6-OHDA-induced degeneration,
it was important to determine whether additional rescue of DA neurons could be achieved
by also blocking signaling by tmTNF. To determine the contribution from each form of
the ligand to the death of DA neurons in LPS-treated embryonic (E14) rat ventral
mesencephalon (EVM) cultures, we compared sparing of TH neurons by two inhibitors
with different modes of action. We first measured LPS-induced solTNF production in the
media by quantitative ELISA to determine the doses of TNF inhibitors needed to block
TNF signaling during an LPS stimulus. We found that treatment of EVM cultures with 10
ng/mL LPS led to rapid release of solTNF which peaked at around 500pg/mL (Figure 2.3
a). In pilot experiments, we next confirmed the lack of toxic effects of DN-TNFs alone
(XENP345 and others) or etanercept alone and determined the optimal dosing of TNF
inhibitors necessary to completely block DA neuron death induced by exogenous solTNF
(data not shown). Next we treated EVM neuron/glia cultures with 10 ng/mL LPS (Figure
2.3 b) in the presence of either XENP345 (3 or 200 ng/mL) to block solTNF exclusively

(Steed et al., 2003) or with the soluble decoy receptor etanercept (Fc-TNFR2, 100
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ng/mL) to block both solTNF and tmTNF signaling (Agnholt et al., 2003; Mitoma et al.,
2005; Scallon et al., 2002). Four days after LPS stimulation, DA neuron survival was
measured by counting tyrosine hydroxylase and MAP-2b co-labeled neurons (Figure 2.3
b). We found that blocking TNF signaling with either inhibitor during an LPS stimulus
attenuated LPS-induced loss of DA neuron number (Figure 2.3 ¢) and their neurites
(Figure 2.3 b) equally well and by approximately half, indicating that the gradual loss of
TH positive neurons induced by LPS treatment and dependent on TNF signaling is
mediated exclusively by solTNF, since blocking of both tmTNF and solTNF with
etanercept yielded no further rescue compared to XENP345. The slight differences
between XENP345 and etanercept in ability to rescue DA neurons in vitro may be related
to pharmacokinetic differences since the doses of both TNF inhibitors used in vitro were
in excess of that needed to neutralize the amount of secreted solTNF measured by ELISA
in response to the LPS challenge (Steed et al., 2003). Given that solTNF and tmTNF bind
TNFR1 and TNFR2 with different affinities, and the normal biological role of TNF and
its receptors in the nigrostriatal pathway is not at all clear, our findings that XENP345
significantly attenuated the death of DA neurons induced by 6-OHDA or LPS in vivo
support a direct and neurotoxic role for solTNF as the relevant microglial-derived
neuroinflammatory mediator of nigral degeneration. To determine if the rescued neurons
retained function, we measured tritiated dopamine uptake in these cultures. Rescue of TH
positive neurons correlated with increased DA uptake (Figure 2.3 d). Nonspecific
dopamine uptake was measured (and subtracted as background) in these cultures using

the specific dopamine transport inhibitor mazindol. In agreement with published
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observations (Gao et al., 2002), GABAergic neurons were unaffected by LPS treatment

(Figure 2.3 e).

Based on our findings that in vivo inhibition of TNF signaling with XENP345
attenuated 6-OHDA-induced loss of DA neurons and decreased amphetamine-induced
ipsiversive circling behavior, we predicted that 6-OHDA-induced neurotoxicity of DA
neurons and rescue by XENP345 could also be reproduced in vitro, thus allowing
identification of the TNF-dependent mechanisms mediating 6-OHDA-induced
neurodegeneration. Therefore, we treated EVM cultures with a concentration range of 6-
OHDA (5-100 uM) for 24 hr and assayed solTNF release as well as DA uptake in the
surviving DA neurons at 4 days after initial exposure to 6-OHDA in the presence or
absence of TNF inhibitors. We found that 20 pM 6-OHDA induced neurotoxicity and
death in DA neurons comparable to 10 ng/mL LPS (Figure 2.4) under the same media
conditions and time-course of the experiment. Lower concentrations of 6-OHDA did not
induce significant DA neuron death (due to the protective effects of 2.5% FBS) and
higher concentrations induced excessive death of both DA and GABA neurons (data not
shown). As expected, the level of solTNF release (~ 50pg/mL) evoked by this amount of
6-OHDA (Figure 2.4 a) was lower than that evoked by the inflammogen LPS; however,
the robust rescue with XENP345 and etanercept indicated this level of solTNF was
sufficient to account for a significant fraction (>50%) of the 6-OHDA-induced
neurotoxicity (Figure 2.4 ¢). Together, these studies are the first to demonstrate a critical
role for solTNF signaling in mediating death of DA neurons in vitro and in vivo induced

by two different neurotoxins used in rodent models of PD.
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TNF-dependent potentiation of microglia activation is not the primary mechanism

mediating DA neuron degeneration.

Given that microglial-derived oxidative stress has been proposed to be involved in the
loss of DA neurons in the LPS model (Gao et al., 2002), we investigated the extent to
which rescue of DA neurons by inhibition of TNF signaling correlated with attenuated
microglia activation (measured using antibodies against the microglial markers
complement 3 receptor, isolectin B4, and CD45). EVM cultures were treated with LPS
(10 ng/mL) or with LPS plus XENP345 (200 ng/mL co-added, 100 ng/mL re-added every
24 hr) to measure microglia activation at 12, 24, 48 and 96 hr after addition of LPS.
Blocking solTNF signaling with XENP345 did not completely abolish LPS-induced
microglia activation, but had its greatest attenuating effects in the early time points (<24
hr) after LPS stimulation (Figure 2.5 a,b). In a control experiment, we found that robust
induction of microglia activation by 4 ng/mL solTNF can be inhibited completely by a
ratio of XENP345 to solTNF of 50:1 (Figure 2.5 ¢), suggesting that partial inhibition of
LPS-induced microglia activation with XENP345 was not due to incomplete
neutralization of solTNF. From these data we conclude that solTNF is required for
potentiation of early LPS-induced microglia activation, yet only partially mediates the
neuroinflammatory response elicited by LPS. Therefore, we conclude that the critical
microglial-derived mediator responsible for DA neuron loss is solTNF, and attenuation of
TNF-mediated effects is sufficient to provide significant rescue of DA neurons, since

neuroprotection can be achieved with XENP345 despite persistent microglia activation.
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Experiments to identify the cellular and signaling mechanisms mediated by TNF and
necessary for 6-OHDA-induced neurodegeneration are in progress. It is well known that
the action of the oxidative neurotoxin 6-OHDA involves formation of 6-OHDA-
paraquinones and leads to glutathione (GSH)-depletion of mitochondria (Przedborski,
2005; Przedborski and Ischiropoulos, 2005). Such depletion sensitizes many cells to the
toxic actions of TNF via mitochondrial targeting of glycosphingolipids and potentiation
of intracellular ROS accumulation (Garcia-Ruiz et al., 2003; Garcia-Ruiz et al., 1997).
Therefore, these TNF-dependent signaling cascades may have important roles in

triggering the death of DA neurons and are therefore under investigation.

Delayed inhibition of TNF signaling also rescues DA neurons from LPS-induced

death.

We reasoned that since low-dose LPS exposure results in delayed, progressive and
selective death of DA neurons, delayed administration of XENP345 after an LPS insult
may still be capable of preventing a substantial portion of DA neuron loss. In these
experiments, we treated EVM cultures with LPS and then added XENP345 after delays
of 12-72 hr (and re-adding inhibitor every 24 hr). Microglial activation and DA neuron
survival were measured 4 days after the initial LPS stimulus. XENP345 was still
efficacious in attenuating DA neuron loss (Figure 2.6 a) even when added several days
after the LPS insult. Despite the ability of delayed addition of XENP345 to block DA
neuron loss, we found that delayed inhibition of TNF was unable to block sustained LPS-

induced microglia activation, as measured by three immunocytochemical markers of
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microglial activation (Figure 2.6 b). These data suggest that direct neurotoxicity of
microglial-derived TNF on DA neurons, presumably through TNFR1 receptors present
on these neurons (McGuire et al., 2001), is likely to be the primary mechanism eliciting
delayed death of DA neurons in LPS-treated neuron/glia cultures. However, a second
mechanism by which TNF may mediate dopaminergic cell loss is by perpetuating
microglial-derived extracellular ROS and RNS production, thus increasing oxidative

stress on DA neurons and leading to degeneration.

DISCUSSION

This is the first comprehensive study to employ TNF-selective pharmacological inhibitors
in two different models of PD to investigate the direct contribution of the two
biologically active forms of TNF in mediating degeneration and death of DA neurons in
wild-type rodents. Although it has been known that PD brains possess increased gliosis,
cytokine levels, and reactive oxygen and nitrogen species, the mechanisms underlying
neuroinflammation-mediated DA neuron death have remained unclear. We hypothesized
that, independent of the trigger that elicits its production or its cellular source, solTNF
might act at two different cellular sites: directly on DA neurons to exert neurotoxic
effects and indirectly on microglia to potentiate microglial-derived oxidative stress, and
that activation of both routes results in progressive degeneration and loss of DA neurons.
Our results that nigral delivery of the soluble TNF inhibitor XENP345 attenuated loss of

rat DA neurons, independent of whether this loss is induced by the bacteriotoxin LPS or
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by the oxidative neurotoxin 6-OHDA, confirm that sol TNF is a critical
neuroinflammatory mediator involved in the neurodegenerative actions of both LPS and
6-OHDA in vivo. The neuroprotective effects of the immunosuppressant FK-506 in 6-
OHDA lesioned rats has been ascribed to inhibition of microglial-derived TNF (Mogi et
al., 1999) since FK-506 has been shown to inhibit secretion of pro-inflammatory
cytokines by macrophages (Keicho et al., 1991). Mechanistically, our results further
indicate that TNF drives late signaling events in eliciting neurotoxicity and triggering DA
neuron death, since delayed (up to 72 hr) addition of XENP345 in a 4-day low-dose LPS
treatment regimen can markedly attenuate DA neuron death independent of persistent
microglial activation as assessed by several microglial markers. Given that clinical
diagnosis of PD in humans occurs only after a significant loss (>80%) of nigral DA
neuron has occurred, most interventions are in essence ‘delayed’ so these findings have
potential clinical relevance; there may be a therapeutic window during which inhibition
of TNF signaling could slow disease progression. Consistent with a role of TNF in the
pathophysiology of PD, a cohort of Early Onset PD patients in Japan have an increased
frequency of a polymorphic allele (-1031C) in the TNF gene promoter that results in
higher transcriptional activity (Nishimura et al., 2001) and causes them to be high TNF
producers. A recent prospective study indicating that regular use of non-steroidal anti-
inflammatory drugs (NSAIDs) lowers the risk of developing PD by 46% (Chen et al.,
2003) also supports a role for chronic inflammation in triggering or accelerating
development of PD in humans. There are several possible explanations as to why co-
infusion of a solTNF inhibitor into the SNpc did not completely abrogate loss of nigral

NeuN/TH-positive neurons. We can rule out a role for tmTNF since etanercept did not
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yield greater neuroprotection compared to XENP345 in vitro. We can also rule out
technical problems with immunohistological detection as a reason for the apparent partial
rescue. Specifically, the protocol used for staining and detection of NeuN/TH-positive
cells throughout the extent of the 40pum sections required for performing stereology using
a 20pm optical fractionator was optimized in pilot experiments to ensure complete
penetration of primary and secondary antibodies to the bottom guard zone used in the
stereology parameters (See Methods). One possible explanation for the partial rescue that
is currently being investigated relates to the potential for limited diffusion of XENP345
away from the delivery site during the chronic infusion. Second, in these experiments,
TNF signaling was blocked only in a small region of SNpc for 2 weeks coincident with
the chronic LPS infusion or immediately following induction of the intrastriatal 6-OHDA
lesion; yet the cascade of neurotoxic and neuroinflammatory events that occurs in these
less acute animal models of PD is known to extend beyond the 2-week interval during
which TNF signaling was pharmacologically inhibited (Sanchez-Pernaute et al., 2004).
Third, partial neuroprotection may be indicative of a component of DA neuron loss that is
TNF-independent and might involve the action of other pro-inflammatory cytokines,
including IL-1f or IL-6 (Allan and Rothwell, 2001; Hald and Lotharius, 2005; Nagatsu
and Sawada, 2005). To distinguish between these three possibilities, experiments are in
progress to determine whether longer or continuous solTNF signaling inhibition across a
larger volume of SNpc affords greater neuroprotection to nigral DA neurons, and whether
continuous TNF signaling inhibition blocks the progressive phase of 6-OHDA-induced
DA neuron death shown to be attenuated by selective COX-2 inhibition (Sanchez-

Pernaute et al., 2004) Nonetheless, a reduction of nigral DA neuron death by 50% with
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delivery of DN-TNF biologics into the CNS would have a significant and positive impact
on delaying progression of DA neuron loss in individuals with PD should these in vivo
results in animal models be realized in clinical trials. Because of their size (~51 kD
trimers), XENP345 would not be expected to cross the blood-brain barrier but this
possibility is being investigated. Clinically, anti-TNF biologics presently used to treat
patients with rheumatoid arthritis (etanercept and infliximab) have been linked to
increases in demyelinating disease due to their ability to block tmTNF function (Arnett et
al., 2001; Sukal et al., 2006); therefore, a tmTNF-sparing TNF inhibitor for use in PD

may be a safer therapy in humans.

To date, evaluation of the role of TNF in mediating DA neuron death in mature
animals has only been investigated using acute MPTP intoxication in mice deficient in
TNF pathway genes (Ferger et al., 2004; Leng et al., 2005; Rousselet et al., 2002; Sriram
et al., 2002), and in wild-type mice treated with thalidomide (Ferger et al., 2004), which
inhibits synthesis of TNF and many other genes. However, although these early studies
implicated TNF signaling in DA neuron death, these null mice are not ideal models in
which to critically address the direct role of TNF in nigral degeneration in adult animals.
The brain proteome of TNFR double knockout mice indicates significant changes in
expression of numerous genes (Pejovic et al., 2004), including the redox sensor DJ-1
which itself has been shown to be important in protecting DA neurons from oxidative
stress (Goldberg et al., 2005; Kim et al., 2005). Moreover, mice that develop without any
TNF signaling display arrested dendritic cell development and blunted systemic

inflammatory responses (Pasparakis et al., 1996; Ritter et al., 2003; Sriram et al., 2006).
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Our own unpublished observations that treatment of neuron/glia cultures from TNF KO
mice with TNF or LPS elicits blunted microglial activation and attenuated DA neuron

death compared to treatment of cultures from WT mice.

Therefore, it is impossible to discern whether resistance (or lack thereof) to
MPTP injury in adult mice that developed without TNF signaling is a direct result of no
TNF production (i.e., in TNF KO) or inability to bind TNF (i.e., in TNFR1/R2 double
knockout) and/or from modifications in the function of downstream TNF-dependent
targets (including microglia). In summary, although studies with genetic models
suggested that pharmacological manipulation of the TNF pathway may offer
neuroprotection, our study is the first to directly demonstrate the feasibility and efficacy
of this approach; plus the translational value of studies in adult rats with the soluble TNF-
selective pharmacological inhibitor XENP345 makes our direct approach biologically

and clinically relevant to humans.

Our data demonstrate that solTNF significantly contributes to toxicity and
degeneration of DA neurons, independent of the trigger that elicits its production. This
raises the exciting possibility that anti-TNF therapy specifically targeted against solTNF
may be an effective treatment for prevention or attenuation of PD progression without
interfering with important tmTNF functions such as maintenance of immune function and
resistance to infection (Olleros et al., 2005). Lastly, we posit that our findings regarding a
critical role of TNF signaling in death of DA neurons may be applicable to other

neurodegenerative diseases in which the role of neuroinflammation is being intensely
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investigated both as a contributing factor, and as the basis for development of new
vaccination therapies. For example, levels of TNF were found to be elevated in entorhinal
cortex coincident with the earliest appearance of pathology (Janelsins et al., 2005) in a
triple transgenic Alzheimer’s Disease mouse model harboring mutations in presenilin 1,
amyloid precursor protein, and tau (Oddo et al., 2003), and chronic exposure to systemic
LPS accelerated development of amyloid and tau pathology in these mice (Kitazawa et
al., 2005). Given its role as a major effector of LPS action, we hypothesize that TNF is a
key mediator of LPS-enhanced neuropathology in these mice perhaps by promoting
mitochondrial dysfunction and activation of apoptotic death cascades. Investigations of
TNF-dependent neuroinflammatory mechanisms that exacerbate neuropathology and
hasten neuron loss may unveil opportunities for development of new anti-inflammatory

therapeutics to treat human neurodegenerative diseases like PD and Alzheimer’s disease.
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Figure 2.1. Blocking TNF signaling in the nigra attenuates striatal 6-OHDA-induced
loss of nigral DA neurons and drug-induced rotational behavior.

A unilateral striatal lesion was induced by injecting 6-OHDA (20 pg) into the caudate-
putamen complex of young adult rats; mock-lesioned animals received an injection of
saline. Animals were stereotaxically implanted with an ipsilateral striatal or nigral
indwelling cannula connected to an osmotic pump to deliver saline vehicle or XENP345
(0.08 mg/kg/day) over a two-week period. Animals were anesthetized and brains were
fixed for IHC analyses of TH/NeuN-IR neurons by intracardiac perfusion three weeks
after the lesion. Panels from top to bottom represent increasing magnification of
representative brain sections used to obtain stereological estimates of nigral DA neuron
number in 6-OHDA lesioned animals implanted with pump preloaded with saline (a,
contralateral unlesioned side; b, lesioned/pump side) or implanted with nigral pump
preloaded with XENP345 (c, contralateral unlesioned side; d, lesioned/pump side). Scale
bar top panel = 100pum, middle panel = 50um and bottom panel = 10um. (e) Stereological
estimate of DA neuron number (TH/NeuN-IR cells) in SNpc expressed as a percentage of
the contralateral side (solid bars). Statistical significance was evaluated by ANOVA
followed by post-hoc comparison test between groups and to unlesioned control group.
Values expressed are group mean + SEM. * p <0.05, ** p <0.01, *** p <0.001.
Fluorescence intensity of TH-immunoreactive fibers was used to estimate striatal TH-
fiber density (hatched bars) on the lesioned side, expressed as a percentage of the
unlesioned contralateral side. (f) As a physiological measure of striatal DA depletion in
mock- or 6-OHDA-lesioned animals, rotational behavior induced by an i.p. injection of
2.5 mg/kg amphetamine was measured weekly in all animals and expressed as the
number of ipsilateral turns/min. Values expressed are group mean = SEM; **p < 0.01.

93
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Figure 2.2
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Figure 2.2. Inhibition of soluble TNF signaling in vivo with XENP345 protects DA
neurons from LPS-induced death.

Low-dose LPS (5 ng/hr in normal saline) was infused chronically for 2 weeks into the
substantia nigra of CDF/Fischer 344 rats with or without XENP345 (70 ng/hr in normal
saline). (a) Representative sections of microglia activation detected by complement 3
receptor (C3R)-positive cells in nigral sections from rat SNpc chronically infused with
vehicle, LPS, LPS plus XENP345, or a single bolus of XENP345 (20 pg) scale bar = 10
um. A ramified (resting) morphology is evident in vehicle and XENP345 alone brains.
LPS/XENP345 co-infused SNpc displayed fewer ameboid (activated) microglia
compared to LPS alone. (b) Representative sections of TH-IR from an animal infused
with LPS and two different animals co-infused with LPS/XENP345 (B, scale bar = 100
pum). (c) Stereological estimates of nigral DA neuron number (TH/NeuN co-
immunoreactive neurons) after LPS or LPS/XENP345 infusion in SNpc on the
unlesioned (contralateral) side in solid bars and lesioned (ipsilateral) side shown in gray
hatched bars. Left versus right differences from the same animals were analyzed using
two-tailed paired Student’s t test. Values were expressed as the group mean £ SEM; *p<
0.05, **p < 0.01 significantly different from unlesioned side. (d) Striatal TH-IR optical
density on infused side (expressed as a percentage of contralateral side). Values
expressed are the mean = SEM; **p< 0.01 significantly different from LPS only infused

group.
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Figure 2.3. Inhibition of TNF signaling by anti-TNF biologics attenuates LPS-
induced neurotoxicity and death of dopaminergic (DA) neurons in EVM cultures.

(a) Production of solTNF into culture media elicited by LPS (10 ng/mL) in rat embryonic
day 14 (E14) ventral mesencephalon (EVM) neuron/glia cultures was measured by
quantitative ELISA. (b) EVM cultures were treated with LPS (10 ng/mL) in media
supplemented with 2.5% FBS (see Methods) for 4 d in the presence or absence of
solTNF-selective XENP345 or etanercept, a soluble decoy human Fc-TNFR2 receptor
that inhibits both tmTNF and solTNF. DA neurons were identified as double-labeled
TH/MAP2b cells. Two representative panels are shown for vehicle-, LPS- or LPS plus
XENP345-treated cultures. Similar results were obtained in a minimum of three
independent experiments. (c) Quantification of DA neuron survival in EVM cultures
treated with LPS (10 ng/mL) for 4 days in the presence or absence of TNF inhibitors.
Similar results were obtained in a minimum of three independent experiments. Values
shown are mean + SEM; histogram bars with different letters are significantly different (p
<0.05). (d) Uptake of [’H]-dopamine was measured in LPS-treated EVM cultures in the
presence or absence of TNF inhibitors. Values shown are background-corrected for non-
specific uptake measured by including mazindol during incubation with the tritiated
neurotransmitter. Values shown are mean + SEM; histogram bars with different letters
are significantly different (p < 0.05). Similar results were obtained in three independent
experiments. (¢) GABAergic neuron survival, assessed by counting number of
GABA/NeuN double-labeled cells, was unaffected by LPS treatment. No statistical
significant difference was found between groups. Similar results were obtained in two
independent experiments.
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Figure 2.4. Inhibition of soluble TNF signaling attenuates 6-OHDA-induced death of
dopaminergic (DA) neurons in EVM cultures.

(a) Production of solTNF into culture media elicited by 6-OHDA (0uM (white), 20uM
(gray), or 50uM (black)) in rat embryonic day 14 (E14) ventral mesencephalon (EVM)
neuron/glia cultures was measured by quantitative ELISA. (b) EVM cultures were treated
with 6-hydroxydopamine (20 uM) for 24 hr in media supplemented with 2.5% FBS (see
Methods) in the presence or absence of the solTNF-selective XENP345 (200 ng/mL) or
etanercept (200 ng/mL). DA neuron survival was assessed 96 hr after exposure to 6-
OHDA. DA neurons were identified as double-labeled TH/MAP2b cells. Representative
panels are shown for vehicle-, 6-OHDA-, 6-OHDA/XENP345-, or 6-OHDA/etanercept-
treated cultures (scale bar = 100 um). (c) Uptake of ["H]-dopamine was measured in 6-
OHDA-treated EVM cultures in the presence or absence of TNF inhibitors. Values
shown are background-corrected for non-specific uptake measured by including mazindol
during incubation with the tritiated neurotransmitter. Values shown are mean + SEM;
histogram bars with different letters are significantly different (p < 0.05).
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Figure 2.5. Soluble TNF is a primary mediator of LPS-induced microglia activation
and death of DA neurons in ventral mesencephalon neuron/glia cultures.

(a) Quantification of microglia activation (measured by C3R immunoreactivity) induced
by LPS treatment for 12, 24, 48, or 96 hr in the presence (squares) or absence (circles) of
XENP345. Vehicle treated cultures are indicated by triangles. Values are expressed as the
mean = SEM; error bars are smaller than the symbols; **p < 0.01, **p < 0.001. Similar
results were obtained in at least three independent experiments. (b) Representative
images of microglia activation measured after 24 hr of LPS stimulation in the presence or
absence of XENP345 (scale bar = 50 um) is indicated by number of ameboid-shaped
CR3-immunoreactive microglia in the neuron/glia cell cultures. Similar results were
obtained in three independent experiments. (¢) Control experiment showing
neutralization of solTNF-induced microglia activation by XENP345 and absence of TNF-
like activity when used alone. EVM cultures were treated with TNF (4 ng/mL) in the
presence or absence of XENP345. After 24 hr stimulation, cells were fixed and stained
with an antibody specific for complement 3 receptor (C3R) to quantify extent of
microglia activation. Values shown are mean + SEM; histogram bars with different
letters are significantly different (p < 0.05).
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Figure 2.6. Delayed addition of XENP345 provides robust rescue of DA neurons
despite sustained microglia activation.

(a) Quantification of DA neuron survival after co-addition or delayed addition of
XENP345 (200 ng/mL) following LPS (10 ng/mL) treatment. Values shown are
mean + SEM; histogram bars with different letters are significantly different ( p <
0.05). Similar results were obtained in two independent experiments. (b)
Quantification of microglia activation in response to LPS (10 ng/mL) in the
presence or absence of XENP345 (200 ng/mL) using three different
immunocytochemical microglial markers (C3R, CD45, IB4). Similar results were
obtained in two independent experiments. Values shown are mean + SEM;
histogram bars with different letters are significantly different ( p < 0.05).
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CHAPTER THREE
TNF-DEPENDENT CERAMIDE SIGNALING IN NEUROTOXICITY IN
PARKINSON’S DISEASE
ABSTRACT
The mechanisms that contribute to the induction and perpetuation of
dopaminergic neuronal cell death in Parkinson’s disease (PD) are multi-faceted and
poorly understood. Inflammation has been shown to contribute to cytotoxicity in animal
models of PD, and increased levels of inflammatory cytokines have been observed in the
cerebral spinal fluid and striatum of PD patients. We have previously demonstrated that
blocking soluble tumor necrosis factor (TNF) signaling with dominant-negative TNF
inhibitors attenuates the loss of dopaminergic neurons in models of PD, but which
signaling pathways downstream of TNF mediate this effect remain undetermined. In this
study, we report that TNF-dependent ceramide signaling contributes to dopamine (DA)
neuron cytotoxicity by compromising mitochondrial membrane potential, inducing ER
stress and activating caspase signaling in vitro. Our data demonstrate that TNF-induced
cytotoxicity is partially ceramide-dependent, as TNF-induced cytotoxic effects are
attenuated with two different pharmacological inhibitors of sphingomyelinase, an enzyme
that hydrolyzes active ceramide from inactive sphingomyelin pools. Collectively, our
data support a model whereby low-dose TNF and concomitant low TNF receptor
loccupancy activates downstream ceramide signaling and metabolism, culminating in

caspase-dependent cytotoxic cell death of DA neurons.
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INTRODUCTION

The exact molecular mechanisms that contribute to pathogenesis in Parkinson’s
disease (PD) have not been well delineated, and many different cellular processes have
been implicated in PD, including diminished function of the ubiquitin proteasome
system, generation of reactive oxygen species, compromised mitochondrial function and
protein aggregation (Thomas 2009). Additionally, inflammation and activated microglia
have been generally implicated in PD pathology (McGeer, Itagaki et al. 1988; McGeer,
Itagaki et al. 1988; Hunot and Hirsch 2003; Hunot, Vila et al. 2004; Tansey, Frank-
Cannon et al. 2008) and increased levels of pro-inflammatory cytokines such as TNF, IL-
1B and IL-6, have been observed in the CSF and striatum of PD patients relative to
healthy age-matched controls (Nagatsu, Mogi et al. 2000). Furthermore, inflammatory
gene polymorphisms (TNF-308 and IL-1B-511) have been associated with an increased

risk of developing PD (Wahner, Sinsheimer et al. 2007).

We have previously reported that blocking soluble TNF (solTNF) signaling with
novel dominant-negative TNF inhibitors attenuates loss of dopaminergic neurons both in
vitro and in vivo (McCoy, Martinez et al. 2006). Soluble TNF signals through the
canonical transmembrane death receptor TNF receptor 1 (TNFR1) to potently transduce
inflammatory stimuli (Tartaglia, Rothe et al. 1993; Grell, Wajant et al. 1998). TNFR1 is
constitutively expressed by most cell types, and DA neurons are acutely sensitive to
TNF-induced toxicity (Grell 1995; McGuire, Ling et al. 2001; Carvey, Chen et al. 2005).
However, TNFRI elicits signaling through numerous down-stream effectors, including

p38, INK, MAPK, and ceramide (Reviewed by (MacEwan 2002)) and the specific
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regulators that mediate TNF-induced cytotoxicity in DA neurons have not yet been

elucidated.

In this study, we tested the hypothesis that TNF-mediated cytotoxicity of DA
neurons is ceramide-dependent. Ceramide is a sphingolipid with a well-established role in
cell membrane homeostasis (Goni and Alonso 2006). However, a wealth of data over the
past decade have established ceramide as a second messenger sphingolipid due to its
rapid and transient generation (Kolesnick and Kronke 1998) that modulates a variety of
physiologic and stress responses. Ceramide has been implicated in the cell death pathway
activated by the death domain receptor ligands TNF and Fas-L (Obeid, Linardic et al.
1993; Kolesnick 1994; Kolesnick and Golde 1994). Additionally, ceramide has been
shown to activate apoptosis in primary cortical neurons (Willaime, Vanhoutte et al. 2001)
and in primary neuronal cultures from embryonic mesencephalon (Brugg, Michel et al.
1996), but the mechanisms of ceramide-induced apoptosis in DA neurons have not been

fully delineated.

To explore the role of TNF and ceramide signaling in the cytotoxicity of DA
neurons, we used the MN9D dopamine neuron-like cell line (Choi, Won et al. 1992).
MNO9D cells are a hybridoma line derived from fusion of murine embryonic ventral
mesencephalon and N18TG2 neuroblastoma cells. MN9D cells are a reasonably good
cellular PD model in that they express high levels of tyrosine hydroxylase (TH), the rate
limiting enzyme in dopamine biosynthesis, and efficiently synthesize, store and release

dopamine (Tang, Todd et al. 1994).



113

Here, we report that TNF-induced cytotoxicity is partially ceramide-dependent,
as TNF-induced cytotoxic effects in differentiated MNID (diff-MNO9D) cells are
attenuated with two different pharmacological inhibitors of the enzyme
sphingomyelinase, which hydrolyzes active ceramide from inactive sphingomyelin pools.
Having established a role for TNF-dependent ceramide signaling in the cytotoxic cell
death of diff-MNO9D cells, we next sought to examine different pathways and
mechanisms associated with TNF or ceramide signaling to determine which and to what
extent they contribute to cytotoxicity in DA neurons. Our data indicate that TNF-
dependent ceramide signaling contributes to DA neuron cytotoxicity in vitro by
compromising mitochondrial membrane potential, inducing endoplasmic reticulum (ER)
stress and activating caspase signaling, providing rationale for therapeutic targeting of the

sphingomyelinase/ceramide pathway in PD.

MATERIALS AND METHODS
Cell culture of the MN9D dopamine neuron-like cell line
The MNOID cell line was developed by Dr. Alfred Heller (Choi, Won et al. 1992), and
was a generous gift from Dr. Michael Zigmond, at the University of Pittsburgh Medical
Center. MNID cells were cultured in sterile complete media (CM) which consisted of:
high glucose (4,500 mg/L) Dulbecco’s Modified Eagle Medium (DMEM, Sigma, D5648)
dissolved in sterile tissue culture tested water (Sigma) supplemented with 10% fetal
bovine serum (FBS, Hyclone Fetal Clone III), sodium bicarbonate (3.7g/L, Sigma),

25mM HEPES (Sigma), and 1% Penicillin/Streptomycin (Sigma) at a final pH of 7.3 at
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37°C in a humidified 5% CO, incubator. MN9D cells were seeded forward in 75 cm®
tissue culture flasks (Costar) and were seeded at a density of 7,500 cells per well for 96-
well plates (100ul CM per well), 35,000 cells per well (500 ul CM per well) for 24-well
plates, and 50,000 cells per well (2ml CM per well) for 6-well plates. After plating and
allowing overnight attachment of cells in CM, MNO9D cells were differentiated for 72 hrs
via a complete media change to differentiation media (DM) which contained serum free
DMEM (same CM as above, except FBS was excluded) supplemented with 5SmM 2-

Propylpentanoic acid (valproic acid, Sigma, P6273) and 1X N2 supplement (Invitrogen).

Treatment of differentiated MN9D cells with TNF or C2-ceramide

After incubation in DM for 72 hours, diff-MN9D cells cultured in 96-well plates were
treated in triplicate or quadruplicate by a 50% media change with DM that contained 2X
TNF (recombinant mouse, Roche, MT-410), C2-ceramide (C2-cer, N-acetyl-D-
Sphingosine, Sigma A7191) or C2-dihydroceramide (C2-DH-Cer, Sigma, C7980) as a
negative control for C2-ceramide because it lacks the 4-5 frans bond in the sphingosine
moiety and cannot activate downstream ceramide signaling (Bielawska et al., JBC 1993;
Obeid et al., Science, 1993). The TNF was dissolved in sterile Phosphate Buffered Saline
(PBS, Sigma) and C2-cer and C2-DH-cer were dissolved in DMSO (Sigma) and
aliquotted and stored under argon gas. As a control in parallel treatments, a DMSO
vehicle condition equivalent to the amount of DMSO in the highest concentration of C2-
cer/C2-DH-cer was used. TNF, C2-cer or C2-DH-cer-treated diff-MNO9D cells were
incubated at 37°C, 5% CO, for 72 or 48 hrs respectively, prior to being evaluated for

overall viability using the MTS assay (described below). TNF, C2-cer or C2-DH-cer
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treatments of diff-MNO9D cells in 24-well or 6-well plates were done in duplicate or
triplicate by a complete media change from CM to DM containing 1X TNF, C2-cer or

C2-DH-cer.

MTS assay for cell viability

Treated dift-MN9D cells in 96-well plates were evaluated for overall viability using the
MTS assay (Promega, CellTiter 96 AQueous One Solution Cell Proliferation Assay)
according to the manufacturer’s instructions. Twenty microliters (20ul) of the MTS
reagent was added to DM-containing treatments and/or inhibitors. The cells were
incubated with the MTS reagent at 37°C, 5% CO, for 2 hrs prior to colorimetric
quantification of MTS reduction into a blue formazan by-product by metabolically active
cells. The absorbance of blue formazan was measured at 492 nm wavelength using a

Multiskan Ascent absorbance plate reader (Thermo Labsystems).

Pre-treatment of differentiated MN9D cells with inhibitors for ceramide

Diff-MNOID cells in 96-well plates were pre-treated in triplicate or quadruplicate with one
of four different pharmacological inhibitors of ceramide: the A-SMase inhibitor
desipramine HCI, used at 1 uM and 5 uM, (Sigma, D3900, dissolved in sterile H,O), the
N-SMase inhibitor GW4869, used at 10 uM, and 20 uM, (Calbiochem, No. 567715,
dissolved in DMSO, aliquotted and stored under argon gas) the serine
palmitoyltransferase inhibitor myriocin (a generous gift from Dr. Philip Scherer, UT
Southwestern Medical Center at Dallas), dissolved in ethanol and used at 10 pM or the

ceramide synthase inhibitor Fumonisin B1, used at 50 uM (Axorra LLC, No.: 350-017-
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MO001, dissolved in sterile H,O). Diff-MN9D cells were pre-treated with ceramide
inhibitors or control diluents for 30 minutes via a 50% media change with DM that
contained a 2X concentration of the respective inhibitor or control diluent (i.e. 50ul of the
initial 100 ul DM was removed and replaced with 50ul of DM containing a 2X
concentration of a ceramide inhibitor for a final volume of 100 pl). After pre-treatment
with ceramide inhibitors for 30 minutes, TNF was added by a 1:100 dilution of a TNF
stock concentration (1l of 100X TNF was added to 100pl DM) that contained ceramide
inhibitors. In the case of GW4869, which declines in effective N-SMase-inhibition over
time (Luberto, Hassler et al. 2002) the GW4869 reagent was re-added 24 hrs after initial
GW4869 pre-treatment by addition of a 1:100 dilution of a GW4869 stock concentration
(1ul of 100X GW + 100 ul DM) into DM already containing TNF treatments. Diff-
MNO9D cells were incubated at 37°C, 5% CO, for 48 hrs post TNF treatment prior to

being evaluated for viability using the MTS assay.

C2-ceramide treatment of non-differentiated MN9D cells and determination of cell
cytotoxicity using the alamarBlue assay

MNOD cells were seeded in 96-well plates at 10,000 cells per well (100ul CM per well)
and were incubated overnight then treated with C2-cer in CM for 24 hrs in triplicate or
quadruplicate as described above. Cellular cytotoxicity was determined by the
alamarBlue assay according to the manufacturer’s instructions. Reduction of alamarBlue
requires cellular uptake and is characterized by a colorimetric shift from blue (oxidized)
to red (reduced). Ten microliters of the alamarBlue reagent (Biosource/Invitrogen) was

added to each well with non-diff-MNO9D cells and was incubated at 37°C, 5% CO, for 4
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hrs prior to colorimetric quantification of non-diff-MN9D cellular integrity via
determination of alamar-Blue reduction by spectrophotometric absorbance at 570 nm
wavelength (blue, oxidized alamarBlue) and 600 nm wavelength (red, reduced
alamarBlue) using a Multiskan Ascent absorbance plate reader (Thermo Labsystems).
The calculation of percent reduced alamarBlue was determined according to the

manufacturer’s instructions.

Quantitative Real-Time Polymerase Chain Reaction (O-RT-PCR) for ER stress markers
Primers (sequences available upon request) were designed using ABI Primer Express
software and were purchased from Integrated DNA Technologies (IDT). All primers
were validated in species-specific tissue shown to express the gene of interest at high
levels according to the SymAtlas of the Genomics Institute of the Novartis Research
Foundation (GNF) and were confirmed by Q-RT-PCR to result in a single product. The
acidic ribosomal phosphoprotein PO gene (36B4) was used as the reference gene for each
target gene because it was empirically determined by Q-RT-PCR to be unchanged in diff-
MNOD cells under conditions known to elicit ER stress in terminally differentiated
neurons. Q-RT-PCR was performed as previously described (Frank-Cannon, Tran et al.
2008). Briefly, total RNA was isolated using the RNeasy isolation kit and QIAshredders
for homogenization (Qiagen) according to the manufacturer’s instructions. The isolated
RNA was treated with DNase I (Invitrogen) and reverse transcribed using Superscript 11
RNase H-reverse transcriptase (Invitrogen). Q-RT-PCR was performed using an ABI

Prism 7900 HT Fast Detection System (Applied Biosystems) in a 384-well plate format.
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All reactions were performed in duplicate or triplicate. Relative mRNA abundance for

each sample was normalized to that of 36B4.

Homogeneous cleaved caspase assay

The Roche Homogeneous Cleaved Caspase Assay was used for the quantitative in vitro
determination of caspase activity according to the manufacturer’s instructions. Briefly,
MNOD cells were seeded at a density of 15,000 cells per well in 96 well plates (100 pl
CM per well), were incubated overnight and differentiated via complete media change to
DM as described above. After 72 hrs differentiation, the diff-MN9D cells were treated
via a complete media change with 1X treatments of DMSO vehicle, 25uM C2-DH-cer, or
20 uM C2-cer alone or co-incubated with either 25 pM Z-IETD or 25 pM Z-VAD, in
serum free, high glucose (4,500 mg/ml), phenol red-free, Dulbecco’s Modified Eagle’s
Medium (Sigma, D1145) supplemented with 1X N2 supplement and 5SmM VPA for 5 hrs.
At this point, the Positive Control and R110 rhodamine standards (components of the
assay kit) were added immediately prior to addition of the Substrate Stock Solution (100
ul per well, from the assay kit). The plate was incubated for 1 hr at 37°C, 5% CO, prior to
quantitative fluorimetric measurement of caspase activity (dequenching of rhodamine
fluorescence) by excitation at 485 nm and emission at 520 nm on a FLUOstar Omega

plate reader (BMG Scientific).

Treatment of differentiated MIN9D cells with caspase inhibitors
Diff-MNOD cells in 96-well plates were treated in triplicate or quadruplicate with TNF or

C2-cer alone or were co-treated with one of two caspase inhibitors, 25 uM Z-VAD-FMK
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(Z-VAD, a pan caspase inhibitor, obtained from Promega), or 25 uM Z-IETD-FMK (Z-
IETD, a caspase 8-specific inhibitor, obtained from R&D Systems). The treated diff-
MNOD cells were incubated at 37°C, 5% CO, with C2-cer for 24 hrs or TNF for 48 hrs

prior to determination of overall cell viability via the MTS assay as described above.

Cytofluorometric Analysis of Mitochondrial Membrane Potential Using Tetra Methyl
Rhodamine Methyl Ester (TMRM)

Mitochondrial membrane potential in diff-MNO9D cells was measured as previously
described (Mortiboys and Bandmann 2008). Briefly, MN9D cells were seeded into black-
walled, clear-bottomed 24-well plates onto Poly-L-Lysine (PLL) coated (Sigma, P2636,
MW=30,000-70,000, 1mg/ml) Assistent glass cover slips (12 mm, No.0, distributed by
Carolina Biological Supply) at a density of 35,000 cells per well in 500 ul CM. The
MNOD cells were incubated overnight at 37°C, 5% CO, and were then differentiated via
a complete media change with DM. After 72 hrs in DM, the diff-MN9D cell cultures
were treated with C2-cer or DMSO vehicle or TNF or media vehicle via a complete
media change with 1X treatment in DM. After incubation with C2-cer for 18 hrs or TNF
for 36 hrs, TMRM (Invitrogen, T668, re-suspended in DMSO) was loaded into treated
diff-MN9D cells at 150 nM in warm assay buffer (AB, 500 ul per well) which consisted
of: NaCl (80 mM), KCI (75 mM), D-glucose (25 mM) and HEPES (25 mM) diluted in
sterile H,O and adjusted to a final pH of 7.4. To control for TMRM background
cytofluorescence, carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma, C2759)
was used. At the time of incubation with TMRM, 10 uM CCCP (re-suspended in DMSO)

was co-added with TMRM in AB to parallel wells of dift-MN9D cells treated with TNF



120

or C2-cer. TMRM and TMRM/CCCP loaded cells were incubated for 15 minutes at
37°C, 5% CO, prior to quantification of TMRM cytofluorescence by excitation at 544 nm
wavelength and emission at 590 nm wavelength on a FLUOstar Omega plate reader
(BMG Scientific) followed by live cell imaging using an Olympus CK40 inverted

microscope.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism5 software (GraphPad Prism,
San Diego, CA). Intergroup differences among the means between the various dependent
variables were analyzed using one-way ANOVA; when ANOVA indicated significant
differences, it was followed by Bonferroni’s post-hoc group comparison test. Differences
among group means between two independent variables were analyzed by two-way
ANOVA, followed by Bonferroni’s post-hoc test. Values expressed are the group means

+S.EM.

RESULTS
TNF and C2-ceramide induce cytotoxicity in differentiated MN9D cells
Our previous data indicated that dopaminergic neurons are acutely sensitive to
TNF in vitro and in vivo (McCoy, Martinez et al. 2006). To validate that diff-MNO9D cells
are sensitive to TNF- and C2-ceramide-induced cytotoxicity, we treated diff-MN9D cells
with increasing concentrations of TNF and cell permeant C2-ceramide (C2-cer). We
observed that diff-MNO9D cells are indeed sensitive to TNF and C2-cer in a dose-

dependent manner as determined by the MTS assay for total cell viability (Figure 3.1 a,
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b). Notably, TNF-induced cytotoxicity reached a maximum at 72 hrs post TNF treatment
while C2-cer-induced cytotoxicity reached a maximum earlier, at 48 hrs post C2-cer
treatment (Figure 3.1 a, b). While the faster time-to-peak of C2-cer relative to TNF may
be due to the fact that C2-cer is easily cell permeable and does not require ligand-receptor
interaction as does TNF, the more rapid kinetic properties of C2-cer-induced cytotoxicity
are also consistent with the interpretation that ceramide signaling is downstream of
TNFR1 in diff-MNO9D cells. As a negative control, C2-dihydroceramide (C2-DH-cer), an
analog of C2-ceramide lacking the 4-5 trans bond in the sphingosine moiety and is
incapable of activating downstream ceramide signaling (Bielawska, Crane et al. 1993;
Obeid, Linardic et al. 1993), was used in parallel treatments with C2-cer. Importantly,
C2-DH-cer did not adversely affect diff-MNO9D viability at any concentration used
(Figure 3.1b). We previously determined that non-differentiated MN9D (non-diff-
MN9D) cells are not sensitive to concentrations of TNF that elicit cytotoxicity in diff-
MNO9D cells (data not shown). Similarly, non-diff-MN9D cells were not sensitive to

concentrations of C2-cer that decreased diff-MNO9D cell viability (Figure 3.1c).

TNF-induced cytotoxicity is partially ceramide-dependent

Biosynthesis of ceramide occurs via two main pathways: the de novo ceramide
pathway which involves several enzymatic steps downstream of the initial step of serine
and palmitoyl-CoA coalescence and the sphingomyelin recycling pathway, whereby
ceramide is produced by hydrolysis of inactive sphingomyelin by sphingomyelinases
(Woodcock 2006).To explore the hypothesis that activation of ceramide signaling

downstream of TNFR1 evokes cytotoxicity in DA neurons, we pre-treated diff-MN9D
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cells with different inhibitors of ceramide for 30 minutes followed by treatment with TNF
for 48 hrs. Utilizing the MTS assay to measure total cell viability, we observed that TNF-
induced cytotoxicity of dift-MNO9D cells is significantly ameliorated by pre-treatment
with desipramine, an inhibitor of A-SMase-dependent hydrolysis of sphingomyelin,
which catalyzes ceramide production from inactive sphingomyelin pools (Figure 3.2a).
The inhibitory effect of desipramine was most evident at concentrations of TNF
approximating the LCs, in diff-MN9D cells at 48 hrs (Figure 3.2a). Five uM
desipramine was sufficient to ablate the cytotoxic effects of 3 ng/ml TNF and restore
viability of diff-MNO9D cells in the MTS assay to that of vehicle treated cells (Figure

3.2a).

Employing similar methodology, we determined that N-SMase-dependent
hydrolysis of sphingomyelin likewise contributes to TNF-induced cytotoxicity in diff-
MNO9D cells as pretreatment of diff-MN9D cells with 20uM of the N-SMase-specific
inhibitor GW4869 attenuated TNF-induced cell death (Figure 3.2b). Importantly,
inhibition of N-SMase by GW4869 had the greatest effect of preventing diff-MNO9D cell
death at a concentration of 3 ng/ml TNF (again approximating the LCs, for TNF in diff-
MNO9D cells at 48 hrs) similar to results observed using the A-SMase inhibitor
desipramine (Figure 3.2a). Together these pharmacological data strongly suggest that
TNF-dependent activation of SMases results in SM hydrolysis and ceramide generation
which then mediates TNF-dependent cytotoxicity and compromises viability of diff-

MNO9D cells.
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Interestingly, in analogous experiments using pharmacological inhibitors of
components of the de novo ceramide biosynthesis pathway, we observed that inhibition
of the enzyme serine palmitoyltransferase (which is the rate-limiting enzyme in de novo
ceramide biosynthesis) by myriocin and inhibition of the enzyme ceramide synthase
(which converts sphingonine to dihydroceramide) by Fumonisin B1did not mitigate TNF-
induced cytotoxicity in diff-MN9D cells (Figure 3.2 ¢, d respectively). These data
support the interpretation that de novo ceramide biosynthesis is not requisite for TNF-
induced cytotoxicity in diff-MN9D cells. Collectively, our data indicate that the cytotoxic
effects of TNF in diff-MNO9D cells are mediated by SMase hydrolysis of sphingomyelin
to form active ceramide, further supporting the interpretation that a signaling pathway of

activated ceramide downstream of TNFR1 is intact in diff-MNO9D cells.

TNF and C2-ceramide-induced cytotoxicity involves endoplasmic reticulum stress
pathways

Endoplasmic reticulum (ER) stress-mediated cell death has been linked to
neurodegenerative disease and PD (Lindholm, Wootz et al. 2006; Wang and Sanders
2007). To determine if ER stress pathways contribute to TNF and C2-ceramide induced
cytotoxicity in diff-MNOID cells, we used the quantitative real-time polymerase chain
reaction (Q-RT-PCR) method to ascertain if TNF or C2-cer treatment of diff-MNO9D cells
leads to increased mRNA transcripts of key ER stress target genes, namely activating
transcription factor 6 (ATF6), Binding Protein (BiP), and C/EBP homologous protein
(CHOP). ATF6 is a direct target of the ER stress response (Wang, Cui et al. 2007) and

activates transcription of chaperone proteins (Lee, Tirasophon et al. 2002) to facilitate
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protein folding and processing capacity. ATF6 also activates ER-associated degradation
(ERAD) to promote the degradation of terminally misfolded proteins (Yamamoto,
Yoshida et al. 2004). BiP is a chaperone protein important in the cellular ER stress
response that binds and stabilizes newly synthesized proteins and assists in preventing
aggregation of misfolded substrates (Nishikawa and Mizuno 2001). CHOP (previously
cloned as growth-arrest and DNA damage-inducible gene 153 (GADD153) in yeast, is a
b-Zip transcription factor with important functions in the ER stress response as two
distinct pathways, the ER stress response element (ERSE) and the PERK-ATF4 pathway,
converge on the CHOP promoter (Ma, Brewer et al. 2002). Once activated, CHOP has

been implicated in the induction of apoptosis (Zinszner, Kuroda et al. 1998)).

TNF has been shown to activate ER stress in a ROS-dependent manner in L929
fibroblast cells (Xue, Piao et al. 2005), and ceramide-mediated ER stress has also been
reported in prostate cancer cells (Sauane, Su et al. 2010). Using Q-RT-PCR, we
determined that ER stress is a component of TNF-induced cytotoxicity in diff-MN9D
cells as evidenced by increased mRNA for ATF6 and BiP (Figure 3.3 a, b). TNF
treatment did not however, result in increased mRNA expression of CHOP (data not
shown). Employing similar methodology, we likewise establish that C2-cer activates the
CHOP ER stress pathway (Figure 3.3 ¢), but C2-cer treatment does not induce ATF6 or
BiP expression (data not shown). The increased fold-induction of ER stress target genes
by TNF and C2-cer was comparable to the fold-induction caused by tunicamycin (Figure

3.3 a, b, ¢), which potently induces ER stress by inhibiting protein glycosylation (Ling,
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Li et al. 2009). Interestingly we observe ER stress in TNF and C2-cer treated diff-MN9D

cells several hours prior to cell death.

TNF and C2-ceramide compromise mitochondrial membrane potential

Many of the genes associated with PD implicate aberrant mitochondrial function
in disease pathogenesis (Lin and Beal 2006) and MPTP and rotenone, chemicals used in
animal models of PD, are potent mitochondrial complex I inhibitors (Betarbet, Sherer et
al. 2000). Additionally, TNF treatment has been reported to cause a rapid decrease in
mitochondrial membrane potential and coincident increase in reactive oxygen species
(Ghavami, Eshraghi et al. 2009), and ceramide has been shown to directly affect the

mitochondrial electron transport chain (Garcia-Ruiz, Colell et al. 1997).

To further elucidate the mechanisms of TNF and C2-cer-induced cytotoxicity and
to determine if TNF/ceramide signaling in diff-MNO9D cells impinges on mitochondria,
we investigated whether TNF or C2-cer adversely impact mitochondrial membrane
potential by evaluating tetramethyl rhodamine methyl ester (TMRM) cytofluorescence.
TMRM is a catatonic mitochondrial-selective probe that accumulates in the negatively
charged mitochondrial membrane in proportion to mitochondrial membrane potential. To
control for TMRM background cytofluorescence, carbonyl cyanide 3-
chlorophenylhydrazone (CCCP), a protonophore and uncoupler of oxidative
phosphorylation in mitochondria which effectively ablates the charge across the
mitochondrial membrane was used in combination with TMRM and parallel to conditions

with TMRM alone. Any TMRM signal in TMRM/CCCP conditions can be considered
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background, and was used to normalize TMRM cytofluorescence values for each
respective TNF or C2-cer condition. Diff-MN9D cells treated with 10 ng/ml TNF for 36
hrs or 15uM C2-cer for 18 hrs exhibited compromised mitochondrial membrane potential
as evidence by reduced TMRM cytofluorescence relative to vehicle treated diff-MN9D
cells (Figure 3.4 a-f), lending support to the interpretation that both TNF and C2-cer

adversely affect mitochondrial integrity in dift-MN9D cells.

TNF and C2-ceramide induce caspase activation which is a mechanism of TNF-
induced cytotoxic cell death

Numerous reports have linked TNF to caspase activation and apoptosis (reviewed
in (Bertazza and Mocellin 2008)). Ceramide has been reported to alter the Bax/Bcl2 ratio,
which regulates cytochrome C release from the mitochondria and results in activation of
the caspase-9/-3 cascade in C6 glioma cells (Sawada, Nakashima et al. 2000) however
direct mechanisms of caspase activation by ceramide in DA neurons have not been well
elucidated. To determine if C2-cer treatment activates caspase signaling cascades in dift-
MNOD cells, a homogeneous caspase assay was performed. In this assay, caspase
activation is quantified by fluorimetric determination of proteolytic cleavage of the assay
substrate, resulting in unquenching of a rhodamine signal. Using this assay, we observed
that treatment of diff-MNO9D cells with 20uM C2-cer for 5 hrs significantly increased
caspase activation as demonstrated by a robust augmentation in rhodamine fluorescence
compared to rhodamine signal from diff-MNO9D cells treated with DMSO vehicle or C2-
DH-cer (Figure 3.5 a). Notably, co-treatment of diff-MN9D cells with C2-cer and one of

two caspase inhibitors, Z-VAD (a pan caspase inhibitor) or Z-IETD (a caspase 8-specific
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inhibitor) significantly abated caspase activation in diff-MNO9D cells (Figure 3.5 a). As
caspase cleavage and activation was equivalently mitigated by Z-VAD and Z-IETD,
these data imply that, under these experimental conditions, caspase 8 is the predominant

caspase species down-stream of ceramide in diff-MN9D cells.

To evaluate the extent to which caspase activation contributes to cytotoxic cell
death in response to TNF or C2-ceramide, diff-MNO9D cells were treated with TNF or C2-
cer alone for 48 or 24 hrs, respectively, or were co-incubated with 25 uM Z-VAD or 25
uM Z-IETD in combination with TNF or C2-cer for the same duration. Total cell
viability was then measured using the MTS assay. In the case of TNF, co-treatment with
either 25 uM Z-VAD or 25 uM Z-IETD completely inhibited TNF-induced cytotoxic
diff-MN9D death at all concentrations of TNF examined (Figure 3.5 ¢), demonstrating
that caspase activation is obligate for TNF-induced cytotoxic cell death in terminally
differentiated MNO9D cells. However, in the case of C2-cer-treated diff-MN9D cells,
neither Z-VAD nor Z-1ETD was sufficient to attenuate C2-cer-induced cytotoxic cell
death (Figure 3.5 b). Although C2-cer treatment of diff-MN9D cells induces caspase
cleavage (Figure 3.5 a), caspase signaling does not seem to be required for C2-cer-

induced cell death under the experimental conditions employed here (Figure 3.5 b).

DISCUSSION
Our data indicate that TNF-induced cytotoxicity in diff-MNO9D cells is partially
ceramide-dependent, involves SMase hydrolysis of inactive sphingomyelin into active

ceramide, but does not require de novo ceramide synthesis (Figure 3.2). The SMase
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catabolic pathway for ceramide formation is rapidly and transiently activated by diverse
endogenous and exogenous stimuli, and A-SMase and N-SMase activation of ceramide
occurs within seconds to minutes compared to de novo biosynthesis of ceramide, which
predominantly accounts for delayed and sustained ceramide production (Wiegmann,
Schutze et al. 1994). SMase-generated ceramide is therefore considered to be the major
pathway for ceramide formation in early signal transduction (Jana, Hogan et al. 2009).
Our findings that inhibition of SMases (but not inhibition of de novo ceramide synthesis)
attenuated TNF-dependent cytotoxicity are consistent with a biochemical pathway that
involves rapid and early activation of membrane-bound SMases upon binding of TNF
ligand to its plasma membrane receptor TNFR1. Importantly, both SMase forms (acidic
and neutral) are capable of hydrolyzing ceramide from inactive sphingomyelin within
neurons (de Chaves, Bussiere et al. 2001) and it has been suggested that different SMase
pathways generate different pools of activated ceramide within the same neurons in
response to similar and divergent stimuli (Yu, Nikolova-Karakashian et al. 2000), likely

in concert with cell and context-dependent signaling cofactors.

Our data demonstrate that ER stress is a mechanism employed by TNF and
ceramide that results in cytotoxicity in diff-MNO9D cells (Figure 3.3). TNF and ceramide
have been shown to impinge on ER stress mechanisms in non-neuronal cells types (Xue,
Piao et al. 2005; Sauane, Su et al. 2010) and ER stress has been implicated as a
potentially important pathway in PD pathogenesis (Yamamuro, Yoshioka et al. 2006),
being coupled to the cell death program in DA cells in response to the toxin paraquat

(Chinta, Rane et al. 2008); however it is not fully clear if ER stress is a cause, result, or
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epiphenomenon in PD. Here we show for the first time, that inflammatory signaling
through TNF and ceramide induces ER stress in DA neuron-like cells. Interestingly, there
was divergence in the ER stress target genes that were activated in diff-MNO9D cells in
response to TNF (figure 3.3 a, b) versus C2-cer (figure 3.3 ¢) treatment (and data not
shown). This effect could be due to preferential activation of certain ER stress pathways
in response to TNF signaling through TNFR1-stimulated ceramide generation by SMase
versus exogenous C2-cer, or it could be due to temporal regulation of the ER stress

response that was difficult to dissect under the current experimental conditions.

Our data also indicate that another mechanism of TNF and C2-cer-induced
cytotoxicity in diff-MNOID cells is compromised mitochondrial membrane potential
(Figure 3.4). Compromised mitochondrial function has been strongly implicated in PD
pathophysiology (Lin and Beal 2006) but to our knowledge compromised mitochondrial
membrane potential in response to inflammatory stimuli (in this case TNF and C2-cer)
has never been demonstrated in DA cells or DA neurons. In NGF-differentiated PC12
cells, ceramide signaling has been shown to increase mitochondrial free calcium levels
and to induce ultrastructural alterations (Muriel, Lambeng et al. 2000). Furthermore,
ceramide-induced increases in mitochondrial free calcium were subsequently shown to
originate in the ER in a ROS-independent fashion (Darios, Lambeng et al. 2003). Future
studies should examine if disrupted intracellular or mitochondrial Ca®>" homeostasis plays
a causative or synergistic role in TNF or ceramide-induced compromise of mitochondrial
membrane potential to elucidate the relative impact of TNF-induced ceramide signaling

on mitochondrial function and integrity in DA neurons.
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Our data further demonstrate that both TNF and C2-cer elicit caspase activation;
however pharmacological caspase inhibition was sufficient to block TNF-induced
cytotoxic death but insufficient to block C2-cer-induced cytotoxic death in diff-MN9D
cells (Figure 3.5). Interestingly, caspase 8, which is an initiator caspase, seems to be the
pivotal caspase that mediates downstream caspase-dependent cell death of diff-MN9D
cells in response to TNF as the caspase-8 specific inhibitor Z-IETD attenuated TNF-
induced cell death equivalently to the pan caspase inhibitor Z-VAD (Figure 3.5). Short-
term C2-cer treatment (for 5 hrs) did induce caspase cleavage and activation (Figure 3.5
a) but neither Z-VAD nor Z-IETD was sufficient to ameliorate C2-cer-induced cytotoxic

death in diff-MNO9D cells after treatment with C2-cer for 24 hrs (Figure 3.5 b).

This divergence in the overall requirement for caspase signaling in TNF- versus
C2-cer-dependent cytotoxicity in diff-MN9D cells could be due to several factors. The
simplest explanation may be that TNF signaling generates ceramide in a physiological
range which acts in concert with other TNF receptor-mediated signaling events to trigger
downstream caspase-dependent apoptotic processes whereas addition of exogenous C2-
cer (at concentrations that may surpass a physiological range) artificially bypasses TNF
receptor-mediated events and exerts toxic effects by targeting other organelles in addition
to mitochondria. In support of this interpretation, Rotolo and colleagues observed that
Jurkat T cells require A-SMase translocation to plasma membrane lipid microdomains to
elicit localized ceramide production and eventual apoptotic cell death (Rotolo, Zhang et

al. 2005). Interestingly, Rotolo et al. observed that A-SMase translocation occurred via



131

two distinct mechanisms: a caspase-dependent mechanism utilized by FasL, and a
previously unrecognized caspase-independent mechanism utilized by short wave
ultraviolet irradiation (UV-C). Rotolo and colleagues determined that the caspase-
independent mechanism of A-SMase translocation led to Type II cell death of Jurkat cells
and that UV-C treatment of Jurkat cells activates the sphingomyelin pathway independent
of caspase 8 or in the presence of a pan caspase inhibitor. In this study, the authors note
that while A-SMase is not a direct target of caspase 8, surface translocation of A-SMase
activated by FasL or other TNF superfamily ligands requires minimal caspase 8 and
FADD activation (~2% activation is sufficient). Importantly, we infer that caspase 8 is
initially activated in diff-MNO9D cells after 5 hrs of treatment with 20 uM C2-cer (Figure
3.5 a) and is likewise activated in diff-MNO9D cells in response to TNF treatment (Figure
3.5 ¢). However, in the case of diff-MNO9D cells, perhaps exogenous addition of C2-
ceramide bypasses the step of A-SMase translocation to lipid microdomains in the plasma
membrane as well as the concomitant activation of caspase cascades from the signaling
complex assembled in microdomains at the cell membrane that otherwise occurs in

response to TNFRI1 activation.

Alternatively, it is possible that C2-cer initially induces caspase 8 activation, but
downstream executioner caspase cascades are not subsequently activated robustly or long
enough to elicit caspase-dependent apoptotic cell death. Additionally, Grullich and
colleagues (Grullich, Sullards et al. 2000) report that in the context of cytokine-induced
ceramide formation, generation of ceramide is initiator caspase-dependent and occurs

prior to commitment to the effector phase of apoptosis. It was previously known that the
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cytokine CD95 induced apoptotic cell death by two distinct mechanisms: so-called Type 1
cells respond to cytokine stimulation with robust activation of initiator caspase signaling
and induce apoptosis via a hierarchal caspase cascade independent of mitochondrial
membrane permeability transition and release of mitochondrial apoptogenic factors (i.e.
intrinsic apoptosis), in contrast to Type Il cells in which effector caspase activation
occurs downstream of mitochondrial dysfunction in a fashion that is augmented by
ceramide analogs but inhibited by Bcl-2 (i.e. extrinsic apoptosis) (Scaffidi, Schmitz et al.
1999). This mechanism implies a model whereby other TNF superfamily cytokines may
induce signaling similar to CD95 and the sensitivity of Type II cells to ceramide would
likely occur under conditions where initiator caspase activation is limiting (Grullich,

Sullards et al. 2000).

Additionally, it is possible that exogenous addition of ceramide is sufficient to
elicit caspase independent cell death via release of mitochondrial apoptogenic factors, but
that engagement of TNFR1 leads to SMase-dependent production of ceramide and
caspase-dependent cell death of diff-MNID cells. Lastly, Deerberg and colleagues report
that there is a combined requirement of both the ER and mitochondria in the induction of
signaling pathways of ceramide-mediated caspase-independent programmed cell death in
Jurkat cells (Deerberg, Sosna et al. 2009) and a similar mechanism may be employed in

C2-ceramide treated diff-MNO9D cells.

Collectively, our data support a model whereby TNF concentrations in the range

that elicit half-maximal cytotoxicity and correspond to low TNF receptor 1 (TNFR1)
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occupancy activate SMase leading to downstream ceramide signaling and metabolism,
thereby inducing ER stress and compromising mitochondrial membrane potential, to
culminate in caspase-dependent cytotoxic cell death of DA neurons (Figure 3.6).
Interestingly, ceramide metabolism has recently received attention as an emerging
pathway involved in Lewy body disease (Mata, Samii et al. 2008). PD is considered to be
a Lewy body disorder and Lewy body formation, which is caused by the intraneuronal
aggregation and clustering of a-synuclein and ubiquitin proteins, is the
histopathophysiological hallmark of PD. Some of the genes known to be involved in the
genetics of Lewy body disease or heritable PD share in common the fact that they
impinge on ceramide metabolism (Bras, Singleton et al. 2008). For example,
heterozygous loss-of-function mutations of the glucocerebrosidase (GBA) locus have
recently been shown to be a potent risk factor for PD (Aharon-Peretz, Rosenbaum et al.
2004; Bras, Paisan-Ruiz et al. 2009). GBA catalyzes the dissolution of
glucocerebrosidase to ceramide and glucose. The lysosomal storage disorder Gaucher’s
disease (GD) arises from homozygous mutations in GBA, leading to extreme lysosomal
accumulation of GBA substrates and onset of GD symptoms (Fuller, Lovejoy et al.
2005). Interestingly however, GBA substrates do not significantly accumulate in the
lysosomes of patients with heterozygous GBA mutations, lending support to the
hypothesis that generally disrupted ceramide metabolism, as opposed to specific loss of

GBA function, may be an initiating factor in PD (Bras, Singleton et al. 2008).

Notably, desipramine, an inhibitor of A-SMase, is a tricyclic antidepressant that

functions to inhibit A-SMase by inducing specific and rapid intracellular degradation of
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A-SMase and concomitant abolishment of enzymatic activity (Hurwitz, Ferlinz et al.
1994). The actions of desipramine as an antidepressant seems to be independent of its
effects on A-SMase, but desipramine has been used in clinical trials to treat depression in
PD patients (Devos, Dujardin et al. 2008). These trials were very short-lived however,
and the effect of desipramine on ceramide signaling was not evaluated as an outcome.
Our data and the data of other groups associating ceramide biology and metabolism with
PD warrant future studies examining the potential neuroprotective effects of inhibition of

A-SMase or N-SMase in animal models of PD.
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Figure 3.1. TNF and C2-ceramide induce cytotoxic cell death of diff-MN9D cells
(but not non-diff-MN9D cells) in a dose dependent manner.

(a) Dose-dependent cytotoxic cell death in diff-MN9D cells treated with TNF for 72 hrs.
Stats: One-way ANOVA, Bonferroni’s post-hoc. Each letter represents statistical
difference relative to any different letter (p<<0.05). (b) Dose-dependent C2-ceramide-
induced cytotoxic death in diff-MN9D cells. Cells were treated with ceramide (C2-cer),
or with equal concentrations of C2-dihydroceramide (C2-DH-cer) as a negative control.
Stats: Two-way ANOVA, Bonferroni’s post-hoc test for comparing C2-cer conditions to
C2-DH-cer conditions. **p<0.01, ***p<0.001. One-way ANOVA to test for dose-
dependent cell death in C2-cer conditions, # p<0.05, ###p<0.001 relative to DMSO
vehicle or different C2-cer conditions as indicated. (c) Non-diff-MNO9D cells are not
sensitive to C2-cer-induced cell death as determined by the alamarBlue assay. Stats: One-
way ANOVA, Bonferroni’s post-hoc test; no significance. (a-c) All values represent
group means +/- SEM, N=3-4,



A

C

Figure 3.2

Diff-MN9D cell viability: 1 hr des pre-treatment
with MTS 48 hrs after TNF treatment

3 15

c

[}

o

™

® 10

2 10

[}

w

'—

= 05

-

=

2

S oo
L

K

EN Mo Inhibitor
O  1uM Desipramine x
=@ 5uM Desipramine

p<005

Diff-MN9D Viability: GW4869 pre-addition & re-addition
at 24 hrs w/ TNF dose response for 48 hrs

Viability (MTS absorbance at 492)

25 1 No GW Inhibitor
25 = 10uMGW

= 20uMGW
1.5
1.0
i
0.0 H nlfim

& &

i <
&

B Diff-MNSD cell wiability (48 hrs) after
- TNF treatment w/ or wio
E Myriocin pre-addition
1.4+
s 124
[1]
E 1.04 =
2 *
g 084 o
f 06 “ax
E 0.4
E
2 0.24
% 0.0, T r
> & & & 8
& o & &
D DiffMN9D Cell Viability (48 hrs)

after TNF treatment w/ or wio
FB1 pre-addition

L5 e .
£ 14 I —
2212 a
> < 40 #
a3 .
3= 0.8 ity g
£8 0.6
Eﬁ 0.4 was
an -
Eo2 ﬂ
~ 0.0 . r
& & & 8
& S & &
<& A \Qo @o

137

W No Inhibitor
= 10uM MYR

3 No FE1 inhibitor
=3 50ulM FB1 inhibiter



138

Figure 3.2. TNF-induced cytotoxicity is partially ceramide-dependent, requiring
ceramide formatin by sphingomyelinase hydrolysis of sphingomyelin but not de
Nnovo ceramide biosynthesis.

(a) TNF-induced cytoxic cell death is dependent on A-SMase hydrolysis of
sphingomyelin. Desipramine significantly inhibited cytotoxic cell death induced by 3
ng/ml TNF. (c) TNF-induced cell death is partially dependent o on N-SMase hydrolysis
of sphingomyeline. Diff-MNO9D cells were pre-treated with GW4869 followed by TNF
treatment. GW4869 partially attenuated TNF-induced cytotoxic death after 48 hrs,
especially at 3ng/mL TNF. (b, d) TNF-induced death of diff-MN9D cells does not require
de novo biosynthesis of ceramide. Neither myriocin (c, an inhibitor for serine
palmitoyltransferase) nor fumonisin B1 (d, an inhibitor of ceramide synthase) had any
affect onTNF-induced cell death in diff-MN9D cells. Stats: Two-way ANOVA,
Bonferroni’s post-hoc test to compare inhibitor conditions to TNF or C2-cer alone (no
significance); One-way ANOVA, Bonferroni’s post-hoc test to compare extent of dose-
dependent cell death in response to increasing concentrations of TNF or C2-cer (no
significance). (a-d) All values represent group means +/- SEM, N=3-4.,
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Figure 3.3. TNF and C2-ceramide-induced cytotoxicity involve ER stress pathways

Treatment of diff-MN9D cells with 10ng/ml TNF induced mRNA expression of BiP after
48 hrs treatment with TNF (b) but did not induce ATF6 or CHOP under similar
conditions (a, data not shown). C2-cer treatment of diff-MN9D cells likewise induced ER
stress by inducing CHOP mRNA after 12 hrs treatment with 15ul C2-cer, but had no
effect on ATF-6 or BiP (data not shown). TNF and C2-cer induced ER stress was at time
points prior to peak cell death and induced ER stress to levels comparable to
tunicamyacin (tunic, a-c). Stats: One-way ANOV A, Bonferroni’s post-hoc test. *p<0.05,
**p<0.01, ***p<0.001, all relative to Veh or DMSO Veh at each timepoint. (a-c) All
values represent group means +/- SEM, N=3.
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Figure 3.4
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Figure 3.4. TNF and C2-ceramide compromise mitochondrial membrane in diff-
MNOID cells hours before cell death occurs.

The TMRM assay was used to evaluate the effect of TNF or C2-cer treatment on
mitochondrial membrane potential in diff-MN9D cells. Low TMRM/rhodamine
fluorescence indicates loss of mitochondria membrane potential. TMRM
cytofluorescence was normalized to CCCP + Veh or CCCP + TNF, as CCCP uncouples
mitochondrial membranes. (a) Treatment of diff-MN9D cells with 10ng/ml TNF for 36
hrs significantly compromised mitochondria membrane potential in dift-MN9D cells as
evidenced by less TMRM cytofluorescence relative to Vehicle (Veh.). Reprsentative 40x
live-cell images of TMRM/rhodamine cytofluorescence in Veh. (b) or TNF (c) treated
diff-MNO9D cells. Treatment of diff-MN9D cells for 18 hrs with 15uM C2-cer also
comprised mitochondrial membrane potential (d). Reprsentative live-cell images (at 40x)
of DMSO (e) or C2-cer (f) treated diff-MN9ID cells. Stats: One-way ANOVA,
Bonferroni’s post-hoc *p<0.05, **p<0.01. (a, d) All values represent group means +/-
SEM, N=3.
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Figure 3.5. TNF and C2-ceramide treatment of differentiated MN9D cells induces
caspase activation, which is a mechanism of cytotoxic cell death in response to TNF.

(a) Homogeneous caspase assay in dift-MNID cells. Cells were treated with C2-cer alone
or in combination with Z-VAD or Z-IETD or with DMSO or C2-DH-cer controls for 5
hrs. C2-cer significantly activated caspases. All values represent SEM (N=3-4) and were
calculated from a standard curve. Stats: One-way ANOVA, Bonferroni’s post-hoc test.
*p<0.05, ***p<0.001. (b) C2-cer induced death of diff-MNID cells is not caspase
dependent. Co-treatment of C2-cer + Z-VAD or C2-cer + Z-IETD was insufficient to
attenuate TNF-induced death of diff-MNO9D cells. Stats: One-way ANOVA, Bonferroni’s
post-hoc test (for C2-cer-induced death, no caspase inhibition conditions), ###p<0.001.
Two-way ANOVA, Bonferroni’s post-hoc test (for comparing C2-cer no caspase
inhibition conditions to C2-cer + Z-VAD or C2-cer + Z-IETD at each C2-cer
concentration), *p<0.05, ***p<(0.001. (¢) TNF-induced death of diff-MN9D cells is
caspase-dependent. Co-treatment of TNF + Z-VAD or TNF + Z-IETD completely
blocked TNF-induced cell death in diff-MNO9D cells. Stats: Two-Way ANOVA,
Bonferoni’s post-hoc test to compare inhibitor conditions to TNF or C2-cer alone
conditions. *p<0.05, ***p<0.001. One-way ANOVA, Bonferroni’s post-hoc test to
compare the effect of increased TNF or C2-cer dose on dift-MN9D viability in the MTS
assay, # p<0.05, ## p<0.01, ### p<0.001. (a-c) All values represent group means +/-
SEM, N=3-4.
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Figure 3.6 Schematic for TNF and C2-ceramide induced cytotoxicity in DA neurons.

Under conditions of low-dose TNF/low TNFR1 occupancy, TNF signaling activates
SMase enzymes to generate ceramide by hydrolysis of inactive sphingomyelin, leading to
caspase dependent cell death. Under conditions of high TNF/high TNFR1 ocupancy,
ceramide inhibition no longer attenuates TNF-induced cytotoxic cell death, likely due to
signaling through alternate down-stream mediators. All concentrations of TNF tested
induced apoptotic cell death that could be blocked equivalently by Z-VAD (a pan caspase
inhibitor) or by Z-IETD (a caspase-8 specific inhibitor). C2-cer-induced cell death is not
ameliorated by either caspase inhibitor used.
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CHAPTER FOUR
Conclusions and Future Directions
CONCLUSIONS
At the time when I began this body of work, a role for inflammation as a potentially
modifying environmental factor in Parkinson’s disease was becoming more appreciated
and evidence was emerging that supported a plausible role for inflammation in PD onset
and progression. The rat LPS model of PD had recently been developed and in
conjunction with the hard work of Melissa McCoy and others in our lab, we showed that
blockade of soluble TNF signaling with novel dominant-negative inhibitors attenuated
dopaminergic neuron cell loss in vitro and in vivo. Importantly, we demonstrated that
solTNF inhibition significantly ameliorated dopaminergic cytotoxicity in two different
rodent models of PD, an emerging inflammatory model (LPS) and a classic, oxidative
neurotoxin model (6-OHDA) thereby cogently supporting a role for inflammation in
general and TNF specifically as conserved mechanisms of neurotoxicity in PD onset and

progression (Chapter 2; (McCoy, Martinez et al. 2000)).

However, at the onset of undertaking this study, it was not known which of the
many signaling factors downstream of TNF was mediating the neuroinflammatory events
we observed in our experiments. TNF activates numerous downstream effectors; I
hypothesized that TNF-mediated cytotoxicity in DA neurons is ceramide-dependent.
Ceramide is a sphingolipid that mimics the action of TNF in many cell types and is
implicated in inflammation and programmed cell death, but has not been well studied in

the context of dopaminergic neurons. The data in this dissertation situate ceramide
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downstream of the cytotoxic actions of TNF in the murine MN9D dopamine cell line as
evidenced by significant attenuation of TNF-induced cytotoxic cell death by

pharmacologic inhibition of ceramide in TNF treated cell cultures.

Within cells, ceramide is formed via two major pathways: the de novo pathway
of ceramide biosynthesis and a ceramide recycling pathway whereby hydrolysis of
inactive sphingomyelin into active ceramide is accomplished by sphingomyelinase
enzymes. Specifically, by pre-treating differentiated MN9D (diff-MN9D) cells with
pharmacological inhibitors for sphingomyelinase, and with specific inhibitors for
enzymes that function in the de novo ceramide pathway, then treating the same cells with
exogenous recombinant mouse TNF protein, I show that sphingomyelinase hydrolysis of
ceramide is requisite in TNF-induced cell death but that de novo biosynthesis of
ceramide is not required. Evidence supporting this conclusion is that pre-treatment of
diff-MNO9D cells with desipramine or GW4869, inhibitors of acid or neutral
sphingomyelinase respectively, attenuated cytotoxic cell death of TNF-treated diff-
MNOD cells whereas pre-treatment with myriocin or fumonisin B1, inhibitors for serine
palmitoyltransferase (the rate-limiting step in de novo ceramide biosynthesis) or ceramide

synthase respectively, had no impact on TNF-induced cell death.

Additionally, using exogenously added cell permeant C2-ceramide (C2-cer) and
recombinant mouse TNF protein, I show that ER stress is a mechanism of TNF/C2-cer
induced cytotoxicity as evidenced by elevated mRNA levels of key mediators of ER

stress, namely ATF6, BiP and CHOP. Importantly, TNF and C2-cer induced ER stress
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occurred several hours before TNF/C2-cer induced cell death as measured by the MTS
assay for cell viability. ER stress has been determined to be an important pathway in PD
(Yamamuro, Yoshioka et al. 2006), but it is not fully clear if ER stress is a cause, result,

or epiphenomenon in PD.

To further elucidate the mechanisms of TNF and C2-cer-induced cytotoxicity and to
determine if TNF/ceramide signaling in diff-MNO9D cells impinges on mitochondria, we
used TMRM cytofluorescence to visualize mitochondrial membrane potential in TNF,
C2-cer and vehicle treated diff-MNO9D cells. Using the TMRM assay, we determined that
TNF compromised mitochondrial membrane potential after 36 hours of treatment and
C2-cer induced compromised mitochondrial membrane potential after 18 hours treatment
as evidenced by reduced TMRM cytofluorescence relative to control/vehicle conditions.
Importantly, the observed changes in mitochondrial membrane potential occurred after an
approximately similar duration of TNF/C2-cer treatment that induced ER stress,
indicating that two distinct but potentially crosstalking pathways implicated in PD
pathogenesis, namely ER stress and mitochondrial dysregulation, are involved in TNF

and C2-cer induced cytotoxicity in a dopamine cell line.

Moreover, my data also show that TNF and C2-cer induce caspase cleavage and
activation, and that caspase signaling is a mechanism of TNF-induced cytotoxic cell
death. Interestingly, under the experimental conditions used, while C2-cer treatment
induced caspase cleavage that was detectable in the homogeneous caspase assay, caspase

signaling is not required to elicit C2-cer dependent cytotoxic death in diff-MNO9D cells, as
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neither a pan-caspase inhibitor (Z-VAD) nor a caspase 8-specific inhibitor (Z-IETD)
were sufficient to attenuate C2-cer induced death of diff-MNO9D cells in the MTS assay.
Notably, both Z-VAD and Z-IETD prevented TNF-induced cell death of diff-MNO9D cells
in the MTS assay demonstrating that caspase activation is obligate for TNF-induced

cytotoxic cell death in terminally differentiated MN9D cells.

The divergence in the overall outcome of caspase signaling in TNF versus C2-cer
treated diff-MNO9D cells could be due to several factors. First, it is possible that C2-cer
causes early caspase 8 activity (caspase 8 is an initiator caspase) but that downstream
caspase activity is not robust or sustained enough to induce caspase-mediated cell death
in C2-cer treated diff-MNO9D cells, but TNF-induced caspase activity is sufficient to elicit
caspase-dependent cell death. Second, it is possible that TNF signaling through TNFR1
activates A-SMase translocation to lipid microdomains in caspase-dependent manner
where it assembles into signaling complexes with other signaling effectors, similar to A-
SMase induced signaling observed by Rotolo and colleagues (Rotolo, Zhang et al. 2005).
Perhaps exogenously added cell permeant C2-cer bypasses this step of A-SMase
translocation to lipid microdomains in the plasma membrane as well as the concomitant
activation of caspase cascades from the membrane assembled signaling complex that
otherwise occurs in response to TNFR1 activation. Third, it is possible that exogenous
addition of C2-ceramide is sufficient to elicit caspase independent cell death via release
of mitochondrial apoptogenic factors, but that engagement of TNFR1 leads to SMase-

dependent production of ceramide and caspase-dependent cell death of diff-MN9D cells.
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Collectively, my data support a model whereby low-dose TNF and concomitant
low TNF receptor 1 occupancy activate SMase leading to downstream ceramide signaling
and metabolism, which induces ER stress and compromised mitochondrial membrane
potential, culminating in caspase-dependent cytotoxic cell death of DA neurons (Chapter
3). My data indicate that inflammatory signaling alone is sufficient to induce adverse
effects in dopamine cells in a manner that is consistent with well established pathogenic
pathways in PD, and provide rationale for future studies designed to inhibit

sphingomyelinase in in vivo models of PD.

Notably desipramine, a specific inhibitor of A-SMase, is an FDA approved
tricyclic antidepressant that easily crosses the BBB. Desipramine’s function as an
antidepressant is independent of its inhibition of A-SMase. Desipramine has been studied
in clinical trials to treat depression in PD patients. These trials were very short-term
however, and perturbation of ceramide biology by desipramine was not a measured
outcome. Our data and the data of other groups associating ceramide biology and
metabolism with PD, coupled with the fact that desipramine is a federal drug association
(FDA) approved drug with known pharmacokinetics warrant future trials in PD patients

designed to examine the effect of A-SMase inhibition in vivo.

FUTURE DIRECTIONS
Based on the data that [ have generated and a review of relevant literature, I propose
numerous future experiments to further elucidate the role of TNF/ceramide signaling in

the cytotoxic death of dopaminergic neurons. The results of these proposed studies may
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contribute to the body of work from our laboratory and data from other groups that
support targeting of inflammatory pathways as a potential therapy for Parkinson’s

disease.

Why are non-diff-MN9D cells recalcitrant to TNF/C2-ceramide?

To directly follow up on the data generated in this body of work, I would like to
determine why non-diff-MNO9D cells are recalcitrant to TNF and C2-ceramide. One
possibility for this observation is that MN9D cells are more sensitive to TNF and C2-cer
when they are terminally differentiated. To test this possibility, Q-RT-PCR can be used to
determine if the mRNA expression profile of key determinants of sensitivity to TNF (i.e.
TNFR1/2, A-and N-SMase etc.,) is divergent in diff-MN9D cells versus non-diff-MN9D
cells. Also, it is possible that factors in serum provide neuronal protection from
inflammatory triggers. Serum can be added back to diff-MNO9D cells at the time of
TNF/C2-cer treatment. Close observation of morphology and proliferative state would
help determine if re-addition of serum affords protection by de-differentiating the MN9D

cells.

Determine whether ceramide accumulation or ceramide metabolism is mediating cell
death downstream of TNF/sphingomyelinase signaling

SMase-generated ceramide can occur on the order of minutes to hours, and has been
identified as the pathway of ceramide generation downstream of TNF in our experiments.
It would be of extreme interest to do a short term time course of TNF treatment in diff-

MNO9D cells and then measure ceramide levels to determine if there is transient
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accumulation of ceramide shortly after a TNF stimulus. It is possible that TNF induces
modest but physiologically relevant increases in ceramide, so it may be difficult to

measure appreciable changes in ceramide levels.

As a corollary to measurements of TNF-induced increases in ceramide, it would
likewise be of great interest to examine the role of ceramide metabolism in DA neurons.
Because ceramide accumulation can be harmful, cellular levels of ceramide are very
tightly regulated, and ceramide can be rapidly metabolized into numerous other
sphingolipid moieties, including gangliosides. Therefore, it is possible that in our studies,
TNFR1 signaling activates SMase hydrolysis of sphingomyelin to transiently increase
ceramide levels; ceramide is then rapidly converted to gangliosides that then mediate the
observable effects of TNF-induced cytotoxicity. There are two candidate gangliosides in
the ceramide metabolism pathway that could be measured by a MS/MS lipidomics
approach, namely GM1 and GD3. GM1 is highly abundant in neuronal membranes and
has been shown to accumulate at the mitochondria-associated ER membrane and to link
ER stress to Ca”*"-dependent mitochondrial apoptosis in neurons (Sano, Annunziata et al.
2009). Additionally, A-SMase generated ceramide has been shown to contribute to TNF-

mediated apoptosis through GD3 formation (Colell, Morales et al. 2002).

Exploring the effects of TNF/C2-ceramide on mitochondrial dynamics
Mitochondrial dynamics play a crucial role in PD models and pathways as well as in our
studies, which indicate that TNF and C2-cer impinge on mitochondria function in diff-

MNOID cells. It is of interest to determine if and to what extent the observed decrease in
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mitochondrial potential in response to TNF is ceramide-dependent. These experiments
are in progress. Additionally it would be interesting to use cyclosporine A in the TMRM
assay in TNF-treated diff-MN9D cells to determine if inhibition of the mitochondrial
permeability transition pore blocks TNF (or C2-cer) induced changes in mitochondrial

membrane potential.

Furthermore, it would be interesting to determine if TNF/ceramide play a role in
mitochondrial fission/fusion. Mitochondrial fusion can be a cellular response to stress,
and if sustained, is detrimental to mitochondrial and cellular function, while
mitochondrial fission promotes segregation of terminally dysfunctional mitochondria.
Mitochondrial fission thus allows other cellular pathways to compensate and potentially
overcome the mitochondrial insult, by degradation of the affected mitochondria by the
ALS system, and effectively “buying time” so to speak for mitochondrial biogenesis.
Overall mitochondrial homeostasis is maintained when mitochondrial fission and fusion
are in balance. It would be interesting to determine if TNF/C2-cer promote mitochondrial
fusion either directly or indirectly, possibly through negative regulation of PINK1 or
parkin which have been linked to mitochondrial fission (Whitworth and Pallanck 2009).
Moreover, since both parkin and PINK1 play roles in mitochondrial dynamics, it would
be interesting to determine if TNF/C2-cer diminish expression or alter mitochondrial

localization of parkin/PINK.

Elucidating the contribution of ER stress in TNF/C2-ceramide-induced cytotoxicity
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ER stress has been identified as an important pathway in PD but whether it is a cause of
or effect of pathogenesis is uncertain. To clarify the role of ER stress in TNF/C2-cer
mediated cytotoxicity, it is of interest to determine what extent of TNF-mediated ER
stress is ceramide dependent in diff-MN9D cells. These experiments are currently
underway by treating dift-MN9D cells with TNF and using pharmacological inhibitors

for SMase.

Additionally, to determine if ER stress is causal or collateral in TNF/C2-cer
induced cell death, salubrinal can be used in combination with TNF/C2-cer. Salubrinal is
an inhibitor of phosphatase activity responsible for dephosphorylating Po4elF2a (elF2a
down-regulates protein synthesis in the UPR) and in turn blocks ER stress-induced cell
death (Boyce, Bryant et al. 2005). If ER stress is coupled to cell death, then salubrinal
would be expected to attenuate cell death in response to TNF/C2-cer. Similarly, levels of
caspase 12, an ER resident caspase that mediates ER stress-induced cell death can be
measured (by Western blot) or inhibited (by specific pharmacological inhibitors) to
further clarify to what extent ER stress is coupled to cell death in response to TNF/C2-

CCr.

Exploring intracellular calcium homeostasis in response to TNF/C2-ceramide

In this study, we first determined that TNF-induced cytotoxicity is partially ceramide-
dependent. We next sought to explore TNF and ceramide-mediated mechanisms of
cytotoxicity that had been observed in other cell systems to determine if similar

TNF/ceramide signaling is intact in DA neurons/diff-MN9D cells. Along this line, one
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pathway that should be further examined is intracellular calcium homeostasis. Ceramide
has been shown to elicit robust increases in intracellular calcium (Kobrinsky, Spielman et
al. 1999), and increases in intracellular calcium have been linked to ER stress,
mitochondrial dysregulation and induction of apoptotic cell death. Therefore, in our
experiments, TNF/C2-cer could elicit early increases in intracellular calcium that
surpasses the buffering capacity of the cell and lead to the cytotoxic effects we observe
(i.e., ER stress, compromised mitochondrial membrane potential and caspase activation).
We have performed pilot studies examining TNF and C2-ceramide induced changes in
intracellular calcium. TNF and C2-cer do seem to increase intracellular calcium, and
pretreatment with the cell permeant calcium chelator BAPTA-AM significantly
attenuated C2-cer induced diff-MN9D cell death in the MTS assay (data not shown).
These experiments should be repeated however, and could be complimented by the use of
pharmacological agents for different aspects of intracellular calcium biology. For
example ionomycin, which facilitates movement of calcium across membranes, can be
used to “dump” calcium stores, allowing for determination of total intracellular calcium
when such experiments are preformed in calcium free buffer. Additionally, inhibitors for
the IP3 receptor, the ryanodine receptor or the mitochondrial uniporter could be used to

determine the intracellular source of TNF/C2-cer induced increases in calcium.

Determine if ceramide inhibits PI3K/AKT/PTEN pro-survival signaling in DA neurons
Arboleda and colleagues have demonstrated that ceramide can exert cytotoxicity by
inhibition of the PI3K/AKT/PTEN pro-survival pathway (Arboleda, Morales et al. 2009).

Specifically, ceramide causes the re-distribution of PTEN (phosphatase and homolog of
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tensin) to the cell membrane (Goswami, Singh et al. 2005). PTEN is the main negative
regulator of PI3K/AKT. Over-expression of PI3K inhibits ceramide-induced apoptosis of
CAD cells (human derived CNS catecholinergic cells that express dopamine) (Goswami,
Singh et al. 2005). Interestingly, by inducing the redistribution of PTEN, ceramide may
indirectly affect the function of PINK1 (PTEN induced kinase 1). Thus experiments
aimed at determining the ceramide-induced changes in the amount/localization of PTEN,
PINK1, and PI3K/AKT would show that, in addition to its role in ER stress and
mitochondrial dysregulation, ceramide may play an important role in DA neurotoxicity

by inhibition of pro-survival pathways as well.

Does ceramide induce down-regulation of parkin levels?

Unschuld and colleagues have studied parkin function in ceramide treated PC-12 cells
and reported parkin over-expression is protective from ceramide induced cytotoxicity but
that the mechanism of parkin’s protection was not likely from its E3-ligse activity but
rather stemmed from parkin’s direct or indirect modulation of gene expression
(Unschuld, Dachsel et al. 2006). The work of Thi Tran in our lab has shown that parkin is
down-regulated at the mRNA and protein level in microglia and macrophages in response
to inflammatory stimuli (TNF and LPS). Additionally, LPS (like TNF) has been shown to
increase ceramide levels (MacKichan and DeFranco 1999). It would be of interest to
determine if ceramide treatment elicits a downregulation of parkin expression in neurons

as well as in microglia/macrophages.

Recapitulation of TNF-dependent ceramide signaling in primary neuronal cultures
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In order to elucidate the direct effect of TNF on DA neurons, I have used a reductionist
system of homogeneous neuronal cell cultures as a DA neuron model system in which to
study the mechanisms of TNF signaling. These studies have demonstrated that ceramide
is a major downstream mediator of TNF induced cytotoxic signaling in diff-MNO9D cells.
It is important to recapitulate the TNF and C2-ceramide-induced effects that we have
observed in diff-MNO9D cells in more physiologically relevant model systems, beginning
with primary cultures of mesencephalon (MES). Questions that should be addressed in
these experiments include: In mixed neuron/glia MES cultures, how does the presence of
glia affect C2-ceramide-induced cytotoxicity of TH neurons? Do glial cells exert a
protective effect or do they respond to ceramide by engaging in feed-forward
cytokine/chemokine production? If the glia are found to render TH neurons less sensitive
to C2-cer than diff-MNO9D cells are, it is possible that such a result could be an artifact.
Because C2-cer is cell permeable, glial cells in mixed MES cultures could act as a sink
for the C2-cer. (As an aside, I have previously determined that murine SSO1 astrocytes
and BV2 microglia cells are not sensitive to the doses of C2-cer that elicit cytotoxic cell
death of diff-MNO9D cells (data not shown in this document). Of course, neuron enriched
primary cultures should also be used to validate the results of TNF/C2-cer treatment

observed in diff-MNO9D cells.

In vivo inhibition of A-SMase in rodent models of Parkinson’s disease
I have already performed a proof-of-principle study in which rats unilaterally lesioned
with 6-OHDA or saline were administered desipramine (an inhibitor of A-SMase) or

saline via daily intraperitoneal injections. The measurable outcomes of this study were



164

behavior and evaluation of total TH and NeuN positive neurons in the SNpc as
determined by stereology. This stereological analysis for this study is still ongoing. The
behavior results were difficult to interpret, as there was much variability among animals
in the same treatment group. Going forward, this study should be expanded and repeated.
In addition to desipramine, another tricyclic antidepressant should be used as a control.
Importantly, desipramine is the only tricyclic antidepressant that has an effect on
SMase/ceramide biology. If the results of this proposed study indicate that desipramine
can attenuate 6-OHDA-induced DA neuron loss in vivo they would provide compelling
rationale to begin clinical trials using desipramine in PD patients, and could thus provide

a new therapeutic treatment for Parkinson’s disease.
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APPENDIX A
AUTOLOGOUS TRANSPLANTS OF ADIPOSE-DERIVED ADULT STROMAL
(ADAS) CELLS AFFORD DOPAMINERGIC NEUROPROTECTION IN A
MODEL OF PARKINSON’S DISEASE

The contents of this appendix were previously published:

McCoy, M. K*., Martinez, T. N.*, Ruhn, K. A., Wrage, P. C., Keefer, E. W., Botterman,
B. R., Tansey, K. E., Tansey, M. G., 2008. Autologous transplants of Adipose-Derived
Adult Stromal (ADAS) cells afford dopaminergic neuroprotection in a model of

Parkinson's disease. Exp Neurol. 210, 14-29.

("equal contribution).

ABSTRACT

Adult adipose contains stromal progenitor cells with neurogenic potential. However, the
stability of neuronal phenotypes adopted by Adipose-Derived Adult Stromal (ADAS)
cells and whether terminal neuronal differentiation is required for their consideration as
alternatives in cell replacement strategies to treat neurological disorders are largely
unknown. We investigated whether in vitro neural induction of ADAS cells determined
their ability to neuroprotect or restore function in a lesioned dopaminergic pathway. /n
vitro-expanded naive or differentiated ADAS cells were autologously transplanted into
substantia nigra 1-week after an intrastriatal 6-hydroxydopamine injection.
Neurochemical and behavioral measures demonstrated neuroprotective effects of both
ADAS grafts against 6-hydroxydopamine-induced dopaminergic neuron death,
suggesting that pre-transplantation differentiation of the cells does not determine their

ability to survive or neuroprotect in vivo. Therefore, we investigated whether equivalent
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protection by naive and neurally-induced ADAS grafts resulted from robust in situ
differentiation of both graft types into dopaminergic fates. Immunohistological analyses
revealed that ADAS cells did not adopt dopaminergic cell fates in situ, consistent with
the limited ability of these cells to undergo terminal differentiation into electrically active
neurons in vitro. Moreover, re-exposure of neurally-differentiated ADAS cells to serum-
containing medium ir vitro confirmed ADAS cell phenotypic instability (plasticity).
Lastly, given that gene expression analyses of in vitro-expanded ADAS cells revealed
that both naive and differentiated ADAS cells express potent dopaminergic survival
factors, ADAS transplants may have exerted neuroprotective effects by production of
trophic factors at the lesion site. ADAS cells may be ideal for ex vivo gene transfer

therapies in Parkinson’s disease treatment.

INTRODUCTION

Because central nervous system tissue has limited capacity for intrinsic repair after
injury, cell replacement strategies represent an attractive approach for neurorestorative
medicine (Weissman, 2000). Endogenous neural stem cells within certain regions of the
adult brain can be proliferated in vitro (Gage, 2000; Gage et al., 1995). However,
regulation of their growth and proliferation potential in vivo remains a major problem
(Belmadani et al., 2006; Conti et al., 2006; Hermann et al., 2004b; Miller, 2006).
Similarly, widespread use of fetal tissue or embryonic stem cells in cell replacement
therapies has been limited by histocompatibility issues, availability, and ethical concerns

prompting the search for alternative cell sources (Frankel, 2000; Sonntag and Sanchez-
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Pernaute, 2006). Of particular interest are other adult tissues with progenitor populations
that could be easily harvested, expanded, and used in autologous transplantation
strategies to protect vulnerable neuronal populations and/or to accelerate repair after
neural injury or neurodegeneration without the need for immunosuppression.
Subpopulations of cells residing within adult liver (Alison and Sarraf, 1998), intestine
(Potten, 1998), skin/hair-follicles (Amoh et al., 2005; Fernandes et al., 2004), and bone
marrow (Jiang et al., 2002a; Jiang et al., 2002b) express neuroectodermal or neural crest
cell markers in vitro and/or in vivo. Similarly, adult bone marrow-derived mesodermal
stromal cells (MSC) display neurogenic properties (Bonilla et al., 2005; Bossolasco et al.,
2005; Dezawa et al., 2004; Hermann et al., 2004a; Hermann et al., 2006; Jiang et al.,
2002a; Jiang et al., 2002b; Woodbury et al., 2002; Woodbury et al., 2000) including the
ability to fire action potentials and respond to neurotransmitters, including GABA,

glycine, and glutamate (Wislet-Gendebien et al., 2005).

In recent years, adult adipose was shown by several laboratories (reviewed in
(Schaffler and Buchler, 2007) to be a source of multipotent cells from which to derive
progenitors such as chondrocytes, adipocytes, osteoblasts, and myocytes for tissue
engineering and repair of mesodermal or mesenchymal-derived tissues (Tholpady et al.,
2003; Zuk et al., 2002; Zuk et al., 2001) while others reported adipose may also have sub-
populations of cells with neurogenic potential in vitro (Ashjian et al., 2003; Fujimura et
al., 2005; Kang et al., 2004; Ning et al., 2006; Safford et al., 2002; Safford et al., 2004).
The term Adipose-Derived Adult Stem (ADAS) cells was the original term used to refer

to these cells on the basis of their potential for multi-lineage specification (Safford et al.,
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2002). However, strict criteria for ‘stemness’ has not been met conclusively (Easterday et
al., 2003; Lakshmipathy and Verfaillie, 2005; Weissman et al., 2001). Therefore, the
preferred term for these cells, and the one which we use in our study, is Adipose-Derived
Adult Stromal (ADAS) cells (Safford et al., 2004). Despite significant progress in
characterization of cell surface markers for ADAS cells (Guilak et al., 2006; 1zadpanah et
al., 2006), therapeutic benefit derived from transplantation of ADAS cells has yet to be

demonstrated in animal models of neurodegeneration.

The primary goal of these studies was to investigate the extent to which
autologous grafts of naive or neurally-induced rat ADAS cells protect, repair, or restore
function of the nigrostriatal pathway in a neurotoxin model of PD. Neurochemical and
behavioral measures confirmed the neuroprotective effects of both kinds of autologous
ADAS cell grafts against 6-OHDA-induced dopaminergic neuron death. On the basis of
neurohistological, cell biological, electrophysiological, and gene expression studies, we
concluded that the mechanism by which ADAS cell grafts contributed to improved
nigrostriatal function does not involve stable differentiation of ADAS cells into
functional dopaminergic neurons. Our findings suggest that modulation of the oxidative
stress-induced neuroinflammatory environment in the lesioned substantia nigra and/or
ADAS-derived production of growth factors known to promote dopaminergic survival
and neuroprotection at the lesion site may have contributed to the therapeutic effects of

ADAS cell transplants.
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MATERIALS AND METHODS

Materials

Animals
All animal procedures were approved by the Institutional Care and Use Committee at UT
Southwestern. Animals were housed in a climate controlled facility staffed with certified

veterinarians.

Real-time Quantitative PCR .and RT-PCR Primers
Rat primers sequences are as follows:
Cyclophilin forward:  5’-CCC TGA AGG ATG TGA TCA TTG-3’

Cyclophilin reverse: ~ 5’-GGA AAA GGG TTT CTC CAC TT-3’

Nestin forward: 5’-CAA GTG CCC CCG GTA CTG-3’

Nestin reverse: 5’-TCA GCA AAC CCA TCA GAT TCC-3’

GFAP forward: 5°’-TGG CCA CCA GTA ACA TGC A-3°

GFAP reverse: 5’-CAA ACT TGG ACC GAT ACC ACT CT-3’

NeuroD forward: 5’-CCC AGA GGC AGC CAA GTC-3°

NeuroD reverse: 5’-AGC CTT TAG TAA AAC AAT TGA ATG TCT AG-3’

S100beta forward: 5’-ATC AAC AAC GAG CTC TCT CAC TTC-3’
S100beta reverse: 5’-CAC TTC CTG CTC TTT GAT TTC CT-3’
Tuj-1/B-tubulin III forward: 5’-GAG GCC TCC TCT CAC AAG TAT GT-3°
Tuj-1/B-tubulin III reverse: 5’-ACG CTG TCC ATG GTT CCA-3’

VE cadherin forward: 5’-CAC GAC AAT ACC GCC AAC A-3



VE cadherin reverse:
Persephin forward:

Persephin reverse:

Artemin forward:

Artemin reverse:

Neurturin forward:

Neurturin reverse:

a-actin forward:

a-actin reverse:

Tyrosine hydroxylase forward:
Tyrosine hydroxylase reverse:
Nerve growth factor forward:

Nerve growth factor reverse:

5’-AAC TTG GTA TGC TCC CGA TTA AA-3’

5’-GAC CTG GAA GCC CCATCA- ¥

5’-GCC GGC ACA AAC CAG GTA-3°

5’-TTG GAG AC CTA CTG CAT TGT C- 3’

5’-CAG CTA GGG TTG GCC ACA AG- ¥

5’-CAG CGG AGG CGC GTG CGC AGA GA -3

5’- CGG CTG TGC ACG TCC AGG AAG GA-3°

5’-TGT AAG GCG GGC TTT GCT-3’

5’-CCC ACG ATG GAT GGG AAA -3°

5’-TGT TGG CTG ACC GCA CATT- 3’

5’-GCC CCC AGA GAT GCA AGTC-%

5’-CTC TGA GGT GCA TAG CGT AAT GTC- 3’

5’-AAA ACG CTG TGA GAG TGT AGA AC-3°

Neuron Specific Enolase forward: 5’-GCT TTG CCC CCA ATA TCC T-3’

Neuron Specific Enolase reverse

5’-CCT TGT CAA TGG CTT CCT TCA-3’

Choline acetyltransferase forward: 5’-AGC CAA TCG CTG GTA TGA CA-3’

Choline acetyltransferase reverse: 5’-CAC CGC AGG TGC CAT CT-3’

Smooth muscle alpha actin forward: 5’-TGT AAG GCG GGC TTT GCT- 3°

Smooth muscle alpha actin reverse: 5’-CCC ACG ATG GAT GGG AAA-3’

Platelet derived growth factor forward: 5°-AAT GAC CAC GGC GAT GAG A-3’

Platelet derived growth factor reverse:

Ciliary neurotrophic factor forward: 5’ -CTG GCT AGC AAG GAA GAT TCG- 3’

5’-TCT TCC AGT GTT TCC AGC AGC- 3’

171

Ciliary neurotrophic factor reverse: 5’-CAG GCC CTG ATG TTT TAC ATA AGA -3’
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Brain-derived neurotrophic factor forward: 5’-CGC ACC TCT TTA GGC ATC CT -3’
Brain-derived neurotrophic factor reverse: 5’-TCC CGG ATG AAA GTC ACT -3’
Vascular endothelial growth factor forward: 5’-AAC GAA AGC CGA AGA AAT CC- 3’
Vascular endothelial growth factor reverse: 5’-CGC TCT GAA CAA GGC TCA CA-3’
Glial-derived neurotrophic factor forward: 5°’-CTC CAA TAT GCC CGA AGA TTA
TC-3°

Glial-derived neurotrophic factor reverse: 5’-AGT CTT TTG ATG GTG GCT TGA A -

3’

METHODS

Survival surgeries to harvest adipose tissue

For survival surgeries, adult female Sprague-Dawley rats (200-225g) were anesthetized
with 2% halothane and a 0.75cm” portion of the interscapular fat pad was excised during
a survival surgery when a unilateral striatal 6-hydroxydopamine injection was performed.
The adipose tissue was rinsed in cold sterile PBS (Ca/Mg Free, Invitrogen Inc., Carlsbad,
CA) and incubated for 1 hr in Dulbecco’s Modified Eagle’s Medium (DMEM,
Invitrogen) supplemented with 10% FBS (Atlanta Biologicals, Lawrenceville, GA) and
antibiotic/antimycotic (Invitrogen) prior to dissociation. Fat pads were mechanically
triturated then enzymatically digested in collagenase (Invitrogen) for 1 hr at 37 degrees C
followed by mechanical dissociation to yield a stromal cell suspension which was

collected by centrifugation (x1000g). The cell pellet was resuspended in DMEM
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supplemented with 10% FBS (D10 medium) and plated (Day 0, PO) onto 35mm tissue

culture-treated dishes.

Expansion and neural induction of ADAS cells for immunocytochemical analyses
Non-adherent cells in PO cultures were removed 24h post-plating in order to expand the
small number of adherent stromal cells (< 10% of total cells plated) by serial passage.
Media was replenished every 3 days and cultures were serially passaged at 75%
confluence at a 1:4 ratio. Differentiation of cultures (P2 to P4) consisted of pre-induction
of cultures plated in D10 with 10ng/ml EGF (R&D Systems, Minneapolis, MN) and
20ng/ml FGF-2 (R&D) for 2 to 3 days prior to a 4-day exposure to either of the
following: Neural Differentiation Medium [NDM: D10, 120uM indomethacin (Sigma-
Aldrich, St. Louis, MO), 3ug/mL insulin (Sigma-Aldrich), 300uM isobutyl-
methylxanthine (Sigma-Aldrich)] or N2-supplemented/VPA [N2/VPA: DMEM, N2
supplement (Invitrogen), 0.5mM valproic acid (Sigma-Aldrich)] to induce gradual
neuronal differentiation and outgrowth of processes. Alternatively, differentiation was
achieved by pre-induction of cultures grown in D10 by exposure to 10ng/ml EGF +
20ng/ml FGF-2 (E/F) in NS-A Proliferation medium (Stem Cell Technologies,
Vancouver, BC) for 3 days followed by 4-day differentiation in NS-A Differentiation
supplement (Stem Cell Technologies). Where indicated, specific differentiation factors
[1uM all-trans retinoic acid, 1-10uM forskolin, 10-50ng/ml Glial cell-derived
neurotrophic factor (GDNF) or 10ng/ml Brain-Derived Neurotrophic Factor (BDNF)]

were used to investigate their effects on process outgrowth of ADAS cells.
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Immunocytochemical detection of neural and glial markers

Cells in culture were fixed in 4% paraformaldehyde (PFA) for 20 minutes prior to
blocking/permeabilization for immunocytochemistry with antibodies to Nestin (BD
Pharmingen, San Diego, CA), vimentin (Chemicon, Temecula, CA), Fibronectin (Sigma-
Aldrich), Neuron Specific Enolase (Polysciences Inc., Warrington, PA), VE cadherin
(Santa Cruz Biotechnology, Santa Cruz, CA), Neuro D (Santa Cruz), Tubulin beta
II/Tuj1 (Covance, Princeton, NJ), MAP2b (Chemicon), NeuN (Chemicon), Gamma-
Amino Butyric Acid or GABA (Chemicon), TrkB (Chemicon), Choline Acetyl
Transferase or ChAT (Chemicon), tyrosine hydroxylase or TH (Chemicon), smooth
muscle actin or SMA (Sigma-Aldrich), CD11b or OX-42 (Santa Cruz), Glial Fibrillary
Acidic Protein or GFAP (Chemicon), oligodendrocyte marker O4 (R&D), the Schwann
cell marker S100p (Sigma-Aldrich), low-affinity neurotrophic factor receptor p75SNTR
(Chemicon), and myelin basic protein or MBP (Chemicon). Detection of desired antigens
was achieved through use of the appropriate secondary antibody conjugated to Alexa-488
or Alexa-594 diluted 1:1000 (Invitrogen). IgG or IgM control sera were used at the same
concentration as the corresponding primary antibodies to establish the specificity of
staining. Total cell nuclei were visualized with the nuclear dye Hoechst 33258 (bis-
benzimide). A CoolSnap ES (monochrome) camera mounted on an upright Olympus
BX61 or an inverted Olympus CK40 fluorescence scope and MetaMorph software were

used for image capture and analyses.

Survival surgeries for fat pad harvest and intrastriatal 6-OHDA injection
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6-OHDA lesions were performed as described previously (McCoy et al., 2006). Briefly,
young adult female Harlan Sprague Dawley SASCO rats (200-225g) (n= 4 or 5 per
group) were anesthetized with halothane (2%) and placed in a stereotaxic head-holder
frame with the incisor bar set at -2.5 mm as per the rat stereotaxic atlas (Paxinos, 1998).
Burr holes were drilled at stereotaxic coordinates (AP): -1.2mm from bregma,
mediolateral in right hemisphere (ML): -3.9mm; and dorsoventral (DV): -5Smm below
surface of dura) (Paxinos et al., 1985) to perform unilateral injection of 20pg 6-OHDA
(4uL of 5pg/uL in ascorbic acid, Sigma-Aldrich) at a rate of 1uL/min into the striatum
with a Sul Hamilton micro syringe and a 30 gauge needle. Fat pads from the
interscapular region were also harvested from all experimental animals at this time
(including rats that were to receive a sham-transplant) for in vitro expansion of ADAS to
passage 2 (P2) as described above. This unilateral intrastriatal 6-OHDA injection was
chosen to induce a moderate retrograde lesion in the nigrostriatal pathway resulting in the
loss of approximately 65-70% of TH-positive somata in the SNpc three weeks after the
lesion (Kirik et al., 1998; McCoy et al., 2006). Seven days after 6-OHDA lesion, drug-
induced rotational behavior testing was conducted to establish a baseline for locomotor

behavior just prior to cell transplantation.

Rotational behavior analyses

The extent of the retrograde nigrostriatal lesion was physiologically characterized using
amphetamine-induced rotational behavior testing (Ungerstedt and Arbuthnott, 1970).
Animals received 2.5mg/kg D-amphetamine (Sigma, St. Louis) i.p. and were

subsequently placed in a glass cylinder (diameter 24.5cm) to monitor rotational
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asymmetry for 20 min. Drug-induced rotational behavior was measured prior to the
transplant (one week post 6-OHDA injection) as well as at 1, 2, and 3 weeks post-
transplantation to assess effects of the ADAS grafts. Rotation towards the lesion
(ipsilateral) was scored as positive and net rotational asymmetry score was expressed as

full body turns.

Stereotaxic transplantation of MTR-labeled ADAS grafts

One week after intrastriatal 6-OHDA or saline injection and fat pad harvesting, cell
transplants were performed. On the day of transplantation, passage 2 ADAS were labeled
with 95-100% efficiency with the fixable mitochondrial dye CMH,Xros MitoTracker Red
(MTR) which fluoresces in a membrane potential-dependent manner (Poot et al., 1996).
After MTR loading, the cells were rinsed and resuspended at a density of 4 x 10° per mL
in order to deliver approximately 40,000 cells (4ul of 10,000/ul) per animal into the
substantia nigra in the hemisphere ipsilateral to the 6-OHDA- or saline-injected striatum
via stereotaxic injection using a 10ul Hamilton microsyringe with a 30 gauge needle at
rate of 1ul/min via automated infusion pump using the following stereotaxic coordinates:
AP -5.3mm, ML -2.4mm, DV -6.0mm below surface of dura; incisor bar at -2.5mm.
Lesioned rats received E/F treated naive ADAS (n=5), NDM differentiated ADAS (n =

5), or saline (n = 4). A control (unlesioned) group of rats (n = 4) was also included.

Perfusion and tissue processing for histology
Animals were deeply anesthetized with Euthasol and intracardially perfused as described

previously (Kirik et al., 1998; McCoy et al., 2006) four weeks after autologous
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transplantation (i.e. five weeks post lesion). Brains were then removed from the skull and
post-fixed for 24 h in the same PFA solution, cryoprotected in 20% sucrose in PBS for
18-24 hr, and frozen by embedding in Tissue-tek cooled by a dry-ice/isopentane solution.
Coronal sections (30um-thickness) were cut through the striatum and substantia nigra
pars compacta (SNpc) on a Leica CM 1850 cryostat and mounted on glass slides
(SuperFrost Plus, Fisher) for immunohistological analyses and stereological estimate of

DA neuron number in SNpc.

Immunohistochemistry of brain sections
Processing of brain sections was done as described previously (Kirik et al., 1998; McCoy
et al., 2006). IgG or IgM sera were used at the same concentration as the corresponding

primary antibodies to confirm the specificity of staining.

Stereological nigral DA neuron counts

Stereolnvestigator analyses software (Micro Bright Field Inc., Williston, VT) was used
to perform unbiased stereological counts of TH-immunoreactive (TH-IR) cell bodies in
the SNpc using the optical fractionator method (West et al., 1991) as described
previously (Kirik et al., 1998; McCoy et al., 2006). The boundary of SNpc was outlined
under magnification of the 4X objective as defined according to previous anatomical
demarcation in the rat (German and Manaye, 1993). For analysis, the treatment of the
various brain sections was blinded to the observer. Cells were counted with a 60X oil
immersion objective (1.3 NA) using an Olympus BX61 microscope. Serial sections

through the extent of SNpc (from AP:-3.3mm to -5.3mm behind bregma) were cut on a
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Leica cryostat and placed 4 per slide (cut thickness of 30pum and mounted thickness of 22
um) for systematic analysis of randomly placed counting frames (size 50 x 50um) on a
counting grid (size of 160um x 120um) and sampled using an 18um optical dissector
with 2pum upper and lower guard zones. Every other slide was stained for TH/NeuN and
the intervening slide was analyzed for MitoTracker Red fluorescence. A dopaminergic
neuron was defined as a TH immunoreactive cell body with a clearly visible TH-negative
nucleus. An ADAS cell was defined as a MTR-positive cell. The reason for assessing in
vivo differentiation of ADAS post transplantation was to determine if MitoTracker Red-
positive cells also co-expressed a particular cell fate marker (i.e. tyrosine hydroxylase for

differentiation into dopaminergic cell fate).

Quantification of striatal TH-fiber density

Striatal optical density (OD) of TH immunostaining, determined by digital image analysis
on Image Pro Plus 5.1, was used as an index of striatal density of TH innervation;
densitometric measurements have been shown to provide valid relative indices of extent
of fiber innervation on the same brain section of an animal receiving a unilateral 6-
OHDA lesion (Burke et al., 1990). ODs were measured to estimate dopaminergic fiber
innervation into the striatum. The density readings of TH-immunoreactivity in the
striatum on both hemispheres of each animal were corrected for nonspecific background
density, as measured on sections stained with non-immune IgG serum. Striatal images
taken under a 4x objective converted to gray scale were then delineated and the intensity
of staining was thus assessed for the entire striatal region (boundaries according to the rat

stereotaxic atlas) of the four sections sampled for the ipsilateral and for the contralateral
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striatum, subsequently averaged for each animal to obtain average optical density (AOD).
The data are expressed as percent fiber density of the ipsilateral (experimental) side
relative to the contralateral (control) side. Values expressed are group means + S.D.
Values were compared by one-way ANOVA followed by Tukey-Kramer HSD post-hoc

test. Groups with different letters are significantly different at p<0.05.

Quantification of microglial burden

To estimate the microglial burden in the SNpc, optical density of the OX-42
immunoreactivity in the SNpc was obtained by digital image analysis using the Image-
Pro Plus 5.1. The density readings were corrected for nonspecific background density as
measured on sections stained with non-immune IgG serum. SNpc images taken under a
4x objective converted to gray scale were then delineated and the intensity of staining
was thus assessed for the entire SNpc region (boundaries according to the rat stereotaxic
atlas) of the six sections sampled throughout the extent of SNpc, subsequently averaged
for each animal. The data was expressed as integrated optical density (IOD). All data are
expressed as mean + S.E.M. Inter-group differences between the various dependent
variables were assessed using one-way ANOVA, followed by the Tukey’s post hoc
multiple comparisons test. Data obtained were analyzed by GraphPad statistic software; p

< 0.05 were considered significant.

Assessment of Phenotypic Stability of ADAS cells in vitro
Cells were proliferated in base media (D10) to passage 2 or 3 followed by

supplementation with 10ng/mL EGF and 20ng/mL FGF-2 (E/F) for 2-3 days.
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Differentiation was induced by mitogen withdrawal and exposure to the indicated
medium formulations (NDM or N2/VPA). Following a period of 7 days of
differentiation, the cells were returned to D10 medium for 24 or 48 hrs prior to harvesting
for marker analyses by immunocytochemistry. A qualitative survey of immunoreactivity
for each protein marker was performed at high (40X) and low (10X) magnification and
scores between 1 and 4 were given based on fluorescence intensity and fraction of total
cells expressing that particular marker according to the following scale: 4 = intense
immunoreactivity in many (> 50 %) of the cells, 3 = strong staining in ~ 50% of the cells,
2 = detectable staining in less than 50% of the cells, 1 = detectable staining in a small

fraction (< 10%) of the cells, 0 = no detectable immunoreactivity.

Real-time Quantitative PCR

Quantitative real-time PCR was performed as previously described (Kurrasch et al.,
2004). Briefly, total RNA was isolated with RNAStat60 (Tel-Test Inc., Friendswood,
TX) from cultured cells or rat tissues, treated with DNase I, and reverse transcribed using
Superscript Il RNase H- reverse transcriptase (Invitrogen). Quantitative real-time PCR
was performed using an ABI Prism 7900HT Detection System (Applied Biosystems,
Foster City, CA). Each reaction was performed in 384-well plate format in a volume of
10ul that contained 3.5ng cDNA, 7ul SYBR green PCR Master Mix, and 200nM of each
PCR primer. All reactions were performed in duplicate. Relative mRNA abundance for

each sample were normalized to those of cyclophilin.

RT-PCR
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Total RNA was isolated with RNA STAT60 from cultured cells or rat brain, treated with
DNase I, and reverse transcribed using Superscript Il RNase H- reverse transcriptase.
Each PCR reaction was performed in a reaction volume of 10uL that contained SuL
GoTaq green (Sigma-Aldrich), 180nM of each PCR primer, and cDNA was added at 20,
4.0, or 0.8pg per reaction. The reaction conditions were as follows: initial denaturation at
95 °C for 5 min and 3 cycles of amplification (95 °C for 30 s, 60 °C for 30 s and72 °C for
60 s), followed by 35 cycles of amplification (94 °C for 30 s, 57 °C for 60s and 72 °C for
60 s), followed by a final extension step for 10 min at 72 °C. The PCR reaction products
were separated by electrophoresis in a 2.0% agarose gel and stained with ethidium
bromide. Relative mRNA abundance for each sample was determined by normalizing the
optical density of NTN to that of alpha actin. Total optical densities were quantified using

Chemilmager software (Alpha Innotech , San Leandro, CA).

Multi-Electrode Arrays (MEAs)

ADAS cells were passaged to P2 plated into D10 on poly-D-lysine coated multielectrode
arrays to record any spontaneous or evoked neural network activity as described
previously (Keefer et al., 2001; Mistry et al., 2002). Cells were proliferated in D10
supplemented with 10ng/mL EGF and 20ng/mL FGF-2 for 2 days then differentiated by
mitogen withdrawal and exposure to the indicated differentiation conditions (NDM or
N2/VPA) for 5 days. Application of the excitatory neurotransmitter glutamate (SpM), the
GABA A receptor antagonist bicuculline (20uM), or trains of electrical stimulation (0.75
V biphasic pulses, trains of 10 pulses repeated 5 times with 30 seconds between pulse

trains) were performed to evoke neural network activity.
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Statistical Analyses

Intergroup differences among the means between the various dependent variables were
analyzed using one-way ANOVA. When ANOVA showed significant differences,
comparisons between means were tested by Tukey’s multiple-comparison post hoc test
(Graph Pad Prism, San Diego, CA). Values expressed are the group means + S.E.M or
group means + S.D. as indicated. Groups represented by histogram bars labeled with
different letters are significantly different at p < 0.05. Groups with asterisks (*) are

significantly different from sham-transplanted group at p < 0.05.

RESULTS
Morphological differentiation and expression of neuro-glial markers in naive and

differentiated ADAS cells in vitro.

The initial selection of the adipose stromal cell population at PO was accomplished by
retaining a relatively small fraction of adherent cells (<10%) and discarding non-adherent
cells 24 hrs after plating. In agreement with previous reports, we were able to grow and
expand flat and fibroblast-like adipose-derived adult stromal (ADAS) in vitro with high
efficiency for a number of passages (~P15). Pre-exposure to a mitogenic cocktail
consisting of EGF/FGF-2 promoted expansion of a spindle-shaped putative progenitor
pool within the heterogenous stromal cell population. To induce differentiation, the
mitogenic cocktail was withdrawn and cells were exposed to serum-containing Neural

Differentiation Medium (NDM) or to the histone deacetylase inhibitor valproic acid
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(VPA) in N2-supplemented serum free medium. The latter was chosen because exposure
to VPA/N2 in vitro has been shown to induce neuronal differentiation of adult
hippocampal neural progenitors via expression of the neurogenic basic helix-loop-helix
transcription factor NeuroD (Hsieh et al., 2004). Under these treatment conditions, a large
fraction (>50% of total cells) of the cells in ADAS cultures pre-induced with EGF/FGF-2
for 24 hrs displayed bipolar and multipolar morphologies with extensive process
outgrowth (Figures A.1 and A.7) appearing by 12 hrs compared to cells not pre-induced
with the mitogenic cocktail (5% of total cells) in agreement with morphological

differentiation described by others (Ashjian et al., 2003; Safford et al., 2004).

Prior to embarking on transplantation studies, we first established the extent to
which the morphological differentiation of ADAS cells into neuron-like cells was
coincident with expression of cellular markers of differentiation. Two-day treatment with
EGF/FGF-2 induced expression of markers characteristic of early neural progenitors
(including nestin, vimentin, and glial fibrillary acidic protein) in a significant fraction of
the cells (Table A.1). Molecular markers denoting early commitment to neuronal fates
such as B-tubulin I[11/Tuj1 and neuron specific enolase (NSE) were detectable in a
significant fraction of cells only after exposure to NDM or N2/VPA (Figure 1, Table A.1,
Figure A.2). Molecular markers of mature neurons, including neuronal N antigen
(NeuN), microtubule-associated protein-2 (MAP2), TrkB, tyrosine hydroxylase (TH),
choline acetyltransferase (ChAT), and gamma amino butyric acid (GABA) were detected
with low frequency in a small population of the cells treated with either differentiation

medium and supplemented with factors such as brain-derived neurotrophic factor
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(BDNF) or glial-derived neurotrophic factor (GDNF) and did not increase further with
additional time (7-10 days) in culture (Figure A.2). Lastly, expression of Smooth Muscle
Actin (SMA) and the endothelial cell marker VE cadherin was detectable in a
subpopulation of the cells after proliferation in EGF/FGF-2 and after NDM treatment
(Table A.1, Figure A.2). As indicated in Table A.1, mRNA expression of several of these
protein markers was confirmed by real-time quantitative PCR analysis (data not shown).
These findings are in agreement with reports made for adipose-derived stromal cells from
humans, rodents, and non-human primates (Ashjian et al., 2003; Fujimura et al., 2005;
Ning et al., 2006; Romanov et al., 2005; Safford et al., 2002; Safford et al., 2004; Zuk et

al., 2002).

Autologous ADAS cell grafts attenuate 6-OHDA-induced nigrostriatal pathway

degeneration and behavioral deficits.

Given that ADAS cells can be coaxed to display morphological, molecular, and cellular
markers characteristic of neuroblasts in response to two different neuritizing cocktails,
the critical question is whether neural induction of ADAS in vitro prior to transplantation
is required to derive therapeutic benefit from autologous ADAS grafts in a rat model of
Parkinson’s disease. To ensure that ADAS cells could be tracked after autologous
transplantation to assess ADAS engraftment and neuronal differentiation in brain sections
upon completion of the study, we conducted pilot experiments to select a stable cell
labeling method that did not compromise cell viability. ADAS cells were harvested from

adult rats, expanded in vitro to passage 2 with EGF/FGF-2, and pre-labeled with the
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fixable mitochondrial-specific probe CMX-H2 MitoTracker Red (MTR) before prior to
transplantation. We found that ADAS transplants were able to survive, engraft, and retain
MTR fluorescence in unlesioned animals for at least three weeks (Figure A.3).
Importantly, because MTR fluorescence in cells requires an intact mitochondrial
membrane potential, this cell labeling method enabled us to track and identify in sifu only
those cells which were viable and healthy. Labeling of ADAS cells with a lentivirus
encoding Green Fluorescent Protein (GFP) confirmed these findings but was not chosen
for these studies to avoid the potential toxicity of GFP overexpression. In addition, GFP
fluorescence does not depend on the viability of the cells and could have confounded

interpretation of survival and engraftment studies.

Next, we investigated the ability of autologous ADAS cell transplants to protect,
repair or restore function in a model of PD. We chose a model in which there is
progressive degeneration of the nigrostriatal pathway for at least three weeks following a
neurotoxic injury induced by striatal injection of 6-OHDA (Kirik et al., 1998).
Autologous transplants of naive or differentiated (NDM-treated) ADAS cells were
injected into the rostral midbrain one week after striatal 6-OHDA admistration while the
lesion was still progressing. The extent of the nigrostriatal lesion was evaluated prior to
transplantation and weekly thereafter using a standard amphetamine-induced rotational
behavior test. Quantitative stereological analyses of TH-positive neuron number in SNpc
indicated that the group of 6-OHDA-lesioned rats that received nigral ADAS grafts
displayed significantly reduced loss of TH-immunoreactive neurons on the lesioned side

4 weeks post-transplantation compared to sham-transplanted 6-OHDA lesioned rats



186

(Figure A.4 a and b, Table A.2). In addition, quantification of TH-positive fiber density
in the striatum indicated that ADAS cell transplants spared striatal terminals; specifically,
6-OHDA-lesioned/sham transplanted animals displayed 35% of control versus 65-72% of
control in 6-OHDA-lesioned/ADAS-transplanted animals (Figure A.4 c). It is difficult to
ascertain with certainty whether the increased TH-immunoreactivity in the ADAS cell-
transplanted animals reflects true sparing of terminals, re-growth, and/or attenuated
down-regulation of TH expression induced by 6-OHDA neurotoxicity, but we speculate it
may be a combination of all three processes. Importantly, neurohistological protection by
ADAS cell transplants was accompanied by improvement in locomotor deficits.
Behavioral analyses indicated that 6-OHDA-Iesioned rats that received naive or
differentiated ADAS cell transplants displayed significantly attenuated amphetamine-
induced rotational behavior compared to sham-transplanted rats that received no ADAS
cells (Figure A.5), suggesting that ADAS grafts prevented the progressive retrograde
degeneration of the nigrostriatal pathway and contributed to striatal dopamine
preservation. To our knowledge, this is the first demonstration that autologous
transplantation of ADAS cells provides robust protection to rostral midbrain
dopaminergic neurons against oxidative neurotoxins independent of the pre-
differentiation status of the cells. Similar neuroprotective effects of ADAS cells have
been reported in stroke and spinal cord injury models using rat, non-human primate, and
human adipose-derived adult stromal cell populations (Kang et al., 2003b; Kang et al.,

2006; Tansey, 2005).
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ADAS cells survive after transplantation but do not differentiate into dopaminergic

neurons.

The equivalent degree of nigral dopaminergic neuron protection achieved by
transplantation of either naive or NDM differentiated ADAS into hemi-parkinsonian rats
suggested that the pre-transplantation differentiation status of the cells did not determine
their ability to survive or neuroprotect in vivo after transplantation. This observation led
us to hypothesize that either both types of grafts had undergone robust differentiation into
dopaminergic fates in vivo and partially replaced the lost nigral dopaminergic neurons; or
alternatively, that the neurally induced ADAS cells failed to maintain the neural
phenotypes in vivo but afforded neuroprotection to the same extent as the naive ADAS
cells, implying that a mechanism other than cell replacement had contributed to
functional recovery in the hemi-parkinsonian rats. To distinguish between these two
mutually exclusive possibilities, we performed immunohistological analyses of midbrain
sections. Four weeks after transplantation, examination of brain cryosections revealed the
presence of MTR-labeled ADAS cells in close proximity to TH-positive neurons in
substantia nigra; however, co-expression of TH (or any other neural markers) and MTR
was not detected (Figure A.6 a-c). On the basis of these findings we concluded that
neuroprotection by ADAS cells was achieved without them adopting dopaminergic

neuron fates in vivo.
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ADAS cell transplants attenuate microglial activation in SNpc of 6-OHDA-lesioned

animals.

Because neuroinflammation has been implicated in the progressive degeneration of the
nigrostriatal pathway in humans and in experimental models of PD (reviewed in (Hald
and Lotharius, 2005; Hunot and Hirsch, 2003; Whitton, 2007) and previous work from
our laboratory implicated microglial-derived soluble TNF as a critical mediator of nigral
dopaminergic neuron loss induced by 6-OHDA (McCoy et al., 2006), we aimed to
determine whether ADAS cell transplants had a modulatory effect on the
neuroinflammatory reaction in the nigrostriatal pathway following a 6-OHDA lesion.
Immunohistological analyses of the microglial activation markers OX-42 and F4/80 in
SNpc of unlesioned, 6-OHDA-lesioned/sham-transplanted, and 6-OHDA-lesioned ADAS
cell-transplanted animals indicated attenuation of the neuroinflammatory response 4
weeks post-transplant in animals that received the ADAS cell transplants compared to
lesioned animals that received a sham-transplant (Figure A.6 d). Specifically,
quantification of microglial burden in SNpc indicated a reduction in microglial burden of
45% (Figure A.6 e). Although not direct proof that ADAS cells produced anti-
inflammatory mediators in the nigral environment, these data raise the interesting
possibility that ADAS cell-derived molecular mediators may have the capacity to

influence microglial activity at a site of injury.
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Phenotypic stability, cell cycle exit, and terminal differentiation of ADAS cells in

vitro.

The lack of detectable differentiation of ADAS into DA neurons after transplantation left
us to consider the alternative hypothesis that ADAS cell differentiation induced in vitro
was short-lived in vivo and both naive and NDM-treated cell types afforded
neuroprotection through a mechanism unrelated to their ability to adopt neuronal fates.
We sought empirical support for this hypothesis by investigating the relative stability of
the in vitro differentiated ADAS phenotypes after re-exposure to serum-containing
medium. We monitored P2 and P3 cultures for changes in expression of the early neural
progenitor marker nestin and the nuclear proliferation marker Ki67 in ADAS cell cultures
grown in serum-containing medium D10, in response to mitogens (EGF and FGF-2),
after 4- or 7-day neural induction in NDM, and following re-exposure to D10 for 1 or 2
days. Expression of the nuclear proliferation antigen Ki67 (Figure A.7 a and b) and nestin
(Figure A.7 c) increased upon stimulation with mitogens, decreased after 4 days in
differentiation media, and continued to decline by 7 days in the same; while expression of
the neuronal commitment marker Tuj-1 (Figure A.7 d) was increased in a small fraction
of the cells in response to mitogens, peaked in differentiation media after 4 days (see also
Table A.1) and remained highly expressed at 7 days. However, re-exposure of
differentiated cultures to serum-containing medium induced a second wave of
proliferation evidenced by Ki67 (Figure A.7 a and b) and nestin (Figure A.7 c) re-
emergence in the cultures; concomitantly, Tuj-1 expression (Figure A.7 d) began to

decline immediately to levels below those observed after 7 days in NDM. Taken together,
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these findings indicate that the in vitro differentiated ADAS cell phenotypes induced by
the neuritizing cocktails NDM are relatively unstable. Mechanistically, this plasticity is
consistent with the possibility that NDM-treated ADAS cells lost their neurally-induced
phenotypes in situ after transplantation. To extend and confirm the observations that
neurally induced ADAS cells do not display characteristics of terminally differentiated
neurons, we exposed ADAS cell cultures to a 4-day treatment of VPA-supplemented N2
serum-free medium, conditions previously reported to induce terminal differentiation of
neural stem cells (Hsieh et al., 2004). Consistent with results obtained after exposure to
NDM, ADAS did not become terminally differentiated into mature neurons after
exposure to N2/VPA as evidenced by persistent expression of the transcription factor
NeuroD (Figure A.8, top panel) which is present in neuroblasts during the early stages of
neural lineage commitment (Amrein et al., 2004; Katayama et al., 1997). Moreover,
exposure to NDM induced outgrowth of processes in a subpopulation of the cells in the
culture; yet these cells continued to express Ki67 (Figure A.8, white ovals) much like
cells treated with the mitogenic cocktail EGF/FGF-2 in D10. In fact, proliferation arrest
in NDM-treated cultures was not evident in morphologically differentiated cells until
supplementation with agents that induce rapid and robust differentiation of neuroblasts
into mature neurons (i.e., all-trans retinoic acid and forskolin); under these conditions,
only flat fibroblast-like undifferentiated cells without processes continued to cycle
(Figure A.8, white rectangles). Together with results from experiments addressing
phenotypic stability, these findings suggest that neural induction of ADAS cells in vitro
prior to transplantation does not induce terminal differentiation of ADAS into mature

neurons. Given that morphological and molecular differentiation status of ADAS cells is
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determined by the strength and duration of the differentiation signal, supraphysiological

stimuli may be required for ADAS to undergo terminal differentiation and cell cycle exit.

ADAS cell cultures do not display spontaneous or evoked electrical activity in vitro.

Next, we investigated the extent to which morphological differentiation of ADAS cells
correlated with functional differentiation of ADAS cells into mature neurons. Upon
elevation of extracellular potassium to 20mM, a subset of morphologically differentiated
ADAS cells responded to depolarizing stimuli by increasing intracellular free calcium
concentrations as measured by increasing fluorescence intensity of the calcium indicator
fluo-4 (data not shown), consistent with published reports that ADAS obtained from
human processed lipo-aspirates express a delayed-rectifier type K+ current expressed
during early neuronal development (Ashjian et al., 2003). However, attempts to measure
spontaneous or evoked action potentials via intracellular recordings were unsuccessful.
Likewise, attempts to measure spontaneous neural network activity from ADAS cells
grown on multi-electrode arrays (MEAs) or evoked activity in response to glutamate (5
uM), the GABA A receptor antagonist bicuculline (20 uM), or trains of electrical
stimulation (0.75 V biphasic pulses, trains of 10 pulses repeated 5 times with 30 seconds
between pulse trains) in NDM or N2/VPA-treated cells were also unsuccessful (data not
shown) despite their differentiated morphology (i.e., extended processes) (Figure A.9).
Taken together, our findings indicate that terminal differentiation of ADAS cells into
electrically mature neurons does not occur in vitro under the conditions tested. In this

respect, our results are similar to those reported for multipotent skin-derived progenitor
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(SKP) cells which express neuro-glial markers but fail to progress from neuroblast to
neuron-like stages in vitro (Fernandes et al., 2006), possibly due to lack of electrical
stimulation (Waragai et al., 2006) or other critical signaling cues which may be possible

in vivo through interactions with endogenous cell populations.

ADAS cells express neurotrophic factors that protect dopaminergic neurons and

promote their survival.

We hypothesized that one mechanism by which transplanted ADAS grafts could
contribute to attenuated DA neuron loss after toxin-induced death without undergoing
terminal differentiation into DA neurons might be through production of trophic factors
at the site of injury that can protect DA neurons and promote their survival and/or
differentiation of endogenous progenitor populations into dopaminergic neurons. On the
basis of previous work (Milbrandt et al., 1998), we determined that the most likely
candidates to examine would be the glial-derived neurotrophic factor (GDNF) family
ligands (GFLs), brain-derived neurotrophic factor (BDNF), and nerve growth factor
(NGF) because multiple in vitro and in vivo studies have demonstrated their ability to
protect dopaminergic neurons and/or help repair a damaged nigrostriatal pathway. To test
this idea, we performed real-time quantitative PCR analysis (or RT-PCR in the case on
NTN) of ADAS cells proliferated in vitro in the presence of EGF/FGF-2 for the exact
amount of time as cells used in transplantation studies. We found that ADAS cells
express high levels of mRNA for BDNF, GNDF, and NGF relative to the levels normally

detected in rat brain (Figure A.10). All of these factors exert potent trophic and
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neuroprotective effects on nigral dopaminergic neurons (Hyman et al., 1991; Lin et al.,
1993; Stromberg et al., 1985). Levels of these neuroprotective growth factors were
generally highest in EGF/FGF-2 expanded cultures. These in vitro findings suggest one
possible mechanism by which autologous ADAS cell transplants might have mediated

neuroprotection.

DISCUSSION

Several studies to date have reported that Adipose-Derived Adult Stromal (ADAS) cells
from rats (Ning et al., 2006; Tholpady et al., 2003; Yang et al., 2004), mice (Fujimura et
al., 2005; Safford et al., 2002), rhesus monkeys (Kang et al., 2004), and humans (Ashjian
et al., 2003; Fujimura et al., 2005; Kang et al., 2003a; Safford et al., 2002; Zuk et al.,
2002) can be coaxed to differentiate into neuron-like morphologies and to express neuro-
glial markers in vitro. Importantly, our study is the first to demonstrate that in vitro neural
induction and stable terminal differentiation of ADAS cells into functionally mature
neurons in vivo are not necessary for ADAS cells to exert neuroprotective effects in
models of neurological injury and thus be considered viable tissue sources to treat
neurodegenerative diseases. It was somewhat surprising that the neuroprotective effects
achieved in our studies were derived from transplantation of a small number of naive or
neurally-induced ADAS cells (~40,000). However, neuroprotective effects in hemi-
parkinsonian rats have also been reported with small numbers of bone marrow-derived
stromal (BMSC) (Aggarwal et al., 2006; Dezawa et al., 2004; Hellmann et al., 2006). We

have not transplanted 6-OHDA-lesioned animals with ADAS cells at any other time-
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point during the lesion; but we predict that if ADAS cells can survive in the hostile
oxidative and neuroinflammatory environment of the SNpc during the first week after a
striatal 6-OHDA injection, they are likely to survive at a later date. Future experiments
will investigate whether delayed transplantation of ADAS cells affords similar

neuroprotective effects.

Ideally, viable sources for cell replacement therapies in neurological disease
would limit the magnitude of injury or degeneration or their sequelae, replace lost
neurotransmitters, secrete neurotrophic factors or neuromodulatory substances to promote
proliferation and survival of endogenous precursors, or promote restoration of function in
neural circuits. Successful outcomes of neural stem cell grafts in restoration of function
after 6-OHDA-induced nigrostriatal degeneration has been attributed to a combination of
neural differentiation and trophic factor production (Yasuhara et al., 2006) in large part
based on the observation that a large fraction of adult neural stem cells within
transplanted grafts retain detectable nestin expression and never fully mature post-
transplantation. Likewise, the in vivo neuroprotective effects of other cell types with
demonstrated in vitro multi-lineage potential, including mesenchymal stem cells (MSC)
(Scuteri et al., 2006), umbilical cord matrix stem cells (Weiss et al., 2006), and bone
marrow derived stromal cells (BMSCs) (Carvey et al., 2005; Garcia et al., 2004; Ye et al.,

2005), has been shown to be mediated in part through a mechanism of trophic support.

ADAS cells may have afforded neurohistological protection and ameliorated

functional deficits induced by the striatal 6-OHDA lesion through multiple mechanisms.
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Our findings from in vitro studies on neurotrophic factor gene expression suggest that
one likely mechanism by which both kinds of ADAS cell grafts may have contributed to
neuroprotection or attenuated dopaminergic dysfunction and neuronal loss in the 6-
OHDA rat model is through production of neurotrophic factors at the lesion site.
Consistent with this idea, NGF has been shown to promote survival of fetal ventral
mesencephalic cells and rescue dopaminergic neurons (Chaturvedi et al., 2006; Kavanagh
et al., 2006) and its mRNA expression in neurally-induced and naive ADAS cells was
approximately 2- and 30-fold, respectively that of total brain. Secretion of BDNF by
engineered fibroblasts transplanted into the striatum has been shown to attenuate loss of
dopaminergic neuron cell bodies within the SN pars compacta induced by striatal 6-
OHDA injection (Levivier et al., 1995). Notably, ADAS cells expressed this and other
potent dopaminergic survival factor in vitro. Specifically, BDNF and GDNF expression
in ADAS cells was 2- to 4-fold that of total brain; we posit that secretion of these potent
trophic factors in situ may have contributed to protection of vulnerable DA neurons.
Similarly, BMSCs engineered with Neurturin were reported to reduce striatal dopamine
deficiency and rotational behavior without significantly affecting 6-OHDA-induced TH-
neuron loss (Ye et al., 2007). In the future, it may in fact be possible to augment the
neuroprotective effects of ADAS grafts in the nigrostriatal pathway even further by
engineering them to secrete more of these factors. In support of this idea, human ADAS
grafts transduced with an adenovirus encoding BDNF improved functional deficits in a
model of stroke (Kang et al., 2003b). Other mechanisms that have been proposed to
explain the neurorestorative properties of ADAS cells in other studies include stimulation

of migration and proliferation of endogenous neural precursor populations to the lesion
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site and production of pro-angiogenic factors including VEGF, hepatocyte growth factor,

or TGFB (Rehman et al., 2004).

In summary, non-engineered ADAS cells may never replace neural stem cells or
embryonic cells as a source of multipotent neural progeny for cell replacement therapies
to treat CNS diseases. Nevertheless, the discovery that a stromal cell population residing
in adult adipose, a tissue of mesodermal origin that is readily accessible and easy to
harvest, displays molecular properties of neural progenitor cells in vitro and
neuroprotective properties in vivo has important basic science and clinical implications.
Critical advances in the field of neurorestorative medicine may soon be possible due to
the identification of adult adipose as a novel non-immunogenic and easy-to-harvest tissue
source that contains large numbers of cells with neuroprotective properties towards
dopaminergic neurons that can be expanded in vitro for autologous transplantation. In
addition to the inherent non-immunogenic properties of autologous ADAS grafts and
their demonstrated neuroprotective capacity, we predict that the latter could be enhanced
further by genetic engineering with GFLs. Alternatively, engineering of ADAS cells with
neuroimmune modulatory peptides may also warrant investigation in pre-clinical models
of PD in light of the overwhelming amount of recent evidence implicating
neuroinflammatory processes in the progressive degeneration of the nigrostriatal pathway

and development of PD in humans (reviewed in (Tansey et al., 2007; Whitton, 2007).
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Figure A.1. Immunocytochemical analyses of cellular marker expression in naive
and differentiated rat ADAS cells.

Representative examples of passage 3 naive and differentiated ADAS cells
immunostained for specific neural cell markers (See Materials and Methods). Treatments
were as follows: EGF/FGF-2 for 2 days; NDM: 2 days in EGF/FGF-2 plus 4 days in
NDM; N2/VPA: 2 days in EGF/FGF-2 plus 4 days in N2 supplement + 0.5mM VPA;
10ng/mL GDNF. Data shown are representative of six independent experiments. Scale
bar = 50 um.
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Table A.1
Markers D10 D10~> D10> D10> NSA Prolif>
Medium | EGF/FGF-2 | EGF/FGF-2 | EGF/FGF-2 | NSA
2d - NDM 4d | = N2/VPA | Differentiation
4d 4d
Fibronectin +++ +++ ++ ++ ++
Vimentin + ++ ++ + ++
Nestin* + ++ + + +
VE - + ++ ++ +
Cadherin*
Neuro D* - +/- ++ +++ +
Tujl* - +/- ++ ++ ++
NSE* - - ++ ++ ++
NeuN - - +/- +/- ++
MAP2b - - +/- +/- ++
GABA - - + +/- +/-
ChAT* - - +/- +/- +/-
TH* - - +/- +/- +/-
GFAP* - + +/- +/- +
S100p* - +/- +/- +/- +/-
04 - +/- +/- +/- +/-
SMA* ++ ++ +/- +/- ++
TrkB - - + + +
0X-42 - +/- - - -
p7SNTR - +/- - - +/-
MBP - - - - -
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Table A.1. Summary of Immunocytochemical analyses of cell marker expression in
naive (undifferentiated) and differentiated ADAS cells

* denotes that mRNA confirmed by real time QPCR. Studies were performed on ADAS
cells at passages 2 through 4.

+++ = robust expression in >50% of the cells
++ = strong expression in ~ 50% of the cells
+ = detectable expression in < 50% of the cells
+/- = detectable expression in small percentage (<10%) of the cells

- = no detectable expression
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Figure A.2
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Figure A.2. Immunocytochemical analyses of cellular marker expression in naive
and differentiated rat ADAS cells at passage 4.

Representative examples of naive and differentiated ADAS cells immunostained for
specific neural, glial, and endothelial cell markers (See Materials and Methods).
Treatments were as follows: EGF/FGF-2 for 2 days; NDM: 2 days in EGF/FGF-2 plus 4
days in NDM; N2/VPA: 2 days in EGF/FGF-2 plus 4 days in N2 supplement + 0.5mM
VPA; 1uM RA (retinoid acid); 10um Forskolin; 10ng/mL GDNF; 10ng/mL BDNF. Data
shown are from one of six independent experiments. Scale bars = 50 um.
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Figure A.3
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Figure A.3. Mitotracker labeled ADAS cells are detectable in unlesioned rat brain

MitoTracker Red-labeled ADAS cells in vitro, scale bar =50uM (a). MitoTracker-Red-
labeled ADAS cells (MTR) transplanted into unlesioned rat midbrain are detectable three
weeks after transplantation (b,c) (b, scale bar = 400um, c, scale bar = 200uM).
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Figure A.4
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Figure A.4. ADAS cell transplants attenuated loss of nigral and striatal tyrosine
hydroxylase immunoreactivity in 6-OHDA lesioned rats.

Comparison of midbrain dopaminergic (tyrosine hydroxylase-positive) cell bodies and
fiber immunoreactivity at 4 weeks post-lesion in control (unlesioned, n = 4), 6-OHDA-
lesioned (n = 4), 6-OHDA-lesioned with sham (n = 4) transplant, 6-OHDA-lesioned with
passage 2 naive ADAS cells transplant (n = 5), or passage 2 differentiated ADAS cells
transplant (n = 5). (a) Representative rostral midbrain sections from 6-OHDA/Sham and
6-OHDA/naive ADAS transplanted rats were stained with an antibody against tyrosine
hydroxylase (TH). The 6-OHDA-lesioned hemisphere in the sham-transplanted rat
displayed significant loss of TH-immunoreactivity in SNpc relative to the contralateral
(unlesioned) side whereas 6-OHDA-lesioned hemisphere of rat that also received a naive
ADAS cell transplant displayed significant sparing of TH-positive cell bodies and fibers.
Scale bar = 400 um. (b) Stereological estimates of nigral DA neuron number, and (c)
relative density of striatal TH-positive fibers confirm the neuroprotective effects of the
autologous grafts of naive and differentiated ADAS cells against 6-OHDA-induced loss
of nigral TH-positive dopaminergic neurons (see Materials and Methods). Values
expressed for neuron number and striatal density are group means + S.D. Values were
compared by one-way ANOVA followed by Tukey-Kramer HSD post-hoc test. Groups
with different letters are significantly different at p<0.05.
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Figure A.5. ADAS cell transplants attenuated rotational behavior in 6-OHDA
lesioned rats.

Rotational behavior was monitored for 20 minutes after amphetamine administration at
2.5 mg/kg i.p. (see Materials and Methods) as an indirect measure of striatal dopamine
depletion induced by 6-OHDA. 6-OHDA-lesioned rats that received passage 2 naive
ADAS cells (black diamonds, n = 5) or NDM-treated ADAS cells (black triangles, n = 5)
displayed attenuated amphetamine-induced rotational behavior compared to 6-OHDA -
lesioned sham-transplanted (black squares, n = 4) rats. Values expressed are the group
means + S.D. Values were compared by one-way ANOVA followed by Tukey-Kramer
HSD post-hoc test. Groups marked with an asterisk (*) are significantly different from
sham at p < 0.05.
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209

Stereological estimate of TH-positive neurons in SNpc one month post-

transplantation
Group Right SNpc Left SNpc (contralateral)
(ipsilateral)
Unlesioned
n=4) 8664 + 587 8829 + 1073
6-OHDA + Sham
n=4) 3361 + 300 9002 + 660
6-OHDA + Naive ADAS
(n=15) 7335 + 539 8488 + 520
6-OHDA + Differentiated
ADAS 7109 + 449 9115 £ 547

(n=3)
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Figure A.6. Transplanted ADAS cells engraft in 6-OHDA lesioned brains and
attenuate microglial activation.

(a) Mitotracker labeled ADAS cells in midbrain sections of rats lesioned with the
oxidative neurotoxin 6-hyroxydopamine (see Materials and Methods). (b) Expression of
the dopaminergic marker TH is not detectable in ADAS cells after transplantation. (c) In
merged images, the white box indicates a region with singly labeled (MTR-positive)
ADAS cells and the white oval indicates a region where MTR-labeled ADAS cells (red)
were in close proximity to TH-positive (green) neuron cell bodies. (d) Representative
images of OX-42-positive microglial staining in SNpc of unlesioned, 6-OHDA-
lesioned/sham-transplanted, and 6-OHDA-lesioned naive ADAS cell-transplanted
animals reveal attenuation of neuroinflammatory response in animals that received the
ADAS cell transplants compared to lesioned animals that received a sham-transplant. (e)
Quantification of microglial burden in SNpc, IOD = integrated optical density (see
Materials and Methods). Values are means + S.E.M . Values were compared by one-way
ANOVA followed by Tukey-Kramer HSD post-hoc test. Groups with different letters are
significantly different at p<0.05. Scale bars=200 um.
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Figure A.7
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Figure A.7. Stability of differentiated phenotypes of ADAS cells in vitro.

A survey of immunoreactivity for each protein marker was performed after the indicated
treatment conditions leading up to, during, and following differentiation with NDM
(black bars) or N2/VPA exposure (white bars) at high (40x objective) and low (10x
objective) magnification. Scores between 1 and 4 were assigned by investigators blinded
to the treatment based on fluorescence intensity and fraction of total cells expressing that
particular marker according to the following scale: 4 = intense immunoreactivity in many
(> 50 %) of the cells, 3 = strong staining in approximately 50% of the cells, 2 =
detectable staining in less than 50% of the cells, 1 = detectable staining in a small fraction
(< 10%) of the cells, 0 = no detectable immunoreactivity (Panels b, ¢, d). Independent of
which differentiation medium was used (NDM (black bars) or N2/VPA (white bars), See
Materials and Methods), results were similar for each of the different markers. (a)
Nuclear proliferation antigen Ki-67 expression (immunofluorescence) in ADAS cells
under the conditions indicated. (b) Relative expression of Ki-67 in ADAS cell culture
under the conditions indicated, (c) Relative expression of nestin in ADAS cell culture
under the conditions indicated. (d) Relative expression of Tuj-1 in ADAS cell culture
under the conditions indicated. Data shown are representative of two independent
experiments.
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Figure A.8
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Figure A.8. Cell cycle arrest and terminal differentiation of morphologically
differentiated ADAS cells requires exposure to retinoid acid and forskolin.

N2/VPA-treated ADAS cell cultures (passage 3) were immunostained with an antibody
against NeuroD. Persistent expression of Neuro D was detectable in both undifferentiated
(flatter) and in morphologically differentiated ADAS cells. Expression of nuclear
proliferation antigen Ki-67 was detectable in subpopulations of ADAS cells growing in
EGF/FGF-2 and in some morphologically differentiated ADAS cells exposed to NDM
(white ovals). Cell cycle arrest was achieved in morphologically differentiated cells only
after supplementation of NDM with RA and forskolin, as evidenced by presence of Ki67
only in non-differentiated cells (white rectangles). Treatments were as follows:
EGF/FGF-2 2 days, NDM: 2 days EGF/FGF-2 plus 4 days NDM; N2/VPA: 2 days
EGF/FGF-2 plus 2 days N2/VPA; NDM/RA/Forskolin: 2 days EGF/FGF-2 plus 4 days
NDM + 1uM RA/10uM Forskolin. Data shown are representative of three independent
experiments. Scale bar = 50 um.
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Figure A.9
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Figure A.9. ADAS cells did not display spontaneous or evoked electrical activity on
multi-electrode arrays (MEAs).

ADAS cells (passages 2 through 4) were plated into D10 on poly-D-lysine coated MEAs
to record spontaneous and evoked neural network activity as described previously (MEA
recordings were performed by Edward Keefer). Cells were proliferated in D10
supplemented with 10ng/mL EGF and 20ng/mL FGF-2. (a) 2 days in EGF/FGF-2 plus 4
days in N2 supplement + 0.5mM VPA. (b) 2 days in EGF/FGF-2 plus 4 days in NDM
supplemented with 1uM retinoid acid, and 1uM Forskolin 5uM. No basal or evoked
activity was measured despite the presence of cells with extensive process outgrowth.
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Figure A.10. ADAS cells express potent dopaminergic survival factors in vitro.

To investigate the growth factor expression profile of the cells relative to total brain
levels just prior to transplantation, ADAS cells were plated and treated as follows at
passage 2 or 3 prior to harvesting for real-time quantitative PCR analysis or in the case of
neurturin, for semi-quantitave RT-PCR analysis (see Materials and Methods). (a)
Expression of BDNF, GDNF, and NGF by ADAS was found to be higher than brain
levels. (b) Expression of NTN and VEGF by ADAS was found to be equivalent to that in
total brain; while expression of ART and CNTF was below that of total brain and PSP
was undetectable. Cells were grown in D10, grown in D10 then proliferated for 2 days in
D10 supplemented with 10ng/mL EGF and 20ng/mL FGF-2, or grown in D10,
proliferated in EGF/FGF-2, and exposed to NDM or N2/VPA for 2 days. Differences in
expression of mRNAs between rat brain and ADAS cultures were analyzed by single
factor ANOVA followed by Tukey’s post hoc test (GraphPad). Values expressed are
means +/- SEM normalized to rat brain (indicated by a solid horizontal line). Genes with
asterisks (*) are significantly different from brain at the level of p<0.05). Each condition
was plated in triplicate. Differences between each group and whole brain were analyzed
by single factor ANOVA followed by Tukey’s HSD post-hoc test (GraphPad). Values
expressed are mean mRNA levels relative to brain levels +/- SEM. Bars marked with an
asterisk (*) significant at the level p < 0.05).
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Abstract
Background: Complex interactions between genetic susceptibility and environmental
factors are thought to underlie the pathogenesis of Parkinson’s disease (PD). Although
the role of inflammatory processes in modulating risk for development of PD has yet to
be fully understood, prospective studies suggest that chronic use of nonsteroidal anti-
inflammatory drugs (NSAIDs) reduce the incidence of PD. Loss-of-function mutations in
the DJ-1 gene cause a rare form of familial PD with an autosomal recessive pattern of
inheritance; however, DJ-1-null mice do not display nigrostriatal pathway degeneration,
suggesting that environmental factors may be needed to induce neurodegeneration. Based
on recent reports that DJ-1-null astrocytes overproduce nitric oxide in vitro [2] and work
from our group demonstrating that a chronic inflammatory stimulus induce nigral DA
neuron loss in parkin -/- mice [1], we investigated whether loss of DJ-1 increases
vulnerability to inflammation-induced nigral degeneration in vivo.
Methods: We exposed young-adult wild type or DJ-1-null mice to repeated

intraperitoneal injections of low-dose lipopolysaccharide (LPS) or saline vehicle or to



intranasal soluble Tumor Necrosis Factor (TNF). We measured locomotor performance
using a variety of behavior tasks and then harvested their brains for molecular analyses of
microglial activation and oxidative stress and neurostereological analyses of DA neurons
(TH+ cells) and total neurons (NeuN+ cells) in substantia nigra pars compacta (SNpc).
Results: We found that DJ-1-null mice displayed enhanced neuroinflammatory responses
in the midbrain compared to wild type mice but neither group developed locomotor
deficits or nigral degeneration in response to chronic LPS injections or intranasal solTNF.
A survey of oxidative stress markers revealed no significant LPS-induced upregulation of
Parkin or anti-oxidant gene expression in D.J-/-null mice compared to wild type mice.
Conclusions: Our studies indicate that DJ-/-null mice do not display increased
vulnerability for inflammation-related nigral degeneration. We conclude that either DJ-1
does not have a critical role in protecting DA neurons against inflammation-induced
oxidative stress or there is compensatory gene expression in the midbrain of DJ-1-null
mice which renders them resistant to cytotoxic effects triggered by chronic

neuroinflammation.



Background

Over the last decade, a great wealth of new information has emerged to suggest
that inflammation-derived oxidative stress and cytokine-dependent neurotoxicity are
likely to contribute to nigrostriatal pathway degeneration [3-7], the pathological hallmark
of Parkinson’s Disease (PD) in humans. Post-mortem analyses of brains from PD patients
confirmed the presence of inflammatory mediators in the area of substantia nigra (SN)
where maximal destruction of vulnerable melanin-containing dopamine (DA )-producing
neurons occurs in PD patients [8-13]. . Signs of inflammation included activated
microglia and accumulation of cytokines (including TNF, IL-1B, IL-6, and IFNy) which
exert neurotoxic effects on DA neurons; and SN dopaminergic neurons may be uniquely
vulnerable to neuroinflammatory insults that enhance oxidative stress [7]. The higher
sensitivity of nigral DA neurons to injury induced by neuroinflammatory mediators may
be secondary to reduction of endogenous anti-oxidant capacity (i.e. glutathione
depletion). Pharmacologically, chronic infusion of various anti-inflammatory compounds
(including COX-2-selective NSAIDs or soluble TNF-selective inhibitors) rescues nigral
DA neurons from progressive degeneration and death [14-16]. These findings raise the
interesting possibility that environmental triggers initiate cytokine-driven
neuroinflammation and contribute to the development of Parkinson’s disease in humans.

Monogenic forms of PD have been linked to loss-of-function mutations in a
number of genes, giving rise to autosomal recessive parkinsonism [17], including
mutations in the E3 ligase Parkin and in DJ-1, a putative redox sensor that associates with
chaperones [18] and translocates to mitochondria during conditions of oxidative stress

[19-24]. In addition to its proposed role as a redox sensor [25], DJ-1 may also have



important functions as an RNA binding protein chaperone during the unfolded protein
response (UPR) to minimize protein misfolding and aggregate formation [26]. Although
DJ-1-null mice have been reported to be hypersensitive to MPTP [27] and display
abnormalities in dopaminergic function when exposed to paraquat [28], these mice do not
develop nigrostriatal degeneration [24, 29]. Interestingly, recent in vitro studies
implicated a role for DJ-1 in astrocytes as an important regulator of nitric oxide
production, raising the possibility that exposure to chronic inflammatory stress may
induce nigral degeneration in these mice. Therefore, the purpose of our study was to
investigate the extent to which loss of DJ-1 increases the vulnerability for inflammation-
induced nigrostriatal degeneration in vivo. To this end, we investigate the extent to which
repeated intraperitoneal injections of low-dose lipopolysaccharide (LPS) or intranasal
soluble Tumor Necrosis Factor (TNF) induced locomotor deficits, neuroinflammation,
enhanced oxidative stress, or nigral DA neuron loss in DJ-1-null or age-matched wild

type mice.



Methods

Animals

DJ-1-null mice were generated and characterized as described previously [24]. Prior to
these studies, DJ-1-null mice were bred onto a C57BL/6 background and back-crossed
for over ten generations. All mice were housed in a pathogen-free, climate controlled
facility in the Animal Resources Center at The University of Texas Southwestern
Medical Center at Dallas and given food and water ad /ibitum. All animal studies were
reviewed and approved by the Institutional Animal Care and Use Committee at The
University of Texas Southwestern Medical Center at Dallas in accordance with the

National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Systemic LPS administration

The regimen of LPS injections was chosen based on previous work from our group which
demonstrated this dose and frequency of LPS delivered i.p. triggered a
neuroinflammatory response in the midbrain and elicited nigral DA neuron loss in
Parkin-null mice [30]. Young adult (6-13 week old DJ-1-null mice on a C57BL/6
background and wild type littermate mice were given either 7.5 x 10° EU/kg
lipopolysaccharide (LPS) from Escherichia coli O111:B4 (Sigma-Aldrich, Saint Louis,
MO, USA) or 0.9 % sodium chloride (vehicle control, Braun Medical, Inc, Irvine, CA,
USA) injections intraperitoneally (i.p.) twice a week for 3 months (n=4-7) (Figure 1). An
additional group was given systemic LPS or vehicle for 3 months followed by a 3-month

wait period during which no additional i.p. injections were administered (n = 3-6 mice



per group). A final group was given systemic LPS or vehicle for 6 months with no wait
period (n=3-7 mice per group).Following the last i.p. injection, the animals were divided

into two sets and processed for either immunohistochemistry or QPCR (Figure B.1).

Intranasal TNF Administration
Murine soluble TNF (1-2 pl) was administered intranasally via an L-20 Pipetteman
(Rainin) twice weekly for the time indicated in each set of experiments at one of two

doses (T1= 0.5ng) and (T2= 5ng) in WT or DJ-1-null mice.

Behavior Testing
For all behavioral tests, mice (n = 8§ per group) were evaluated at baseline (before i.p.
injections began) and depending on the regimen again at 3 and 6 months after LPS or

saline administration.

Open-field. Open-field behavior in a glass container (diameter, 24.5 cm) was recorded for
5 min for evaluation of time spent moving and number of rearing events by an

investigator blinded to genotype and treatment history.

Narrow Beam walk. A narrow beam (1.1 cm diameter, 80.6 cm testing length) with a
home cage at one end was used. Initial training prior to treatment consisted of 3 sessions
of 3 trials per session for 4 consecutive days. Mice received additional training sessions
at 3 months and 6 months after the start of treatment regimen consisting of 3 sessions of 3

trials per session on one day. Testing was conducted the day after training and consisted



of one session of 3 trials. Average time to traverse the full length of the beam was

determined and used for data analysis.

Accelerating rotarod. A base speed of 20 rpm with an acceleration of 0.2 rpm/second was
used on the rotarod (Economex 0207-005 M, Columbus Instruments, Columbus, OH).
Mice were trained prior to treatment in 3 sessions of 4 trials each for 4 consecutive days.
Mice received additional training sessions at 3 months and 6 months after start of
treatment consisting of 3 sessions of 4 trials per session on one day. Testing consisted of
one session of 3 trials the day after training was completed. Latency to fall (seconds) was

calculated and used for data analysis.

Tissue Harvest

Following the last i.p. injection, mice in the 3-month, 3-month/3-month wait, and 6-
month treatment cohort (n = 4 mice per treatment group) were deeply anesthetized with
Euthasol then intracardially perfused with 0.1 M phosphate buffered saline (PBS) pH 7.4
supplemented with 0.1 % glucose and 1 U/mL heparin prior to rapid whole brain
removal. For quantitative real time polymerase chain reaction (QPCR), brain tissue was
microdissected into 4 regions on an ice-cold glass Petri dish: olfactory bulb (OB),
cerebellum (CB), ventral midbrain (MB) and cortex (CX) then snap-frozen in liquid
nitrogen and stored at -80°C until processed for RNA extraction. For
immunohistochemistry, mice in the 3-month, 3-month/3-month wait, and 6-month
treatment cohort (n = 7 — 8 mice per group) were perfused with 0.1M PBS followed by 4

% paraformaldehyde in PBS (pH 7.4). Brains (in the skull) were post-fixed overnight in 4



% PFA. Brains were dissected out then cryoprotected for 24 hr in 20 % sucrose in 0.1 M
PBS pH 7.4, embedded in Neg 50 (Richard Allen Scientific, Kalamazoo, MI), and frozen

in dry ice-cooled isopentane.

Quantitative Real-time Polymerase Chain Reaction

Total RNA was isolated from tissue samples using Tri Reagent® (Molecular Research
Center, Cincinnati, OH, USA), treated with DNAse I (Invitrogen, Carlsbad, CA), and
reverse transcribed to obtain cDNA. QPCR was performed using SYBR Green Master
Mix (ABI) on an Applied Biosystems Prism 7900HT sequence detection system as
described [31]. Primers for each gene (available upon request) were designed using
Primer Express Software (PerkinElmer Life Sciences, Wellesley, MA, USA) and
validated by analysis of template titration and dissociation curves. Results for QPCR
were normalized to the housekeeping gene cyclophilin B and evaluated by comparative
Cr method (user bulletin No. 2, PerkinElmer Life Sciences). RNA levels are expressed

relative to the wild type saline-injected (vehicle) mice.

Immunohistochemistry
Coronal serial sections (30 um thickness) were cut on a Leica CM 1850 cryostat and
placed on Superfrost/Plus microscope slides (Fisher Scientific). Sections on slides were

stored at -80° C until processed for immunohistochemistry.

Brightfield immunohistochemistry. Sections were stained for tyrosine hydroxylase (TH)

using published protocols [32, 33]. Sections were permeabilized in 0.3 % TritonX-100 in



PBS pH 7.4. Endogenous peroxidases were quenched with 1 % H,0, and non-specific
binding was blocked with 5 % normal serum (goat or horse, Equitech-Bio, Inc., Kerrville,
TX). Sections were incubated with primary antibodies against TH (rabbit polyclonal
diluted 1:2000, Chemicon International, Temecula, CA, USA), or neuronal nuclear
antigen (NeuN) (mouse monoclonal diluted 1:1000, Chemicon) overnight at room
temperature followed by biotinylated secondary antibody (goat anti-rabbit or horse anti-
mouse rat absorbed, or goat anti-rat [gG diluted 1:400, Vector Laboratories, Burlingame,
CA, USA) and NeutrAvidin-HRP (diluted 1:5000, Pierce Biotechnology, Inc., Rockford,
IL, USA). The tissue bound peroxidase activity was developed with a 0.024 %
diaminobenzadine (DAB, Sigma), 0.006 % H,0, in 0.05 M Tris-HCI buffer pH 7.6 for 20
min with or without nickel intensification. Tissue sections were dehydrated in a graded
series of ethanols, immersed in xylene, and coverslipped with Permount (Fisher

Scientific).

Fluorescence immunohistochemistry. Brain sections were stained for microglial markers
using a standard immunofluorescence protocol [14]. Auto-fluorescence was quenched in
0.2 M glycine in PBS pH 7.4, for 1 hr at room temperature. Sections were then
permeabilized in 0.3 % Triton X-100 with 1 % normal goat serum in 20 mM Tris-
buffered saline (TBS) pH 7.4. Non-specific binding was blocked with species-appropriate
1% normal serum in TBS. Sections were incubated overnight at 4° C with rat monoclonal
antibody made against mouse CD68 (diluted 1:150, Serotec, Raleigh, NC) and rabbit
polyclonal anti-TH (diluted 1:250, Chemicon) followed by Alexa-488 goat anti-rabbit

(Invitrogen) secondary antibody (Fab) or Alexa-594 goat anti-rat secondary antibody



(each at 1:1000 dilution, Invitrogen) for 4 hr at room temperature. Antibodies were
diluted in blocking buffer with 0.1 % Triton X-100. Washes were done in TBS with 0.2
% Triton X-100 (TBST). Following secondary antibody incubations, slides were rinsed
briefly with dH,O, then counterstained with Hoescht 33258 (at 1:20,000, Invitrogen) for
15 min, and coverslipped with aqueous mounting media with anti-fade (Biomeda Corp,

Foster City, CA, USA).

Stereological Analysis

The optical fractionator probe of Stereoinvestigator software (MicroBrightField, Inc.,
Williston, VT, USA) was used to obtain an unbiased estimate of TH-positive and NeuN-
positive neurons in the substantia nigra pars compacta (SNpc) and ventral tegmental area
(VTA) as per the atlas of Paxinos [34]. Stereologic parameters were as follows: counting
frame, 50 pm x 50 um; optical dissector: 20 um; grid size, 120 um x 160 um. For the
population size estimate (number of sections per animal), a target coefficient of error
(Gundersen’s m = 1) of less than 0.10 was considered acceptable. Neuron counting was

performed by two different investigators blinded to treatment history.

Striatal TH fiber density and densitometry

Coronal serial sections (30 um thickness) were cut between Bregma -1.22 to 1.70 on a
Leica CM 1850 cryostat and placed on Superfrost/Plus microscope slides (Fisher
Scientific). Tissue sections were immunostained for TH and developed using DAB as
described above. Images of striatum (caudate putamen) from 12 tissue sections per

animal were taken with a CoolSnap cf digital color camera mounted on a Olympus BX61



microscope. Exposure times were kept constant for all images. TH-positive fiber density
was determined using background corrected integrated optical density (IOD)
measurements for each section using an Alpha Innotech FluorChem FC2 imaging
workstation and software. All sections for each animal were averaged and group means

were used to compare between treatment groups.

Striatal DA and metabolites

Levels of striatal DA and its metabolites (DOPAC, HVA and 3-MT) were quantified by
HPLC with electrochemical detection. Mice were euthanized by carbon dioxide
asphyxiation and the striatum was immediately dissected on an ice-cold glass Petri dish,
weighed and stored at -80 until analysis. Frozen brain tissue was sonicated in 49
volume/weight (mg of tissue) of 0.1 M perchloric acid containing 0.2 mM sodium
metabisulfite and centrifuged at 20,000 rpm 20 minutes 4°C in a benchtop centrifuge to
clear debris. 20 uL of cleared supernatant was injected onto a C18 HPLC column and
separated by isocratic elution at a flow rate of 0.6 ml/min with MD-TM mobile phase
(ESA Inc, Chelmsford, MA). Neurotransmitter monoamines and metabolites were
detected using a BAS electrochemical cell set to a potential of +800 mV and compared to

external standards.

Statistics
Multiple-way analysis of variance (ANOV A) with significance level a = 0.05 were used
as indicated for each set of experimental data. Significant differences between groups

were further evaluated using Tukey’s HSD post hoc test. Kruskal-Wallis analysis was the



nonparametric statistical test used for testing equality of population medians of integrated

optical density measurements of striatal TH fiber density.

Results

DJ-1-null mice exposed to prolonged, serial low-dose systemic LPS do not develop
locomotor deficits

To test the hypothesis that DJ-1 regulates vulnerability to inflammation-related
nigral degeneration, we exposed wild type and DJ-1-null mice to various systemic LPS
regimens (Figure B.1). A number of behavioral tasks were measured at the time-points
indicated to investigate the extent to which the prolonged, serial low-dose systemic LPS
regimens induced locomotor alterations and subsequently various cohorts were sacrificed
as indicated for gene expression or immunohistological analysis of microdissected brain
tissue. To assess fine-motor performance, mice were subjected to the narrow beam-walk
test. Our results indicate that DJ-1-null mice chronically injected with LPS did not
display significantly slower average time-to-cross compared to saline-treated DJ-1-null
mice or either group of WT mice (Figure B.2A). To assess gross locomotion, we
measured rotarod performance. No differences were noted on rotarod performance
(Figure B.2B; p = 0.19) or open-field testing (data not shown). Thus, in the present
study, prolonged, serial i.p. injections of LPS or saline did not cause gross motor

abnormalities.

Chronic low-dose systemic LPS does not promote loss of nigral DA neurons in DJ-1-

null mice



We measured endpoint immunohistological outcomes for unbiased stereological
analyses of DA neuron number and total neuron number by staining midbrain sections
with the DA neuron marker TH and the pan-neuronal marker NeuN (Figure B.3).
Compared to similarly dosed wild type mice, DJ-1-null mice that received 3 months of
repeated low-dose systemic LPS did not exhibit significant reductions in TH positive or
NeuN positive neurons in the SNpc. Similarly, neither DJ-1-null mice nor wild type mice
that received 3 months of repeated low-dose systemic LPS followed by a 3-month lag
period or 6 months of repeated low-dose systemic LPS displayed significant reductions in
the number of TH positive or NeuN positive SNpc neurons (Figure B.3A). Levels of TH
and NeuN positive neurons were also unchanged in the ventral tegmental area (VTA)
(Figure B.3B).

To investigate whether repeated low-dose systemic LPS affected dopaminergic
terminals at the striatum, we stained striatal sections for TH. No decreases in striatal TH
fiber immunoreactivity were detectable in brain sections from DJ-/null mice treated with
low-dose systemic LPS for 3 or 6 months or for 3 months followed by a 3-month lag
period (Figure B.4B), densitometric analysis of multiple sections indicated the only
significant change occurred in DJ-1-null exposed to 3-month LPS which displayed an
increase in striatal TH-fiber density (Figure B.4A). To extend and confirm these
findings, we measured the tissue levels of DA and its metabolites in microdissected
striatum by HPLC and electrochemical detection. In agreement with the
immunohistological results, repeated low-dose i.p. LPS injections caused a detectable

increase in striatal DA content in D.J-1-null mice exposed to the 3-month regimen; no



changes in DA turnover were observed in any treatment group of either genotype (Figure

B.4C).

DJ-1-/- and wild type mice display similar neuroinflammatory responses in
midbrain in response to low-dose systemic LPS administration

To investigate the possibility that the lack of nigral neuron loss in LPS-treated
DJ-1-null mice may have been attributed to an attenuated neuroinflammatory response,
we used QPCR to measure the relative mRNA expression of TNF and CD45 in midbrain
and cortex in the mice from the 6-month treatment groups. We found that the DJI-null
mice displayed increased TNF mRNA in response to the LPS challenge in both midbrain
and cortex but an attenuated LPS-induced expression of CD45 compared to the wild type
mice in midbrain. Together, these data suggest that the repeated low-dose LPS injections
triggered similar midbrain neuroinflammatory responses in WT and DJ-1-null mice.
Based on previous work in which we found that Parkin function may influence
neuroinflammatory responses and vulnerability to inflammation-induced degeneration
(Frank-Cannon et al., 2008); we measured the levels of Parkin expression in both
genotypes. We found no differences in the levels of Parkin expression between genotypes

(Figure B.5SA, B).

DJ-1-null mice do not display basal upregulation of anti-oxidant genes in midbrain
or in response to low-dose systemic LPS administration
We next investigated whether the lack of nigral cell loss in DJ-1-null mice

following repeated, serial systemic low-dose LPS administration might have been



attributed to upregulation of anti-oxidant responses as a consequence of DJ-1 loss. We
used QPCR to measure the level of expression of key antioxidant genes implicated in
protection of DA neurons in the midbrain of WT or D.J-7-null mice that received 3- or 6-
month low-dose systemic LPS administration. Based on the current literature, we elected
to analyze the transcription factor NF-E2 related factor (Nrf2), which binds to the
antioxidant response element (ARE) to induce expression of antioxidant and phase 2
detoxification enzymes, NAD(P)H:quinone oxidoreductase (NQO1), heme-oxygenase-1
(HO-1), inducible nitric oxide synthase (iNOS), superoxide dismutase-1(SOD1), and
superoxide dismutase -2 (SOD2). We found no significant upregulation of oxidative

stress markers in either genotype or in response to LPS treatment.

Intranasal soluble TNF delivery does not promote nigral DA neuron loss in WT or
DJ-1-null mice

Because the repeated i.p. LPS injections failed to trigger nigral DA neuron loss in
DJ-1-null mice, we tested an additional inflammatory regimen designed to trigger
neuroinflammation directly in the olfactory bulb. We delivered rhodamine-labeled human
TNF (rh-TNF) intranasally to confirm uptake and transport by nasal epithelia (NE).
Immunofluorescence analyses of cryosectioned rostral and caudal tissues revealed
detectable uptake and transport of th-TNF in rostral sections of NE during the early time
points. As expected, the distribution of rh-TNF decreased in rostral sections and
increased in caudal sections as a function of time (Supplemental Figure B.S1). Because
TNF can induce cachexia, we investigated the extent to which intranasal TNF (inTNF)

administration decreased food and water intake. Murine soluble TNF was administered



intranasally twice weekly at one of two doses (T1= 0.5ng) and (T2= 5ng) for 1-wk
(Paradigm 1, P1) or for 2-weeks (Paradigm 2, P2) in WT or DJ-1-null mice. Food
consumption was monitored for 4-5 wks just prior to and during the inTNF dosing.
Results revealed no adverse systemic effects (i.e., loss of appetite or other cachexic
effects) (data not shown) after repeated systemic inTNF dosing. Upon confirmation that
inTNF uptake and transport did not elicit cachexic effects, we investigated the extent to
which inTNF dosing triggered an inflammatory response in the midbrain. We
administered three inTNF doses of 0.5 or Sng TNF followed by a 3-week wait then
measured inflammatory gene expression by QPCR. We found that DJ-/-null mice
displayed increased expression of TNF, CD45 and Cox-1 compared to WT mice, but
inTNF exposure did not increase these responses further to any significant extent (data
not shown).

Next we investigated whether the enhanced neuroinflammatory gene expression
in DJ-1-null mice resulted in detectable nigral DA neuron loss. Building on the intranasal
dosing paradigm, we subjected older (10-mo old) DJ-1null mice and age-matched WT
mice to an experimental regimen of inTNF dosing that included several boost doses and a
two-month lag time such that mice were on average 13 mos old at the time of sacrifice
(Figure B.7A). Stereological analyses to determine the extent to which the experimental
paradigm induced nigral DA neuron loss revealed no inTNF-induced nigral DA neuron
loss in mice of either genotype (Figure B.7B). Consistent with immunohistological
findings, measurements of striatal DA, DA metabolites and DA turnover (Figure B.7C)
as well as 5-HT (data not shown) by HPLC and electrochemical detection showed no

effects on DA or 5-HT metabolism.



Discussion

Although, DJ-1-null mice do not display loss of nigral DA neurons they display
deficits in dopaminergic function [24] which are further accentuated when exposed to
paraquat [28] and MPTP [27], suggesting a protective role for DJ-1 in mitochondrial
function and/or against oxidative stress. In support of this molecular model, DJ-1 has
been shown to translocate to mitochondria [21] in response to oxidative stress when key
cysteine residues become acidified [19] and to interact with multifunctional regulators of
transcription and RNA metabolism in the nucleus [35]. More recently, DJ-1 (but not
pathogenic mutants linked to familial parkinsonism) was shown to associate with a
number of different RNA targets in cells in an oxidation-dependent fashion, including
mitochondrial genes, genes involved in glutathione metabolism, and PTEN/PI3K
pathway components [26] which are consistent with studies implicating DJ-1 in
malignancies through suppression of PTEN-induced apoptosis and these interactions
have been confirmed in human brain [36].

In the last 10 years, a role for DJ-1 in regulation of inflammation-induced
oxidative stress was implicated by in vitro observations that i.p. LPS can increase DJ-1
expression in peritoneal macrophages robustly in response to NADPH oxidase-derived
ROS [37] and that DJ-1-null astrocytes overproduced nitric oxide when stimulated with
LPS [2]. However, we report here the unexpected finding that DJ-/-null mice do not
display increased vulnerability to inflammation-induced nigral degeneration when
exposed to repeated i.p. LPS injections or direct intranasal delivery of soluble TNF. We
speculate that compensatory gene expression in mitochondrial enzymes in DJ-/-null mice

[38] may be one possible explanation for their apparent resistance to inflammation-



induced loss of nigral DA neurons in vivo. Alternatively, it is possible that a longer lag-
time between the delivery of the inflammatory stimuli and the endpoint of the study
(greater than 3 months) might be required to uncover increased vulnerability to
inflammation-induced degeneration.

Previous work from our group demonstrated that the same serial regimen of low-
dose intraperitoneal (i.p.) LPS injections used in these studies triggered a modest
neuroinflammatory response in the central nervous system (CNS) in anatomical regions
that show early involvement in PD (olfactory bulb and midbrain) and not in areas that are
unaffected in the early stages of the disease. In addition, Parkin-null mice displayed
increased vulnerability to inflammation-induced degeneration of nigral DA neurons when
exposed to the same repeated i.p. LPS regimen used in these studies [1]. Importantly,
these findings indicate that Parkin loss increased vulnerability to inflammation-related
neurodegeneration [1] in contrast to their lack of increased susceptibility to oxidative
neurotoxins such as MPTP, 6-OHDA and methamphetamine [39-41]. Based on these
findings, we conclude that Parkin and DJ-1 have non-overlapping roles in protecting the

nigrostriatal pathway against a variety of specific neurotoxic stresses.
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Figure B.1. Schematic of systemic LPS administration regimens and measurable
outcomes.

Wild type and DJ-1-/- mice were given low-dose LPS or an equivalent volume of saline
vehicle twice a week intraperitoneally for the indicated times. Locomotor behavior was
evaluated before and during the course of treatment. Groups of animals were sacrificed as
indicated for biochemical and immunohistological analyses. IHC,
Immunohistochemistry.



Figure B.2

— ]

|||||| p=— _ T o
-lllllF " | 1 l.m .F- L S 1“
e & in k PP
i ©  : W= 772077777
.| EEREE ¢ 3] HEERRIIR,
midte : iz
a -l " o b
i .
P O
nl Tt
Sy e ....._.. W o _
o ”m - - @
=233 Ry . ¢ | ESEREIRERRE
T2 =z < zerrez
- - - L N L e N
i~ b - = ' m & Mm_ 2 8 3 8

(285) 5042 O} S . _"u._.u.m""_ (e} o) Aauaje

dmo dmaiima G

Baseline



Figure B.2. Fine-locomotor deficits in DJ-1" mice exposed to prolonged, serial
lowdose systemic LPS.

(a) No significant differences were detected between genotypes or treatment

groups on accelerating rotarod, suggesting no general malaise. Bars represent mean +
SEM; n=8 per group. (b) DJ-1"" mice display significantly prolonged time to cross on
narrow beam walk after LPS treatment regimens. Asterisks indicate significant
differences compared with saline-treated wild type and LPS-treated wild type group,
whereas double asterisks indicate difference from all other groups. The triangle indicates
a significant difference compared with LPS-treated wild type animals only.
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Figure B.3. DJ-1" mice do not display increased vulnerability to nigral DA neuron
loss induced by repeated low-dose systemic LPS compared to wild type mice.

Unbiased stereological analysis indicates that DJ-17" mice exposed to 3 months of low-
dose systemic LPS followed by a 3 month wait or mice exposed to 6 months of low-dose
systemic LPS do not display a significant reduction of TH or NeuN immunopositive
neurons in the SNpc. Error bars represent SEM, and the number of mice in each group is
denoted in parentheses (n). Asterisks indicate significant differences compared with wild
type, saline-treated animals by three-way ANOVA followed by Tukey’s HSD post hoc
test at p< 0.05.
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Figure B.4. Repeated low-dose intraperitoneal LPS injections does not cause loss of
striatal TH-immunopositive terminals or DA depletion in DJ-1-null or wild type
mice.

(a) Densitometric analysis of striatal TH fiber density (see Materials and Methods)
indicates no significant differences between genotypes or treatment groups. Bars
represent mean + SEM; n = 7-12 animals per group. (b) Representative striatal sections
stained for TH from mice in the 6 month treatment groups. (c) Striatal levels of DA and
its metabolite DOPAC were measured by HPLC and electrochemical detection.



Midbrain
Bt SN L v

Figure B.5

oS Partim

LCortex
- m -
o r

‘h,ﬁ 1’

%h.
%,

* _;} ?‘ % E * &
- 1% d 4 -
r g v
" !u— . —';E— &
= b + T
o



Figure B.5. DJ-1-null and wild type mice display similar neuroinflammatory
responses after repeated low-dose systemic LPS administration.

Real-time QPCR analyses of microdissected midbrain tissue measured expression levels
of neuroinflammation markers TNF and CD45 by QPCR in the ventral midbrain and
cortex of mice treated with low-dose systemic LPS for 6 months. Parkin mRNA was also
measured and found to be similar in both genotypes. Asterisks indicate significant
difference wild typeas indicated. Bars represent mean + SEM; n = 3— 4 animals per
group. Two-way ANOVA was performed with Bonferroni’s post hoc at *p < 0.05,
**p<0.01.
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Figure B.6. Oxidative stress responses to prolonged, serial administration of low-
dose systemic LPS are similar in DJ-1-null and wild type mice.

Real-time QPCR analyses of microdissected midbrain tissue measured expression levels
of Nrf2, HO-1, NQO1, iNOS, SOD1, and SOD2.
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Figure B.7. Schematic of intranasal TNF (inTNF) dosing paradigm in DJ-1-null and
wild type mice and effects on nigral DA neuron number and striatal DA.

(a) Schematic of experimental design. Wild type and DJ-1-null mice were given soluble
murine TNF at the indicated concentrations or an equivalent volume of saline vehicle
intranasally for the indicated times. Groups of mice were sacrificed as indicated for
biochemical (striatal DA measurements by HPLC) and immunohistological analyses
(unbiased stereological estimate of nigral DA neuron number). (b) Unbiased stereological
analysis indicates that D.J-1"" mice exposed to inTNF do not display a significant
reduction of TH or NeuN immunopositive neurons in the SNpc. Error bars represent
SEM, n=6-10 animals per group. Two-way ANOVA indicated no significant differences.
(c) Striatal dopamine (DA) and DA metabolites were measured by HPLC and
electrochemical detection. Error bars represent SEM, n=6-10 animals per group. Two-
way ANOVA, Bonferroni's post hoc ***p<0.001.
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Supplementary Figure B.S1. Uptake and transport of rhodamine labeled hTNF into
mouse nasal epithelial cells.

Rhodamine-labeled TNF (Rh-TNF) was used to confirm uptake and transport of
intranasally administered soluble TNF in nasal epithelia (NE) by immunofluorescence
analyses of cryosectioned rostral and caudal tissues. Rhodamine-TNF fluorescence
indicated detectable uptake and transport in rostral sections of NE by 12 hrs post
administration.
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