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Abstract 

               Parkinson’s disease (PD) is characterised by the loss of dopaminergic neurons 

from the midbrain substantia nigra pars compacta (SNpc). Current therapies aimed at 

replacing dopamine do not halt disease progression and long-term use is associated with 

reduced efficacy and debilitating side effects, hence there is an urgent need for a better 

understanding of disease mechanisms leading to novel therapeutic approaches. 

Interestingly, being male is a major risk factor after aging for developing PD, with the 

neuroprotective capacity of estrogens contributing to male/female differences. The 

retinoic acid receptor-related orphan receptor alpha (RORα) has numerous neuronal 

functions, including transcriptional regulation of central aromatase, the enzyme 

responsible for estradiol synthesis. RORα has also been noted to have neuroprotective 

effects against oxidative stress, a fundamental mechanism contributing to the loss of 

dopaminergic neurons in PD.  

                 Using qRT-PCR and western blot, we have identified a higher expression of 

RORα in the SNpc of female human post-mortem control brains compared with males. 

In PD subjects RORα expression in the males, but not female, SNpc was significantly 

increased compared with controls. Accordingly, we hypothesized that RORα is a sex-

specific neuroprotective factor in PD, with its greater innate expression in control 

females contributing to their relative protection, whereas its up-regulation in male PD 

may represent a response to combat the pathogenic process. Therefore, further studies 

aimed to investigate the hypothesis that RORα is a potential therapeutic target in PD.                                        

In order to investigate directly the neuroprotective potential of RORα, we developed an 

in vitro PD model using a dopaminergic neuron-like cell line (N27) and an astrocytic 

cell line (C6), which were challenged with the dopaminergic-selective neurotoxin, 6-
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hydroxy dopamine; cell viability after challenge was assessed using both cell survival 

(MTS) and cell death (LDH) assays. Pharmacological analysis using a selective 

RORα/γ agonist (SR1078) and antagonist (SR1001) demonstrated that RORα 

activation protects dopaminergic neuronal cells against oxidative stress. We further 

characterised the underlying mechanisms and we found that SR1078 mediates 

neuroprotection in our model by blocking mitochondrial  Reactive Oxygen Spcies 

(ROS) production and inhibition of apoptosis.  

In summary, our human and in vitro experimental studies point to a novel role for RORα 

in PD, which may not only contribute to mechanisms underlying sex differences in the 

condition, but also suggests that up-regulation of RORα offers novel therapeutic 

potential in PD.  
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Chapter 1 Introduction 

          This chapter will summarise and review the current knowledge about Parkinson’s 

disease (PD), including clinical presentations, neuropathology, diagnosis, available 

treatments and experimental modelling of the disease. It will then review the literature 

relating to sex bias in PD and the role played by sex steroid hormones as well as 

evidence for the role of Retinoic Acid Receptor-related Orphan Nuclear Receptor Alpha 

(RORα) and its targeted genes, namely aromatase and 17βHydroxy steroid 

dehydrogenase type 10 (17βHSD10), as potential neuroprotective factors in the brain. 

1.1 Parkinson’s disease  

             PD is a progressive neurodegenerative movement disorder characterised by 

loss of dopaminergic neurons from the midbrain substantia nigra pars compacta (SNpc) 

(Dauer and Przedborski 2003). PD is the second most common age-related 

neurodegenerative disease after Alzheimer’s disease (AD) and the most common 

movement disorder (Mhyre, Boyd et al. 2012). The Centre of Disease Control rated PD 

as the 14th cause of death among the leading causes of death in the United States in 

2013 (Xu, Murphy et al. 2016). Interestingly, numerous studies indicate that its 

incidence is higher in males compared to females, with an average ratio of 1.9, and 

disease characteristics also show notable sex differences (Mayeux, Marder et al. 1995, 

Twelves, Perkins et al. 2003, Van Den Eeden, Tanner et al. 2003, Dorsey, 

Constantinescu et al. 2007, Haaxma, Bloem et al. 2007, Hirtz, Thurman et al. 2007). 

Approximately 5% of cases have a genetic linkage and are considered familial, with the 

vast majority being considered as sporadic, having no known cause, but theories 

regarding environmental toxins have been raised (Jenner, Morris et al. 2013). Besides 

being a social burden, PD is an economic burden, with direct and indirect costs upward 
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of around $23 billion annually in the US (Huse, Schulman et al. 2005) and €14 billion 

in Europe (Mhyre, Boyd et al. 2012). Considering the oncoming wave of aging 

populations, as well as the chronic and progressive nature of this disease, these costs 

are predicted to increase greatly in the coming years (Mhyre, Boyd et al. 2012). 

1.1.1 Historical context 

           Symptoms of PD have been described through the ages, including references  by 

ancient Indians and Egyptians, by physicians from biblical times, by Galen, a 2nd 

century Roman physician and surgeon, and in the 17th century by Tulp, Silvio de la Boe, 

Johannes Baptiste Sagar, Gaubius, Boissier de Sauvages, Hunter and Chomel (Garcia 

Ruiz 2004). However, PD was described for the first time in a scientific way by James 

Parkinson in 1817 in his monograph entitled “An Essay on the shaking palsy”. He 

described six patients with “involuntary tremulous motion with lessened muscular 

power, in parts not in action even when supported, with a propensity to bend the trunk 

forward and to pass from a walking to a running pace” which made nosologist (disease 

classification scientist) assume that he described an unrecognised disease (Parkinson 

2002). Later, Jean Martin Charcot, the father of modern neurology, suggested calling 

the syndrome maladie de Parkinson (Parkinson’s disease) (Lees 2007).  

              Greater awareness of PD allowed physicians to efficiently differentiate PD 

from other neurological disorders. However, it was not until the 20th century that 

anatomical and biochemical features of PD were identified. At the beginning of the 

20th century, autopsies revealed neurodegeneration of the pigmented neurons of the 

midbrain, thereby identifying an anatomical target as Fritz Lewy (a.k.a. “Friedrich 

Heinrich Lewy”) first described the hallmark intracellular inclusions characteristic of 

PD (Rodrigues e Silva, Geldsetzer et al. 2010). This discovery was followed by 
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identification of the substantia nigra (SN) as the site of PD pathology by Konstantin 

Tretiakoff’s (Lees, Selikhova et al. 2008). Tretiakoff in turn, coined the term Lewy 

body, in honour of Lewy’s work, to identify the inclusions within the SN neurons. A 

subsequent detailed description of PD pathology by Foix and Nicolesco identified the 

specific loss of the neuromelanin containing neurons in the SN (Gonzalez-Hernandez, 

Cruz-Muros et al. 2010). This was followed by the identification that dopamine (DA) 

is the neurotransmitter enriched in the basal ganglia and its loss was proposed as a cause 

for PD by Arvid Carlsson and his colleagues (Carlsson, Lindqvist et al. 1957, Bertler 

and Rosengren 1959, Lees, Selikhova et al. 2008). In 1960, Ehringer and Hornykiewicz 

noted decreased levels of DA in the striatum of PD patients (Hornykiewicz 2002). 

These discoveries collectively provided scientists with a molecular target that could be 

used to develop treatment for the disease. 

1.1.2 Epidemiology and risk factors 

                The overall incidence of PD has been estimated to be 12-16 (Hirtz, Thurman 

et al. 2007) and 16-19 (Twelves, Perkins et al. 2003) per 100,000 person-years in US 

and European populations respectively. The number of world-wide PD cases is 

estimated to increase from 4.1 million (340,000 US cases) in 2005 to nearly 8.7 million 

(610,000 US cases) by 2030 (Dorsey, Constantinescu et al. 2007). Age is the single 

greatest risk factor for PD, followed by male sex. The mean age of incidence is 55 years 

old with a marked increase with age from 20/100,000 overall to 120/100,000 at age of 

70 (Dauer and Przedborski 2003). As previously mentioned, PD incidence is, on 

average, two times higher in males compared to females (range 1.37 to 3.7) (Mayeux, 

Marder et al. 1995, Baldereschi, Di Carlo et al. 2000, Swerdlow, Parker et al. 2001, 

Twelves, Perkins et al. 2003, Van Den Eeden, Tanner et al. 2003, Hirtz, Thurman et al. 
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2007)). Other than age and sex, many risk factors have been linked to PD. These factors 

can be categorised under two groups, genetic and environmental risk factors. 

1.1.2.1 Genetic risk factors 

               The past 15 years have been associated with a great advancement in the 

knowledge about genetic contributions to both familial and sporadic PD. On one hand, 

two identified genes (SNCA, LRRK2) cause autosomal dominant PD, producing 

classical, later developing disease with α-synuclein staining Lewy pathology (Mhyre, 

Boyd et al. 2012). On the other hand, autosomal recessive genes (PARK, PINK1, DJ1) 

are likely to cause earlier onset parkinsonism with or without α-synuclein-positive 

Lewy pathology and generally present with a slower progression and more benign 

clinical course (Mhyre, Boyd et al. 2012). Recent studies have now identified LRRK2 

to be the most common mutation in both familial and sporadic PD (Berg, Schweitzer et 

al. 2005, Gilks, Abou-Sleiman et al. 2005, Goldwurm, Di Fonzo et al. 2005, Mata, Ross 

et al. 2006, Healy, Falchi et al. 2008).  Although a number of mutations have been 

reported, only seven have been linked to PD, with the G2019S mutation being the most 

common (Dachsel and Farrer 2010). Lately, a large meta-analysis study was conducted 

on 12,386 PD cases and 21,026 controls from five USA/European Genomic Wide 

Association (GWA) studies, which revealed the contribution of additional gene loci to 

PD pathology including: ACMSD, CCDC62/HIP1R, MCCC1/LAMP3, STK39, and 

SYT11 (Mhyre, Boyd et al. 2012).  

1.1.2.2 Environmental risk factors 

             Although the identified genetic factors can explain 60% of genetic disease risk 

for PD, the majority of cases are sporadic indicating the involvement of environmental 

and/or lifestyle as risk factors for PD. Davis et al., provided the first link between PD 
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and environmental factors when they found out that illicit use of intravenous (IV)   

injections of meperidine analogues produced parkinsonism in a 23-year-old man 

(Davis, Williams et al. 1979). This was followed by a case series of four  IV drug users 

(Langston, Ballard et al. 1983) and a chemist (Langston and Ballard 1983) who 

developed PD. The causative agent was subsequently identified as the compound 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, a contaminant of MPPP, a 

synthetic opioid illicit drug), a potent dopaminergic neuron toxicant. MPTP is a 

compound that can cross the blood-brain barrier and is converted to the 

dihydropyridinium ion (MPDP+) by monoamine oxidase B in astrocytes (Dauer and 

Przedborski 2003). Then,  MPTP+ auto-oxidation leads to the formation of the toxic 1-

methyl-4-phenylpyridinium (MPP+), which is then released from astrocytes by an 

unknown mechanism, and taken up by dopaminergic neurons via the dopamine 

transporter (DAT), where it acts to inhibit mitochondrial complex I activity (Choi, 

Kruse et al. 2008). 

         The structural similarity between MPTP and paraquat, a herbicide used 

extensively worldwide, drew the attention toward examining pesticide exposure as a 

risk factor for developing PD. Exposure to pesticides in general (e.g., rural living, well 

water use, farming profession, non-specific pesticides exposure, etc.), and to specific 

classes of pesticides (e.g., paraquat, rotenone, etc.), have been associated with PD 

incidence (Wirdefeldt, Adami et al. 2011). Other environmental factors have also been 

suggested to increase the risk of PD, including metals, head trauma, solvents, 

electromagnetic radiation  and viral infections, although evidence for contribution of 

these factors to PD risk  is unsubstantiated (Mhyre, Boyd et al. 2012). 
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1.1.3 Clinical Presentation 

1.1.3.1 Motor Symptoms 

               The core symptoms of PD include: resting tremor, which decreases with 

voluntary movements, slowness of movement (bradykinesia), rigidity, absence of 

normal unconscious movement such as arm swing during movement (akinesia) and 

postural instability. PD patients also have paucity of normal facial expression, 

decreased voice volume (hypophonia), failure of swallowing without thinking about it, 

accompanied by drooling, and they also have decreased size (micrographia) and speed 

of hand writing (Dauer and Przedborski 2003). The classical unilateral features of PD 

appear when DA depletion in the contralateral striatum reaches 30-40% of normal. In 

about 60–70 % of PD cases, tremor is the first symptom that appears and over time 

spreads to the ipsilateral lower limb or to the contralateral upper limb (Mhyre, Boyd et 

al. 2012). The disease severity is progressive over time, and the death rate before the 

discovery of L-Dopa was three times that of the normal age-matched subjects (Dauer 

and Przedborski 2003). 

1.1.3.2 Non-motor Symptoms (NMSs) 

              Although PD is classically considered a motor disorder, it is also associated 

with a wide range of non-motor symptoms (Poewe 2008). Lately, it has become even 

evident that in PD, some NMSs  may antedate the appearance of motor disturbance 

(Santamaria, Tolosa et al. 1986). The incidence of symptoms outside the motor scale 

of PD is significant and includes autonomic, behavioural (neuropsychiatric-depression, 

psychosis), cognitive, olfactory, sensory and sleep disorders, which can occur in 80–90 

% of patients with PD (Shulman, Taback et al. 2001, Shulman, Taback et al. 2002, 

Chaudhuri, Healy et al. 2006). The autonomic dysfunctions in PD include 
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cardiovascular, gastrointestinal and genitourinary dysfunction (Chaudhuri, Healy et al. 

2006) with orthostatic hypotension being the most common occurring cardiovascular 

dysfunction (30–58 % of patients) (Goldstein 2006). Furthermore, bladder and sexual 

dysfunction was reported in up to 40–80 % of PD patients and olfactory alteration 

approaches 90 % (Winge, Skau et al. 2006). Although NMSs may manifest before, 

coincident with, or after the classic motor symptoms of PD emerge, identification of 

early NMSs are important as it may lead to early diagnosis of PD and improvement in 

treatment outcomes, especially if the much needed disease-modifying therapies are 

developed (Mhyre, Boyd et al. 2012). Furthermore, the fact that these symptoms are 

often associated with more impairment in daily life than motor dysfunction, makes it 

of a significant consideration (Gallagher, Lees et al. 2010). 

1.1.4 Neuropathology 

                 The knowledge about PD pathology has advanced exponentially since the 

discovery of DA by Arvid Carlssons in 1958. The underlying cellular mechanism 

includes the progressive loss of dopamenergic neurons from the midbrain SNpc, with 

the formation of intraneuronal proteinaciuos cytoplasmic inclusions, termed Lewy 

bodies (Figure 1.1). This dopaminergic loss has a specific topology different from the 

one seen with normal aging. More specifically, the dopaminergic neuronal death is 

more pronounced in the ventrolateral and caudal portions of the SNpc, while during 

normal aging, the dopaminergic neuronal loss is more prominent in the dorsomedial 

aspect of the SNpc (Fearnley and Lees 1991). Also, the dopaminergic synaptic terminal 

loss in the striatum is of a greater magnitude in PD than that of the SNpc dopaminergic 

neuronal loss (Bernheimer, Birkmayer et al. 1973). Normally, the dopaminergic 

neurons of the SNpc projects to the dorsal striatum and form the nigrostriatal 
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dopaminergic tract (NSDA), which regulates fine motor control. Hence, degeneration 

of dopaminergic neurons leads to loss of striatal DA and motor dysfunction (Dauer and 

Przedborski 2003). The loss of dopaminergic neurons is associated with loss of the 

neuromelanin pigmentation in the SNpc (Figure 1.1). The neuronal loss is not only 

confined to the midbrain SNpc but can be seen also in the dorsal motor nucleus of the 

vagus, locus ceruleus (LC) and olfactory nuclei (Braak, Del Tredici et al. 2003). 
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Figure 1.1 The nigrostriatal pathway in health and disease  

Schematic representation showing that the dense neuromelanin pigmentation which 

characterises the dopaminergic populations of the normal SNpc (A) is vastly reduced in PD (B) 

and, consequently, innervation to the dorsal striatum (caudate, putamen) is lost. 

Immunohistochemical labelling of the post-mortem PD brain demonstrates the presence of α-

synuclein (C) and ubiquitin (D) in the intraneuronal inclusions in the SNpc, termed Lewy 

bodies, which are pathognomonic for PD (adapted from(Dauer and Przedborski 2003)).  
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1.1.5 Mechanisms of neurodegeneration 

               There are two major hypotheses regarding the mechanism of 

neurodegeneration in PD: first, the misfolding and aggregation of proteins, and second, 

the mitochondrial dysfunction and oxidative stress. The accumulation of misfolded 

proteins is reported to be a key event in PD, as pathogenic mutations induce abnormal 

protein conformation or damage the cellular mechanisms that detect and destroy the 

misfolded proteins. These abnormal proteins could be toxic either directly or by 

interfering with the intracellular trafficking mechanisms in neurons. They might also 

sequester proteins that are important for cell survival (Dauer and Przedborski 2003). 

The other hypothesis was raised after the discovery that MPTP inhibits Complex I and 

thus, it blocks the mitochondrial electron transport chain,  consistent with findings that 

PD patients have abnormalities in complex I activity (Greenamyre, Sherer et al. 2001). 

Evidence of reduced protection against  Reactive Oxygen Species (ROS) in PD patients 

has been reported, which includes elevated markers of oxidative damage in SNpc and 

reduction in the level of the antioxidant, glutathione, in the brain of patients with PD 

(Sian, Dexter et al. 1994, Dauer and Przedborski 2003, Przedborski, Jackson-Lewis et 

al. 2003). Interestingly, the presence of ROS can increase the amount of misfolded 

proteins, so the two proposed hypotheses can meet at some point (Dauer and 

Przedborski 2003). Summary of the mechanisms involved in neuronal degeneration in 

PD is presented in (figure 1.2). 

              In addition to pathological processes originating within the dopaminergic 

neurons themselves, glial cells, namely microglia and astrocytes, play important role in 

neurodegeneration. It has been suggested that activated microglia may be beneficial in 

the early phase of neurodegeneration process (McGeer, Itagaki et al. 1988, Cagnin, 
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Kassiou et al. 2006, Hu, Li et al. 2012, Wang, Zhang et al. 2013). However, long-term 

over-activation of microglia in the PD brain  has been associated with significant up-

regulation of pro-inflammatory cytokines including TNF-α, IL-1β, interleukin-6 (IL-6) 

and IFN-γ, which contribute to the acceleration of SNpc dopaminergic neuron 

degeneration (Ferrari, Pott Godoy et al. 2006, McCoy, Martinez et al. 2006). In the long 

term, molecules such as α-synuclein, ATP and  matrix metalloproteinase-3 (MMP-3) 

released from the degenerating DA neurons will further enhance microglia activation, 

intensifying the neuroinflammatory responses in the brain, and resulting in a vicious 

cycle of neurodegeneration (Zhang, Wang et al. 2005, Saijo, Winner et al. 2009).  

              Regarding the involvement of astrocytes, reactive astrogliosis has been 

reported in various PD animal models as well as in the SNpc of post-mortem PD brains. 

Astrocytes are stimulated by a variety of molecules including pro-inflammatory 

mediators released from activated microglia and these immunotriggers are further 

amplified by astrocytes (Saijo, Winner et al. 2009). Astrocytes plays neuroprotective 

role in PD, mediated via the reuptake of glutamate, or by producing gliotransmitters, 

antioxidant enzymes such as SODs, growth factors, peptide hormones and heat shock 

proteins. However, on the long term, the synergic activation of microglia and astrocytes 

mediated by uncontrolled neuroinflammation ultimately contributes to the progressive 

death of dopmainergic neurons in the SNpc during neurodegeneration (Saijo, Winner 

et al. 2009, Glass, Saijo et al. 2010).  

 

 



12 
 

 

 

 

 

Figure 1.2 Mechanisms of dopaminergic neuronal degeneration in PD 

Alarge volume of scientific evidence suggests the accumulation of misfolded proteins is a key even 

in PD neurodegeneration. Abnormal protein conformation, as is the case with α-synuclein,might be 

directly induced by pathogenic mutations or by damage of cellular mechanisms that contribute to 

cellular ability to detect and degrade misfolded protiens (Parkin, UCH-L1); the role of DJ-1 remains 

to be identified. Furthermore, misfolded protiens can be promoted by oxidative induced damage 

linked to mitochondrial dysfunction and abnormal dopamine metabolism, it is still not clear whether 

there is a direct link between misfolded protein and toxicity or damage of the cells via the formation 

of protein aggregares (Lewy body). Whether Lewy bodies promote toxicity or are induced as a 

result of a mechanism to protect a cell from harmful effects of misfolded proteins remains a 

controversy. Other factors aslo believed to trigger death of dopaminergic neurons in PD include 

oxidative stress, energy crisis (I.E., ATP depletion) and the activation of the programmed cell death 

mechanism (adapted from (Dauer and Przedborski 2003). 
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1.1.6 Diagnosis  

              As there is no definitive test or approved biomarker for the diagnosis of PD 

yet, diagnosis of PD is based on clinical criteria.  The Queens Square Brain Bank 

clinical criteria for the diagnosis of PD (figure1.3) (Gibb and Lees 1988) initially 

diagnose a person with suspected PD as having ‘Parkinsonian syndrome’ which is 

defined as having bradykinesia  co-presented with at least one of either muscle rigidity, 

4-6 Hz rest tremor, or postural instability not caused by primary visual, vestibular, 

cerebellar, or proprioceptive dysfunction (Jankovic 2008). The second step in the 

diagnosis of PD is to exclude any other diseases that can be associated with 

parkinsonism (neurological disorders that mimic the clinical presentation of PD) as 

listed in figure 1.3, however, conformation of diagnosis is only made post-mortem 

(Tolosa, Wenning et al. 2006)(see section 1.1.7). Although advances in functional 

imaging such as MRI, PET, SPECT has improved the current understanding of the 

underlying pathophysiology and led to increased sensitivity and specificity of the 

diagnosis of idiopathic PD, the diagnosis of PD is still primarily based on clinical 

criteria (Schwarz, Bajaj et al. 2014). Nevertheless, there is an urgent need to find 

sensitive, specific, and reliable biomarkers in order to have early intervention and avoid 

limiting therapy to the symptomatic phase, which is only evident once at least 60% of 

SNpc dopaminergic neurons are lost (Dauer and Przedborski 2003). 
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Step1 Diagnosis of Parkinsonian syndrome 

 Bradykinesia (slowness of initiation of voluntary movement with progressive 

reduction in speed and amplitude of repetitive actions) 

 And at least one of the following 

o Muscle rigidity 

o 4-6 Hz rest tremor 

o Postural instability not caused primarily by visual, vestibular, 

cerebellar or  

Proprioceptive dysfunction. 

 

Step 2 Exclusion criteria for Parkinson’s disease 

 History of repeated strokes with stepwise progression pf parkinsonian features 

 History of repeated head injury 

 History of definite encephalitis 

 Oculogyric crisis 

 Neuroleptic treatment at onset of symptoms 

 More than one affected relative 

 Sustained remission 

 Strictly unilateral features after 3 years 

 Supra-nuclear gaze palsy 

 Cerebellar signs  

 Early sever autonomic involvement 

 Early severe dementia with disturbances of memory, language and praxis 

 Babinski sign 

 Presence of cerebellar tumour or communicating hydrocephalus on CT scan 

 Negative response to large doses of levodopa (excluding malabsorption) 

 MPTP exposure 

 

Step 3 Supportive prospective positive criteria for Parkinson’s disease 

          (three or more required for diagnosis of probable Parkinson’s disease) 

 Unilateral onset 

 Presence of rest tremor 

 Progressive disorder 

 Persistent asymmetry affecting side of onset most 

 Excellent response (70-100%) to levodopa 

 Severe levodopa induced chorea 

 Levodopa response for 5 years or more 

 Clinical course of the disease for 10 years or more 

 

 

Figure 1.3 Queens Square Brain Bank clinical diagnostic criteria 

The clinical criteria used for the diagnosis of PD in the UK (adapted from (Gibb and Lees 

1988)) 
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1.1.7 Braak’s staging of PD: The Spreading Hypothesis 

             The Braak staging hypothesis (Braak, Del Tredici et al. 2003) together with the 

‘dual hit’ theory (Hawkes, Del Tredici et al. 2007), proposed that PD initially starts 

either in the olfactory bulb and related areas or in the gastrointestinal system (GIT).  

         Braak staging of PD identifies six stages for PD based on pathological studies 

(figure 1.4). Stage one involves the medulla oblongata as well as Lewy pathology in 

the enteric nervous system, which explain the loss of smell and the gastrointestinal 

symptoms, respectively, in pre-symptomatic PD. Further lesion in stage two include the 

raphe nuclei, gigantocellular reticular nucleus, and coeruleus–subcoeruleus complex, 

and by stage three, when PD symptoms emerge, midbrain lesions in the SNc are seen. 

Stage four of the disease includes the pathology of stage three plus lesions in 

prosencephalon. In this stage, cortical involvement is confined to the temporal 

mesocortex (transentorhinal region) and allocortex (CA2-plexus) without affecting the 

neocortex. Stage five includes stage four pathology plus lesions in high order sensory 

association areas of the neocortex and prefrontal neocortex. Stage six includes lesions 

in stage five and in first order sensory association areas of the neocortex and premotor 

areas, occasionally mild changes in primary sensory areas and the primary motor field  

are involved (Braak, Del Tredici et al. 2003). This staging system is applied for post-

mortem neuropathological diagnosis of sporadic PD. It allows the distinction of 

symptomatic cases as well as a broad spectrum of ill-defined cases with less severe 

involvement which would be incidentally identified.  Finally, it provides an accurate 

identification of controls truly lacking PD-related lesions (Braak, Del Tredici et al. 

2003). 
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Figure 1.4 Braak’s Staging of α-synuclien Pathology in Sporadic PD 

Ascending course of α Synuclien pathology within the PD brain during disease progression. 

The darker the shade of pink, the more prominent the α-synuclien pathology is in the marked 

area. (A-D) Various views of the brain. (E) Topographic expansion of α -synuclien 

progression from left to right, and growing severity from top to bottom. Abbreviations: co, 

coeruleus–subcoeruleus complex; dm, dorsal motor nucleus of the glossopharyngeal and 

vagal nerves; fc, first order sensory association areas, premotor areas, as well as primary 

sensory and motor fields; hc, high order sensory association areas and prefrontal fields; mc, 

temporal mesocortex; sn, substantia nigra (adapted from (Braak, Del Tredici et al. 2003)). 
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1.1.8 Current therapies 

              At the time of writing, there is no treatment that can stop or slow the 

progression of PD, hence, symptomatic treatment is the only available option (Oertel 

2017). Current therapies are aimed at DA replacement strategies e.g. L-DOPA, a 

dopamine analogue which crosses the blood brain barrier, but such therapies are 

associated long-term with distressful side effects and loss of efficacy (Meissner, Frasier 

et al. 2011). Thus, the search for a treatment that stops, delays or reverses the 

dopaminergic neuronal loss is essential and requires a better understanding of risk 

factors for developing PD and the mechanisms causing the neuronal damage (Meissner, 

Frasier et al. 2011).  

              56 years after its discovery, L-dopa (L-Dihydroxyphenylalanine) remains the 

gold standard symptomatic treatment for PD. However, long term use of L-Dopa is 

associated with motor complications involving motor fluctuations (alteration between 

phase of akinesia and normal movement) as well as dyskinesia. In order to delay or 

ameliorate the L-dopa associated motor complications, other classes of drugs are 

available to be prescribed in combination with L-Dopa (Oertel 2017). Some of these 

drugs work to enhance and prolong the L-Dopa action by acting as a peripheral inhibitor 

of L-Dopa degrading enzymes, such as L-Dopa decarboxylase, Catechol-O-methyl 

transferase (COMT) inhibitors or monoamine-oxidase B (MAO-B) inhibitors. Other 

available therapeutic options are the ergot and non-ergot-derived dopamine D2 receptor 

agonists. Figure 1.5 summarises the available symptomatic treatments for PD and their 

site of action.   

                  Non-motor symptoms are treated individually as per patient need (Seppi, 

Weintraub et al. 2011). Supportive therapies including, exercise, physiotherapy, 



18 
 

dancing and life style modifications have also been studied and recommended (Oertel 

2017). Despite all these advancements in symptomatic treatment of PD, there is an 

urgent need to find novel preventive, or disease modifying, agents, which will require 

early diagnosis of the disease during the prodromal phase before the development of 

motor symptoms (Oertel 2017). In order to achieve this aim, many models have been 

developed to facilitate testing neuroprotective agents as well as to study and understand 

disease mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.5 Scheme of a dopaminergic synapse and drug targets, denoted by asterisks, 

for alleviation of PD symptoms 

Available symptomatic treatments for PD includes peripheral administration of L-Dopa alone 

or L-dopa combined with peripherally acting inhibitors of DDC or COMT or MAO, or 

dopamine receptor agonist (Adapted from (Oertel 2017)). 
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1.1.9 Experimental models for investigating PD  

            The availability of animal models of PD has dramatically improved our 

understanding of the disease pathology, with the aim of developing novel treatments  

for the illness (Dauer and Przedborski 2003).  

1.1.9.1 Genetic models  

             Reports on genetic modelling for PD have been based on genes linked to 

autosomal dominant PD, which are α-synuclein  and LRRK2, and genes linked to 

autosomal recessive PD which are parkin, DJ-1 and PINK1 (Dawson, Ko et al. 2010). 

The α-synuclein  gene modifications are mediated either by transgenic over-expression 

of the gene, or using viral vector transfection methods (Dauer and Przedborski 2003). 

The transgenic over-expression of α-synuclein in mutant or wild-type forms in mice or 

flies causes neurotoxicity but is not associated with pathological changes (lewy body 

formation). This method failed to model pathological changes associated with 

dopaminergic neurodegeneration (Feany and Bender 2000, Giasson, Duda et al. 2000, 

Masliah, Rockenstein et al. 2000, Matsuoka, Vila et al. 2001). However, this model is 

useful for genetic screening in order to identify novel genes implicated in α-synuclein 

mediated neurodegeneration. On the other hand, most of LRRK2 gene based models 

also did not show neurodegeneration, except the LRRK2 R1441G BAC transgenic mice, 

which have progressive age-dependent motor deficits leading to rigidity that are 

Levodopa and Apomorphine responsive, but was not associated with substantial 

neurodegeneration (Li, Liu et al. 2009). Thus, although these models may serve to show 

how genes deficiency influence the disease, they are not ideal for the investigation of  

potential neuroprotective agents (Dawson, Ko et al. 2010). 
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1.1.9.2 Toxin-based models   

          Many toxins are used to induce dopaminergic neurodegeneration including 

MPTP, 6-Hydroxy-dopamine (6-OHDA), paraquat and rotenone. These all leads to PD-

like motor deficit and selective dopaminergic neurodegeneration involving the 

formation of ROS and inhibition of mitochondrial complex I, thereby mimicking key 

features of PD (Dauer and Przedborski 2003). This thesis will focus on MPTP and 6-

OHDA as the most widely accepted toxin based models of PD.  

1.1.9.2.1   1-methyl-4-phenyl-2,3-dihydropyridine (MPTP) 

          MPTP is a highly lipophilic compound, thus it crosses the blood brain barrier 

within minutes after systemic administration and then metabolised to MPP+ (Markey, 

Johannessen et al. 1984). The MPP+ molecule is highly polar and is a high affinity 

substrate for the dopamine transporter (DAT) (Javitch, D'Amato et al. 1985, Mayer, 

Kindt et al. 1986). Once the MPP+ enters the neurons, it follows one of three routes. 

Firstly, it can bind to the vesicular monoamine transporter-2, which can translocate it 

into synaptosomal vesicles (Liu, Roghani et al. 1992), and this route is thought to be 

neuroprotective as those vesicles sequester the MPP+ and prevent it from entering the 

mitochondria. Secondly, it can be concentrated in the mitochondria by a mechanism 

dependent on the mitochondrial membrane potential, where it can block complex I, 

preventing electron transfer from complex I to ubiquinone and thereby enhancing ROS 

production and reducing ATP synthesis (Ramsay and Singer 1986). Thirdly, it can 

remain in the cytosol and interact with cytosolic enzymes, particularly the negatively 

charged ones to be inactivated (Klaidman, Adams et al. 1993) (Figure 1.6). 
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Figure 1.6 Schematic representation of MPTP metabolism and intracellular MPP+ 

pathways 

A) After systemic administration, MPTP crosses the blood-brain barrier. Once in the brain, 

MPTP is converted to MPDP+ by MAO-B within the astrocytes then to MPP+ by an unknown 

mechanism (?). After that, MPP+ is released, again by an unknown mechanism (?), into the 

extracellular space. MPP+ is concentrated into dopaminergic neurons via the dopamine 

transporter (DAT). B) Inside dopaminergic neurons, MPP+ can follow one of three routes: (1) 

concentration into mitochondria through an active process (toxic); (2) interaction with 

cytosolic enzymes (toxic); (3) sequestration into synaptic vesicles via the vesicular monoamine 

transporters (VMAT; protective). Inside the mitochondria, MPP+ blocks complex I (X), which 

interrupts the transfer of electrons from complex I to ubiquinone (Q). This mechanism 

enhances the production of reactive oxygen species and decreases the synthesis of ATP 

(adapted from (Dauer and Przedborski 2003)).  

 

A) B) 
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1.1.9.2.2   6-Hydroxydopamine (6-OHDA) 

               In 1968, Ungerstedt showed that injection of 6-OHDA into the SNpc was able 

to cause anterograde degeneration of the NSDA projections, hence generating the first 

animal model of PD (Ungerstedt 1968). Since then, this model has been extensively 

used and is still the most widely used tool for replicating a PD-like loss of dopaminergic 

neurons in the SNpc. 6-OHDA does not effectively cross the blood brain barrier and it 

needs to be directly injected into the brain stereotaxically to precisely lesion the NSDA 

tract. Usually unilateral lesioning is performed as bilateral lesioning can result in 

marked adipsia and aphagia, which necessitate the use of a feeding tube in the lesioned 

animal. Moreover, unilateral lesioning allows the contralateral, uninjected, non-

lesioned side to be used as the internal control, thereby halving the number of animals 

required (Dauer and Przedborski 2003). After injecting 6-OHDA, its uptake by 

dopaminergic neurons is mediated through DAT. However, 6-OHDA has a high 

affinity for the noradrenaline transporter (NAT) and thus, it is recommended to use a 

NAT inhibitor prior to injecting 6-OHDA to ensure specificity to dopaminergic 

neurons. Within the dopaminergic neurons, 6-OHDA mediates cell death in a way that 

shares important features with degenerative processes  in PD, namely oxidative stress 

and mitochondrial dysfunction (Perumal, Gopal et al. 1992, Dauer and Przedborski 

2003). More precisely, it was reported that 6-OHDA causes oxidative stress through 

being directly oxidized into H2O2 (Mazzio, Reams et al. 2004). Furthermore, 6-OHDA 

reduces the striatal level of the antioxidant, glutathione, and increases the level of iron 

in the CNS which, together with its direct interference with mitochondrial electron 

transport chain complex I and IV, leads to further oxidative stress (Dauer and 

Przedborski 2003) (figure 1.7).  
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Figure 1.7 Mechanisms of 6-OHDA-induced neurotoxicity  

After 6-OHDA is taken up from the extracellular space by DAT or NAT, it is stored in the dopaminergic 

neurons. Inside neurons, 6-OHDA undergoes both enzymatic degradation by MAO-A and autoxidation, 

generating several cytotoxic species which produce neuronal damage, by damaging endo-cellular 

proteins and nucleus. Moreover, 6-OHDA might induce neurotoxicity by impairing the activity of 

mitochondrial complex I. In experimental animals, to prevent 6-OHDA uptake by noradrenergic 

terminals and to selectively target dopaminergic neurons, 6-OHDA is usually administered in 

association with NAT blockers, such as DMI (adapted from (Simola, Morelli et al. 2007)). 
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1.2 Sex differences in PD and contributing factors 

1.2.1 Sex differences in clinical PD 

           Our understanding that male sex is a major risk factor, after ageing, for 

developing PD has received relatively little attention (Gillies, Pienaar et al. 2014). 

Although men have the higher incidence of PD at all ages compared to women, the 

difference in risk of PD between the sexes decreases as their age increases (figure 1.8). 

This has been attributed to the fact that women have a higher life expectancy compared 

to men and, therefore, they have a longer period of risk (Elbaz, Bower et al. 2002), 

although hormonal factors are also influential (see 1.2.4). 

              The sex bias in PD is not only limited to disease incidence, but also extends to 

involve the clinical presentation and rate of progression. Females exhibit slower 

progression and a significantly later age of onset compared to males (Gillies, Pienaar et 

al. 2014). Reported studies showed that females have around 2 years later age of onset 

of PD compared to males (Haaxma, Bloem et al. 2007, Alves, Muller et al. 2009). 

Females also present with a milder PD phenotype at the time of diagnosis, including 

tremor being the presenting symptom, which correlates both with a later age of onset 

and a slower rate of decline of motor function (Shulman and Bhat 2006, Haaxma, 

Bloem et al. 2007). Studies also reported a sexually dimorphic presentation of some PD 

symptoms. For example, females complain more of nervousness, sadness, depression 

and constipation while males tend to complain more of daytime sleepiness, dribbling 

and sex-related symptoms (Martinez-Martin, Falup Pecurariu et al. 2012). Moreover, 

PD females have more dyskinesia while males have rigidity and rapid eye movement 

(Martinez-Martin, Falup Pecurariu et al. 2012). Alteration in cognition in PD also 

follows a sexually dimorphic pattern, as men suffer from deficits in verbal fluency and 

recognition of facial emotions tend to dominate in men, while women suffer more from 
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reduction in visuospatial cognition (Miller and Cronin-Golomb 2010). Even at the level 

of responses to therapy, males and females differ in term of efficacy, tolerability and 

pharmacokinetics of drugs used for treating PD (Shulman and Bhat 2006).  

          It has been suggested that many factors related to biological sex differences in 

brain structure and function, which are determined genetically and epigenetically, are 

contributing to this sex bias (Cahill 2006, Kaminsky, Wang et al. 2006, Gabory, Attig 

et al. 2009).   

1.2.2 Sex differences in experimental PD 

                 Experimental studies in animals using both genetic- and toxin-based PD 

models, also show sex differences, reproducing what is seen in humans. For example, 

lesioning of the NSDA tract with 6-OHDA resulted in a significantly greater loss of 

dopaminergic neurons in the SNpc and depletion of striatal DA levels in male rats 

compared to females (Murray, Pillai et al. 2003, Gillies, Murray et al. 2004, McArthur, 

Murray et al. 2007). Similar sex differences have been reported in experiments in mice 

using MPTP or Methamphetamine (MA) as the dopaminergic neurotoxin (Miller, Ali 

et al. 1998, Yu and Liao 2000, Liu and Dluzen 2007). However, these sex differences 

were seen only following submaximal lesions and sex differences are no longer 

apparent when lesions exceed 70%-80%. On the other hand, little attention has been 

given to studies using genetic models of PD in assessing sex differences. However, it 

has been reported that the expression of anti-apoptotic and antioxidant molecules found 

in the striatum of female wild-type mice compared with males, as well as the ability of 

estradiol to stimulate neuroprotective mechanisms in fetal dopaminergic neurons, was 
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Figure 1.8 Sex dimorphic incidence of PD 

Risks (%, ■) and cumulative incidences (%, •) of developing PD and Parkinsonism between age 40 

years (current age) and a later age (by 5-year intervals) in men and women separately. The risk of 

parkinsonism or PD from birth or from all subsequent ages was higher in men than in women 

(adapted from (Elbaz, Bower et al. 2002)). 

 



27 
 

lost in parkin-null mice (Rodriguez-Navarro, Solano et al. 2008). This observation 

indicates the involvement of genetic-molecular processes which appear to be sexually 

dimorphic. 

1.2.3 Sex determining region of Y chromosome (SRY) gene and sex bias in PD  

            The male sex is determined by the sex determining region of Y chromosome 

transcription factor (SRY). SRY has been identified in the SNpc of human male, but 

not female, brains and SRY has been reported to be involved in the catecholamine 

biosynthesis pathway (Czech, Lee et al. 2012). Moreover, SRY-positive dopaminergic 

neurons where found to be less vulnerable to PD, which could suggest that SRY can 

enhances the production of tyrosine hydroxylase (TH) in human neurons. It has been 

reported that using antisense oligodeoxynucleotides to downregulate  SRY in the SNpc 

was associated with a significant, selective decrease in TH positive neuron numbers in 

the SNpc, accompanied by motor deficits in male rats (Dewing, Chiang et al. 2006). 

The findings that SRY may regulate DA levels and/or dopaminergic neuron numbers 

raises the possibility that the misregulation of SRY expression could be involved in DA 

disorders such as PD (Wooten, Currie et al. 2004, Czech, Lee et al. 2012).   

1.2.4 Sex hormones and sex bias in PD 

              Clinical observations, together with significant evidence from animal studies 

(Gillies, Pienaar et al. 2014) suggest that sex differences in PD are related to a large 

extent to the differences in the circulating levels of estrogens, which confer protection 

against neurodegeneration in females, a phenomenon that occurs not only in relation to 

dopaminergic neurons in PD, but also in other degenerative conditions such as AD and 

stroke (Green and Simpkins 2000, Cholerton, Gleason et al. 2002). In women, post-
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menopausal hormonal replacement therapy was associated with reduced symptoms and 

risk of PD (Quinn and Marsden 1986, Sandyk 1989). Furthermore, it has been reported 

that parkinsonian symptoms worsen in females at the onset of menses and menopause, 

and after withdrawal of hormone replacement therapy, when estrogen levels are low 

(Quinn and Marsden 1986, Sandyk 1989). It thus appear that higher physiological levels 

of estradiol are inversely related to the symptoms and risk of PD (Saunders-Pullman, 

Gordon-Elliott et al. 1999, Tsang, Ho et al. 2000, Benedetti, Maraganore et al. 2001, 

Shulman and Bhat 2006). These clinical observations are further supported by animal 

studies. For example, 6-OHDA lesion in rats was associated with greater loss of striatal 

DA levels in ovariectomised females compared with gonad-intact females, an effect in 

the overiectomised rat that was reversed by estradiol replacement to physiological 

levels prior to lesioning (Dluzen 1997, Murray, Pillai et al. 2003, Ferraz, Matheussi et 

al. 2008). Similarly, preservation of striatal DA by estradiol in females was observed 

with lesions produced by MPTP in mice (Miller, Ali et al. 1998, Dluzen and Horstink 

2003) and in non-human primates (Morissette and Di Paolo 2009) as well as by MA in 

mice (Yu and Liao 2000). Furthermore, lesioning of the brain with 6-OHDA, MPTP or 

MA at the time of the estrous cycle when estradiol levels are maximal (proestrus), 

compared with lesioning when circulating estradiol reaches low levels (diestrus), was 

associated with less striatal DA loss in the SNpc (Yu and Liao 2000, Datla, Murray et 

al. 2003, Dluzen and Horstink 2003). Together, these results support the view that 

ovarian factors, specifically estradiol, are protective in experimental PD. In contrast to 

the situation in females, striatal lesions induced by sub-maximal doses of 6-OHDA in 

male rats were significantly reduced after gonadectomy compared with gonad-intact 

males (Murray, Pillai et al. 2003). Surprisingly, this effect was reversed by replacement 

with estradiol, but not the non-aromatizable androgen, dihydrotestosterone (DHT). 
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These findings indicate that testicular factors, specifically testosterone, exacerbate 

neurodegenerative processes in males only after it is converted to estradiol by 

endogenous, tissue-specific aromatase enzymes (Kuppers, Ivanova et al. 2000). This is 

further supported by studies in mice demonstrating that testosterone treatment of 

gonad-intact or gonadectomised animals was associated with worsened striatal DA loss 

in animals with mild/moderate lesions (40%) (Dluzen, Jain et al. 1994, Lewis and 

Dluzen 2008). Collectively, hormonal manipulation in experimental PD has revealed 

that while ovarian factors are protective in the female NSDA, gonadal factors may be 

detrimental in males. Also, while estradiol is protective in females, it worsens the lesion 

in males. Such observations shed light on a clear sexually dimorphic effect of gonadal 

steroids in neuroprotection.  

1.2.5 Estrogen and neuroprotective mechanisms 

        Despite some contradictory evidence in males, there is a prevailing view, 

principally supported by investigations in the female sex, that estrogens are 

neuroprotective, and many studies have addressed their potential mechanisms of action 

(Gillies and McArthur 2010, Fiocchetti, Ascenzi et al. 2012, Arevalo, Azcoitia et al. 

2015). Using a range of toxic stimuli to mimic various diseases in experimental models, 

including those for stroke and AD, numerous potential mechanisms have been 

suggested. These include activation of cAMP-PKA-CREB pathways, direct attenuation 

of glutamate receptor activation and modulation of mitochondrial activity (which may 

mediate the anti-oxidant effect of estrogens), as well as the concentration and 

localization of anti-apoptotic proteins that exert their anti-apoptotic effects through 

stabilization of the mitochondrial membrane in response to stress (Green and Simpkins 

2000). Moreover, estradiol was found to be a potent inhibitor of lipid peroxidation in 
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cell-free models (Hall, Pazara et al. 1991, Mooradian 1993) and thus a potent anti-

oxidant. Estrogen can modulate intracellular calcium levels, which are related to 

neuronal functions, including cell survival, synaptic formation and strength, and 

calcium-mediated neuronal death,  through interactions with AMPA/kainate and/or 

NMDA receptors (Wong and Moss 1992, Weaver, Park-Chung et al. 1997). Such 

effects may involve the binding of estrogen to the classical nuclear estrogen receptors 

(ER) namely, ERα and ERβ, which have been associated with increased production of 

the neurotrophin, Brain-derived neurotrophic factor (BDNF), and also enhanced 

expression of the Bcl-2 (anti-apoptotic) gene (Green and Simpkins 2000). The 

neuroprotective effects of estrogen have been observed even in the absence of the 

classical oestrogen receptors, suggesting a role for non-classical receptors, especially 

the G-protein coupled estrogen receptor, GPER (Arevalo, Azcoitia et al. 2015).  

            Although relatively few studies have specifically addressed the mechanisms of 

estrogenic neuroprotection in PD, a possible mechanism by which estrogen protects 

dopaminergic neurons is the interference with uptake of MPTP and 6-OHDA into nigral 

dopaminergic neurons via DAT (Gomez-Mancilla and Bedard 1992, Disshon and 

Dluzen 1997, Callier, Morissette et al. 2000). Another possible mechanism is that 

estrogen increases the synthesis, metabolism and release of DA in in vivo model of PD 

(Dluzen, McDermott et al. 1996, Dluzen, McDermott et al. 1996), which subsequently 

aids in restoring the function of the partially injured NSDA in females but not males 

(Gillies, Pienaar et al. 2014). Furthermore, estrogen mediated up regulation of 

neurotrophic factors in PD models have been reported including glial-cell derived 

neurotrophic factor (GDNF) (Lapchak, Gash et al. 1997).          
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 1.3 Aromatase  

            Both the clinical observations and experimental evidence for estrogenic 

neuroprotection in brain disorders, including PD, have largely centred on the ovaries as 

the source of estradiol. However, although circulating estrogens and androgens readily 

cross the blood brain barrier, the brain does not rely solely on a peripheral source of 

estrogens or androgenic estrogen precursors to activate central ERs. The brain in both 

sexes is capable of generating local levels of steroids, including estradiol, independently 

of circulating levels (Sharpe 1998, Jones, Boon et al. 2006). It is now known that 

aromatase, the enzyme also known as estrogen synthetase, is responsible for binding 

C19 androgenic steroid substrates and catalyses a series of reactions that lead to the 

formation of phenolic A ring, characteristic of estrogens (Simpson, Clyne et al. 2002) 

(figure1.9).  

                                  

 

 

 

 

Figure 1.9 General reaction for the conversion of testosterone to estradiol catalyzed 

by aromatase.  

Steroids are composed of four fused rings (labeled A-D). Aromatase converts the ring labeled 

"A" into an aromatic state. 
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             Aromatase, a microsomal member of the cytochrome P450 superfamily 

encoded by the gene CYP19A1 (Nelson, Koymans et al. 1996) is widely distributed 

throughout the adult brain of all species studied in which it was highly expressed in the 

hypothalamus, mainly in the pre-optic area (POA) and ventromedial nucleus (VMN) 

(Berkovitz, Bisat et al. 1989, Means, Kilgore et al. 1991, Jenkins, Michael et al. 1993, 

Zhao, Nichols et al. 1995). Moreover, in these areas, which are well-characterised as 

being structurally and functionally sexually dimorphic, aromatase expression was 

found to be under the regulation of sex steroids and to be higher in males compared to 

females (Berkovitz, Bisat et al. 1989, Means, Kilgore et al. 1991, Jenkins, Michael et 

al. 1993, Zhao, Nichols et al. 1995).   Aromatase has also been found to be expressed 

in many other brain regions, independent of sex steroid regulation, and at levels not 

significantly different between males and females, including the hippocampus, 

amygdala, subfornical organ and the pons midbrain and cortical regions in rodents  

              Most studied functions of aromatase are in the hypothalamus, where it is 

located in neuronal cell bodies, processes, and pre-synaptic terminals (Naftolin, Ryan 

et al. 1975, Peterson, Yarram et al. 2005) (Berkovitz, Bisat et al. 1989, Lauber and 

Lichtensteiger 1994) suggest that trans-synaptic glutamate rapidly activates aromatase 

activity in hypothalamic neurons, leading to the rapid synthesis of estradiol, which, in 

turn, rapidly modulates synaptic circuits (Remage-Healey, Dong et al. 2011, Cornil, 

Ball et al. 2012). (Lauber and Lichtensteiger 1994, Wagner and Morrell 1997, Roselli, 

Liu et al. 2009). It has been shown that aromatase is also expressed by cultured 

astrocytes in vitro and by astrocytes following brain injury and ischemia in whole 

animal studies (Arevalo, Azcoitia et al. 2015). This has led to the view that astrocyte 
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up-regulation of aromatase has an important role to play in neuroprotection, as 

discussed further in section 1.3.1.  

1.3.1 Aromatase and neuroprotection 

           The role of aromatase in neuroprotection in humans gained attention after the 

identification of genetic variants of this enzyme that conferred an increased risk for AD 

(Huang and Poduslo 2006, Chace, Pang et al. 2012, Medway, Combarros et al. 2014). 

Moreover, aromatase expression in the late stages of AD is increased in astrocytes in 

the human prefrontal cortex, which has been suggested to be a part of a rescue 

programme (Luchetti, Bossers et al. 2011). 

             Experimental studies have investigated the function of increased brain 

aromatase expression and activity in the healthy and injured brain (Arevalo, Azcoitia 

et al. 2015) (figure1.10). Aromatase gene deletion in mice or central administration of 

an aromatase inhibitor supports the view that aromatase is neuroprotective 

(McCullough, Blizzard et al. 2003, Sierra, Azcoitia et al. 2003, Overk, Lu et al. 2012). 

Studies have been conducted to determine whether this effect is related to central or 

peripheral aromatase activity. This was achieved by central inhibition of aromatase 

which resulted in decreased brain oestradiol levels and increased neural damage after 

using amyloid or ischaemic neurodegenerative challenges in the brains of birds and 

mammals (Wynne, Walters et al. 2008). Moreover, silencing of aromatase expression 

using antisense oligonucleotides enhanced the effect of global cerebral ischaemia on 

neuronal loss and gliosis in the hippocampal CA1 area (McCullough, Blizzard et al. 

2003).  

            Although altered aromatase expression in the brain of AD patients has been 

reported (Ishunina, van Beurden et al. 2005), the role of human aromatase in PD has 
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not been investigated yet. However, in experimental PD, expression of aromatase in 

both male and female mice was found to be neuroprotective in both sexes. Central 

inhibition of aromatase in male rats (McArthur, Murray et al. 2007) and in both male 

and female mice was associated with exacerbation of 6-OHDA-induced damage. 

Consistent, knock down of aromatase in both sexes showed exacerbation of 6-OHDA 

lesioning (Morale, L'Episcopo et al. 2008).  

           These findings implicate centrally synthesized estradiol as protective in both 

sexes, in contrast to systemic estradiol that was found to be neuroprotective in females 

only. It follows, therefore, that the regulation of central aromatase may be a pivotal 

target for novel therapeutic strategies for neuroprotection in PD in both sexes, with the 

potential to avoid the many unwanted peripheral effects of estradiol treatment. These 

observations have subsequently led to the suggestion that factors that regulate 

aromatase activity are likely to be interesting potential targets for developing novel 

neuroprotective strategies (Gillies and McArthur 2010). Fundamental to our study, the 

transcription factor RORα regulates the transcription of aromatase (Sarachana and Hu 

2013) and thus, indirectly could contribute to the neuro protective effect of aromatase. 
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Figure 1.10 Schematic representation of aromatase expression in healthy and injured brain  

 A) Under normal conditions, astrocytes in wild-type (WT) mice do not express the estradiol-synthesizing 

enzyme, aromatase. B) However, after an acute brain injury, reactive gliosis (including the conversion of 

surveillance microglia to reactive microglia) and neuron death occur. However as shown in the left panel, in 

the WT mouse brain injury also causes astrocytes to become reactive and express aromatase which is also 

observed in neurons and endothelial cells. The increased estradiol levels resulting from the enhanced 

expression and activity of aromatase protect neurons and reduce reactive gliosis. C) As shown on the right of 

the panel, neuronal degeneration and reactive gliosis, with the subsequent release of pro-inflammatory 

mediators by astrocytes and microglia, are enhanced after the pharmacological inhibition of brain aromatase 

or in aromatase-knockout (ArKO) mice (modified from (Arevalo, Santos-Galindo et al. 2010)). 
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1.4 Retinoic Acid Receptor-related Orphan Receptor Alpha (RORα) as a 

regulator of aromatase transcription 

               Retinoic acid-related orphan receptor α (RORα or RORA as referred to in 

some references), is a transcription factor that belongs to the superfamily of nuclear 

receptors (Solt, Griffin et al. 2010). It was first identified in the early 1990s and its 

name was based on sequence similarities with the retinoic acid receptor  and the retinoid 

X receptor (Giguere 1999). The RORα gene in humans is located on 

chromosome15q22.2 and 4 human isoforms of RORα have been identified (RORα1-4). 

However, in mice only RORα1 and RORα4 have been identified (Solt, Griffin et al. 

2010). The RORα gene in mice is expressed in variety of tissues, including: cerebellar 

purkinje cells, liver, thymus, skeletal muscles, skin, lung, adipose tissue and kidney 

(Hamilton, Frankel et al. 1996, Steinmayr, Andre et al. 1998). It also was found to be 

expressed in neurons in the cerebellum, inferior olive, hippocampus, thalamus, cortex, 

hypothalamus, olfactory bulb and in retinal ganglion cells (Ino 2004). Moreover, RORα 

was also found to be expressed in mouse astrocytes in the cerebellum, hippocampus 

and cerebral cortex (Journiac, Jolly et al. 2009).  

1.4.1 Functions of RORα 

         Many peripheral and CNS functions of RORα have been identified through 

studying a natural mutant mouse for RORα called staggerer mouse, that carries a 

deletion of RORα gene at 122-bp resulting in loss of its function (Hamilton, Frankel et 

al. 1996). The main reported brain lesion is extensive cerebellar neurodegeneration 

resulting in severe ataxia (Gold, Gent et al. 2007) suggesting that RORα plays a role in 

the development of the cerebellum and olfactory bulb (Boukhtouche, Janmaat et al. 

2006, Jetten 2009). RORα could contribute to neuro-protection via mediating estradiol 
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synthesis. However, studies to date have not investigated regulators of aromatase 

expression as potential therapeutic target. Dihydrotestosterone (DHT) and estradiol can 

bind the RORα gene as it has steroid hormone receptor binding sites on its promoter 

region. As illustrated in figure 1.11, estradiol enhances RORα transcription while DHT 

suppresses it (Sarachana, Xu et al. 2011) and therefore, this regulation by sex hormones 

makes RORα a candidate gene to study in sexually dimorphic diseases. 

 

 

 

 

 

 

 

Figure 1.11 Reciprocal regulation of RORA expression by Sex hormones 

The schematic illustrates a mechanism through which, testosterone acting via AR negatively 

modulates RORA, whereas estrogen upregulates RORA through ER (adapted from 

(Sarachana, Xu et al. 2011)). 
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1.4.2 RORα and neuroprotection 

          Although its role for NSDA function and relevance for PD has not yet been 

explored, it has been demonstrated that RORα plays a role in protection against 

oxidative stress-induced apoptosis in cortical neurons (Boukhtouche, Vodjdani et al. 

2006). 

                  In vitro experiments involving over-expression of the RORα gene or loss of 

function using primary cultures from staggerer mouse showed evidence of 

neuroprotection in hypoxia and oxidative stress models (Boukhtouche, Vodjdani et al. 

2006, Jolly, Journiac et al. 2011). RORα was also shown to be upregulated in primary 

cultures of purified neurons and astrocytes derived from the neocortex of wild type 

mice or staggerer mice in response to oxygen deprivation (Jolly, Journiac et al. 2011). 

A more relevant model to PD is the oxidative stress model, in which overexpression of 

RORα was found to protect neurons against oxidative stress induced apoptosis 

(Boukhtouche, Vodjdani et al. 2006).  

1.4.3 RORα agonist and antagonist 

          Further investigations of the neuroprotective role of RORα will be aided 

considerably by the recent identification of RORα agonists and antagonists. In 2010, 

Wang and his group, identified the first synthetic RORα/γ agonist, SR1078 (Wang, 

Kumar et al. 2010).  SR1078 activates RORα and RORγ driven transcription (figure 

1.12) and stimulates expression of endogenous ROR target genes in HepG2 cells and 

the liver where RORα and RORγ are expressed. Pharmacokinetic studies indicate that 

following intraperitoneal injection into mice, SR1078 reaches circulating levels that are 

consistent with SR1078 functioning as a RORα/RORγ agonist. Thus, SR1078 can be 
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utilized to investigate the function of these transcription factors both in vitro and in 

vivo. For example, this drug was used in research in characterizing the fibroblast growth 

factor 21 (FGF21) gene as a direct target gene of RORα (Wang, Solt et al. 2010), as in 

an in vivo rodent model of diabetes, administration of FGF21 improved glucose and 

triglyceride levels as well as insulin sensitivity (Kharitonenkov, Shiyanova et al. 2005). 

Therefore, the RORα agonists may offer one approach for modulating the expression 

of FGF21, which has therapeutic potential in the treatment of obesity and diabetes.  

               Wang et al also identified the RORα/γ antagonist, SR1001. In contrast to 

SR1078, SR1001 was found to directly bind to RORα and RORγ ligand binding domain 

and acts as an inverse agonist that suppresses RORα and RORγ activity by decreasing 

the interaction between the response element and co-activators. In an experimental 

mouse model of TH17-mediated multiple sclerosis, SR1001 treatment delayed the onset 

and clinical severity of multiple sclerosis and was associated with reduced expression 

of the inflammatory cytokines IL17a, IL21 and IL22 (Solt, Kumar et al. 2011). 

Therefore, SR1078 and SR1001 hold the utility for investigating physiological function 

of RORα and RORγ as well as to test therapeutic potential in conditions related to 

altered expression of both genes. 
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Figure 1.12 Retinoic acid receptor-related orphan receptors (RORs) and 

REV-ERBs are involved in transcriptional regulation and are regulated by 

ligands  

Haem functions as a ligand for REV-ERBs, whereas sterols (cholesterol, cholesterol 

sulphate and various oxysterols) function as ligands for RORs. Both classes of 

receptors recognize a similar DNA response element, typically denoted as a ROR 

response element. ROR activates transcription (via recruitment of transcriptional co-

activators), whereas REV-ERB silences transcription (via recruitment of 

transcriptional co-repressors). REV-ERB functions as a ligand-dependent 

transcriptional repressor (haem binding is required for the recruitment of the co-

repressor and transcriptional repression), whereas ROR typically functions as a 

constitutive activator of transcription, and the binding of oxysterol ligands results in 

decreased activity. AF1, activation function 1; DBD, DNA-binding domain; LBD, 

ligand-binding domain (adopted from (Kojetin and Burris 2014)). 
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1.4.4 RORα and PD 

               To summarise, although there are currently no specific studies investigating a 

role for RORα in PD pathophysiology, numerous observations suggest that 

manipulation of RORα could have beneficial effects. Firstly, RORα gene expression 

has, in general, been associated with protective capabilities in many neurological and 

psychological disorders, eg; autism, attention deficit hyper activity disorder (ADHD), 

post-traumatic stress disorder (PTSD), depression, bipolar disorders and fear related 

psychopathology and AD (Sarachana, Xu et al. 2011, Miller, Wolf et al. 2013, 

Acquaah-Mensah, Agu et al. 2015, Lai, Kao et al. 2015, Lowe, Meyers et al. 2015), so 

it is reasonable to suggest that this may be extended to PD. Secondly, we know that 

RORα regulates the transcription of aromatase (section 1.3), the enzyme responsible 

for the synthesis of the neuroprotective estradiol, and that both central aromatase and 

estradiol are protective in experimental PD (see sections 1.4.1). Third, as RORα 

expression is under the regulation of sex steroids (figure 1.11), and sex steroids are key 

factors implicated in underpinning the sex bias in PD, it is feasible that the sexually 

dimorphic influences of gonadal hormones are mediated via RORα. Fourth, RORα also 

has been described as having anti-inflammatory properties, which is of a great relevance 

to neurodegenerative mechanisms in PD (Delerive, Monte et al. 2001, Journiac, Jolly 

et al. 2009). Lastly, the types of pathological process against which RORα appears to 

protect, especially oxidative stress, have particular relevance to PD as increased 

oxidative stress is suggested to be one of the main mechanisms leading to PD pathology 

(Boukhtouche, Vodjdani et al. 2006).  
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1.5 17β-Hydroxysteroide Dehydrogenase Type 10 (17β-HSD10) 

            The human 17β-HSD10, also known as short chain L-3-hydroxyacyl-CoA 

dehydrogenase type-2 (SCHAD), is a multifunctional mitochondrial oxidoreductase 

enzyme, encoded by the gene HSD17B10 mapping at xp11.2 (Yang, He et al. 2007). It 

is a homotetrameric protein each composed of 261 amino acid residue containing active 

sites that can bind different substrates to facilitate many physiological processes. (He, 

Schulz et al. 1998, Kissinger, Rejto et al. 2004) (He, Schulz et al. 1998, Yang, He et al. 

2007). Out of a family of 14 different types of dehydrogenases, 17β-HSD10 is the only 

dehydrogenase that is localized in the mitochondria (Moeller and Adamski 2009, 

Marchais-Oberwinkler, Henn et al. 2011). In experimental animals, 17β-HSD10 is also 

expressed in the rat and mouse mitochondria and it is encoded by the rat and mouse 

HSD17β gene respectively. 17β-HSD10 is constitutively expressed at highest levels in 

the liver and the kidneys, and it is also expressed in the skeletal muscles, brain and 

gonads (He, Merz et al. 2000, He, Merz et al. 2001). In the human brain, 17β-HSD10 

levels are region specific, with higher levels in the hippocampus, hypothalamus, and 

amygdala while lower levels are in spinal cord and low levels in the cerebral cortex 

(Griffin and Mellon 1999). Activated astrocytes in post-mortem brains of  AD subjects 

are found to have abundant 17β-HSD10 compared to controls (He, Wegiel et al. 2005). 

1.5.1 Functions of 17β-HSD10  

           Clinical deficiency of 17β-HSD10 and experimental evidence indicate a role for 

this enzyme in mitochondrial function and structural integrity leading to apoptotic cell 

death (Rauschenberger, Scholer et al. 2010). 17β-HSD10 also plays an important role 

in the metabolism of allopregnanolone (ALLOP), a potent positive allosteric modulator 

of GABAA receptors (Hosie, Wilkins et al. 2006, Melcangi and Panzica 2014). 17β-
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HSD10 also plays an important enzymatic role in sex hormone metabolism. It converts 

a weak androgen, 5α-androstane-3α and 17β-diol, to the most potent androgen 5α-DHT 

(Hutchison, Wozniak et al. 1996, He, Merz et al. 2001). Because the 5α-DHT is a strong 

inhibitor for aromatase, 5α-DHT supresses the conversion of testosterone into estrogen 

(Wozniak and Hutchison 1993). Thus, the principal consequence of 17β-HSD10 

activation could be suppression of estradiol synthesis. Moreover, it has been reported 

that estrogen receptor alpha (ERα) binds to 17β-HSD10 and inhibits its activity, further 

reducing estadiol actions (Jazbutyte, Kehl et al. 2009). However, high levels of 17β-

estradiol would disrupt the interaction of ERα and 17β-HSD10, and thereby relieve the 

inhibition of 17β-HSD10 (figure 1.13) (Jazbutyte, Kehl et al. 2009).  

              Furthermore, 17β-HSD10 oxidative activity can directly inactivate 17β-

estradiol, which has been reported in COS-7 cells (fibroblast like cell line) co-

transfected with human brain 17BHSD10 (He, Merz et al. 1999, He, Yang et al. 2000). 

It is well known that the initial reaction of steroid synthesis takes place in the 

mitochondria, as the enzyme responsible for this, CYP11A1, is exclusively localised in 

the mitochondria. The localization studies of 17β-HSD10 suggest that the role of the 

mitochondria extends beyond steroidogenesis to modulate the intracellular level of 

active forms of sex hormones (He, Merz et al. 2001). 17β-HSD10 was suggested to act 

as a neuroprotective agent by detoxifying aldehydes such as 4-hydroxy-2-nonenal (4-

HNE) produced through an excess of ROS (Murakami, Ohsawa et al. 2009). 
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Figure 1.13 Schematic diagram of the dissociation of the17β-HSD10-ERα complex by 

17β-estradiol (E2).  

17β-Estradiol (E2) can be inactivated to estron (E1). At low levels, estrogen does not disrupt the 

formation of 17β-HSD10-ERα complex so that the amount of free 17β-HSD10 is reduced. However, at 

high levels of estrogen, estrogen binds ERα and disrupt 17β-HSD10-ERα complex which results in 

release of free 17β-HSD10 which restore its function. Co-factor NAD+ serves as electron acceptor and 

is reduced to NADH (Adapted from (Jazbutyte, Kehl et al. 2009)). 

 



45 
 

1.5.2 17β-HSD10 and neurodegeneration 

           17β-HSD10 is implicated in neurodegenerative diseases. Hence, individuals 

born with 17β-HSD10 deficiency due to genetic mutations present with microcephaly 

associated with psychomotor regression in early life (Yang, He et al. 2009, Yang, He 

et al. 2011).  Interestingly, levels of 17β-HSD10 in the cerebrospinal fluid (CSF) were 

found to reflect the brain levels and were found to decline with normal aging. In AD, 

which is the most common neurodegenerative disorder, the levels of 17β-HSD10 were 

found to be significantly elevated compared to age-matched controls (He, Wegiel et al. 

2005). This elevation has also been observed in a mouse model of AD and also in 

patients with multiple sclerosis (He, Wen et al. 2002). Similar to depressed levels of 

17β-HSD10, abnormally elevated levels will impact negatively on mitochondrial 

function (Shafqat, Marschall et al. 2003) and will also negatively influence the 

synthesis and metabolism of ALLOP and 17β-estradiol metabolism, both of which have 

established roles as neuroprotective and neurotrophic factors in the brain (Shafqat, 

Marschall et al. 2003). Furthermore, several studies reported that 17β-HSD10 binds 

amyloid-β (Aβ) and mediates mitochondrial toxicity in AD (Yan, Fu et al. 1997, 

Lustbader, Cirilli et al. 2004).  

              In relevance to PD, 17β-HSD10 is  normally constitutively expressed in all 

ventral midbrain neurons, including SNpc neurons, in both human and mouse tissues 

(Tieu, Perier et al. 2004). The role of 17β-HSD10 in PD has been explored in a single 

study by Tieu and his group in 2004 (Tieu, Perier et al. 2004). They revealed a down 

regulation of 17β-HSD10 in TH positive cells in the SNpc of PD patients, although the 

stage of the disease and sex was not reported. A similar down-regulation in the in vivo 

MPTP mouse model of PD was observed. Furthermore, they used neuronal 17β-HSD10 
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over expression in transgenic mice and found that MPTP-induced dopaminergic 

neuronal cell loss and ATP depletion was attenuated. Further investigations are required 

to elucidate the role of 17β-HSD10 in PD disease using post-mortem human brain, 

taking into consideration the sex of the subjects and stage of the disease and to elucidate 

its correlation with RORα and sex differences in PD. 

Collectively, current evidence supports the view that RORα, along with some key 

targeted genes, namely, aromatase and 17β-HSD10, represents a potential, novel, 

therapeutic target for PD. 
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1.6 Hypothesis and aims 

1.6.1 Hypothesis 

         This study tests the hypothesis that RORα and its targeted genes play a key role 

in protecting the NSDA pathway against neurodegenerative challenges. As a corollary, 

we hypothesize that RORα dysregulation may play a role in PD pathophysiology, 

including the greater male susceptibility to the disease and that RORα agonists have the 

potential to be novel neuroprotective agents for PD. 

1.6.2 Aims and objectives          

           Our first aim is to characterize the gene and protein expression of RORα and its 

targeted genes, namely aromatase and 17βHSD10, in the SNpc of post-mortem brains 

from male and female control and PD subjects using real time Polymerase Chain 

Reaction (qRT-PCR) and western blot. Our objectives are to determine whether there 

are sex differences in expression levels in the normal brain and whether these are 

differentially affected in the diseased state. 

              Our second aim is to establish an in vitro model of PD using the N27 

dopaminergic cell line and the C6 astrocytic cell line. Our objective is to characterize 

changes in protein expression levels of RORα and its targeted genes after challenge 

with the dopaminergic-selective neurotoxin, 6-OHDA, in order to determine whether 

the pattern of expression in the human control and PD brains are reflected in our in vitro 

model, thereby justifying its use as a model for further investigation of a role for RORα 

and its targeted genes in disease mechanisms. 

             Finally, we aim to use our in vitro model in order to test the neuroprotective 

effect of a RORα/γ agonist (SR1078). Our objective is to treat the cells with SR1078 
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prior to neurotoxin exposure and then to determine the viability of the pre-treated cells 

compared with controls (no-pre-treatment with SR1078) in order to determine whether 

pre-treatment with SR1078 is neuroprotective. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

Chapter 2  Materials and Methods 

2.1 Human Tissue Experiments 

2.1.1 Human Brain Tissue Samples 

Human post-mortem SNpc tissue samples as well as paraffin embedded formalin fixed 

brain section at 6 microns for SNpc from male and female, PD and control subjects 

were obtained from the Parkinson’s UK tissue bank (PUKTB) at Imperial College 

London, the use of which was approved by the PUKTB’s Ethical Review Panel for all 

experiments. Full description of the subjects’ data is described in section 3.2.1 and table 

3.1. The human brain tissue was removed from the body of the donor less than 24 hours 

post-mortem and immediately dissected following PUKTB’s standardized dissection 

protocol (Vonsattel, Aizawa et al. 1995). The dissected brain blocks were snap frozen 

using isopentane pre-chilled on dry ice and stored at -80oC for later use, with those 

containing the SNpc and cingulate cortex (CC) being used in this study for mRNA and 

protein extraction. 

2.1.2 Gene Expression Analysis 

2.1.2.1 Ribonucleic acids (RNA) and Protein Extraction from Brain Tissue 

Blocks 

 For RNA extraction, 30 mg of tissue of area of interest were used to extract RNA. 

Tissue was collected into ribonuclease (RNase) - free Eppendorf microcentrifuge tubes 

and homogenized for sequential RNA extraction using RNeasy® Plus Mini Kit 

(Qiagen, Crawley, UK). RNA samples were prepared by Dr Michael Hurley in 

Professor David Dexter group, following the same protocol we used in our work for 

extraction of RNA from animal tissues as described later in section 2.1.2.4. 
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2.1.2.2 QuantiTect Reverse Transcription Procedure 

                 Complementary deoxyribonucleic acid (cDNA) was obtained from RNA 

samples using QuantiTect Reverse Transcription Kit (Qiagen, Manchester, UK). First 

step is genomic DNA elimination, which included mixing 2 µl gDNA Wipeout Buffer, 

with the volume of template RNA that contains 500 ng/ µl and a volume of RNase free 

water to give a total volume of 14 µl.  The mixture was incubated for 2 minutes at 42 

oC then placed into ice. To each template RNA (the 14 µl mixture described above), 1 

µl Quantiscript Reverse Transcriptase and 4 µl Quantiscript RT buffer and 1 µl RT 

primer mix were added to yield a total volume of 20 µl. Each tube was incubated for 

30 minutes at 42 oC then at 95 oC for 3 minutes to inactivate the Quantiscript Reverse 

Transcriptase. 

2.1.2.3 Designing Real Time Polymerase Chain Reaction (qRT-PCR) Primers 

and Probes and Testing their Efficiency 

        qRT-PCR primers and probes for ERα, ERβ, GPER, AR, Aromatase, SRY gene 

were designed using the gene sequence of the target genes obtained from the National 

Centre for Biotechnology Information (NCBI) web site. Alignments Clustal Omega and 

Bioedit software were then used to design appropriate primers and probes and the 

specificity of chosen sequences was checked using blast searches on the Nucleotide 

Blast at the NCBI web site (Altschul, Gish et al. 1990). Table 2.1 presents the designed 

primers and probe sequences. Subsequently, the efficiency of the designed primers and 

probes were calculated by analysing the template dilution series and then plotting the 

cycle threshold (CT) values against the log template amount to determine the slope of 

the resultant standard curve; from the slope (S) the efficiency can be calculated using 

the following formula: 
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PCR efficiency (%) = (10(–1/S) – 1) x 100. 

During the qRT-PCR run for testing the primers and probes efficiency, a positive 

control was run in parallel.  

2.1.2.4 RNA Extraction from Animal Tissue for Preparing Positive Control  

          For preparing the positive control, male and female rats (n=5 for each) were 

dissected immediately after killing, to obtain brain tissue (Striatum), testicular and 

uterine tissue, which was stored immediately in RNAase free Eppendorf tubes at -80 

oC for later RNA extraction. RNA was extracted using RNeasy Plus Mini Kit, Qiagen 

(Manchester, UK). 

As instructed by the kit protocol, 30 mg of tissue was homogenized with rotor-stator 

(Tissue Tearor, Model 985370-395, BioSpec Products Inc, USA) in 600μL lysis buffer 

supplied with the kit (buffer RLT plus). Then the lysate was centrifuged at 4oC for 3 

min at ≥10,000 xg using biofuge fresco, Heraeus, UK. The supernatant was removed 

and transferred into a new microcentrifuge tube. Equal volume of 70% ethanol was 

added to each Eppendorf tube and was mixed by trituration by pipette; 700 µl was 

transferred into to RNeasy spin column and centrifuged for 15s at ≥10,000 x g. The 

flow- through was discarded and 700 µl of buffer RW1 was added to the RNeasy spin 

column and centrifuged for 15s at ≥10,000 x g. The flow- through was again discarded 

and 500 µl of buffer RPE was added to the RNeasy spin column and centrifuge for 15s 

at ≥10,000 x g. The flow- through was discarded. Then 500 µl buffer PRE was added 

to the RNeasy spin column and centrifuge for 2 minutes at ≥10,000 x g and the flow-

through was discarded. Finally, the RNeasy spin column was placed in a new 1.5 ml 

collection tube and 40 µl RNase free water was added and the column was centrifuged 

for 1 minute at ≥10,000 x g. The purity and amount of the RNA product in the final 
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column effluent was quantified using NanoDrop ND-1000 spectrophotometer (Thermo 

Fischer Scientific, Waltham, MA) to measure sample absorption between 260 and 280 

nm. The RNA concentration for each sample was calculated using the Beer-Lambert 

law:  

 

 

Where:  

𝑨=𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒  

𝑰𝟎=𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑒𝑙𝑙  

𝑰 = 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑒𝑙𝑙  

𝜺=𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑅𝑁𝐴 (0.025(𝑛𝑔/𝜇𝑙−1)−1)  

𝒍=𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡ℎ𝑒 𝑙𝑖𝑔ℎ𝑡 𝑝𝑎𝑠𝑠𝑒𝑠 𝑡ℎ𝑟𝑜𝑢𝑔ℎ (𝑐𝑚)  

𝒄=𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑛𝑔/𝜇𝑙) 

Both, quality and quantity of RNA was measured with an ultraviolet (UV) spectrometer 

(NanoDrop, ThermoScientific, Pittsburgh, PA, USA). The purity of the RNA samples 

was assessed by measuring the A260/280 and a ratio of ~2 is accepted for pure RNA.  

RNA samples were then stored at -80oC until further reverse transcription and 

quantitative real time polymerase chain reaction (qRT-PCR) was performed. 
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Gene Designed primers and probes sequences 

ERα PrimeTime Primer 1: AGG CTG CAA GGC TTT CTT 

PrimeTime Primer 2: CAA CTC TTC CTC CGG TTC TTA TC 

PrimeTime Probe: /56-FAM/TG GTG CAT T/Zen/G GTT TGT 

AGC TGG AC/3IABkFQ/ 
 

ERβ PrimeTime Primer 1: CGT GGA AGG GAT TCT GGA AAT 

PrimeTime Primer 2: CAT GGC CTT CAC ACA CAG ATA 

PrimeTime Probe: /56-FAM/TT TGA CAT G/Zen/C TCC TGG 

CGA CGA /3IABkFQ/ 
 

GPER PrimeTime Primer 1: CTT CAT CAG TGT CCA CCT ACT G 

PrimeTime Primer 2: GAA GGC TGC AAG GTT GAC TA 

PrimeTime Probe: /56-FAM/CA AGC AGT C/Zen/T TTC CGT 

CAC GCC TA/3IABkFQ/ 
 

AR PrimeTime Primer 1: CTG AAG AGA CTG CTG AGT ATT CC 

PrimeTime Primer 2: AGG TCT CAA GTG TCC CAG AG 

PrimeTime Probe: /56-FAM/TT ACG CCA A/Zen/A GGG TTG 

GAA GGT GA/3IABkFQ/ 
 

Aromatase PrimeTime Primer 1: CCA ATT TCC TGG GCG AGA TTA 

PrimeTime Primer 2: GGT AGA ACC TGT GGT GGT AAA 

PrimeTime Probe: /56-FAM/TT GAA TGG A/Zen/T TGG CTA 

CGC CTT GG/3IABkFQ/ 
 

SRY PrimeTime Primer 1: ATG GAG GGC CAT GTC AAG 

PrimeTime Primer 2: TTC TGC ATG CTG GGA TTC T 

PrimeTime Probe: /56-FAM/TT ATG GTG T/Zen/G GTC CCG 

TGG AGA GA/3IABkFQ/ 
 

GAPDH PrimeTime Primer 1: GTAACCAGGCGTCCGATAC 

PrimeTime Primer 2: TCTCTGCTCCTCCCTGTTC 

PrimeTime Probe: /56-FAM/CACACCGAC/Zen/ 

CTTCACCATCTTGTCT/3IABkFQ/ 
 

 

Table 2.1 Designed primers and probes sequences 
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Gene Efficiency% 

ERα 103.76% 

ERβ 117.51% 

GPER 81.49% 

AR 67.25% 

Aromatase 47.73% 

SRY 99.87% 

GAPDH 83.97% 

 

Table 2.2 Relative efficiency of the qRT-PCR probes 

All of the qRT-PCR primers and probes, with the exception of the aromatase probe, performed 

with great efficacy within the qRT-PCR assays. However, the efficiency rate of the aromatase 

probe was still deemed sufficient to allow quantification of the aromatase mRNA. These data 

confirm that the probes and primers were optimally designed. 
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2.1.2.5 Real Time Polymerase Chain Reaction (qRT-PCR)  

           To run qRT-PCR for the detection of gene expression of RORα, aromatase and 

17BHSD10, a Brilliant® II QPCR master mix with low ROX (Agilent Technologies 

UK Ltd, Edinburgh, UK) and Stratagene Mx3005P real-time PCR system (Agilent 

Technologies, USA) with MxPro software (v4.10, Stratagene, La Jolla, CA, USA) were 

used.  For the quantification of gene level, 1µl cDNA and 19µl of a mix (10µl Master 

Mix + 8µl RNase free water + 1µl Probe (PrimeTime™ qPCR assays, see table 2.1) 

were added to each well of a 96 Well Optical Reaction Plate (Applied Biosystems®, 

Life Technologies, Paisley, UK), in triplicate for each sample and run with the reference 

genes (GAPDH, β actin). Plates were sealed with MicroAmp Optical 8-Cap Strips (Life 

Technologies), and spun at 5x1000g at 4oC using Cenrifuge 5810R, Eppendorf, UK, to 

collect reagents at the bottom of each tube. The plate was then placed in the Stratagene 

Mx3005P real-time PCR system, (Agilent Technologies, USA) and reactions were 

carried out using the following cycling protocol: 95°C for 10 min, then 60 cycles with 

a 3-step program (95°C for 30s, 55°C for 30s and 72°C for 30s). Fluorescence data 

collection was performed during the annealing (55°C) step. In each plate, a negative 

control for each PrimeTime™ qPCR assay containing no cDNA template was included.  

An example of amplification plots is shown in Figure 2.1. 
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Figure 2.1 Amplification plots generated by qRT-PCR assay 

Amplification plots generated by qRT-PCR assay of GPER gene expression in C6 cells (orange 

and green lines), N27 cells (grey and red squares) and control brain tissue (grey circle and red 

triangle) it represents a plot of amplification cycle numbers on the X axis versus Fluorescence 

unit (dRn) on the Y axis. dRn is the baseline subtracted fluorescent reading normalized to the 

reference dye. The blue line of the fluorescence threshold is highlighted by the green arrow and 

the exponential phase is highlighted by the red arrow. 
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2.1.2.6 qRT-PCR Data Analysis 

To analyse the data for relative gene expression, the comparative CT (ΔΔCT) method 

was used (Livak and Schmittgen, 2001) which involves normalizing the gene 

expression to the expression of the reference gene (GAPDH and β actin) using 

geometric ratio (Vandesompele, De Preter et al. 2002). For that, fluorescence was 

plotted against cycle number and fluorescence threshold line was placed in the 

exponential phase of the resulting line. The cycle number at which generated 

fluorescence within the reaction crosses the threshold line is termed threshold cycle 

(CT) value. The CT value for each reaction was calculated and the resulting replicate 

values were averaged. The ΔCT was then calculated using the following equation: 

∆𝑪𝑻 = 𝑪𝑻 (𝒈𝒆𝒏𝒆 𝒐𝒇 𝒊𝒏𝒕𝒆𝒓𝒆𝒔𝒕) − 𝑪𝑻 (𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 𝒈𝒆𝒏𝒆) 

The ΔCT value was then normalized to the appropriate control group by subtracting the 

mean ΔCT for that group, as given by the following equation:  

∆∆𝑪𝑻 = ∆𝐶𝑇 (𝑠𝑎𝑚𝑝𝑙𝑒)− 𝑚𝑒𝑎𝑛∆𝐶𝑇(𝑎𝑝𝑝𝑟𝑜𝑝𝑟𝑖𝑎𝑡𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝) 

Then, the amount of the gene of interest, normalized to an endogenous reference gene 

and relative to the appropriate control group was calculated, using the following 

equation:                                         

𝟐 −∆∆𝑪𝑻 

The resulting expression values were converted to fold changes compared with the 

appropriate control group and data expressed as mean ± SEM.  
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2.1.3 Protein Quantification 

2.1.3.1 Protein Extraction from human tissues 

Brain tissue from area of interest (30mg) was homogenized using (Tissue Tearor, 

Model 985370-395, BioSpec Products Inc, USA) after adding 300 μL lysis buffer 

consist of RIPA Buffer (50 mM Tris-HCl, pH 8.0, with 150 mM sodium chloride, 1.0% 

Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate, 

Sigma) mixed with protease inhibitor (PierceTM Protease inhibitor mini tablets which 

contain protease-inhibitor cocktail (AEBSF, Aprotinin, Bestatin, E64, EDTA, 

Leupeptin, Pepstatin A), Thermoscientific, USA (one tablet mixed with 10 ml of RIBA 

buffer) (Eslami and Lujan 2010). Samples were kept on ice during the extraction 

procedure and for a further 30 minutes, after which the lysate was centrifuged for 10 

minutes at 4oC at 10,000x g using Biofuge Fresco, Heraeus, UK. Then the supernatant 

was removed and stored at -80oC until protein quantification on the day that the western 

blot was run. This was done using the Bradford assay, originally developed by Marian 

M. Bradford in 1976; it depends on binding of Coomassie Brilliant Blue G-250 in the 

Bradford reagent to protein, causing an absorbance shift from 465nm to 595nm 

wavelength. Samples were placed in 96 well plates, each 5μl in triplicate, as well as 

standard samples loaded in parallel of a known protein concentration (0-1mg/ml bovine 

serum albumin (BSA) in distilled water, dH2O), also 5μl per well in triplicate. Bradford 

reagent (Sigma, Poole, UK) 250μl was then added to each well containing protein 

samples or standard, and the plate was incubated at room temperature for 10 min. The 

light absorbance at 595 nm was read using a spectrophotometer (VersaMax Microplate 

Reader, Molecular Devices, CA, USA). A standard curve for the spectrophotometric 

reading at 595 nm absorbance was plotted for the standards against their known protein 

concentration (see figure 2.2 for representative example). The protein concentration 
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then was calculated using the equation of the slope of the line of best fit of the measured 

data.  

 

 

 

 

Figure 2.2 Bradford assay standard curve 

A standard curve was constructed for each Bradford assay plate using samples of a known 

protein concentration (bovine serum albumin prepared in dH2O over the range 0-1mg/ml each 

in triplicate). Then the slope of the resulting line of best fit was used to translate the absorbance 

at 595 nm into protein concentration. The standards prepared from BSA diluted in dH2O was 

prepared and stored at -20 for a maximum one free thaw cycle. 
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2.1.3.2 Protein Expression Analysis 

To investigate the expression level of protein of interest, chemiluminescent western 

blot analysis was performed (Eslami and Lujan 2010) (see figure 2.3). For this purpose, 

the volume of samples containing 20µg of extracted protein was mixed with an equal 

volume of 1x Laemmli sample buffer (Bio-Rad, Hemel Hempstead UK) and incubated 

at 95oC for 10 minutes to denature the protein and disrupt any 

secondary/tertiary/quaternary structures that could interfere with antibody binding. 

Then protein samples were loaded onto 1mm thick 15-well, 12% Tris-Glycine gel and 

proteins were separated by electrophoresis in Tris-Glycine running buffer (0.25M Tris-

Base, 2MGlycine and 1% sodium DodecylSulphate) for around 40 minutes at a constant 

current of 100 mA. Proteins were then transferred to Polyvinylidene fluoride (PVDF) 

membrane (pore size, 0.2 μm) using the Trans-Blot Turbo semi-dry transfer system 

(Pierce Power Blot Cassette, Thermo scientific, MA, USA) and transfer packs (Bio-

Rad, Hemel Hempstead UK), which included the transfer buffer comprising 0.25M 

Tris-Base, 2M Glycine, 20% Methanol. The transfer membrane then was equilibrated 

in PBST (phosphate buffered saline with 0.2% Tween-20) before blocking the 

membrane to prevent nonspecific binding. All membranes were blocked with Bovine 

Serum Albumin 4% (2g BSA in 50 ml PBST) for 1 hour on the shaker at room 

temperature. After blocking, membranes were incubated with primary antibody (see 

table 2.3) over night at 4oC on a shaker. On the next day, membranes were washed 4 

times each for 15 minutes before incubating with horseradish peroxidase (HRP)-

conjugated secondary antibody (see table 2.3) for 1 hour at room temperature. 

Membranes then were washed with PBST 4 times each for 15 minutes at room 

temperature. Membranes were developed with Pierce™ ECL Western Blotting 

Substrate (Thermo scientific, MA, USA) for 1 min. Images were taken by 
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chemiluminescence imaging system (GeneGnome XRQ, SYNGENE, Cambridge, UK). 

Protein bands were quantified using densitometry analysis software (ImageJ-win64). 

 

 

 

 

 

Figure 2.3 Chemiluminescent Western Blot Analysis  

First, the added primary antibody detects the antigen epitope and they become tightly bound. Then, the 

peroxidase conjugated secondary antibody is added which binds the Fc region of the primary antibody 

forming a complex. Lastly, the peroxidase enzyme on the secondary antibody catalysis the 

chemilumminescence substrate (S) resulting in the conversion product (P) and light. 
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Antigen Molecular weight Blocking 

conditions 

Primary antibody Primary antibody 

incubation 

conditions 

Secondary 

antibody 

Secondary 

antibody 

incubation 

conditions 

 

RORα 

 

 67 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Rabbit poly clonal 

anti-RORα (Santa 

Cruz  

Biotechnology Inc.) 

1:1000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in4% BSA 

in PBS-T  for 1 

hour at RT 

 

Aromatase 

(CYP19) 

 

50 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Mouse monoclonal 

anti-CYP19 (Santa 

Cruz  

Biotechnology Inc.) 

1:500 in4% BSA in 

PBS-T over night at 

4oC 

HRP-conjugate 

anti-mouse goat 

antibody (cell 

signaling) 

1:2000 in4% BSA 

in PBS-T  for 1 

hour at RT 

 

17βHSD10 

(ERAB) 

 

27 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Rabbit monoclonal 

anti ERAB 

antibody (Abcam, 

Cambridge, UK)  

1:10,000 in 4% 

BSA in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in4% BSA 

in PBS-T  for 1 

hour at RT 

 

β Actin 

 

42 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Mouse monoclonal 

anti-β Actin (sigma, 

UK) 

1:3000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-mouse goat 

antibody (cell 

signaling) 

1:2000 in4% BSA 

in PBS-T  for 1 

hour at RT 

 

Table 2.3 Antibodies Used for Western Blotting  

Incubations and blocking conditions used for Western blotting. 

Abbreviation: BSA, bovine serum albumin; PBS-T, Phosphate buffered saline containing 0.2% tween-20; HRP, horseradish peroxidase; RT, room 

temperature.                                                                                                                              
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2.1.4 Immunohistochemical Staining of Human SNpc 

      Immunohistochemical staining of RORα and aromatase was performed utilizing 

paraffin embedded formalin fixed brain section at 6 microns for SNpc from post-

mortem human tissue (PD and control subjects.  For that, standardized Avidin-Biotin 

Complex (ABC)/peroxidase method of immunohistochemistry was applied (Bratthauer 

1994). Paraffin was melted by placing the slides in a 60oC oven for 40 minutes, 

followed by de-waxing in 3 changes of xylene each for 5 minutes. Sections were then 

hydrated by incubation in a descending series of alcohol (100%, 100%, 100%, 90% and 

lastly 70% ethanol in dH2O) each for 5 minutes at room temperature. Following 

hydration, the slides were washed using 4 changes of PBS each for 5 minutes. Owing 

to post-fixation of brain tissue, sections had a very high level of endogenous peroxidase 

activity that can interfere with the quality of staining. For hydrogen peroxide blocking, 

sections were incubated in 0.3% H2O2 stabilized PBS for 15mins. To block non-specific 

antibody binding, sections were incubated with 10% normal horse serum before 

incubating the sections with the primary antibodies, either mouse monoclonal anti- 

aromatase or rabbit polyclonal anti RORα in PBS at 1:50 dilution for 24 hours at 4oC 

(see table 2.4). After the 24 hours’ incubation, sections were washed in 4 changes of 

PBS, each for 5 minutes, followed by incubation with the secondary antibody, 

Biotinylated Goat Anti-Rabbit Secondary Antibody (for RORα) or Biotinylated Horse 

Anti-Mouse Secondary Antibody (for aromatase) (VectorLabs, Perteborough, UK) at 

1:200 dilution in PBS for one hour at room temperature. After incubation with the 

secondary antibodies, sections were washed with 4 changes of PBS, each for 5 minutes, 

followed by incubation in ABC (Vectastain Elite ABC Kit, VectorLabs, Perteborough, 

UK) for one hour at room temperature. Sections then were washed in 4 changes of PBS, 
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each for 5 minutes. To visualize the protein, sections were incubated with 3,3'-

Diaminobenzidine (DAB) (DAB peroxidase substrate kit, VectorLabs) for 3 minutes 

protected from light. The sections then were washed with 4 changes of PBS, after 

which, the sections were incubated with Mayer’s hematoxylin (Sigma, Poole, UK) for 

10 seconds, followed by washing in running dH2O for 5 minutes before being 

dehydrated in an ascending series of alcohol washes (70%, 90%, 100% and 100% 

ethanol in dH2O), and finally two washes of xylene. Sections were mounted undercover 

slips using DPX (Dibutylphthalate Polystyrene Xylene) mounting medium. 

2.1.5 Immunofluorescence Staining of Human SNpc 

For cellular localization of protein expression, paraffin embedded formalin fixed brain 

section at 6 microns for SNpc from post-mortem human tissue (n=2) for each of the 

following conditions were analyzed: male control, male PD, female control, female PD. 

Double staining of RORα or aromatase with the neuronal marker NeuN or the astrocytic 

marker glial fibrillary acidic protein (GFAP) was performed using a standardized 

protocol. That, included the same staining protocol described in section 2.1.4 with 

primary antibodies added simultaneously, until the step of incubation with secondary 

antibodies, which, instead, utilised immunofluorescent Alexa flour secondary 

antibodies (Life Technologies, Oregon, USA) as described in Table 2.5. Following one 

hour the incubation with the secondary antibody at 4oC, sections were washed 4 times 

in PBS. VECTASHIELD Anti-Fade Mounting Medium with DAPI (4′,6-diamidino-2-

phenylindole) (VectorLabs, Perteborough, UK) was used to mount the slides, which 

were then covered with cover slips which were sealed with nail polish. Slides were 

stored at 40C. Images were taken using Zeis LSM 780 confocal microscopy. 
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Figure 2.4 Avidin-Biotin Complex/Peroxidase Immunohistochemistry  

First, the primary antibody detects the tissue antigen and binds it tightly. Then the secondary antibody 

is added and it detects and binds to the FC region on the primary antibody, forming complex. The 

biotin signal on the secondary antibody is then amplified by addition of the avidin-biotin complex 

(ABC), which makes a complex with multiple peroxidase molecules. The peroxidase activity of the 

ABC is then used to catalyse the conversion of 3,3'-diaminobenzidine (DAB) to a brown insoluble 

DAB precipitate, resulting in labelling the tissue antigen. 
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Antigen Blocking 

conditions 

Primary antibody Primary antibody 

incubation 

conditions 

Secondary antibody Secondary antibody 

incubation conditions 

RORα Normal horse 

serum for 1 hour at 

RT Or Donkey 

serum for 

fluorescent staining 

Rabbit polyclonal anti-

RORα (Santa Cruz  

Biotechnology Inc.) 

1:50 in 4% BSA in 

PBS over night at 

4oC 

anti-rabbit goat antibody 

(Sigma, UK) or Alexa 

fluor 568  donkey anti-

rabbit for fluorescent 

staining 

1:200 in PBS  for 1 hour at 

RT  Or 1:1000 in PBS  for 1 

hour at RT for fluorescent 

staining 

NeuN 

 

Donkey serum for 1 

hour at RT 

Mouse polyclonal anti-

NeuN ( Dako, Denmark) 

1:1000 in PBS over 

night at 4oC 

Alexa fluor 488 donkey 

anti-mouse 

1:200 in PBS  for 1 hour at 

RT 

Tyrosine 

hydroxylase (TH) 

Donkey serum for 1 

hour at RT 

Sheep polyclonal anti-

TH antibodies 

(Millipore Ltd. (MA, 

USA) 

1:500 in4% BSA in 

PBS over night at 

4oC 

Alexa fluor 633 donkey 

anti-sheep 

1:200 in PBS  for 1 hour at 

RT 

GFAP Donkey serum for 1 

hour at RT 

Mouse polyclonal anti-

GFAP (Dako, Denmark) 

1:50 in4% BSA in 

PBS over night at 

4oC 

Alexa fluor 488 donkey 

anti-mouse 

1:200 in PBS  for 1 hour at 

RT 

 

Table 2.4 Antibodies Used for Immunohistochemical and Immunofluorescence staining for Localization and c-localization of RORα Expression in 

SNpc of Human Post-mortem Tissues  

Incubations and blocking conditions used for staining are presented in this table. 

Abbreviation: PBS, Phosphate buffered saline; RT, room temperature.                                                                                                                              
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Antigen Blocking conditions Primary antibody Primary antibody 

incubation 

conditions 

Secondary antibody Secondary antibody 

incubation conditions 

Aromatase 

(CYP19) 

Normal horse serum for 1 

hour at RT VectorLabs 

(Peterborough, UK). Or 

Donkey serum for 

fluorescent staining 

Mouse monoclonal anti-

CYP19 (Santa Cruz  

Biotechnology Inc.) 

1:50  in PBS over 

night at 4oC 

anti-mouse goat 

antibody (cell 

signaling) or Alexa 

fluor 488 donkey anti-

mouse 

1:200 in PBS  for 1 

hour at RT 

NeuN 

 

Donkey serum for 1 hour at 

RT (Peterborough, UK). 

Rabbit poly Clonal anti-

NeuN (Dako, Denmark) 

1:250 in PBS  over 

night at 4oC 

Alexa fluor 568 donkey 

anti-rabbit 

1:200 in PBS  for 1 

hour at RT 

Tyrosine hydroxylase 

(TH) 

Donkey serum for 1 hour at 

RT 

Sheep polyclonal anti-

TH antibodies ( 

Millipore Ltd. MA, 

USA) 

1:50 in PBS  over 

night at 4oC 

Alexa fluor 633 donkey 

anti-sheep 

1:200 in PBS  for 1 

hour at RT 

GFAP Donkey serum for 1 hour at 

RT 

Rabbit poly Clonal anti-

GFAP (Dako, 

Denmark) 

1:100 in PBS  over 

night at 4oC 

Alexa fluor 568  

donkey anti-rabbit 

1:200 in PBS  for 1 

hour at RT 

 

Table 2.5 Antibodies Used for Immunohistochemical and Immunofluorescence staining for Localization and co-localization of Aromatase Expression 

in SNpc of Human Post-mortem Tissues  

Incubations and blocking conditions used for staining are presented in this table. 

Abbreviation: PBS, Phosphate buffered saline; RT, room temperature.                                              
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2.2 In Vitro Experiments  

To complement our findings from the post-mortem human study, and to investigate the 

potential neuroprotective properties of RORα, we used an in vitro cell culture model of 

neuronal cell and astrocyte. We aimed to define a submaximal dose and time of 

exposure to a toxin that targeted a cell line representing dopaminergic neurones (N27 

cells) in order to test the neuroprotective influences of the RORα/γ agonist (SR1078) 

and antagonist (SR1001) and the underlying molecular and cellular mechanisms of 

action. We also used astrocytic cell line (C6 cells) to test potential drug augmenting 

effect in co-cultural system. 

               The rat dopaminergic 1RB3AN27 (N27) cell line is an immortalized clone of 

rat mesencephalic dopaminergic neurons produced by transfecting fetal mesencephalic 

cells with the plasmid vector pSV3 neo , which carries the LTa gene from the SV40 virus 

(Prasad, Carvalho et al. 1994). The N27 cells have been characterized and found to 

express many chemical, including TH, and morphological characteristic of 

dopaminergic neurons, which make them a good candidate cell line for PD modelling 

in vitro (Adams, La Rosa et al. 1996). Figure 2.5 (A, C) shows defrosted N27 cells 

form the patch used in this study, expressing TH and retaining characteristic 

morphology. The astroglioma (C6) cell line was established by exposure of outbred 

Wistar rat astrocytes toN, N'-nitroso-methylurea (Benda, Lightbody et al. 1968). The 

C6 cells express glial fibrillary acidic protien (GFAP), a marker of astrocytes, and have 

been used in studying astrocyte physiology in many studies (Trejo, Vergara et al. 1999). 

Figure 2.5 (B, D) shows defrosted C6 cells form the patch used in this study, expressing 

GFAP and retaining characteristic morphology. In the present investigations, the N27 

cells were a kind gift from Dr.Nabil Hajji, Division of Brain Sciences, Imperial College 
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London and the C6 cells were obtained from the ECACC European Collection of Cell 

Cultures, Porton Down, Wiltshire, UK. MPP+ and 6-OHDA are well known toxin 

based models for PD (Dauer and Przedborski 2003), and they were used in the current 

thesis. We investigated the doubling time for both N27 and C6 cells, and found both to 

be doubled in number every 24 hours without reaching confluencey by 72 hours (figure 

2.6). This part of the study established a critical exposure protocol to 6-OHDA, in 

preference to MPP+ exposure, which would target the N27 cells with minimal effect on 

C6 cells.  
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Figure 2.5 Expression of characteristic morphology and markers of N27 and C6 cell used in 

this thesis 

Cells were plated at density of 157 cells/mm2, in RPMI phenol red free medium containing 1% 

double stripped serum. Cells were allowed to establish for 24 hours. Inverted dark field microscopic 

image of A) N27 cells, B) C6 cells, both expressing normal morphology. Western blot analysis 

showing C) TH western blot band present in N27 cells and not in C6 cells, D) GFAP western blot 

bands in N27 cells and C6 cells. 
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Figure 2.6 Doubling time for N27 and C6 cells 

Initial plating density 157 cells/mm2 (30,000 cells/well of a 24 well plate) in 

RPMI phenol red free medium supplemented with 1% Double Stripped Serum, 

trypan blue counting for A) N27 cells, B) C6 cells at 24, 48 and 72 hours. Data 

presented as Mean±SEM for three repeats each done in triplicates. 
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2.2.1 Cell Culture Experiments 

All cell culture experiments were performed in ventilated sterile hoods (UV light 

irradiated and cleaned with 70% ethanol), with all equipment being autoclaved and 70% 

ethanol-sterilized, while using latex gloves sprayed with 70% ethanol. Throughout the 

experiments, sterile conditions were applied to prevent contamination. Monthly 

cleaning of incubator with Virkon S tablets (SPH supplies, UK) and 70% ethanol was 

applied. The water reservoir in the incubator as well as the water in the water bath were 

replaced weekly with autoclaved water containing aqua stabil (Julabo, Seelbach, 

Germany). All experiments were conducted in duplicate wells for 3 independent 

experiments. 

2.2.2 N27 Neuronal Cell Line 

N27 cells were maintained in 75cm2 cell culture flask (Corning, NY, USA) in RPMI 

medium (Gibco, Life Technologies, Paisley, UK) supplemented with 5% foetal bovine 

serum (unless otherwise stated) (Sigma, UK), 2% L-Glutamine and 1% penicillin-

streptomycin (all from Sigma-Aldrich Poole, Dorset). Cells were maintained at 37 oC 

in 5% CO2 humidified atmosphere, and passaged every 2 to 3 days, when confluence 

reached approximately 75%.  N27 cells were used to maximum passage number 12 and 

all experiments were performed at passage number 5 to 12. 

2.2.3 C6 Astroglioma Cell Line 

C6 (astroglioma) cells were maintained in 75cm2 cell culture flask (Corning, NY, USA) 

in M199 medium (Sigma-Aldrich, Poole, Dorset) supplemented with 10% foetal bovine 

serum (unless otherwise stated), 2% L-Glutamine and 1% penicillin-streptomycin (all 

from Sigma-Aldrich Poole, Dorset). Cells were maintained at 37 oC in 5% CO2 
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humidified atmosphere, and passaged every 2 to 3 days, when confluence reached 

approximately 75%.  C6 were used to maximum passage number 10 and all experiments 

were performed at passage number 2 to 10.  

2.2.4 Passaging and Seeding of the Cells 

Cells were passaged once they reached 75% confluency (around 3-4 days). First the 

flask was washed twice with 5 ml sterile medium at 370C (Dulbecco’s Phosphate 

Buffered Saline (DPBS) (Sigma, UK) for N27 cells or Hanks’ Balanced Salt solution 

(HBSS) (Sigma, UK) for C6 cells) in order to remove any trypsin inhibitors present in 

the fetal calf serum in the medium. Cells then were detached by using 5 ml 0.25% 

trypsin (Sigma, UK), incubated for 2 minutes after which the flask was tapped firmly 

against the palm of the hand to detach all adherent cells. Then the suspension was 

collected followed by washing the flask with medium and adding that to the collected 

suspension to stop the trypsin activity. The cell suspension then was centrifuged at 1200 

xg for 5 at 230C using Labofuge 400R, Heraeus, UK. The cell pellet was re-suspended 

in 1 ml of warm complete medium (M199 medium for C6 and RPMI for N27 

supplemented with heat inactivated filter-sterilized FBS (10% and 5 % respectively) or 

1% Double-stripped serum, 2% L-glutamine (Sigma, UK), 1% Pencillin streptomycin 

(Sigma, UK)), and then diluted to 15 ml. The number of viable cells was estimated by 

mixing 10µl of cell suspension with 10µl of trypan blue stain (Sigma, UK). The viable, 

unstained cells within 10μl volume of this mixture were then counted using 

haemocytometer. Cell density was then adjusted by appropriate dilution with complete 

medium to achieve a final density of 314 cells/mm2 or 154 cells/mm2 when added to 

the wells, as described for each experiment. Plates then were maintained in the 

incubator for 24 hours to allow the cells to attain normal morphology before starting 
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the experiment. The remaining un-used cells were used to repopulate a new 75cm2 flask 

as described above. 

For plating the cells, the following calculations were used: 

For 96 well plates (surface area= 63.5 mm2) 

Cells were plated at density of 314 cells/mm2 (10,000 cells /well) or 157 cells/mm2 

(5000 cells/well) 

DF (dilution factor) = (Cell Count x 0.1 x 2x 10x 1000) / 10,000 or 5000  

For 24 well plates (surface area=191 mm2) 

Cells were plated at density of 314 cells/mm2 (60,000 cells /well) or 157 cells/mm2 

(30,000 cells/well) 

DF = (Cell Count x 2 x 0.5x 10x 1000) / 60,000 or 30,000 

For 6 well plates (surface area= 283 mm2) 

Cells were plated at density of 314 cells/mm2 (282,000 cells /well) or 157 cells/mm2 

(141,000 cells/well) 

DF= (Cell Count x 0.1 x 2x 10x 1000) / 282,000 or 141,000 

Volume of cells suspended in medium= Total volume / DF  

Volume of medium used to dilute the cells= Total volume - volume of cells suspended 

in medium. 

Then, from the desired dilution, 100 µl per well for 96 well plate, 500 µl per well for 

24 well plate and 2 ml per well for 24 well plates of cells diluted in medium were added. 
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2.2.5 Freezing/ Thawing of the Cells 

N27 and C6 cells were frozen in liquid nitrogen in 500 𝜇𝐿 aliquots in order to have a 

stock with low passage number. Once the cells become confluent in 75cm2 flask, they 

were detached by 0.25% trypsin and collected (as describe in section 2.2.4). The cell 

pellet was re-suspended in warmed complete medium (M199 medium for C6 and RPMI 

for N27 supplemented with heat inactivated filter-sterilized FBS (10% and 5 % 

respectively), 2% L-glutamine (Sigma, UK), 1% Pencillin streptomycin (Sigma, UK)) 

and viable cells were counted using a haemocytometer combined with the trypan blue 

exclusion test, as previously described (section 2.2.4). The final concentration of cells 

was then adjusted to 200 x103 cells/ml by dilution with medium devoid of antibiotics 

containing 10% dimethyl sulphoxide (DMSO). This cell suspension was aliquoted into 

500 µl per cryo vial and placed in a cryopreservation freezing chamber at -20oC for 1 

hour before being placed in a -80oC freezer overnight, after which it was moved to 

liquid nitrogen for long term storage. 

For thawing the cells, 200µl of warmed complete medium (M199 medium for C6 and 

RPMI for N27 supplemented with heat inactivated filter-sterilized FBS (10% and 5 % 

respectively), 2% L-glutamine (Sigma, UK), 1% Pencillin streptomycin (Sigma, UK)) 

were added to the frozen vials and placed in the water path at 37oC until completely 

thawed. This suspension was carefully removed from the cryo vials and diluted in 

warmed medium, centrifuged to remove the DMSO, and the cell pellet was re-

suspended in complete warmed medium. Cells were then incubated in 75cm2 cell 

culture flask until they recover from thawing procedure for 48 hours and once confluent, 

they were passaged as previously described. 

 



76 
 

2.2.6 Drugs 

2.2.6.1 Preparation of MPP+ and Stimulation of N27 and C6 

A stock solution of MPP+ iodide (1-Methyl-4-phenylpyridinium iodide, Sigma-Aldrich 

Poole, Dorset), MW 209.72, at 10 mg/ml in deionised water was prepared to give a 

stock solution of 166.6 mM; 250 µl aliquots were stored at -20oC for later use.  

For preparing different concentrations of MPP+ using the initial stock, 30µL was 

diluted in 4970 µL medium (M199 medium for C6 and RPMI for N27 supplemented 

with heat inactivated filter-sterilized FBS 2% L-glutamine (Sigma), 1% Pencillin 

streptomycin (Sigma)) to give a concentration of 1mM, which was then then diluted in 

serial dilutions of 2500 µL to yield a concentration range between 31.25 and 1000 µM. 

As described in section 2.3.5, after 24 hours’ incubation of the plated N27 or C6 cells 

to be established, medium was replaced with fresh medium containing the calculated 

doses of MPP+ for 24 hours’ incubation. 

2.2.6.2 Preparation of 6-OHDA and Stimulation of N27 and C6 

A stock solution of 6-OHDA (MW: 250.09) at 10 mM was prepared by dissolving the 

contents of a 5mg vial 6-OHDA (Sigma-Aldrich Poole, Dorset) in 2 ml deionised water 

containing 0.01% ascorbic acid as an anti-oxidant stabilizer; 120 µl aliquots were stored 

at -20oC for later use. All Eppendorf tubes were covered with foil to protect 6-OHDA 

from light.  

The following table (table 2.6) summarises the preparation of different concentrations 

of 6-OHDA using the initial stock diluted in medium (phenol red free RPMI 

supplemented with 1% heat inactivated filter-sterilized double stripped serum, 2% L-

glutamine (Sigma, UK), 1% Pencillin streptomycin (Sigma, UK)).  
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After 24 hours’ incubation of plated cells as described in section 2.3.5, medium was 

replaced with fresh medium containing the calculated doses of 6-OHDA for 24 hours’ 

incubation. 

 

 

6-OHDA dose Dilution factor 

70 µM 142.857 

60 µM 166.66 

50 µM 200 

45 µM 222.22 

40 µM 250 

30 µM 333.33 

25 µM 400 

20 µM 500 

15 µM 666.66 

10 µM 1000 

5  µM 2000 

 

Table 2.6 Dilution Factor for Different Concentration of 6-OHDA 
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2.2.6.3 SR1078 and SR1001  

RORα/γ agonist (SR1078; mw 431.25) and antagonist (SR1001; mw 477.4) were both 

purchased from TocrisBioscience (Avonmouth, Bristol, United Kingdom). Stock 

solutions of 10 mM were prepared by diluting 10 mg of SR1078 and SR1001 in 2.3188 

ml and 2.0947ml, respectively, of sterile filtered DMSO (TocrisBioscience, 

Avonmouth, Bristol, United Kingdom).  The stock of each was stored at -20oC as light-

protected 50 µL aliquots.  Desired concentrations were calculated by dividing the initial 

stock concentration by the desired concentrations to get the dilution factor. 

2.2.6.4 Staurosporine 

The positive control  for the viability assays, Staurosporine (Sigma, UK), is a multiple 

kinases inhibitor  that was originally isolated from the bacterium Streptomyces 

staurosporeus in 1977 (Omura, Iwai et al. 1977) and it stops the cell cycle at G1(Ruegg 

and Burgess 1989). Staurosporine was used as a positive control for viability assays at 

a concentration of 1μM. Initial concentration 1mM in DMSO was diluted in the medium 

with dilution factor 1:100 and 100µl was added to 96 well plate and 500µl to 24 well 

plate. 

2.2.6.5 Antimysin A 

The positive control for the MitoSox red flow cytometry is Antimysin A (Dingley, 

Chapman et al. 2012), which is a potent inhibitor of the mitochondrial electron transport 

chain (Potter and Reif 1952).  Cells were treated with 5µM by adding 5 µl of 1 mM 

stock solution to 995µl of medium.  

 

 

https://en.wikipedia.org/wiki/Streptomyces_staurosporeus
https://en.wikipedia.org/wiki/Streptomyces_staurosporeus
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2.2.7 Treatment paradigm  

For testing the neuroprotective potentials of the RORα/γ agonist and antagonist, cells 

were plated for 24 hours in a phenol red free medium supplemented with 1% double 

stripped serum, 2% L-Glutamine and 1% penicillin-streptomycin (all from Sigma-

Aldrich Poole, Dorset). After the initial 24 hours’ incubation, cells were exposed to a 

2nd 24 hours’ incubation period with the medium being replaced with fresh one 

containing SR1078 or SR1001. This was followed by a 3rd 24 hours’ incubation period 

in which the medium was replaced with fresh medium containing a concentration of 6-

OHDA that had previously been shown to cause a sub-maximal destruction of the cells. 

Controls comprised i) a set of cells that received normal culture medium with no drugs 

added (negative control) and ii) a set of cells that received normal medium with no 

additives during the first and second incubation and medium containing Staurosprotine 

for viability assays and Antimycin A for MitoSOX Red flow cytometry, during the 3rd 

incubation (positive control). 

2.2.8 Viability Assays 

After the experiment endpoint the viability of the cells are established in two ways using 

the MTS and the LDH assays (Riss, Moravec et al. 2004, Jolly, Journiac et al. 2011).  

2.2.8.1 MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt Assay 

For the MTS assay the kit CellTiter 96® AQueous One Solution Cell Proliferation 

Assay from Promega (Madison, USA) was used, which detects NADH levels produced 

by the cells. This is proportional to the cells’ metabolic activity and is, therefore, 

considered to be a reliable indicator of cell viability (Mosmann 1983, Riss, Moravec et 
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al. 2004, Jolly, Journiac et al. 2011).  The assay uses tetrazolium salts to quantify 

NADH, as they are readily converted to a coloured formazan product by NADH. In 

order to quantify this, cells were seeded in 96 well plates at a density of 157 cells/mm2. 

Saturosporine was used as a positive control (Sigma-Aldrich, Poole, Dorset). At the 

experimental end point, the medium was aspirated and replaced with a medium that 

contain MTS salts (90 µl medium and 10 µl of MTS salt per well). Then the plate was 

covered with aluminium foil as the reaction is photosensitive and incubated for 2 hours 

in the incubator at 37oC, 5 %CO2 humidified atmosphere, after which the colour 

development was read at a wave length 490 nm using a spectrophotometer (VersaMax 

Microplate Reader, Molecular Devices, CA, USA). 

2.2.8.2 Lactate Dehydrogenase (LDH) Assay 

Cellular membrane integrity is a key determinant of cell viability, and this assay is 

based on the principle that, when cells are damaged, intracellular components leak out, 

including LDH, which will be released into the cell culture medium. This can be 

measured (Korzeniewski and Callewaert 1983, Decker and Lohmann-Matthes 1988) 

based on the chemical reaction illustrated in figure 2.7.  For the LDH assay the kit 

CytoTox 96® Non-Radioactive Cytotoxicity Assay from Promega, (Madison, USA) 

was used.  Both released and total LDH were measured and the results were expressed 

as a ratio of the released to the total LDH. For released LDH, at the experimental end 

point, 50 µl of the culture medium from each of the wells in the 24 well plate was 

transferred into 96 well plates; 50 µl of the substrate mix was added to each well and 

the plates were covered with aluminium foil as the reaction is photosensitive and 

incubated for 30min at room temperature. For total LDH, 30 µl of cell lysis buffer 

solution was added to each well and the plate was centrifuged for 5 minutes at 2000x g 

using Labofuge 400R, Heraeus, UK. After centrifugation, 50 µl of the supernatant in 
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each well were transferred into 96 well plates and 50 µl of the substrate mix was added. 

The 96 well plate was covered with aluminium foil and incubated for 30 minutes at 

room temperature. The plate was read at an optical density of 490 nm using a 

spectrophotometer (VersaMax Microplate Reader, Molecular Devices, CA, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 The chemical reaction for LDH release assay 

LDH release from damaged cells is measured by supplying lactate, NAD+ and INT 

as substrates in the presence of diaphorase. The reaction lead to generation of a red 

formazan product which is proportional to the amount of LDH released and therefore 

the number of lysed cells (figure adapted from the assay protocol manual, CytoTox 

96® Non-Radioactive Cytotoxicity Assay from Promega). 
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2.2.9 Caspase 3/7 Activity for Measuring Apoptosis 

The activation of Caspase 3 is a crucial step for initiation of apoptosis (Thornberry and 

Lazebnik 1998). It was reported that caspase 3/7 has substrate selectivity for the peptide 

sequence Asp-Glu-Val-Asp (DEVD). To measure apoptosis in the cell cultures Cell 

Meter™ Caspase 3/7 Activity Apoptosis Assay Kit (AAAT Bioquest, California, USA) 

was used, where TF2-DEVD-FMK is a fluorescent indicator for caspase 3/7 activity. It 

is cell permeable, nontoxic and irreversibly binds to activated caspase 3/7 in apoptotic 

cells. Once bound to caspase 3/7, the fluorescent reagent is retained inside the cell. The 

binding prevents the caspase 3/7 from further catalysis but will not stop apoptosis from 

proceeding. After being added into the medium for 15 minutes, the reagent will start to 

react with active caspase 3/7 enzymes. For that, cells were plated in 96 well plates at 

density of 157 cells/mm2. At the experimental endpoint, 100 μL of caspase 3/7 reagent 

(prepared by mixing component A (50μL) with component B (10 ml)) was added to 

each well and incubated for 1 hour at room temperature protected from light. 

Fluorescence intensity was measure using a  fluorescence plate reader (Glomax 

multidetection system, Promega, Madison,USA) at Ex/Em = 600 nm and data were 

presented as relative fluorescent units. 
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2.2.10 MitoSOX™ Red staining for Fluorescence-Activated Cell Sorting (FACS)  

MitoSOX™ Red reagent is a live-cell dye that at the low concentration of 1µM, is 

highly selective to mitochondrial ROS (Kauffman, Kauffman et al. 2016). For detection 

of ROS production in N27 cells, MitoSOX™ Red mitochondrial superoxide indicator 

(Invitrogen, USA) was used. N27 cells were seeded at density of 157 cells/ mm2  in 24 

well plates. At experimental endpoint, medium was collected in round-bottom 

polystyrene tubes (Corning costar, thermoscientific, UK). Cells were detached with 

0.25% trypsin, after being washed twice with PBS. The collected cells were centrifuged 

at 4oC for 5 minutes at 1200 xg using Labofuge 400R, Heraeus, UK. Medium was 

gently aspirated and the cell pellet was re-suspended in 1 ml PBS for a second 

centrifugation. Then the PBS was gently aspirated and the cells were re-suspended in 

300µl of MitoSox Red (1µM), protected from light and placed in the incubator, at 37oC 

5% CO2 for 15 minutes. FACS then was performed using BD Biosciences 

FACSCalibur, Midland, ON, Canada, selecting FL2 channel with the peak around 

Ex/Em 510/580 nm. Data were analysed using the software, FlowJo, LLC. 
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2.2.11 Annexin V for Fluorescence-Activated Cell Sorting (FACS) 

In experiments investigating the influence of RORα/γ agonist on 6-OHDA toxicity on 

N27 cells we used eBioscience™ Annexin V-FITC Apoptosis Detection Kit 

(ebioscience, USA)(Kabakov, Kudryavtsev et al. 2011) to determine the type of cell 

death. N27 cells were seeded at density of 157 cells/ mm2 (30,000 cells /well) in 24 

well plate. At experimental end point, medium was collected in round-bottom 

polystyrene tubes (Corning costar, UK), and the wells were washed twice with PBS, 

followed by detaching the cells using 0.25% trypsin. Collected cells were centrifuged 

for 5 minutes at 23oC 1200 xg using Labofuge 400R, Heraeus, UK. Medium was gently 

aspirated and the cell pellet was re-suspended in 1 ml PBS for a second centrifugation. 

Medium was gently aspirated and the cell pellet was re-suspended in 1 ml of 1X 

Binding Buffer. 5 μL were added of fluorochrome-conjugated Annexin V to 100 μL of 

the cell suspension and incubated for 15 minutes at room temperature. Cells were 

washed in 1X Binding Buffer and re-suspended in 200 μL of 1X Binding Buffer. Then, 

5 μL of  Propidium Iodide Staining Solution was added to the cells and incubated at 

4oC for 30 min. FACS then was performed (BD Biosciences FACSCalibur, Midland, 

ON, Canada) using FL2 filter. Data were analysed using the software, FlowJo, LLC. 

Figure 2.8 represents an example of the histogram for the Annexin V FACS. 
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 Figure 2.8 Annexin V for Fluorescence Activated Cell Sorting (FACS) in 

N27 cells exposed to 6-OHDA (10µM) 

Histogram showing cells classified based on staining with Annexin V and 

propidium idodide (PI) into four populations: normal, early apoptotic, late 

apoptotic and necrotic. 
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2.2.12 RNA Extraction and Quantification from Cell Cultures and Gene 

Expression Analysis 

The same protocol as described for the extraction of RNA from animal tissue was used 

to obtain RNA from the cell lines, except for the first step, where the cells were obtained 

from a 6 well plate, plated at density of 314 cells/well after an overnight incubation 

period, cells were washed twice with PBS, detached with 0.25% trypsin and collected 

in 2 ml RNase free Eppendorf tubes and centrifuged for 5 minutes at 1500 g, using 

Biofuge fresco, Heraeus, UK, then gently the supernatant was aspirated and replaced 

with 600 µl lysate buffer RLT. The following steps for qRT-PCR and data analysis are 

the same as described in sections 2.1.2.2 and 2.1.2.4-2.1.2.6. 

2.2.13 Protein Extraction and Quantification from Cell Cultures 

At the experimental endpoint, medium was removed and N27 cells were washed two 

times with ice-cold PBS. Cells were collected by scraping the cells with non-pyrogenic 

sterile cell scraper (Corning Costar) in 300 μL ice-cold PBS. The collected cells were 

centrifuged for 5 minutes at 4oC, 5x1000 g using Biofuge fresco, Heraeus, UK. PBS 

was removed and the cell pellet was suspended in 70 μL RIPA buffer (50 mM Tris-

HCl, pH 8.0, with 150 mM sodium chloride, 1.0% Igepal CA-630 (NP-40), 0.5% 

sodium deoxycholate, and 0.1% sodium dodecyl sulfate, Sigma) supplemented with 

Pierce™ Protease Inhibitor Mini Tablets (Thermoscientific) which contain protease-

inhibitor cocktail (AEBSF, Aprotinin, Bestatin, E64, EDTA, Leupeptin, Pepstatin A), 

for each 10 ml of RIPA buffer, one 30mg tablet of protease inhibitor was dissolved.  

After 30 min incubation of the cells in RIPA buffer supplemented with the protease 

inhibitor in ice, the lysate was centrifuged for 10 minutes at 4oC, 5x1000g using Biofuge 

fresco, Heraeus, UK. The supernatant was removed and saved at -20 for later protein 
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quantification while the cell debris was discarded. For protein quantification and 

analysis see section 2.1.3 Table 2.7 summarises the primary and secondary antibodies, 

blocking and incubation conditions applied for western blotting in the cell culture 

experiments.
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Antigen Molecular weight Blocking 

conditions 

Primary antibody Primary antibody 

incubation 

conditions 

Secondary 

antibody 

Secondary 

antibody 

incubation 

conditions 

 

RORα 

 

67 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Rabbit poly clonal 

anti-RORα (Santa 

Cruz  

Biotechnology Inc.) 

1:1000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

 

Aromatase 

(CYP19) 

 

50 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Mouse monoclonal 

anti-CYP19 (Santa 

Cruz  

Biotechnology Inc.) 

1:500 in4% BSA in 

PBS-T over night at 

4oC 

HRP-conjugate 

anti-mouse goat 

antibody (cell 

signalling) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

 

17βHSD10 

(ERAB) 

 

27 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Rabbit monoclonal 

anti ERAB 

antibody (Abcam, 

Cambridge, UK)  

1:10,000 in 4% 

BSA in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Glutathione 

Peroxidase 1 

(GPX1) 

 

22 kDa 

4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

GPX1 (Abcam, 

Cambridge, UK) 

1:5000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Peroxiredoxine 6 

(Prdx6) 

 

25 kDa 

4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

Prdx6 (Abcam, 

Cambridge, UK) 

1:5000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 
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Nox1 65 kDa 4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

Nox1 (Abcam, 

Cambridge, UK) 

1:5000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Nox2  

60 kDa 

4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

Nox2 (Abcam, 

Cambridge, UK) 

1:5000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Nox4  

67 kDa 

4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

Nox4 (Abcam, 

Cambridge, UK) 

1:2000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Protein Kinase 

Cδ (PKCδ) 

 

Native   78 kDa 

Cleaved 42 kDa 

4% BSA in PBS-T 

for 1 hour at RT 
Rabbit 

monoclonal to 

PKCδ (Abcam, 

Cambridge, UK) 

1:5000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

Matrix 

Metalloprotease 

(MMP)3-cleaved 

 40 kDA 4% BSA in PBS-T 

for 1 hour at RT 
Rabbit polyclonal 

toMMP3- 

cleaved(Sigma, 

UK) 

1:1000 in 4% 

BSA in PBS-T 

over night at 4oC 

HRP-conjugate 

anti-rabbit goat 

antibody (Sigma, 

UK) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

 

β Actin 

 

42 kDa 

4% BSA in PBS-T 

for 1 hour at RT 

Mouse monoclonal 

anti-β Actin 

(Sigma, UK) 

1:3000 in 4% BSA 

in PBS-T over 

night at 4oC 

HRP-conjugate 

anti-mouse goat 

antibody (cell 

signaling) 

1:2000 in 4% BSA 

in PBS-T  for 1 

hour at RT 

 

Table 2.7 Antibodies Used for Western Blotting in in vitro studies  

Incubations and blocking conditions used for Western blotting. 

Abbreviation: BSA, bovine serum albumin; PBS-T, Phosphate buffer saline, RT, Room temperature.
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2.3 Materials and Sources  

All disposables and plates were obtained from either Sigma-Aldrich Chemical Co. Ltd. (Poole, 

UK) or VWR (Lutterworth, UK) unless otherwise stated  

2.4 Statistical Analysis 

For the comparison of individuals in the post-mortem human studies, after testing normality, 

Mann-Whitney T test was used to compare PD and controls, further details in section 3.2.1. 

For the in vitro studies, data are presented as the mean ± SEM based on n=3 independent 

observations.  One-way ANOVA or two-way (repeated measures) analyses combined with 

Tukey’s multiple comparison test were used. For each chapter, the tests conducted for each 

dataset are detailed in the experimental design section. Unless otherwise stated statistical 

significance is indicated in figure legends using the following system: p<0.05 (*), p<0.01 (**), 

p<0.001 (***), p<0.0001 (****). All statistical tests were performed using GraphPad Prism 

(v5.0 for Windows, GraphPad Software, San Diego, CA, USA) except for correlation analysis 

in human post-mortem studies, IBM SPSS statistics 23 program was used, correlations were 

analyzed using Pearson’s r correlation coefficient.   

 

 

 

 

 

 

 

https://int.search.myway.com/search/GGmain.jhtml?ct=ARS&n=783aaa51&p2=%5EY6%5Expt316%5ES24143%5Egb&pg=GGmain&pn=1&ptb=B471F74E-66CF-4C8D-B08D-BBF25F17BF10&qs=&si=EAIaIQobChMI1f2gzs-p1wIVRIXtCh03bwhlEAEYASAAEgLK_PD_BwE&ss=sub&st=tab&trs=wtt&searchfor=Correlation+Coefficient&feedurl=ars%252Ffeedback%253ForiginalQuery%253Dpearson%2525E2%252580%252599s%252Br%252Bcorrelation%252B%2526relatedQuery%253Dcorrelation%252Bcoefficient&tpr=alsotrymidrs
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Chapter 3 Retinoic Acid Receptor-related Orphan Receptor Alpha (RORα), Aromatase 

and 17βHSD10 Expression in Parkinson’s disease 

 

3.1 Introduction 

             PD is a progressive neurodegenerative movement disorder characterised by loss of 

dopaminergic neurons from SNpc (Jenner, Morris et al. 2013). To date, the only available 

therapeutic strategy is to replace the DA to provide symptomatic relief for motor symptoms 

(Oertel 2017). However, replacing DA with L-Dopa is associated with undesirable side effects 

and its effect becomes less efficient in the long term (Oertel 2017). Hence, there is an urgent 

need to find a novel therapy that can stop or slow the progression of the disease, a mission that 

requires better understanding of the disease mechanism and risk factors (Meissner, Frasier et 

al. 2011). Interestingly, being male is the major risk factor after aging for developing PD, with 

a biased male to female ratio of 1.3-3.7 (Mayeux, Marder et al. 1995, Twelves, Perkins et al. 

2003, Van Den Eeden, Tanner et al. 2003, Hirtz, Thurman et al. 2007). This bias in PD extends 

beyond incidence to include age of onset as well as clinical course and presentation of the 

disease (section 1.2.1). The age of onset of PD is significantly later in women than in men and 

female exhibit a more benign course compared to men (Twelves, Perkins et al. 2003, Shulman 

and Bhat 2006, Haaxma, Bloem et al. 2007, Alves, Muller et al. 2009, Gillies, Pienaar et al. 

2014). 

                 Although the precise mechanisms underpinning this sex bias in PD are unclear, 

many clinical observations and experimental studies in rodents and non-human primates 

implicate sex hormone actions in the brain, especially the neuro-protective effect of estradiol 

as key factors (Green and Simpkins 2000). However, in experimental PD models, 17βestradiol 

was found to be neuroprotective in female but not male rats. On the other hand, central 
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inhibition of aromatase in male rats (McArthur, Murray et al. 2007) or its knock down (Morale, 

L'Episcopo et al. 2008) in both male and female mice was associated with exacerbation of 6-

OHDA-induced lesioning of the NSDA pathway which indicates that central aromatase is 

neuroprotective in both sexes. Aromatase transcription is regulated by the RORα gene 

(Sarachana and Hu 2013), which has many direct neuronal functions; including protection 

against neuronal damage induced by oxidative stress, which is one of the main hypothesis of 

PD etiology (Boukhtouche, Vodjdani et al. 2006, Jolly, Journiac et al. 2012). RORα was also 

found to be neuroprotective in experimental model of hypoxia, and was found to be linked to 

many neurological and psychological disorders, eg; AD, Autism, ADHD, PTSD, depression, 

bipolar disorders and fear related psychopathology (Sarachana, Xu et al. 2011, Miller, Wolf et 

al. 2013, Acquaah-Mensah, Agu et al. 2015, Lai, Kao et al. 2015, Lowe, Meyers et al. 2015).  

            RORα as a transcription factor is known to regulate the transcription of a long list of 

neuroprotective genes, beside the fore mentioned aromatase being one of them, 17βHSD10 is 

also a target for RORα (Sarachana and Hu 2013). The mitochondrial enzyme, 17βHSD10 has 

been reported to be reduced in the ventral midbrain in PD and in MPTP animal model of PD 

(Tieu, Perier et al. 2004). Moreover, 17βHSD10 has been reported to be implicated in 

neuroprotection in in vivo PD model (Tieu, Perier et al. 2004). Therefore, it is essential to 

investigate the role of RORα and it targeted genes namely, aromatase and 17βHSD10, in post-

mortem brains of PD and controls in relevance to sex of cases in order to identify any potential 

link to sex bias in PD. 
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Hypothesis 

 RORα expression in the human SNpc is sex-specific and could contribute to increased 

male susceptibility to PD compared to female.  

 RORα dysregulation might play a role in PD pathophysiology as this gene is known to 

protect against apoptosis induced by oxidative stress, one of the main hypothesis of PD 

etiology. 

Aims 

 To investigate the gene and protein expression of RORα and targeted genes namely, 

aromatase and 17βHSD10 in SNpc and cingulate cortex (CC) as a control area, in the 

post-mortem brain tissues from PD subjects and age and sex matched controls.  

Objectives 

 To use qRT-PCR to quantify gene expression of RORα, aromatase and 17βHSD10 in 

SNpc and CC extracted RNA samples from male and female PD and control subjects. 

 To use western blot to quantify protein expression of RORα, aromatase and 17βHSD10 

in SNpc and CC extracted protein samples from male and female PD and control 

subjects. 

 To look at localisation of protein expression of RORα and aromatase in SNpc paraffin 

embedded sections from PD and control subjects, females and males using 

immunohistochemistry and immunofluorescence staining. 
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3.2 Experimental Design 

3.2.1 Quantification of RORα, aromatase and 17βHSD10 gene and protein expression in 

PD 

             Post-mortem human brain tissue of SNpc and CC from cases of late stage pathology 

confirmed PD (Braak stage 5 and 6 Late PD, n= 14), as well as age and sex matched control 

subjects (n=10) was obtained from the PUKTB. Full description of PD and control cases is 

presented in table 3.1. For each case, protein and mRNA extraction from 30 mg of tissue were 

performed. Extracted RNA was converted to cDNA for subsequent qRT-PCR run using 

primers and probes designed specifically for this study as described in detail in section 2.2.1. 

Extracted protein was used for western blot to quantify RORα, aromatase and 17βHSD10 

protein levels in SNpc and cingulate cortex (section 2.1.3). 

3.2.2 Immunohistochemistry and immunofluorescent staining for localisation of protein  

 For cellular localization of RORα and aromatase expression, paraffin embedded slides from 

male and female control and PD were utilized for immunohistochemical and 

immunofluorescent staining. Full details for staining protocol and antibodies used are described 

in sections 2.1.4-2.1.5. 

3.2.3 Statistical analysis 

The data is presented as mean ±SEM for worked samples for qRT-PCR and western blot. Both 

qRT-PCR and western blot data was analysed using Mann-Whitney T Test with a P value <0.05 

considered as statistically significant. For correlation analysis, IBM SPSS statistics 23 program 

was used, correlations were analyzed using Pearson’s r correlation  coefficient.

https://int.search.myway.com/search/GGmain.jhtml?ct=ARS&n=783aaa51&p2=%5EY6%5Expt316%5ES24143%5Egb&pg=GGmain&pn=1&ptb=B471F74E-66CF-4C8D-B08D-BBF25F17BF10&qs=&si=EAIaIQobChMI1f2gzs-p1wIVRIXtCh03bwhlEAEYASAAEgLK_PD_BwE&ss=sub&st=tab&trs=wtt&searchfor=Correlation+Coefficient&feedurl=ars%252Ffeedback%253ForiginalQuery%253Dpearson%2525E2%252580%252599s%252Br%252Bcorrelation%252B%2526relatedQuery%253Dcorrelation%252Bcoefficient&tpr=alsotrymidrs
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Control (C)                    

 

Age 

 

Gender 

 

Onset 

 

Duration 

 

αSYN score 

 

PMI 

 

PD Case 

 

Age 

 

Gender 

 

Onset 

 

Duration 

 

αSYN score  

 

PMI 

C1 71 F - - 0 17 PD1 87 F 76 12 6 ? 

C2 78 F - - 0 23 PD2 85 F 67 18 6 14 

C3 84 F - - 0 11 PD3 82 M 65 18 6 14 

C4 77 M - - 0 17 PD4 77 M 67 10 6 6 

C5 81 F - - 0 19 PD5 80 M 60 19 6 16 

C6 90 M - - 0 12 PD6 83 M 73 9 6 10 

C7 94 F - - 0 10 PD7 82 M 72 11 6 10 

C8 81 M - - 0 8 PD8 75 M 50 25 6 15 

C9 80 F - - 0 28 PD9 75 M 67 8 6 3 

C10 89 F - - 0 22 PD10 79 M 59 20 5 22 

C11 66 M - - 0 12 PD11 77 M 46 31 6 6 

  
    

 PD12 79 M 55 24 5 19 

       PD13 78 F 59 19 6 ? 

       PD14 84 F 84 11 5 16 

       PD15 77 F 46 31 6 ? 

Mean 81.0 
    

16.3 Mean 80.1  63.1 17.1  12.3 

SD 8.2 
    

6.3 SD 3.8  9.3 7.3  5.8 

Table 3.1 Demographic data for PD and control cases  

PMI = pot-mortem interval; αSYN score = α-synuclein Braak stage; C =control; PD =Parkinson’s disease.
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3.3 Results 

3.3.1 Human post-mortem tissue gene and protein expression  

3.3.1.1 RORα gene and protein expression in the SNpc 

           RORα gene expression in control male subjects was significantly less by 30% than that 

of control females. In PD subjects, RORα gene expression was significantly increased by two 

fold in the male, where in female there was no significant difference between control and PD 

subjects as in figure 3.1(A). The data for the RORα protein expression in the SNpc mirrored 

what the gene expression data showed. Thus, significantly higher protein expression of RORα 

in female by three folds compared to male controls was observed as in figures 3.1 (C, B). In 

PD group, significant increase in PD males compared to their controls by two folds was 

observed.  
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Figure 3.1 RORα expression in the SNpc of PD and control subjects 

A) qRT-PCR analysis of RORα gene expression relative to GAPDH and βActin (geometric ratio) 

in the SNpc of post-mortem brains of control (C) and PD subjects in males (C, n=5, PD, n=9) and 

females (C, n=5, PD n=5), *p<0.05, **p<0.01(Mann Whitney test). 

B) Representative western blots protein band for RORα in the SNpc. 

C)  RORα protein quantification normalised to β actin in the SNpc of post-mortem brains of control 

(C) and PD subjects (PD) in males (C, n=5, PD, n=5) and females (C, n=3, PD n=4) **p<0.01, 

(Mann Whitney test). 
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3.3.1.2 RORα gene and protein expression in the CC 

            Investigating the RORα gene expression in control male and female subjects using 

qRT-PCR showed amplifications were identified in a limited set of cases that was not enough 

to do statistical analysis. Figure 3.2(A) for worked cases only. On the other hand, western blots 

protein expression of RORα in CC provided a clear signal, with data showing no significant 

difference between male and female controls and PD subjects compared to their matched 

controls as in figure 3.2(B, C). 
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Figure 3.2 RORα expression in the CC of PD and control subjects 

A) qRT-PCR analysis of RORα gene expression relative to GAPDH and βActin (geometric 

ratio) in the CC of post-mortem brains of control C and PD subjects in males (C, n=5, PD, n=9) 

and females (C, n=5, PD n=5), (Mann Whitney test). 

B) Representative western blots protein bands for RORα in the CC. 

C)  RORα protein quantification normalised to β actin in the CC of post-mortem brains of control 

(C) and PD subjects (PD) in males (C, n=6, PD, n=10) and females (C, n=3, PD, n=4), (Mann 

Whitney test) 
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3.3.1.3 Aromatase gene and protein expression in the SNpc 

                Although the mean value for aromatase gene expression were 3 fold greater in female 

control SNpc compared to male control subjects, figure 3.3(A), this was not statistically 

significant, possibly due to the large error bars for the female samples. Error bars were higher 

for the protein expression, figure 3.3(C), and indicates no significant sex differences in 

aromatase levels in the SNpc. Within sex analysis, significant increase in aromatase expression 

in male PD compared to their controls were observed as judged by both qRT-PCR which 

showed six-fold increase, figure 3.3(A) and western blots which showed 2-fold increase, 

figure 3.3(C). 
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Figure 3.3 Aromatase expression in the SNpc of PD and control subjects 

A) qRT-PCR analysis of Aromatase gene expression relative to GAPDH and βActin 

(geometric ratio) in the SNpc of post-mortem brains of control C and PD subjects in males 

(C, n=5, PD, n=9) and females (C, n=3, PD n=3), *p<0.0505 (Mann Whitney test). 

B) Representative western blots protein bands for aromatase in the SNpc. 

C)  Aromatase protein quantification normalised to β actin in the SNpc of post-mortem 

brains of control (C) and PD subjects (PD) in males (C, n=5, PD, n=5) and females (C, 

n=3, PD n=4), *p<0.05 (Mann Whitney test). 
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3.3.1.4 Aromatase gene and protein expression in the CC 

          qRT-PCR for aromatase gene expression in control male and female subjects failed to 

show amplifications on repeated attempts except for two cases only, which was not enough to 

do statistical analysis or putting the results in graph. However, protein expression of aromatase 

in CC showed no significant difference between male and female controls and PD, figure 3.4 

(A, B). 
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Figure 3.4 Aromatase expression in the CC of PD and control subjects 

A) Representative western blots protein bands for aromatase in the CC. 

B)  Aromatase protein quantification normalised to β actin in the CC of post-mortem 

brains of control (C) and PD subjects (PD) in males (C, n=6, PD, n=10) and females 

(C, n=3, PD n=4), (Mann Whitney test). 
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3.3.1.5 17βHSD10 gene and protein expression in the SNpc 

Data showed no sex differences in qRT-PCR, figure 3.5(A), or western blots, figure 3.5(B). 

While qRT-PCR analysis showed no effect of PD, western blots clearly showed significant 

elevation of 17βHSD10 in the male SNpc, but no effect in female, figure 3.5(B, C). 
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Figure 3.5 17βHSD10 expression in the SNpc of PD and control subjects 

A) qRT-PCR analysis of 17βHSD10 gene expression relative to GAPDH and βActin 

(geometric ratio) in the SNpc of post-mortem brains of control C and PD subjects in males (C, 

n=5, PD, n=9) and females (C, n=5, PD n=5), (Mann Whitney test). 

B) Representative western blots protein bands for 17βHSD10 in the SNpc. 

C)  17βHSD10 protein quantification normalised to β actin in the CC of post-mortem brains of 

control (C) and PD subjects (PD) in males (C, n=4, PD, n=5) and females (C, n=3, PD n=4) 

*p<0.05, (Mann Whitney test). 
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3.3.1.6 17βHSD10 gene and protein expression in the CC 

           For 17βHSD10 expression in the CC, no sex differences in control subjects in the CC 

was observed and no effect of PD were observed using either qRT-PC, figure 3.6(A), or 

western blots, figure 3.6 (B, C). 
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Figure 3.6 17βHSD10 expression in the CC of PD and control subjects 

A) qRT-PCR analysis of 17βHSD10 gene expression relative to GAPDH and βActin (geometric 

mean) in the CC of post-mortem brains of control C and PD subjects in males (C, n=5, PD, n=6) 

and females (C, n=3, PD n=3), (Mann Whitney test). 

B) Representative western blots protein bands for 17βHSD10 in the CC. 

C) 17βHSD10 protein quantification normalised to β actin in the CC of post-mortem brains of 

control (C) and PD subjects (PD) in males (C, n=6, PD, n=10) and females (C, n=3, PD n=4), 

(Mann Whitney test). 
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3.3.2 Correlation analysis between gene expression of RORα, aromatase and 17βHSD10 

and cellular markers for glia and neurons in the SNpc of male and female control and PD 

subjects’ post-mortem brains 

                In order to see if the measured gene expression of RORα, aromatase and 17βHSD10 

are directly correlated, we carried out correlation analysis of RORα, aromatase and 17βHSD10. 

In parallel with the present study, Dr Michael Hurley, from Professor Dexter group, Imperial 

College London, had analysed RNA samples from the same preparation for gene expression of 

cellular markers (IBA1 and HLA for activated and resting microglia respectively) and neurons 

(NeuN), while GFAP (astrocyte marker) was measured in this study, therefore, combining data, 

we included these genes in our correlation analysis in order to investigate the type of cells 

responsible for any changes in the levels of RORα, aromatase and 17βHSD10, and or any 

potential effect of inflammation e.g. any correlation with microglia. 

               Table 3.2 represents correlation analysis between measured variables in male control 

subjects, post-mortem brains. A strong significant positive correlation between aromatase and 

17βHSD10 was observed (p≤ 0.001, R2= 1). Table 3.3 represents correlation analysis between 

measured variables in male PD subjects, post-mortem brains. A strong significant negative 

correlation between aromatase and the neuronal marker, NeuN was observed (p≤ 0.01, R2= -

0.977). A strong significant positive correlation between age and 17βHSD10 was also observed 

(p≤0.01, R2= 0.964).  

               Table 3.4 represents correlation analysis between measured variables in female 

control subjects, post-mortem brains. A strong negative correlation between aromatase and 

17βHSD10 was observed (p≤0.001, R2= -1). Table 3.5 represents correlation analysis between 

measured variables in female PD subjects, post-mortem brains. A strong positive correlation 

between RORα and aromatase was observed (p≤ 0.01, R2= 0.998). At the same time, a strong 
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positive correlation between RORα and 17βHSD10 was also observed. Moreover, 17βHSD10 

showed a strong significant positive correlation with all measured variables except NeuN, with 

which 17βHSD10 was significantly negatively correlated (p≤0,001, R2= 1) and for Neu N (p≤ 

0.01 , R2= -1).
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Table 3.2 Correlation analysis of measured variables in male control using Pearson’s r correlation (N= number of 

cases) 
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 Table 3.3 Correlation analysis of measured variables in male PD using Pearson’s r correlation (N= number of 

cases) 
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Table 3.4 Correlation analysis of measured variables in female control using Pearson’s r correlation (N= number 

of cases) 
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Table 3.5 Correlation analysis of measured variables in female PD using Pearson’s r correlation (N= number of cases) 
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3.3.3 Localisation of RORα and aromatase in post-mortem PD sections using 

immunohistochemistry of paraffin embedded sections from PD patients and controls.  

Preliminary staining of RORα and aromatase in the SNpc sections of PD post-mortem brains 

using immunohistochemistry showed nuclear staining with RORα and aromatase staining in 

what is looked like astrocytes as determined by cell morphology figure 3.7. However, to have 

accurate cellular localization we proceeded with double immunofluorescence staining, as 

described in the following section. 
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Figure 3.7 immunohistochemistry for RORα and aromatase 

Immunohistochemical analysis of paraffin-embedded sections from SNpc of post-mortem PD 

brains using DAB for A) RORα showing nuclear localisation. B) Aromatase, suggesting 

astrocytic staining as judged by apparent morphology. Images were taken using wide field 

microscope, magnification x20 (scale bar 50 microns). 
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3.3.4 RORα and aromatase expression in male and female PD and control 

Immunofluorescent labelling of RORα and aromatase using double staining with TH and 

GFAP are shown in Figures 3.8-3.15, which show representative images from male and female 

control and PD subjects SNpc post-mortem paraffin embedded section, 4 slides per case, 

showed the following: 

 In male control RORα immunoreactivity (IR) was co-localized with TH-IR indicating 

the expression of RORα in dopaminergic neurons but not astrocytes, figure 3.8(A); no 

expression of aromatase was detected in astrocytes or neurons, figure 3.9(B).  

 In female control RORα-IR was co-localized with TH-IR indicating the expression of 

RORα in dopaminergic neurons but not astrocytes, figure 3.10(A); aromatase-IR was 

co-localized with TH-IR indicating the expression of aromatase in dopaminergic 

neurons and not the astrocytes, figure 3.11(A). 

 In male PD RORα-IR was co-localized with TH-IR indicating expression of RORα in 

dopaminergic neurons but not astrocytes, figure 3.12(A); aromatase-IR on was co-

localised with GFAP-IR which indicates aromatase expression in the astrocytes but not 

neurons figure 3.13(A). 

 In female PD RORα-IR was co-localized with TH-IR indicating the expression of 

RORα in dopaminergic neurons but not astrocytes figure 3.14(A); aromatase-IR was 

co-localized with TH-IR indicating aromatase expression in dopaminergic neurons but 

not astrocytes figure 3.15(A); no IR for aromatase was detected in astrocytes figure 

3.15(B). 
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Figure 3.8 Cellular localisation of RORα in male control SNpc 

Immunofluorescence labelling in post-mortem brain of the male control SNpc of A) RORα (red), TH 

(pink) identifying dopaminergic neurons, shows localisation of RORα in the cytoplasm of 

dopaminergic neurons B) RORα (red), GFAP (green), identifying astrocytes, shows no localisation of 

RORα in the astrocytes (white arrows) while RORα (orange arrows) are present in different type of 

cells.  Images were taken using Zeiss LSM 780 confocal microscope, magnification x20 (scale bar 25 

microns). 
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Figure 3.9 Cellular localisation of aromatase in male control SNpc 

Immunofluorescence labelling in post-mortem brain of the male control SNpc of A) Aromatase (green), 

TH (pink) identifying dopaminergic neurons, shows no localisation of aromatase in the dopaminergic 

neurons. B) Aromatase (green), GFAP (red) identifying astrocytes shows no localisation of aromatase 

in the astrocytes (white arrows).  Images were taken using Zeiss LSM 780 confocal microscope, 

magnification x20 (scale bar 25 microns). 
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Figure 3.10 Cellular localisation of RORα in female control SNpc 

Immunofluorescence labelling in post-mortem brain of the female control SNpc of A) RORα (red), 

TH (green) identifying dopaminergic neurons, shows localisation of RORα in the dopaminergic 

neurons. B) RORα (red), GFAP (green) identifying astrocytes shows no localisation of RORα in the 

astrocytes (white arrows), while RORα was identified in other cell type (yellow arrows).  Images were 

taken using Zeiss LSM 780 confocal microscope, magnification x20 (scale bar 25 microns). 



120 
 

 

A) 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

Figure 3.11 Cellular localisation of aromatase in female control SNpc 

Immunofluorescence labelling in post-mortem brain of the female control SNpc of A) Aromatase (red), 

TH (green) identifying dopaminergic neurons, shows localisation of aromatase in the dopaminergic 

neurons. B) Aromatase (green), GFAP (red) identifying astrocytes shows no localisation of aromatase 

in the astrocytes (white arrows), and aromatase localisation in other cell type (yellow arrow).  Images 

were taken using Zeiss LSM 780 confocal microscope, magnification x20 (scale bar 25 microns). 
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Figure 3.12 Cellular localisation of RORα in male PD SNpc 

Immunofluorescence labelling in post-mortem brain of the male PD SNpc of A) RORα (red), TH (pink) 

identifying dopaminergic neurons, shows localisation of RORα in the cytoplasm of dopaminergic 

neurons. B) RORα (red), GFAP (green) identifying astrocytes, shows no localisation of RORα in the 

astrocytes. Images were taken using Zeiss LSM 780 confocal microscope, magnification x20 (scale bar 

25 microns). 
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Figure 3.13 Cellular localisation of aromatase in male PD SNpc  

Immunofluorescence labelling in post-mortem brain of the male PD SNpc of A) aromatase (green), 

GFAP (red) identifying astrocytes, shows localisation of aromatase in the cytoplasm of astrocytes. B) 

Aromatase (green), TH (pink) identifying dopaminergic neurons, shows no localisation of aromatase 

in the dopaminergic neurons. Images were taken using Zeiss LSM 780 confocal microscope, 

magnification x20 (scale bar 25 microns). 
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Figure 3.14 Cellular localisation of RORα in female PD SNpc 

Immunofluorescence labelling in post-mortem brain of the female PD SNpc of A) RORα (red), TH 

(green) identifying dopaminergic neurons, shows localisation of RORα in the cytoplasm of 

dopaminergic neurons. B) RORα (red), GFAP (green) identifying astrocytes, showed localisation of 

RORα in the cytoplasm of astrocytes (white arrows) and other types of cells (orange arrows). Images 

were taken using Zeiss LSM 780 confocal microscope, magnification x20 (scale bar 25 microns). 
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Figure 3.15 Cellular localisation of aromatase in female PD SNpc 

Immunofluorescence labelling in post-mortem brain of the female PD SNpc of A) Aromatase (green), 

TH (pink) identifying dopaminergic neurons, shows localisation of aromatase in the cytoplasm of 

dopaminergic neurons. B) Aromatase (green), GFAP (red) identifying astrocytes, shows no localisation 

of aromatase in the cytoplasm of astrocytes (white arrows) and the presence of aromatase in other type 

of cells (green arrows). Images were taken using Zeiss LSM 780 confocal microscope, magnification 

x20 (scale bar 25 microns). 
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3.3.5 RORα and α-synuclein expression in male and female PD and control 

Immunofluorescent labelling of RORα and α-synuclein in male and female PD showed co-

localization of RORα and α-synuclein immunoreactivity in both male and female PD, figure 

3.16 (A,B). 
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Figure 3.16 immunoflouracent labelling of α-synuclein in male and female PD  

Immunofluorescence labelling of α-synuclein (green) and RORα (red) in A) Male PD, B) Female PD, 

shows co-localisation of RORα with α-synuclein both in the cytoplasm. Images were taken using Zeiss 

LSM 780 confocal microscope, magnification x20 (scale bar 25 microns). 
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3.4 Discussion 

                In this part of the study we investigated the expression of RORα and its selected 

targeted genes, aromatase and 17βHSD10 in SNpc of post-mortem brains of men and women 

PD subjects whose clinical diagnosis of PD had been confirmed at autopsy and compared these 

levels with age and sex matched controls.  Our results are the first to demonstrate that RORα 

is expressed in the human SNpc. Moreover, its expression levels are significantly greater in 

women. We also revealed for the first time that in the presence of PD pathology, expression 

levels of RORα, aromatase and 17βHSD10 are elevated and the cellular distribution of 

aromatase changes in the male SNpc whereas no such effects are seen in females. Together, 

our findings provide evidence for a novel mechanism whereby RORα and its targeted genes 

may contribute to sex differences in in the normal NSDA system that have been identified in 

human and rodents (Gillies, Pienaar et al. 2014). 

       Given the reported neuroprotective properties of RORα and its targeted genes in non PD 

models, our novel observations of a sex-specific influence of PD pathology on the expression 

of the genes supports the view that they may contribute to the sex differences that have been 

reported in clinical and experimental PD. 

3.4.1 Gene and protein expression in the male and female control subjects  

          Our co-localization studies established for the first time, that RORα was present only in 

the SNpc TH-IR, dopaminergic neurons in both sexes. However, levels of both gene and 

protein expression were significantly greater in females. It has been reported that sex hormones 

reciprocally regulate RORα expression as demonstrated in figure 1.11; testosterone down 

regulates RORα expression while estradiol enhances RORα expression (Sarachana, Xu et al. 

2011). Subsequently, being a female, circulating estrogen status could explain partly why 

females have a higher RORα level than males.  
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3.4.2 Influence of PD on gene and protein expression in male and female subjects 

             Although we found no effect of PD on RORα expression in female subjects, RORα in 

the male PD group was significantly elevated compared with their controls. One possible 

explanation for the higher expression of RORα in male PD compared to male controls could 

be the lack of down regulation by DHT, as some clinical studies reported decreased testosterone 

levels in PD subjects (Okun, McDonald et al. 2002, Okun, Crucian et al. 2004, Ready, 

Friedman et al. 2004). Interestingly, it has been reported that in autism, a male dominant 

disorder known to be hyper-androgenic state (Werling and Geschwind 2013), frontal cortex 

levels of RORα were supressed (Sarachana and Hu 2013). This further supports the idea that 

androgen status influences RORα levels which, in turn, may contribute to susceptibility to brain 

disorders. In the case of PD, this needs to be further investigated by measuring the testosterone 

level in the SNpc of PD brains when advanced techniques become available.  

            Of more direct relevance to neurodegenerative conditions, RORα was found recently 

to be expressed at significantly higher levels in the hippocampal area of post-mortem brains of 

AD subjects (Acquaah-Mensah, Agu et al. 2015). A common pathology between AD and PD 

is the oxidative stress-induced neuronal damage (Massaad 2011, Jenner, Morris et al. 2013)  

and RORα is known to protect against neuronal damage and apoptosis induced by oxidative 

stress (Boukhtouche, Vodjdani et al. 2006). Thus, the increase in RORα expression that we 

have observed in male PD could be a reactive response against the underlying pathological 

process of oxidative stress. However, it should be noted that in the AD study RORα expression 

was investigated in 6 males and 4 females, but the data analysis included them as one group 

comparing them to a mixed sex control group despite the fact that AD is reported to show sex 

bias toward females (Vina and Lloret 2010). Therefore, to the best of our knowledge, our study 

is the first to demonstrate that RORα exhibits a sexually dimorphic expression in the SNpc and 
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furthermore is significantly increased in the SNpc of male PD subjects. Therefore, these 

observations may support the view that RORα may be a novel target underpinning greater male 

susceptibility to PD compared to females, because RORα expression was already at higher 

levels in the female SNpc compared to male controls. However, a direct link to disease 

mechanism requires further investigations using for example, in vitro or in vivo models of the 

disease.  

                  This is the first study, to report that in the SNpc of male, but not female, PD subjects 

aromatase expression was significantly increased thereby resembling the pattern found for 

RORα. Moreover, our co-localization studies showed that this effect in male was due to marked 

up regulation of aromatase in astrocytes, whereas in female PD SNpc aromatase was expressed 

only in the cytoplasm of dopaminergic neurons. Numerous other animal models of brain injury 

in the hippocampus and cortex have demonstrated an accompanying up-regulation of 

aromatase in astrocytes. For example, aromatase was shown to be induced in reactive astrocytes 

after mechanical and neurotoxic lesions in the hippocampus in male animals (Garcia-Segura, 

Wozniak et al. 1999). Thus our novel observation on astrocyte specific up-regulation of 

aromatase in the human SNpc of male PD subjects is in agreement with the findings of other 

in non PD models. Moreover, it extends, for the first time, the concept that up-regulation of 

astrocytic aromatase may have significance for PD. Remarkably, however, we have 

demonstrated that this phenomenon is unique to males, supporting the view that responses for 

the NSDA to injury are sex-specific.          

           The role of aromatase in neuroprotection is well documented in experimental stroke and 

excitotoxicity (Azcoitia, Sierra et al. 2001, Carswell, Dominiczak et al. 2005). It has been 

reported that aromatase plays a pivotal role in neuroprotection through increasing local 

synthesis of estrogen (Garcia-Segura, Veiga et al. 2003, Arevalo, Azcoitia et al. 2015). 

Consistent with and more relevant to our study,  knocking down of aromatase or using central 
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aromatase inhibitor in an animal model of PD was associated with exacerbation of 6-OHDA 

lesion in the striatum of both sexes (McArthur, Murray et al. 2007). 

          Correlation analysis between RORα and aromatase gene expression showed a strong 

positive correlation in female PD group. Consistent with their cellular localization in the 

dopaminergic neurons. Equally, the lack of a correlation between RORα and aromatase in male 

PD may be consistent with their different cellular localization in neurons and astrocytes 

respectively. These differences highlight striking sex dimorphism in the SNpc which, we 

propose, indicate fundamental differential mechanisms in the NSDA pathophysiology.            

              With regard to 17βHSD10 gene and protein expression, the western blot data in male 

and female PD showed a significant elevation of 17βHSD10 protein levels in the SNpc of male, 

but not female, PD subjects compared with their controls. In some respects, these findings 

appear contrary to the study of Tieu et al, who reported that in clinical and experimental PD 

(MPTP model), 17βHSD10 protein levels in the SNpc were down-regulated compared with 

controls. However, sex was not taken into account, nor was the stage of the disease, both of 

which variables can influence findings. Tieu study was the only report about 17βHSD10 in PD, 

but other studies implicates the role of 17βHSD10 in neurodegenerative disease including AD 

and multiple sclerosis (Yang, He et al. 2014). 

                Apparent discrepancy between gene expression and protein expression of 17βHSD10 

could be attributed to many factors. Systematic studies measuring transcripts and proteins have 

stressed the importance of multiple processes beyond gene transcription that influence the 

expression level of a protein (McManus et al., 2015). These include (1) the rate of translation, 

which is significantly influenced by the mRNA sequence; (2) translation rate modulation 

through the binding of proteins to regulatory elements on the transcript (Barrett et al., 2012); 

(3) modulation of a protein’s half-life via the complex ubiquitin-proteasome pathway (Tang 
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and Amon, 2013), or autophagy may influence protein concentrations independent of transcript 

concentrations; (4) protein synthesis delay; (5) protein transport. Therefore, although consistent 

effects on both mRNA and protein levels may support an argument, a lack of consistency does 

not necessarily negate a hypothesis. Given the fact that an apparent inconsistency between gene 

and protein expression only in the male PD group, it is interesting to speculate that sex-specific 

changes in post-translational processing of 17βHSD10 could represent sex-specific effects and/ 

or responses to the disease. For example, an increase in protein expression levels could be a 

compensatory mechanism to combat the underlying pathological process, which subsequently 

exerts a negative feedback effect on gene expression. In favour of this explanation, over 

expression of 17βHSD10 in transgenic mice was associated with attenuation of MPTP-induced 

dopaminergic neuronal cell loss and ATP depletion (Tieu, Perier et al. 2004).  

         Correlation analysis showed a strong positive correlation between 17βHSD10 and 

aromatase in male controls and a strong inverse correlation in female controls, which could be 

attributed to prevailing sex steroid levels. In our analysis, 17βHSD10 was significantly 

positively correlated with RORα and aromatase in female PD. This indicates a sex specific 

expression pattern that might reflect sex specific physiology and pathology and may suggests 

that the higher RORα expression in control females could be may exert a neuroprotective effect 

indirectly via increasing transcription of its targeted neuroprotective genes, namely aromatase 

and 17βHSD10. 

                  In order to test the specificity of our findings on sex differences and PD influence 

on the expression of RORα and its target genes, we also investigated gene and protein 

expression levels in the CC. This is a part of the brain which becomes affected in the late stages 

of PD, as was the case for the brain samples included in our study, Table 3.1. Notably, we 

found no differences in RORα, aromatase or 17βHSD10 expression between male and female 

control and no impact of PD on expression in both sexes. We propose, therefore, that the 
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influence of sex and PD (in male) on levels of RORα are unique to the SNpc and, hence of 

particular relevance to the physiopathology of the NSDA pathway. This was further supported 

by our novel finding that RORα is co-localised with α-synuclien, a marker for PD pathology 

(Recchia, Debetto et al. 2004). This co-localisation indicates a potential direct interaction 

between RORα and α-synuclien which requires further investigations. 
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3.5 Conclusion 

             This is the first study investigating RORα expression in the SNpc in healthy subjects 

as well as in PD. Our results revealed a novel higher expression of RORα in female SNpc 

compared to males which provides a novel mechanism for the female privilege in protection 

against PD. Our results also showed novel increase in expression of RORα and its targeted 

genes, namely aromatase and 17βHSD10 in male PD compared to their controls. These findings 

together with evidence from the literature concerning the neuroprotective properties of RORα 

supports the hypothesis that this increase in RORα is to combat underlying pathological 

processes and that RORα is a potential molecular target for PD pathology as well a novel 

therapeutic target for this disease. This study has also highlighted the significance of 

investigating the cell types expressing the protein, which we have demonstrated for aromatase 

is a sex-specific variable that has not previously been demonstrated. 
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Chapter 4 Optimization of Toxin Based Studies in Neuronal and Astrocytic Cell Lines 

and Investigation of RORα, aromatase and 17βHSD10 Protein Expression in an in vitro 

PD Model 

4.1 Introduction 

              As our post-mortem studies described in the previous chapter support our hypothesis 

that RORα has neuroprotective properties in PD, we aim in this part of the study to investigate 

this hypothesis directly by utilising immortalised cell lines representing dopaminergic neuron-

like cells (N27 cells) and astrocytes (C6 cells) as an in vitro neurodegeneration model. We aim 

to develop a toxin based model of PD utilizing N27 and C6 cell line as well as a toxin based 

working co-culture model where the toxin triggers dopaminergic neurodegeneration without 

affecting the integrity of the astrocytes, for subsequent studying of any potential properties to 

augment neuroprotective astrocytes effects (Jolly, Journiac et al. 2011). This was achieved by 

testing the effects of two toxins used routinely as models of PD both in vivo and in vitro, namely 

MPP+ and 6-OHDA (Dauer and Przedborski 2003) (see 1.1.7.1 for detailed description of 

mechanism of action), aiming to determine a concentration of toxin that produce submaximal 

effect on N27 and C6 and choosing the toxin that is gradually toxic to dopaminergic neurons 

over time but not toxic to  astrocytes for the co-culture model. 

            Our optimization of cell culture conditions included investigating the potential 

interfering effect of phenol red and serum containing medium which might have a 

steroidogenic effect, and subsequently, could interfere with using the RORα ligands in the 

subsequent planned experiments (Hubert, Vincent et al. 1986).  

            Also in this chapter, base line data characterizing the sex of origin as indicated by the 

presence of SRY gene, and the presence of the respective hormonal receptors and metabolising 
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enzymes (ERα, ERβ, GPER, AR, Aromatase genes) in N27 and C6 cell lines were obtained for 

the subsequent use of RORα ligands in the next part of the study.   

           Our observations in the human post-mortem study on the expression of RORα and its 

targeted genes (aromatase and 17βHSD10) in control and PD subjects could be related to PD 

pathology. Hence, after choosing optimal experimental conditions and a submaximal 

concentration of the toxin, we investigated changes in protein expression of RORα aromatase 

and 17βHSD10 in degenerating N27 cells after exposure to increasing concentrations of the 

chosen toxin. 
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Hypothesis 

Changes in RORα and its targeted genes, namely aromatase and 17βHSD10 observed in the 

SNpc of human post-mortem tissues in the previous chapter are related to PD pathology. 

Aims 

 In this part of the study we aim at establishing a toxin based model for PD utilising 

dopaminergic (N27) and astrocytic (C6) cell lines, aiming at choosing a submaximal dose that 

is toxic to N27 cells, but not C6 cells. We also aim at investigating RORα and its targeted 

genes, aromatase and 17βHSD10 protein expression in N27 cells after exposure to increasing 

doses of the chosen toxin to explore potential link to PD pathology. 

Objectives 

 To perform dose and time-course experiments to establish conditions where the toxin 

(MPP+ or 6-OHDA) elicits a submaximal effect on N27 cells, whilst sparing C6 cells, 

as determined by the viability assays (MTS and LDH). 

 To establish base line data regarding ERα, ERβ, GPER, AR, Aromatase, SRY genes 

profile in N27 and C6 cell lines using qRT-PCR. 

 To investigate RORα, aromatase and 17βHSD10 protein expression in N27 cells using 

western blots after exposure to increasing doses of chosen toxin. 
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4.2 Experimental design 

4.2.1 Toxicity studies with MPP+ and 6-OHDA in dopaminergic N27 and C6 astrocyte 

cultures 

The toxic effect of increasing concentrations of MPP+ or 6-OHDA on N27 and C6 cells were 

assessed at increasing times of exposure utilising MTS and LDH viability assays (Riss, 

Moravec et al. 2004).  

For the MTS assays, N27 and C6 cells were plated in a 96 well plate in a density of 314 

cells/mm2 (10,000 cells/well). After a 24 hour resting period, the toxin or appropriate vehicle 

was added and incubated for 18, 24 or 48 hours. At experimental end point, the medium was 

replaced with a medium that contain the MTS reagent and incubated for 30 min in the 

incubator, protected from light, then the plate was read using spectrophotometer plate reader 

(see section 2.7.1). 

For the LDH assay, N27 and C6 cells were plated in 24 well plate in a density of 314 cells/ 

mm2 (60,000 cells/well). After a 24 hour resting period, the toxin or appropriate vehicle was 

added and incubated for 18, 24 or 48 hours. At the experiment end point, the medium was used 

to estimate the released and total LDH respectively as detailed in section 2.7.2. We also 

investigated the effect of lowering the plating density in N27 cells on LDH and MTS assay 

when cells are plated at density of 157cells/mm2 (5000 cells /well for MTS assay 

30,000cells/well for LDH assay). 

4.2.2 Drug preparation and stimulation of the cells 

Preparation of MPP+ 6-OHDA stock solutions as well as preparation of doses used in this study 

are explained in detail in sections 2.2.6 and 2.2.7. 
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4.2.3 Gene expression 

        Initially, the ability of the dopaminergic N27 and C6 astrocytic cultures to express sex 

steroid hormone receptors and metabolizing enzyme (aromatase) as well as the sex of origin of 

theses cell lines was tested using qRT-PCR with specific primers and probes, which are 

designed specifically for this project (see section 2.1.2.3). Full description of RNA extraction 

and qRT-PCR running and analysis are detailed in section 2.1.12.  

4.2.4 Protein expression  

Western blot analysis was performed at the end of the final 24 hours’ incubation as previously 

described in the main methodology chapter (see 2.2.13). Briefly, Cells were washed twice and 

collected with ice-cold PBS, centrifuged for 5 min and cell pellet was lysed with RIBA buffer 

supplemented with protease inhibitor. Samples were stored at -20 for later use. On the day 

when western blots were performed, the protein concentrations were quantified by Bradford 

assay; 20µg of proteins were loaded per lane. 

4.2.5 Statistical analysis  

All experiments were performed as three independent replicates. Data were analyzed using 

GraphPad Prism5 software using one-way ANOVA (combined with Tukey’s multiple 

comparison test) to test the significance with a P value <0.05 considered statistically 

significant. 
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4.3 Results 

4.3.1 Time and dose dependency of MPP+ toxicity on C6 cells 

          Incubation of C6 astrocytes in standard M199 medium for 24 hours with increasing 

concentrations of MPP+ (31.5-1000µM) failed to induce any toxicity, as assessed by the MTS 

or LDH assays, compared to the staurosporin positive control (Fig 4.1 A, C). However, by 

extending the incubation time to 48 hours we observed a significant toxic effect of MPP+. In 

the MTS assay there was a strong dose dependent toxic effect of MPP+ in the C6 astrocytes, 

whilst in the LDH assay there appeared to be an “all or nothing” toxic with MPP+ with all 

doses above 125µM producing a maximal toxic effect (Fig 4.1 B, D). 

Figure 4.2 represents a live cell images obtained using inverted dark field microscopy 

(magnification power X20) for C6 cells treated with increased concentrations of MPP+ 

incubated for 48 hours.  
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Figure 4.1 Cytotoxic effect of increasing MPP+ concentrations on C6 cells incubated at different 

times 

MTS assay after exposure to increasing doses of MPP+ for (A) 24 hrs, (B) 48 hrs and LDH assay 

(released/ total LDH (R/T)) after exposure to increasing doses of MPP+ for (C) 24 hrs, (D) 48 hrs. Positive 

control (C+ve) was exposure to Staurosporine. Cells were plated at density of 314 cells/mm2, in phenol 

red containing M199 medium with 10% fetal calf serum. Data presented as mean ±SEM of 3 independent 

experiments, each conducted in duplicate wells. P values were generated by one-way ANOVA, Tukey’s 

post hoc tests. P values were considered significant when <0.05 and denoted as follows:  *p<0.05, 

**p<0.01, ***p<0.001. 
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Figure 4.2 Cytotoxic effect of increasing MPP+ concentrations on C6 cells incubated at 48 hrs 

C6 cells seeded in 6 well plates at a density of 500,000 cells per well, incubated with different 

concentration of MPP+ for 48 hours: A) control, B) 31.25 µM, C) 62.5 µM, D) 125 µM, E) 250 µM, 

F) 500 µM showing a dose dependent killing of the cells. Images obtained using inverted dark field 

microscopy, magnification power x20. 

 

 

 

 

 

 



142 
 

4.3.2 Optimization of medium conditions for MPP+ toxicity on C6 

We then went on to investigate whether the presence of phenol red in the standard M199 

medium or unknown substances in the serum used in the culture medium could influence the 

toxic effects of MPP+ in the C6 astrocyte cultures. This was achieved by utilising phenol red 

free M199 medium and charcoal stripping the serum at concentration of 1% in the tissue culture 

medium. 

Utilising phenol red free M199 and charcoal stripped serum shortened the time period in which 

MPP+ became toxic to the C6 astrocyte cultures as assessed by the MTS assay. Indeed, we not 

only observed a moderate dose dependent toxic effect of MPP+ after 24 hours of incubation 

but also at a shorter incubation period of 18 hours in the MTS assay. Hence, in the phenol red 

free M199 medium and charcoal stripped serum medium there was a more pronounced time 

dependent toxic effect of MPP+ as assessed by the MTS assay (figure 4.3A, B, C). However, 

in the LDH assay no toxicity with MPP+ was observed at any time point or concentration of 

MPP+, whereas there was a robust staurosporin positive control response (figure 4.3D, E, F).  
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Figure 4.3 Cytotoxic effect of increasing MPP+ concentrations on C6 cells incubated at different 

times using optimized medium condition 

MTS assay after exposure to increasing concentrations of MPP+ for (A) 18 hrs, (B) 24hrs, (C) 48hrs 

and LDH assay (released/ total LDH (R/T)) after exposure to increasing concentrations of MPP+ for 

(D) 18 hrs, (E) 24hrs, (F) 48 hrs, testing cytotoxicity of MPP+ on C6 with increasing MPP+ 

concentrations. Positive control (C+ve) was exposure to Staurosporine. Cells were plated at a density 

of 314 cells/mm2 in phenol red free M199 with 1% double stripped serum and incubated 24 hours prior 

to MPP+ exposure. Data presented as mean ±SEM of 3 independent experiments, each conducted in 

duplicate wells.  P values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were 

considered significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01, ***p<0.001. 
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4.3.3 Time and concentration dependency of 6-OHDA toxicity on C6 cells 

          6-OHDA was tested at a concentration of range of 20-60µM as shown in figure 4.4A, 

B, C. The MTS assay demonstrated significant dose dependent toxicity only when the 

concentration of 6-OHDA reached 50µM after 18 hours’ exposure or 40µM after 24 hours’ 

exposure. As shown in figure 4.4D, E, F, the LDH assay indicated significant dose dependent 

toxicity only when the concentration of 6-OHDA reached 40µM after 18 hours or 24 hours’ 

exposure or 30µM after 48hours exposure.  
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Figure 4.4 Cytotoxic effect of increasing 6-OHDA concentrations on C6 cells incubated at 

different times 

MTS assay after exposure to increasing concentrations of 6-OHDA for (A) 18 hrs, (B) 24hrs, 

48hrs and LDH assay (released/ total LDH (R/T)) after exposure to increasing concentrations of 

6-OHDA for (D) 18 hrs, (E) 24hrs, (F) 48 hrs, testing cytotoxicity of 6OHDA on C6 with 

increasing 6-OHDA concentrations. Positive control (C+ve) was exposure to Staurosporine. Cells 

were plated at density of 314 cells/mm2 in phenol red free M199 medium supplemented with 1% 

double stripped serum and incubated 24 hours prior to 6-OHDA exposure. Data presented as mean 

±SEM of 3 independent experiments, each conducted in duplicate wells.  P values were generated 

by one-way ANOVA, Tukey’s post hoc tests. P values were considered significant when <0.05 

and denoted as follows:  *p<0.05, **p<0.01, ***p<0.001. 
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4.3.4 Time and concentration dependency of MPP+ toxicity on N27 dopaminergic 

neuronal cell line         

Using a standard phenol red RPMI medium that contain 2.5% fetal calf serum to plate the N27 

cells and MPP+ to induce cytotoxicity showed a resistance in N27 cells to this toxin at 24 

hours; however, extending the incubation time to 48 hours showed a significance cell death 

with the higher concentration of MPP+ used as reflected by LDH assay (figure 4.5D). In the 

same incubation time, MTS assay results failed to show any toxicity effect of MPP+ even with 

prolonged period of incubation except for the highest concentration of MPP+ (figure 4.5B). 

The positive control (Staurosporine) showed significant difference compared to the control (0 

MPP+) at all incubation times.  
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Figure 4.5 Cytotoxic effect of increasing MPP+ concentrations on N27 cells incubated at 

different times 

MTS assay after exposure to increasing concentrations of MPP+ for (A) 24 hrs, (B) 48 and LDH 

assay (released/ total LDH (R/T)) after exposure to increasing concentrations of MPP+ for (C) 24 

hrs, (D) 48hrs, testing cytotoxicity of MPP+ on N27 with increasing MPP+ concentrations. Positive 

control (C+ve) was exposure to Staurosporine.  Cells were plated at density of 314 cells/mm2 in 

phenol red RPMI medium supplemented with 2.5% fetal calf serum and incubated 24 hours before 

MPP+ exposure. Data presented as mean ±SEM of 3 independent experiments, each conducted in 

duplicate wells.  P values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were 

considered significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01, ***p<0.001. 
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4.3.5 Optimization of medium conditions for MPP+ toxicity on N27 cells 

we then moved into shifting medium from standard RPMI medium to modified medium 

composed of RPMI phenol red free medium supplemented with 1% charcoal stripped serum to 

overcome any potential steroidogenic activity that would mask any effects of the neurotoxins 

on N27 cells, as well as ant potential neuroprotective agents.  

With the new medium conditions, N27 cells became more vulnerable to the cytotoxic effect of 

MPP+, reflected by MTS assay at 24 hours (figure 4.6B), however, LDH assay showed no 

significant effect at this incubation time (figure 4.6E). But extending the incubation time to 48 

hours showed a similar significant cytotoxic effect of MPP+ on both MTS and LDH assay 

(figure 4.6C, F). Staurosporin positive control showed a robust response at all incubation 

times.  
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Figure 4.6 Cytotoxic effect of increasing MPP+ concentrations on N27 cells incubated at 

different times using optimized medium conditions 

MTS assay after exposure to increasing concentrations of MPP+ for (A) 18 hrs, (B) 24hrs, (C) 48hrs 

and LDH assay (released/ total LDH (R/T)) after exposure to increasing concentrations of MPP+ for 

(D) 18 hrs, (E) 24hrs, (F) 48 hrs, testing cytotoxicity of MPP+ on N27 with increasing MPP+ 

concentrations. Positive control (C+ve) was exposure to Staurosporine. Cells were plated at density of 

314 cells/mm2 in phenol red RPMI supplemented with 1% double stripped serum and incubated for 24 

hours prior to MPP+ exposure. Data presented as mean ±SEM of 3 independent experiments, each 

conducted in duplicate wells.  P values were generated by one-way ANOVA, Tukey’s post hoc tests. P 

values were considered significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01, 

***p<0.001 
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4.3.6 Time and concentration dependency of 6-OHDA toxicity on N27 dopaminergic 

neuronal cell line       

          As our experimental design requires a toxicity agent that affects the N27 cells without 

altering the C6 cells integrity, we used 6-OHDA as an in vitro model of PD, which showed the 

following results: 

Plating N27 cells in RPMI Phenol Red free medium, supplemented with 1% double stripped 

serum, for 24 hours followed by incubation with increasing concentrations of 6-OHDA ranging 

from 5-30µM, over different incubation times showed a dose and time dependent effect on both 

MTS and LDH assays (figure 4.7). A significant decrease in cell viability was observed at 18 

hours’ incubation for both MTS and LDH assay starting from a concentration of 15µM (figure 

4.7A, D). Although extending the incubation time to 24 or 48 hours showed a significant 

cytotoxic effect of 6-OHDA observed with a lower concentration (10 µM) as indicated by LDH 

assay (figure 4.7 E), a significant increase in cell viability was observed with MTS assay using 

lower concentrations (5,10 µM). The positive control (Staurosporine) showed a robust killing 

effect at all-time incubation periods. We next tested the effect of lowering the plating density 

on 6-OHDA toxicity profile. Plating N27 in a density of 157cells/mm2 showed a significant 

concentration dependent decrease in cell viability starting from dose 10μM with 24 hours’ 

incubation period (figure 4.8). 
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Figure 4.7 Cytotoxic effect of increasing 6-OHDA concentrations on N27 cells incubated at 

different times 

MTS assay after exposure to increasing concentrations of 6-OHDA for (A) 18 hrs, (B) 24hrs, (C) 

48hrs and LDH assay (released/total LDH (R/T) after exposure to increasing concentrations of 6-

OHDA for (D) 18 hrs, (E) 24hrs, (F) 48 hrs, testing cytotoxicity of 6OHDA on N27 with increasing 

6-OHDA concentrations. Positive control (C+ve) was exposure to Staurosporine. Cells were plated 

at density of 314 cells/mm2 in phenol red free RPMI supplemented with 1% double stripped serum. 

Data presented as mean ±SEM of 3 independent experiments, each conducted in duplicate wells.  P 

values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were considered 

significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.8 Cytotoxic effect of increasing 6-OHDA concentrations on N27 cells plated at 

lower density  

MTS assay (A) and (B) LDH assay (released/ total LDH (R/T)) for N27 cells plated at 157 

cells/mm2, in phenol red free RPMI supplemented with 1% double stripped serum and incubated 

for 24 hours before being treated with increasing 6-OHDA concentrations for 24 hours. Positive 

control (C+ve) was exposure to Staurosporine.  Data presented as mean ±SEM of 3 independent 

experiments, each conducted in duplicate wells.  P values were generated by one-way ANOVA, 

Tukey’s post hoc tests. P values were considered significant when <0.05 and denoted as follows:  

*p<0.05, **p<0.01, ***p<0.001. 
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4.3.7 Genes expression in cell lines 

       Amplification of estrogen and androgen receptors, aromatase and SRY genes in N27cells, 

C6 cells and in positive control tissues (rat brain tissue, and for SRY gene, rat testicular tissue) 

are presented in table 4.1. As can be seen in this table, in comparison to the house keeping 

genes, GAPDH and beta-actin, a robust expression of the genes for ERα, ERβ, GPER and 

Aromatase (AROMA) but not for SRY was detected in the N27 dopaminergic cells. A similar 

strong expression of the genes for ERα, ERβ, GPER and aromatase (AROMA) was also 

observed in the C6 cells, which also strongly expressed the SRY gene. Gene expression levels 

were similar or higher than those detected in the relevant positive controls, namely rat brain or 

testis. 
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Gene 

 

N27      C6 

Positive 

control 

ERα 40.29±0.24 40.09±0.64 29.59±0.36 

ERβ 37.70±0.13 40.22±1.70 31.34±0.33 

GPER 30.72±0.38 31.66±0.30 31.68±0.13 

AR 39.7±1.20 28.18±0.09 28.20±0.20 

AROMA 36.48±0.13 39.36±0.60 35.11±0.27 

GAPDH 18.8±0.33 19.05±0.13 18.99±0.22 

βActin 18.73±0.11 20.19±0.13 20.12±0.46 

SRY No Ct 29.41±0.17 33.99±0.27 

 

Table 4.1 Gene expression of ERα, ERβ, GPER, AR and SRY gene in N27 and C6 cell lines 

Utilizing RNA extracted from rat brain tissue except for SRY gene, from rat testicular tissue, the 

expression of the forenamed genes was detected using qRT-PCR in addition to the house keeping genes 

(GAPDH, βActin). Data are presented as mean of threshold cycle (CT) of gene amplifications ± SEM, 

n=3.  
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4.3.8 Protein expression of RORα, aromatase and 17βHSD10 after exposure to 6-OHDA 

in N27 cells  

Stimulation of N27 with increasing doses of 6-OHDA (2.5-10μM) showed a dose dependent 

increase in RORα protein expression, that was significant with 5μM; higher error bar with dose 

10μM might mask any significant effect (figure 4.9). Increasing doses of 6-OHDA (2.5-10μM) 

failed to show significant effect on aromatase protein expression (figure 4.10). In contrast, 

17βHSD10 protein expression showed a dose dependent decrease in response to increasing 

doses of 6-OHDA (2.5-10μM), that was statistically significant with the doses 5 and 10 μM 

(figure 4.11).   
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Figure 4.9 Protein quantification for RORα in N27 cells exposed to increasing concentrations 

of 6-OHDA 

A) Representative protein bands for RORα western blots. 

B)  Protein quantification for RORα normalised to β actin in the N27 cells treated with increasing 

concentration of 6-OHDA (2.5, 5, 10µM) for 24 hours. Cells were plated at density of 157 cells/mm2 

in phenol red free medium supplemented with 1% fetal calf double stripped serum and incubated for 

24 hours prior to 6-OHDA exposure. Data presented as mean ±SEM of 3 independent experiments. 

P values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were considered 

significant when <0.05 and denoted as follows:  *p<0.05. 
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Figure 4.10 Protein quantification for aromatase in N27 cells exposed to increasing 

concentrations of 6-OHDA 

A) Representative protein bands for aromatase western blots protein. 

B) Protein quantification for aromatase normalised to β actin in the N27 cells treated with increasing 

concentration of 6-OHDA (2.5, 5, 10µM) for 24 hours. Cells were plated at density of 157 cells/mm2 

in phenol red free medium supplemented with 1% fetal calf double stripped serum and incubated for 

24 hours prior to 6-OHDA exposure. Data presented as mean ±SEM of 3 independent experiments. P 

values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were considered 

significant when <0.05.  
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Figure 4.11 Protein quantification for 17βHSD10 in N27 cells exposed to increasing 

concentrations of 6-OHDA 

A) Representative protein bands for 17BHSD10 western blots. 

B) Protein quantification for 17βHSD10 normalised to β actin in the N27 cells treated with 

increasing concentration of 6-OHDA (2.5, 5, 10µM) for 24 hours. Cells were plated at density of 

157 cells/mm2 in phenol red free medium supplemented with 1% fetal calf double stripped serum 

and incubated for 24 hours prior to 6-OHDA exposure. Data presented as mean ±SEM of 3 

independent experiments. P values were generated by one-way ANOVA, Tukey’s post hoc tests. 

P values were considered significant when <0.05 and denoted as follows:  *p<0.05. 

 

 

 

βActin 40kDa 

27kDa 17βHSD10 



159 
 

4.4 Discussion 

              In this chapter, we have optimised our in vitro PD model and established the 

conditions we shall use in future experiments. 

4.4.1 MPP+ toxicity studies in N27 and C6 cells  

          Using conventional medium, containing phenol red and 10% fetal bovine serum, our 

MPP+ toxicity studies in C6 cells showed that neither MTS nor LDH assay showed toxicity 

after 24 hours’ exposure, whereas both did after 48 hours, indicating a time-dependent effect. 

However, each assay showed differing sensitivities with a significant dose-dependent effect in 

the MTS assay beginning at 31.25µM steadily increasing to reach positive control levels at 

125-250µM, whereas the first effect in the LDH assay was seen at 125µM, when it was 

maximal.  

               For N27 cells, using conventional medium containing phenol red and supplemented 

with 5% fetal bovine serum, MPP+ was also not toxic after 24 hours’ exposure as assessed by 

both MTS and LDH assays, whereas significant reduction in cell viability was seen after 48 

hours. However, similar to the C6 cells, the MTS and LDH assays indicated markedly different 

sensitivities, with effects first appearing at a concentration of 1000µM for N27 cells or 250µM 

for C6 cells. Therefore, the C6 cells appear to be more sensitive to MPP+ compared to N27 

cells. 

                The reason why the MTS assay appeared to detect MPP+ toxicity in both C6 and 

N27 cells at lower concentration and for shorter incubation times may be explained by the fact 

the sensitivity of MTS to cell metabolites before actual cell death (Riss, Moravec et al. 2004). 

MTS assay reflects mitochondrial activity and MPP+ was reported to induce toxicity through 

mitochondrial inhibition and depletion of ATP which precedes actual cell death (Di Monte, 
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Wu et al. 1992), while LDH reflects actual cell death indirectly indicated by disruption of 

membrane integrity and LDH release (Di Monte, Wu et al. 1992). The effect of MPP+ on C6 

cells has been reported with  some contradictions,  as some studies showed a toxic effect of 

MPP+ at incubation time of 48 hours (Badisa, Darling-Reed et al. 2010), while others found 

the C6 to be resistant at incubation time of 12 hours (Yao, Ding et al. 2004) which is consistent 

with our findings as we did not see any effect during 24 hours incubation time. 

                 Interestingly, shifting from phenol red containing medium to phenol red free 

medium containing charcoal stripped serum and lowering the fetal bovine serum concentration 

to serum to 1%, for both N27 and C6 cells, rendered the cells more vulnerable to the cytotoxic 

effect of MPP+. For example, toxic effect of MPP+ on C6 cells was observed at shorter 

incubation time (18 hours) at 125µM. Similarly, with N27 cells the effect of MPP+ was 

observed at a lower incubation time (24 hours) for MTS assay at 125 µM compared to 

experiment conducted using conventional medium. 

               Charcoal stripping removes naturally occurring hormonal steroids, including 

estrogens and androgens as well as other growth promoting and protecting factors that could 

interfere in experimental models intended to assess neuroprotective potential. Additionally, 

phenol red was found to have significant estrogenic activity at a concentration of 15-45µM, 

which occurs in phenol red containing culture medium. Subsequently, the presence of phenol 

red containing medium was found to mask the ability of estradiol to stimulate cell division in 

culture or cellular responses leading to an underestimation of estrogenic potential in studies 

using estradiol, estrogen receptor ligands or sterols in general (Berthois, Katzenellenbogen et 

al. 1986, Hubert, Vincent et al. 1986, Katzenellenbogen, Kendra et al. 1987). Therefore, as 

RORα is a sterol, it is important to use phenol red free medium. Our finding that cells are more 

vulnerable to the toxic effect of MPP+ in the absence of phenol red in our study could be also 

attributed in part to phenol red absence as the same earlier studies showed that phenol red in 
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the medium binds estrogen receptors and stimulates cell proliferation and thus have a growth 

factor characteristic (Berthois, Katzenellenbogen et al. 1986).  

          Although  some have heralded MPP+ as a gold standard toxin for PD (Dauer and 

Przedborski 2003), we found it inappropriate for our toxicity studies. The disagreement 

between the MTS and LDH assays would be a sever draw back, make it impossible to find a 

reliable concentration that would produce a submaximal effect in both assays on N27 cells that 

was without toxicity on C6 cells. Indeed, the C6 cells were more sensitive to MPP+ than the 

N27 cells. For both reasons, we investigated the effect of another commonly used toxin for PD 

which is 6-OHDA on both N27 and C6 cells. 

           It is widely accepted that astrocytes are responsible for metabolizing MPTP to MPP+, 

which is the toxic component that attacks neurons but the astrocytes themselves, therefore, our 

study raises the novel possibility that astrocytes maybe a primary target for the toxin. 

4.4.2 6-OHDA toxicity studies in N27 and C6 cells 

               In this chapter, 6-OHDA was used at different concentrations and incubation time to 

induce toxicity in both N27 and C6 in order to establish baseline data regarding the toxicity 

profile of the cells in respect of dose and time that we are going to proceed with in our future 

study protocols. Importantly, we observed greater consistency between MTS and LDH assays 

with using 6-OHDA applying optimised medium conditions (using phenol red free medium 

supplemented with 1% stripped serum). For C6 cells both the MTS and the LDH assays showed 

significant cytotoxic effect after18 and 24 hours’ exposure, starting at 50µM which reduced to 

40 µM, respectively. This result indicates that the effect of 6-OHDA is time and dose dependent 

and a dose of 40 µM produce a submaximal toxicity level for C6 cells at 24 hours’ incubation. 

The cytotoxic effect of 6-OHDA on C6 was reported by other studies consistent with our 

finding (Raicevic, Mladenovic et al. 2005, Giuliani, Ballerini et al. 2015) and other used a 
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higher dose to induce toxicity compared to ours which was 100 µM (Blum, Torch et al. 2000, 

Lee, Park et al. 2011) with differences in experimental conditions.  

                Similar to the C6 cells, we found that both the MTS and the LDH assay gave 

consistent results when the N27 cells were challenged with 6-OHDA. The MTS and LDH 

assays showed a significant decrease in cell viability at a concentration of 15µM which is 

consistent with other studies of 6-OHDA and N27 cells (Asaithambi, Ay et al. 2014) and with 

a higher doses to induce dopaminergic toxicity (Chen, Kanthasamy et al. 2015) with differences 

in experimental conditions. N27 cells were also found more sensitive to the toxic effect of 6-

OHDA when plated at a lower density with an effect observed at a concentration of 10µM. 

               Incubation of low doses of 6-OHDA with N27 for 24 and 48 hours, showed a 

significant increase in the optical density signal in the MTS assay compared to negative control 

which could be interpreted as increase in cell viability. However, it is more likely to be related 

to the mechanism of action of 6-OHDA which works mainly through oxidative stress.  This 

leads to generation of ROS that subsequently trigger the anti-oxidant response in dopaminergic 

neurons via activation of the transcription factor nuclear factor E2-related factor2 (Nrf2/ARE) 

stress response in an attempt to counteract mitochondrial dysfunction. This transcription factor 

activates the antioxidant response element (ARE) pathway, which leads to mitochondrial 

biogenesis through activation of many cytoprotective, anti-inflammatory and anti-oxidant 

genes (Kraft, Johnson et al. 2004, Tufekci, Civi Bayin et al. 2011). Thus, rather than 

representing an increase in cell viability, the increase in the optical density signal in the MTS 

assay after exposure to the lowest concentrations of 6-OHDA are likely to indicate the rescue 

mechanisms that the cells recruit when distressed, hence, presage cell demise if the insult 

persists. The absence of such an effect with the lowest concentrations of MPP+ is likely due to 

the fact that MPP+ has a more robust damaging effect to directly induce mitochondrial 

dysfunction compared to 6-OHDA (Dauer and Przedborski 2003).  
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            From this part of our study we conclude that the preferable toxin to use in future 

experiments is 6-OHDA; it is possible to identify a concentration which elicits a submaximal 

effect on N27 cells without affecting the C6 cells, which we should need for our planned co-

culture experiments. Hence, we aimed to proceed with a 24 hours’ period of exposure to 10µM 

of 6-OHDA in N27 cells plated at density of 157cells/mm2. 

4.4.3 Gene expression of receptors and aromatase in N27 and C6 cells 

                In this work also, we have assessed the expression of ERα, ERβ, GPER, AR, 

aromatase and SRY in both N27 and C6 cell lines by qRT-PCR. The results confirmed the 

expression of androgen and estrogen receptors, which is essential for using the  RORα/γ ligands 

in the next chapter, as some have hypothesized that the predicted neuroprotective effects of 

RORα could be mediated through increasing aromatase expression and, subsequently, estradiol 

synthesis and neuroprotection (Sarachana and Hu 2013).  

4.4.4 RORα, aromatase and 17βHSD10 protein expression in response to exposure to 

increasing doses of 6-OHDA in N27 cells 

          In this part of the study, we aimed at investigating whether changes in RORα and its 

targeted genes that was observed in the post-mortem studies in the previous chapter, are related 

to PD pathology. This was achieved by investigating RORα and its targeted genes protein 

expression in N27  after exposure to the chosen toxin. After optimization of toxin based studies, 

we chosen 6-OHDA as PD toxin to proceed with in our subsequent experiments. 

           Stimulation of N27 cells with increasing doses of 6-OHDA (2.5- 10µM) showed a 

significant dose dependent increase in RORα levels, beginning at 5µM. This is the first study 

investigating RORα expression in N27 cells as well as in in vitro PD model. However, 

expression of RORα in primary cortical neurons exposed to other model of neuronal injury e.g 
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hypoxia, showed a responsive increase (Jolly, Journiac et al. 2011). This increase is proposed 

to combat the underlying pathological process in order to protect the neurons. This was further 

supported in the hypoxia model by gene silencing of RORα which showed exacerbation of cell 

death compared to RORα intact cells (Jolly, Journiac et al. 2011). Therefore, we suggest that 

in our PD model, the increase in RORα expression is to combat the underlying 

neurodegenerative process.  

           The exact mechanism for inducing RORα expression is unknown, however, 6-OHDA 

is known to induce nuclear factor kappa B (NF-kB) (Delerive, Monte et al. 2001, Panet, Barzilai 

et al. 2001, Journiac, Jolly et al. 2009) which is a known mediator of inflammation that trigger 

many pathways and mediators leading to apoptosis, and RORα in known to inhibit NF-kB 

translocation and activation, this further suggest a mechanism for the observed increase as well 

as the neuroprotective attempt. This is further supported in studies using over expression of 

RORα in model of oxidative stress, using H2O2, c2-ceramide and Aβ (amyloid β) was 

associated with neuroprotection (Boukhtouche, Vodjdani et al. 2006) which reported 

significant reduction in ROS production and increasing expression of anti-oxidants, glutathione 

peroxidase 1 and peroxiredoxine 6 (Boukhtouche, Vodjdani et al. 2006).   

            As we saw a 6-OHDA-induced increase in RORα levels in the N27 cells, and aromatase 

is a target for RORα, it might be predicted that aromatase expression would also respond. 

However, exposure of N27 cells to increasing doses of 6-OHDA had no significant effect on 

aromatase protein levels. If RORα regulates the aromatase gene, it is reasonable to suggest that 

a period of 24 hours is insufficient to detect potential changes in aromatase consequent on an 

increase in RORα. Further investigations are therefore required to investigate the RORα- 

aromatase link. 
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           Exposure of N27 cells to increasing doses of 6-OHDA showed a significant dose 

dependent decrease in 17βHSD10 expression. This is in agreement with studies on clinical PD 

and in vivo experimental PD, which both  reported decreased 17βHSD10 expression in SNpc 

by counting TH-IR positive cells (Tieu, Perier et al. 2004). This is however, in contrast to our 

human post-mortem studies where we found a significant increase in 17βHSD10 protein 

expression in the SNpc of male PD compared to their controls. However, in our post-mortem 

studies the protein lysate included many types of cells other than dopaminergic neurons, and 

PD cases were of late stage PD, while 6-OHDA is an acute model of PD. 17βHSD10 is a 

mitochondrial enzyme essential of mitochondrial health and integrity. It has been reported that 

mitochondrial complex I and the coupling of oxidative phosphorylation are critically disrupted 

in the 6-OHDA model of PD (Kupsch, Schmidt et al. 2014) which has detrimental effect on 

mitochondrial function. Therefore, our observed decreased in 17βHSD10 could be a direct 

effect of 6-OHDA, where the mitochondria are a primary target. The view that 6-OHDA 

induced a decrease in 17βHSD10 in N27 cells could be pathological as studies showed that 

deficiency in 17βHSD10 is associated with neurodegenerative disorders, such as infantile 

neurodegeneration, along with severe alteration in mitochondrial morphology (Yang, He et al. 

2011, Yang, He et al. 2014). Available knowledge about 17 βHSD10 indicates that it also plays 

an important role in neurogenesis, cellular metabolism and steroidogenesis (Yang, He et al. 

2005), disruption of which can participate in neuronal degeneration. However, direct links need 

to be further investigated. Moreover, over expression of 17βHSD10 in the transgenic mice in 

in vivo MPP+ model of PD was associated with neuroprotection (Tieu, Perier et al. 2004), 

which further supports that the observed decrease here is related to neurodegeneration. 
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4.5 Conclusion 

             We have established that C6 and N27 cell lines express the receptors and metabolizing 

enzymes essential for testing the neuroprotective effect of the RORα ligands to be described in 

the next chapter. Our findings have also enabled us to identify optimal culture conditions to 

proceed with our studies, namely a concentration of 6-OHDA that has submaximal toxicity on 

N27 cells after 24 hours’ exposure, but does not affect the viability of the C6 cells. 

             We have also demonstrated in our in vitro PD model that, when challenged with 6-

OHDA, RORα expression is increased. This observation has significant parallels with our post-

mortem studies where we identified an increase in the SNpc of PD men’s, but not women’s 

brains. It must be acknowledged, however the N27 cells that we are using to model 

dopaminergic neurodegeneration does not express the SRY gene. However, we believe that the 

other characteristics of the N27 cells that we have defined in this chapter will prove valuable 

for investigation of potential neuroprotective effects and mechanisms of the RORα/γ ligands. 
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Chapter 5  Neuroprotection by the ROR α/γ agonist (SR1078) in an in vitro model of 

Parkinson’s disease. 

5.1 Introduction 

              The identification of a synthetic agonist for RORα/γ, SR1078, by Wang, et al (Wang, 

Kumar et al. 2010) provides a great tool to study potential protective properties. Its 

pharmacokinetic properties including its ability to increase transcription of RORα and γ 

targeted genes were tested  in mice (Wang, Kumar et al. 2010). SR1078 directly binds to the 

ligand binding domain (LBD) of RORα and RORγ causing conformational changes in the LBD 

and  subsequently, increases the transcriptional activity of these receptors leading to stimulation 

of transcription of target genes (Wang, Kumar et al. 2010). On the other hand, SR1001, which 

was identified by the same research group, functions as a RORα and γ antagonist (Kojetin and 

Burris 2014). To date, therapeutic potential for ROR ligands has been proposed for diseases 

associated with circadian rhythm abnormality, in metabolic and autoimmune disorders (Kojetin 

and Burris 2014). Moreover, recently, SR1078 has been found to have therapeutic effects in 

autism (Wang, Billon et al. 2016). Therefore, the present study aims to explore whether a 

similar potential exists for PD, using in vitro approach. 

             Recent studies highlighted the contribution of astrocytes to neuronal survival in many 

neurodegenerative or neurological disorders including AD, PD, Huntington’s disease, 

amyotrophic lateral sclerosis and Rett syndrome (Lobsiger and Cleveland 2007, Ballas, Lioy 

et al. 2009). During normal physiological conditions, astrocytes provide an optimum 

environment for neuronal growth and survival (Maragakis and Rothstein 2006). However, 

during pathological states, the contribution of astrocytes may become either neuroprotective or 

detrimental (Maragakis and Rothstein 2006). The role of RORα in astrocytes mediated 

neuroprotection was investigated in the model of hypoxia (Jolly, Journiac et al. 2011) which 
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provided evidence of augmenting the neuroprotective effect of RORα. This provides a strong 

basis for investigating whether astrocytes have the same effect in our in vitro PD model. 
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Hypothesis 

We hypothesize that activation of RORα/γ will protect the dopaminergic neuronal cell line 

against death induced by 6-OHDA. We also wish to test the hypothesis that astrocytes can 

augment the neuroprotective effect of RORα/γ against 6-OHDA-induced death in the 

dopaminergic neuronal cell line. 

Aims  

 To investigate the influences of the RORα/γ agonist (SR107) and antagonist (SR1001) 

on the neurotoxic effect of 6-OHDA on N27 (dopaminergic neuronal cell line) cells and 

C6 (astroglioma cell line) cells.  

 To investigate whether the presence of C6 will augment the neuroprotective effect of 

SR1078 on N27 cells against death induced by 6-OHDA using a co-culture system. 

Objectives  

To estimate the proportion of viable and/or damaged cells using assays for MTS, LDH or 

caspase 3/7 activity with the following experimental designs: 

 N27 cells pre-treated with or without SR1078 prior to 6-OHDA exposure  

 N27 cells pre-treated with or without SR1001 prior to 6-OHDA exposure. 

 C6 cells pre-treated with or without SR1078 prior to 6-OHDA exposure. 

 C6 cells pre-treated with or without SR1001 prior to 6-OHDA exposure. 

 Trans-well insert co-culture system for N27 and C6 cells pre-treated with or without 

SR1078 prior to 6-OHDA exposure (LDH assay only). 
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5.2 Experimental design 

5.2.1 Cell plating and treatment paradigm 

Full details of the materials and methods for cell plating and drug preparation are given in the 

main methodology chapter, section 2.2.6 and 2.2.7. Specific details follow here, first for N27 

and C6 cells cultured separately, and then the co-cultures.  

N27 cells were plated in RPMI phenol red free medium supplemented with 1% double stripped 

fetal bovine serum at a density of 157 cells/mm2 for the MTS assay and caspase 3/7 activity 

(5000 cells/well in a volume of 100µl/well in 96 well plates), and for the LDH assay (30,000 

cells/well in a volume of 500µl/well in 24 well plates). C6 cells were plated at a density of 157 

cells/mm2 for the MTS assay (5,000 cells/well in a volume of 100µl/well in 96 well plates) and 

for the LDH assay (30,000 cells/well in a volume of 500µl/well in 24 well plates). After plating, 

cells were incubated for 24 hours to allow them to retain typical morphology. After this initial 

24 hours’ incubation, the medium was removed and replaced with fresh medium containing a 

range of concentrations of RORα/γ agonist (SR1078, 10-10M-3x10-6M) or antagonist (SR1001, 

5x10-6 -20x10-6 M) for a second 24 hours’ incubation period. Following this, medium was again 

removed and replaced with fresh medium containing 6-OHDA (10 µM for N27 cells, 25 µM 

for C6, at the doses that were shown to have submaximal effect of toxicity, (see 4.3.6 and 4.3.3, 

respectively) for a third 24 hours’ period of incubation. Controls comprised a set of cells that 

received normal culture medium for each of the three incubations with no drugs added 

(negative control), a further set that received normal medium during the first and third 

incubations and SR1078 or SR1001 during the second incubation (control for the effects of the 

RORα/γ ligands alone), and a final set that received normal medium for the first and second 

incubation followed by 10 µM 6-OHDA during the third incubation (control for the effects of 

6-OHDA alone). As a positive control for the viability assays, a final set of cells received 
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normal culture medium for the first and second incubations followed by addition of 

Staurosporine during the last 24 hours’ incubation period.  

              For the C6 and N27 co-cultures, cells were plated in RPMI phenol red free medium 

containing 1% double stripped fetal bovine serum at density of 157 cells/mm2 for N27 cells in 

24 well plates (the same density used previously in testing the neuroprotective effect of 

SR1078), and 628 cells/mm2 for C6 in order to have 4 times more number of astrocytes 

compared to neurons in trans-well inserts (pore size 4µm) placed in 24 well plates. In vivo, the 

number of astrocytes exceeds the number of neurons (Herculano-Houzel 2014). As the ratio of 

astrocytes to neurons in the brain is >1, we performed preliminary in vitro studies to 

investigated the optimal ratio of astrocytes to neurons for our co-culture experiments. This 

showed the ratio of 4:1 to be optimal, because any greater density of astrocytes plating was 

associated with rapid confluency before the experiment end point. Initially, C6 and N27 cells 

were cultured separately for 24 hours until established, N27 cells in 24 well plate and C6 within 

the insert in a different 24 well plate, after which, trans-well inserts containing C6 cells were 

moved into the 24 well plates containing N27 cells. After 4 hours, medium was replaced with 

medium that contains SR1078 (3μM), a dose that showed neuroprotective effect, and incubated 

for 24 hours. Then, medium was replaced by one that contained 6-OHDA (10 µM) only for 24 

hours, a dose that was shown to affect N27 but not C6 cells. For practical reasons due to the 

size of trans-well inserts, we were restricted to using only the LDH viability assay for the co-

culture experiments. 

5.2.2 Viability assays 

5.2.2.1 MTS  

At the experiment endpoint, medium was replaced with a medium that contained MTS reagent.  

Plates were covered with foil to protect from light and incubated for 2 hours in the incubator 
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at 37oC, 5% CO2, after which, a spectrophotometer was used to read the optical density at 490 

nm (section 2.2.8.1). 

5.2.2.2 LDH 

 At experiment end-point, the medium was used to estimate the released and total LDH as 

described in section 2.2.8.2. 

5.2.2.3 Caspase 3/ 7 activity  

At the experiment endpoint, medium was replaced with caspase 3/7 loading solution. The plates 

were incubated for one hour at room temperature protected from light, and then the 

fluorescence intensity was measured using Glomax multi-detection system from Promega 

(fluorescence plate reader).  For further details, see section 2.2.9.  

5.2.3 Statistical analysis 

 All experiments were performed as three independent replicates.  Data were analyzed using 

GraphPad Prism5 software using one-way ANOVA combined with Tukey’s multiple 

comparison test to assess the significance with a P value <0.05 considered as statistically 

significant. 
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5.3 Results  

5.3.1 Neuroprotection by SR1078 in N27 cells exposed to 6-OHDA  

Figure 5.1 established that treatment of N27 cells with a range of doses of SR1078 (1x10-10 to 

3x10-6 M) alone had no effect on cell viability, whether assessed by the MTS or LDH assays 

or Caspase 3/7 activity. Therefore, for clarity and ease of presentation, the effects of SR1078 

alone are not shown in subsequent graphs. Figure 5.1 also confirms the significant effect of 

our positive control, Staurosporine, on these parameters compared with the negative control 

(p< 0.001). Consistent with previous observations (see section 4.3.6) exposure of N27 cells to 

6-OHDA (10µM) caused a significant decrease in cell viability as indicated by reduced MTS 

optical density (figure 5.2(A); p<0.001), and increased cell death as indicated by a significant 

increase in LDH release (figure 5.2(B); p<0.001) compared to unexposed cells. Additionally, 

6-OHDA significantly enhanced caspase 3/7 activity (figure 5.2(C); p<0.001) compared to 

unexposed cells. However, when the cells were pre-treated with 3x10-6 M SR1078, there was 

a significant blocking of the effects of 6-OHDA as judged by the MTS assay (figure 5.2(A); 

p<0.01), the LDH assay (figure 5.2(B); p<0.001) and caspase 3/7 activity (figure 5.2(C); 

p<0.001). In support of these quantifiable biochemical indices of cell viability, figure 5.3 

presents inverted dark field images of N27 cells under normal, neurotoxic and neuroprotective 

conditions. 
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Figure 5.1 The effect of SR1078 alone on N27 cells 

A) MTS assay, B) LDH assay, C) Caspase 3/7 activity. Cells were plated at density of 157 cells/mm2, 

in RPMI phenol red free medium containing 1% double stripped serum. Cells were allowed to establish 

for 24 hours (1st 24 hours) followed by 2nd incubation period for 24 hours with SR1078, followed by 

24 hours’ incubation with or without Staurosporine as positive control. Data presented as mean ±SEM 

of 3 independent experiments, each conducted in duplicate wells. P values were generated by one-way 

ANOVA, Tukey’s post hoc tests. *p<0.05, **p<0.01, ***p<0.001 vs negative control and all doses of 

SR1078. 
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Caspase 3/7 activity

Figure 5.2 Neuroprotective effect of SR1078 against 6-OHDA on N27 cells 

A) MTS assay B) LDH assay. C) Caspase 3/7 activity. Cells were plated at density of 157 

cells/mm2, in RPMI phenol red free medium containing 1% double stripped serum. Cells were Cells 

were allowed to establish for 24 hours (1st 24 hours) followed by 2nd incubation period for 24 hours 

with SR1078, followed by 24 hours’ incubation with 6-OHDA alone. Data presented as mean ±SEM 

of 3 independent experiments, and each conducted in duplicate wells. P values were generated by 

one-way ANOVA, Tukey’s post hoc tests. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.3 Microscopic images for the neuroprotective effect of SR1078 against 6-

OHDA in N27 cells  

Cells were plated at initial density of 157 cells/mm2 and imaged using inverted dark field 

microscopy A) negative control, B) cells treated with SR1078 (3x10-6M) for 24 hours. C) 

Cells treated with SR1078 (3µM) for 24 hours followed by 6-OHDA (10µM) for 24 hours. 

D) Cells treated with 6-OHDA (10µM) alone. E) Positive control (Staurosporine). Scale bar 

represents 50µm. 
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5.3.2 The effect of pre-treatment of C6 with SR1078 prior to 6-OHDA exposure 

Treatment of C6 cells with a range of doses of SR1078 (1-5μM) alone had no statistically 

significant effect on cell viability, as determined using the MTS and LDH assays (figure 5.4). 

As established previously, exposure of C6 cells plated at density of 157 cells/mm2 to 6-OHDA 

(25μM) was associated with a significant increase in cell death, demonstrated by a decrease in 

MTS (figure 5.4 (A); p< 0.001) and an increase in LDH release (figure 5.4 (B); p< 0.001) 

compared to negative controls. Pre-treatment of C6 cells with SR1078 did not block the effect 

of 6-OHDA as judged by the MTS assay. On the other hand, the LDH assay indicated that cell 

death was markedly exacerbated by pre-treatment with SR1078, with a highly significant 

increase in the R/T ratio compared with cells exposed only to 6-OHDA in a dose dependent 

pattern (figure 5.4). 
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 Figure 5.4 The effect of SR1078 against 6-OHDA in C6 cells  

Cells were plated at density of 157 cells/mm2, in RPMI phenol red free medium 

containing 1% double stripped serum. Cells were allowed to establish for 24 hours 

(1st 24 hours) followed by 2nd incubation period for 24 hours with SR1001, followed 

by 24 hours’ incubation with 6-OHDA alone. Viability was then assessed using A) 

the MTS assay B) the LDH assay. Data are presented as mean ±SEM of 3 

independent experiments, each of which was conducted in duplicate wells. P values 

were generated by one-way ANOVA, Tukey’s post hoc tests. ***p<0.001. 

 

 



181 
 

5.3.3 Exacerbation of 6-OHDA induced toxicity in N27 cells pre-treated with RORα/γ 

antagonist, SR1001 

Treatment of N27 cells with increasing doses of SR1001 (5-20x10-6M) alone had no effect on 

cell viability (figure 5.4(A, B)) as assessed by the MTS and LDH assay. Exposure to 6-OHDA 

(10µM) was associated with a significant increase in the death of N27 cells, as indicated by 

reduced viability (MTs assay, figure 5.4(A); p≤0.01) and increased cell death (LDH assay, 

figure 5.4B; p≤0.01). However, pre-treatment of cells with SR1001 (5-20x10-6M) caused 

exacerbation of cell death induced by 6-OHDA in a dose-dependent manner in the MTS assay, 

with pre-treatment at 20x10-6M showing a statistically significant effect compared to 6-OHDA 

alone (figure 5.4(B); p≤0.01). However, in the LDH assay the differences between exposure 

to 6-OHDA with or without pre-treatment with SR1001 didn’t reach significance. 
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Figure 5.5 The effect of SR1001 against 6-OHDA on N27 cells   

A) MTS assay B) LDH assay Cells were plated at density of 157 cells/mm2, in RPMI phenol red free 

medium containing 1% double stripped serum. Cells were allowed to establish for 24 hours (1st 24 

hours) followed by 2nd incubation period for 24 hours with SR1001, followed by 24 hours’ incubation 

with 6-OHDA alone.  Data presented as mean ±SEM of 3 independent experiments, and each conducted 

in duplicate wells. P values were generated by one-way ANOVA, Tukey’s post hoc tests. ***p<0.001. 
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5.3.4 The effect of pre-treatment of C6 cells with SR1001 prior to 6-OHDA exposure 

Figure 5.6 shows that treating C6 cells with increasing doses of SR1001 alone in the 2nd 24 

hours’ incubation had no effect on cell viability as determined by the MTS or LDH assays, 

except for the maximum dose of 20 µM SR1001, which significantly reduced optical density 

on MTS assay only. Exposing C6 cells to 6-OHDA (25µM) only in the 3rd incubation period 

showed significant effects on cell viability as MTT assay showed significant reduction of 

optical density with all doses of SR1001 used (figure 5.6(A)). The LDH assay shows that 6-

OHDA-induced cell death was markedly exacerbated by pre-treatment with SR1001, with a 

highly significant increase in the R/T ratio compared with cells exposed only to 6-OHDA with 

the doses 15 and 20 μM of SR1001 (figure 5.6(B)). 
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Figure 5.6 The effect of SR1001 against 6-OHDA on C6 cells   

A) MTS assay B) LDH assay. Cells were plated at density of 157 cells/mm2, in 

RPMI phenol red free medium containing 1% double stripped serum. Cells were 

allowed to establish for 24 hours (1st 24 hours) followed by 2nd incubation period 

for 24 hours with SR1001, followed by 24 hours’ incubation with 6-OHDA alone. 

Positive control (C+ve (Staurosporine)). Data presented as mean ±SEM of 3 

independent experiments, and each conducted in duplicate wells. P values were 

generated by one-way ANOVA, Tukey’s post hoc tests. **p<0.01, ***p<0.001. 
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5.3.5 Neuroprotection by SR1078 in N27 cells in presence of C6 (Co-culture using trans-

well insert system) 

Co-culture experiments showed that the presence of C6 cells grown on the inserts did not affect 

the viability of the N27 cells grown in the wells, as determined by the LDH assay (figure 5.7). 

Positive control (Staurosporine) showed significant increase in LDH release compared to 

negative controls for both N27 cells cultured alone and the N27 cells co-cultured with C6 cells. 

Exposing N27 cells alone and N27 cells co-cultured with C6 cells to 6-OHDA (10µM) resulted 

in a significant release of LDH to a similar degree compared to both negative controls (N27 

cells alone and N27 cells co-cultured with C6 cells). SR1078 (3µM) pre-treated N27 cells and 

N27 cells co-cultured with C6 showed significant reduction in LDH release compared to both 

conditions exposed to 6-OHDA (10µM) alone with no significant difference between N27 cells 

and N27 cells co-cultured with C6 cells pre-treated with SR1078 prior to 6-OHDA exposure 

(figure 5.7). 
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Figure 5.7 Neuroprotective effect of SR1078 in N27 against 6-OHDA in presence 

of C6 (co-culture) using LDH assay 

Cells were plated at density of157 cells/mm2 for N27 Cells in 24 well plate, and 628 

cells/mm2 for C6 in trans-well inserts, in RPMI phenol red free medium containing 1% 

double stripped serum. Cells were plated for 24 hours followed, C6 inserts was moved 

on top of N27 cells, by 2nd incubation period for 24 hours with SR1001, followed by 24 

hours’ incubation with 6-OHDA alone.  Positive control (C+ve (Staurosporine)). Data 

presented as mean ±SEM of 3 independent experiments, and each conducted in duplicate 

wells. P values were generated by one-way ANOVA, Tukey’s post hoc tests. *p<0.05, 

**p<0.01, ***p<0.001. 
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Cell  

type 

 

Assay 

Effect of  

6-OHDA 

alone 

RORα/γ 

modulator 

alone 

Effect of Pre-

treatment 

 with RORα/γ 

on 6-OHDA  

 

Comment 

N27  10 µM SR1078   

 MTS Submaximal ↔ Protective Clear evidence of neuroprotection 

 LDH Submaximal ↔ Protective Clear evidence of neuroprotection 

N27   SR1001   

 MTS Submaximal ↔ Exacerbate Antagonist have opposite effect 

 LDH Maximal ↔ No effect  

C6  25 µM SR1078   

 MTS Maximal ↔ No effect Needs submaximal dose of  

6-OHDA to establish clear effect 

 LDH Submaximal ↔ Exacerbate Both agonist and antagonist act 

similarly 

C6  25 µM SR1001   

 MTS Maximal ↔  

except  

20x10-6 M (↓)  

No effect Needs submaximal dose of  

6-OHDA to establish clear effect 

 LDH Submaximal ↔ Exacerbate at 

15 and 25 µM 

 Both agonist and antagonist act 

similarly 

Table 5.1 Summary of the chapter results  

This table summarizes the influence of the RORα/γ ligands on cell viability (determined by MTS and 

LDH assays) in an in vitro PD model of 6-OHDA toxicity in the dopaminergic (N27) and astrocytic 

(C6) cell lines. 
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5.4 Discussion 

              A number of studies have ascribed neuroprotective properties to RORα (Boukhtouche, 

Vodjdani et al. 2006, Jolly, Journiac et al. 2011), but none have specifically investigated this 

in relation to PD and none have tested the recently characterised RORα/γ ligands in 

experimental models of neurodegeneration. 

             The present study provides novel evidence that the RORα/γ agonist, SR1078, has the 

capacity to protect the N27 cells (dopaminergic neuronal-type cell line) against 6-OHDA 

induced degeneration, whereas the RORα/γ antagonist, SR1001, exacerbates 6-OHDA-induced 

degeneration. These findings provide novel evidence supporting a role for RORα in the 

pathophysiology of the NSDA system and indicates potential therapeutic value for RORα/γ 

ligands. 

           Table 5.1 summarises the findings in this chapter showing that both the MTS and LDH 

viability assays demonstrate that pre-incubation of N27 cells with SR1078 prior to exposure to 

our selected sub-maximal dose of 6-OHDA (10µM) enhanced cell viability at the concentration 

of 3µM of SR1078. Table 5.1 also shows pre-incubation with the RORα/γ antagonist, SR1001, 

had the opposite effect to the agonist, as judged by the MTS assays which showed a significant 

dose dependent decrease in viability. However, the LDH assay failed to show any effect of 

SR1001. Although at first puzzling, as we previously did not observe a discrepancy between 

MTS and LDH assay using the 10 µM concentration of 6-OHDA (see 4.3.6). Possible reasons 

for differences in the efficacy of 6-OHDA between the two viability assay can be attributed to 

factors related to passage number of the cells or sensitivity of 6-OHDA and differences in patch 

number. It should be noted that in this particular experiment the chosen “submaximal” 

concentration of 6-OHDA was only submaximal in the MTS assay, but produced a maximal 

effect of 6-OHDA for any effects of the SR compounds to be revealed and that potential effects 
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would be masked by supra maximal responses to 6-OHDA. It is therefore unwise to place any 

weight on the results if 6-OHDA does not exert a clear submaximal effect.  Hence, for 

interpretation of our finding we will rely solely on the conclusions of submaximal effect on 

cell viability. Together the opposite effects of the RORα/γ agonist and antagonist on6-OHDA-

induced toxicity provide strong support for a protective effect of RORα/γ agonist on DA like 

neuron cells.  

                Table 5.1 shows that C6 cells similarly have contradicting results between the MTS 

and LDH viability assays with using the RORα/γ agonist and antagonist, but again, the 

contradiction arose in situations where the 6-OHDA response was maximal. Therefore, we here 

shall focus on the submaximal conditions. These results showed that both SR1078 and SR1001 

exacerbated death induced by 6-OHDA as observed with LDH assay. As for N27 cells, any 

discrepancy between the MTS and LDH assay can be attributed to 6-OHDA’s effect which 

apparently has a borderline effect at the chosen concentration of 25µM. These results highlight 

that SR1078 has different effects on neurons (protection) and astrocytes (exacerbation), 

wherase the SR1001 has similar effect on both cell type. Although further studies using primary 

cultures and in vivo experiments would be needed to investigate this further, it is interesting to 

note that transcription factor ligands often have cell and tissue specific effect e.g. Tamoxifen 

acts as an ER antagonist in breast tissue, while in endometrium, it acts as ER agonist 

(Martinkovich, Shah et al. 2014). Our findings therefore suggest significant differences in 

RORα/γ agonist pharmacology between the N27 and the C6 cells. 

               It is well established that astrocytes provide functional as well as structural support 

to neurons under both healthy and pathological conditions. Astrocytes play an important role 

in mediating antioxidant protection, glutamate clearance, development and maintenance of the 

blood brain barrier and as a major source of gliotransmitters and cytokines (Volterra and 

Meldolesi 2005, Sofroniew and Vinters 2010). In recent years, much interest has emerged 
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concerning the cross talk between neurons and astrocytes in neurodegenerative diseases 

(Phatnani and Maniatis 2015, Rama Rao and Kielian 2015). Of relevance to the co-culture 

experiment in this this chapter, in the model of hypoxia (Jolly, Journiac et al. 2011), the 

presence of RORα positive astrocytes co-cultured with primary cortical neurons was shown to 

augment the protective effect of RORα in hypoxia. This was associated with an inhibition of 

expression of hypoxia inducible factor 1 in astrocytes but not in neurons, although the viability 

of astrocytes was not affected by hypoxia, either in presence or absence of RORα (Jolly, 

Journiac et al. 2011). In other words, the presence of RORα in astrocytes was to support the 

neurons, with no protective effect on astrocytes themselves. These observations led us to 

investigate the influence of C6 cells on the neuroprotective effect of SR1078 against 6-OHDA 

in N27 cells 

                   The results of the current work show that, co-culturing C6 with N27 cells showed 

no evidence of synergy between N27 and C6 to enhance the neuroprotective effect of SR1078 

against 6-OHDA. In our study design, to make it more practical for the LDH assay, we used a 

trans-well insert co-culture system. This design means cells are co-cultured with no physical 

contact, but the trans-well insert system allows for the diffusion of any released factors (Goers, 

Freemont et al. 2014). Comparing this co-culture design with the design used in the study that 

reported the augmenting effect of co-culturing astrocytes with neurons (Jolly, Journiac et al. 

2011), we can see many differences that could have potentially influenced the results. First, 

they used primary neurons and astrocytes purified from cortical mouse tissues. They used a 

RORα mutant and non-mutant mouse to test the neuroprotection and not a pharmaceutical 

compound. Thirdly, they used both a direct contact co-culture as well as trans-well insert 

system to see if soluble factors were involved in the neuroprotection. They reported that RORα 

in astrocytes was partly mediating neuroprotection by direct contact between astrocytes and 

neurons. The effect they observed  with the trans-well insert was half the effect with contact 
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co-culture so they attributed the augmenting neuroprotective effect mainly to direct contact 

between neurons and astrocytes but they did not  exclude the effect of released factors (Jolly, 

Journiac et al. 2011). We also can attribute our result to the ratio of C6 to N27 cells which may 

not precisely mimic the conditions in primary tissue in vivo or in vitro. Variation in culture 

medium conditions between studies, supplementation, and other experimental details can all 

also contribute to differences in the effects seen. At this point, we cannot exclude a potential 

augmenting effect of the presence of C6 cells with N27 cells in neuroprotection by SR1078 in 

our in vitro PD model, as this needs further optimization of the experimental design. 

               The neuroprotective effect of RORα/γ agonist observed in our study is consistent with 

reported studies about the protective effect of RORα gene over expression in oxidative stress 

and hypoxia model (Boukhtouche, Vodjdani et al. 2006, Jolly, Journiac et al. 2011). In the 

hypoxia model (Jolly, Journiac et al. 2011), RORα was found to have neuroprotective effect in 

neurons against hypoxia but not in astrocytes. More relevant to our study is the effect of RORα 

on oxidative stress as  6-OHDA is known to cause dopaminergic neuronal death through 

oxidative stress and mitochondrial dysfunction (Dauer and Przedborski 2003). Over-expression 

of hRORα1 in pure primary cortical neurons isolated from rats produced a significant 

protection against oxidative stress induced by c2-ceramide, amyloid beta, and H2O2 

(Boukhtouche, Vodjdani et al. 2006). As the effect of SR1078 was direct and clear on N27 

cells we therefore decided to proceed with investigating the mechanisms underlying this 

neuroprotection as illustrated in the next chapter. 
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5.5 Conclusion 

               To the best of our knowledge, this is the first study using SR1078 and the SR1001, 

which are agonists and antagonists, respectively, for the transcription factors, RORα/γ, in order 

to investigate potential neuroprotective properties. Our major findings support the view that 

SR1078 protects dopaminergic neuronal cells in culture against the neurotoxin, 6-OHDA, 

which mimics intracellular degenerative processes associated with destruction of the NSDA 

pathway in PD, such as oxidative stress. In contrast, we have shown that SR1001 exacerbates 

6-OHDA induced cell death in dopaminergic cell line. The findings that RORα agonists and 

antagonists have these opposite effects on dopaminergic cell death, support a neuroprotective 

role for RORα, thereby raising the possibility that RORα may be an attractive novel, therapeutic 

target in PD. Our current findings indicate, therefore, that RORα merits further investigation, 

using primary cultures and in vivo PD models, in order to determine whether it has the ability 

to delay, or even halt neurodegeneration.    
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Chapter 6  Investigation of the potential mechanisms underlying RORα/γ agonist 

(SR1078)-mediated neuroprotection against 6-OHDA toxicity in dopaminergic cell line 

(N27) cells 

 

6.1 Introduction 

           As discussed in the previous chapter, significant neuroprotective properties have been 

ascribed to RORα/γ agonist (SR1078) under certain circumstances, and our results, using an in 

vitro model, support our hypothesis that such properties may have relevance to PD. Therefore, 

this chapter aims to investigate the potential mechanisms that underlie the neuroprotective 

effect of SR1078 using N27 cells exposed to 6-OHDA as our in vitro PD model, as 

characterised in chapter 5.  

              Of the numerous factors implicated in RORα mediated neuroprotection in models 

other than PD, the present study focuses on aromatase and 17βHSD10 as being particularly 

important downstream mediators of RORα’s transcriptional activity (Sarachana, Xu et al. 

2011). For example, as discussed in chapter 1 section 1.3.1, aromatase plays a role in reducing 

6-OHDA-induced striatal DA loss in vivo, as demonstrated in male rats pre-treated intra-

striatally with the aromatase inhibitor, or in female aromatase knockout mice (McArthur, 

Murray et al. 2007, Morale, L'Episcopo et al. 2008). Therefore, it has been proposed that 

understanding the mechanisms that regulate central aromatase activity and, hence the capacity 

of the brain to generate neuroprotective estradiol, will provide attractive targets for enhancing 

the brain’s natural protective capacity (Gillies and McArthur 2010). Hence, RORα’s ability to 

regulate aromatase activity (Sarachana and Hu 2013), places it as being a potential key 

neuroprotective agent. Additionally, 17βHSD10 is an important candidate gene target, as it 

plays an essential role in maintaining mitochondrial function and integrity (Yang, He et al. 
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2014) which are the key to regulating intracellular ROS, disruption of which is a common 

feature of  both experimental PD as well as 6-OHDA-induced dopaminergic cell death (Dauer 

and Przedborski 2003).  

             Current literature as discussed in the previous chapter, indicates that the central 

neuroprotective mechanisms underlying the neuroprotective effect of RORα differ according 

to the model of neuronal injury. These include in vitro models of hypoxia and oxidative stress 

using primary cortical neurons, with the latter being of most relevance to mechanisms 

underlying our PD model (Boukhtouche, Vodjdani et al. 2006, Jolly, Journiac et al. 2011). In 

the model of oxidative stress (exposure to H2O2, C2-ceramide and β-amyloid peptide) 

neuroprotection by RORα over-expression was mediated through increased expression of 

glutathione peroxidase 1 (Gpx1) and peroxiredoxin 6 (Prdx6) which resulted in reduced 

accumulation of oxidative stress-induced ROS (Boukhtouche, Vodjdani et al. 2006).  

Therefore, we propose to investigate whether Gpx1 and Prdx6 similarly mediate 

neuroprotective mechanisms regulated by RORα in our in vitro model of PD. 

              As potential factors involved in RORα neuroprotection (Rodriguez-Pallares, Parga et 

al. 2007), a further focus of this study will be on upstream and downstream mediators of 6-

OHDA-induced oxidative stress and apoptosis, which are key features of degeneration in the 

NSDA tract in clinical and experimental PD. An upstream signalling molecule in 6-OHDA 

mediated death in dopaminergic neurons is nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase (Choi, Kim et al. 2014). Homologues of the catalytic subunits of NADPH 

oxidase define the NOX family, members of which are termed NOX1, NOX2, NOX3, NOX4, 

NOX5, DOUX1 and DOUX2. Activation of NOX enzymes is a major source of ROS that 

contribute to acute brain injury as well as chronic neurodegenerative disorders (Bedard and 

Krause 2007, Gao, Zhou et al. 2012). Pharmacological inhibition of neuronal NADPH oxidase 

was found to protect N27 cells against MPP+ induced oxidative stress and apoptosis, 
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suggesting that this enzyme and its mechanism of regulation maybe a novel therapeutic target 

for PD (Anantharam, Kaul et al. 2007). In addition, in NOX1 knockout mice, a significant 

attenuation of oxidative stress induced by striatal injection of 6-OHDA was observed (Choi, 

Cristovao et al. 2012). NOX2 has also been reported to play role in PD pathology as NOX2 

knockout mice showed less dopaminergic neuronal death when lesioned with 6-OHDA 

compared to control mice (Hernandes, Cafe-Mendes et al. 2013). Moreover, NOX4 was found 

to be up regulated in both human and mouse post-mortem brain after ischemia, and post-stroke 

inhibition of NOX4 in mice was associated with reduced oxidative stress and neurodegenration 

(Kleinschnitz, Grund et al. 2010) (Figure 6.1).  

               Preceding the activation of Nox enzymes is matrix metalloprotease-3 (MMP-3) 

activation (Figure 6.2). MMP-3 is a member of the sub family, MMPs, of zinc-dependent 

proteases that are responsible primarily for degradation and remodelling of extracellular matrix 

proteins(Choi, Kim et al. 2014). Activation of MMP-3 was reported to causes induction of 

Nox1 through mitochondrial ROS production. This Nox1 induction is responsible for further 

ROS generation that subsequently leads to death of N27 cells exposed to 6-OHDA (Choi, Kim 

et al. 2014).  

            A significant volume of evidence suggests that the mitochondria, mainly mitochondrial 

complex I, are the primary source for ROS production that contribute to intracellular oxidative 

stress (Starkov 2008, Murphy 2009). ROS are small signalling molecules that are highly 

reactive, unpaired-valence electrons including superoxide (O2
-), hydrogen peroxide (H2O2), 

hydroxyl radical (OH.) and peroxynitrite (ONOO-) (Inoue, Sato et al. 2003). Despite the fact 

that ROS have some biological advantage, excessive generation of ROS can disturb the 

biological homeostasis. This happens when the balance between generated ROS and 

antioxidants is lost. In such conditions, the generated ROS can react with vital components of 

the cell and change intrinsic membrane properties including fluidity, ion transport, loss of 
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enzyme activity, protein cross linking, inhibition of protein synthesis and direct DNA damage 

resulting in cell death (Halliwell and Gutteridge 1990). Interestingly, oxidative stress caused 

by mitochondrial ROS production is one of the main mechanisms proposed for dopaminergic 

neuronal death in PD. Moreover, ROS levels in post-mortem PD brains were reported to be 

elevated (Schulz and Beal 1994, Alam, Daniel et al. 1997). Therefore, we aim in this chapter 

at investigating the influence of pre-treatment of the cells with SR1078 prior to 6-OHDA 

exposure on mitochondrial ROS production. 

                  With regard to oxidative stress-induced apoptosis, protein kinase C delta (PKCδ) 

represents another downstream signalling molecule for 6-OHDA-induced cell death. PKCδ is 

highly expressed in the dopaminergic neurons of SNpc (Zhang, Kanthasamy et al. 2007) and it 

is a substrate for caspase-3 as well as a known player in oxidative stress-induced apoptosis 

(Kanthasamy, Kitazawa et al. 2003). In both N27 cells and in vivo in mice, caspase 3 dependant 

proteolytic cleavage and activation of PKCδ has been reported to be a key downstream event 

in 6-OHDA-indcuced cell death. Hence, pharmacological inhibition of PKCδ cleavage in in 

vitro was associated with protection of dopaminergic neurons exposed to 6-OHDA 

(Latchoumycandane, Anantharam et al. 2011). Therefore, in this chapter we propose to 

investigate potential mechanisms whereby SR1078 might protect the N27 cells by blocking the 

action of 6-OHDA on any of the fore-mentioned molecules.  
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Figure 6.1 The involvement of Nox enzymes in PD 

In experimental PD whether generated by 6-OHDA, MPTP, LPS, rotenone and paraquat, was associated 

with increase in the activation of Nox family (NOX1, 2, 4) with subsequent oxidative stress that 

contributes to neuronal death, while in some instance, blockage of Nox (NOX1, 2, 4) using apocynin, 

DPI (Diphenyleneiodonium), Gp91ds-tat generates neuroprotection. Figure produced from Hernandes 

et al., 2012 (Hernandes and Britto 2012). 
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Figure 6.2 Schematic representation of the 6-OHDA effect on ROS production  

6-OHDA activates MMP-3 which results in mitochondrial ROS production. Subsequently, 

mitochondrial ROS leads to increase NOX1 expression which leads to cytosolic ROS accumulation that 

results in increased oxidative stress and cells death. Figure produced from Choi et al., 2014 (Choi, Kim 

et al. 2014). 
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Hypothesis  

RORα/γ agonist (SR1078) will increase the expression of RORα targeted neuroprotective 

genes and thus provides neuroprotection against 6-OHDA-induced toxicity. We also 

hypothesize that SR1078 exerts its neuroprotective effect against 6-OHDA by reducing 

mitochondrial ROS production and subsequently reduces cleavage of PKCδ and apoptosis.  

Aims  

We aim to characterise the effect of pre-treatment of N27 with SR1078 prior to 6-OHDA 

exposure on the RORα targeted neuroprotective genes, as well as on mitochondrial ROS 

production and on up- and down-stream signalling molecules involved in 6-OHDA-induced 

death.  

Objectives 

- To use western blot for protein level quantification in N27 cells with or without pre-

treatment with SR1078 prior to exposure to 6-OHDA for the following proteins known to 

be RORα targeted genes or up/down-stream modulators of oxidative stress-induced 

neurodegeneration 

 RORα targeted neuroprotective genes namely, aromatase and 17βHSD10. 

 Nox1, Nox2 and Nox4.  

 Quantification of native and cleaved forms of PKCδ as measures of proteolytic 

cleavage. 

  Activated matrix metalloproteinase-3 (actMMP3), an up-stream signalling molecule 

in 6-OHDA induced cell death.  

- To measure Mitochondrial ROS production and apoptosis using MitoSOX Red flow 

cytometry and Annexin-V and propidium iodide flow cytometry, respectively. 
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6.2 Experimental design 

6.2.1 Cell plating and treatment paradigm 

N27 cells were plated in 6 well plates for western blot at a density of 157 cells/mm2 (141,000 

cells/well), in RPMI phenol red free medium supplemented with 1% double stripped fetal calf 

serum. Full details of the protocol for cell plating and drug preparation are given in the main 

methodology chapter (2.2.6-2.2.7). After plating, cells were incubated for 24 hours to allow 

them to establish their characteristic phenotype (see figure 2.5). After this initial 24 hours’ 

incubation, cells were treated during a second 24 hours’ incubation period with SR1078 (3µM), 

the dose that was shown in previous experiments (see 6.3.1) to be neuroprotective. Following 

24 hours’ incubation with SR1078, medium was removed and replaced with fresh medium 

containing 6-OHDA (10 µM), a dose that was shown to have submaximal toxic effect, for a 

third 24-hour period of incubation. Controls comprised a set of cells that received normal 

culture medium with no drugs added (negative control); a further set that received normal 

medium during the first and third incubations and SR1078 during the second incubation, and a 

final set that received normal medium for the first and second incubation at varying doses of 

6-OHDA (as stipulated in the graphs) or the positive control (Staurosporine) during the 3rd 

incubation.  

6.2.2 Western Blot analysis 

Western blot analysis was performed as previously described in detail in the main methodology 

chapter (see 2.2.13). At the end of the final 24 hours’ incubation, cells were washed twice and 

collected with ice-cold PBS, centrifuged for 5 min at 4oC, 5x1000g and cell pellet was lysed 

with RIBA buffer supplemented with protease inhibitor. Samples were stored at -20 for later 
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use. On the day of performing western blot, the protein concentrations were quantified by 

Bradford assay; 20µg of proteins were loaded per lane. Full description of the antibodies used, 

dilution and blocking conditions are described in table 2.7. 

6.2.3 Flow cytometry 

N27 cells were plated in 24 well plates at a density of 157 cells/mm2 (30,000 cells/well) in 

RPMI phenol red free medium supplemented with 1% double stripped fetal calf serum. Plated 

cells were treated as above in section 6.2.1, and at the experiment endpoint, medium of the 3rd 

incubation was collected into flow cytometery tubes. The cells were washed twice with PBS, 

and then detached with 0.25% trypsin solution (Sigma). Once cells are detached (1minute) the 

trypsin solution is added to the flow cytometry tube. Wells were washed with fresh culture 

medium, which was then also added to the cytometry tube. Collected cells were centrifuged for 

5 minutes at 5x1000g. The cell pellet was suspended in 1 ml PBS, and then re-centrifuged for 

5 min at 5x1000g. The cell pellet was re-suspended in 300µl of 1μM MitoSOX Red 

(Invitrogen), and incubated at 37ºC for 10 min protected from light. The signal was then 

measured using a flow cytometer (FACS CALIBUR).  

            For annexin-V and propidium iodide (PI) we used eBioscience™ Annexin V-FITC 

Apoptosis Detection Kit (ebioscience, USA); full details are described in section 2.2.11. Cells 

were collected as in the above protocol in flow cytometry tubes, washed once with PBS, and 

then once with binding buffer provided with the Annexin V kit. Cells were re-suspended in 100 

µl of binding buffer and 5µl of fluorochrome-conjugated Annexin V. Cells were incubated for 

10 minutes at room temperature and then washed once with binding buffer, after which, the 

cells pellet was re-suspended in 200 µl binding buffer to which 5µl of PI was added. Cells were 

incubated with PI for 30 minutes in 4oC protected from light. The signal was then measured 

using a flow cytometer (FACS CALIBUR). 
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6.2.4 Statistical analysis  

All experiments were performed as three independent replicates.  Data were analyzed using 

GraphPad Prism5 software using one-way ANOVA (combined with Tukey’s multiple 

comparison test) to test the significance with a P value <0.05 considered as statistically 

significant. 
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6.3 Results 

6.3.1 Protein quantification of aromatase and 17βHSD10 in N27 cells with or without pre-

treatment with SR1078 prior to 6-OHDA exposure 

Exposure of N27 cells to increasing doses of 6-OHDA (2.5, 5 and 10 μM) as well as pre-

treatment with SR1078 prior to 6-OHDA exposure showed no significant effect on protein 

levels of aromatase (figure 6.3(A, B)).  Similarly, no significant effects of treatments of the 

cells with 6-OHDA, SR1078 plus 6-OHDA or SR1078 alone were seen on protein levels of 

17βHSD10 (figure 6.3(A, C)). 
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             SR1078 (3μM)       -        +        +        -        -         -            
                6-OHDA (μM)        -         -        10      10     5      2.5 

β actin 42 kDa 

Aromatase 58 kDa 

             SR1078 (3μM)        -           +          +             -           -          -            
               6-OHDA (μM)          -            -          10          10        5        2.5 

β actin 42 kDa 

17βHSD10 27 kDa 

             SR1078 (3μM)      -        +        +        -         -        -            
               6-OHDA (μM)        -         -        10     10      5      2.5 

Figure 6.3 Effects of 6-OHDA without or with pre-treatment with SR1078 on protein expression 

in N27 cells 

Cells were exposed to 6-OHDA (2.5, 5, 10 µM) for 24 hours or pre-treated with SR1087 (3µM) for 24 

hours prior to exposure to 6-OHDA (10 µM). A) Representative western blot for Aromatase (58 kDa), 

17βHSD10 (27 kDa) and β actin (42 kDa). Densitometric data were normalised to β actin for B) 

aromatase and C) 17βHSD10. Data represent mean ±SEM of 3 independent experiments.  P values were 

generated by one-way ANOVA, Tukey’s post hoc tests.  
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6.3.2 Protein quantification of Prdx6 and Gpx1 in N27 cells with or without pre-treatment 

with SR1078 prior to 6-OHDA exposure 

 Figure 6.4 (A, B) shows that exposure of N27 cells to increasing doses of 6-OHDA (2.5, 5 

and 10μM) revealed a significant increase in Prdx6 and Gpx1 with 5, 10 μM compared to 

unexposed cells (negative control). Treating the cells with SR1078 (3μM) alone for 24 hours 

had no significant effect compared to untreated cells.  Pre-treatment of N27 cells with SR1078 

(3μM) for 24 hours prior to exposure to 6-OHDA (10µM) showed significant blocking of the 

increase in Prdx6 level observed with 6-OHDA (10µM) alone. However, no similar effect was 

seen with protein quantification of Gpx1 level as cells exposed to 6-OHDA alone or after 

preincubation with SR1078 showed no significant effects compared with control (figure 6.4 

(A, C)).  
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Figure 6.4 Effects of 6-OHDA without or with pre-treatment with RORα/γ agonist, SR1078, on 

expression of Prdx6 and Gpx1 in N27 cells  

Cells were exposed to 6-OHDA (2.5, 5, 10 µM) for 24 hours or pre-treated with SR1087 (3µM) for 24 

hours prior to exposure to 6-OHDA (10 µM). A) Representative western blot for Prdx6 (25 kDa), Gpx1 

(22 kDa) and β actin (42 kDa). Densitometric data were normalised to β actin for B) Prdx6, C) Gpx1. 

Data presented as mean ±SEM of 3 independent experiments, each conducted in duplicate wells.  P 

values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were considered 

significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01.             
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6.3.3 Protein quantification of Nox1, Nox2 and Nox4 in N27 cells with or without pre-

treatment with SR1078 prior to 6-OHDA exposure 

Protein quantification of NADPH oxidase catalytic isoforms, Nox1, Nox2, and Nox4, are 

presented in figure 6.5.  For Nox1, there was no effect of treatment of the N27 cells with 

SR1078 (3μM) alone on Nox1 levels. Similarly, there was no significant effect of exposure to 

any concentration of 6-OHDA (2.5, 5 and 10μM) on Nox1 level. Pre-treatment with SR1078 

(3μM) prior to 6-OHDA (10μM) exposure showed a significant reduction compared to 

unexposed cells and to negative control in Nox 1 level (figure 5.6(A, B)). 

                With regard to Nox2, there was no effect of treatment of the N27 cells with SR1078 

(3μM) alone. However, exposure of N27 cells to of 6-OHDA (5 and 10μM) was associated 

with significant increase in Nox2. Pre-treatment with SR1078 (3μM) prior to 6-OHDA (10μM) 

exposure showed significant blocking of the increase in Nox2 observed with 6-OHDA 

exposure (figure 5.6A, C).  

                   Moving to Nox4, there was no effect of treatment of the N27 cells with SR1078 

(3μM) alone on Nox4 level. However, exposure of N27 cells to of 6-OHDA (5 and 10μM) was 

associated with significant increase in Nox4. Pre-treatment with SR1078 (3μM) prior to 6-

OHDA (10μM) exposure showed a trend of blocking the increase in Nox4 observed with 6-

OHDA exposure, but this was not statistically significant (figure 5.6(A, D)). 
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Figure 6.5 Effects of 6-OHDA without or with pre-treatment with SR1078 on expression of 

Nox1, Nox2 and Nox4 in N27 cells  

Cells were exposed to 6-OHDA (2.5, 5, 10 µM) for 24 hours or pre-treated with SR1087 (3µM) for 

24 hours prior to exposure to 6-OHDA (10 µM). A) Representative western blot for Nox1 (22 kDa), 

Nox2 (65 kDa), Nox4 (67 kDa) and β actin (42 kDa). Densitometric data were normalised to β actin 

for B) Nox1, C) Nox2. D) Nox4. Data presented as mean ±SEM of 3 independent experiments, 

each conducted in duplicate wells.  P values were generated by one-way ANOVA, Tukey’s post 

hoc tests. P values were considered significant when <0.05 and denoted as follows:  **p<0.01, 

***p<0.001.                                                                   
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 6.3.4 Protein quantification of actMMP-3 in N27 cells with or without pre-treatment with 

SR1078 prior to 6-OHDA exposure 

Protein quantification of actMMP-3 showed no effect of treatment with 6-OHDA or SR1078 

alone on the cells. Pre-treatment with SR1078 (3μM) prior to 6-OHDA caused a significant 

decrease in actMMP-3 compared to 6-OHDA alone. (figure 6.6). 
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Figure 6.6 Effects of 6-OHDA without or with pre-treatment with SR1078 on expression of 

actMMP-3 in N27 cells 

Cells were exposed to 6-OHDA (2.5, 5, 10 µM) for 24 hours or pre-treated with SR1087 (3µM) for 

24 hours prior to exposure to 6-OHDA (10 µM). A) Representative western blot for actMMP-3 (43 

kDa) and β actin (42 kDa). Densitometric data were normalised to β actin for B) actMMP-3. Data 

presented as mean ±SEM of 3 independent experiments, each conducted in duplicate wells.  P 

values were generated by one-way ANOVA, Tukey’s post hoc tests. P values were considered 

significant when <0.05 and denoted as follows:  *p<0.05, **p<0.01.                                                                    
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6.3.5 Measurement of mitochondrial ROS production 

There was no effect of treatment of the cells with SR1078 (3μM) on ROS production. However, 

exposure of N27 cells to 6-OHDA (2.5, 5, 10μM) was associated with a dose-dependent 

increase in mitochondrial ROS production reaching almost 5 times the level seen in the 

negative control at 10 μM 6-OHDA. However, pre-treating the cells with SR1078 (3μM) was 

associated with a highly significant blocking of the increase in 6-OHDA-induced mitochondrial 

ROS production (figure 6.7). The positive control antimycin A (complex III inhibitor) showed 

a significant increase in mitochondrial ROS production compared to un exposed cells. 
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6-OHDA (μM)                         -          -           10         10        5         2.5         - 
Antimycin A(5μM)                -          -           -            -             -           -          + 

Figure 6.7 The effect of pre-treatment with SR1078 prior to 6-OHDA exposure on 

mitochondrial ROS production by N27 cells  

Measurement of mitochondrial ROS production using MitoSOX Red flow cytometery in the N27 cells 

treated with increasing concentration of 6-OHDA (2.5, 5, 10µM) for 24 hours and in cells pre-treated 

with or without SR1078 (3µM) for 24 hours prior to exposure to 6-OHDA (10µM). Positive control is 

Antimycin A (complex III inhibitor). 

A) Data presented by histograms in term of the mean fluorescent intensity of MitoSox red and 

percentage of MitoSOX red positive cells. 

B) Data presented as mean ±SEM of 3 independent experiments.  P values were generated by one-way 

ANOVA, Turkey’s post hoc tests. ***p<0.001. 
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6.3.6 Protein quantification of PKCδ in N27 cells with or without pre-treatment with 

SR1078 prior to 6-OHDA exposure 

As can be seen from figure 6.8, there was no effect of treating the cells with SR1078 (3µM) 

on either native or cleaved PKCδ. However, exposure of cells to 6-OHDA (5, 10μM) was 

associated with significant increase in cleavage of PKCδ (figure 6.8 A, C). Incubation of N27 

cells with SR1078 (3μM) for 24 hours prior to exposure to 6-OHDA (10µM) completely 

blocked cleavage of PKCδ as manifested by a reduced cleaved band (41 kDa) in the blot 

compared to cells exposed to 6-OHDA (10µM) alone. At the same time, there was no 

significant difference observed in the PKCδ native band between cells treated with or without 

SR1078 prior to 6-OHDA exposure. (Figure 6.8).  

 

 

 

 

 

 

 

 

 

 

 



216 
 

 

 

A) 

 

 

 

 

 

B)                                                                   C) 

 

 

 

 

 

 

 

 

 

 

 

 

PKC  cleaved

R
a
ti

o
 n

o
rm

a
li
s
e
d

 t
o


 A

c
ti
n

0.0

0.2

0.4

0.6

0.8

1.0

**

PKC native

R
a
ti

o
 n

o
rm

a
li
s
e

d
 t

o


 A

c
ti
n

0.0

0.5

1.0

1.5

β actin 42 kDa 

PKCδ Native 78 kDa 

PKCδ Cleaved 41 kDa 

SR1078 (3μM)        -            +         +           -          -           -            
6-OHDA (μM)         -             -        10       10         5         2.5 

       SR1078 (3μM)         -        +        +         -         -        -            
       6-OHDA (μM)          -        -       10      10        5      2.5 

        SR1078 (3μM)          -        +        +          -         -        -            
          6-OHDA (μM)           -         -          10     10      5      2.5 

Figure 6.8 Effects of 6-OHDA without or with pre-treatment with SR1078 on protein 

expression in N27 cells 

Cells were exposed to 6-OHDA (2.5, 5, 10 µM) for 24 hours or pre-treated with SR1087 (3µM) 

for 24 hours prior to exposure to 6-OHDA (10 µM). A) Representative western blot for native 

PKCδ (78 kDa), cleaved PKCδ (41 kDa) and β actin (42 kDa). Densitometric data were 

normalised to β actin for B) native (78 kDa), C) cleaved (41 kDa). Data presented as mean ±SEM 

of 3 independent experiments, each conducted in duplicate wells.  P values were generated by 

one-way ANOVA, Tukey’s post hoc tests. P values were considered significant when <0.05 and 

denoted as follows:   **p<0.01. 
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6.3.7 Annexin-V and Propidium Iodide flow cytometry as a measure of apoptosis in N27 

cells with or without pre-treatment with SR1078 prior to 6-OHDA exposure 

              In this experiment staining of the cells with annexin-V and propidium iodide to look 

at the proportion of cells that are live, or in early apoptosis, late apoptotosis or necrosis, as 

described in section 2.2.11, was performed. As shown in figure 6.9, cells exposed to 6-OHDA 

(10μM) exhibited a significantly greater proportion of cells in the late apoptotic stage (figure 

6.9A, D) and a reduction in the proportion of live cells (figure 6.9A, B) compared with the 

negative, unexposed control cells. Treatment of the cells with SR 1078 alone had no effect on 

the cellular profile. However, pre-treatment of cells with SR1078 (3μM) prior to 6-OHDA 

(10μM) exposure was associated with a significant reduction in the late apoptotic cell 

population (figure 6.9A, D) compared to cells exposed to 6-OHDA without pre-treatment with 

the RORα/γ antagonist. 

 

 

 

 

 

 

 

 

 



218 
 

A)                                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SR1078 (3μM) 

6-OHDA (10μM) SR1078 (3μM) and 6-OHDA (10μM) 

6-OHDA (2.5μM) 

C-ve 

6-OHDA (5μM) 



219 
 

 

B)                                                                      C) 

 

 

 

 

 

 

 

D)                                                                       E) 

 

 

 

 

 

 

 

 

 

 

 

 

 
   
 

%
  

L
iv

e
 C

e
ll
s

0

20

40

60

80

100
*

*

       SR1078 (3μM)         -        +        +        -          -         -            
       6-OHDA (μM)          -         -       10      10        5      2.5 

%
 E

a
rl

y
 A

p
o

p
to

ti
c
 C

e
ll
s

0

20

40

60

       SR1078 (3μM)         -        +        +         -        -          -            
       6-OHDA (μM)          -         -       10      10      5        2.5 

%
 L

a
te

 A
p

o
p

to
ti

c
 C

e
ll
s

0

20

40

60

**

***
***

       SR1078 (3μM)         -        +        +          -       -          -            
       6-OHDA (μM)          -         -       10       10       5      2.5 

       SR1078 (3μM)         -        +        +        -         -         -            
       6-OHDA (μM)          -         -       10     10       5    2.5 

%
 N

e
c
ro

ti
c
 c

e
ll
s

0

20

40

60

Figure 6.9 Flow cytometry analysis of annexin-V and propidium iodide (PI) staining in 

N27 cells pre-treated with or without SR1078 prior to 6-OHDA exposure 

A) Annexin -V and propidium iodide staining in N27 cells exposed to 6-OHDA (2.5, 5, 10 µM) 

for 24 hours or pre-treated with SR1087 (3µM) for 24 hours prior to exposure to 6-OHDA (10 

µM). Data presented as mean ±SEM of 3 independent experiments for B) Live cells (double 

negative), C) Early apoptotic (low expression of Annexin V), D) Apoptotic (Annexin V positive) 

and E) Necrotic (double positive).  P values were generated by one-way ANOVA, Tukey’s post 

hoc tests. P values were considered significant when <0.05 and denoted as follows:  *p<0.05, 

**p<0.01, ***p<0.001. 
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Factors 

Effect of 6-

OHDA 

alone vs 

control 

Effects 

of 

SR1078 

alone 

vs 

control 

Influence of 

pre-treatment 

with SR1078 

on effect of 6-

OHDA 

Comments 

and refs 

Associated with 

promoting 

neuroprotection 

aromatase ↔ ↔ ↔ Large errors 

bars 

17βHSD10 ↔ ↔ ↔ Large errors 

bars 

Prdx6 ↑ (dose 

dependent) 

↔ blocked  

Gpx1 ↑ (dose 

dependent)  

↔ ↔  

      

Associated with 

promoting 

neurodegeneration 

Nox 1 ↔ ↔ ↓ vs 6-OHDA 

alone;  

↓ vs negative 

control  

 

Nox 2 ↑ 

(significant  

at 10 µM 

only) 

↔ Totally block 

effect of 6-

OHDA alone 

 

Nox 4 ↑ (dose 

dependent) 

 

↔ 

Partial block of 

6-OHDA alone  

 

MMP3 ↔ ↔ Suggestions 

that SR1078 

could block 

cleavage of 

MMP-3 in the 

presence of 

higher doses of 

6-OHDA 

Potentially 

compatible 

with 

neuroprotection  

Mitochondrial ROS ↑↑(dose 

dependent) 

↔ Significant 

blocking 

 

PKCδ native ↔ ↔ ↔  

PKCδ cleaved ↑ (dose 

dependent) 

↔ Totally block 

effect of 6-

OHDA alone 

 

Apoptosis 

(Annexin 

V & PI) 

Live ↓to 50% ↔ block effect of 

6-OHDA alone 

 

Early 

apoptotic 

↔ ↔ ↓ vs 6-OHDA 

alone 

 

Late 

apoptotic 

↑ 

(significant 

at 10 µM 

only) 

↔  Significant 

block compared 

to 6-OHDA 

alone 

 

Necrotic ↔ ↔ ↔  

 

Table 6.1 Summary of the chapter results 

Summary of the influence of the RORα/γ agonist, SR1078, on protein expression (determined by 

western blot analysis) of factors implicated as downstream mediators of RORα-dependent 

neuroprotection and factors associated with promoting neurodegeneration in an in vitro PD model of 6-

OHDA toxicity in the dopaminergic N27 cell line. 
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6.4 Discussion 

               In this chapter, we investigated the potential intracellular signalling mechanisms 

underlying SR1078-mediated neuroprotection in an in vitro model of PD. The 6-OHDA model 

is commonly used, both in vitro and in vivo to investigate experimental PD due to its relative 

selective toxicity for dopaminergic neurons (Dauer and Przedborski 2003). Reported studies 

showed that 6-OHDA mediates neurotoxicity mainly by oxidative stress-induced apoptosis and 

impairment of mitochondrial function (Duty and Jenner 2011). Many molecular players have 

been reported to take part in those mechanisms, and here we looked at upstream and 

downstream signalling molecules that are known to be involved in the mechanism of 6-OHDA-

induced cell death, to see at which step the SR1078 acts to provide neuroprotection. At the 

same time, SR1078 is known to activate the transcription of numerous RORα targeted 

neuroprotective genes (Sarachana and Hu 2013), of which we investigated whether SR1078 

protection against 6-OHDA toxicity was associated with an increase in aromatase and or 17β-

HSD10. Furthermore, we investigated the levels of anti-oxidants Gpx1 and Prdx6  under the 

same experimental conditions, both of which have been reported previously to mediate 

neuroprotection against oxidative stress in RORα transfected (over expressing) neuronal cells 

(Boukhtouche, Vodjdani et al. 2006).  

             Our results provide further evidence in support of the neuroprotective properties of 

SR1078 against 6-OHDA-induced degeneration and identified points in the intracellular 

signalling cascades where SR1078 may act to limit cell death. These include significant 

blocking of Nox2 and ROS production as well as significant blocking of cleavage of PKCδ and 

apoptosis. 

6.4.1 Aromatase and 17β-HSD10 
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             Aromatase, the enzyme responsible for local estrogen synthesis in the brain, plays a 

pivotal role in neuropreotection by increasing estrogen production at sites of brain injury 

(Garcia-Segura, Veiga et al. 2003). However, our results here and in chapter 4 showed no effect 

of exposure to increasing concentrations of 6-OHDA on aromatase level in N27 cells. In 

addition, pre-treatment of N27 cells with SR1078 prior to 6-OHDA and no effect on aromatase 

level. In most rodent models of PD, central aromatase has been found to protect males and 

females against 6-OHDA induced loss of striatal DA (McArthur, Murray et al. 2007, Morale, 

L'Episcopo et al. 2008, Gillies and McArthur 2010). Although in experimental PD, systemic 

estradiol was providing neuroprotection in in female but not male rats, the central aromatase 

inhibition was associated with exacerbation of 6-OHDA lesionning in both sexes (Gillies and 

McArthur 2010). Moreover, under normal conditions in healthy brain, aromatase is 

constitutively expressed in many type of neuronal cells, but not in glial cells (Garcia-Segura, 

Veiga et al. 2003). In neurons, aromatase is activated by neuronal transmission, a very rapid 

action that occurs within seconds, which leads to synthesis and release of local estradiol, where 

it is proposed to work as a neurotransmitter (Balthazart, Charlier et al. 2011). However, on 

injury, aromatase expression is switched on in glial cells, especially astrocytes, and it has been 

proposed that this source of estradiol plays the most important role in endogenous 

neuroprotective mechanisms in the brain (Garcia-Segura, Veiga et al. 2003, Azcoitia, Santos-

Galindo et al. 2010). Although we expected enhanced aromatase expression with SR1078, our 

results failed to support the hypothesis that SR1078 can protect through enhancing expression 

of aromatase. However, such an effect would be more ideally investigated in in vivo or in co-

culture in vitro, as astrocytes might be required to mediate the effect, as described above, or 

simply require a longer incubation time for transcriptional and translational processes to result 

in changes in protein expression as mentioned in chapter 4 (section 4.4.4) . 
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                 Moving to 17β-HSD10, no treatments showed any significant effects on 17β-

HSD10. Interestingly, this enzyme has been shown to have effects that are not only neuro 

protective, but also can contribute to degeneration. (Yang, He et al. 2014). In support of its 

protective role in neurodegeneration, deficiency of 17β-HSD10 was found to be associated 

with infantile neurodegernaration (Yang, Dobkin et al. 2013).  However, binding of 17β-

HSD10 to estrogen receptor β or to amyloid β inhibits many of its functions, thereby supressing 

its protective capacity (Oppermann, Salim et al. 1999, Jazbutyte, Kehl et al. 2009). However, 

under oxidative stress conditions, 17β-HSD10 was reported to bind amyloid β, which inhibits 

many of its enzymatic functions, and can induce neurotoxicity by increasing lipid peroxidation 

and mitochondrial ROS production a process which may play a pivotal role in the pathogenesis 

of AD (Reddy, Tripathi et al. 2012). Furthermore, over expression of 17β-HSD10 was 

associated with mitochondrial matrix condensation and partial loss of cristae structure (Shafqat, 

Marschall et al. 2003). However, if 17β-HSD10 is exerting both of these competing 

mechanisms in our culture system they might cancel each other out. Equally, the large error 

bars in our data may mask any significant effect. Our finding does not directly support the 

hypothesis that SR1078 could provide its neuroprotective effect through changing the level of 

expression of 17β-HSD10 in cells pre-treated with SR1078.  

6.4.2 Gpx1 and Prdx6 

             The current investigation showed that 6-OHDA exposure significantly increased the 

levels of the anti-oxidants Gpx1 and Prdx6 indicating a clear role for those molecules in 

oxidative stress. However, this increase was not seen when cells were pre-treated with 

SR1078prior to 6-OHDA exposure. We propose that the presence of SR1078 reduces oxidative 

stress induced by 6-OHDA, therefore, reducing the need for the cells to produce anti-oxidants. 
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              Previous studies showed that over expression of human RORα1 (hROR α1) in primary 

cultures of mouse purified cortical neurons was associated with neuroprotection against Aβ, 

c2-ceramide and H2O2 (Boukhtouche, Vodjdani et al. 2006). These oxidative challenges are 

known to cause apoptosis through increasing the cellular ROS production and oxidative stress 

(Behl, Davis et al. 1994, Quillet-Mary, Jaffrezou et al. 1997). The neuroprotective effect of 

over expressing RORα1 in the Boukhtouche et al study (Boukhtouche, Vodjdani et al. 2006) 

was attributed to the significant increase in Gpx1 and Prdx6 expression, both of which are two 

important enzymes in ROS clearance. Gpx1 is mainly responsible for peroxide clearance 

through H2O2 degradation and its over expression in experimental stroke was found to protect 

neurons from death (Hoehn, Yenari et al. 2003). Additionally,  cells over expressing Gpx1were 

shown to be resistant to amyloid β-mediated neurotoxicity (Barkats, Millecamps et al. 2000). 

Prdx6 is considered to be a bifunctional enzyme having activity of both Gpx1 and 

phospholipase A2 (Chen, Dodia et al. 2000), and has been reported to play an important role 

in protection against oxidative stress in fibroblast and lung cell lines (Manevich, Sweitzer et 

al. 2002, Dierick, Wenders et al. 2003). Although both Gpx1 and Prdx6 were reported to 

mediate the neuroprotective effect of RORα1 in Boukhtouche et al study, the same study 

showed that although siRNAs  for Gpx1 and Prdx6 were associated with a decrease in 

neuroprotection mediated by hRORα1 over expression, some neuroprotective effect was still 

observed, indicating that other  protective proteins could be involved (Boukhtouche, Vodjdani 

et al. 2006).  

6.4.3 NADPH oxidase enzymes (Nox1, 2 and 4) 

                 NADPH oxidases are a major source of oxidative stress in neurodegenerative 

diseases (Gao, Zhou et al. 2012). They are membrane-bound, multi subunit enzyme complexes 

which transfer electrons through the plasma membrane from NADPH to molecular oxygen to 
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generate free radical superoxide and its downstream ROS. Furthermore, growing evidence 

suggests that oxidative stress caused by over activation of the Nox enzymes is involved in the 

pathogenesis of PD. Additionally, exposure of N27 cells to MPP+ was associated with 

significant increase in Nox1 and Nox2 levels and pharmacological inhibition of both, was 

associated with neuroprotection.  Thus, inhibition of these enzymes can be a promising target 

for PD (Wu, Teismann et al. 2003, Anantharam, Kaul et al. 2007).  

          Our findings support and extend this proposal. Specifically, we provide the first 

demonstration that Nox2 and Nox4 are significantly increased in our DA cell line after 

exposure to 6-OHDA and SR1078 pre-treatment significantly blocked the rise in Nox2. This 

provides the first evidence that a synthetic agonist at the RORα/γ LBD, can exerts 

neuroprotective effects in our in vitro PD model by blocking the expression of Nox2 and, 

hence, induction of oxidative stress.  

                    Others have provided evidence that Nox1 as well as Nox2 is elevated in the SNpc 

and striatum of mice treated with intra-striatal injections of 6-OHDA and either genetic deletion 

or chemical inhibition of Nox1 protected against oxidative stress-induced damage (Choi, 

Cristovao et al. 2012). Contrary to this finding, 6-OHDA failed to affect Nox1 levels in our 

N27 cells. However, pre-treatment of our N27 cells with SR1078 resulted in a significant 

reduction in Nox1levels after 6-OHDA exposure compared with the baseline control, despite 

the fact that neither SR1078 nor 6-OHDA alone failed to alter Nox1 expression. It should be 

noted, however, that the 6-OHDA dose-dependent induction of Nox1 in the study by Chio, 

occurred over the period of 1-12 hours after exposure in vitro, indicating that it was a rapid, 

early response to injury (Choi, Cristovao et al. 2012), wherase our in vitro analysis w    as done 

24 hours after exposure. In addition to the differences in experimental conditions, it should be 

considered, therfore, that Nox1 expression follows a dynamic time course and negative feed 

back mechanisms operate to restore levels to normality , hence by 24hours no effect is seen. 
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The levels that we have observed when SR1078 exposure preceeds 6-OHDA were below 

baseline controls suggesting that SR1078 may enhance this negative feedback mechanisms. 

Further studies will be requierd to investigate this hypothesis, but our resutls do serve to show 

that RORα/γ agonist do play a role in the regulation of Nox1 and Nox2, further supporting the 

potential of SR1078 to influence oxidative stress, with possible relevence for PD. 

6.4.4 Activated MMP3 (actMMP-3) 

               Current thoughts suggest that activation of MPP-3 is involved in the 

neurodegenerative process in PD (figure 6.10). Hence MMP-3 is expressed in Lewy bodies in 

the SN of post-mortem PD brains (Choi, Kim et al. 2011).  MMP-3 immunoreactivity in TH 

positive dopaminergic neurons in the SN of mice injected with MPTP was increased and MMP-

3 knockout mice showed reduced dopaminergic cell death in MPP+ model of PD (Kim, Choi 

et al. 2007), supporting its role in PD pathology. Moreover, MPP-1 and MMP-3 were reported 

to induce cleavage of α-synuclien, therefore, increasing aggregation of α-synuclein and 

neurotoxicity (Sung, Park et al. 2005, Levin, Giese et al. 2009). Rats injected with 6-OHDA 

also showed increased expression of actMMP-3 (Sung, Park et al. 2005) leading to increase 

mitochondrial ROS production (Kim and Joh 2012). However, similar to our findings for Nox1 

we failed to see any effect of 6-OHDA on actMMP3 levels at the 24 hours’ time-point in the 

N27 cells, but after pre-treatment with SR1078, actMMP3 levels in response to 6-OHDA was 

significantly reduced compared to baseline controls. Again, further time-course studies in vivo 

and in vitro study, will be required to determine if actMMP-3 levels follow a dynamic course 

which could account for the discrepancy of our in vitro findings at the 24 hour time point with 

a shorter end-point as in the study of (Choi, Kim et al. 2011). Our results also, however, indicate 

a regulatory influence of RORα/γ agonist on actMMP3 and, consequently, their potential role 

in influencing the demise of dopaminergic cells, with possible relevance to PD. 
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Figure 6.10 The role of actMMP-3 in the pathogenesis of Parkinson’s disease  

Growing evidence suggests that actMMP-3 plays a key role in dopaminergic neuronal degeneration. In 

stress conditions, MMP-3 is induced in dopaminergic neurons generating proMMP-3. Activation of 

MMP-3 might occur in cytoplasm as well as extracellular space. Catalytically active MMP-3 (actMMP-

3) triggers microglial activation resulting in release of proinflammatory cytokine e.g, as IL-1β, TNF-α 

and IL-6. NADPH oxidase (NOX2)-mediated ROS generation was observed in microglia treated with 

actMMP-3. Moroever, MMP-3 could be also activated intracellularly by unknown serine proteases upon 

stress such as 6-OHDA or MPP+, a selective dopaminergic toxin. Activated MMP-3 could cleave α-

synuclein into several fragments by C-terminal truncation. These cleaved peptides are prone to 

aggregate and result in increased cytotoxicity. MMP-3 could also degrade DJ-1 and impair its 

antioxidant function resulting in increased oxidative stress. Intracellular actMMP-3 is directly linked to 

apoptotic pathway in dopaminergic cells as well (Figure adapted from (Kim and Joh 2012). 
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6.4.5 ROS production in N27 cells pre-treated with SR1078 prior to 6-OHDA exposure 

             Several in vitro studies showed that early ROS production is an early and essential step 

in apoptotic signalling cascade that might be blocked by ROS scavengers (Annunziato, 

Amoroso et al. 2003). In our present study, we have demonstrated a significant increase in ROS 

production in N27 cells exposed to 6-OHDA which was blocked by pre-treatment with 

SR1078, indicating a role of RORα/γ in inhibition of mitochondrial ROS production. This 

effect could be partly due to reduction in actMMP-3 as discussed in section (6.6.4). In support 

of this, over expression of RORα1 in mouse primary cortical neurons, was associated with 

neuroprotection against Aβ, c2-ceramide and H2O2, accompanied by a significant reduction in 

mitochondrial ROS production (Boukhtouche, Vodjdani et al. 2006). Interestingly, as 

mitochondrial damage and oxidative stress are central to PD pathology, targeting mitochondrial 

ROS production has been of a special interest in the past 15 years (Jin, Kanthasamy et al. 2014). 

Thus or original demonstration that SR1078 significantly reduced mitochondrial ROS 

production makes it an attractive candidate for neuroprotection in PD.                  

6.4.6 Proteolytic cleavage of PKCδ  

              The pro-oxidant sensitive kinase, PKCδ, is highly expressed in nigral dopaminergic 

neurons (Zhang, Kanthasamy et al. 2007). PKCδ is an important substrate for caspase3 and a 

prominent player in oxidative stress induced neuronal apoptosis (Kanthasamy, Kitazawa et al. 

2003). Our results demonstrate for the first time that pre-treatment of the RORα/γ agonist prior 

to 6-OHDA significantly blocked the cleavage of PKCδ compared to cells exposed to 6-OHDA 

with no prior treatment. This finding support the neuro-protective role of the RORα/γ agonist. 

This is further supported by a significant decrease in apoptosis as indicated by caspase 3/7 

activity measurement that was observed in cells pre-treated with SR1078 prior to 6-OHDA 

exposure compared to cells exposed to 6-OHDA with no prior treatment (section 5.3.1) and by 
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Annexin V flow cytometry as described in the next section. Interestingly, proteolytic cleavage 

of PKCδ by caspase3 was reported to be a key event in 6-OHDA induced dopaminergic 

neuronal death in cellular and animal models of PD (Latchoumycandane, Anantharam et al. 

2011). Moreover,  PKCδ siRNA and loss of function by inducing mutation in PKCδ, both 

resulted in rescuing N27 cells and primary TH+ mesencephalic neurons from death induced by 

6-OHDA (Latchoumycandane, Anantharam et al. 2011) which supports the neuroprotective 

property ascribed to SR1078.  

6.4.7 Apoptosis 

             We previously showed that pre-treatment with SR1078 prior to 6-OHDA exposure was 

associated with a significant reduction in caspase 3/7 activity compared to ells exposed to 6-

OHDA with no prior SR1078. In order to investigate this more directly, we have used Annexin-

V flow cytometry to monitor the percentage of N27 cells expressing AnnexinV / Propidium 

iodide (PI) dye. 

               Our results showed a significant increase in late apoptotic cells after exposure to 6-

OHDA, which indicates that cells mainly undergo apoptotic cell death. Our results also show 

that exposure to 6-OHDA caused a significant reduction in live cells compared to unexposed 

cells which was associated with a significant increase in late apoptotic cells compared to 

unexposed cells. In support of the anti-apoptotic property of SR1078, pre-treatment of cells 

with SR1078 prior to 6-OHDA was associated with a significant increase in the population of 

live cells and significant reduction in the late apoptotic cells population.  

             Although there is a controversy in the literature upon the type of cell death that is 

caused by 6-OHDA, most of the literature supports the apoptotic cell death (Lotharius, Dugan 

et al. 1999, Ikeda, Tsuji et al. 2008, Zhang, Wang et al. 2009, Wang, Liu et al. 2017).  Indeed, 

exposure to 6-OHDA and MPTP was found to induce characteristic biochemical, 



230 
 

histochemical, and morphological changes typical of apoptosis in various neuronal and non-

neuronal cell cultures (Lev, Melamed et al. 2003). Consistent with our results, 6-OHDA was 

shown to induce apoptosis in several cell cultures, including human neuroblastoma NMB cell 

line (Simantov, Blinder et al. 1996) human neuroblastoma cell line SH-SY5Y  (Junn and 

Mouradian 2001) as well as in PC12 cells (Takai, Nakanishi et al. 1998). Furthermore, in vivo 

studies supports the apoptotic cell death in intracranial 6-OHDA lesioning in rats (He, Lee et 

al. 2000, Zuch, Nordstroem et al. 2000). In support of the role of apoptosis in neuronal death 

in PD, apoptotic neurons were identified in the SNpc of PD subjects (Mochizuki, Goto et al. 

1996, Anglade, Vyas et al. 1997, Tatton, Maclean-Fraser et al. 1998). Therefore, our results 

indicate that SR1078 could represents a potential therapeutic target for PD. 
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6.5 Conclusion 

This is the first study investigating potential intracellular mechanisms whereby SR1078 exerts 

its neuroprotective activity in an in vitro model of PD. The current study reveals that SR1078 

protects the dopaminergic neuronal cells (N27) against oxidative stress caused by 6-OHDA 

exposure by blocking actMPP-3 which was further associated with a significant blocking of 

mitochondrial ROS production. This was further supported by significant blocking in Nox1, 2 

and 4 and in GPX1 and Prdx6 in cells pre-treated with SR1078 prior to 6-OHDA treatment. 

SR1078 also caused protection by blocking proteolytic cleavage of PKCδ, a known down-

stream signalling player in mediating 6-OHDA induced cell death and a substrate for caspase3 

as well. Both findings indicate that SR1078 has anti-oxidant and anti-apoptotic proprieties and 

make it a promising target as a neuroprotective agent for PD. Summary for the mechanism of 

action of SR1078 is presented in figure 6.11. 
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Figure 6.11 Schematic summary for the mechanism of action of SR1078 in protecting N27 cells 

against 6-OHDA  

Pre-treating N27 cells with SR1078 prior to 6-OHDA was found to protect the cells through many 

mechanisms. It acts through inhibition of actMMP-3 which subsequently leads to reduction in 

mitochondrial ROS production. Reduced mitochondrial ROS leads to decrease in Nox1, Nox2 and 

Nox3 which subsequently lead to reduced generation of oxidative stress. SR1078 reduces caspase 3 

activity and proteolytic cleavage of PKCδ.  
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Chapter 7 General Discussion     

  

7.1 Principal findings in the current work  

7.1.1 Expression of RORα and its targeted genes aromatase and 17βHSD10 in the SNpc 

of post-mortem PD and control subjects and in in vitro PD model 

               Using SNpc tissue from human post-mortem brain tissue of controls and  

PD subjects, we have investigated for the first time the expression of genes, using qRT-PCR, 

and proteins using western blot, which we hypothesized could contribute to PD pathology and 

also sex differences in the nature of the disease. We have identified a significantly higher 

expression of RORα in control female SNpc compared to the male controls. At least in part, 

we attribute this sex difference in RORα expression to the influence of circulating estradiol 

levels in females, which were previously reported to enhance RORα expression (Sarachana, 

Xu et al. 2011). Although no direct link between SRY gene and RORα have been studied, we 

think it is essential to investigate any potential influence of this gene on the expression of 

RORα. This observation of higher RORα expression in female SNpc adds significant new 

information to our understanding of the sex differences in PD incidence and provides a novel 

mechanism explaining the fact that females are more protected compared to males.    

                Studying the influence of PD on the gene and protein expression of RORα and its 

targeted genes, we have identified a novel increase in expression of RORα and its targeted 

genes, namely aromatase and 17βHSD10 in male, but not female PD compared to their 

controls. Combining these findings with evidence from the literature regarding the 

neuroprotective properties of RORα supports our hypothesis that this increase in RORα is to 

counteract underlying pathological processes. Moreover, our co-localization studies supported 
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this findings, as aromatase-IR was switched on in male PD but female’s astrocytes.  RORα is 

known to up-regulate aromatase and the consequent increase in local estradiol production is 

thought to be one mechanisms whereby RORα exerts its neuroprotective effects. Therefore, 

our additional observation that aromatase gene and protein levels are increased in male, but not 

female, SNpc accords with our parallel identification of the increase in RORα in male PD. 

Moreover, the increase in aromatase was due to it being switched on only in astrocytes, are in 

agreement with the reported studies about sex dimorphic response to neuronal injury in models 

other in PD models (Garcia-Segura, Wozniak et al. 1999). Therefore, it extends, for the first 

time, the concept that up-regulation of astrocytic aromatase may have significance for PD.  

                   α-synuclein represents the major constituents of the proteinaceous cytoplasmic 

inclusions (Lewy body) in PD (Recchia, Debetto et al. 2004). Our study revealed a novel 

observation for the co-localization of RORα with α-synuclein in both male and female PD and 

supports the role of RORα in PD. A possible way of interaction between RORα and α-synuclein 

is to be mediated through MMP-3. MMP-3 was reported to be involved in the  digestion of α-

synuclein in dopaminergic neurons,  a process that plays a pivotal role in the progression of PD 

through modulation of α-synuclein aggregation, Lewy body formation, and neurotoxicity 

(Choi, Kim et al. 2011). A study using the 6-OHDA model of PD in N27 cells reported an 

activation of MMP-3 in response to 6-OHDA exposure with subsequent mitochondrial ROS 

production and Nox-1 generation (Choi, Kim et al. 2014). No direct link between RORα and 

MPP-3 has yet been reported.  However, we propose that there is an indirect link mediated 

through NF-kB. Reported studies showed that in response to stress NF-kB translocates to the 

nucleus where it activates MMP-3 (Koo, Russo et al. 2010, Sanchavanakit, Saengtong et al. 

2015). Interestingly RORα was reported to inhibit NF-kB translocation and activation 

(Delerive, Monte et al. 2001). In support, our in vitro studies using RORα/γ agonist showed a 

significant reduction in MMP-3 providing a mechanism for the neuroprotective properties of 
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RORα/γ agonist as we will discuss in the next section. These findings substantiate a novel 

hypothesis that RORα can prevent cleavage and subsequently aggregation of α-synuclein in 

PD which merits further investigation. 

              The reported study about the neuroprotective effect of RORα in oxidative stress model 

(Boukhtouche, Vodjdani et al. 2006) together with the findings of our post-mortem human 

studies form the basis for our hypothesis that the RORα/γ agonist, SR1078, would be 

neuroprotective against PD. This allowed us to translate our post-mortem human findings into 

testing whether RORα/γ ligands represent novel neuroprotective agents for PD.                

7.1.2 In vitro Studies 

           In order to investigate further any direct link between RORα and its target genes to PD 

pathology, we investigated the protein expression in our in vitro PD model using N27 cells 

challenged with 6-OHDA. We have demonstrated for the first time that RORα protein 

expression is increased in response to 6-OHDA, in a dose dependent pattern which suggests a 

relevance to PD pathology. We hypothesized that this increase in RORα is to combat 

underlying pathological processes. Therefore, we further hypothesized that the RORα/γ agonist 

is neuroprotective. 

               Proceeding with using the RORα/γ agonist (SR1078) and the RORα/γ antagonist 

(SR1001) for the first time in a PD model, we explored the neuroprotective effect of these 

compounds in N27 cells challenged with 6-OHDA. Accordingly, we have demonstrated that 

the RORα/γ agonist was protective, whereas the antagonist exacerbated the neurotoxic effect 

of 6-OHDA in the N27 cells. As far as we know, this is the first study ascribing neuroprotective 

properties of RORα/γ agonist in in vitro model of PD. 
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              We then moved on to investigating the underlying mechanisms responsible for the 

neuroprotection of mediated by SR1078 against 6-OHDA in our in vitro model. Figure 6.11 

represents a summary of our conclusions regarding the mechanisms of action of SR1078 in 

protecting N27 cells against 6-OHDA explored in the current study. To start with, we observed 

no effect of SR1078 per se on viability of control cells not exposed to 6-OHDA, which 

indicates that SR1078 only target neurodegenerative cells. We observed a dramatic reduction 

in mitochondrial ROS production in N27 cells pre-treated with SR1078 prior to 6-OHDA 

exposure. The ability of SR1078 in the current study to significantly block mitochondrial ROS 

production in our PD model makes it a very good candidate for neuroprotection in PD because  

mitochondrial ROS production is one of the prime processes in PD pathology (Schulz and Beal 

1994, Alam, Daniel et al. 1997, Gandhi and Abramov 2012, Angelova and Abramov 2018). In 

parallel we observed a significant blocking of Nox1 and 2 generation, proteolytic cleavage of 

PKCδ and actMPP-3. Importantly, both  actMPP-3 and  mitochondrial ROS generation are of 

special direct relevance to PD pathology because they induce dopaminergic neuronal death at 

many cellular levels proven to be directly linked to PD (figure 6.10)(Kim and Joh 2012).  

               All these mechanisms observed with pre-treating N27 cells prior to 6-OHDA 

exposure supports the observed neuroprotective effects of SR1078 in our in vitro PD model. 

This is the first study reporting significant reduction of apoptosis with using SR1078 and the 

first study characterizing the mechanism of action of SR1078 in reducing apoptosis in oxidative 

stress model, more precisely a PD model. Therefore, our study shed the light on the potential 

novel neuroprotective properties of SR1078 in experimental PD thereby consolidating its 

promise as a neuroprotective agent in PD. 
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7.2 Limitations of the current study 

7.2.1 Expression of RORα and its targeted genes aromatase and 17βHSD10 in the SNpc 

of post-mortem PD and control subjects and in in vitro PD model 

             The number of post-mortem control and PD brains available for our study was limited 

and increasing the number of cases included in this study might consolidate our data. However,  

we believe in the validity of our findings because we calculated the effect size for the same 

sample size included in this study, using data (mean and standard deviation) obtained from the 

same sample size applying Cohen’s d values (Cohen 1992, Larner 2014) using :  

 

 

 

 

Where d= Cohen’s d effect size, X1and X2= mean of two groups S1and S2= standard deviation 

of the two groups. 

The calculated d value in our study came out as follow:  

For male (PD and controls) d=0.96   

For female (PD and controls) d=0.57  

For male versus female controls d= 1.06   

To interpret these numbers, any d value less than 0.2 is considered trivial and any value more 

than 0.2 is to be considered and as the d value is more, the larger the effect size which is very 
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substantial. According to the calculated numbers up, the number of cases included in the 

current study can tell if the significance observed with P value is substantial. 

                 Equally, for cellular localization of RORα and aromatase protein expression, we 

believe that carrying out immunofluorescent labelling on a larger scale of cases would be of a 

great value to consolidate our data. Further limitations include the lack of amplifications for a 

considerable number of cases using the aromatase probe which indicates that we need to design 

a better working primer for our future studies. As 17βHSD10 is an ubiquitous enzyme, present 

in all cell types, immunocytochemistry studies to identify its cellular localization was not 

performed in the current study based on the assumption that it is widely distributed. However, 

its quantification at single cell levels isolated by laser capture microscopy technique within the 

SNpc may provide valuable insight into its potential involvement in sex differences and 

pathology in PD. 

7.2.2 Neuroprotective effect of RORα/γ agonist (SR1078) in in vitro PD model and its 

mechanism of action  

Although N27 cells have been used extensively in research as a model for dopaminergic 

neurons, they are not real dopaminergic neurons. Therefore, it is important that we test our 

hypotheses using primary cultures. Similarly, the C6 cell line was used as a model of astrocytes, 

but they are derived from astroglioma, cancer cells, so investigations on native astrocytes are 

needed to substantiate the validity of our conclusions. However, we propose that our initial 

approach using the N27 and C6 cell lines to test the hypotheses, based on our post-mortem 

studies, that RORα and its target genes have significance in the sexually dimorphic expression 

of PD, have provided sufficient data to proceed with future studies using primary cells in vitro 

and in vivo. 
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7.3 Future works steaming from the current study 

Based on the findings of the current study we would like to consider the following as a future 

work: 

 For postmortem human studies, besides investigating our findings in a larger number 

of cases, we wish to test our findings in early stage PD cases. This might bridge the gap 

between our post-mortem studies and in vitro studies regarding expression of aromatase 

and 17βHSD10, as our post-mortem cases are late stage PD while our in vitro 6-OHDA 

model of PD is an acute model of neuronal injury.  

 We wish to consolidate our findings by testing our results using primary cultures as 

well as in vivo model of PD in male as well as female rats. 

 We wish to investigate protein expression of RORα, aromatase and 17βHSD10 in C6 

cells (astrocyte like cells) after exposure to increasing concentrations of 6-OHDA to 

see whether they are changed in the C6 cells or observed changes in the current study 

are selective to the dopaminergic neurons like cells (N27). 

 We wish to apply gene silencing for RORα using RORα siRNA to test our hypothesis 

that 6-OHDA induced cell death would be increased, in accordance with our proposed 

mechanism of action of SR1078. 

 We wish to further optimize our co-culture model and to use contact co-culture in order 

to investigate the potential role of C6 astrocytic cell line in augmenting the 

neuroprotective effect of SR1078. 

 To support the role of aromatase in mediating the observed neuroprotective effect of 

SR1078, we wish to measure 17βestradiol in the medium of cells pre-treated with or 

without SR1078 prior to 6-OHDA exposure using Enzyme-Linked Immunosorbent 

Assay (ELISA).  
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 We wish to test a direct effect of SR1078 on NF-kB using western blots for nuclear and 

cytosolic protein extraction as we hypothesize that direct inhibition of NF-kB by 

RORα/γ agonist represents the first step at which it exerts its action. 

 We wish to investigate the direct effect of SR1078 on α-synuclein aggregation and 

cleavage and subsequent neurotoxicity as any explored effects on reducing α-synuclein 

aggregation and cleavage with using the SR1078 would greatly support its 

neuroprotective properties as well as its relevance to PD. 

 We wish to use SR1078 in combination with neurotrophic factor to see whether this 

might reverse the neurodegeneration induced by 6-OHDA. 

 We wish to develop a selective RORα agonist by developing a compound that can work 

as an agonist to RORα alone without influencing RORγ transcriptional activity and test 

if that will result in a stronger neuroprotective effect. 

 We hope the proposed future work listed here will allow us to translate our work from 

bench to bed by entering clinical trials in the future. 
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7.4 Final conclusion 

              Our work has provided original, new findings in support of our hypothesis. It provides 

new data on sex difference in the SNpc/NSDA pathway, which potentially contribute to our 

understanding of the sex bias in PD, where males appear at a disadvantage.  Specifically, it 

provides a novel mechanism linking RORα expression to sex bias in PD. We were able to 

translate our novel findings in post-mortem human studies by our investigation of a novel 

neuroprotective agent (SR1078, a RORα/γ agonist) utilizing an in vitro model of PD. 

Furthermore, we were able to characterize the mechanism of action of SR1078 which provides 

a solid base for the potential neuroprotective effect of SR1078 in PD. 
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