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ABSTRACT

THE EFFECTS OF VALPROIC ACID ON MOTOR IMPAIRMENT, OXIDATIVE
STRESS PARAMETERS, APOPTOTIC MARKERS AND EPIGENETIC
MECHANISMS IN A 6-HYDROXYDOPAMINE RAT MODEL OF PARKINSON’S
DISEASE

Parkinson’s Disease (PD) is characterized by the progressive loss of dopaminergic neurons
resulting in deteriorated motor activity in patients. Currently, there is only symptomatic
treatment; therefore, developing effective neuroprotective and neurorestorative therapies is
needed. Studies indicate neuroprotective effects of histone deacetylase inhibition in PD
models. Valproic acid (VPA), which is used in the treatment of epilepsy, is a histone
deacetylase inhibitor and there is limited information on the effects of VPA in PD. The aim
of this study is to use VPA post-acutely and compare its potential effects on neuronal
survival, motor activity, oxidative stress parameters, apoptotic mechanisms and histone
acetylation levels in the brain with the effects of gold standard therapeutic agent levodopa
in a 6-hydroxydopamine animal model of PD. The results of this study demonstrated that
VPA treatment decreased the number of apoptotic neurons and slightly increased the
number of dopaminergic neurons. VPA treatment reduced oxidative stress by decreasing
the level of malondialdehyde and increasing the activities of superoxide dismutase,
glutathione S-transferase and reduced glutathione. The phosphorylation of both p90RSK
and ribosomal S6 protein, which are involved in cell survival and proliferation process, are
increased in VPA treated groups. Furthermore, histone acetylation was slightly increased
in VPA treated groups. Although the locomotor activity parameters were slightly
improved, they were still lower than sham operated groups. Over all, these results indicate
that VPA may have therapeutic potential in the treatment of PD, but further research
should be performed in order to fully understand its limitations and potential therapeutic

effects.



OZET

6-HIDROKSIDOPAMIN SICAN PARKINSON MODELINDE VALPROIK ASIDIN
MOTOR AKTIVITE, OKSIDATIF STRES PARAMETRELERI, APOPTOTIK
MEKANIZMALAR VE EPiGENETIK MEKANIZMALAR UZERINDEKI
ETKILERI

Parkinson Hastaligi (PH), dopaminerjik noéronlarin 6lmesi sonucu hastalarin motor
aktivitesinin kotlilesmesi ile karakterize olur. Giinlimiizde yanlizca semptomatik tedavi
mevcuttur, bu sebeple norokoruyucu ve nororestoratif tedavi gelistirilmesine ihtiyag
duyulmaktadir. PH modellerinde yapilan ¢aligmalar histon deasetilaz inhibisyonunun olas1
norokoruyucu etkilerini gostermistir. Epilepsi hastalarinin tedavisinde kullanilan Valproic
asit, bir histon deasetilaz inhibitoriidiir ve PH modellerindeki etkisini arastiran kisith
sayida calisma mevcuttur. Bu ¢alismanin amaci, 6-hidroksidopamin PH hayvan modelinde
post akut olarak kullanilan valproik asidin; néronal sagkalim, motor aktivite, oksidatif stres
parametreleri, apoptotik mekanizmalar ve histon asetilasyonu iizerindeki etkilerini
giinimiiz tedavisindeki altin standart levodopa ile karsilastirmaktir. Bu ¢alismanin
sonuglari, valproik asit tedavisinin apoptotik ndron sayisini diislirdiigiinii ve dopaminerjik
ndron sayisint arttirdigini gostermistir. Valproik asit tedavisi malondialdehit seviyesini
diisiirerek ve superoksit dismutaz, glutatyon s-transferaz ve rediikte glutatyon aktivitelerini
arttirarak oksidatif stresi azaltmistir. Hiicre sagkalimi ve ¢ogalmasinda 6nemli olan p90
RSK ve ribozomal S6 protein fosforilasyonlart valproik asit tedavisi ile artmigtir. Ayrica
histone asetilasyonu da valproik asit tedavisi ile bir miktar artmistir. Lokomotor aktivite
parametrelerinde iyilesme goriilse de, kontrol gruplarina gore lokomotor aktiviteler diisiik
kalmistir. Bu sonucglar PH tedavisinde valproik asidin tedavi potansiyeli olabilecegini
gostermektedir, ancak valproik asidin tedavideki sinirlarin1 ve potansiyel etkilerini tam

olarak anlayabilmek i¢in ek ¢aligmalara ihtiya¢ duyulmaktadir.
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1. INTRODUCTION

1.1. THE ANATOMY OF THE BASAL GANGLIA

Basal ganglia comprise of a group of nuclei located deep in the cerebral hemispheres [1].
The nuclei are the striatum, globus pallidus, the subthalamic nucleus and the substantia
nigra (Figure 1.1). Basal ganglia control voluntary motor movements and dysfunction of
basal ganglia leads to many motor disorders such as Parkinson’s Disease and Huntington’s

Chorea [2,3].

Cortex Caudate
Nucleus

Subthalamic
Nucleus Substantia

Nigra

Globus Pallidus
Internal Segment

Figure 1.1. The anatomy of the basal ganglia.

The striatum consists of caudate nucleus and putamen. The caudate and putamen are
separated by an internal capsul in the primates, whereas in rats there is no internal capsul
[4]. The striatum receives glutamatergic input from cortex and sends inhibitory
GABAergic output to globus pallidus since 90 per cent of the neurons of striatum are

medium spiny neurons which produce y-aminobutyric acid (GABA) [5, 6]. The globus



pallidus includes an internal and external segment. While the globus pallidus external
segment sends GABAergic output to subthalamic nucleus, internal segment sends
GABAergic output to thalamus. Subthalamic nucleus is located between thalamus and
substantia nigra. It is the only nucleus that has glutamatergic projections in the basal
ganglia [7]. Substantia nigra lies below subthalamic nucleus and consists of substantia
nigra pars reticulata and substantia nigra pars compacta which has different histological
and functional characteristics. Substantia nigra pars compacta sends dopaminergic
projections to striatum, as substantia nigra pars reticulata sends GABAergic projections to

many brain regions [8].

1.1.1. Circuits Through the Basal Ganglia with Special Emphasis to Nigrostriatal
Pathway

The basal ganglia have two major circuits, direct and indirect pathway that control motor
movement. The dopaminergic modulation of these pathways has important functions in the
regulation of motor movement. Disruption of this modulation leads to hypokinetic or

hyperkinetic motor behaviors.

The direct pathway positively regulates motor behavior. When the cortical projections
excite stritatum via glutamate, the GABAergic neurons of striatum inhibits the GABAergic
neurons in globus pallidus internal. Therefore, ventrolateral thalamus receives less
inhibition (dis-inhibition) and thalamus sends excitatory glutamatergic projections to motor
cortex to facilitate movement [9]. On the other hand, the indirect pathway suppresses the
unwanted movements. The excited striatal neurons by cortical projections inhibit the
GABAergic neurons in globus pallidus external. Consequently glutamatergic neurons of
the subthalamic nucleus receives less inhibition (dis-inhibition) which results in more
excitation of the GABAergic neurons of globus pallidus internal. Therefore, glutamatergic
neurons in ventrolateral thalamus receive more inhibition and decreased excitatory activity

to motor cortex suppresses motor activity (Figure 1.2) [9,10].
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Figure 1.2. The direct and indirect pathways of the basal ganglia. Black arrows indicate
inhibitory GABAergic projections and red arrows indicate excitatory glutamatergic
projections. (GPe, globus pallidus external; GP1, globus pallidus internal; STN,
subthalamic nucleus; SNpc, substantia nigra pars compacta; D1, D1 receptor; D2, D2

receptor.

Dopamine has modulatory effects on these corticostriatal pathways. Dopamine is released
from the dendrites of the substantia nigra pars compacta dopaminergic neurons to the
striatum. Striatum interneurons have two dopamine receptors, such that dopamine has
excitatory effect via D1 receptors on direct pathway and inhibitory effects via D2 receptors
on indirect pathway [11]. The overall effect of dopamine is increased motor behavior. The

degeneration of the dopaminergic neurons leads to hypokinetic symptoms of Parkinson’s



Disease such as akinesia, bradykinesia, hypertonia, masklike face, postural instability,

since the stimulatory effect of dopamine on motor activity is disrupted (Figure 1.3).

Cerebral Cortex

l,@ Indirect

Pathway
D2 Sl el I
|
Striatum , !
Direct |
Pathway |
DI < - -- - T
11

GPe | GPi :;Kﬂ
©

STN | Thalamus

—3 Excitatory
—> Inhibitory

Figure 1.3. The disrupted direct and indirect pathways of the basal ganglia in PD. Black
arrows represent inhibitory GABAergic projections and red arrows are excitatory
glutamatergic projections. Dashed arrows indicate the loss of dopaminergic modulation,
thick arrows indicate increased output and thin arrows indicate decreased output. (GPe,
globus pallidus external; GPi, globus pallidus internal; STN, subthalamic nucleus; SNpc,

substantia nigra pars compacta; D1, D1 receptor; D2, D2 receptor.



1.2. PARKINSON’S DISEASE

Parkinson’s Disease (PD) is the second most common neurodegenerative disease
worldwide and the incidence is increasing with the aging population with a prevalence of
0.3 per cent in entire population and 2 per cent over the age of 65 [12]. PD was first
described by English doctor James Parkinson in his book ‘Essay on the Shaking Palsy’ in
1817 [13]. It is characterized by the progressive degeneration of the dopaminergic neurons
in substantia nigra pars compacta resulting in the loss of dopaminergic innervation to the
striatum [14, 15]. Epidemiological studies imply that environmental and genetic factors are
important in the development of PD. Although the pathogenesis of the disease is not fully
understood, mechanisms related to free radical stress, mitochondrial dysfunction,
apoptosis and protein aggregation are the major factors in the degeneration of
dopaminergic neurons. The major clinical features are bradykinesia, akinesia, tremor,
postural instability and dementia [16]. Currently, the available treatment of PD is only
symptomatic which focuses on the replacement of the dopamine in the brain so that novel
neuroprotective or neurorestrotive treatments are needed. Therefore, understanding the
molecular mechanisms of PD pathogenesis is crucial in the development of the novel

therepies for PD.

1.2.1. Clinical Features of Parkinson’s Disease

Although PD is known as a motor system disorder, it also has many non-motor symptoms
(Table 1.1.). Bradykinesia, rigidity, resting tremor, postural instability are the major motor
symptoms, whereas dementia, depression, sleep disturbances, constipation are some of the

non-motor clinical features of PD [17, 18, and 19].

Since there is no definite diagnostic test for PD, the diagnosis is made based on the clinical
symptoms of PD. The Hoehn and Yahr scale and the Unified Parkinson’s Disease Rating
scale (UPDRS) are the most frequently used rating scales for the diagnosis of the disease
[20, 21].



Table 1.1. A summary of the clinical symptoms of PD.

Motor symptoms Non-motor symptoms
Tremor, rigidity, postural instability Cognitive impairment
Bradykinesia Depression
Hypomimia Sensory symptoms
Shuffling gait Sleep disorders
Micrographia Dysautonomia
1.2.1.1.Motor Symptoms

Bradykinesia is the slowness of the movements and it is the most prominent symptom of
PD and other basal ganglia disorders [22]. Studies show that bradykinesia is highly
associated with the degree of dopamine loss in the brain and therefore, the disrupted motor
cortex activity [23, 24]. The patient finds it difficult to initiate and execute a movement,
also loses facial expressions [22]. The spontaneous movements (swallowing and eye
blinking) are decreased. Interestingly, when a patient is excited by an external stimulus, he

can easily make quick movements (kinesia paradoxica).

Tremor is the rhythmic movements of the body organs such as hands and most common
clinical symptom of PD. Tremor increases at resting state and decreases in action, writing
and mental concentration. The tremor frequency is 4-6 Hz. It can spread to other body

areas such as limbs, jaw, chin and legs [25].

Rigidity is the increased resistance of the passive movement of the limbs such as flexion

and extension which is associated with the increased muscle tone [26].

Postural instability is caused by the disturbances in the postural reflexes and occurs in the
late stages of PD [27]. To evaluate the degree of postural instability, pull test is performed
in which the patient is pulled back and forth from the shoulders. Postural instability is the

main cause of the hip fractures, as the patients fall frequently [28].



Speech abnormalities in PD patients are called as ‘tip-of-the-tongue’ phenomenon [29].
Furthermore, neuro-ophthalmological symptoms such as visual hallucinations and

decreased blink rate are commonly seen in PD patients [30].

1.2.1.2.Non-motor Symptoms

Non-motor symptoms of PD are important as they decrease the quality of life of the
patients. They generally occur before the diagnosis of the disease and include

neuropsychiatric symptoms, sleep abnormalities and autonomic dysfunction [31].

Depression, dementia, confusion, hallucinations and panic attacks are among the
neuropsychiatric symptoms of PD. Depression characterized by sadness, remorse and lack
of self-esteem is seen in 10-45 per cent of the patients [32]. PD patients have six fold
higher risk for dementia as compared with healthy people [33]. Furthermore, half of the
patients develop dementia 15 years after the disease diagnosis [34]. Interestingly, in PD
patients who have dementia, the hippocampal volume is decreased as in Alzheimer’s
disease [35]. Psychotic symptoms such as hallucination, delusion, delirium are seen in 40
per cent of PD patients and as the disease progresses they become more pronounced. Apart
from these symptoms, the use of dopaminergic drugs in the treatment of PD leads to many
obsessive-compulsive behaviors such as pathological gambling, craving for foods and

compulsive shopping [36].

Excessive sleepiness in daytime, rapid eye movement (REM) sleep behavior disorder,
vivid dreams are the major sleep disorders commonly seen in PD patients [37]. One of the
three PD patients suffers from REM sleep behavior disorder. REM sleep behavior disorder
occurs before the PD onset so it is considered as an important risk factor for PD
development. Violent dream contents are seen in PD patient such as talking, yelling,
punching and kicking which affect the patient adversely [38]. Excessive sleepiness in
daytime is another important marker for PD diagnosis and affects around 50 per cent of the

PD patients [39].

Bladder dysfunctions, sweating, dry eyes and sexual dysfunction are the major autonomic
dysfunctions in PD [40]. Furthermore, constipation is commonly seen in PD patients as

gastrointestinal symptom [41].



1.2.2. Etiology of Parkinson’s Disease

Although the exact cause of PD is still not understood, environmental, genetic, dietary
factors and ageing are strongly implicated in the etiology of PD. Probably the combination
of many factors is involved in the etiology and pathogenesis of PD since it is a complex

disorder [42].

1.2.2.1.Genetic Factors

Several genes (a-synuclein, parkin, UCHL-L1, PINK1, DJ-1, LRRK-2, ATP13A2 and
HTRA2) have been implicated in the pathogenesis of the Parkinson’s Disease (Table 1).
However, these genes are only responsible for around 30 per cent of the familial cases and

3 per cent of the sporadic cases of PD [43].

Table 1.2. Genes implicated in inherited PD [44].

Locus Gene Inheritance Function
PARK1 | oa-synuclein | Autosomal Dominant Lewy body
PARK?2 Parkin Autosomal Recessive Ubiquitin E3 ligase
PARKS UCHL-L1 Autosomal Dominant Ubiquitin C-terminal hydrolase
PARKG6 PINK1 Autosomal Recessive Mitochondrial kinase
PARK7 DJ-1 Autosomal Recessive Antioxidant
PARKS LRRK-2 Autosomal Dominant Mixed lineage kinase
PARK9 ATP13A2 Autosomal Recessive Unknown
PARKI13 HTRA2 Unknown Mitochondrial serine protease

Aggregated a-synuclein protein is the main component of Lewy Bodies in PD [45]. a-
synuclein is preferentially expressed in substantia nigra and composed of an N-terminal
amphipathic region, o hydrophobic middle region and an acidic C-terminal region. o-
synuclein is normally a presynaptic protein and has important functions in storage of
neurotransmitters and vesicle recycling [46]. However, the missense mutations (A53T,

A30P and E46K) of a-synuclein gene located in locus PARK1 disrupts its function and



cause Lewy bodies [47]. Studies show that dopaminergic neurons selectively affected by
the mutated a-synuclein since it preferentially expressed in dopaminergic neurons [48].
Some of the detrimental effects of abnormal a-synuclein to dopaminergic neurons are
disruption of vesicular trafficking [49], mitochondrial dysfunction [50] and impaired

microtubule-dependent trafficking [51].

Mutations in the parkin gene cause early-onset PD [52]. Parkin gene is an E3 ubiquitin
ligase which degrades the misfolded proteins and structurally has an N-terminal ubiquitin
like domain, a C-terminal RING domain and a central linker region in between [53].
Disruption of parkin’s ubiquitin ligase activity leads to the accumulation of the substrates
that should be degraded such as synphilin 1 which is important in Lewy body formation,

glycosylated form of a-synuclein, microtubule proteins and cell cycle proteins [54].

Ubiquitin carboxy-terminal hydrolase L1 (UCHL1) is a neuron specific ubiquitin C-
terminal hydrolase which degrades the damaged proteins. Mutation (I93M) in the UCHLI
gene disrupts the ubiquitin proteasome system and eventually toxic effects on

dopaminergic neurons occur [55].

Mutations in phosphatase and tensin (PTEN) homolog-induced putative kinase 1 (PINK1)
gene is associated with early-onset PD. PINKI structurally has an N-terminal serine
threonine kinase domain and a C-terminal auto regulatory domain [56]. Mutation of
PINK1 leads to dopaminergic degeneration as a consequence of mitochondrial
dysfunction, while the overexpression of PINKI prevents apoptosis by inhibiting

cytochrome c release from mitochondria [57].

Mutations in the DJ-1 gene cause 1-2 per cent of early-onset PD [58]. DJ-1 is widely
expressed in the brain with a specific localization to mitochondria and has important
antioxidant and chaperone activities [59]. Studies show that overexpression of DJ-1
protects dopaminergic neurons against oxidative stress induced neuronal death [60].
Furthermore, DJ-1 acts as a chaperone to disrupt a-synuclein aggregation and neuronal
death [61]. Interestingly, DJ-1 knockout mice show motor abnormalities such as

hypokinesia without significant dopaminergic neuron loss [62].

Leucine-rich repeat kinase 2 (LRRK-2) or dardarin gene is associated with late-onset PD.
LRRK?2 has a leucine rich repeat domain and a protein kinase domain [63]. LRRK2 protein

is mainly located in golgi apparatus, lysosome, mitochondria and plasma membrane.
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Mutation of LRRK?2 interferes with vesicle recycling and neurite outgrowth. Mutated

LRRK?2 is found to be localized to Lewy bodies in PD [64].

1.2.2.2. Environmental and Other Factors

A number of toxins such as pesticides, MPTP, cyanide, manganese and organic solvents
are involved in the development of PD. Furthermore, occupations, dietary intake and head
trauma are among the putative factors [65]. High fat diet and milk consumption are risk
factors in PD development. Interestingly, nicotine intake via cigarette smoking has
protective effects. Similarly, high coffee or tea consumption, alcohol intake and non-

steroidal anti-inflammatory (NSAID) drugs decrease the risk of PD (Table 1.3) [66].

Table 1.3. Putative risk factors directly or indirectly associated with PD.

Directly associated factors Indirectly associated factors
Pesticide exposure Smoking
Metals Caffeine intake
Increasing age NSAID use
Dietary factors Alcohol

Many studies indicate that pesticide exposure such as herbicides, insecticides, paraquat,
wood preservatives and dieldrin are widely associated with the development of PD by
disrupting mitochondrial electron transport and ATP synthesis [67]. Heavy metals such as
iron, manganese and lead can accumulate in substantia nigra and cause dopaminergic
neuron death by increasing oxidative stress. People working at certain occupations such as
farming, dry cleaning and metal degreasing have higher risk for the development of PD

[68].

Aging is one of the biggest risk factor for the development of PD. The prevalence of PD is
strongly associated with age as PD is seen in 1 per cent of the individuals over the age of
60 and 5 per cent of the individuals over the age of 80 [69]. Brain cells are particularly

affected from age related cellular damage, disrupted cellular repair and defense
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mechanisms. Furthermore, similar pathological features are seen amongst PD patient’s

brains and aging brains of older people [70].

1.2.3. Pathology of Parkinson’s Disease

The loss of dopaminergic neurons and the presence of Lewy bodies in substantia nigra pars

compacta are the major pathological features of PD [71].

The progressive loss of dopaminergic neurons results in loss of striatal dopamine amount.
Around 60 per cent of the dopaminergic neurons are lost which accounts for 80 per cent
loss of dopamine in the striatum until physiological symptoms emerge. The degeneration
of the dopaminergic neurons specifically occurs in the ventrolateral part of the substantia
nigra pars compacta [72]. However, the brain has compensatory mechanisms for the
degeneration of dopaminergic neurons. To compensate for the dopamine depletion, the
dendrites of the remaining neurons and dopamine production are increased; also D2
receptors in striatum are proliferated in PD brain. Furthermore, dopamine transporters are
down regulated to decrease dopamine reuptake thereby increase presynaptic dopamine
amount for compensation [73]. Apart from the dopaminergic neuron degeneration in the
nigrostriatal pathway, catecholaminergic neurons in the locus coeruleus, serotonergic
neurons in the raphe nuclei and neurons in dorsal motor nucleus of the vagus regions of the
brain are most affected in PD [74]. Of note, the loss of cholinergic neurons in the nucleus
basalis of Meynert is probably responsible for the dementia frequently seen in PD patients
[75].

The presence of Lewy bodies in PD brains was first identified by Frederich Lewy in 1912
[76]. Lewy bodies are round shaped, 5-25 um in diameter, eosinophilic inclusions with an
eosinophilic core structure. They are found in cell soma and neurites of degenerating
neurons specifically in substantia nigra, locus coeruleus, nucleus basalis of Meynert and
dorsal motor nucleus of the vagus [77]. Ubiquitin, cytoskeletal elements, cell stress
proteins, synaptic vesicle proteins and some enzymes are the protein components of Lewy
bodies. Importantly, abnormal aggregates of a-synuclein and associated synphilin proteins

are major components of Lewy bodies [78].
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Although the exact mechanism for the pathogenesis of PD is not known, several
mechanisms such as oxidative stress, mitochondrial dysfunction, protein aggregation and
misfolding, inflammation and loss of trophic factors all of which trigger cell death

mechanisms such as apoptosis have been suggested (Figure 1.4).

Genes: Environment:
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Figure 1.4. The possible mechanisms for the pathogenesis of PD.

1.2.3.1.Protein Aggregation and Misfolding

Aggregation and misfolding of a-synuclein is strongly implicated in the pathogenesis of
both sporadic and hereditary PD. a-synuclein is a natively unfolded protein specially

expressed in substantia nigra [79]. When it forms B-sheet oligomers through a process
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called fibrillation, it is precipitated and these aggregations form Lewy bodies [80].
Although the exact role of a-synuclein is not fully understood, according to studies
conducted in animals, it has important roles in synaptic plasticity and regulation of
dopamine neurotransmission [81]. Abeliovich et al [82], suggest that a-synuclein regulates
presynaptic release of dopamine. Furthermore, a study conducted in a-synuclein
overexpressing fly model of PD indicate that, nigrostriatal neuron degeneration and motor
impairment were induced due to a-synuclein overexpression [83]. Therefore, there is a
great interest for developing therapies to halt a-synuclein aggregation. In addition,
scientists are trying to figure out whether a-synuclein aggregation could be used as a

biomarker in the diagnosis of PD.

1.2.3.2.Lysosomal and Proteosomal Dysfunction

Lysosomal and proteosomal dysfunction are also important hallmarks in the pathogenesis
of PD. Lysosomes have proteolytic enzymes and function to degrade aggregated proteins
and damaged proteins. The dysfunction of ubiquitin proteasome system, which are
particularly controlled by Parkin and PINKI, leads to accumulation of defective
mitochondria and proteins such as a-synuclein [84]. Impaired lysosomal function causes o-
synuclein aggregation, decreased striatal dopamine, motor deficits and increased
dopaminergic degradation [85]. A study conducted in mice indicates that, lysosomal
dysfunction leads to dopaminergic degradation, but rapamycin treatment to reactivate
lysosomal function, decreases dopaminergic degradation by increasing the number of

active lysosomes [86, 87].

1.2.3.3. Inflammation

Inflammatory mechanisms are also implicated in the PD pathogenesis. The levels of
microglia and cytokines are elevated in PD brains [88]. Studies show that anti-
inflammatory agents decrease dopaminergic degeneration. An epidemiological study
indicates that the incidence of PD is decreased by approximately 45 per cent, by the
chronic usage of nonsteroidal anti-inflammatory drugs [89]. Microglias are normally in

resting state in the brain, but when they are activated they are involved in the inflammatory
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processes. In PD brains, specifically in substantia nigra and striatum, the microglia levels
are significantly elevated [90]. Importantly, reactive microglias increase superoxide
radicals which lead to increased amounts of oxidative stress and subsequent dopaminergic
cell death [91]. Of note, inflammatory cytokines such as tumor necrosis factor alpha,
interleukin-1 and interleukin-6 are seen in PD brains. McGeer et al report that [92],
inflammatory cytokine levels have been elevated in PD brains specifically in basal ganglia

region.

1.2.3.4.Mitochondrial Dysfunction

Mitochondrial dysfunction is strongly implicated in PD pathogenesis. The importance of
the mitochondria in PD pathogenesis was first understood when it is found that
mitochondrial toxins such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and
paraquat may cause Parkinsonism. Langston et al [93], showed that MPP+ which is a toxic
metabolite of a synthetic drug MPTP, is selectively taken up by dopaminergic neurons and
causes parkinsonism. Studies with autopsy tissues of PD patients revealed that
mitochondrial complex I activity is significantly diminished [94]. Complex I also known as
nicotinamide adenine dinucleotide coenzyme Q reductase is a part of electron transport
chain and involved in oxidative phosphorylation and ATP production. During electron
transport, electrons may escape and form superoxide anions. Therefore, mitochondrial
dysfunction causes oxidative stress and insufficient energy supply which are detrimental
for dopaminergic neurons [95]. In addition, mitochondrial DNA is more susceptible than
nuclear DNA such that mutations are more frequently seen. Dopaminergic neurons in
substantia nigra pars compacta have elevated amounts of mitochondrial DNA mutations
[96, 97]. Apart from the cause of mitochondrial defect, in the end mitochondrial membrane
potential is disrupted in a way that death proteins are released and apoptosis occurs [98].
Therefore, mitochondrial dysfunction has tremendous effects in dopaminergic neuron

degeneration and is subject of intensing research.
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1.2.3.5.Oxidative Stress

Oxidative stress occurs as a result of the disruption of the balance between oxidants and
antioxidants for the benefit of oxidants. Loss of protective mechanisms and increased

levels of reactive oxygen species play detrimental roles in PD pathogenesis.

Reactive oxygen species such as hydrogen peroxide (H,O,), hydroxyl radical (OH.),
superoxide anion (O;-.) occur during the cellular metabolism and overproduction of them
causes oxidative stress. In normal physiological conditions, enzymatic antioxidants such as
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GTPx) and
glutathione-s-transferase (GST) fight with reactive oxygen species [99]. As discussed, as a
result of the damaged mitochondrial complex I activity, electrons escape from the system
to form superoxide anions. Superoxide anions are very toxic to the cells and they are
converted to less toxic hydrogen peroxide (H,O,) by superoxide dismutase in a reaction
called dismutation [100]. Hydrogen peroxide is then reduced to water by other enzymatic
antioxidants, catalase and glutathione peroxidase [101, 102]. Since glutathione is the
substrate for the glutathione peroxidase catalyzed reactions, GSH:GSSG ratio is an
important indicator of the redox state of the cell. Increasing amounts of hydroxyl radicals
are formed as a result of the decreased GSH:GSSG ratio. Glutathione-s-transferases [103]
are involved in the inactivation process of the secondary metabolites of oxidative reactions

such as unsaturated aldehydes (Table 1.4).

Table 1.4. Major antioxidant enzymes and summary of the catalyzed reactions.

Antioxidants Catalyzed reaction

Superoxide dismutase (SOD) M™Y.SOD + 0,” — M"-SOD + O,

M™-SOD + 0, +2H" — M™P*.SOD + H,0,
Glutathione peroxidase (GTPx) 2GSH + H,0, — GSSG + 2H,0

Catalase (CAT) 2H,0, — O, + 2H,0

Glutathione-s-transferase (GST) RX + GSH — HX + R-S-GSH
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On the other hand, in excess amounts of metals such as iron, hydrogen peroxide can be
broken down to hydroxyl radicals (OH') in Haber-Weiss and Fenton reactions causing

further damage to the cells (Table 1.5).

Table 1.5. Haber-Weiss and Fenton reactions

Haber-Weiss Fe’" + 0, — Fe’" + 0O,

Fenton reaction Fe”" + H,0, — Fe’" + OH + «OH

The activity of mitochondrial isoform of SOD (SOD?2) is increased in PD brains, but there
is no significant change in cytosolic SOD. This elevated activity indicates high amounts of
reactive oxygen species in PD brains since SOD is in the first line of antioxidant defense
system. It is also interesting to note that, high concentrations of mitochondrial isoform of
SOD probably indicate mitochondrial dysfunction is responsible for the increased amounts
of SOD [104]. On the other hand, the activities of glutathione peroxidase and catalase are
found to be lower in PD brains [105, 106]. Decreased levels of glutathione is also found in
substantia nigra pars compacta of PD patients [107]. Numerous studies demonstrate the
involvement of excessive amounts of iron in substantia nigra pars compacta of PD brains,
iron levels are higher in substantia nigra pars compacta as compared with other brain
regions [108]. The GSH/GSSG ratio is also decreased in PD brains, contributing to

hydroxyl radical formation and leading to further degeneration of dopaminergic neurons.

All of these pathologic features lead to overproduced reactive oxygen species that have
deleterious effects on cellular macromolecules such as proteins, lipids and nucleic acids.

Reactive oxygen species attack cellular macromolecules leading to their peroxidation.

Damage to the proteins lead to their peroxidation and they become more vulnerable to
proteolysis. It has been shown that protein carbonyl, which is a marker for protein

oxidation, is significantly increased in substantia nigra of PD brains of the patients [109].

Likewise, nucleic acids are very vulnerable to oxidative stress. Reactive oxygen species
cause modifications of DNA. Mutated DNA eventually leads to cell death via apoptosis. 8-
hydroxyguanosine which is a marker for oxidized nucleic acids (DNA and RNA) is found

to be higher in substantia nigra of PD brains [110].
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Furthermore, reactive oxygen species attack polyunsaturated fatty acids in a successive of
chain reactions causing lipid peroxidation. In the first step, hydroxyl radicals attack and
abstract a hydrogen atom from polyunsaturated fatty acids. A set of reactions are initiated
such that another hydrogen atom is abstracted from another lipid leading to formation of
numerous compounds. It is important to note that; a lipid peroxidation product
malondialdehyde can be easily measured from tissue and blood samples to measure the
level of oxidative stress. Lipid hydroperoxides, markers for lipid peroxidation, are found in
increased amounts in PD brains of patients [111]. Accordingly, increased levels of
thiobarbituric acid reactive compounds commonly seen in substantia nigra pars compacta

of PD brains, indicates lipid peroxidation [112].

Dopaminergic neurons are highly susceptible to oxidative stress due to their special
structural organization. Degradation of dopamine itself is an important source of oxidative
stress (Figure 1.5). There are two main mechanisms for dopamine degradation as
enzymatic and non-enzymatic degradation. Monoamine oxidase (MAQ) enzymatically
degrades dopamine to produce hydrogen peroxide (H,O,) as by-product [113]. In normal
conditions, hydrogen peroxide is converted to water by glutathione peroxidase. Glutathione

peroxidase (GSHPx) uses glutathione (GSH) as a reducing agent in this process.

Unfortunately, glutathione is present in very low levels in substantia nigra pars compacta
as compared with the other regions of the brain. Therefore, hydrogen peroxide clearance
by glutathione peroxidase is very low in substantia nigra pars compacta [114]. Of note, as
the age increases, monoamine oxidase levels increase and glutathione levels further
decrease to cause selective dopaminergic neuron death. In addition, dopamine can be
degraded by auto-oxidation process. The non-enzymatic auto-oxidation of dopamine is
catalyzed by iron and hydroxyl radicals, superoxide radicals and hydrogen peroxide are

produced which further increase oxidative stress.



DOPAC |+| H)0, [ — | 6-OHDA
|
Fo2t GSH
Fentqn’s l S l
reaction ¥ 6SSG

Lipid Peroxidation

Protein Peroxidation
DNA damage

18

Figure 1.5. Schematic diagram of the toxicity of the dopamine metabolism in substantia

nigra pars compacta. DA, dopamine; MAO, Monoamine oxidase; H,O,, hydrogen
peroxide; GSHPx, Glutathione peroxidase; GSH, glutathione; GSSG, oxidized glutathione;
6-OHDA, 6-hydroxydopamine; DOPAC, dihydroxyphenylacetic acid.

1.2.4. Nigral Degeneration - Involvement of Apoptosis

Progressive degeneration of the dopaminergic neurons in substantia nigra pars compacta

leads to Parkinson's Disease. Although the pathogenesis of the disease is not fully

understood, mechanisms related to free radical stress, mitochondrial dysfunction and

proteosomal dysfunction are the major factors in the degeneration of dopaminergic

neurons.
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Neuronal death mainly occurs in two ways; as apoptosis and necrosis. Necrosis occurs in
response to external stimuli such as trauma or infection. It could be detrimental to the cell,
since the cell content is released into the extracellular space after the rupture of the cell
membrane [115]. On the other hand, apoptosis is a programmed cell death mechanism
which occurs in many organisms normally during development and aging and as a
homeostatic mechanism to maintain cell populations in tissues. Some prominent changes in
morphology of the cell occur during apoptotic process, such as cell shrinkage, nuclear
fragmentation, chromatin condensation, membrane blabbing. At the end phagocytosis
recognize the dying cell and remove it [116]. It is speculated that the decision to go to
apoptosis or necrosis is determined by the amount of oxidative stress. Huge amounts of
reactive oxygen species cause necrotic cell death in dopaminergic neurons, while trace

amounts of reactive oxygen species leads to apoptosis [117].

In the apoptotic process there are two main pathways termed the intrinsic and extrinsic
pathways. The intrinsic pathway is under the regulation of mitochondria. BCL-2 (B cell
lymphoma 2) family of proteins strictly regulates apoptotic process [118]. They are a large
class of proteins mainly divided into 2 subclasses as, anti-apoptotic and pro-apoptotic

BCL-2 proteins (Table 1.6).

Table 1.6. BCL-2 family of proteins

Antiapoptotic BCL-2 proteins Proapoptotic BCL-2 proteins
Effectors BH3 only proteins
BCL-2 BAK BID
BCL-XL BAX BIM
BCL-W BOK BAD
MCL-1 PUMA, NOXA

Pro-apoptotic BCL-2 proteins are also divided into two subclasses as follows; effectors and
BH-3 only proteins. Anti-apoptotic BCL-2 proteins bind to pro-apoptotic proteins to
neutralize their function and prevent apoptosis by inhibiting the formation of mitochondrial
outer membrane permeabilization (MOMP). On the other hand, pro-apoptotic proteins

increase the rate of apoptosis. Effector pro-apoptotic proteins are stongly involved in
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MOMP formation. Conformational changes and homo-oligomerization of BAX and BAK
proteins are crucial for MOMP formation as mutation of each of them prevents MOMP
formation [119]. The other subclass, BH3 only proteins, supports the functions of effector
proteins by sending apoptotic signals to them, also they try to inhibit the functions of anti-

apoptotic ptoteins.

Apoptotic cell death is a higly complex process which involves interactions of numerous
proteins as seen in Figure 1.6 [120]. Normally in the cell the anti-apoptotic Bcl-2 proteins
bind to Bax (BCL-2-associated X protein) or Bak (BCL-2 antagonist or killer) proteins and
neutralize their function. When an apoptotic stimulus comes, BH3 only proteins bind to
anti-apoptotic Bcl-2 proteins so that pro-apoptotic BCL-2 family proteins such as BAX or
BAK get free and come together in the outer mitocondrial membrane to form MOMP

(mitochondrial outer membrane permeabilization).

Following MOMP formation, intermembrane space (IMS) proteins such as cytochrome c,
second mitochondria-derived activator of caspase (SMAC) and OMI are released from the
mitochondria. Cytochrome ¢ binds to apoptotic protease activating factor 1 (APAF1) and
induces its oligomerization such that a hectameric structure is formed termed as
apoptosome. Apoptosome complex recruits the initiator procaspase 9 and activates it.
Caspase 9 in turn cleaves and activates executioner caspases, caspase 3 and caspase 7,
which leads to apoptosis. X-linked inhibitor of apoptosis protein (XIAP) inhibits the
activity of caspases. IMS proteins such as SMAC and OMI block the antagonizing activity
of XIAP.

In the extrinsic apoptotic pathway, the death receptors such as Fas or Tnf-a is involved.
When a ligand binds to its death receptor, the death domain in its cytoplasmic part is
exposed and recruits an adaptor protein. Adaptor protein then recruits procaspase 8.
Procaspase 8 proteolyticly cleaves and activates itself. The dimerized and activated caspase
8 either directly activates executioner caspases, caspase 3 and caspase 7 which leads to
apoptosis. Activated caspase 8 also activates BCL-2 homology 3 (BH3)-interacting domain
death agonist (BID) by cleaving it into tBID, which leads to crosstalk between intrinsic and
extrinsic apoptotic pathways [121].
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Detection of apoptotic neurons in PD is very difficult, because of the relatively slow rate of
substantia nigra pars compacta dopaminergic cell loss and the rapid clearance of apoptotic
cells. Apoptotic cell death only lasts for 1-2 hours and the rate of apoptosis is predicted to
be only 5 per cent per year [122]. In addition, neurodegeneration lasts for many years
before the symptoms occur in PD, such that apoptotic cells may be at very low quantities at
a certain time point. Therefore, fixation of brain tissue for detecting apoptosis may be long

after apoptosis occur in the dopaminergic neurons.

In the lights of these informations, many researchers have had hard time detecting
apoptotic neurons in postmortem PD brains [123, 124]. On the other hand, many other
researchers detected apoptotic neurons in PD brains using very sensitive methods and
microscopes. Mochizuki et al [125] were able to show apoptotic neurons by using very
sensitive  TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling)
method. They have demonstrated apoptotic neurons in eight out of eleven patients.
Likewise, many studies have shown the presence of the morphological signs of apoptosis
in substantia nigra of PD brains [126, 127]. Furthermore, Anglade et al [128] have
implicated the presence of apoptotic neurons in substantia nigra of PD brains by using
electron microscopy. Similarly, the molecular markers of apoptosis have been
demonstrated in PD brains. It is important to note that executioner caspase 3 is
significantly elevated in dopaminergic neurons of PD brains of patients [129]. Similarly,
increased amounts of initiator caspases, caspase 8 and caspase 9, have been shown in

substantia nigra of PD brains [130].

Given the difficulties in detecting the way of neuronal death associated with PD
pathogenesis by examination of post-mortem tissues, researchers have turned to in vitro
and animal models of the disease to understand the molecular mechanisms of apoptosis.
The majority of animal and in vitro models of PD demonstrate morphological apoptosis
and activation of caspases. In a MPTP animal model of PD, BAX has been reported to be
increased [131]. Of note, Bim expression is required for death in the MPTP animal model.
Another BH3-only protein, PUMA is induced and required for death in several in vitro
models of PD [132]. A genetically engineered mice lacking BAX, has been durable to
MPTP induced toxicity [133]. An elegant study demonstrated that, vectoral overexpression

of BCL-2 prior to 6-hydroxydopamine injection to the animals, increased the number of
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surviving dopaminergic neurons, indicating the importance of anti-apoptotic BCL-2

poteins [134].

These data emphasize the importance of apoptosis in the degeneration of dopaminergic
neurons in PD pathogenesis. A clear understanding of the molecular mechanisms of
apoptosis is very crucial in developing potential neuro-protective therapies for PD.
Therefore, a huge number of studies are going on to fully understand apoptotic process and

halt the degeneration of dopaminergic neurons in PD.

1.2.5. Therapeutic Approaches for Parkinson’s Disease

1.2.5.1. Pharmacotherapy

As discussed, decreased amounts of dopamine in striatum is a hallmark of PD, therefore,
the researchers target to bring dopamine amounts to normal conditions to alleviate the
motor symptoms. Levodopa discovery is a breakthrough in the treatment of PD and is
considered as a gold standard therapy [135]. In physiological conditions, tyrosine
hydroxylase converts tyrosine to L-dopa. Levodopa is then converted into dopamine by the
enzyme dopa decarboxylase therefore, it is a precursor for dopamine. It can cross blood
brain barrier but most of it is metabolized in the peripheral system. In order to increase the
bioavailability of levodopa in the brain, peripheral dopa decarboxylase inhibitors such as
carbidopa or benserazide are commonly used to prevent the formation of dopamine in
peripheral tissues since dopamine cannot cross blood brain barrier. After levodopa is
converted into dopamine, dopamine can be degraded by the enzymes such as cathecol-o-
methyl transferase (COMT). To overcome this, tolcapone or entacapone, which inhibits
COMT enzyme, is used as complement therapy to increase bioavailability of levodopa

[136].

Although levodopa is the gold standard therapy, it does not revert dopaminergic neuron
death. Therefore, motor complications occur when levodopa is used for a long time.
Involuntary movements such as dyskinesia are commonly seen in levodopa treated PD
patients affecting their quality of life. To overcome the motor complications, dopamine
agonists such as apomorphine, pergolide, pramipexole or ropinirole are used. As a

common practice, dopamine agonists are used in the first line of therapy to delay the onset
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of levodopa induced motor complications. On the other hand, dopamine agonist treatment
may lead to impulse control disorders such as gambling, pathological shopping and eating
[137]. In addition, MAO-B inhibitors such as selegiline or rasagiline are used to inhibit the
metabolism of dopamine and increase the effectiveness of levodopa. MAO-B inhibitors
may also be used as a monotherapy to delay the onset of levodopa, but have a limited

therapeutic effect [138].

1.2.5.2. Functional Neurosurgery

Surgical operations were widely used in the treatment of PD before the discovery of
levodopa. Many years after levodopa, in order to treat motor complications, again a
common interest occurred for surgical operations, as the techniques were improved. In
deep brain stimulation a medical device, which sends electrical signals to the specific parts
of the brain, is implanted to subthalamic nuclus, globus pallidus interna or thalamus. Deep
brain stimulation does not damage healthy brain tissue by destroying nerve cells. Instead
the procedure blocks electrical signals from targeted areas in the brain. Thalamus,
subthalamic nuclus and globus pallidus interna are main targets in deep brain stimulation.
Deep brain stimulation has two important advantages: The period of time the patient does
not give any response to medication is significantly decreased. In addition, it allows the
physician to reduce the dose of medication thereby decreasing its unwanted side effects
such as tremor, rigidity and bradykinesia [139]. Rodriguez-Oroz et al [140] has

demonstrated that the effect of deep brain stimulation lasts for four years.

1.2.5.3.Gene Therapy

Many clinical trials involve gene therapy approaches for the treatment of PD. Adeno-
associated viral vector serotype 2 (AAV2) is commonly used for the delivery of specific
genes into nigrostriatal pathway of the brain. In one clinical trial, aromatic amino acid
decarboxylase (AADC) is administered to the brain using AAV2. Aromatic amino acid
decarboxylase is responsible for the conversion of levodopa to dopamine and present in
low amounts in PD brain. Although it provides continuous expression of dopamine in

nigrostriatal pathway, it is not known how it will affect the motor complications occurring



25

in levodopa treatment [141]. Another trial investigates the effect of the delivery of the
glutamic acid decarboxylase, an enzyme which synthesizes an inhibitory neurotransmitter
y-aminobutyrate, to the subthalamic nucleus. The aim is to have an inhibitory response as
seen in deep brain stimulation [142]. Glial cell derived neurotrophic factor (GDNF) analog
neurturin is also delivered to nigrostriatal pathway. The main target is to provide

neuroprotection to dopaminergic neurons [143].

On the light of these informations, currently there is no known effective neuroprotective or
neurorestorative therapy for PD. Finding novel therapies that halt the degeneration of the
dopaminergic neurons and replace the degenerated neurons in the brain is the main target
of continuous research. Of note, discovery of biomarkers are also the target of increasing
number of research since biomarkers may be used to predict the disease before the

symptoms occur.

1.3. ANIMAL MODELS OF PARKINSON’S DISEASE

Experimental models of PD are commonly used to understand the possible pathological
mechanisms of the disease. In addition, they are also used to develop and test novel
therapeutic strategies. The target is to have animal models which extensively mimic
pathological and clinical characteristics of PD. To this end, neurotoxin induced, genetically

engineered and pharmacological models are used as animal models of PD [144].

1.3.1. Neurotoxin Induced Models

Various neurotoxins such as 6-hydroxydopamine, MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), rotenone and paraquate are used to mimic PD in animals. The entire
toxin based models increase reactive oxygen species production in the brain thereby
promoting dopaminergic neuron death. Each model has advantages and disadvantages over

each other as will be discussed in detail in the below sections.
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1.3.1.1.6-hydroxydopamine (6-OHDA) Model

6-hydroxydopamine (6-OHDA) is a catecholaminergic neurotoxin and also a by-product of
dopamine auto-oxidation. 6- hydroxydopamine is taken into the cell via dopamine

transporters (DAT) therefore, it particularly damage catecholaminergic neurons [145].

6-hydroxydopamine cannot cross blood brain barrier, therefore, it is stereotactically
injected into specific brain regions as follows, substantia nigra pars compacta, medial
forebrain bundle or striatum. When it is injected into substantia nigra pars compacta, the
degeneration of the dopaminergic neurons begin after 24 hours of injection [146]. On the
other hand, injection of 6-hydroxydopamine into the striatum leads to a more slow

degeneration pattern as weeks [147].

The 6-hydroxydopamine model is widely used to investigate the mechanism of
dopaminergic neuron death since it causes oxidative stress and mitochondrial dysfunction
which are strongly implicated in PD pathogenesis as well (Figure 1.7). Enzymatic
deamination of 6-hydroxydopamine by MAO leads to formation of H,O,. Fenton reaction
further increases the amount of various reactive oxygen species. It is important to note that,
non-enzymatic auto-oxidation of 6-hydroxydopamine further increases the levels of H,O,
and reactive oxygen species [148]. Furthermore, the concentration of iron in substantia
nigra pars compacta is significantly increased after 6-hydroxydopamine injection [149]. As
a result of these reactions, 6-hydroxydopamine increases MDA level which is a marker for
lipid peroxidation, while decreasing GSH and SOD activity which are antioxidant defense
mechanisms [150]. It has also been shown that 6-hydroxydopamine is toxic to
mitochondrial complex I. 6-hydroxydopamine also induces ROS dependent apoptosis in

dopaminergic cells [151].

The major drawback of this model is that no Lewy body like inclusions are seen the brain
in 6- hydroxydopamine model. In addition, 6-hydroxydopamine causes a dramatic loss of
dopaminergic neurons within hours, although in humans there is a progressive loss lasting

for years [152].



27

Plasma 6-OHDA
membrane @é—“"
MAO —
H0, | < | 6-OHDA
Fe?t
Fenton’s
|
Fedt
Mitochondria
OH:
>

Oxidative
Stress

Complex I inhibition
Mitochondrial outer
membrane
permeabilsation

Lipid Peroxidation

Protein Peroxidation
DNA damage
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Generally researchers prefer to inject 6-OHDA in one hemisphere while the other
hemisphere of the brain serves as an internal control. Studies indicate that bilateral
injections increase the rate of animal death after surgery. Although in human PD neurons

die bilaterally, unilateral injections of 6-OHDA is preferred as compared to bilateral
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injections when testing a therapeutic agent. Unilateral injections 6-hydroxydopamine cause
circling motor behavior after administration of the dopaminergic drugs such as
apomorphine, due to physiologic imbalance between the lesioned and unlesioned site
[153]. Subcutaneous injections of apomorphine cause contralateral rotations of the animal,
while amphetamine leads to ipsilateral rotations. The most important advantage of this
circling behavior is that, the number of turnings correlates with the severity of the lesion
and cell death. Therefore, 6-hydroxydopamine PD model may be a good model for the

discovery of novel therapeutics which specifically target survival of dopaminergic neurons.

Various other behavioral tests are used to assess the effect of 6-hydroxydopamine on motor
activities [154]. For example paw retraction test, adjusting steps test and forelimb use
asymmetry test are used to examine akinetic behavior of PD animals. Reaction time task
and catalepsy test are used for the assessment of motor activity initiation. It is important to
note that, locomotor activity test gives reliable data of the motor activities of the PD
animals since locomotor activity is under the control of dopaminergic pathways. In this
test, stereotypic, ambulatory, vertical activities and the distance travelled by the animal are
measured [155]. Distance travelled is the measurement of the area travelled by the animal
in the activity cage as centimeter. Stereotypic activity is the number of times the rat licking
the fore legs, moving them over its head and bites its own fur. Ambulatory activity is the
number of squares crossed in the activity cage. Vertical activity is the number of times the

rat stands on its hind feet.

1.3.1.2.MPTP Model

A synthetic drug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes PD in
humans [156]. Although rats are somehow resistant to MPTP toxicity, the systemic
administration of MPTP leads to PD in various animals such as mice and primates [157].
Of note, MPTP is able to cross the blood brain barrier. It is selectively taken up into the
dopaminergic neurons via DAT. Subsequently, MPTP is converted to its active form MPP"
by the activity of MAO. MPP" inhibits mitochondrial complex I which also results in
oxidative stress and cell death. Although a-aggregations are seen in MPTP animal models,

they are not similar to Lewy bodies seen in PD patients [158].
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1.3.1.3.Paraquat Model

Paraquat is an herbicide and a risk factor for human for developing PD [159]. It is a
lipophilic compound and it can also cross the blood brain barrier although it is limited and
slow. It is systemically injected to the animals. Paraquat selectively kills dopaminergic
neurons by inhibiting mitochondrial complex I. Of note, it causes LB like pathology and

decreased locomotor activity.

1.3.1.4.Rotenone Model

Rotenone is also an environmental toxin like paraquat. It is an insecticide which has
lypophilic properties. Systemically administered rotenone to the animals leads to
degeneration of dopaminergic neurons and PD [160]. It specifically inhibits complex I of

mitochondria. It also causes LB like structures and diminished motor activity.

1.3.2. Genetic Models

Although PD is a sporadic disease, a small number of patients have familial PD with an
earlier onset. Developing of genetically engineered animals is an interesting area of
research to study familial PD. To this end, in order to understand why mutations of specific
genes cause PD, the mutations of genes involved in PD etiology such as a-synuclein and

parkin are specifically expressed in animal models.

Controversial results are present between transgenic mouse and rat models over expressing
a-synuclein. A transgenic mice model over expressing a-synuclein has failed to show
dopaminergic degeneration. On the other hand, it clearly shows the presence of lewy body
like inclusions [161]. On the contrary, viral over expression of human a-synuclein in rats
leads to dopaminergic degeneration. In addition, lewy body like inclusions are present in

those models [162].

Further research is needed in order to extensively understand the genetic basis of PD and

discover new therapeutic approaches.
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1.4. RIBOSOMAL S6 KINASE (RSK) FAMILY

Ribosomal S6 kinase (RSK) is a family of serine threonine kinase which has important
functions in cell proliferation, differentiation, survival and motility [163]. RSKs are
regulated by Ras/mitogen-activated protein kinase pathway (MAPK) and have two main
classes p90RSK (MAPK-activated protein kinase) and p70RSK (s6 kinase).

1.4.1. Phospho p90RSK Protein

p90RSK family has three isoforms all of which are highly conserved. p90RSK (MAPK-
activated protein kinase) have two distinct kinase domains namely N-terminal kinase
domain which phosphorylates substrates and C-terminal kinase domain which is
responsible for auto-activation. These two kinase domains are connected via a linker

region [164]. The phosphorylation sites of p90RSK are depicted in Figure 1.8 in detail.
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Figure 1.8. Schematic representation of the structure of RSK proteins. Ser, serine; thr,

threonine.

When a stimulus such as growth factor, hormone or neurotransmitter is present, MAPK
cascade is initiated upstream of RSK (Figure 1.9). Growth factor receptor-bound proteins
(GRB2) serves as an interaction between auto-phosphorylated and activated receptors and
guanine nucleotide-exchange factor son of sevenless (SOS). GTP-bound Ras via a
reaction catalyzed by SOS, binds and activates Raf protein kinases. Activated Raf kinase in
turn activates mitogen activated protein kinase kinase (MEK 1/2) via phosphorylation.

Phosphorylated MEK 1/2 subsequently phosphorylates extracellular signal regulated
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kinases (ERK 1/2). ERK 1/2 then phosphorylate and activate C-terminal kinase domain of
RSK which subsequently auto-phosphorylates hydrophobic region of RSK. Then, PDKI,
which is a serine/threonine kinase, interacts with phosphorylated hydrophobic domain to
phosphorylate N-terminal kinase domain. The active N-terminal kinase domain targets and
phosphorylates various downstream targets such as; NF-xB, CREB-1 and ribosomal

protein S-6 (rpS6) [165-168].
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Figure 1.9. Schematic representation of the RSK activation. GRB2, Growth factor
receptor-bound proteins; SOS, guanine nucleotide-exchange factor son of sevenless; MEK
1/2, mitogen activated protein kinase kinase; ERK 1/2, extracellular signal regulated

kinases.
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Activated p90RSK phosphorylates and inactivates pro-apoptotic protein BAD thus inhibits
apoptotic pathways and DNA fragmentation [169]. It is important to note that, activated
p90RSK proteins also inhibit apoptotic proteins such as BIM, p53 and caspases.

Neise et al [170], also demonstrated that inhibition of p90RSK leads to apoptosis via p53
independent accumulation of p21 protein. On the other hand, in PD, the role of p90RSK is
not extensively studied therefore, there is limited knowledge. Activation of p90RSK
prevents 6-hydroxydopamine-induced apoptotic death in SH-SYSY cells through MEK1/2-
ERK1/2 mediated pathways [171]. Therefore, p90RSKs are strongly implicated in cell
survival processes by inhibiting cell death mechanisms. Further research should be done in

order to fully understand the role of RSK proteins in the pathogenesis of PD.

1.4.2. Phospho Ribosomal S6 Protein

Either phosphorylation of p90RSK (Ser380, Thr359, Ser363) or p70 S6 kinase
(Ser235/236) leads to their activation as discussed, which in turn leads to phosphorylation
of the S6 ribosomal protein. Phosphorylated S6 ribosomal proteins increase the translation
of mRNAs which encode proteins involved in cell cycle progression and translational
process such as ribosomal proteins. The phosphorylation sites are Ser235, Ser236, Ser240,
Ser244 all of which are located in carboxy terminal domain [172]. Various studies indicate
that the phosphorylation of ribosomal s6 protein is involved in synaptic plasticity [173].
There is limited knowledge about the role of ribosomal S6 protein in PD, so that further

research should be conducted in this area.

1.5. EPIGENETIC MECHANISMS

The modification of gene expression without alteration of DNA sequence is named as
epigenetic mechanisms. Epigenetic mechanisms include DNA methylation and histone
post translational modifications. During DNA methylation, DNA methyltransferases
covalently add methyl groups to 5’ position of the cytosine residues within CpG
dinucleotide. Post translational histone modifications include acetylation, methylation,
phosphorylation, ubiquitination, and ADP-ribosylation [174]. Epigenetic mechanisms may

be influenced from environmental, factors such as chemical, nutritional or social factors
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[175]. Increasing number of studies indicate the important role of epigenetic mechanisms
in PD pathogenesis [176]. Therefore, it is an interesting area of research to develop new

therapeutic agents for PD treatment.

1.5.1. Histone Modifications

There are 5 types of histone molecules as follows; H1, H2A, H2B, H3, H4 and H5. Two of
each H2A, H2B, H3, H4 proteins form the core octomeric structure. DNA (147 base pairs)
is then wrapped around this core structure in order to form nucleosome. The role of H1 is
to hold this nucleosome complex together. This densely packaged histone proteins and

DNA form chromatin [177].

Among the post translational modifications of core histone proteins acetylation is
particularly important. Histone acetylation is controlled by two enzymes as follows;
histone deacetylases (HDACs) and histone acetyltransferases (HATs) [178]. Histone
acetyltransferases transfers an acetyl group from acetyl Co-A to lysine residues in histone
tails so that N-acetyl lysine is formed. This acetylation neutralizes the positive charge of
the histone tails thus reducing the ionic interaction between DNA and histone proteins.
Therefore, histone tail acetylation is associated with chromatin relaxation and
transcriptional activation. Because positively charged lysine residue is neutralized and its
interaction with negatively charged phosphate residue of DNA is disrupted. On the other
hand, histone deacetylation is mediated by histone deacetylases (HDACs) which removes
the acetyl groups. Thus histone deacetylation is related to a more condensed chromatin
state and transcriptional repression. The relaxed chromatin also known as euchromatin
leads to gene transcription, whereas condensed chromatin also known as heterochromatin
represses gene transcription [179]. Therefore, the balance between the activities of histone
deacetylases and histone acetyltransferases is important in the regulation of genes. There
are four classes of histone deacetylases. Histone deacetylases target various non-histone
proteins such as transcription factors, cytoskeleton proteins and cellular proteins as well

[180].

Histone deacetylase inhibitors are particularly important in PD. Increasing number of
studies show the effectiveness histone deacetylase inhibitors in treatment of

neurodegenerative disorders. Promising studies show that histone deacetylase inhibitors
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increase the acetylation levels in the brain and provide neuroprotection via affecting many
genes involved in cell cycle regulation, apoptosis and DNA repair process. A recent study
showes that class I/Il histone deacetylase inhibitors blockes Bax-dependent apoptosis in

mouse cortical neurons via both p53 dependent and independent mechanisms [181].

Valproic acid (VPA) is a class I and class Ila inhibitor HDACs, but not class IIb [182].
Valproic acid has been used in the treatment of epilepsy, migraine, schizophrenia and
bipolar disorders. It can cross blood brain barrier. Its bioavailability is 100 per cent in
human beings, but a bit lower in rodents. It is important to mention that, valproic acid has
well established pharmacokinetic and pharmacodynamic properties. It increases GABA
activity, blocks Ca and Na channels and decreases NMDA mediated excitatiton [183, 184].
In addition, there are several studies on the valproic acid’s effect on dopamine levels. A
chronic treatment leads to increased amounts of dopamine in rodents [185]. Valproic acid
treatment prevents MPP+-induced death of dopaminergic neurons in an in vitro model of
midbrain neuron-glia cocultures [186]. Importantly, Kidd et al [187] showed that,
prophylactic valproic acid treatment has protective effects in a MPTP mouse model of PD.
Of note, it is commercially available, cheap and easy to use. All of these data make it

tempting to test the efficacy of valproic acid in the treatment of PD.

1.6. AIM OF THE STUDY

Increasing number of studies indicate that histone deacetylase inhibition has potential
neuroprotective effects in both in vivo and in vitro models of brain disorders. Valproic
acid, which is used in the treatment of epilepsy and bipolar disorder, is a histone
deacetylase inhibitor. Although there are many studies regarding the neuroprotective
effects of histone deacetylase inhibitors in various in vitro models of Parkinson’s Disease,

there is limited information on the potential effects of the valproic acid in in vivo models.

The hypothesis of this study is that, valproic acid will be an adjuvant therapy to levodopa
for the treatment of PD. To test this hypothesis, valproic acid was used post acutely to
compare its potential effects with the effects of gold standard therapeutic agent levodopa
on neuronal survival, motor activity, oxidative stress parameters, apoptotic mechanisms
and histone acetylation levels in the brain in a 6-hydroxydopamine animal model of

Parkinson’s Disease.
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In the light of this target, surgical operations were completed with a stereotaxic frame. All
rats were evaluated for apomorphine induced rotations to validate the model. Stereotypic,
ambulatory, vertical, horizontal motor activities and distance travelled by the animal were
measured with an activity monitoring system. Coronal sections were taken through the
substantia nigra on a cryostat. Afterwards, immunohistochemistry for tyrosine
hydroxylase, TUNEL assay and cresyl violet and hematoxylin eosin staining were
performed. Biochemical analysis of oxidative stress parameters were measured from
striatal tissue of the rats. Finally, western blot analysis for phospho p90RSK, phospho S6

ribosomal protein, histone acetylation were performed from striatal tissue.
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Chemicals, reagents, antibodies, commercial kits and technical equitments used in this

study are listed below.

2.1.

CHEMICALS AND REAGENTS

1-Chloro-2,4 dinitrobenzene (Acros Organics)
20X TBS Tween-20 Buffer (Thermo Scientific)
2-propylpentanoic acid sodium(Sigma)
2-Thiobarbituric acid (Sigma)

5,5'-Dithiobis (2-nitrobenzoic acid) (Alfa Aesar)
6-hydroxydopamine hydrochloride (Sigma)
Acetic acid (100 per cent) (Riedel-de Haen)
Ammonium sulfate (Sigma)

Benserazide hydrochloride (Sigma)

Blotto, non-fat dry milk (Santa Cruz)

Cell cleaning solution for UV/VIS (Agilent Technologies)
Color Protein Standard (11-245 kDa) (New England Biolabs)
Copper (II) chloride (Sigma)

Copper (II) sulfate pentahydrate (Riedel-de Haen)
Cresyl violet asetate (Santa cruz Biotechnology)
DAB Chromogen (Thermo Fisher Scientific)
DAB Substrate Buffer (Thermo Fisher Scientific)
Di-sodium hydrogen phosphate (Merck)

Entellan Mounting medium (BioMount)

Eosin Y solution alcoholic(Sigma)
Ethylenediaminetetraacetic acid (Fluka)
Folin-Ciocalteu's phenol reagent (Sigma)
Formaldehyde solution (37 per cent) (Merck)

Frozen section compound (Leica Microsystems)



Hydrogen peroxide solution 30 per cent (Sigma)
Ketasol 10 per cent (Richter Pharma)

L-3,4 di-hydroxy phenyl alanine (Sigma)
L-Ascorbic acid, (Bioshop)

Mayer's Hematoxylin (Thermo Fisher Scientific)
Metaphosphoric acid (Alfa Aesar)

Nitroblue Tetrazolium (Fisher Bioreagents)
Phosphate buffered saline tablets (Sigma)
Potasium cyanide (Merck)

Potasium sodium tartrate tetrahydrate (Acros Organics)
Potassium dihydrogen phosphate (Merck)
Potassium hexacyanoferrate (II1) (Alfa Aesar)
R-(-)-Apomorphine hydrochloride (Sigma)
Rhompun 2 per cent flakon (Bayer)

Saline (Isotonic 9 per cent NaCl) (Polifarma)
Sodium acetate(Sigma)

Sodium carbonate anhydrous (Riedel-de Haen)
Sodium chloride (Sigma)

Sodium dihydrogen phosphate (Sigma)

Sodium hydroxide pellets (Sigma)

Titriplex III (Merck)

Trichloroacetic acid (Fisher Chemical)

Tris Base (Fisher Bioreagents)

Tri-sodium citrate dihydrate (Merck)

Triton X-100 (Roche)

Xanthine (Alfa Aesar)

Xylene(Sigma)

37
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2.2. ANTIBODIES

2.3.

Anti-acetyl-histone H3 (Lys9) (Millipore)

Anti-rabbit IgG HRP-linked antibody (Cell signaling)

Anti-tyrosine hydroxylase (Millipore)

Pathscan Multiplex Western Cocktail II - phospho p90RSK, phospho S6
ribosomal protein (Cell signaling)

B-actin antibody (Cell signaling)

COMMERCIAL KITS

Amersham ECL Advance Western Blotting Detection Kit, GE Healthcare
(Lumigen TMA A solution, Lumigen TMA B solution)

In situ cell death detection kit, POD, Roche (Terminal deoxynucleotidyl transferase
enzyme solution, Nucleotide mixture in reaction buffer, Anti-fluorescein antibody
conjugated with horse-radish peroxidase)

NuPAGE MES SDS Buffer Kit (for Bis-Tris Gels), Life Tech (NuPAGE MES SDS
Running Buffer, NuPAGE LDS Sample Buffer, NuPAGE Antioxidant, NuPAGE
Reducing Agent)

Qubit Protein Assay Kit, Life Tech (Qubit protein reagent, Qubit protein buffer,
Qubit protein Standard #1, Qubit protein Standard #2, Qubit protein Standard #3)
RIPA Lysis Buffer System, Roche (Lysis Buffer, PMSF, Protease inhibitor coctail,
sodium orthovanadate)

Vectastin Universal Quick Kit, Vectastin (Normal Horse Serum, Biotinylated

Universal Secondary antibody, Streptavidin/Peroxidase preformed complex)

2.4. LABORATORY EQUIPMENTS

4-12 per cent Bis-Tris Protein Gels (Life Tech)
Low profile blades (Richard-Allan Scientific)
iBLOT Transfer Stack, PVDF (Life Tech)
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M-polylysin slides (25*75*1,0 mm) (Thermo Scientific)

Qubit Assay Tubes, 500 tubes (Life Tech)

Propylen centrifuge tubes; 50 mL, 15 mL, 2 mL,0.5 mL (Isolab)
Micropipettes 10 puL, 100 L, 200 pL, 1000 pL (Eppendorf)

LABORATORY TECHNICAL INSTRUMENTS

Automatic Glass Cover slipper (Leica)

Balance (OHAUS Adventurer)

Biological Safety Cabinet (Thermo)
Stereological workstation and light microscope (Leica)
Blot transfer (iBlot 2 Dry Blotting System)
Computer-based gel imaging instrument (DNR)
Cryostat (Leica)

Gel electrophoresis (Biorad)

Heater (Thermo)

Homogenizer (Waring)

Incubator (Memmert)

Locomotor activity cage (Commat, MAY)
Magnetic stirrer IKAMAG)

Microcentrifuge (Sigma)

Micromotor system (Mannas, Strong 204-102L)
Microscope (Leica)

ph meter (Hanna instruments PH211, Germany)
Power supply (Biorad)

Qubit 2.0 Fluorometer (Life Technologies)
Refrigerator (Argelik, Ugur)

Autoclave (Sanyo MLS 3780)

Shaker (Heidolph)

Staining Automat (Leica)

Stereotaxic frame (Stoelting)



Ultracentrifuge (Sigma)
Ultrasonicator (Bandelin)

UV spectrophotometer (Agilent 8453)
Vortex (MS1 Minishaker)

Water bath (Grant)

40
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3. METHODS

3.1. EXPERIMENTAL SETUP AND GROUPS

Adult male Wistar albino rats (250-300 g) were obtained from Yeditepe University
Experimental Research Center (YUDETAM). All of the experiments were approved by the
Ethical Committee of Yeditepe University Experimental Research Center and the use of
animals was in compliance with US National Institutes of Health Guide for Care and Use
of Laboratory Animals. Animals were maintained in standard housing conditions with

constant temperature, humidity, 12-h light/dark cycles, and free access to food and water.

42 rats were randomly divided into 7 experimental groups as follows: sham operated (S),
sham operated and VPA treated (SV), sham operated and L-DOPA treated (SL), nigrally 6-
OHDA injected (PD), nigrally 6-OHDA injected and VPA treated (PV), nigrally 6-OHDA
injected and L-DOPA treated (PL), nigrally 6-OHDA injected and VPA and L-DOPA
treated (PVL). Each group has 6 animals (Table 1).

Table 3.1. The experimental groups and number of animals.

Groups Number
Sham operated (S) n=6
Sham operated and VPA treated (SV) n=6
Sham operated and L-DOPA treated (SL) n=6
Nigrally 6-OHDA injected (PD) n=6
Nigrally 6-OHDA injected and VPA treated (PV) n=6
Nigrally 6-OHDA injected and L-DOPA treated (PL) n=6
Nigrally 6-OHDA injected and VPA and L-DOPA treated (PVL) n=6

The sequence of operation, locomotor activity, apomorphine test and drug treatments are
explained in Table 2. All rats were pretrained on locomotor activity. Locomotor activity
test was repeated at one, two and three weeks postoperation. Apomorphine test was carried

out twice after the operation. All animals were admitted to drug treatment meanwhile.
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Table 3.2. The time schedule of the experiments.

Days Procedure
-2 Locomotor activity
0 Operation
7 Locomotor activity
10 Apomorphine test
12 The begining of the treatment with Valproic acid, L-DOPA or
saline.
15 Locomotor activity
21 The ending of the treatment with Valproic acid, L-DOPA or saline,
Locomotor activity
22 Apomorphine test
23 Animal sacrifice

3.2. INTRANIGRAL 6-HYDROXYDOPAMINE INJECTIONS

All animals were anesthetized by intramuscular (im) injections of xylazine (10 mg/kg) and
ketamine (80 mg/kg). After they are deeply anesthetized, rats were fixed in a stereotaxic
frame in the flat skull position. The scalp was shaved and a small central incision was

made to expose the skull. Bregma and lambda points were located (Figure 3.1).

A small hole was drilled with a micromotor using the following coordinates of substantia
nigra pars compacta: anteroposterior from bregma (AP) = -4.8 mm, mediolateral from the
midline (ML) = -1.8 mm and dorsoventral from the skull (DV) = -8.2 mm [188]. The

coordinates were confirmed according to rat brain atlas [189].
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Figure 3.1. The rats were fixed in a stereotaxic frame and Bregma and lambda points were

located.

6-hydroxydopamine (8 pg/per rat in 2 ul saline with 0.1 per cent ascorbic acid) was infused
with a 5 puL, 26 gauge hamilton syringe at a flow rate of 0.2 pl/min into the right substantia
nigra pars compacta (Figure 3.2). Sham operated animals were submitted to the same
procedure but instead of 6- hydroxydopamine, 2 pl vehicle (0.9 per cent saline containing
0.1 per cent w/v ascorbic acid) was injected into the substantia nigra pars compacta. The
needle was left in place for an additional 5 minutes before retraction. Then the surgical

area was sutured. All operations were performed under aseptic conditions.

Of note, 6- hydroxydopamine was freshly prepared just before the surgical operation and

kept in dark since it quickly oxidizes.
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Figure 3.2. Stereotaxic operation. Intranigral 6-hydroxydopamine injections were

performed with Stoelting stereotaxic frame.

3.3. APOMORPHINE INDUCED ROTATION TEST

Unilateral injection of 6-hydroxydopamine leads to asymmetric circling motor behavior
after administration of the dopaminergic drugs such as apomorphine, due to physiologic
imbalance between the lesioned and unlesioned site. This circling behavior gives reliable

information on the degree of lesion in substantia nigra pars compacta. [154]

10 days after 6-hydroxydopamine or saline injection to the substantia nigra pars compacta,
all rats were evaluated for apomorphine induced rotations (Figure 3.3). All animals were
injected 0.5 mg/kg apomorphine subcutaneously (sc) and placed in the plastic cylinders.
The rotational behavior was monitored for 30 minutes. All observations were made
between 9 a.m. and 12 p.m. Only the rats showing pronounced rotational behavior (more
than 5 contralateral turns/min) were selected for the study. Many studies showed that more
than 5 contralateral rotations account for approximately 90 per cent dopamine loss in

striatum [190].
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Figure 3.3. Apomorphine induced rotation test.

3.4. SPONTANEOUS LOCOMOTOR ACTIVITY

Motor activity measurements were recorded before the operation, before drug therapy
commencement and twice after drug administration using an animal activity monitoring
system (MAY - Activity Monitoring System - Commat Ltd., TR) (Figure 3.4). Locomotor
activity cage is a rectangular frame (45x45x30 cm) containing infrared light sources on
each side. The floor of the cage is an activity platform connected to an electromechanical
counter. When the animal moves, the infrared beams are disrupted and the instrument
counts it as a locomotor activity. To record locomotor activity, each rat was individually
placed in the same area of the plexiglass cage. Spontaneous motor activity was recorded at
5 min intervals during a 10 min period. All observations were made between 9 a.m. and 12
p.m. The plexiglass cage was cleaned with a wet towel between the tests. Stereotypic,
ambulatory, vertical, horizontal motor activities and distance travelled by the animal were

measured [191].
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Figure 3.4. Sponteneous locomotor activity test was performed using an animal activity

monitoring system (COMMAT).

3.5. DRUG TREATMENT

All of the rats were intraperitoneally injected with either valproic acid, levodopa combined
with benserazide hydrochloride or saline for 10 days after the surgical operation. Rats in S
and PD groups were intraperitoneally injected with saline. In SV and PV groups the rats
received intraperitoneal injections of valproic acid (300 mg/kg). The rats in SL and PL
groups were treated with levodopa (10 mg/kg) combined with benserazide hydrochloride
(2 mg/kg) to inhibit peripheral decarboxylation of levodopa. In the PVL group the rats
received intraperitoneal injections of valproic acid (300 mg/kg) and L-DOPA (10 mg/kg)
combined with benserazide hydrochloride (2 mg/kg) [192]. All of the drugs were dissolved

in saline.
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3.6. SACRIFICATION OF THE ANIMALS

After the last measurement, animals were decapitated with a guillotine and their brains
were dissected out. The brains were rapidly frozen on dry ice and stored at -80°C until
used. The striata of the brains were used for biochemical analysis of oxidative stress and
western blot experiments. Coronal sections were taken through the substantia nigra on a

cryostat for the histological experiments.

3.7. HISTOLOGY

3.7.1. Cryosectioning

The brains of the animals were embedded in mounting medium and cut into 16 um coronal
sections on a cryostat (Leica) at -20°C. Coronal sections were taken through substantia
nigra (-4.8 mm posterior to bregma) onto polylysine coated slides. The slides were dried on
a slide warmer at 40°C to remove water and ensure tissue adhesion to the slides more

effectively. The slides were stored at -80°C until used.

3.7.2. Immunohistochemistry for Tyrosine Hydroxylase

Immunohistochemistry is a highly sensitive method to detect the presence and location of
the interested proteins in tissues. It is a reliable method to quantify tyrosine hydroxylase
positive neurons. Tyrosine hydroxylase is the rate limiting enzyme in the biosynthesis of
dopamine; it catalyzes the conversion of L-tyrosine to L-DOPA, so it is a selective and
specific indicator of dopaminergic neurons in substantia nigra pars compacta in

Parkinson’s Disease.

Labeled streptavidin biotin (LSAB) method was used for the immunohistochemical
detection of tyrosine hydroxylase [193]. In this method, biotinylated secondary antibody
binds to primary antibody, and then streptavidin peroxidase complex binds to secondary

antibody. Finally, the reaction is visualized with a chromogen (Figure 3.6).
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Streptavidin peroxidase
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Figure 3.5. Schematic representation of Labeled streptavidin biotin (LSAB) method.

3.7.2.1.Fixation

The fixative (10 per cent neutral buffered formalin) solution was prepared in advance. 4 g
sodium phosphate monobasic (NaH,PO4) and 6.5 g sodium phosphate dibasic (Na,HPOy)
were weighed out and dissolved in 900 mL distilled water. 100 mL formaldehyde (37 per
cent) was added to the solution to have a final volume of 1000 mL. Furthermore, to have
washing solution, 1 phosphate buffered saline (PBS) tablet (Sigma) was dissolved in 100

mL distilled water.

The sections were dried in an incubator at 37°C for 20 minutes. Then the sections were
fixed in 10 per cent neutral buffered formalin (pH 7.4) solution for 20 minutes at room

temperature and the slides were washed twice with 1X PBS (pH 7.4).

3.7.2.2. Permeabilisation

During fixation of sections methylene bridges are formed which mask antigenic sides of
the proteins. Therefore, antigen retrieval step is essential in immunohistochemical staining
to expose antigenic sides of the proteins. The slides were incubated in permeabilisation

solution (0.1 per cent tri-sodium citrate dihydrate, 0.1 per cent triton X-100 in distilled



49

water) for two minutes to perform antigen retrieval and washed with 1X PBS. This step
was repeated twice at 4°C. To block endogenous peroxidase activity and reduce
background staining, the slides were incubated in 0.3 per cent hydrogen peroxide solution

for 30 minutes at room temperature which is followed by a washing step with 1X PBS.

3.7.2.3.Blocking

A hydrophobic barrier was made around the tissue with a barrier pen. The slides were
incubated in blocking solution (normal horse serum) in humidified chamber at room

temperature for 30 minutes to eliminate nonspecific binding of primary antibody.

3.7.2.4. Immunostaining

The sections were incubated in 1:1000 dilution of the primary antibody (rabbit anti-
tyrosine hydroxylase) overnight at 4°C in a humidified chamber. Then the slides were
rinsed with 1X PBS. Biotinylated secondary antibody (anti-rabbit/mouse/goat IgG) was
applied to the sections for 30 minutes in humidified chambers at room temperature. The
slides were washed with 1X PBS. Streptavidin peroxidase preformed complex solution was
applied to the sections for 30 minutes at room temperature in humidified chambers. The
slides were washed with 1X PBS. DAB (3,3- diaminobenzidine) solution was prepared by
mixing 1000 uL DAB substrate buffer with 50 uL. DAB chromogen. The reaction was
visualized by DAB as a chromogen. The sections were counterstained with Mayer’s
hematoxylin and rinsed in running tap water. The sections were dehydrated in ascending

alcohol concentrations, cleared in xylene and coverslipped in Entellan mounting medium.

3.7.3. TUNEL Assay

TUNEL assay is a reliable method to detect apoptotic neuron death. DNA double strand
breaks which occur during apoptosis are precisely labeled and visualized with TUNEL
assay. In this technique, terminal deoxynucleotidyl transferase (TdT) enzyme adds
fluorescin labeled nucleotides to the free 3’-OH DNA ends which is then visualized with

anti-fluorescin antibody labeled with POD and substrate reaction.
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3.7.3.1.Fixation

The sections were dried in an incubator at 37°C for 20 minutes and the sections were fixed
in 4 per cent paraformaldehyde (pH 7.4) solution for 20 minutes at room temperature. Then

the slides were washed twice with 1X PBS (pH 7.4).

3.7.3.2. Permeabilisation

The slides are incubated in permeabilisation solution (0.1 per cent tri-sodium citrate
dihydrate, 0.1 per cent triton X-100 in distilled water) to expose antigenic sites of the

proteins for 4 minutes and washed with 1X PBS. This step was repeated twice at 4°C.

3.7.3.3.Blocking

A hyrophobic barrier was made around the tissue with a barrier pen. The slides were
incubated in blocking solution (normal horse serum) in humidified chamber at room

temperature for 30 minutes. The slides were rinsed twice with 1X PBS.

3.7.3.4.Labeling

TUNEL reaction mixture (45 pl label solution was mixed with 5 pL. enzyme solution for
one section) was prepared. The sections were incubated in TUNEL reaction mixture in
dark, 37°C humidified chambers for 60 minutes. Then the slides were washed with 1X
PBS three times for 5 minutes each. Converter-POD was added to the sections and
incubated in dark, 37°C humidified chambers for 30 minutes. Then the slides were washed
with PBS three times at room temperature. The reaction was visualized by using DAB
(1000 uL DAB substrate buffer was mixed with 50 uL. DAB chromogen) solution as a
chromogen. The sections were counterstained with Mayer’s hematoxylin and rinsed in tap
water. Sections were dehydrated in ascending alcohol concentrations, cleared in xylene and

coverslipped in Entellan mounting medium.
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3.7.4. Cresyl Violet Staining

Cresyl violet is a basic dye and stains Nissl substances in cytoplasm of neurons dark blue.
Cresyl violet staining is generally used to demonstrate the structural features of the neurons

and in this study it was performed to determine the 6- hydroxydopamine lesion site.

Two solutions were prepared in advance. To prepare solution A, sodium acetate was
dissolved in distilled water. For solution B, glacial acetic acid was diluted with distilled
water. Then the two solutions were mixed together and the pH was adjusted to 3.8-4.0 with
acetic acid. Cresyl violet acetate was dissolved in this solution and left on the magnetic
stirrer overnight in dark. The staining solution was filtered with a filter paper before
staining the sections. All of the solutions were put into coplin jars and the protocol

explained below was followed:

e The sections were dried in an incubator at 37°C for 20 minutes.

e The sections were fixed in neutral formaldehyde (pH 7.4) solution for 20 minutes at
room temperature.

e Then the slides were washed with distilled water for 1 minute.

e The sections were stained with Cresyl Violet for 20 minutes on a shaker.

e The slides were washed with distilled water.

e The sections were then dehydrated in ascending alcohol series (70 per cent, 80 per
cent, 90 per cent, 96 per cent, and 100 per cent) for 1 minute each.

e Finally the slides were cleared in xylene I and II for 2 minutes each.

e The slides were coverslipped in Entellan mounting medium using automatic glass

coverslipper.

3.7.5. Hematoxylin Eosin Staining

Hematoxylin Eosin staining is a routine stain in histology laboratory and commonly used
to investigate the pathology in tissue sections [194]. Hematoxylin is a positively charged
basic dye; therefore, stains negatively charged nucleic acid components in the nucleus blue
color. On the contrary eosin dye is a negatively charged acidic dye, so that it stains

positively charged structures such as proteins in the cytoplasm pink color.
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All of the solutions were prepared in advance and put into coplin jars and the protocol

explained below was followed:

3.7.6.

The sections were dried in an incubator at 37°C for 20 minutes.

Then the sections were fixed in neutral formaldehyde (pH 7.4) solution for 25
minutes at room temperature.

The slides were washed with distilled water.

The sections were stained with Mayer’s hematoxylin solution for 5 minutes and
rinsed in running tap water for 2 minutes.

The slides were decolorized in acid alcohol (99 mL 70 per cent ethanol was mixed
with 1 mL glacial acetic acid) for 1 minute.

The slides were washed in tap water for 1 minute.

The sections were subjected to 80 per cent ethanol for 2 minutes.

Then the sections were counterstained with Eosin for 4 minutes.

The sections were dehydrated in ascending alcohol series (80 per cent, 96 per cent,
96 per cent, 96 per cent, and 100 per cent) for 1 minute each.

Finally the slides were cleared in xylene I and II for 1 minute each.

The slides were coverslipped in Entellan mounting medium using automatic glass

coverslipper.

Analysis by Light Microscopy

Each section (Figure ) was examined via a stereological workstation equipped with a CCD

digital camera (Optronics Microfire 1600x1200P, Goleta, CA, USA), computer assisted

motorized stage (Bioprecision, Howtrone, NY, USA), mikrokator (Heidenhein, Traunreut,

Germany), image card (ATI FireGL Advance Micro Device, Camberly, UK) and light

microscope (Leica DM 4000B, Wetzlar, Germany).
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Figure 3.6. Figure representing the right and left substantia nigra pars compacta. A.
Immunofluorescence image shows the tyrosine hydroxylase immunoreactivity of right
substantia nigra in a 6-hydoxydopamine injected animal. B. Immunofluorescence image
shows the tyrosine hydroxylase immunoreactivity of right substantia nigra in a saline

injected animal.

Tyrosine hydroxylase positive neurons and TUNEL positive neurons were counted in
substantia nigra pars compacta (Figure 3.6) using the above mentioned microscopy with
Stereo Investigator 7.0.5 (Stereolnvestigator, Microbrightfield, Williston, VT) image
analysis software. Dopaminergic neurons were clearly distinguished depending on their
shapes and size. Neurons were counted on both right (lesioned side) and left (internal

control) substantia nigra pars compacta of the rat brains.

Histopathological evaluations were performed on the cryosections stained with
hematoxylin and eosin and cresyl violet staining. Similarly, each section was examined

with Stereo Investigator 7.0.5 image analysis software.
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3.8. BIOCHEMICAL ANALYSIS OF OXIDATIVE STRESS
3.8.1. Sample Preparation

The striata of the brains were homogenized on ice in appropriate volume of distilled water
with a homogenizer. The homogenates were centrifuged (3500 rpm, 4°C) for 15 minutes

and the supernatants were collected.
3.8.2. Determination of Protein Concentration (Lowry Method)

The protein concentration was determined according to the Lowry Method [195].
According to the principle of the Lowry method, divalent copper ions interact with peptide
bonds of the proteins and are reduced to monovalent ions under alkaline conditions.
Monovalent copper ions react with Folin reagent and an unstable molybdenum/tungsten

blue product is produced.

Alkaline copper reagent and folin reagent were prepared freshly. To prepare alkaline
copper reagent appropriate amounts of sodium hydroxide (NaOH), sodium carbonate
(NayCOs3), cupric sulfate (CuSO4) and sodium potassium tartrate (NaKCsH4Og) were
weighed out and dissolved in distilled water. To prepare folin reagent appropriate volume
of 2N folin reagent was diluted with distilled water. Since the folin reagent is light

sensitive, it was kept in amber bottle.

¢ One volume of sample was mixed with one volume of alkaline copper reagent and
for blank one volume of alkaline copper reagent was mixed with distilled water.

e The mixtures were incubated at room temperature for 10 minutes.

e Then equal volume of Folin reagent was added to the mixtures.

e The solution was incubated at 55°C for 5 minutes,

e The absorbance was measured at 650 nm.

The following formula was used for the calculation of the protein concentration:

sample

nug/mL= {(Optical density of the m) X 50 X Dilution factor 3.1
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3.8.3. Determination of Lipid Peroxide Level

The Malondialdehyde level was determined according to the method of Placer et al [196].
Malondialdehyde formed at the final step of the lipid peroxidation interacts with
thiobarbituric acid to form pink colored MDA-TBA adduct. In the method adopted from

Placer et al., the pink colored product is measured spectrophotometrically.

Thiobarbituric acid (TBA) was dissolved in 10 per cent perchloric acid and trichloro acetic
acid (TCA) was dissolved in distilled water. One volume of TBA solution was mixed with

three volumes of 10 per cent TCA were mixed immediately before use.

e Sample and the freshly prepared solution were mixed and for blank the solution
was mixed with 0.9 per cent NaCl.

e The mixtures were boiled for 20 minutes at 100°C in water bath and cooled under
running tap water.

e Then the mixtures were centrifuged at 2500 rpm for 5 minutes.

e The absorbance of the supernatant was measured at 532 nm.

The formula was used for the calculation of the malondialdehyde level:

nmol/g = {Optical density/0.092 nmol/g tissue (3.2)

3.8.4. Determination of Superoxide Dismutase (SOD) Activity

The superoxide dismutase (SOD) activity was determined according to the method of Sun
et al [197]. The principle of this experiment depends on nitroblue tetrazolium (NBT)
reduction. If there is no enzyme activity, the NBT reduction occurs and a blue-purple
colored product is produced. According to the SOD activity the NBT reduction is disrupted

such that a lighter color is produced.

To prepare assay reactive, 0.3 mmol/L xantine, 0.6 mmol/L disodium salt dihydrate
(Na,EDTA), 150 pmol/L nitroblue tetrazolium (NBT), 400 mmol/L sodium carbonate
(NayCO:s3), 1 g/L bovine serum albumin (BSA) were prepared and mixed in amber bottle. 2

M ammonium sulfate (NH42S0,) was prepared in distilled water to dilute xantine oxidase
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(167 U/L). 0.8 mmol/L. cuprous chloride (CuCl,) was prepared in distilled water. 3
volumes of chloroform were mixed with 5 volumes of ethanol to prepare

chloroform/ethanol solution.

e Equal volumes of sample and chloroform/ethanol solution were mixed and
centrifuged at 3500 rpm for 45 minutes at 4°C.

e The supernatant was mixed with assay reactive and xantine oxidase, for the blank
assay reactive was mixed with double distilled water and xantine oxidase.

e The reactions were incubated at room temperature for 20 minutes.

e Cuprous chloride was added to the tubes to stop the reaction and the absorbance

was measured at 560 nm immediately.

SOD activity (U/mg protein) is expressed as the amount of SOD enzyme required for the
50 per cent inhibition of NBT reaction and the formula to calculate one enzyme unit is

indicated as:

inhibition
50

Enzyme unit (i U):{(per cent of )x dilution factor 3.3)

3.8.5. Determination of Reduced Glutathione (GSH) Activity

The reduced glutathione (GSH) activity was determined according to the method of Ellman
et al [198]. The principle of this experiment relies on the 5,5-dithiobis(2-nitrobenzoic
acid) (DTNB) reduction to 5-thio-2-nitrobenzoic acid (TNB) which is a yellow product by
GSH activity.

To deproteinize the sample a precipitation solution was prepared by mixing appropriate
amounts of glacial metaphosphoric acid, disodium EDTA (C;oH;4N;Na,0Og), sodium
chloride (NaCl) in distilled water. 0.3 M disodium hydrogen phosphate (Na,HPO,) was
prepared in distilled water. To prepare Ellman reagent, 0.02 per cent DTNB was dissolved

in 1 per cent sodium citrate.

e The sample was mixed with the precipitation solution, for the blank distilled water

was mixed with precipitation solution.
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e The solutions were centrifuged at 3000 rpm for 30 minutes.
e The supernatant was mixed with appropriate volumes of disodium hydrogen
phosphate and Ellman reagent.

e The absorbance of the yellow colored product was measured at 412 nm.

The formula indicated below was used for the calculation of the GSH activity:

_ ([2 x optical Density]
(wmol/mL) = { [0.175 X 0.307] (3-4)

3.8.6. Determination of Glutathione S-transferase (GST) Activity

The glutathione S-transferase activity was determined according to the method of Habig et
al [199]. The principle of this experiment relies on the conjugation reaction of glutathione
with 1-chloro-2,4-dinitrobenzene (CDNB) substrate catalyzed by glutathione S-transferase.

This conjugation is measured by an increase in absorbance.

100 mM Tris buffer was prepared and the pH was adjusted to 7.4 with HCl. | mM CDNB
was prepared in ethanol absolute. 5 mM reduced glutathione (GSH) was prepared in

distilled water.

e The sample was mixed with CDNB, GSH and tris buffer, for the blank CDNB,
GSH and tris buffer were mixed.

e CDNB was added to the tubes at last to initiate the reaction.

e The increase in absorbance was measured at two time points (at 0 and 120 seconds)

at 340 nm.

GST activity is expressed as pmolmin™ mg” protein. The formula indicated below was

used for the calculation of the GSH activity:

(umolmin™t mL™1) = {(Optical density 2 — optical density 1)X¥ (3.4
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3.9. WESTERN BLOTTING

3.9.1. Sample Preparation

The tissues were homogenized in RIPA lysis buffer. To prepare 1 mL of complete RIPA
(1X), 10 uL PMSF solution in DMSO, 10 pL protease inhibitor cocktail solution in
DMSO, 10 pL sodium orthovanadate solution and 1 mL RIPA Lysis buffer (1X) were
mixed. For homogenization of 100 mg tissue, 0.3 mL complete RIPA buffer is required.
The striata tissues were weighed out and homogenized in appropriate volume of complete
RIPA (1X) with a razor blade on ice. The samples were incubated at 4°C for 30 minutes
and centrifuged at 10000 g for 10 minutes at 4°C. To have a clear lysate, the supernatant

was centrifuged one more time. The supernatant was stored at -20°C for further use.

3.9.2. Determination of Protein Concentration (Qubit Assay)

The protein concentrations were determined using Qubit protein assay kit. To prepare
working solution, 1:200 dilution of Qubit protein reagent was prepared by mixing 1 pL of
protein reagent with Qubit protein buffer for one sample. 190 puL of working solution was
mixed with 10 uL of each standart #1 (0 ng/uL in TE buffer with 2 mM sodium azide),
standart #2 (200 ng/uL in TE buffer with 2 mM sodium azide), standart #3 (400 ng/uL in
TE buffer with 2 mM sodium azide) in Qubit assay tubes. Also 199 pL of working solution
was mixed with 1 pL of each sample. The final volumes of all tubes were 200 pL. All
tubes were vortexed and incubated at room temperature for 15 minutes. Qubit 2.0
Fluorometer was calibrated with standart #1, standart #2, standart #3 solutions and then the

concentrations of the proteins were measured.

The formula indicated below was used for the calculation of the protein concentration
which is expressed as pg/mL. (QF value means the value given by the Qubit 2.0

Fluorometer and x stands for the number of L of sample added to the tube.

(Concentration of the sample)={ QF value x (200/x) (3.6)
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3.9.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The proteins were separated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). To prepare reduced samples, 2.5 uL NuPAGE LDS (lithium
dodecyl sulfate) sample buffer (4X), 1 uL NuPAGE reducing agent (10X) and appropriate
volume of sample were mixed and the total volume was completed to 10 pL with distilled
water. The sample solution was heated at 70°C for 10 minutes. To prepare 1X MES SDS
running buffer, 50 mL 20X NuPAGE MES SDS running buffer was mixed with 950 mL

distilled water.

The electrophoresis was performed with XCell SureLock Mini-Cell. The combs were

removed and NuPAGE Novex Bis Tris Gels (Table 3.3) were oriented in the Mini-Cell

tank.
Table 3.3. NuPAGE Novex Bis Tris Gels (1.0 mm, 12 well) properties.
Gel Type Formulation Stacking Gel | Separating Gel | pH
NuPAGE Bis-Tris-HCI bufter (pH 4 per cent 10 per cent, 7.0
Novex Bis-Tris 6.4), Acrylamide, Bis- 12 per cent,

Gels acrylamide, APS, 4-12 per cent
Ultrapure water

The upper and lower buffer chambers of XCell SureLock Mini-Cell were filled with 1X
SDS running buffer. 0.5 mL antioxidant was added to the XCell SureLock Mini-Cell to
prevent reoxidation of the proteins during electrophoresis. The wells of the gels were
washed with running buffer containing antioxidant. 5 pL Color Protein Standard (11-245
kDa) (Figure 3.7) and 15 pL reduced sample were loaded onto the gels. The proteins were

run at 200 V constant for 25 minutes.
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245 — 10-20% Tris-glycine
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100 —
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Figure 3.7. Color Prestained Protein Standard, Broad Range (11-245 kDa) New England
Biolabs

3.9.4. Blotting

iBLOT 2 Dry Blotting System and iBLOT transfer stack (PVDF) were used to transfer
proteins from gels to the membranes. To prepare 1X TBS-T (Tris Buffered Saline plus
Tween 20) washing solution, 20 mM Tris-HCL (pH 7.4) was mixed with 0.05 per cent
Tween 20.

The gels were removed from XCell SureLock Mini-Cell and opened with the help of Gel
knife and immersed in distilled water. iBLOT PVDF Anode Stack Bottom regular package
was opened and placed onto iBLOT 2 Dry Blotting System. PVDF membrane was placed
on Bottom stock. The pre-run gel was placed on the membrane. Then iBLOT filter paper
was soaked in distilled water and placed on the gel. The air bubbles between the PVDF
membrane and the gel were removed with the Blotting roller. iBLOT cathode stack was
opened and placed on top of the filter paper (Figure 3.8). iBLOT 2 Dry Blotting System
was run for 7 minutes. The PVDF membranes were immediately placed into plastic dishes
containing 1X TBS-T to avoid drying and the gels were stained with Coomassie blue to

check whether the proteins transferred to the membranes or not.
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Figure 3.8. Schematic representation of blotting

3.9.5. Immunostaining

To avoid nonspecific binding of primary antibody, the membranes were incubated in 5 per
cent non-fat dry milk solution (5 g dry milk was dissolved in 100 mL TBS-T) for 1 hour at
room temperature on a shaker. The membranes were incubated in 1:2000 dilution
(prepared in 5 per cent dry milk) of the anti-acetyl-histone H3 (Lys9) or Pathscan
Multiplex Western Cocktail II primary antibodies overnight at 4°C on a shaker. The
membranes were washed in TBS-T solution 3 times each for 5 minutes. Then the
membranes were incubated in 1:5000 dilution (prepared in 5 per cent dry milk) of
secondary antibody solution (Anti-rabbit IgG HRP-linked antibody) for 1 hour at room
temperature on a shaker. Finally the membranes were washed with TBS-T three times for

five minutes each.

3.9.6. Imaging

1000 pL. Lumigen TMA A solution was mixed with 1000 pL Lumigen TMA B solution
and diluted 1:1 in distilled water. The membranes were incubated in this solution for one
minute at room temperature. Protein loading was controlled with B-actin antibody (rabbit).
The blots were examined with a computer-based gel imaging instrument (DNR). The

protein bands were examined with Image J software (NIH).
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3.10. STATISTICS

PASW Statistics 18.0 (formerly SPSS Statistics) package program was used for the
statistical analysis of the experiments. Mean+SEM values were calculated for all data.
Statistical significance was set at p<0.05. For the locomotor activity parameters (distance
travelled, stereotypic activity, ambulatory activity, horizontal activity, vertical activity) the
differences between groups were analyzed with one-way Anova followed by Least
Significant Difference (LSD) post-hoc test for multiple comparisons. Furthermore, for the
apomorphine induced rotation test, the differences between groups were analyzed with
one-way Anova followed by Least Significant Difference (LSD) post-hoc test for multiple
comparisons. Immunohistochemistry for tyrosine hydroxylase and TUNEL assay data were
analyzed using one-way Anova followed by Least Significant Difference (LSD) post-hoc
test. All oxidative stress parameters (lipid peroxide level, superoxide dismutase activity,
reduced glutathione activity and glutathione S-transferase activity) were analyzed with
one-way Anova followed by Least Significant Difference (LSD) post-hoc test. Similarly all
western blot data were analyzed with one-way Anova followed by Least Significant

Difference (LSD) post-hoc test.
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4. RESULTS

4.1. APOMORPHINE INDUCED ROTATION TEST

Apomorphine induced rotation test was performed in order to control the validity of the
model. When the dopaminergic neurons die unilaterally in substantia nigra pars compacta,
the animals demonstrate a rotational behavior contralateral to the lesion side. The number
of the rotations give a clue about the severity of the model. Apomorphine induced rotation

test was performed after the operation and at the end of drug treatment (Figure 4.1).
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Figure 4.1. Graphs comparing apomorphine induced rotational behavior of the
animals.Sham operated (S), Sham operated and VPA treated (SV), Sham operated and L-
DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA
treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA
injected and VPA and L-DOPA treated (PVL) groups. Data are presented as contralateral
rotations per minute. Data are expressed as mean = SEM (***p<0.001 compared with S,
SV and SL groups, “p<0.01. ™ p<0.001 compared with PD group, ®°°p<0.001 compared
with PL group .
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Sham operated groups did not show any rotational behavior. After the operation all of the
6-OHDA lesioned animals showed similar pronounced rotational behavior as compared
with the sham operated control animals (p<0.001). After drug treatment, in PV group
rotational behavior is slightly decreased as compared with PD and PL groups (p<0.01 and
p<0.001 respectively). Similarly, in PVL group rotational behavior significantly decreased
as compared with PD and PL groups (p<0.01 and p<0.001 respectively).

4.2. HISTOLOGY

Tyrosine hydroxylase positive neurons were counted in both left and right substantia nigra
pars compacta. TUNEL positive neurons were counted in both left and right substantia
nigra pars compacta as well. In addition, in order to see general histopathological changes
and the anatomical structure of the substantia nigra pars compacta, hematoxylin and eosin

and cresyl violet stainings were performed.

4.2.1. Immunohistochemistry for Tyrosine Hydroxylase

Coronal sections from all of the groups were analyzed for tyrosine hydroxylase
immunoreactive neurons. Immunohistochemistry for tyrosine hydroxylase gives reliable
data on the number of dopaminergic neurons. Photomicrographs demonstrate sections
taken from right substantia nigra pars compacta stained with Tyrosine Hydroxylase (Figure

4.2).

The number of tyrosine hydroxylase positive neurons was not different between S, SV and
SL groups. There was a pronounced loss of tyrosine hydroxylase positive neurons in 6-
OHDA lesioned right substantia nigra pars compacta in PD group as compared to sham-
operated groups (p<0.001). VPA treatment significantly increased the number of tyrosine
hydroxylase positive neurons in PV group as compared to PD group (p<0.001) and PL
group (p<0.01). However, the numbers of tyrosine hydroxylase positive neurons were still
significantly lower in PV group as compared to S, SV and SL groups (p<0.001). The
number of tyrosine hydroxylase positive neurons was not different between PD and PL

groups. (Figure 4.3).
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Figure 4.2. Photomicrographs demonstrate Tyrosine Hydroxylase immunoreactivity in
right substantia nigra pars compacta. Sham operated (S), Sham operated and VPA treated
(SV), Sham operated and L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally
6-OHDA injected and VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated
(PL), Nigrally 6-OHDA injected and VPA and L-DOPA treated (PVL) groups.
Dopaminergic neuron is demonstrated with arrow and mononuclear cell infiltration star.

The magnification is x20. Scale bar represents 200 pum.
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Figure 4.3. Graphs comparing Tyrosine Hydroxylase immunoreactivity in right substantia
nigra pars compacta.Sham operated (S), Sham operated and VPA treated (SV), Sham
operated and L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA
injected and VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL),
Nigrally 6-OHDA injected and VPA and L-DOPA treated (PVL) groups. Data are
presented as percentage of right substantia nigra pars compacta neurons compared to total
neurons in right and left substantia nigra pars compacta. Data are expressed as mean +

SEM. **%p<0.001 vs S, SV, SL; *#p<0.001 vs PD; ®°p<0.01 v PL.

4.2.2. TUNEL Assay

Coronal sections from all of the groups were analyzed for TUNEL positive neurons.
TUNEL assay gives reliable data on the number of apoptotic neurons. Photomicrographs

demonstrate sections taken from right substantia nigra pars compacta (Figure 4.4).
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Figure 4.4. Photomicrographs demonstrate TUNEL positive neurons in right substantia
nigra pars compacta. Sham operated (S), Sham operated and VPA treated (SV), Sham
operated and L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA
injected and VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL),
Nigrally 6-OHDA injected and VPA and L-DOPA treated (PVL) groups. Apoptotic neuron
(TUNEL positive neuron) is demonstrated with arrow. The magnification is x20. Scale bar

represents 100 pm.

The number of TUNEL positive neurons was not different in substantia nigra pars
compacta of the animals between S, SV, SL groups. 6-OHDA injection into the substantia

nigra pars compacta induced apoptosis in PD group as compared to all other groups
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(p<0.001). Valproic acid treatment significantly attenuated 6-OHDA induced apoptosis in
PV and PVL groups as compared to PD group (p<0.001). However, the number of TUNEL
positive neurons was still higher in PV group as compared to S and SV groups (p<0.001)
(Figure 4.5).
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Figure 4.5. Graphs comparing TUNEL positive neurons in right substantia nigra pars
compacta.Sham operated (S), Sham operated and VPA treated (SV), Sham operated and L-
DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA

treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA
injected and VPA and L-DOPA treated (PVL) groups. Data are presented as percentage of

apoptotic neurons in right substantia nigra pars compacta compared to total neurons in
right substantia nigra pars compacta. Data are expressed as mean = SEM. ***p<(0.001 vs S,

SV, SL; "p<0.001 vs PD; ©°°p<0.001 v PL.
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4.2.3. Hematoxylin Eosin and Cresyl Violet Stainings

Hematoxylin Eosin and cresyl violet stainings were performed in order to

histopathologically examine the tissues (Figure 4.6 and Figure 4.7).

Figure 4.6. Photomicrographs demonstrate Hematoxylin Eosin staining in right substantia
nigra pars compacta. Sham operated (S), Sham operated and VPA treated (SV), Sham
operated and L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA
injected and VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL),
Nigrally 6-OHDA injected and VPA and L-DOPA treated (PVL) groups. The

magnification is x20. Scale bar represents 100 um.
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Figure 4.7. Photomicrographs demonstrate cresyl violet staining in right substantia nigra
pars compacta. Sham operated (S), Sham operated and VPA treated (SV), Sham operated
and L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected
and VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-
OHDA injected and VPA and L-DOPA treated (PVL) groups. The magnification is x10.

Scale bar represents 200 pm.
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The coronal sections from substantia nigra pars compacta were examined in terms of
histopathology, morphology and inflammatory cell infiltration. In 6-OHDA lesioned PD
group there was a pronounced inflammatory cell infiltration clearly seen in tyrosine
hydroxlase immunohistocehmistry, was not seen in sham operated control groups. In
addition, cross sections revealed that, in 6-OHDA lesioned groups higher number of glial

cells were observed as compared with sham operated control groups.

4.3. SPONTANEOUS LOCOMOTOR ACTIVITY

To examine the effects of valproic acid on motor activity of the animals, locomotor
activities of the animals were measured with a motor activity monitoring system.
Stereotypic, ambulatory, vertical, horizontal motor activities and distance travelled by the

animal were measured.

4.3.1. Distance Travelled

The distance travelled by the animals did not differ between groups before the operation.
In the last measurement before decapitation of the animals, in SL group levodopa treatment
slightly increased locomotor activity according to the S group. On the contrary, in SV
group valproic acid treatment decreased locomotor activity as compared with S group. In
the last measurement before decapitation of the animals, the distance travelled by the
animal was significantly decreased in PD group as compared with the S group (p<0.01).
Although valproic acid treatment in PV group slightly increased the distance travelled by
animals compared with PD group, it is still significantly lower than S group (p<0.05).
Though there is no statistical significance, the distance travelled by the animals was higher

in PL and PVL groups as compared with the PD and PV groups (Figure 4.8).
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Figure 4.8. Graphs comparing distance traveled by the animals.Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups. Data are presented as centimeter of distance travelled by the
animal in 5 minutes. Data are expressed as mean = SEM (*p<0.05, **p<0.01 compared

with S group, "p<0.05 "p<0.01 compared with SL group.

4.3.2. Stereotypic Activity

The stereotypic activity did not differ between groups before the operation. In the last
measurement before decapitation of the animals, the stereotypic activity was significantly
decreased in PD group as compared with the S group, SV group and SL group (p<0.05,
p<0.05 and p<0.01 respectively). Similarly the stereotypic activity in PV group was lower
than S group, SV group and SL group (p<0.05, p<0.05 and p<0.01 respectively). On the
other hand, valproic acid treatment did not make a significant difference for stereotypic
activity between PV and PD groups. Though there is no statistical significance, the
stereotypic activity of the animals was higher in PL and PVL groups as compared with the

PD and PV groups (Figure 4.9).
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Figure 4.9. Graphs comparing stereotypic movement of animals. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups. Data are presented as number of stereotypic movement in 5
minutes. Data are expressed as mean + SEM (*p<0.05 compared with S group, ‘p<0.05

compared with SV group, “p<0.05 p<0.01 compared with SL group.

4.3.3. Ambulatory Activity

The ambulatory activity did not differ between groups before the operation. In the last
measurement before decapitation of the animals, the ambulatory activity was significantly
decreased in PD group as compared with the S group and SL group (p<0.01 and p<0.01
respectively). Although valproic acid treatment in PV group slightly increased the
ambulatory activity compared with PD group, it is still significantly lower than S group
and SL group (p<0.05 and p<0.05 respectively). Though there is no statistical significance,
the ambulatory activity of the animals was higher in PL and PVL groups as compared with
the PD and PV groups (Figure 4.10).
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Figure 4.10. Graphs comparing ambulatory movement of animals. Sham operated (S),
Sham operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally
6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups. Data are presented as number of ambulatory movement in 5
minutes. Data are expressed as mean + SEM (*p<0.05, **p<0.01 compared with S group,

#p<0.05 "p<0.01 compared with SL group.

4.3.4. Horizontal Activity

The horizontal activity did not differ between groups before the operation. In the last
measurement before decapitation of the animals, the horizontal activity was significantly
decreased in PD group as compared with the S group and SL group (p<0.05 and p<0.01
respectively). Similarly the horizontal activity in PV group was lower than S group and SL
group (p<0.05 and p<0.01 respectively). On the other hand, valproic acid treatment did not
make a significant difference for horizontal activity between PV and PD groups. Though
there is no statistical significance, the horizontal activity of the animals was higher in PL

and PVL groups as compared with the PD and PV groups (Figure 4.11).
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Figure 4.11. Graphs comparing horizontal movement of animals. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups. Data are presented as number of horizontal movement in 5
minutes. Data are expressed as mean + SEM (*p<0.05, **p<0.01 compared with S group,

#p<0.05 "p<0.01 compared with SL group.

4.3.5. Vertical Activity

The vertical activity did not differ between groups before the operation. In the last
measurement before decapitation of the animals, the vertical activity was significantly
decreased in PD group as compared with the SL group (p<0.05). Similarly the vertical
activity in PV group was lower than SL group (p<0.05). On the other hand, valproic acid
treatment did not make a significant difference for vertical activity between PV and PD
groups. Though there is no statistical significance, the vertical activity of the animals was

higher in PL and PVL groups as compared with the PV group (Figure 4.12).
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Figure 4.12. Graphs comparing vertical movement of animals. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups. Data are presented as number of vertical movement in 5
minutes. Data are expressed as mean + SEM (*p<0.05 compared with S group, p<0.05

compared with SL group.)

4.4. BIOCHEMICAL ANALYSIS OF OXIDATIVE STRESS

Oxidative stress is strongly implicated in PD pathogenesis. In addition, it is well
established that 6-hydroxydopamine kills dopaminergic neurons via increasing reactive
oxygen species and decreasing the activities of anti-oxidant systems. Therefore, in this
study lipid peroxide levels, superoxide dismutase, reduced glutathione and glutathione s-

transferase activities were determined from striatal tissue of the animals.
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4.4.1. Lipid Peroxide (MDA) Level

MDA level in the striatum in the PD group was found to be higher than all of the groups
(p<0.001). There was no difference between sham operated groups. In PV group, MDA
level was decreased as compared with the PD and PL groups (p<0.001, p<0.05
respectively). There was no difference between PV and PVL groups. Similarly in PV
group MDA levels were similar to sham operated groups (Figure 4.13).
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Figure 4.13. Graphs comparing MDA level in the striatum. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups.The data were all expressed as mean = SEM. One way Anova
followed by LSD post-hoc test was used for statistical analysis. ***p<0.001 vs S, SV, SL;
"5<0.001 vs PD; ®p<0.05 v PL.
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4.4.2. Superoxide Dismutase (SOD) Activity

SOD activities in striatum in the PD group were determined to be lower than S and SV
groups (p<0.01, p<0.001 respectively). In PV group, on the other hand, SOD activity was
found to be increased as compared with the PD group (p<0.01). Similarly, in PL and PVL
groups SOD activities were found to be increased as compared with the PD group (p<0.05,
p<0.05 respectively). In addition, in PV group SOD activity was similar to sham operated

groups (Figure 4.14).
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Figure 4.14. Graphs comparing SOD activity in the striatum. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups.The data were all expressed as mean = SEM. One way Anova
followed by LSD post-hoc test was used for statistical analysis. **p<0.01 vs S; “p<0.05,
#5<0.01 vs PD; *p<0.05, ***p<0.001 vs SV; “p<0.05, **p<0.01 vs SL.
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4.4.3. Reduced Glutathione (GSH) Activity

There was no significant difference of GSH activities between sham operated groups. GSH
activities in striatum in the PD group were determined to be lower than S, SV and SL
groups (p<0.01, p<0.01, p<0.01 respectively). In PV and PVL groups, on the other hand,
GSH activities were found to be increased as compared with the PD group (p<0.05, p<0.01
respectively) (Figure 4.15).
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Figure 4.15. Graphs comparing GSH activity in the striatum. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
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DOPA treated (PVL) groups. The data were all expressed as mean £ SEM. One way
Anova followed by LSD post-hoc test was used for statistical analysis. **p<0.01 vs S, SV,
SL; *p<0.05, #p<0.01 vs PD.
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4.4.4. Glutathione S-transferase (GST) Activity

There was no significant difference of GST activities between sham operated groups. GST
activities in striatum in the PD group were determined to be lower than S and SV groups
(p<0.05). In PV group, on the other hand, GST activities were found to be increased as
compared with the PD group. (p<0.01). Likewise, GST activitiy in PV group was found to
be increased as compared with the PL group. (p<0.01). Similarly GST activity in PV group

was similar to those in sham operated groups. (Figure 4.16).
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Figure 4.16. Graphs comparing GST activity in the striatum. Sham operated (S), Sham
operated and VPA treated (SV), Sham operated and L-DOPA treated (SL), Nigrally 6-
OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV), Nigrally 6-
OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA and L-
DOPA treated (PVL) groups.The data were all expressed as mean = SEM. One way Anova
followed by LSD post-hoc test was used for statistical analysis. *p<0.05 vs S, SV;
##p<0.01 vs PD; *p<0.01 vs PL.
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4.5. WESTERN BLOTTING

Histone acetylation level was determined with western blotting method in order to see
whether valproic acid exerts its effects via modulating epigenetic mechanisms. In addition,
the phosphorylation levels of p90RSK and ribosomal s6 protein were determined with
western blotting method since these proteins are strongly implicated in survival and
proliferation of the cells. For all of the western blotting experiments, the striatal tissue of

the animals were dissected out and protein isolation were performed from striatal tissues.

4.5.1. Acetyl Histone H3 (Lys9)

Valproic acid is known to acetylate histone proteins at lysine 9 position.The levels of
acetyl histone H3 were not different between S and SL groups. Valproic acid treatment
increased the histone acetylation level in SV group as compared with S and SL groups
(p<0.001, p<0.05 respectively). Histone acetylation level was decreased in PD group
according to the sham operated S, SV and SL groups (p<0.001, p<0.001, p<0.001
respectively). Valproic acid treatment in PV and PVL groups increased histone acetylation
level as compared with PD group (p<0.05, p<0.001 respectively). In addition, in PVL
group histone acetylation level was increased as compared with PV and PL groups

(p<0.01, p<0.01 respectively) (Figure 4.17 and 4.18).

S SV M PD PV SL PL PVL
Acetyl-Histone H3 —
(Lys9) 17 kDa

B-actin -— - .

Figure 4.17. Western blot analysis for 17 kDa band of Acetyl-Histone H3 (Lys9) in striatal
tissue. B-actin (42 kDa) was used as an internal control. M stands for marker. Sham
operated (S), Sham operated and VPA treated (SV), Sham operated and L-DOPA treated
(SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV),
Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA
and L-DOPA treated (PVL) groups.
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Figure 4.18. Graph comparing Acetyl-Histone H3 (Lys9) level in striatum. Sham operated
(S), Sham operated and VPA treated (SV), Sham operated and L-DOPA treated (SL),
Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV),
Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA
and L-DOPA treated (PVL) groups. The data were all expressed as mean = SEM of the
relative intensity with respect to B-actin. ***p<0.001 vs S; *p<0.05, ***p<0.001 vs SV;
2p<0.05, ***p<0.001 vs SL; “p<0.05, " p<0.001 vs PD; “*p<0.01 vs PV; ®®p<0.01 v PL.

4.5.2. Phospho p90RSK (Ser380)

The levels of phospho p90RSK were not different between S and SL groups. Valproic acid
treatment increased phospho p90RSK level in SV group as compared with S group
(p<0.05). The level of phospho p90RSK was decreased in PD group according to the sham
operated S, SV and SL groups (p<0.01, p<0.001, p<0.001 respectively). Valproic acid
treatment in PV group increased phospho p90RSK level as compared with PD group
(p<0.001) and PL group (p<0.05). In addition, in PVL group phospho p90RSK level was
increased as compared with PD and PL groups (p<0.001, p<0.01 respectively).
Furthermore, in PL group phospho p90RSK level was increased as compared with PD
group (p<0.01) (Figure 4.19 and 4.20).
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Figure 4.19. Western blot analysis for 90 kDa band of phospho p90RSK (Ser380) in
striatal tissue. B-actin (42 kDa) was used as an internal control. M stands for marker. Sham
operated (S), Sham operated and VPA treated (SV), Sham operated and L-DOPA treated
(SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV),
Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA
and L-DOPA treated (PVL) groups.
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Figure 4.20. Graph comparing phospho p90RSK (Ser380) level in striatum. Sham operated
(S), Sham operated and VPA treated (SV), Sham operated and L-DOPA treated (SL),
Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA treated (PV),
Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA injected and VPA
and L-DOPA treated (PVL) groups. The data were all expressed as mean = SEM of the
relative intensity with respect to B-actin. **p<0.01 vs S; ***p<0.001 vs SV, SL; *p<0.01,
#5<0.001 vs PD; ©p<0.05, ©°p<0.01 v PL.
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4.5.3. Phospho-S6 Ribosomal Protein (Ser235/236)

The levels of phospho S6 ribosomal protein (Ser235/236) were not different between S, SL
and SV groups. The phosphorylation level of S6 ribosomal protein in PD group was found
to be decreased as compared to SV and SL groups (p<0.05). On the other hand, the
phosphorylation level of S6 ribosomal protein was increased in PVL group as compared
with PD, PV and PL groups (p<0.001, p<0.01, p<0.05 respectively). Furthermore, the level
of phospho S6 ribosomal protein was increased in PL group as compared with PD group

(p<0.05) (Figure 4.21 and 4.22).
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Figure 4.21. Western blot analysis for 32 kDa band of phospho S6 ribosomal protein
(Ser235/236) in striatal tissue. B-actin (42 kDa) was used as an internal control. M stands
for marker. Sham operated (S), Sham operated and VPA treated (SV), Sham operated and

L-DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and

VPA treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-

OHDA injected and VPA and L-DOPA treated (PVL) groups.
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Figure 4.22. Graph comparing phospho S6 ribosomal protein (Ser235/236) level in
striatum. Sham operated (S), Sham operated and VPA treated (SV), Sham operated and L-
DOPA treated (SL), Nigrally 6-OHDA injected (PD), Nigrally 6-OHDA injected and VPA

treated (PV), Nigrally 6-OHDA injected and L-DOPA treated (PL), Nigrally 6-OHDA
injected and VPA and L-DOPA treated (PVL) groups. The data were all expressed as mean
+ SEM of the relative intensity with respect to B-actin. **p<0.01 vs S, *p<0.05 vs SV, SL;
#p<0.05, " p<0.001 vs PD; “°p<0.01 v PV;“p<0.05, vs PL.
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S. DISCUSSION

Parkinson’s Disease is widely seen in the world and the prevalence of it is increasing with
the aging population. Although the pathogenesis of PD is not fully understood, it is
characterized by the progressive degeneration of the dopaminergic neurons in substantia
nigra pars compacta region of the brain. Degeneration of the dopaminergic neurons
diminishes the dopamine amount in the striatum. Oxidative stress, mitochondrial
dysfunction, protein aggregation, inflammation and lysosomal dysfunction are involved in
PD pathogenesis. The major clinical signs are resting tremor, postural instability,
bradykinesia and rigidity all of which affect negatively the quality of life of the patients
[200, 201]. When the clinical symptoms occur, approximately 60 percent of dopamine
neurons in substantia nigra pars compacta and 80 per cent of the dopamine amount in the
striatum are lost. It is hypothesized that, the compensatory mechanisms in the brain such as
diminished dopamine uptake may substitute for the smaller lesions in substantia nigra pars
compacta. On the other hand, when there is a bigger lesion, those compensatory

mechanisms are insufficient such that motor symptoms clinically occur [202].

After the clinical diagnosis, the current therapies are only symptomatic. There is currently
no known neuroprotective and neurorestorative therapy for PD. The gold standard therapy
levodopa is only a dopamine precursor with the ability to cross blood brain barrier and is
converted into dopamine in the brain [203]. It accounts for the loss of dopamine amount in
PD brains, provides a brief relief of the motor symptoms to the PD patients. On the other
hand, after a while motor complications related to the usage of levodopa become apparent
[204]. As the disease progresses, dyskinesia and diminished response to the medication
occur. Dyskinesia is characterized as the involuntary movements such as tics and chorea
which are involuntary movements of the muscles in the face and extremities. It is
important to note that, as the disease progresses patients taking levodopa medication begin
to be unresponsive to levodopa which is called as the off state and the responsive times (on
state) are decreased during this time. For this reason physicians try to delay the usage of
levodopa by using some dopamine agonists although only minority of the PD patients give
response the dopamine agonists treatment [205]. Dopamine agonists also lead to serious
side effects such as hallucinations, confusion and paranoia [206]. In the light of these piece

of information, the only therapeutic approach in the treatment of PD has many
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complications. Therefore, novel therapies, which are also neuroprotective and

neurorestorative, are needed in the treatment of PD.

Valproic acid is currently used in the treatment of epilepsy, migraine and bipolar disorder.
It was first synthetized by Burton in 1882 [207], although anticovulsant properties were
indicated later on. It is well tolerated, commercially available and cheap. It has a high
bioavailability rate in both humans and rodents. It is indicated that, it can cross blood brain
barrier rapidly by active transport mechanisms [208]. It is important to note that, valproic
acid has no known drug interactions with levodopa [209]. Furthermore, recent studies
demonstrate that valproic acid is also a histone deacetylase inhibitor. Increasing number of
studies indicate the neuroprotective effects of histone deacetylase inhibitors in various
neurodegenerative disorders. Valproic acid specifically targets class I and class Ila histone
deacetylases which are strongly implicated in central nervous system [210]. Various
studies indicate that, valproic acid decreases neuronal death through increasing histone 3

acetylation which increase the transcription of many anti-apoptotic proteins [211].

In this study, the main purpose was to understand the potency of valproic acid as an
alternative treatment of PD because of its strong neuroprotective effects. In order to
compare valproic acid’s potential effects with the effects of gold standard therapeutic agent
levodopa, valproic acid was included into the study as a second agent. Valproic acid and
levodopa were used post acutely in a 6-hydroxydopamine animal model of Parkinson’s
Disease. Both of the drugs were administered to the animals intraperitoneally. It is
important to note that, benserazide hydrochloride was also administered in combination
with levodopa in order to decrease peripheral decarboxylation and to increase the
bioavailability of levodopa. The effects of valproic acid on neuronal survival, motor
activity, oxidative stress parameters, apoptotic mechanisms and histone acetylation levels
in the brain were investigated. It is known that oxidative stress and apoptotic mechanisms
are important in PD pathogenesis as they lead to dopaminergic neuronal death. In addition
akinetic motor symptoms diminish the quality of life of the PD patients. Therefore, when
developing new therapeutic approaches, the effects of novel agents on these mechanisms

should also be taken into consideration as accomplished in this study.

Animal models are commonly used to investigate the molecular mechanisms of diseases
and to test new therapeutic approaches. In order to test the effects of valproic acid, a

neurotoxin induced animal model of PD was used in this study. 6-hydroxydopamine
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targets dopamine neurons via its specific affinity to dopamine transporters on
dopaminergic neurons and closely mimics PD. Once in the dopamine neurons, it increases
the amount of reactive oxygen species while decreasing the activities of anti-oxidant
systems, it leads to dopaminergic neuron death [212]. It also interferes with mitochondrial
respiratory chain which further increases reactive oxygen species [213]. On the ground that
6-hydroxydopamine cannot cross blood brain barrier, it can be injected into substantia
nigra pars compacta, medial forebrain bundle or striatum. In this study, 6-
hydroxydopamine was stereotaxically injected into substantia nigra pars compacta of the
brain which provides rapid degeneration of the neurons. In addition, 6-hydroxydopamine
was unilaterally injected into the right substantia nigra pars compacta, while the left
substantia nigra pars compacta serving as an internal control. In the literature bilateral
animal models are reported to decrease the survival rate of the animals after the operation.
To decrease the oxidation of 6-hydroxydopamine, the solution was freshly prepared just
before the operation in ascorbic acid solution which is an anti-oxidant. The advantage of
6-hydroxydopamine PD model over other methods is that, the validity of the method can
be assessed while the animals are alive by subcutaneous administration of apomorphine or
amphetamine. Apomorphine is a dopamine agonist and contralateral rotations after
apomorphine administration correlate with the severity of the disease [214]. In line with
the literature, 6-hydroxydopamine lesioned animals showed pronounced rotational
behavior, while sham operated animals did not show any rotational behavior in
apomorphine induced rotation test. Valproic acid treatment slightly decreased the
apomorphine induced rotations as compared to 6-hydroxydopamine lesioned and saline

treated animals.

Dopaminergic neurons progressively degenerate in PD pathogenesis. 6-hydroxydopamine
also leads to degeneration of dopaminergic neurons [215]. Immunohistochemical detection
of tyrosine hydroxylase is the established method in PD research. Tyrosine hydroxylase is
the rate limiting enzyme in the dopamine synthesis process. Therefore, tyrosine
hydroxylase positive neurons give reliable data on the number of dopaminergic neurons in
susbstantia nigra pars compacta. In line with the literature, in this study 6-
hydroxydopamine injection significantly diminished tyrosine hydroxylase positive
dopaminergic neurons in susbstantia nigra pars compacta and levodopa treatment did not

change the number of tyrosine hydroxylase positive dopaminergic neurons . Although



&9

post-acute valproic acid treatment significantly increased the number tyrosine hydroxylase
positive neurons, they were still lower than sham operated groups. On the other hand, Kidd
et al [187], published that valproic acid provided almost full protection from MPTP
induced dopaminergic neuronal death. In that study, the authors preferred a prophylactic
administration of valproic acid such that, valproic acid is injected to the animals before
establishing the MPTP model of PD and also is continued afterwards. In this study, we
preferred a post-acute treatment with valproic acid. Our results suggested that, post-acute
treatment of valproic acid with the dose and time window used in this study may provide a
partial protection from toxic insults, while levodopa does not change the number of

dopaminergic neurons.

Although controversial studies are present in terms of apoptosis in nigral degeneration,
various studies indicate the involvement of apoptosis in neuron degeneration, in humans, in
vivo and in vitro models of PD [216]. TUNEL method is widely used for detecting
apoptotic cells. It is a highly reliable method for detecting apoptosis as it labels DNA
double strand breaks. Various studies demonstrate TUNEL positive neurons in 6-
hydroxydopamine animal models [217, 218]. Many studies indicate that, valproic acid
provides protection via increasing the amount of anti-apoptotic proteins such as BCL-2 and
BCL-XL [219]. In this study, sham operated animals demonstrated trace amounts of
apoptotic neurons. In line with the literature, 6-hydroxydopamine caused significantly
increased amounts of TUNEL positive neurons in susbstantia nigra pars compacta as
compared with sham operated groups. Valproic acid treatment significantly diminished the
apoptotic neurons in susbstantia nigra pars compacta as compared with 6-
hydroxydopamine lesioned and saline treated animals. Valproic acid treatment also
significantly diminished the apoptotic neurons as compared with 6-hydroxydopamine
lesioned and levodopa treated animals. On the other hand, the number of apoptotic neurons
were still higher than sham operated groups. These results suggested that, valproic acid
treatment may provide an effective protection to dopaminergic neurons from toxic insults

through interfering apoptotic mechanisms.

In this study, cresyl violet and hematoxylin eosin stainings were also performed in order to
morphologically examine tissues. Interestingly, 6-hydroxydopamine caused increased
accumulation of glial cells in the lesioned area, which is not seen in sham operated

animals. It has been observed that valproic acid treatment diminished those cells. In the
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literature, Hirsch et al [220], demonstrated that both astrocytes and microglia are activated
in PD animal model which subsequently release inflammatory agents leading to neuronal
death. In addition valproic acid is known to reduce inflammatory agents by increasing the

apoptosis of microglial cells [221, 222].

Oxidative stress is a key player in the degeneration of the dopaminergic neurons in PD.
Because of the specific structure of the dopamine neurons, they are especially vulnerable to
toxic insults and reactive oxygen species [223]. 6-hydroxydopamine is known to increase
reactive oxygen species such as hydroxyl radicals [224]. 6-hydroxydopamine also
increases hydrogen peroxide [225]. In addition 6-hydroxydopamine is known to interfere
with the free radical scavengers [226]. Furthermore, 6-hydroxydopamine decreases
superoxide dismutase and glutathione peroxidase [227]. It has been demonstrated that
overexpression of anti-oxidants such as superoxide dismutase and glutathione peroxidase
diminishes 6-hydroxydopamine induced cell death [228, 229]. Therefore, targeting
mechanisms that halt reactive oxygen species and increase the function of anti-oxidant
systems should be an important approach in developing novel therapies for PD. Jornada et
al [230], demonstrated that valproic acid halts reactive oxygen species by increasing the
activites of superoxide dismutase and catalase. In the model used in this study, 6-
hydroxydopamine led to increased amounts of oxidative stress in dopaminergic neurons.
As in the literature, in the current study 6-hydroxydopamine injection decreased activities
of anti-oxidant systems superoxide dismutase, glutathione S-transferase and reduced
glutathione as compared to sham operated animals. Decreased activities of anti-oxidant
enzymes leads to increased amounts of reactive oxygen species which damages lipids and
produces lipid peroxidation products such as malondialdehyde. In line with the literature,
in this study, 6-hydroxydopamine injection increased malondialdehyde level as compared
to sham operated animals. On the other hand, valproic acid treatment decreased
malondialdehyde level and increased the activities of superoxide dismutase, glutathione S-
transferase and reduced glutathione as compared to 6-hydroxydopamine lesioned and
saline treated animals. Furthermore, valproic acid treatment decreased malondialdehyde
level and increased the activities of superoxide dismutase, glutathione S-transferase and
reduced glutathione as compared to 6-hydroxydopamine lesioned and levodopa treated

animals. These results suggest that valproic acid may halt 6-hydroxydopamine induced
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oxidative stress. Therefore, valproic may have beneficial effects in the treatment of PD by

diminishing oxidative stress and increasing the anti-oxidant capacity of the neurons.

The major clinical symptom of the PD is the motor abnormalities due to the disrupted
balance of the direct and indirect pathways of the basal ganglia. 6-hydroxydopamine is
known to decrease motor activity of the animals in both unilateral [231] and bilateral [232]
models of PD. In this study, the locomotor activity parameters were also investigated with
an activity monitoring system [233]. Distance travelled is the measurement of the area
travelled by the animal in the activity cage as centimeter. Stereotypic activity is the number
of times the rat licking the fore legs, moving them over its head and bites its own fur.
Ambulatory activity is the number of squares crossed in the activity cage. Vertical activity
is the number of times the rat stands on its hind feet. In the present study all of the
locomotor activity parameters were decreased in 6-hydroxydopamine lesioned animals
since the balance between direct and indirect pathways of the basal ganglia was disrupted
in Parkinson’s Disease. The relatively low dose of levodopa used in this study, in order not
to induce dyskinetic behavior, still increased the locomotor activity parameters as
compared to 6-hydroxydopamine lesioned and saline treated animals. This is due to
increased activation of the direct pathway of the basal ganglia by dopaminergic agents.
Similarly, levodopa treatment in sham operated animals increased locomotor activity
parameters as compared to other sham operated animals. Although valproic acid treatment
significantly improved the impaired locomotor activity parameters as compared to 6-
hydroxydopamine lesioned and saline treated animals, they were still lower than sham
operated groups. Likewise, locomotor activity parameters were lower in sham operated
and valproic acid treated animals as compared to both sham operated saline treated and
sham operated and levodopa treated animals. One explanation may be that, valproic acid
also increases the level of GABA which is an inhibitory transmitter and has a negative
effect on locomotor activity of the animals [234-236]. Iadarola et al, demonstrated that
200-400 mg/kg of valproic acid increases GABA in rat brains, which includes the dosage
used in this study [237]. On the other hand, Biggs et al, published that different doses of
valporic acid leads to biphasic effect on GABA levels. They demonstrated that 100 mg/kg
valproic acid decreased GABA amount in the brain by half, on the other hand, 400 mg/kg
valproic acid increased amount of GABA in the brain by 200 per cent [238]. According to
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these results, the effects of different doses of valporic acid on locomotor activity may be

investigated in PD models.

Epigenetics is the alterations in the gene expression that are not due to alterations in DNA
sequence. In neurodegenerative studies valproic acid is one of the most widely studied
histone deacetylase inhibitor. Increasing number of studies are investigating the potent
neuroprotective effects of valproic acid in many neurodegenerative diseases such as
Alzheimer’s Disease, Huntington’s Disease, spinal muscular atrophy and cerebral ischemia
[239-242]. As shown in the previous in vitro and in vivo Parkinson’s Disease studies,
valproic acid may have potential protective mechanisms by inducing antiapoptotic,
antioxidant, anti-inflammatory, and histone deacetylase inhibitory mechanisms. It is known
that systemic administration of relatively high doses of valproic acid results in hyper
acetylation in the brain by increasing the level of Acetyl-Histone H3 (Lys9) [243]. It has
been demonstrated that valproic acid has neuroprotective effects in a rotenone model of PD
through increasing histone 3 actylation level in the brain [244]. Similarly, valproic acid
also provides protection from 6-hydroxydopamine induced neuronal death [245].
Furthermore, in a recent in vivo PD study, the neuroprotective effects of valproic acid
mediated HDAC inhibition and histone 3 acetylation has been implicated prophylactically
[187]. It is interesting to note that, a-synuclein aggregation was found to be associated with
hypo-acetylation of histone 3. It is suggested that a-synuclein aggregation represses the
transcription of certain genes by decreasing histone acetylation eventually causing
neuronal death [246]. In the present study, valproic acid treatment in 6-hydroxydopamine
lesioned animals slightly increased Histone 3 acetylation as compared to the 6-
hydroxydopamine lesioned and saline treated animals. Likewise, valproic acid treatment in
sham operated animals slightly increased Histone 3 acetylation as compared to the sham
operated saline treated and sham operated and levodopa treated animals. Although not
significant, there was a slight increase of Histone 3 acetylation in sham operated and
levodopa treated animals compared to sham operated animals. Interestingly, levodopa
treatment is found to be related to Histone 3 acetylation [247]. These results suggested that

valproic acid may exert its effects via modulating epigenetics mechanisms.

In order to understand the molecular mechanisms of valproic acid in detail, the
phosphorylation level of pP90RSK and ribosomal s6 protein were investigated in this study.

p90RSK is strongly implicated in cell survival and proliferation processes. It is regulated



93

under the MAPK pathway. Upon a stimulus, the phosphorylation of ERK1/2 in turn
phosphorylates p90RSK proteins at several sites. Phosphorylated and activated RSK
proteins traslocate into nucleus and phosphorylate proteins such as ribosomal S6 protein.
Phosphorylated ribosomal S6 protein in turn increases the transcription of the proteins
involved in cell cycle progression and synaptic plasticity [248]. Therefore, phosphorylation
level of p90RSK and ribosomal S6 protein is very important in cell survival processes
[249, 250]. Of note, p90RSK also halts apoptotic mechanisms by inhibiting proapoptotic
protein BAD [251]. It has been demonstrated that, while ribosomal S6 kinase
phosphorylates ribosomal S6 protein at all sites, pP9ORSK phosphorylates ribosomal S6
protein at Ser 235/236 [168]. Therefore, in the current study, an antibody specific to these
phosphorylation sites was selected. In this study, valproic acid treatment in 6-
hydroxydopamine lesioned animals significantly increased the phosphorylation of p90RSK
protein as compared to the 6-hydroxydopamine lesioned and saline treated animals.
Likewise, valproic acid treatment in 6-hydroxydopamine lesioned animals slightly
increased the phosphorylation of ribosomal S6 protein as compared to the 6-
hydroxydopamine lesioned and saline treated animals. These results suggested that,
valproic acid may provide protection from 6-hydroxydopamine induced toxic insults by
stimulating the activation of proteins involved in cell proliferation, differentiation and
survival processes. Interestingly, levodopa treatment in 6-hydroxydopamine lesioned
animals also increased the phosphorylation of p90RSK and ribosomal S6 protein as
compared to the 6-hydroxydopamine lesioned and saline treated animals. It is known that,
levodopa treatment increases the phosphorylation of ERK1/2 proteins which is upstream of
p90RSK and ribosomal S6 proteins [252, 253]. It is thought that, long term treatment of
levodopa leads to dyskinetic behavior via phosphorylation of ERK1/2. In the current study,
combined treatment of 6-hydroxydopamine lesioned animals with valproic acid and
levodopa, further increased the phosphorylation of p90RSK and ribosomal S6 proteins,

suggesting a synergistic effect of both agents.
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6. CONCLUSION

Millions of patients suffer from PD in the world and prevelance is also increasing with the
aging population. Currently only symptomatic therapies are present in the treatment of PD.
Therefore, novel neuroprotective and neurorestorative therapeutic approaches are needed.
The current study demonstrates that, valproic acid may have beneficial effects in the
treatment of PD. The dosage and duration of valproic acid used in this study, partially
protected dopaminergic neurons by slightly increasing tyrosine hydroxylase positive
dopaminergic neurons and decreasing apoptotic neurons. In addition, valporic acid
treatment diminished oxidative stress parameters and increased the activities of anti-
oxidant mechanisms. Furthermore, in this study, it was demonstrated that valproic acid
stimulates the phosphorylation of proteins which are involved in cell survival and
proliferation processes. On the other hand, valproic acid had limited effects on impaired
locomotor activity parameters as compared with levodopa. Overall data suggested that,
valproic acid may have beneficial effects in the treatment of PD in combination with
levodopa and it is worth investigating. However, due to the fact that PD is a highly
complex disorder involving many pathologic mechanisms at the same time, further studies
should be conducted to determine the limitations and detailed mechanisms of the effects of

valproic acid in the treatment of PD.
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