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[bookmark: _Toc328936964]Parkinson’s disease (PD) results from the loss of nigral dopaminergic neurons and subsequent depletion of striatal dopamine. Direct injection of neurotrophic factors has shown encouraging protection in animal models of PD. However, clinical delivery of protein requires administration by implanted mini-pumps, with associated surgical risks. Hence, a novel integration-deficient lentiviral vector (IDLV) system, with an improved biosafety profile, was introduced. 
Initial experiments examined whether transduction efficiency of IDLVs was comparable with that of the standard integration-proficient lentiviral vectors (IPLVs) through enhanced green fluorescent protein (eGFP) expression. Both data from transduced rat primary ventral mesencephalic cell cultures and 6-OHDA-lesioned rats display higher transduction efficiency of IPLVs in some cases, which may be related to cell proliferation. 
IDLVs were further used to deliver insulin-like growth factor 1 (Igf-1) to ascertain the therapeutic effect of this factor, which upon delivery as a protein has recently demonstrated impressive neuroprotection against 6-hydroxydopamine (6-OHDA)-induced toxicity. IDLV-mediated IGF-1 neuroprotection were investigated in comparison with those of the well-characterised glial cell line-derived neurotrophic factor (GDNF). Significant improvements in cell survival of neuronal cultures transduced with either IDLV-Igf-1 or IDLV-Gdnf support the hypothesis that Igf-1-expressing IDLVs could be neuroprotective in vitro. 
Animal experiments were then performed to test whether vector-mediated therapeutic effects of IGF-1 and GDNF could be transferred in in vivo. Whilst hGDNF overexpression improved dopaminergic cell survival and behaviour of injected 6-OHDA-lesioned rats, there was no neuroprotection following Igf-1 transduction. A long-term investigation of GDNF-induced neuroprotection in 6-OHDA-lesioned rats further confirms the long-lasting efficacy of hGDNF-expressing vectors, regardless of vector integration proficiency. 
Overall, these findings provide evidence for the therapeutic efficacy of IDLVs in PD and support their use in the CNS as a safer delivery system. The data also suggest vector delivery of Igf-1 may not be worthy of further consideration for the treatment of PD.
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1.1. Parkinson’s disease (PD)  
PD is the second most common neurodegenerative disorder after Alzheimer’s disease. It is estimated that 6.3 million people worldwide have PD, with approximately 1.2 million people in Europe and 120,000 specifically in the UK (data obtained from the European PD Association, http://www.epda.eu.com/en/parkinsons/). PD affects all races, cultures, genders and is more common in elderly people. The age of PD onset is usually over 60 with slightly more men than women affected. The incidence of PD increases with age, from 0.5-1% (ages 65-69) up to 4% (ages over 80) (de Lau and Breteler, 2006). The disorder was first described and named “shaking palsy” by Dr James Parkinson in 1817. In honour of this English doctor, it was renamed "Parkinson’s disease" by Jean-Martin Charcôt in 1886 (Goetz, 2011).
PD is a progressive and chronic disorder of the central nervous system (CNS), resulting mainly from the degeneration of dopaminergic neurons in the substantia nigra (SN) pars compacta and the subsequent depletion of dopamine levels in the striatum (Dauer and Przedborski, 2003). In addition to nigral dopaminergic neurons, post-mortem studies have indicated the loss of 30-50% of the neuronal population in non-dopaminergic nuclei (e.g., the hypothalamus, olfactory bulb, locus coeruleus, and peripheral and enteric nervous systems) at the end-stages of PD (Zarow et al., 2003; Thannickal et al., 2007). Histopathologically, PD is defined by the accumulation of intracytoplasmic filamentous protein inclusions, known as Lewy bodies, in the SN. Lewy bodies are also found in other brain nuclei, such as the olfactory bulb, medulla, locus coeruleus, pontine tegmentum, basal forebrain, amygdala, and hippocampus, which may reflect their degeneration in PD (Braak et al., 2003). The main components of Lewy bodies are the phosphorylated α-synuclein, neurofilaments and ubiquitin that are prone to aggregate and form insoluble fibrils (Jellinger, 2009). 
There are two main types of PD: (1) the early onset (also called familial PD), which usually occurs before the age of 50 and affects 5-10% of patients; (2) the adult onset (the most common type of PD, also called sporadic or idiopathic PD), which generally affects people aged over 60. Clinical symptoms of PD are only apparent when at least 60% of nigral dopaminergic neurons are lost, which in turn leads to 80-90% depletion of striatal dopamine levels (Dauer and Przedborski, 2003). However, PD is rarely the direct cause of death. As the disease progresses, the patients, who have suffered poor physical and mental health for several years, commonly die from pneumonia or ischemic heart disease (Beyer et al., 2001).
PD is characterised by four common motor symptoms, including resting tremor, muscle rigidity, bradykinesia (slowness of movement), and postural imbalance. These symptoms first affect one side of the body but then progress slowly to both sides (Marsden, 1994). In addition, the degeneration of neurons from other extra-nigral nuclei (e.g., the ventral tegmental area (VTA), locus ceruleus, Meynert basalis nucleus) results in several non-motor symptoms. These include cognitive dysfunction, sleep disturbances, sexual dysfunction, depression, anxiety, fatigue, and dementia, which are observed in around 30% of all PD patients (Dauer and Przedborski, 2003). 
PD has symptoms similar to other neurological disorders, such as corticobasal degeneration, dementia with Lewy bodies, multiple system atrophy, and progressive supranuclear palsy (Spillantini et al., 1998; Foulds et al., 2012). The symptoms, moreover, are different in each PD individual. Hence, an accurate diagnosis of PD is challenged, particularly in the early stages of the disease. Physicians usually base their diagnosis on the patient medical history, clinical signs and symptoms, and response to medications used to treat for PD (Meireles and Massano, 2012). Neuro-imaging (e.g., computerised tomography scan, magnetic resonance imaging, positron emission tomography) may be used in some cases to distinguish PD from other PD-like conditions (Stoessl et al., 2011). Recently, measuring levels of phosphorylated a-synuclein in plasma has emerged as another option, which is being developed to detect PD at the earliest stage, even before the symptoms appear (Foulds et al., 2011).
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The basal ganglia are a group of structures located in the forebrain (diencephalon and telencephalon) and the midbrain (mesencephalon). In human, the basal ganglia nuclei include the caudate, the putamen, the globus pallidus pars externa/interna (GPe/i), the subthalamic nucleus (STN), and the SN pars compacta/pars reticulata (SNpc/pr). In the rodent, however, due to unclear distinction between the caudate and the putamen, these nuclei are referred to as the striatum; the GPi is similarly referred to as the entopeduncular nucleus (Obeso et al., 2008). Numerous data have suggested that the basal ganglia are involved in movement controls as well as associative learning, planning, working memory and emotion (Pasupathy and Miller, 2005; Greenhouse et al., 2011). The motor symptoms of PD are considered to arise primarily from abnormalities of the basal ganglia function (Redgrave et al., 2010).  
The normal function of the basal ganglia requires a well-balanced firing of neurons. The striatum is considered the main input structure that receives glutamatergic projections from nearly all regions of the cerebral cortex (excluding the primary visual and primary auditory cortices) and dopaminergic inputs from the SNpc. All nuclei of the basal ganglia use γ-aminobutyric acid (GABA) as an inhibitory neurotransmitter, with the exception of the STN, which is the only glutamatergic nucleus of the network and provides excitatory outputs to the GPi/SNpr (Obeso et al., 2008).  
The connection between the striatum and the GPi/SNpr are divided into two separate and opposing pathways. In the direct pathway, striatal GABAergic projections arise to the GPi/SNpr, inhibiting activities of these nuclei. Decreased activities of the GPi/SNpr, in turn, disinhibit GABAergic inputs innervating to the thalamic relay nuclei, which leads to an increase of glutamatergic thalamocortical feedback to the cortex and a subsequent increase of movement. In the indirect pathway, inhibitory GABAergic inputs project from the striatum to the GPe subsequently reducing inhibitory projections to the STN. An enhanced activity in the STN thereby generates increased excitatory glutamatergic inputs to the GPi/SNpr, in turn, resulting in an enhancement of inhibitory projections to the thalamic relay nuclei. Hence, feedback to the motor cortex is reduced causing a decrease of movement (Mallet et al., 2006). 
Dopamine from the SNpc modulates glutamatergic corticostriatal inputs and exerts a dual effect on striatal GABAergic neurons through interactions with dopamine receptors: exciting neurons that co-express D1-like receptors, substance P and dynorphine in the direct pathway and inhibiting neurons that co-express D2-like receptors and enkephalin in the indirect pathway (Figure 1.1 A). Dopaminergic depletion in PD disrupts this balance leading to an over-activity of the indirect pathway and an under-activity of the direct pathway (Figure 1.1 B). The most important characteristic is an increased activity in the STN and the GPi/SNpr causing excessive inhibition of thalamocortical and motor nuclei (Salin et al., 2002; Redgrave et al., 2010).
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[bookmark: _Toc337663387][bookmark: _Toc341039139][bookmark: _Toc356079689]Figure 1.1: Connectivity diagrams of the basal ganglia in (A) healthy people and (B) patients with PD. Direct pathway (via D1-like receptors) runs from Cortex  Striatum  GPi/SNpr  Thalamic relay nuclei  Cortex. Indirect pathway (via D2-like receptors) runs from Cortex  Striatum  GPe  STN  GPi/SNpr  Thalamic relay nuclei  Cortex. The modulatory dopaminergic pathway is as purple; the excitatory glutamatergic pathways are as blue; and the inhibitory GABAergic pathways are as green. Larger arrows show enhanced transmission whereas the broken arrow shows depleted transmission.
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1.3. Dopamine receptors, dopaminergic systems and dopamine biosynthetic pathway
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Dopamine is a neurotransmitter involved in almost every aspect of brain function, including control of movement, cognition, emotion, sleep, mood, attention, learning, motivation, reward, and regulation of the endocrine system (Kelley and Berridge, 2002; Sesack and Carr, 2002; Prakash and Wurst, 2006). These actions are mediated through interactions of dopamine with its receptors. At least five distinct dopamine receptors have been identified and classified based on the basis of their pharmacological and biochemical characteristics. D1-like receptor subtype has two members: D1 and D5 receptors whereas D2-like receptor subtype includes D2, D3, and D4 receptors. These receptors are abundant in the striatum, with D1-like receptors principally located on striatonigral neurons and D2-like receptors mainly located on striatopallidal neurons (Missale et al., 1998). Such locations reflect their involvement in PD (as mentioned in section 1.2). 
Although both D1- and D2-like receptors are G protein-coupled receptors, different G protein subunits and effectors are involved in their signalling pathways. Binding of dopamine to D1-like receptors activates Gs subunit, which thereby stimulates adenylate cyclase activity and subsequently activates neurons projecting from the striatum to the GPi/SNpr in the direct pathway. In contrast, interaction of dopamine with D2-like receptors triggers Gi subunit, in turn suppressing the activity of adenylate cyclase and inhibiting the indirect pathway (Elsworth and Roth, 1997). 
[bookmark: _Toc370678274]1.3.2. Dopaminergic systems
In the CNS, dopaminergic neurons of the midbrain are the main source of dopamine. The highest concentration of these neurons resides in the ventral mesencephalon, which contains 90% of the total dopaminergic neurons in the brain (45,000 neurons in rat or 590,000 neurons in the fourth decade of human life) corresponding to 3-5% of total neurons in the SN (Vernier et al., 2004). 
[bookmark: _Toc339016710][bookmark: _Toc339016802][bookmark: _Toc340428684][bookmark: _Toc340756410][bookmark: _Toc341038738][bookmark: _Toc341090095][bookmark: _Toc341625292][bookmark: _Toc341730246]The mesencephalic dopaminergic system is divided into several subsystems. The best known, and of most relevance to this project, the nigrostriatal subsystem originates from the SNpc and projects to the dorso-lateral striatum. This subsystem has an essential role in the control of voluntary motor movements and postural reflexes. Hence, disruption of this pathway leads to motor symptoms as seen in PD (Obeso et al., 2008). The mesolimbic-cortical subsystems arise from the VTA and project into the nucleus accumbens, amygdala, and hippocampus (so-called mesolimbic subsystem) or into the prefrontal cortex (so-called mesocotical subsystem). These subsystems modulate cognitive and rewarding behaviours. Dysfunctions of these pathways are involved in addictive disorders, depression and schizophrenia (Kelley and Berridge, 2002; Sesack and Carr, 2002). 
Other dopaminergic systems originate from diencephalic dopaminergic neurons and innervate the amygdala (incertohypothalamic system) or the pituitary gland (tuberoinfundibular system). These systems take part in the neuro-endocrine control, for instance, the regulation of prolactin secretion. Blocking of dopamine receptors in these systems can cause abnormal lactation, visual problems, and sexual dysfunction (Prakash and Wurst, 2006).
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Dopamine is synthesized in a two-step reaction. The first (and rate-limiting) step is catalysed by tyrosine hydroxylase (TH). This enzyme converts L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) in a reaction requiring tetrahydrobiopterin (BH4) as a co-factor. Tyrosine is abundant in dietary proteins or can be converted from phenylalanine (another dietary protein) by phenylalanine hydroxylase. BH4 is produced from guanosine triphosphate through the action of guanosine triphosphate cyclohydroxylase 1 (GCH-1). In the second step, L-DOPA is decarboxylated into dopamine by aromatic L-amino acid decarboxylase (AADC), commonly known as dopa decarboxylase (Elsworth and Roth, 1997). Following synthesis in the cytosol of nigral dopaminergic neurons, dopamine is packaged into synaptic vesicles by vesicular monoamine transporters type 2 (VMAT-2) and released into the synaptic clefts in response to physiological stimuli (Nirenberg et al., 1996). Once released, dopamine binds to dopamine receptors, which are present on the membrane of striatal GABAergic neurons or cholinergic interneurons. As mentioned in section 1.3.1, depending on the subtype of dopamine receptors, this interaction stimulates (when D1-like receptors are activated) or inhibits (when D2-like receptors are activated) downstream signalling pathways. An amount of released dopamine is taken back into pre-synaptic dopaminergic terminals via dopamine transporters (DATs) and either repackaged in synaptic vesicles by VMAT-2 for later release or catabolised by intraneuronal monoamine oxidase (MAO)-A (Prasad and Amara, 2001). Unbound dopamine in synaptic clefts, but not transported back to nigral dopaminergic terminals, is taken up by glia and subsequently broken down by intracellular MAO-A, MAO-B or catechol-O-methyltransferase (COMT) into inactive chemicals, such as 3,4-dihydroxyphenylacetic acid and 3-methoxytyramine(Youdim et al., 2006), Figure 1.2.
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[bookmark: _Toc341039141][bookmark: _Toc356079690]Figure 1.2: Biosynthetic pathway of dopamine. Dopamine is synthesized from tyrosine in a two-step reaction with the participation of three different enzymes: TH, GCH-1, and AADC. Synthesized dopamine is packaged by VMAT-2 into synaptic vesicles and released in the synaptic cleft by membrane fusion. MAO-A, MAO-B or COMT metabolise unbound dopamine or re-transported intracellular dopamine (Adapted from Youdim et al. 2006).

[bookmark: _Toc370678276]1.4. Pathogenesis and aetiology of PD
[bookmark: _Toc340756412][bookmark: _Toc341038740][bookmark: _Toc370678277]1.4.1. Pathogenesis of PD
Mechanisms underlying the loss of nigral dopaminergic neurons in PD remain unclear. However, there is a general consensus suggesting that mitochondrial dysfunction, oxidative stress, impaired proteasome system, and inflammatory changes may all contribute to cellular dysfunction and subsequent cell death (González-Hernández et al., 2010; Schapira and Jenner, 2011). 
Mitochondria are crucial cellular organelles involving in various important cellular processes, such as ATP synthesis (Hatefi, 1993), Ca2+ homeostasis and apoptosis (Chan et al., 2006). Mitochondrial dysfunction in PD has been identified as a systemic deficiency of mitochondrial complex I (Schapira et al., 1990), which blocks the electron transport chain of the mitochondrial respiratory system. This blockage leads to an enhanced production of reactive oxygen species (ROS), such as hydroxyl, superoxide, and peroxide radicals causing oxidative stress (Schapira, 2008). Another source of oxidative stress, which is unique to dopaminergic neurons, is dopamine itself. Indeed, numerous studies have indicated that cytosolic dopamine forms ROS and dopamine quinones during its metabolism and auto-oxidation. Free radicals and quinones can react with lipids, DNA, and susceptible amino acids (e.g., cysteine and methionine) causing direct cell damage. These by-products can also modify protein structures leading to inactivation of protein function and subsequent cytotoxicity and cell death (Miyazaki and Asanuma, 2008). 
In turn, increased oxidative stress can induce abnormalities of mitochondrial function, which thereby result in decreased ATP synthesis (Schapira, 2008). Loss of cellular ATP prevents the transport of Ca2+ between the mitochondria and the cytosol (an ATP-requiring process). As a result, dysfunction of Na+/Ca2+ exchanger at the inner mitochondrial membrane causes mitochondrial accumulation of Ca2+ (Chan et al., 2006). Dysbalance of Ca2+ homeostasis subsequently stimulates ROS production resulting in glucose deprivation and impaired respiration (Gandhi et al., 2009). Oxidative stress, together with Ca2+ accumulation and reduced ATP levels, increases the permeability of mitochondrial membranes. This leads to an opening of mitochondrial transition pores and a subsequent release of apoptotic proteins (e.g., cytochrome c and pro-caspases) into the cytosol triggering apoptosis (Berman and Hastings, 1999).
The ubiquitin-proteasome system is the primary biochemical pathway responsible for the degradation of misfolded or damaged proteins; and therefore vital in maintenance of the intracellular protein homeostasis (Jung et al., 2009). Under chronic oxidative stress conditions seen in PD, the amount of misfolded proteins loaded into the proteasome is significantly elevated, overwhelming the capacity of this system and in turn increasing the formation of protein aggregates (McNaught et al., 2003; Bedford et al., 2008). As the ubiquitin-proteasome system requires ATP for its activities, mitochondrial dysfunction and ATP depletion may also contribute to the impairment of this system (Carvalho et al., 2012). Whether the dysfunction of ubiquitin-proteasome system is a specific consequence of nigral cell loss in PD is unclear. However, systemic administration (by subcutaneous injection) or micro-injection into the median forebrain bundle (MFB) of proteasome inhibitors (e.g., proteasomal inhibitor-1, epoximycin, lactacystin) has caused motor deficits and nigral dopaminergic neurodegeneration in experimental rats (Zeng et al., 2006; Pan et al., 2008). 
The participation of inflammatory processes in PD is suggested by an increased number of microglia immunoreactive for the major histocompatibility complex class II in the SN and the putamen of PD patients (Imamura et al., 2003). Activated microglia can stimulate multiple intracellular signalling pathways releasing pro-inflammatory cytokines (e.g., tumour necrosis factor-α, interleukin-1β) which can cause neurotoxicity. Indeed, adeno viral vector (AdV)-mediated over-expression of the gene for tumour necrosis factor α in association with microglia activation has been demonstrated to cause nigral dopaminergic cell death in experimental rats; however, the cytotoxicity was only detected from day 14 following vector administration (De Lella Ezcurra et al., 2010). Inflammatory responses from activated microglia are also suggested since nigral administration of an inflammogen lipopolysaccharide could lead to a marked reduction of dopaminergic neurons in treated rats (Iravani et al., 2005a).
It is probable that mitochondrial dysfunction and impaired proteasome function are the two main reasons for PD pathogenesis. However, this hypothesis is challenged by a particular degeneration of dopaminergic neurons within the SNpc. As mentioned, the production of ROS and dopamine quinones during dopamine metabolism and auto-oxidation is possibly the first reason leading to this specific death. The physiology of dopaminergic neurons may be the second factor accounting for their vulnerability. Unlike other neurons in the brain (including dopaminergic neurons in the VTA), which have their pacemaker activity driven by Na+ channels, nigral dopaminergic neurons use Ca2+ channels, thereby resulting in a large Ca2+ influx into the cytosol (Mosharov et al., 2009). Cytosolic Ca2+ is usually pumped back to the extracellular space by an ATP-dependent process for maintaining normal electrophysiological properties of the neurons. ATP synthesis may therefore be over-activated leading to an increase of ROS (Guzman et al., 2010). Moreover, under normal conditions, levels of cytosolic dopamine are balanced by two ATP-requiring activities: dopamine packaging into synaptic vesicles by VMAT-2 and dopamine re-uptake from synaptic clefts by DAT (Sala et al., 2010). Depletion of ATP due to mitochondrial dysfunction may diminish these activities causing an increase in levels of dopamine, and in turn increased ROS and dopamine quinone levels, in the cytosol that accelerate cell death. In particular comparison to dopaminergic neurons in the VTA, nigral dopaminergic neurons have a higher DAT/VMAT-2 ratio. The resulting higher levels of dopamine re-transported than sequestered enhance cytosolic dopamine concentrations, which may severely affect the susceptibility of these neurons (González-Hernández et al., 2004).
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In term of aetiology, researchers have estimated that an average person over age 45 loses dopaminergic neurons at a rate of almost 1% per year (Dauer and Przedborski, 2003). Indeed, the number of nigral dopaminergic neurons is about 590,000 during the fourth decade of human life but drops to an average of about 350,000 in the sixth decade. Once the number of remaining dopaminergic neurons declines below 30% of normal, motor symptoms of PD appear and become more severe as the cell loss continues (Vernier et al., 2004). 
Thus, ageing remains the number one risk factor for people to develop PD. However, there are some contributions from both genetic and environmental factors. Fifteen PD-related gene mutations have been identified at present (Table 1.1, adapted from Fann, 2010) which are responsible for both dominant and recessive forms of familial PD (Fahn, 2010). These genes either directly or indirectly affect functions of the mitochondria and ubiquitin-proteasome system. Recent studies have shown that overexpression of some of these genes (e.g., Parkin or PTEN-induced putative kinase 1) can rescue dopaminergic neurodegeneration in 6-OHDA-lesioned rats (Vercammen et al., 2006).
In addition, lifestyle-associated factors have been reported to be involved in the risk of developing PD. However, it remains unclear at this time whether their influences are positive or negative. Cigarette smoking, coffee drinking and oestrogen intake appear as factors decreasing the risk of PD (Currie et al., 2004; Palacios et al., 2012). In contrast, farming, rural living and well water drinking are associated with high risk of PD. Some chemicals used as pesticides (e.g., rotenone) or herbicides (e.g., paraquat) have been identified can cause dopaminergic cell death (Heikkila et al., 1985; Jiao et al., 2012). Of interest, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), an environmental factor, has been widely used as a selective neurotoxin of dopaminergic neurons to create several animal models of PD. Details of its involvement in PD are discussed in the following section 1.5.1.
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Table 1.1: Genetic linkage and gene identification in PD 
	Name and locus
	Gene (symbol)
	Mode of inheritance; pathological and clinical features
	Protein function

	PARK1, 4p21
	α-Synuclein (SCNA)
	Autosomal dominant; Lewy bodies; onset in 40's; dementia, hallucination, autonomic dysfunction
	Possibly synaptic vesicle trafficking

	PARK2, 6q25.2-q27
	Parkin (PRKN)
	Autosomal recessive; often juvenile onset without Lewy bodies; slowly progressive
	Ubiquitin E3 ligase, attaches short ubiquitin peptide chains to a range of proteins, likely to mark degradation

	PARK3, 2p13
	Unknown
	Autosomal dominant; Lewy bodies; indistinguishable from idiopathic PD
	Unknown

	PARK4, 4q21
	Multiple copies of wild-type a-synuclein (SCNA)
	Autosomal dominant; wide range of symptoms from idiopathic PD to dementia with Lewy bodies
	See PARK1

	PARK5, 4p14
	Ubiquitin-C-terminal hydroxylase L1 (UCH-L1)
	Possibly autosomal dominant; onset ~50; indistinguishable from idiopathic PD 
	Removes polyubiquitin

	PARK6, 1p35-p36
	PTEN-induced kinase 1 (PINK1)
	Autosomal recessive; onset 30-40
	Mitochondrial kinase; modulates mitochondrial dynamics

	PARK7, 1p36
	DJ-1 (DJ-1)
	Autosomal recessive; onset 30-40
	Possible atypical peroxiredoxin and may play a role in apoptosis

	PARK8, 12q12
	Leucine-rich repeat kinase 2 (LRRK2)
	Autosomal dominant; nigral degeneration, Lewy bodies; also tau pathology; onset ~60; indistinguishable from idiopathic PD
	Probably a mitochondrial kinase

	PARK9, 1p36
	Lysosomal ATPase (ATP13A2)
	Autosomal recessive; Kufor-Rakeb syndrome, a Parkinson-plus disorder; juvenile onset
	Lysosomal ATPase

	PARK10, 1p32
	Unknown
	Autosomal recessive; typical late-onset
	Unknown

	PARK11, 2q37.1
	Unknown
	Autosomal dominant, indistinguishable from idiopathic PD
	Unknown

	PARK12, Xq21-q25
	Unknown
	X-linked recessive
	Unknown

	PARK13, 2p12
	Serine protease (HTRA2)
	Autosomal dominant; indistinguishable from idiopathic PD
	Serine protease primarily localized in the endoplasmic reticulum and mitochondria

	PARK14, 22q13.1
	Phospholipase A2 (PLA2G6)
	Autosomal recessive; also with dystonia and ataxia; infants and children
	Phospholipase A2

	PARK15, 22q12-q13
	F-box only protein 7 (FBXO7)
	Autosomal recessive; early onset
	Component of modular E3 ubiquitin protein ligase, which function in phosphorylation-dependent ubiquitination

	Glucocerebrosidase, 1q21
	(GBA)
	Autosomal dominant; indistinguishable from idiopathic PD
	Lysosomal enzyme

	POLG1, 15q25
	Polymerase gamma (POLG1)
	Autosomal recessive
	DNA polymerase gamma 1
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Traditionally, models of PD are generated by the use of neurotoxins. The most common of which are MPTP and 6-hydroxydopamine (6-OHDA) (Schober, 2004). 
[bookmark: _Toc370678280]1.5.1. MPTP
MPTP is a by-product generated during the synthesis of an illicit drug, meperidine. MPTP crosses the blood-brain barrier and converts into 1-methyl-4-phenylpyridinium ion (MPP+) by glial MAO-B via oxidation. MPP+ is taken up by DAT and actively concentrated in dopaminergic neurons (Langston et al., 1984). There is evidence that MPP+ can interfere with mitochondrial complex I, causing ATP depletion and generating free radicals which in turn induce cell death (Heikkila et al., 1985). Hence, MPTP administration has been used to produce bilateral-lesioned animal models of PD, especially in mice and non-human primates (Meissner et al., 2003; Goldberg et al., 2011). Rats are relatively resistant to MPTP-induced neurotoxicity, probably due to an exceptional high level of MAO-B in brain microvessels, which quickly convert MPTP into MPP+. The MPP+, having poor lipid solubility, is consequently prevented from reaching dopaminergic neurons (Riachi et al., 1991). Although the delivery of MPTP does not require stereotaxic surgery, peripheral administration leads to uncontrolled concentrations of MPTP in the brain and subsequent unpredictable lesion development, causing a high variability between lesioned animals (Alvarez-Fischer et al., 2008). 


[bookmark: _Toc370678281]1.5.2. 6-OHDA
6-OHDA, a hydroxylated analogue of dopamine, was originally isolated in 1959 by Senoh and Witkop and its biological effects were first demonstrated in 1960 by Porter et al. (Schober, 2004). Although the exact mechanism underlying 6-OHDA neurotoxicity is unclear, current understanding suggests that 6-OHDA initiates neurodegeneration through a combination of oxidative stress and mitochondrial dysfunction. Following its administration, 6-OHDA is taken up into dopaminergic or noradrenergic neurons via DAT or noradrenaline transporters respectively. The toxicity of 6-OHDA is selective to these neuronal cell types possibly due to its structural similarity to dopamine and noradrenaline and its consequent high affinity to DAT and noradrenaline transporters (Roberts et al., 1975). Once inside the neurons, 6-OHDA readily oxidizes and generates ROS via auto-oxidation (Soto-Otero et al., 2002). As 6-OHDA poorly crosses the blood-brain barrier, its administration requires the use of stereotaxtic surgery (Schober, 2004). 
A bilateral 6-OHDA lesion is supposed to mimic PD in human more closely and can prevent compensatory sprouting of axons from the intact hemisphere (Bowenkamp et al., 1997; Sajadi et al., 2006). However, since bilateral lesions often cause severe loss of nigral dopaminergic neurons resulting in extreme depletion of striatal dopamine levels, lesioned animals usually require gavage-feeding and are associated with a high level of mortality (Deumens et al., 2002; Ferro et al., 2005). Hence, 6-OHDA lesioning is commonly performed on one hemisphere to produce a unilateral-lesioned model. The most advantage of this is the intact hemisphere acts as an inner control for neurochemical and histological analysis, and for drug-induced rotational tests (Perese et al., 1989).
In PD pre-clinical trials, unilateral 6-OHDA administration has been widely used to generate various animal models corresponding to different severity levels of PD. In rats particularly, 6-OHDA can be injected into one of three target sites within the CNS: the MFB, the SNpc, and the striatum. Injection into the MFB, which contains densely packed ascending neurons of the nigrostriatal pathway, provides a suitable model of advanced stage of PD (Perese et al., 1989). MFB lesioning can cause a nearly complete degeneration of dopaminergic neurons in the SNpc; such destruction is usually observed from 72 hours and stable at week 2 post-lesioning (Walsh et al., 2011). However, a disadvantage of MFB lesion models is an extensive loss of about 50% neurons in the VTA, which are relatively spared in PD (Heuer et al., 2013). Similarly, direct injection of 6-OHDA into the SNpc depletes rapidly (within 24 hours) about 90% dopaminergic neurons in this region, indicating another approximate model of advanced PD (Ungerstedt, 1968). Due to the small size of the SNpc, it is difficult to inject 6-OHDA into this structure without lesioning adjoining structures such as the VTA (Perese et al., 1989). Conversely, intrastriatal 6-OHDA lesion can be easily performed but the large size of the striatum leads to a more protracted retrograde degeneration of dopaminergic neurons within the SNpc, taking 1-3 weeks for a stable lesion to develop (Blandini et al., 2007). Striatal administration is estimated to cause a reduction of 60-80% striatal dopamine levels which corresponds to a depletion of 50-60% of dopaminergic cells in the SNpc (Kirik et al., 1998). Hence, intrastriatal 6-OHDA lesion is considered to generate a good model for early and moderate stages of PD to examine, for instance, the effects of neurotrophic therapy - the main purpose of this project. 
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In the late 1960s, researchers discovered that L-DOPA (a dopamine precursor) when administered by intravenous injection provided substantial relief of akinesia in PD patients (Birkmayer and Hornykiewicz, 1998). Indeed, after systemic administration, L-DOPA is dynamically delivered into the brain and subsequently converted to dopamine (Hardie et al., 1986). Increased dopamine concentration, in turn, can reduce tremor and enhance movement speed in treated PD patients. The effects were demonstrated to reach maximum levels within 2-3 hours and last (in diminishing intensity) for 24 hours post-injection. However, several side-effects, including sweating, nausea, high blood pressure, and increased heart beats were observed (Birkmayer and Hornykiewicz, 1998). Despite these undesirable effects, L-DOPA has remained the most effective agent for the relief of PD symptoms. As the therapeutic effects of L-DOPA depend on the presence of nigral dopaminergic neurons that degenerate relentlessly, L-DOPA works effectively for the first 2-5 years but the efficiency decreases over time as the progression of PD advances (Mercuri and Bernardi, 2005). 
A further limitation of using L-DOPA is the “wearing-off” phenomenon, which occurs when a given dose of L-DOPA lasts for less time each dose. Due to its systemic delivery (by intravenous injection or oral administration), L-DOPA therapy also causes several side-effects, such as motor fluctuations and dyskinesias (uncontrollable movements) (Schrag and Quinn, 2000). Therefore, co-administration of L-DOPA and peripheral AADC inhibitors (e.g., carbidopa, benserazide) or COMT inhibitors (e.g., entacapone, tolcapone) (Goetz et al., 1988; Müller et al., 2007; Hauser et al., 2013) has been used to control the wearing-off effect by blocking the peripheral metabolism of L-DOPA. This consequently prolongs the half-life of circulating L-DOPA and further enhances L-DOPA availability in the brain. 
Additional anti-parkinsonian agents, such as MAO-B inhibitors (selegiline, rasagiline) or mixed dopamine receptor agonists (apomorphine, ropinirole, pramipexole, rotigotine), have been reported as useful monotherapy for PD treatment in the early stages. These are also considered as adjunctive therapy to L-DOPA to reduce the severity of motor complications in long-term L-DOPA treatment in advanced PD (Shoulson et al., 2002; Olanow et al., 2009). MAO-B inhibitors can reduce the breakdown of dopamine and thus increase its synaptic concentration. In turn, this elevates the amount of dopamine taken back up into pre-synaptic dopaminergic terminals by DAT (Youdim et al., 2006). MAO-B inhibitors, however, are associated with a worsening of L-DOPA-induced side-effects in some patients (Churchyard et al., 1997). Dopamine receptor agonists, on the other hand, act directly on dopamine receptors and likely mimic actions of dopamine, without generating free radicals or toxic metabolites for dopaminergic neurons. However, an incidence of side-effects (e.g., nausea, postural hypotension) similarly occurs in the treatment with dopamine receptor agonists, possibly due to a stimulation of dopamine receptors in the periphery (Bonuccelli et al., 2009). 
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Surgery has been applied for PD patients who cannot tolerate adverse side-effects from the long-term medication treatment but still have significant cognitive capacity (Schwalb and Hamani, 2008). Before the discovery of L-DOPA, stereotaxtic surgery was used to ablate a portion of the thalamus (thalamotomy) or the globus pallidus (pallidotomy) for alleviation of rigidity and tremor in PD patients. These invasive techniques were decreased and almost abandoned for years. Surgery was reintroduced in the 1990s when advances in neuro-imaging and electrophysiology allowed more accurate localization of the electrodes (Roberts-Warrior et al., 2000; Su et al., 2003). In particular, a surgical treatment for PD called deep brain stimulation (DBS) has been developed to improve L-DOPA-induced “off” period function. The technique provides high frequency electrical pulses sent via electrodes that are implanted into a deep brain structure such as the GPi or the STN (Laitinen et al., 1992; Limousin et al., 1995). In those treated PD patients, significant improvements in overall quality of life (e.g., mobility, activities of daily living, emotional well-being, cognition, verbal fluency) have been reported; with GPi-targeted DBS providing better results (Zahodne et al., 2009). 
In DBS, the shape and location of the electrodes; the frequency, width and intensity of the electrical pulse can be optimised easily allowing individual therapy. However, several cases of equipment failure and infection at implantation sites have been reported. DBS has been also associated with serious adverse effects causing seizures and even the death of patients (Clausen, 2010; Greenhouse et al., 2011). In addition, only about 5-10% of PD patients are candidates for this technique which is expensive and requires advanced medical care facilities (Weaver et al., 2012). These disadvantages make DBS a therapy of choice for only a minority of PD patients.
[bookmark: _Toc328936980][bookmark: _Toc339016716][bookmark: _Toc340756418][bookmark: _Toc341038746][bookmark: _Toc370678285]1.6.3. Transplantation of dopamine-producing cells
Cell therapy for PD treatment has been a promising area of research for the last thirty years. Indeed, intrastriatal transplantation of foetal ventral mesencephalic (VM) cells (Studer et al., 1998) or embryonic stem cell-derived dopaminergic neurons (Kim et al., 2002) has shown a recovery of motor function in 6-OHDA-lesioned rats. Subsequent clinical trials using human foetal tissue transplants have demonstrated significant benefits with this treatment in some PD patients (Freed et al., 2001). However, these effects did  not repeat in larger trials probably due to the amounts and modes of tissue engraftment, ages of patients, stages of the disease, capacities of cell differentiation, and levels of immuno-suppression (Wijeyekoon and Barker, 2009). Further, several obstacles have remained to be surpassed, including ethical and practical problems, tissue availability, graft-induced dyskinesias, and the risk of tumour formation (Hagell et al., 2002; Brederlau et al., 2006). A recent technology using induced pluripotent stem cells, which are generated from adult somatic cells by an introduction of reprogramming factors (Takahashi and Yamanaka, 2006), has probably alleviated some of these concerns and further introduced a possibility of unlimited source of PD patient-specific dopaminergic neurons. Transplantation of dopaminergic neurons, which are generated from mouse- or PD patient-derived induced pluripotent stem cells, into the striatum of 6-OHDA-lesioned rats has displayed graft survival up to 16 weeks post-transplantation and an amelioration of functional deficits in treated animals (Wernig et al., 2008; Hargus et al., 2010). Accordingly, the use of induced pluripotent stem cells has offered some potential advantages in PD therapy. However, prior to be considered as a therapy for the treatment of PD, several limitations of the technology need to be minimized. These include the expensive cost, the time-consuming nature of research, the standardization of dopaminergic neuron generation, and the risk of tumour formation (Pu et al., 2012). Importantly, researchers have been warned of the presence of Lewy body-like inclusions positive for α-synuclein in the brain of PD patients who received intraputaminal transplantation of human embryonic VM more than a decade prior to their deaths (Kordower et al., 2008; Li et al., 2008). Such phenomenon has been explained by an intercellular transfer of α-synuclein from host to grafted dopaminergic neurons through endocytosis (Desplats et al., 2009; Hansen et al., 2011).
In summary, drug therapy, surgical approaches or cell transplantation merely provide some symptomatic benefits. However, their effects are often associated with several limitations and importantly do little to halt the progression of PD.
[bookmark: _Toc328936981][bookmark: _Toc339016717][bookmark: _Toc340756419][bookmark: _Toc341038747][bookmark: _Toc370678286]1.7. Gene therapy for neurodegenerative diseases of the CNS
Gene therapy is defined as an experimental technique that delivers genetic materials into specific cells in order to recover function of abnormal gene(s) or introduce new gene(s). Among different gene therapy systems, gene delivery using viral vectors has so far remained the most popular approach since it has been used in about two thirds of clinical trials to date (Ginn et al., 2013). Gene therapy is currently also the most promising method to transfer therapeutic genes for the treatment of neurodegenerative diseases of the CNS, such as PD, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis, stroke, and epilepsy (Lim et al., 2010). Among the many viral-based vectors, adeno-associated viral vectors (AAVs), adeno viral vectors (AdVs), herpes simplex viral vectors (HSVs), and lentiviral vectors (LVs) are four vector systems that have been widely used. The main advantages and disadvantages of each of these are summarized in Table 1.2 below:
	[bookmark: _Toc337666450][bookmark: _Toc341040352]
	AAVs
	AdVs
	HSVs
	LVs

	Genomic DNA
	ssDNA
	dsDNA
	dsDNA
	ssRNA

	CNS tropism
	Neurons and astrocytes
	Neurons and astrocytes
	Neurons
	Neurons and astrocytes

	Transgene capacity
	Up to 5 kb
	Up to 36 kb
	Up to 150 kb
	Up to 8 kb

	Expression duration 
	Months-years
	Weeks-year
	Weeks-year
	Months-years

	Immune response
	Low
	High
	High
	Low

	References
	Tenenbaum et al., 2004
	Akli et al., 1993
	Kennedy, 1997
	Blömer et al., 1997


[bookmark: _Toc356080247] Table 1.2: Properties of four common viral vectors in gene therapy for neurodegenerative diseases

At this time, an ideal vector system for clinical application in the CNS, and in particular of relevance to PD, appears as an open question. Better viral vector system(s) and the ways to transfer safely the vectors into the CNS are being developed. Many studies are also investigating more potential therapeutic genes and the methods to ensure these genes restrict their effects in target brain areas (Kato et al., 2011; Manfredsson and Mandel, 2011; Richardson et al., 2011; Stewart et al., 2011; White et al., 2012).   
Although AAVs have been widely used in both PD pre-clinical and clinical therapies (Bankiewicz et al., 2006; Marks et al., 2010; LeWitt et al., 2011; Richardson et al., 2011; Cederfjäll et al., 2012; Drinkut et al., 2012), LVs have recently challenged this dominant position of AAVs. Indeed, LVs are an attractive system for gene therapy, with many positive features derived from their biology and extensive vector development, such as large transgene capacity, low immunogenicity (Abordo-Adesida et al., 2005), enhanced cell-specific targeting through vector pseudotyping (Cannon et al., 2011), and relatively simple production (Dull et al., 1998). LVs can also transduce many cell types of the CNS (Blömer et al., 1997; Jakobsson et al., 2003), including dividing as well as non-dividing cells, with stable long-term expression of the transgene (Bartus et al., 2007). In particular, effective transgene expression can be obtained at low vector doses, 3-4 logs lower than with AAVs (Decressac et al., 2011; Hutson et al., 2012). LV application, therefore, may be a significant advantage considering the potential for side-effects, possibly associated with high vector doses (Bartus et al., 2011a; Drinkut et al., 2012). Hence, in this thesis, only LVs were used and only be discussed further, with an emphasis on the novel integration-deficient LVs (IDLVs).
[bookmark: _Toc328936997][bookmark: _Toc339016718][bookmark: _Toc340756420][bookmark: _Toc341038748][bookmark: _Toc370678287][bookmark: _Toc328936982]1.8. Lentiviruses and developments of LVs
[bookmark: _Toc328936998][bookmark: _Toc339016719][bookmark: _Toc340756421][bookmark: _Toc341038749][bookmark: _Toc370678288]1.8.1. Lentiviruses
Lentiviruses belong to Lentivirinae, or Lentivirus genus of Retroviridae family. Lentiviruses are characterized by a long incubation period between the initial infection and the onset of symptoms. Based on different host cell tropisms, lentiviruses are divided into two groups: (1) Primate lentiviral group includes human immunodeficiency virus (HIV-1 & HIV-2) and simian immunodeficiency virus; (2) Non-primate lentiviral group includes equine infectious anaemia virus (EIAV), caprine arthritis-encephalitis virus, maedi-visna virus, feline immunodeficiency virus, and bovine immunodeficiency virus (Clements and Zink, 1996).
The lentiviral genome is about 9.0 Kb and consists of two positive-sense single-stranded RNA molecules that are converted into cDNA (provirus) by a reverse transcription in the host cell cytoplasm. Both 5’ and 3’ ends of the provirus contain long terminal repeats (LTRs); each of which comprises 3’ unique elements (U3), repeat elements (R), and 5’ unique elements (U5). These LTRs have crucial roles in the reverse transcription of viral RNA, the integration of provirus into the host cell genome, and the viral gene expression. Other important sequences participating in reverse transcription include the primer binding site, the packaging signal, the central polypurine tract, the central termination sequence, and the polypurine tract. Once reverse transcription is completed, the pre-integration provirus and several proteins of the host cell form pre-integration complex and is subsequently transported into the host cell nucleus. Integration of the provirus into the host cell genome is then facilitated by the viral enzyme, integrase. Subsequent synthesis of viral RNA is performed by several transcription factors of the host cell. Post-transcriptional transport of the full-length viral RNA from the host cell nucleus to the cytoplasm is mediated by the viral Rev-response element (RRE). The transcribed RNA then serves as both genomic RNA for the next generation of the virus and mRNA for the translation of viral proteins. The viral gag and env genes are responsible for viral structural proteins: matrix, capsid, nucleocapsid, and envelope glycoproteins whilst the pol gene encodes viral enzymatic proteins: reverse transcriptase, integrase, and protease. Other viral proteins are translated from vif, vpr, vpu, nef (for accessory proteins) and tat, rev (for regulatory proteins) (Figure 1.3). Some of these enzymes, for example those encoded by nef or vif, can trigger the immune response of the host cell (Pluta and Kacprzak, 2009; Watts et al., 2009). 
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[bookmark: _Toc356079691]Figure 1.3: Schematic structures of wild-type HIV-1 virus and proviral genome. (A) The structure of HIV-1 virus with key features is shown. The surface and transmembrane glycoproteins are responsible for cell entry. The matrix and capsid proteins separate the outer lipid envelope from the inner viral core that contains two copies of viral RNA, nucleocapsid proteins, and 3 enzymes: reverse transcriptase, integrase, and protease. These enzymes are essential for viral transcription, integration and gene expression. (B) Proviral genome contains 9 genes (gag, pol, vif, vpr, tat, vpu, env, ref, nef) and several cis-acting elements having crucial roles in the reverse transcription of viral RNA (PBS - primer binding site, cPPT - central polypurine tract, CTS - central termination sequence, PPT - polypurine tract), viral integration (attL, attR), post-transcriptional transport of viral transcript (RRE) and packaging of genomic RNA (ψ). Images were obtained from hivbook.com (in A) or adapted from Pluta and Kacprzak, 2009 (in B).
[bookmark: _Toc328936999][bookmark: _Toc339016720][bookmark: _Toc340756422][bookmark: _Toc341038750][bookmark: _Toc370678289]1.8.2. Developments of LVs
The earliest LVs produced in 1989 were replication-competent HIV-1 vectors. These LVs were used to study the effect of anti-HIV-1 drugs through an activity of chloramphenicol acetyltransferase; the gene for which was inserted to replace the viral nef gene (Terwilliger et al., 1989). To enhance the safety of these vectors, viral components were first separated into two plasmids. The first plasmid contained a provirus construct having depletion in the env gene and the nef gene was replaced by the gene for chloramphenicol acetyltransferase. The second plasmid had the rev and env genes placed under the control of HIV-1 LTR (Helseth et al., 1990). Since these LVs were derived from the pathogen HIV-1, a high risk of generating replication-competent vectors appeared as a major concern. Hence, numerous generations of LVs have been developed, each with an enhanced safety profile compared to the previous one. 
The first generation LVs have employed three plasmids. (1) The packaging plasmid has contained all viral genes encoding for accessory, regulatory, and enzymatic proteins. (2) The transfer plasmid has contained viral cis-acting elements necessary for the efficient viral packaging, reverse transcription, nuclear import, and integration into the genome of infected cells. (3) The envelope plasmid has contained the gene for an envelope glycoprotein replacing the HIV env gene; for this, the vesicular stomatitis virus G protein (VSV-G) has been commonly used. By splitting viral components, this vector system has allowed the delivery of transgene(s) with a reduced production of replication-competent vectors (Poznansky et al., 1991). 
To improve the biosafety, the second generation LVs have been designed. A similar three-plasmid system has been used. However, all viral accessory genes (vif, vpr, vpu, nef), which are associated with the viral virulence and cytotoxicity, have been removed from the packaging plasmid (Zufferey et al., 1997). For further safety enhancement, the third generation LVs using a four-plasmid system have been developed. Within this system, all non-essential viral genes (tat, vif, vpr, vpu, nef) have been removed. The remaining viral components have been split into several parts with the aim of minimizing the possibility of viral mobilisation and generation of replication-competent vectors (Dull et al., 1998). In these viral vector systems, only the transfer plasmid has native LTRs, RNA transcription of the packaging and envelope plasmids therefore is driven by an internal promoter derived from other viruses; usually promoter from cytomegalovirus (CMV) or rous sarcoma virus (RSV) is employed. Also, the polyA is obtained from simian virus 40 (SV 40) (Pluta and Kacprzak, 2009). 
Another strategy to improve the biosafety is the development of self-inactivating (SIN) LVs with a portion of a 400-bp sequence within the U3 region of the viral 3'LTR (Miyoshi et al., 1998). During reverse transcription, this defective region is reproduced in the 5’LTR, consequently inactivating both viral LTRs and preventing the production of full-length viral RNA after provirus integration. A ubiquitous promoter, such as CMV, is therefore inserted into the viral 5'LTR (replacing the defective U3 region) to control the expression of the entire viral RNA. Hence, the risk of generating replication-competent vectors in these SIN-LVs is significantly reduced (Dull et al., 1998).
Moreover, LVs have been developed to enhance the expression of transgene(s). An insertion of a Woodchuck hepatitis virus post-transcriptional regulatory element (WPRE) in the 3’ untranslated region of the viral transcript has been commonly used (Zufferey et al., 1999). The presence of WPRE can reinforce 3' end formation, RNA stability and nuclear export; such improvement can increase the expression of total viral mRNA by more than ten times (Higashimoto et al., 2007). Although this enhancement is useful, it has been notable that the wild-type WPRE contains an open reading frame for a truncated peptide of the Woodchuck hepatitis virus X gene, which may be associated with hepatocellular carcinomas (Kingsman et al., 2005). This disadvantage has been subsequently overcome by a mutation inserted into the open reading frame of X gene, without significantly altering enhancement activities of the WPRE (Schambach et al., 2006).
In addition, transgene expression can be induced by the choice of promoters specific to the target cells. Most studies in the CNS using LVs have so far relied on strong and ubiquitous promoters, such as CMV or phosphoglycerate kinase 1 promoter (Blömer et al., 1997; Déglon et al., 2000). However, by using cell type-specific promoters, expression of the transgene can be restricted to the desirable cell population, in turn leading to a maximal level of transgene in the target region. Previous studies have shown that LVs carrying human synapsin 1 (SYN), neuron-specific enolase, calcium/calmodulin-dependent protein kinase II, tubulin-α I, enlongation factor 1α, or platelet-derived growth factor β chain promoter can allow expression preferentially in neuronal cells in various brain areas; of those, SYN promoter has provided the highest neuronal specificity (Jakobsson et al., 2003; Hioki et al., 2007). In contrast, vectors containing human glial fibrillary acidic protein (GFAP) promoter express transgenes in the majority of astrocytes (Jakobsson et al., 2003; Li et al., 2010). 
A further improvement in the development of LVs has been greatly achieved by vector pseudotyping; such a technique replaces the viral envelope glycoprotein with an envelope glycoprotein derived from other viruses. This approach not only enhances the safety but also expands the tropic range of LVs. The first pseudotyped-LVs had the viral envelope glycoprotein replaced with VSV-G (Naldini et al., 1996). VSV-G facilitates vector entry through an endocytic pathway and thus diminishing the requirement for viral accessory proteins (e.g., viral Nef protein) for a full infectivity (Aiken, 1997). Although VSV-G-pseudotyped vectors have provided transduction to a broad range of cell types, non-specific gene delivery mediated by these vectors and the cytotoxicity of VSV-G when vectors are used at high doses - 107 eGFP transducing units (Watson et al., 2002) have raised a safety concern for their use in the clinic. Hence, envelope glycoproteins from other viruses have been utilized in vector construction to allow an efficient gene transfer into specific cell types. In gene therapy for the CNS particularly, glycoproteins derived from Mokola or Rabies viruses have resulted in neurotropism whilst those derived from Lymphocytic choriomeningitis, Moloney murine leukemia, or Ross River viruses have preferentially targeted glia (Kang et al., 2002; Cannon et al., 2011; Kato et al., 2011).
[bookmark: _Toc370678290]1.8.3. IDLVs
The integration property of the provirus into the infected cell genome is considered an important safety issue in LV-mediated gene delivery. Despite stable transgene expression, possible random integration of the provirus can cause insertional mutagenesis leading to de novo oncogenesis. To minimize this risk, an introduction of a mutation into the gene coding for viral integrase has been applied. Since integrase not only enables the provirus to be integrated into the infected cell genome but also has essential roles in viral reverse transcription and nuclear import of the provirus (Engelman et al., 1995), integrase mutants are categorised into two classes. Class II mutants have been generated by a complete deletion of the integrase region within the viral pol gene that causes a full disruption of integrase activities and thereby impairs multiple stages of the viral life cycle. Class I mutants, on the other hand, have been developed by an alteration of individual amino acids within the integrase region that inhibits viral integration but leaves other viral processes intact (Leavitt et al., 1996). Of many mutation target sites, a single change at position 64 (D64) in the catalytic core domain of the integrase has been most widely used. This strategy has displayed a nearly complete (at least 99%) inhibition of viral integration without affecting synthesis of the provirus or infectious titres (Leavitt et al., 1996; Apolonia et al., 2007).
As a consequence, failure to integrate into the genome of infected cells, provirus of these IDLVs forms double-stranded episomal circles (Nightingale et al., 2006). The episomes can be either 1-LTR circles generated from homologous recombination between the two viral LTRs or 2-LTR circles resulted from non-homologous end joining of the two viral LTR ends (Wanisch and Yáñez-Muñoz, 2009). Both 1- and 2-LTR episomes can express transgene(s) in both dividing and non-dividing cells. However, lacking in viral replication signals, these episomes are stable only in quiescent cells and are progressively diluted in proliferating cells. Indeed, using D64 mutant IDLVs, Yáñez-Muñoz et al. (2006) has demonstrated a comparable long-term transgene expression from IDLVs compared with their integrating counterparts in rodent ocular and brain cells in vivo, indicating a promising application of IDLVs in the post-mitotic CNS environment. 
[bookmark: _Toc340756423][bookmark: _Toc341038751]Surprisingly, most experiments using IDLVs to date have focused on a relatively short-time scale (weeks), with very few studies so far confirming the efficient and long-lasting CNS gene expression in vivo from IDLVs (Philippe et al., 2006; Apolonia et al., 2007; Rahim et al., 2009; Hutson et al., 2012). In particular, IDLVs have not been reported from any study of gene therapy for PD. For these reasons, IDLVs (and also the standard integration-proficient LVs, IPLVs) were investigated in this study as vehicles for transferring the genes of interest.
[bookmark: _Toc340756424][bookmark: _Toc341038752][bookmark: _Toc370678291][bookmark: _Toc339016722]1.9. Gene therapy approaches in PD
With respect of positive preclinical data, three main strategies of gene therapy have been developed. These are currently in phase I/II clinical trials and have been so far encouraging. Such approaches include: (1) restoring striatal dopamine levels by delivering the genes for dopamine-synthesizing enzymes; (2) reducing activity in the STN by gene transfer of glutamic acid decarboxylase (GAD); and (3) protecting/restoring the nigrostriatal pathway by the transfer of genes for neurotrophic factors (Broadstock and Yáñez-Muñoz, 2012).
[bookmark: _Toc370678292][bookmark: _Toc340756425][bookmark: _Toc341038753][bookmark: _Toc328936984][bookmark: _Toc339016724][bookmark: _Toc340756427][bookmark: _Toc341038755]1.9.1. Delivery of dopamine-synthesizing enzymes 
Over the last two decades, major efforts have been focused on the enzymatic biosynthesis pathway and the storage-release-reuptake mechanisms of dopamine (see section 1.3.3). Initially, a defective HSV system expressing human TH has been delivered into the denervated striatum of 6-OHDA-lesioned rats by stereotaxtic injection. Such gene transfer resulted in an increased dopamine synthesis in the rodent striatum (During et al., 1994). AAV-mediated co-transduction of the genes encoding for TH and GCH-1 in 6-OHDA-lesioned rats greatly increased the synthesis of dopamine compared with TH transduction alone (Kirik et al., 2002a). The approach has been later improved by gene transfer of three different monocistronic AAVs carrying TH, GCH-1 and AADC to the denervated striatum of rodent and non-human primate models of PD, both displaying enhanced dopamine levels (Muramatsu et al., 2002). A very recent research has reported that more convenient bicistronic AAVs delivering TH and GCH-1 were also efficacious in dopamine production in a 6-OHDA-lesioned rat model (Cederfjäll et al., 2012). To surpass the limited packaging capacity of AAVs (~4.5 kb), tricistronic-construct LVs with larger capacity (up to 8 kb) have been generated to deliver all-in-one the genes for TH, AADC, and GCH-1. These vectors offered a restoration of dopamine levels and corrected motor deficits in both 6-OHDA-lesioned rats and MPTP-treated non-human primates (Azzouz et al., 2002; Jarraya et al., 2009). Following such promising results, EIAV-derived LVs containing the genes for three above enzymes have been applied in a phase I/II clinical trial of PD (ProSavin program, Oxford BioMedica, Oxford, UK). Successful outcomes announced by the company have demonstrated long-term safety profiles together with an improvement in motor function of all participants up to 48 months (http://www.oxfordbiomedica.co.uk/page.asp?pageid=59&newsid=639, on 16/04/2012).
Interestingly, a single intrastriatal delivery of AAV-AADC into the denervated hemisphere of MPTP-lesioned non-human primates has also provided improvement of striatal dopamine levels and animal behaviour (responding to L-DOPA) for at least 6 years post-administration (Bankiewicz et al., 2006). Further application of this vector-based system in a phase I clinical trial of PD (Genzyme, California, US; clinicaltrials.gov identifier NCT00229736) has shown preliminary encouraging results in both stable putaminal AADC expression and improved mean scores on the unified PD rating scales in treated subjects over 4 years post-vector administration (Mittermeyer et al., 2012). In addition, to improve the ability of dopaminergic neurons to store and release synthesized dopamine, investigators have utilized HSVs delivering four genes for the TH, AADC, GCH-1 and VMAT-2 into the striatum of 6-OHDA-lesioned rats. Following vector administration, extremely high levels of dopamine were detected, which are three times more than using vectors lacking VMAT-2 (Sun et al., 2004). 
[bookmark: _Toc339016725][bookmark: _Toc340756428][bookmark: _Toc341038756][bookmark: _Toc370678293][bookmark: _Toc328936985]1.9.2. Strategies for changing basal ganglia structures
In PD, the STN is overactive due to the loss of inhibitory GABAergic inputs from the GPe (as described in section 1.2). DBS has been used to restore the activity of either the STN or the GPi. However, modulating the activity of these basal ganglia structures can also be addressed by gene therapy, with more convenience. Indeed, delivery of GAD into the STN has been recently considered as a promising approach in PD treatment. Since GAD is a rate-limiting enzyme for GABA production, vector-mediated GAD transfer in rodent models of PD can enhance GABA production in the STN subsequently improving animal behaviour (Fitzsimons et al., 2010). A phase I clinical trial infusing AAV-GAD into the STN of PD patients has demonstrated a significant and safe improvement in the motor unified PD rating scales in treated individuals (Kaplitt et al., 2007). A further phase II, double-blind clinical trial has been carried out (Neurologix, New Jersey, US), with primary analysis showing promising therapeutic effects on motor improvement (LeWitt et al., 2011). 
[bookmark: _Toc339016726][bookmark: _Toc340756429][bookmark: _Toc341038757][bookmark: _Toc370678294]1.9.3. Neurotrophic factors and mechanisms of neuroprotection
Although strategies of enzyme replacement and modulation of the STN have provided some advantages and are in phase I/II clinical trials, these ultimately offer symptomatic clinical benefits. For this limitation, an effective and safe gene therapy strategy for PD delivering neurotrophic factor(s) has been developed and considered as an approach for both symptomatic and disease-modifying benefits.
[bookmark: _Toc328936986][bookmark: _Toc339016727][bookmark: _Toc340756430][bookmark: _Toc341038758][bookmark: _Toc370678295]1.9.3.1. Neurotrophic factors 
Neurotrophic factors are secreted proteins that regulate some aspects of the development of the nervous system, such as neuronal survival, axonal growth and synaptic plasticity. Neurotrophic factors can protect cells from insults (neuroprotection), restore damaged cells from degeneration (neurorestoration) or stimulate formation of new cells in tissue that has been injured (neuroregeneration) (Toulouse and Sullivan, 2008). Some neurotrophic factors act only during specific periods of the development whilst others provide their functions throughout life (Farkas et al., 2003; Landi et al., 2007). 
Neurotrophic factors investigated in PD therapy can be grouped into several families based on the homology of the factors, their receptors, and common transduction pathways (Russell and Duman, 2002). Perhaps, the most widely expressed in the brain of these families is the neurotrophin family, which includes nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin 3, and neurotrophin 4 (Hyman et al., 1994; Sun et al., 2005; Stahl et al., 2011). 
The transforming growth factor-β (TGF-β) superfamily is another group of neurotrophic factors with a major relevance to PD (Farkas et al., 2003). This includes TGF-β type 1, 2, 3, and glial cell line-derived neurotrophic factor (GDNF) family comprising GDNF, neurturin, persephin and artemin (Alexi et al., 2000; Bartus et al., 2007; Emborg et al., 2009). 
A new conserved family of neurotrophic factors has been identified, with both neuroprotective and neurorestorative effects in the 6-OHDA-lesioned rat model of PD. This family currently has two members: conserved dopamine neurotrophic factor (Lindholm et al., 2007) and mesencephalic astrocyte-derived neurotrophic factor (Voutilainen et al., 2009).
Positive neurotrophic effects in animal models of PD have been additionally demonstrated through other trophic and growth factors. These are insulin-like growth factor 1 (IGF-1) (Ebert et al., 2008), fibroblast growth factor (FGF) (Sleeman et al., 2012), and vascular endothelial growth factor (Tian et al., 2007).
[bookmark: _Toc328936987][bookmark: _Toc339016728][bookmark: _Toc340756431][bookmark: _Toc341038759][bookmark: _Toc370678296]1.9.3.2. Mechanisms of neuroprotection 
Neurotrophic factors act as ligands and exert their effects through interactions with their receptors; most of these belong to the tyrosine kinase receptor family comprising of 20 subfamilies (Robinson et al., 2000). Generally, the ligand binds to its receptor and activates tyrosine kinase activity resulting in an auto-phosphorylation of the receptor. As a consequence, activated receptors can trigger either one, two, or three major intracellular signalling pathways, Figure 1.4 (Russell and Duman, 2002; Quesada et al., 2008; Lui et al., 2012); these include: 
(1) The phospholipase C-γ (PLC-γ) pathway, in which activated PLC-γ cleaves phosphatidylinositol phosphate into diacylglycerol and inositol-1,4,5 triphosphate releasing intracellular stores of Ca2+ from the endoplasmic reticulum. Released Ca2+ activates Ca2+/camodulin-dependent protein kinases leading to a production of cyclic adenosine monophosphate and a subsequent release of numerous neurotransmitters. 
(2) The phosphatidylinositol-3-kinase (PI3K) pathway that involves Akt (also known as protein kinase B). Once activated, Akt can either stimulate or inhibit the function of several downstream pathways. Such activations are suggested to maintain cellular homeostasis, inhibit apoptosis and regulate gene expression.  
(3) The Ras/ERK (extracellular signal-regulated kinase) pathway that is regulated by the activity of Ras proteins. These can initiate a cascade of kinases (e.g., Raf, MEK, ERK, JNK), in turn, triggering several signalling downstream pathways. For instance, activated ERKs can regulate neuronal survival, levels of neuronal enzymes and pacemaking of ion channels whilst JNK can regulate cell growth, differentiation, survival and apoptosis. 
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[bookmark: _Toc356079692]Figure 1.4: Protective mechanisms of neurotrophic factors. Neurotrophic factors bind to tyrosine kinase receptors and trigger three major intracellular signalling pathways: PLC-γ, PI3K/Akt, and Ras/ERK. The corresponding activities are responsible for cell proliferation, cell differentiation, cell survival, protein synthesis, and synaptic plasticity.                         	indicates  activation;          indicates  inhibition. The diagram was adapted from Russell and Duman (2002). Abbreviations and acronyms: NTF: neurotrophic factor; PLC-γ: phospholipase C-γ; DAG: diacylglycerol; IP3: inositol-1,4,5 triphosphate; PKC: protein kinase C; CaM: camodulin; PI3K: phosphatidylinositol-3-kinase; Akt: protein kinase B; Ras (rat sarcoma): GTPase protein; Raf (rapidly accelerated fibrosarcoma): proto-oncogen serine/threonine protein kinase; MEK: mitogen-activated protein kinase kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase.    

Based on an understanding of these neuroprotective mechanisms, gene therapy approaches employing various neurotrophic factors have been investigated for the treatment of PD (Sun et al., 2005; Lindholm et al., 2007; Tian et al., 2007; Marks et al., 2008; Voutilainen et al., 2009; Sleeman et al., 2012). Details of all of these factors are beyond the scope of this thesis; only GDNF (which has been extensively studied and far considered as the gold standard neurotrophic factor in PD treatment) and IGF-1 (a new potential neurotrophic factor for PD therapy) are therefore discussed. 
[bookmark: _Toc328936989][bookmark: _Toc339016730][bookmark: _Toc340756433][bookmark: _Toc341038760][bookmark: _Toc370678297]1.10. GDNF
[bookmark: _Toc328936990][bookmark: _Toc339016731][bookmark: _Toc340756434][bookmark: _Toc341038761][bookmark: _Toc370678298]1.10.1. Overview
GDNF was originally discovered in 1993 as a factor secreted by glial cells (Lin et al., 1993). The authors demonstrated that GDNF could promote survival of dopaminergic neurons and increase dopamine uptake in embryonic midbrain cultures. GDNF was then isolated from rat B49 glial cell line culture medium and categorised as a member of TGF-β superfamily (Lin et al., 1994). Since GDNF only shares about 20% homology with other members of this superfamily (TGF-β types 1, 2, 3), it has been later determined as the first member of the new GDNF family of neurotrophic factors, now including GDNF, neurturin, artemin, and persephin (Saarma, 2000). 
Neurotrophic actions of GDNF family are mediated by its interaction with a two-component receptor complex: (1) GDNF family receptor α (GFR-α) including four members (GFR-α 1, 2, 3, 4), which are glycosylphosphatidylinositol-linked cell surface receptors; (2) Ret tyrosine kinase receptors, which are cell surface receptors encoded by the c-ret proto-oncogene (Russell and Duman, 2002). Binding of each member of GDNF family to its receptor (GDNF, neurturin, artemin, and persephin preferentially binds to GFR-α1, GFR-α2, GFR-α3, and GFR-α4 respectively) forms a high-affinity complex. This complex then dimerizes two molecules of Ret receptor inducing specific tyrosine residues in the tyrosine kinase domains and subsequent intracellular signalling pathways (Bespalov and Saarma, 2007). Differences in GDNF signalling pathways through Ret receptors lead to significantly different cellular responses. The neuroprotective effects of GDNF on nigral dopaminergic neurons have been suggested to be a result of preferential binding of GDNF to the GFR-α1 in a dependent manner with Ret receptors (Trupp et al., 1996) although GDNF can activate intracellular signalling pathways through GFR-α in the absent of Ret receptors (Trupp et al., 1997). As a consequence of binding of GDNF to GFR-α, the Ras/ERK and PI3K/Akt pathways are stimulated that regulate protein synthesis, cell survival, cell differentiation, cell proliferation, cell migration, neurite outgrowth, synaptic plasticity, and apoptosis (Lui et al., 2012). 
In addition to specific effects on dopaminergic neurons (Pascual et al., 2008), GDNF supports other neuronal populations in the CNS, such as motor neurons, cholinergic neurons and noradrenergic neurons (Trupp et al., 1996; Nakajima et al., 2007; Peluffo et al., 2013). GDNF also regulates the survival and differentiation of many peripheral neurons, e.g. sympathetic, sensory, and enteric neurons (Tsui and Pierchala, 2010; Wang et al., 2010a). GDNF, moreover, has important roles in several non-neural organs, particularly during embryonic and neonatal periods; for example, in kidney development, spermatogenesis, and ureteric branching (Katoh-Semba et al., 2007). These multiple effects of GDNF are supported by a high expression of GDNF, GFR-α1 and Ret receptors in various regions of the adult brain (e.g., the striatum, the thalamus, the septum, the hippocampus, the SN, the olfactory bulb, the cerebrum) and the spinal cord (Trupp et al., 1997; Sarabi et al., 2003; Smith et al., 2003). GDNF is also detected in the retinal collecting duct and testicular Sertoli cells (Katoh-Semba et al., 2007). 
[bookmark: _Toc339016734][bookmark: _Toc340756436][bookmark: _Toc341038763][bookmark: _Toc370678299]1.10.2. GDNF therapy in PD
The discovery of GDNF neuroprotective effects on dopaminergic neurons in vitro by Lin et al. (1993) has prompted investigators into a new therapeutic stratagem to protect the scant remaining dopaminergic neurons in PD. Indeed, the potential neuroprotection and neurorestoration of GDNF have been rapidly and extensively examined from in vitro mesencephalic cell cultures to in vivo rodent and non-human primate models of PD; with almost all positive reports. In these pre-clinical PD models, GDNF has been administered by protein delivery (Tomac et al., 1995a; Eggert et al., 1999) or gene transfer via AdVs (Bilang-Bleuel et al., 1997), AAVs (Eslamboli et al., 2003), HSVs (Sun et al., 2005), or LVs (Kordower et al., 2000). The impressive outcomes then have prompted initial open-label, phase I clinical trials, which have indicated a continuous delivery of GDNF (or its relative, neurturin) by protein infusion or through a viral vector system is efficacious in advanced PD patients (Gill et al., 2003; Marks et al., 2008). However, such results were unfortunately not replicated in double-blind, phase II clinical trials (Lang et al., 2006; Marks et al., 2010). At this time, the exact mechanisms underlying this failure are unclear. Possible explanations include: (1) differences in therapeutic doses between human and animals and (2) poor diffusion of protein or vectors within the large area of the CNS (Salvatore et al., 2006). Moreover, effective protection of GDNF against neurotoxins has been successful only when GDNF was  injected into the same or nearby location of toxin administration (Kirik et al., 2000). This is probably a result of a limited diffusion of GDNF within the brain (Alfano et al., 2007). Hence, several trials are being undertaken to search for an effective, safe and stable system to deliver GDNF (Bartus et al., 2011a; Richardson et al., 2011). Currently, there are two clinical trials of PD investigating AAV2-GDNF (NINDS, Maryland, US; clinicaltrials.gov identifier NCT01621581) and AAV2-NTN, (Ceregene, California, US; clinicaltrials.gov identifier NCT00985517) which have been estimated to be completed in 2018 and 2014 respectively. In addition to these, the use of other factors, such as IGF-1, may provide an alternative strategy to prevent the progression of PD. 
[bookmark: _Toc328936993][bookmark: _Toc339016735][bookmark: _Toc340756437][bookmark: _Toc341038764][bookmark: _Toc370678300]1.11. IGF-1 
[bookmark: _Toc328936994][bookmark: _Toc339016736][bookmark: _Toc340756438][bookmark: _Toc341038765][bookmark: _Toc370678301]1.11.1. Overview
IGF family belongs to the insulin superfamily and includes two members: IGF-1 and IGF-2. These factors have similar molecular weight of about 7.5 kDa and are both known as somatomedins (“somato” relates to somatotrophin – growth hormone; “medin” indicates activities which mediate the action of growth hormone). IGFs are secreted mainly by hepatocytes; however, some evidence have indicated that other cell types, including brain cells, may be additional sources of IGFs (D’Ercole et al., 1984; Rotwein et al., 1988). Whilst IGF-2 has been considered to be a growth, promoting hormone during gestation, researchers have reported a requirement of IGF-1 during childhood growth and its anabolic effects in the adult (DeChiara et al., 1990). Indeed, IGF-1 treatment has been shown to delay the onset of many progeroid features extending the longevity in a mouse model of progeria (Hutchinson–Gilford) syndrome (Mariño et al., 2010). IGF-1 also has influences in the cognitive function in elderly people (Landi et al., 2007). IGF-1 had not been categorised as a neurotrophic factor until 1997, when Dudek and colleagues initially described IGF-1 as a factor promoting neuronal survival (Dudek et al., 1997).
IGF-1 is detected throughout the CNS, particularly with high levels in the midbrain, the olfactory bulb, the cerebellum, and the spinal cord (Rotwein et al., 1988). This expression supports the neuroprotective and neurotrophic effects of IGF-1 and its important roles in the maintenance of adult CNS homeostasis (Kaspar et al., 2003; Gu et al., 2004; Crowe et al., 2009; Tsai et al., 2012). IGF-1 has been also reported to have effects on synaptic plasticity, neurotransmitter release and neuronal excitability (Garcia-Galloway et al., 2003; Maya-Vetencourt et al., 2012). Moreover, IGF-1 has been demonstrated to promote the mitogenesis and the differentiation in both glia and neurons (Zawada et al., 1996). In addition, this factor has been suggested as a pro-survival factor upregulated in all types of brain injuries (Fernandez and Torres-Alemán, 2012). Altogether, IGF-1 may have crucial roles in many stages of brain development such as cell proliferation, cell differentiation, and cell survival. 
IGF-1 exerts its multiple effects through binding to IGF-1 receptors that are distributed widely in the CNS. The highest densities of these receptors have been found in the hippocampus, the amygdala and the parahippocampai gyrus whereas intermediate densities have been observed in the cerebellum, cerebral cortex, caudate, putamen, SN, red nucleus, white matter and cerebral pedunculus (Adem et al., 1989), with similar distribution between human and rodent brains (Garcia-Segura et al., 1997). Due to the structural and functional homologies between IGF-1, IGF-2 and insulin, IGF-1 can also interact with IGF-2 or insulin receptors but with lower binding affinity (Dupont et al., 2003). 
IGF-1 receptors are classified into tyrosine kinase receptor family. Therefore, upon an interaction of between these and IGF-1, two intracellular signalling pathways are stimulated: the Ras/ERK and the PI3K/Akt. However, the neuroprotective effects following binding of IGF-1 to its receptors have been demonstrated to depend mainly on the PI3K/Akt pathway (Quesada et al., 2008; Akundi et al., 2012). This finding suggests possible anti-apoptotic and regulatory effects of IGF-1 on cell proliferation and differentiation (Avila-Gomez et al., 2009; Sun et al., 2010; Wang et al., 2010b). 
[bookmark: _Toc339016739][bookmark: _Toc340756440][bookmark: _Toc341038767][bookmark: _Toc370678302]1.11.2. Potential effects of IGF-1 in PD treatment
To date, the exact roles of IGF-1 in PD are under debate. However, a decrease in plasma IGF-1 levels associated with cognitive decline in PD has been reported (Landi et al., 2007). Conversely, IGF-1 concentrations in the serum and cerebrospinal fluid of PD patients have been demonstrated to be higher than in healthy age-matched controls (Mashayekhi et al., 2010). The results have been later confirmed by post-mortem analysis of PD samples, with increased plasma IGF-1 levels observed (Tong et al., 2009) suggesting that there may be a compensatory increase in IGF-1 levels due to the ongoing cell loss as seen in PD. 
Interestingly, whilst GDNF has been extensively studied in PD, IGF-1 has remained less well characterised. Guan et al. (2000) and Offen et al. (2001) were possibly the first two groups demonstrating the neuroprotection of IGF-1 against 6-OHDA toxicity in rodent neuronal cell cultures and MFB lesioned model (Guan et al., 2000; Offen et al., 2001). Several studies have later reported the anti-apoptotic effects of IGF-1 against MPTP toxicity in treated cell cultures (Sun et al., 2010; Wang et al., 2010b). IGF-1 protection on nigral dopaminergic neurons in the 6-OHDA-lesioned rat model has been also determined (Quesada and Micevych, 2004; Quesada et al., 2008). Promising effects of IGF-1 in PD therapy have been supported by recent research showing that IGF-1 administration could rescue the cytotoxicity of α-synuclein in transgenic cell cultures (Kao, 2009) and enhance the clearance of oxidized proteins by activating the proteasome system (Crowe et al., 2009). 
 Of note, IGF-1 in these studies has been introduced directly into cell cultures or by protein infusion into the animal brain via a surgically implanted pump which is accompanied with many disadvantages, e.g., limited distribution, suffers from device-related side-effects, activation of the immune response (Lang et al., 2006; Salvatore et al., 2006). As mentioned in sections 1.7 and 1.9, gene therapy employing viral vectors, notably LVs, to deliver transgene(s) is most likely an alternative approach to overcome these disadvantages. Nevertheless, no study has so far demonstrated the effect of gene therapy-based IGF-1 in PD. Thus, this is the first study investigating IGF-1 therapeutic effect(s) in the 6-OHDA-lesioned rat model of PD mediated by LVs, especially by the novel biosafety-enhanced IDLVs.
[bookmark: _Toc328937001][bookmark: _Toc339016740][bookmark: _Toc340756441][bookmark: _Toc341038768][bookmark: _Toc370678303]
1.12. Hypotheses and aims of the study 
Since IDLVs fail to insert viral genome into the host cell genome and form circular episomal DNA instead, levels of transgene expressed from these vectors are diluted as a consequence of cell division. Hence, IDLVs may provide transduction efficiency at comparable levels with IPLVs, in both in vitro and in vivo, only in non-diving cell environment. 
In several published work, IGF-1 when used as a recombinant protein has protected nigral dopaminergic neurons of 6-OHDA-lesioned rats. Therefore in this study it was hypothesised that LV-driven IGF-1 expression would provide neuroprotection against withdrawal of exogenous trophic factors in vitro and 6-OHDA-induced toxicity in vivo, with efficiency similar to that of the well-known GDNF. It was also hypothesised that the vector-mediated therapeutic effects of IGF-1 and/or GDNF in the post-mitotic CNS would be safe and long lasting.
In order to test these hypotheses, the study aimed: 
· To compare transgene expression efficiency of the novel biosafety-enhanced IDLVs with that of the standard IPLVs. 
· To investigate IDLV- and IPLV-mediated neuroprotective effects of IGF-1 and/or GDNF on rat primary VM cell cultures and 6-OHDA-lesioned rats.



[bookmark: _Toc341038769][bookmark: _Toc329874863][bookmark: _Toc310948150][bookmark: _Toc328937002]




[bookmark: _Toc364181137][bookmark: _Toc364587247][bookmark: _Toc370678304]Chapter 2
[bookmark: _Toc341730276][bookmark: _Toc370678305]Materials and Methods

[bookmark: _Toc329874864][bookmark: _Toc329874865][bookmark: _Toc341038770][bookmark: _Toc341090129][bookmark: _Toc341625322][bookmark: _Toc341730277][bookmark: _Toc310948152][bookmark: _Toc328937004]

Lentiviral vectors, both IPLVs and IDLVs, were used in this study to deliver either the gene for eGFP, IGF-1, or GDNF. Transduction efficiency of the vectors through eGFP expression was initially investigated in rat primary ventral mesencephalic neuronal and astroglial cultures, and further in 6-OHDA-lesioned rats. Using similar neuronal cell cultures and the same animal model, vector-mediated neuroprotective effects of IGF-1 and GDNF were examined whether overexpression of the factors could protect the cells upon withdrawal of exogenous trophic factors in vitro, improve nigral dopaminergic cell survival and/or behaviour of rats against 6-OHDA-induced toxicity. Detailed methodology for these studies are described in this chapter.
General biochemical reagents and kits used in this study are listed in Appendix 1 whereas specific reagents are indicated in sentences. Chemical solutions and cell culture media are described in Appendix 2. These solutions and media were made up with double distilled water (ddH2O) or cell culture grade water, on the bench and autoclaved at 121oC for 15 minutes or in a sterile fume hood. Materials were stored at room temperature, unless stated otherwise. 
[bookmark: _Toc329874866][bookmark: _Toc341038771][bookmark: _Toc370678306][bookmark: _Toc310948151][bookmark: _Toc328937003]2.1. Cloning of lentiviral transfer plasmids 
[bookmark: _Toc310948154][bookmark: _Toc328937006][bookmark: _Toc329874867][bookmark: _Toc341038772][bookmark: _Toc370678307]2.1.1. Restriction digestion reactions
[bookmark: _Toc266813783][bookmark: _Toc310948155][bookmark: _Toc328937007][bookmark: _Toc329643085][bookmark: _Toc329644614][bookmark: _Toc329645251][bookmark: _Toc329686413][bookmark: _Toc329874868][bookmark: _Toc341038773][bookmark: _Toc341090132][bookmark: _Toc341625325][bookmark: _Toc341730280][bookmark: _Toc251018509][bookmark: _Toc251020318][bookmark: _Toc251097471]Digestion reactions were set up with ddH2O, 1X restriction enzyme buffer, 100 ng/μl bovine serum albumin (BSA), either 300-400 ng DNA in 20 μl total volume reaction for analytical purpose or 5-10 μg DNA in 50 μl total volume reaction for preparative purpose, and required units of restriction enzymes. Reactions were incubated under appropriate conditions, usually at 37oC for 1 hour in analytical reactions or 2-3 hours in preparative reactions. 
[bookmark: _Toc310948169][bookmark: _Toc328937021][bookmark: _Toc329874869][bookmark: _Toc341038774][bookmark: _Toc370678308][bookmark: _Toc310948156][bookmark: _Toc328937008]2.1.2. Polymerase chain reactions (PCRs)
[bookmark: _Toc266813793][bookmark: _Toc310948170][bookmark: _Toc328937022][bookmark: _Toc329643101][bookmark: _Toc329644630][bookmark: _Toc329645267][bookmark: _Toc329686429][bookmark: _Toc329874870][bookmark: _Toc341038775][bookmark: _Toc341090134][bookmark: _Toc341625327][bookmark: _Toc341730282]PCRs were used in this study to amplify specific sequences that could not be isolated from plasmid DNA by a restriction digestion reaction. Each PCR included 0.4 μM forward/reverse primer (Sigma, UK), 300 μM dNTPs, 1X LongAmp Taq DNA polymerase buffer, 2.5 units LongAmp Taq DNA polymerase, and 1 ng plasmid DNA in a total reaction volume of 25 μl. Preparation was performed on ice. PCR tubes were then transferred into a TC-512 gradient thermocycler (Techne, UK) with a preheated block to 100oC. Typically, PCRs were run for 36 cycles with initial denaturation at 95oC for 1 minute but 95oC for 10 seconds during thermocycling. Annealing temperatures were set up based on the Tm of primers and the time for each annealing step was 30-60 seconds. Extension steps were set up at 65oC for 1 minute per 1 kb DNA and a final extension was performed at 65oC for 10 minutes. PCR products were held at 4oC until use or at -20oC for longer storage.  
[bookmark: _Toc329874871][bookmark: _Toc341038776][bookmark: _Toc370678309]2.1.3. Blunting reactions 
[bookmark: _Toc266813785][bookmark: _Toc310948157][bookmark: _Toc328937009][bookmark: _Toc329643087][bookmark: _Toc329644616][bookmark: _Toc329645253][bookmark: _Toc329686415][bookmark: _Toc329874872][bookmark: _Toc341038777][bookmark: _Toc341090136][bookmark: _Toc341625329][bookmark: _Toc341730284]DNA polymerase I (so-called large Klenow fragment) was used to generate blunt ends by filling in 5’ overhangs or removing 3’ overhangs. A mixture containing 1-5 μg digested DNA, 1X corresponding buffer supplemented with 33 μM dNTPs and 1-5 units of enzyme was incubated at 25°C for 15 minutes. Reactions were subsequently heat inactivated at 75°C for 20 minutes. 
[bookmark: _Toc310948158][bookmark: _Toc328937010][bookmark: _Toc329874873][bookmark: _Toc341038778]
[bookmark: _Toc370678310]2.1.4. Dephosphorylation reactions
[bookmark: _Toc310948159][bookmark: _Toc328937011][bookmark: _Toc329643089][bookmark: _Toc329644618][bookmark: _Toc329645255][bookmark: _Toc329686417][bookmark: _Toc329874874][bookmark: _Toc341038779][bookmark: _Toc341090138][bookmark: _Toc341625331][bookmark: _Toc341730286]Antarctic phosphatase, which catalyzes the removal of 5’ phosphate groups from DNA, was used to decrease the ability of re-circularization of cloning vectors. A mixture containing 1X antarctic phosphatase reaction buffer, 1-5 μg of DNA, and 5 units of antarctic phosphatase was incubated at 37oC for 15-60 minutes, and subsequently heat inactivated at 65oC for 5 minutes.  
[bookmark: _Toc310948160][bookmark: _Toc328937012][bookmark: _Toc329874875][bookmark: _Toc341038780][bookmark: _Toc370678311]2.1.5. Ligation reactions
A volume of 10 μl ligation mixture containing 1X ligase buffer, purified vector and insert plasmid DNA, and 1 μl T4 DNA ligase was incubated at 18oC, overnight. Heat inactivation was performed at 65oC for 15 minutes on the following day. Different molar ratios of vector:insert were used depending on their digested ends; for instance, ratio 1:3 for two cohesive ends, ratio 1:5 for 1 cohesive end: 1 blunt end, or ratio 1:10 for two blunt ends. 
[bookmark: _Toc310948161][bookmark: _Toc328937013][bookmark: _Toc329874876][bookmark: _Toc341038781][bookmark: _Toc370678312]2.1.6. Gel electrophoresis
Digested plasmid DNA was normally analysed on 0.8% agarose gels whilst 1.3% agarose gels were particularly used to check PCR products, which are often less than 1 kb. Both agarose gels and 1X TAE running buffer (see Appendix 2) contained 0.5 μg/μl ethidium bromide. Samples were loaded with 1X gel loading dye. Either 100 bp or 1 kb DNA ladder was used as a size standard. Analytical gels were run at 50V for 50 minutes whilst preparative gels were run at 40V for 2-3 hours. DNA was visualized by ethidium bromide staining on the gel under ultraviolet lighting condition inside an InGenius UV transilluminator (Syngene, UK).
[bookmark: _Toc310948162][bookmark: _Toc328937014][bookmark: _Toc329874877][bookmark: _Toc341038782][bookmark: _Toc370678313]2.1.7. Preparation of chemically competent cells 
Top 10 E.coli stock stored in 15% glycerol was streaked on a Luria-Bertani (LB)-agar plate containing 20 g/l LB and 15 g/l agar without supplemented antibiotic. The plate was incubated at 37oC for overnight. A single colony from this plate was inoculated on the following day and grown in 4 ml non-antibiotic LB medium (20 g LB dissolved in 1 litre of ddH2O) with shaking at 220 rpm, 37oC for overnight. Two millilitres of this cell suspension was subsequently transferred into 100 ml non-antibiotic LB medium and shaken vigorously at 37oC until it reached the optical density (OD) at 600 of 0.3 - 0.4; usually within 2 hours. The cell suspension was then centrifuged at 4000 rpm, 4oC for 5 minutes. Cell pellet was resuspended in 15 ml ice-cold Tfb I buffer (see Appendix 2) and kept on ice for 15 minutes. The cell suspension was centrifuged again at 4000 rpm, 4oC for 5 minutes. Cell pellet was resuspended in 5 ml ice-cold Tfb II buffer (see Appendix 2) and left on ice for 15 minutes prior to be aliquoted into 50 μl and stored in a -80oC freezer.  
[bookmark: _Toc310948163][bookmark: _Toc328937015][bookmark: _Toc329874878][bookmark: _Toc341038783][bookmark: _Toc370678314]2.1.8. Chemical transformation of E.coli competent cells
[bookmark: _Toc310948164][bookmark: _Toc328937016][bookmark: _Toc329643094][bookmark: _Toc329644623][bookmark: _Toc329645260][bookmark: _Toc329686422][bookmark: _Toc329874879][bookmark: _Toc341038784][bookmark: _Toc341090143][bookmark: _Toc341625336][bookmark: _Toc341730291][bookmark: _Toc266813790]In order to transform plasmid DNA into top 10 E.coli competent cells, 10-20 ng DNA were added into 50 μl of thawed competent cells. Tubes containing cells and DNA were mixed gently and placed on ice for 30 minutes. Cells were heat shocked in a 42oC water bath for 45 seconds, immediately put back to ice and left for an additional 10 minutes. Each tube was then made up to 1 ml with non-antibiotic LB medium and vigorously shaken at 37oC for one hour. A 100 μl mixture was subsequently plated onto a LB-agar plate containing 100 μg/ml ampicillin. The plates were incubated at 37oC for overnight growth of bacteria. 
[bookmark: _Toc310948165][bookmark: _Toc328937017][bookmark: _Toc329874880][bookmark: _Toc341038785][bookmark: _Toc370678315]2.1.9. Screening of transformants 
[bookmark: _Toc310948166][bookmark: _Toc328937018][bookmark: _Toc329643096][bookmark: _Toc329644625][bookmark: _Toc329645262][bookmark: _Toc329686424][bookmark: _Toc329874881][bookmark: _Toc341038786][bookmark: _Toc341090145][bookmark: _Toc341625338][bookmark: _Toc341730293][bookmark: _Toc341039000][bookmark: _Toc341090366][bookmark: _Toc341625558][bookmark: _Toc341730520][bookmark: _Toc344887935][bookmark: _Toc346472964][bookmark: _Toc349400301]Several single bacterial colonies forming in the above agar plate were inoculated into ampicillin-containing LB medium on the following day, with 1 colony into 4 ml medium. The cultures were incubated at 37oC for overnight. Bacterial cells from these mini cultures were then harvested and plasmid DNA was extracted by a QIAprep spin miniprep kit. DNA was subsequently checked by restriction digestion reactions following gel electrophoresis.
[bookmark: _Toc310948167][bookmark: _Toc328937019][bookmark: _Toc329874882][bookmark: _Toc341038787][bookmark: _Toc370678316]2.1.10. DNA extraction and purification 
[bookmark: _Toc310948168][bookmark: _Toc328937020][bookmark: _Toc329643098][bookmark: _Toc329644627][bookmark: _Toc329645264][bookmark: _Toc329686426][bookmark: _Toc329874883][bookmark: _Toc341038788][bookmark: _Toc341090147][bookmark: _Toc341625340][bookmark: _Toc341730295]DNA extraction and purification were performed by QIAgen kits following manufacturer’s instructions. Agarose-embedded DNA was extracted and purified by QIAquick gel extraction kit whilst plasmid DNA from bacterial cells was extracted and purified by QIAprep spin miniprep kit. QIAgen Endotoxin-free plasmid maxiprep or megaprep kit was subsequently used to increase DNA yield of the confirmed plasmids.
[bookmark: _Toc310948153][bookmark: _Toc328937005][bookmark: _Toc329874884][bookmark: _Toc341038789][bookmark: _Toc370678317]2.1.11. Determination of DNA concentration and purity
The concentration of DNA was measured by ultraviolet absorbance at 260 nm (A260) in a ND-1000 NanoDrop spectrophotometer (Thermo Scientific, UK). Each A260 unit corresponds to a concentration of 50 ng/μl of double-stranded DNA. DNA purity was assessed based on the ratio of A260/280. If this ratio is around 1.8, DNA is generally considered as “pure” and used afterwards; if the ratio is appreciably higher or lower, it indicates the possible presence of RNA or proteins, or other contaminations. 

[bookmark: _Toc310948171][bookmark: _Toc328937023][bookmark: _Toc329874885][bookmark: _Toc341038790][bookmark: _Toc370678318]2.1.12. Confirmation and preservation of plasmids
[bookmark: _Toc266813795][bookmark: _Toc310948172][bookmark: _Toc328937024][bookmark: _Toc329643103][bookmark: _Toc329644632][bookmark: _Toc329645269][bookmark: _Toc329686431][bookmark: _Toc329874886][bookmark: _Toc341038791][bookmark: _Toc341090150][bookmark: _Toc341625343][bookmark: _Toc341730298]Both employed and newly-synthesized plasmids were tested by digestion with several restriction enzymes to confirm the size of plasmids as well as the position and the orientation of new inserts. Restriction enzymes were chosen based on plasmid map database, with Vector NTI sequence analysis software (Invitrogen, UK). The confirmed plasmids were preserved at -80oC in LB medium containing 15% glycerol and 100 μg/ml ampicillin.
[bookmark: _Toc310948173][bookmark: _Toc328937025][bookmark: _Toc329874887][bookmark: _Toc341038792][bookmark: _Toc370678319]2.1.13. Cloning of GFAPp-eGFP plasmid 
Lentiviral transfer plasmid expressing eGFP driven by CMVp, pRRLsc-CMVp-eGFP-W, was first linearised by ClaI, then blunted, dephosphorylated, and continuously digested by AgeI to remove CMVp. In addition, pAAV-GFAPp-rGdnf-W (GFAPp donor plasmid) was cut by MluI, blunted, and digested by AgeI. GFAPp retrieved from this donor plasmid was cloned into CMVp-blank vector plasmid. Ligation was performed afterwards and 2 μl of ligation mixture were transformed into top 10 E.coli competent cells. Growth of bacteria was performed on LB-agar plates and subsequently in LB medium. Plasmid DNA from LB mini cultures was purified and screened with EcoRI, as this enzyme has a unique restriction site within the expected plasmid. Digested samples providing correct size were subsequently digested by NcoI, PstI, SacII, or XhoI to confirm the presence and orientation of GFAPp.  
[bookmark: _Toc310948174][bookmark: _Toc328937026][bookmark: _Toc329874888][bookmark: _Toc341038793][bookmark: _Toc370678320]2.1.14. Cloning of SFFVp-eGFP-CMVp-rIgf-1 plasmid
[bookmark: _Toc310948176][bookmark: _Toc328937028][bookmark: _Toc329874889][bookmark: _Toc341038794]Lentiviral transfer plasmid pRRLsc-SFFVp-eGFP-CMVp-W containing spleen focus-forming virus promoter (SFFVp), eGFP, CMVp, and a polylinker (XhoI-MluI-SgrAI-NdeI-SnaBI-PmeI-SwaI-SexAI-SpeI) was cut by SgrAI and SexAI. rIgf-1 coding sequence within pExpress1-rIgf-1 plasmid (Thermo Scientific, UK) was amplified by PCR, with forward primer: GCGCGCCGCCGGCGATGAGCGCACCTCCAATAAA and  reverse primer: GCGCGCACCAGGTGGGAGGCTCCTCCTACATTC. PCR products were then digested by SgrAI and SexAI. Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures; plasmid DNA was then purified and digested with ApaI, an enzyme has a unique restriction site within rIgf-1. Promising samples were subsequently confirmed by restriction digestion with BlpI+SnaBI, BlpI+EcoRI or NcoI. Sequencing of rIgf-1 within the confirmed, newly-synthesized plasmid was carried out to ensure the accuracy of PCR product.
[bookmark: _Toc370678321]2.1.15. Cloning of SFFVp-eGFP-SYNp-rIgf-1 plasmid
Lentiviral transfer plasmid containing rIgf-1 driven by CMVp, pRRLsc-SFFVp-eGFP-CMVp-rIgf-1-W, was digested by SbfI and XhoI to remove CMVp. This plasmid was then blunted and self-ligated. Newly-synthesized plasmids were first screened with a unique enzyme MluI and subsequently confirmed by BlpI or NcoI. This plasmid was then digested by MluI and SgrAI whilst SYNp from pRRLsc-SYNp-eGFP-W was amplified by PCR with forward primer: GCGCGCACGCGTCTAGACTGCAGAGGGCCCTG and reverse primer: GCGCGCCGCCGGCGTTGAATTCTCGACTGCG. PCR product was also digested by MluI and SgrAI and cloned into the digested vector plasmid. Ligation, transformation and growth of bacteria were performed as previously described. Plasmid colonies were screened with ApaI, which has a restriction site within Igf-1 and another site within SYNp. Promising plasmids were then confirmed by restriction digestion with MluI and NcoI. Sequencing was also carried out to ensure the correct sequence of SYNp.   
[bookmark: _Toc310948178][bookmark: _Toc328937030][bookmark: _Toc329874890][bookmark: _Toc341038795][bookmark: _Toc370678322]2.1.16. Cloning of SFFVp-eGFP-GFAPp-rIgf-1 plasmid
[bookmark: _Toc310948179][bookmark: _Toc328937031][bookmark: _Toc329874891][bookmark: _Toc341038796]Lentiviral transfer plasmid pRRLsc-SFFVp-eGFP-rIgf-1-W was used as vector plasmid, which was digested by MluI and SgrAI. Donor plasmid: pAAV-GFAPp-rGdnf-W was digested by MluI and AgeI to isolate GFAPp. Ligation, transformation and growth of bacteria were performed as described in sections 2.1.5 and 2.1.8. Plasmid colonies were screened with PstI, an enzyme has 3 restriction sites within GFAPp and 2 other sites within SFFVp. 
[bookmark: _Toc370678323]2.1.17. Cloning of SYNp-rGdnf and GFAPp-rGdnf plasmids
Both lentiviral transfer plasmids pRRLsc-SYNp-eGFP-W and pRRLsc-GFAPp-eGFP-W were digested by AgeI and BsrGI to remove eGFP. Coding sequence of rGdnf from pAAV-GFAPp-rGdnf-W was amplified by PCR with forward primer: GCGCGCACCGGTATGGGAAAGTTATGGGATG and reverse primer: GCGCGCTGTACATCAGATACATCCACACCG. PCR product was then cut by AgeI and BsrGI, and cloned into the digested vector plasmid. Following ligation and transformation, random plasmid colonies were screened with EcoRI, which has a unique restriction site within Gdnf. 
[bookmark: _Toc310948180][bookmark: _Toc328937032][bookmark: _Toc329874892][bookmark: _Toc341038797][bookmark: _Toc370678324][bookmark: _Toc251018520][bookmark: _Toc251020329][bookmark: _Toc251097472]2.2. Production and titration of LVs
[bookmark: _Toc364081090][bookmark: _Toc364181158][bookmark: _Toc364587268][bookmark: _Toc370678325][bookmark: _Toc310948183][bookmark: _Toc328937035][bookmark: _Toc329874893][bookmark: _Toc341038798]In this section, materials and methods involving production and titration of LVs are described. Human embryonic kidney (HEK) 293T cell culture was preferentially used in vector production since these cells are highly transfectable and contain SV40 large T-antigen, which allows episomal expression of transfected plasmids having SV40-ORI (as those used in this study) and thereby enhances expression of gene products from the plasmids. Quantifying vector titres, on the other hand, were performed through vector transduction into HeLa cell cultures. Since this cell line is typically adherent, a long doubling time of the culture is beneficial for IDLVs in regards to episomal dilution of the vectors due to cell division. Maintenance of cell cultures, vector production by chemically plasmid transfection and three different methods for vector titration are detailed below.     
[bookmark: _Toc370678326]2.2.1. Maintenance of cell cultures
[bookmark: _Toc266813800][bookmark: _Toc310948184][bookmark: _Toc328937036][bookmark: _Toc329643111][bookmark: _Toc329644640][bookmark: _Toc329645277][bookmark: _Toc329686439][bookmark: _Toc329874894][bookmark: _Toc341038799][bookmark: _Toc341090158][bookmark: _Toc341625351][bookmark: _Toc341730306]A cell vial containing either human embryonic kidney (HEK) 293T or HeLa cells from a liquid nitrogen stock was thawed in a 37oC water bath for 1 minute. Cells were resuspended and transferred into 10 ml pre-warmed supplemented Dulbecco’s modified Eagle medium (DMEM) (see Appendix 2). The cell suspension was centrifuged at 1000 rpm for 5 minutes. The supernatant was removed and cell pellet was resuspended in 10 ml supplemented DMEM. Cells were maintained in a 75-cm tissue culture flask (Fisher Scientific, UK) in a 5% CO2 incubator, at 37oC. Cells were kept sub-confluent by passaging every 2-3 days following these steps: (1) aspiration of old medium, (2) wash with 1X phosphate buffered saline (PBS), (3) trypsinisation in 1X trypsin/EDTA, (4) cell collection in 10 ml supplemented DMEM, (5) centrifugation at 1000 rpm for 5 minutes, (6) re-suspension of cell pellet in 10 ml supplemented DMEM, (7) determination of a total number of live cells by 0.2% trypan blue staining (see section 2.2.2), and (8) culture of cells in 15 ml supplemented DMEM. 

[bookmark: _Toc370678327][bookmark: _Toc310948181][bookmark: _Toc328937033][bookmark: _Toc329874895][bookmark: _Toc341038800]2.2.2. Trypan blue staining
Cell viability was assessed by trypan blue staining, which is based on the assumption that dead cells have a damaged cell membrane and so cannot exclude the dye. Viable cells maintain a clear cytoplasm when mixed with trypan blue whereas dead or damaged cells are stained blue. Ten microlitres of cell suspension in DMEM was mixed with 10 µl trypan blue 0.4% solution (Sigma Aldrich, UK) and left for 1 minute. The mixture was added into the chamber of a Neubauer haemocytometer which was subsequently placed on a light Axio Observer D1 microscope (Carl Zeiss, UK). Live cells were then counted and calculated for the total cell number per 1 ml of the cell suspension.
[bookmark: _Toc370678328]2.2.3. Cell freezing for long-term storage
[bookmark: _Toc310948182][bookmark: _Toc328937034][bookmark: _Toc329643113][bookmark: _Toc329644642][bookmark: _Toc329645279][bookmark: _Toc329686441][bookmark: _Toc329874896][bookmark: _Toc341038801][bookmark: _Toc341090160][bookmark: _Toc341625353][bookmark: _Toc341730308]Cultured cells were harvested by trypsinisation. Following centrifugation, cell pellet was resuspended in supplemented DMEM. A volume of this cell suspension containing 106 cells/ml was added with 10% dimethyl sulfoxide (DMSO) and 50% foetal bovine serum (FBS) was aliquoted into each cryotube (0.5 ml/tube). Tubes were placed into Cryo 1oC freezing containers (Nalgene, UK) and frozen at -80oC for 24 hours prior to be transferred into a liquid nitrogen tank for long-term storage. 
[bookmark: _Toc310948185][bookmark: _Toc328937037][bookmark: _Toc329874897][bookmark: _Toc341038802][bookmark: _Toc370678329]2.2.4. Production of LVs by transient calcium phosphate transfection 
[bookmark: _Toc329874898][bookmark: _Toc341038803][bookmark: _Toc341090162][bookmark: _Toc341625355][bookmark: _Toc341730310][bookmark: _Toc266813802][bookmark: _Toc329643115][bookmark: _Toc329644644][bookmark: _Toc329645281][bookmark: _Toc329686443][bookmark: _Toc310948186][bookmark: _Toc328937038]A volume of 20 ml supplemented DMEM containing HEK 293T cells (3.5x105 cells/ml) was added into each 15-cm tissue culture dish (Corning, UK). Cells were maintained for one day. The old medium was changed 2 hours prior to transfection of either a three-plasmid system to produce the 2nd generation LVs or a four-plasmid system to produce the 3rd generation LVs. 
[bookmark: _Toc329874899][bookmark: _Toc341038804][bookmark: _Toc341090163][bookmark: _Toc341625356][bookmark: _Toc341730311][bookmark: _Toc329874900][bookmark: _Toc341038805][bookmark: _Toc341090164][bookmark: _Toc341625357][bookmark: _Toc341730312][bookmark: _Toc266813803]The three-plasmid system included: (1) packaging plasmid, either pCMVR8.74 for IPLVs or pCMVR8.74intD64V for IDLVs; (2) envelope plasmid pMD2/VSV-G ; and (3) the transfer plasmid containing the gene(s) of interest between two viral LTRs within pHR' backbone. The four-plasmid system included: (1) packaging plasmid, either pMDLg/pRRE for IPLVs or pMDLg/pRREintD64V for IDLVs; (2) Rev plasmid pRSV-REV; (3) envelope plasmid pMD2/VSV-G; and (4) the transfer plasmid containing the gene(s) of interest between two viral LTRs within pRRL backbone. Plasmid preparations were mainly made in our laboratory, excluding the preparations of packaging plasmids used to produce the 3rd generation LVs, Rev plasmid, envelope plasmid, and pRRLsc-CMVp-eGFP-W transfer plasmid, which were generated by Plasmid Factory, Germany. 
[bookmark: _Toc329643117][bookmark: _Toc329644646][bookmark: _Toc329645283][bookmark: _Toc329686445][bookmark: _Toc329874902][bookmark: _Toc341038807][bookmark: _Toc341090166][bookmark: _Toc341625359][bookmark: _Toc341730314][bookmark: _Toc344887730]The mixture of plasmid DNA was prepared in 1X Tris-EDTA buffer (QIAgen, UK)  with molar ratio was 1:1:2 (packaging:envelope:transfer) for production of the 2nd generation LVs or 1:1:1:2 (packaging:rev:envelope:transfer) for production of the 3rd generation LVs. The mixture was added with a final concentration of 125 mM CaCl2 and 1X HBS (see Appendix 2), then transferred immediately into HEK 293T cell cultures and maintained at 37oC in a 5% CO2 incubator. Medium was replaced with 18 ml supplemented DMEM 16 hours post-transfection. Viral particles in the cell supernatant were harvested after an additional 24 and 48 hours by centrifugation at 2500 rpm for 10 minutes. The supernatant was passed through a 0.22 μm filter (Nalgene, UK). Filtered medium was concentrated by ultracentrifugation at 23,400 rpm, 4oC for 2 hours in an ultracentrifuge (Beckman Coulter, UK) compatible with SV32-Ti rotor (Beckman Coulter, UK). The pellet was resuspended in 50 μl  DMEM without supplements and was then added with a mixture of 10 mM MgCl2 and 5 units/ml DNase I to remove any remaining plasmid components. The suspension was incubated at 37oC for 30 minutes and subsequently transferred into -80oC freezer for further use.   
[bookmark: _Toc329874903][bookmark: _Toc341038808][bookmark: _Toc370678330][bookmark: _Toc310948187][bookmark: _Toc328937039][bookmark: _Toc329874904][bookmark: _Toc341038809]2.2.5. Quantifying viral titres 
[bookmark: _Toc370678331]2.2.5.1. Titration by flow cytometry
Flow cytometry was used to determine the titre of LVs based on biological function of the vectors via eGFP expression. A volume of 2 ml supplemented DMEM containing 105 HeLa cells were plated into each well of 6-well plates (Fisher Scientific, UK). Cells were cultured at 37oC in a 5% CO2 incubator for overnight. Prior to transduction, the old medium was replaced with 1 ml/well of supplemented DMEM containing 8 μg/ml polybrene to enhance the efficiency of transduction. Another 1 ml of vector serial 10-fold dilutions (10-3, 10-4, 10-5, and 10-6) in supplemented DMEM was then transferred to each well and 1 ml supplemented DMEM was added to the mock well as a negative control. Cells were harvested 72 hours post-transduction by trypsinisation for 2-5 minutes following centrifugation at 1000 rpm for 5 minutes. Cell pellets were resuspended and fixed in 300 μl of 1% paraformaldehyde (PFA) (see Appendix 2). Flow cytometry was subsequently performed on a FACS Canto II machine (BD Biosciences, UK) and data were analysed by BD FACSDiva software (BD Biosciences, UK). A plot showing forward scattered light area versus side scattered light area was used to determine the viable cell population. In another fluorescent plot, mock sample was used to set the live cell threshold and negative cell population. Transduced sample dilutions producing a range of 1-10 % eGFP+ cells were chosen to calculate viral titres (eGFP transducing units/ml) following the formula: 
Viral titre = % eGFP+ cells x 105 seeded cells x 1/vector dilution
[bookmark: _Toc329874905][bookmark: _Toc341038810][bookmark: _Toc370678332]2.2.5.2. Titration by quantitative PCRs (qPCRs)
qPCRs were used to determine the number of viral DNA copies. HeLa cells were seeded, maintained, and transduced with LVs in similar manner to those for titration by flow cytometry; however, only 2 vector dilutions (5x10-4 and 5x10-5) were used. Cells were harvested after 24 hours following vector transduction by trypsinisation for 2-5 minutes, spun at 300 g for 5 minutes, resuspended in 500 μl 1X PBS, spun again, and kept in 200 μl 1X PBS. The cell genome was then extracted by QIAgen DNeasy Blood and Tissue kit following the manufacturer’s instructions. 
[bookmark: _Toc329874906][bookmark: _Toc341038811][bookmark: _Toc310948189][bookmark: _Toc328937041]Two qPCRs were subsequently set up: (1) Determination of viral DNA copies in a 20 μl volume reaction containing 0.1 μM each forward/reverse primer of lentiviral late reverse transcripts (LRTs), 6.25 μl extracted DNA, and 1X SYBR Green qPCR master mix; (2) Determination of the total cell number in a 20 μl volume reaction containing 0.1 μM each forward/reverse primer of β-actin, 0.2 μM β-actin probe (Applied Biosystems, California, USA), 5 μl extracted DNA, and 1X Taqman master mix. Both reactions were initially denatured at 95oC for 10 minutes then run for 50 cycles in a Rotor-Gene Q (QIAgen, UK). Each cycle was set up at 95oC for 15 seconds followed by 60oC for 45 seconds. Data were collected and analysed by Rotor-Gene Q series software (QIAgen, UK). Viral titres (viral DNA copies/ml) were an average of titres at 2 dilutions and were calculated based on the following formula:
 (
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[bookmark: _Toc370678333]2.2.5.3. Titration by p24 enzyme-linked immunosorbent assay (ELISA) 
[bookmark: _Toc329874907][bookmark: _Toc341038812][bookmark: _Toc341090171][bookmark: _Toc341625364][bookmark: _Toc341730319] (
2000 x 24000
6.023 x 10
23
)p24 ELISA was used to determine the concentration of a lentiviral capsid protein, p24. Viral titres were analysed directly from vector stocks by p24 ELISA kit following manufacturer’s instructions. Titres were quantified as the amount of p24 (pg/ml vector stock) and subsequently converted to the number of viral particles in 1 ml vector stock following this formula:
Viral titre (viral particles/ml) = [amount of p24 (pg/ml)  x  10-12] / 
 
[bookmark: _Toc329874908][bookmark: _Toc341038813][bookmark: _Toc370678334]2.3. Preparation of rat primary embryonic cell cultures
The methods described in this section were amended from published methodologies of Pruszak's group (Pruszak et al., 2009) for the VM neuronal cultures; Takeshima's group (Takeshima et al., 1994) for the VM astroglial cultures; and Boulos' group (Boulos et al., 2006) for the cortical neuronal cultures. Details are as below:
[bookmark: _Toc310948190][bookmark: _Toc328937042][bookmark: _Toc329874909][bookmark: _Toc341038814][bookmark: _Toc370678335]2.3.1. Isolation of brain tissues from rat embryos
[bookmark: _Toc310948191][bookmark: _Toc328937043][bookmark: _Toc329874910][bookmark: _Toc341038815]Sprague-Dawley rats (Harlan, UK) were mated in our animal house. Pregnant rats were killed by exposure to a rising concentration of CO2 following cervical dislocation to confirm death on the 14th - 15th day of gestation for VM cultures or on the 17th - 18th day of gestation for cortical neuronal cultures. Uterine sacs were rapidly removed and kept in ice-cold dissection buffer (see Appendix 2). Each embryo was then separated from the uterine sac. Either the ventral mesencephalon or cortex was identified, isolated from the brain (Figure 2.1) and kept in ice-cold dissection buffer with 500 μl per tissue piece. Tissue dissection was performed under a Wild M3Z dissecting microscope (Wild Heerbrugg, Switzerland) with illumination support by a KL 2500 LCD instrument (Schott UK Ltd., UK). 
 (
A
B
C
D
)
[bookmark: _Toc370679016]Figure 2.1: Dissection of the VM from E14 rat brain. (A) Isolate an embryo from the uterine sac. (B) Decapitate the embryo head and identify anatomical landmarks of the CNS (superior view). (C) After removing the overlying scalp tissue, cut away the rostral forebrain and the caudal hindbrain regions (lateral view); arrow indicates the VM region. (D) Trim the resulting butterfly-shaped structure until it reaches a final dimension of ~ 0.3 x 1.0 mm; arrow indicates anterior midline of the VM. Images were obtained from Pruszak et al., 2009.

[bookmark: _Toc370678336]2.3.2. Preparation of primary VM neuronal and astroglial cultures
Rat (Rattus norvegicus) ventral mesencephalons were dissociated by 0.05% trypsin/EDTA supplemented with 0.02% DNase I in a 37oC water bath for 3-10 minutes. A volume of 10% FBS was subsequently added to inactivate trypsin. The supernatant was aspirated; tissue pieces were gently triturated in 1 ml of VM differentiation medium (see Appendix 2) through p1000, p200, p20, and p10 pipette tips respectively. The cell suspension was passed through a 40 μm cell strainer and centrifuged at 200 g, 4oC for 5 minutes. The cell pellet was then resuspended in either VM neuronal or glial differentiation medium (see Appendix 2). Live cells were determined by 0.2% trypan blue staining and counted on a Neubauer haemocytometer (see section 2.2.2). 
 (
NeuN+
GFAP
+
A. 
Neuronal culture
B. Astroglial
 culture
)For neuronal cultures, 80-100 µl medium containing 105 live cells was plated onto each 13 mm coverslip (Thermo Scientific, UK), which was pre-coated overnight with 50 μg/ml poly-D-lysine and placed inside each well of a 24-well plate. After 30 minutes for cell adhesion, each well was carefully topped up with 500 μl neuronal differentiation medium. Cells were cultured at 37oC in a 5% CO2 incubator and medium was changed every 3 days. For astroglial cultures, 500 µl glial differentiation medium containing 5 x 104 cells was plated in each uncoated well of 24-well plates. Cells were maintained at 37oC in a 5% CO2 incubator. After 48 hours, supernatants containing clumps of unattached cells (most of these were dead neurons) were aspirated and fresh medium was added. Cell maintenance was performed by changing of medium every 3 days. Examples of cell types in these VM cell cultures are illustrated in figure 2.2; details of culture characterisation are in figure 4.1.
[image: D:\SHOSHO\ALL NICE PICS\IN VITRO\CHARACTERISATION\NeuN_(c1+c2).TIF][image: D:\SHOSHO\ALL NICE PICS\IN VITRO\CHARACTERISATION\GFAP ASTRO_(c1+c2).TIF]


[bookmark: _Toc370679017]Figure 2.2: Cell types in rat primary VM cultures. Illustrative cell images from (A) neuronal culture and (B) astroglial culture are shown. Following seeding, cells were fixed and stained with neuron marker (NeuN) or with astrocyte marker (GFAP). Nuclei were stained blue with DAPI (A, B). Scale bars = 50 µm.
[bookmark: _Toc310948192][bookmark: _Toc328937044][bookmark: _Toc329874911][bookmark: _Toc341038816][bookmark: _Toc370678337]2.3.3. Preparation of primary cortical neuronal cultures
Rat cortices were dissociated by 0.05% trypsin/EDTA supplemented with 0.02% DNase I in a 37oC water bath for 10-20 minutes. The supernatant was aspirated and tissue pieces were gently washed with cortical neuronal differentiation medium (see Appendix 2) prior to be triturated through p1000, p200, p20, and p10 pipette tips respectively. The cell suspension was then passed through a 100 μm cell strainer and subsequently centrifuged at 80 g for 5 minutes. Cell pellets were resuspended in cortical neuronal differentiation medium. Live cells were stained with 0.2% trypan blue and counted on a Neubauer haemocytometer. One millilitre containing 3 x 106 cells was plated in each well of 24-well plates, which were pre-coated overnight with 50 μg/ml poly-D-lysine. Cells were maintained at 37oC in a 5% CO2 incubator; the medium was changed every 3 days.  
[bookmark: _Toc310948193][bookmark: _Toc328937045][bookmark: _Toc329874913][bookmark: _Toc341038818][bookmark: _Toc370678338]2.4. Transduction of LVs to rat primary cell cultures
[bookmark: _Toc329874914][bookmark: _Toc329874917]The medium of primary cell cultures was changed 2 hours (or minimum 30 minutes) prior to vector transduction. LVs were diluted in culture medium at optimal viral particles (see section 4.3) and gently added into the culture. Analysis of vector transduction efficiency was performed 3 or 6 days afterwards.   
[bookmark: _Toc370678339][bookmark: _Toc329874915]2.5. Testing neuroprotective effects on rat primary neuronal cultures
[bookmark: _Toc370678340][bookmark: _Toc329874916]2.5.1. Trophic factor withdrawal
Either VM or cortical neuronal cells were maintained for one day after cell seeding (see sections 2.3.2 and 2.3.3). Cell culture was then replaced with normal differentiation medium as appropriate. After an additional 3 days, changing of medium was performed again; normal VM or cortical neuronal differentiation medium was added to trophic-supported cultures whereas only neurobasal medium (without supplements) was added to trophic factor-free cultures. Three-days following this trophic factor withdrawal, cell viability was analysed by an assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (see section 2.5.2 below). 
[bookmark: _Toc341038819][bookmark: _Toc341090180][bookmark: _Toc341625373][bookmark: _Toc341730328][bookmark: _Toc344887743][bookmark: _Toc346472770][bookmark: _Toc349400108]In order to test for any neuroprotective effects of IGF-1 or GDNF delivered by LVs, a similar procedure was performed. However, after the first medium change at day 1 in vitro, cells were stabilised for 2 hours and then transduced with LVs carrying either CMVp-eGFP, CMVp-Gdnf, CMVp-Igf-1, or SYNp- Igf-1. Vector stocks were diluted in appropriate culture medium and gently added into cell cultures; mock cultures received no transduction. Withdrawal of exogenous trophic factors was performed 3 days post vector transduction. The cell viability was checked after an additional 3 days.
[bookmark: _Toc329874918][bookmark: _Toc341038820][bookmark: _Toc370678341][bookmark: _Toc310948195][bookmark: _Toc328937050]2.5.2. MTT assay 
The cell viability was evaluated by a colorimetric assay using MTT, an indicator of mitochondrial respiratory chain activity. In living cells, MTT is reduced by mitochondrial enzyme succinate dehydrogenase to form purple formazan crystals (Abe and Matsuki, 2000). 
A final concentration of 0.5 mg/ml MTT was added to each cell culture following incubation at 37ºC for 3 hours. Formazan crystals produced in this reaction were then solubilised in DMSO (500 µl/well) forming a coloured solution. The optical cell density was quantified by spectrometric analysis at OD570 in a plate reader (BioTek, UK) associated with Gen5 data analysis software (BioTek, UK). 
[bookmark: _Toc310948196][bookmark: _Toc328937051][bookmark: _Toc329874919][bookmark: _Toc341038821][bookmark: _Toc370678342]2.6. Protein detection and quantification
[bookmark: _Toc329874920][bookmark: _Toc341038822][bookmark: _Toc370678343][bookmark: _Toc310948197][bookmark: _Toc328937052]2.6.1. Protein extraction 
For cultured cells, supernatants containing secreted proteins were collected, centrifuged at 14000 g, 4oC, for 1 minute whereas attached cells were rinsed with ice-cold 1X PBS, treated with complete lysis buffer containing protease inhibitors (Roche, UK) for 5 minutes prior to centrifugation of cell suspension at 14000 g, 4oC, for 15 minutes. 
For adult rat livers, adult or embryo rat brains, dissected tissue samples were rinsed with ice-cold 1X PBS and homogenised automatically in complete lysis buffer containing protease inhibitors (Roche, UK) by a TissueLyser (QIAgen, UK) at 20 Hz for 2-4 minutes. Cell suspension was centrifuged at 14000 g, 4oC, for 15 minutes. 
After centrifugation, the suspensions were collected and kept in -20oC or -80oC freezer. The amount of total protein was measured by a Bio-Rad RC DC protein assay kit following the manufacturer’s instructions. 
[bookmark: _Toc329874921][bookmark: _Toc341038823][bookmark: _Toc370678344][bookmark: _Toc310948198][bookmark: _Toc328937053]2.6.2. Western blotting
Five percent stacking and 12% running polyacrylamide gels (see Appendix 2) were used in all cases. Protein samples were mixed with 5X Laemmli sample buffer (see Appendix 2), denatured at 95oC for 5 minutes, and loaded onto polyacrylamide gel. Pre-stained protein ladder (Fermentas, UK) was used as a size standard. Gel was run in running buffer (see Appendix 2) at 100-120V until blue bands containing bromophenol blue reached the bottom of the gel. Proteins from gel were subsequently transferred to a nitrocellulose membrane in transfer buffer (see Appendix 2) at constant 250 mA for 2 hours. 
The membrane was rinsed in ddH2O and quickly stained with Ponceau solution (Sigma, UK) to check the efficiency of protein transfer. Successfully transferred membrane was washed in 1X Tris-buffered saline (TBS) buffer supplemented with Tween-20 (TBS-T buffer, see Appendix 2), blocked in 5% skimmed milk blocking buffer (see Appendix 2) for 1 hour, and incubated with either of these primary antibodies: goat anti-IGF-1 (1:500, Santa Cruz, UK), mouse anti-α tubulin (1:1000, Sigma, UK) or rabbit anti-Tuj1 (1:5000, Sigma, UK) antibody, at 4oC for overnight. Three washes in 1X TBS-T were performed afterwards. The membrane was incubated with corresponding secondary antibody for 1 hour, at room temperature and in the dark. Secondary antibodies included rabbit anti-mouse Alexa680 (1:10000, Invitrogen, UK), goat anti-rabbit Alexa680 (1:10000, Invitrogen, UK), rabbit anti-goat Alexa680 (1:10000, Invitrogen, UK), and donkey anti-goat IRDye800 (1:10000, Licor, UK) antibodies. Both primary and secondary antibodies were diluted in 5% skimmed milk blocking buffer. After three washes in 1X TBS-T, the membrane was transferred into an Odyssey Infrared Imaging System (LI-COR Biosciences, UK); fluorescence expression was subsequently analysed by compatible Odyssey software. An example of successful Western Blot is shown below:
[bookmark: _Toc310948200][bookmark: _Toc328937055][bookmark: _Toc329874924][bookmark: _Toc341038826]
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[bookmark: _Toc370679018]Figure 2.3: Western blot quantifying Igf-1 expression from rat liver. Proteins extracted from the liver of adult rat were used to verify anti-IGF-1 antibody. Samples were loaded at 10, 20, 30, 40 or 50 µg/lane. The membrane was co-stained with anti-IGF-1 (red) and anti-α-tubulin antibodies (green). 

[bookmark: _Toc370678345]2.6.3. ELISA 
ELISA is a quantifiable technique with higher sensitivity and specificity (compared to Western blotting) in detection of minimally expressed proteins. The amount of IGF-1 or GDNF from both cell cultures and brain tissues was determined by either rat IGF-1 or human GDNF ELISA kit following the manufacturers' instructions.
[bookmark: _Toc310948194][bookmark: _Toc328937046][bookmark: _Toc329874912][bookmark: _Toc341038817][bookmark: _Toc370678346]2.7. Immunocytochemistry 
For characterisation of VM cell cultures, cells were gently washed in ice-cold 1X PBS and then fixed in 4% PFA (see Appendix 2) for 10-15 minutes. Fixed cells were washed twice in 1X PBS, then permeabilised in 1X PBS-T (1X PBS containing 0.25% Triton-X 100) for 10 minutes and incubated in 1% BSA blocking buffer (see Appendix 2) for 30 minutes. Primary antibodies were separately added and incubated at 4oC for overnight. The antibody was either mouse anti-NeuN (1:500, Millipore, UK) or rabbit anti-Tuj1 (1:3000, Sigma, UK) for neurons; rabbit anti-GFAP (1:500, DAKO, UK) for astrocytes; rabbit anti-Iba1 (1:500, WAKO, UK) for microglia; rabbit anti-TH (1:1000, Millipore, UK) for dopaminergic neurons; rabbit anti-VGLUT1 (1:500, Synaptic systems, Germany) for glutamatergic neurons; or rabbit anti-GAD67 (1:50, Synaptic systems, Germany) for GABAergic neurons. On the following day, three washes in 1X PBS were performed. Cells were subsequently incubated with corresponding secondary antibodies diluted in 1% BSA blocking buffer at room temperature, for an hour, in the dark. The antibody (1:500, Invitrogen, UK) was either goat anti-rabbit AlexaFluor555 or goat anti-mouse AlexaFluor555 antibody. After another three washes in 1X PBS, cells were incubated with 1 µg/ml 4,6-diamidino-2-phenylindole (DAPI) for 15 minutes, in the dark. Three washes in 1X PBS were then performed. Images of cells were subsequently captured and quantified. Cells incubated with only primary or secondary antibody were used as negative controls for the staining. Results were only included where clear evidence of these controls working properly. No staining was observed in these controls (data not shown).
For quantifying eGFP expression from primary cell cultures transduced with LV-eGFP vectors, cells were washed in ice-cold 1X PBS and fixed in 4% PFA for 10-15 minutes. After 3 washes in 1X PBS, cells were incubated with 1 µg/ml DAPI for 15 minutes. Another 3 washes in 1X PBS were performed prior to capturing of cell images (details are in section 2.8.1 below).  
[bookmark: _Toc328937047][bookmark: _Toc329874925][bookmark: _Toc341038827]

[bookmark: _Toc370678347]2.8. Cell image capturing and analysis
[bookmark: _Toc329874926][bookmark: _Toc341038828][bookmark: _Toc370678348]2.8.1. Cell image capturing
Cells either in each well of 24-well plates (following immunocytochemistry, as described above), or within each brain section (following immunohistochemistry in in vivo work, later described in section 2.9) were visualised under an inverted fluorescence Axio Observer D1 microscope (Carl Zeiss, UK). Images were captured by an AxioCam combined with AxioVision software (Carl Zeiss, UK).
 (
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B
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[bookmark: _Toc370679019][bookmark: _Toc329874927][bookmark: _Toc341038829]Figure 2.4: Capturing of cell images. (A) Inverted microscope Axio Observer D1 (Carl Zeiss, UK) was used to capture cell images from both in vitro and in vivo experiments performed in this study. (B) An illustrative image of cells within primary rat VM neuronal cultures captured by the microscope is shown. Cells were transduced with IPLV-CMVp-eGFP vectors; nuclei were stained blue with DAPI; scale bar = 50 µm. 



[bookmark: _Toc370678349]2.8.2. Cell counting
Since cultured cells within each well of 24-well plates dispersed unevenly, 9 fields/well were selected manually at the same positions between wells (blue dots in the next diagram) to avoid bias and for more accurate statistical analysis (5 fields/well have been commonly used in published papers). Each field was individually captured. The cell number was counted manually via ImageJ software (National Institutes of Health, Maryland, US). Two or three different fluorescent channels within a cell image were first split. DAPI+ cell bodies were scored to obtain the total cell number. The DAPI channel was subsequently merged with another fluorescence channel; only cells positive for both DAPI and this fluorescence were counted which provide the total number of a specific cell type. An average of the cell number from 9 fields was then taken and multiplied to the ratio between the area of the field and the area of the well (or the coverslip used in VM neuronal cultures) to obtain the total fluorescence positive cell number within each well. The result was expressed as a percentage of cells or as an absolute cell number.
For brain sections containing the SN, overlapping parts from each section were captured and stitched automatically by AxioVision software to create a mosaic image of the section. According to the Rat Brain Atlas (Paxinos and Watson, 2007), two hemispheres of the SNpc on each section were identified (representative cell image is shown in figure 2.4). Only TH+ cells within these regions were counted (using ImageJ software), separately between the left and right hemispheres. Cell counts from approximately thirty SNpc-containing serial sections were subsequently averaged to obtain the total TH+ cell number of the SNpc in the corresponding brain hemisphere per section.
[image: D:\SHOSHO\ALL NICE PICS\IN VIVO\SN TH+\6.2 right_p01(c2).JPG]
[bookmark: _Toc370679020][bookmark: _Toc329874928][bookmark: _Toc341038830]Figure 2.5: Identifying the SNpc within a nigral brain section. A representative image of a rat brain section containing the SN is shown. Using the Rat Brain Atlas (Paxinos and Watson, 2007), two SNpc hemispheres are determined and highlighted in yellow. Cells were stained red with anti-TH antibody. Scale bar = 500 µm.

[bookmark: _Toc370678350]2.8.3. Measurement of eGFP intensity
For cultured cells, 9 fields/well of 24-well plates were selected and each field was individually captured as described in section 2.8.2 above. The intensity of eGFP in each field was scored by AxioVision software. An average of intensity from 9 fields was then taken and expressed as arbitrary units (a.u.)/µm2.
For brain sections containing the striatum, following image capturing the area of the striatum on each section was identified according to the Rat Brain Atlas (Paxinos and Watson, 2007). The intensity of eGFP within this area was quantified by AxioVision software, divided by the area and expressed as a.u./µm2. The values for approximately 60 striatal sections from each brain were then averaged to obtain the value for the corresponding brain.
[bookmark: _Toc329874929][bookmark: _Toc341038831]

[bookmark: _Toc370678351]2.9. In vivo experiments
[bookmark: _Toc329874930][bookmark: _Toc341038832][bookmark: _Toc370678352]2.9.1. Animals and design of experiments
All animal experiments were performed in accordance with the UK Animals (Scientific Procedures) Act, 1986; project licence number 70/7050. Sixty-five male Sprague-Dawley rats (Charles River, UK) weighing 250-300 g at the beginning of the study were housed 2-3 rats/cage. Animals were maintained in a standard 12-hour light/dark cycle with free access to food and water. The animals were split randomly into groups for 3 different experimental purposes. Details of these as below:
	
Groups of animal

	eGFP experiment 
(n = 5 per group)
	IGF-1 experiment 
(n = 5 per group)
	GDNF experiment 
(n = 10 per group)

	GFAPp-eGFP (IPLVs)
	CMVp-Igf-1 (IPLVs)
	GFAPp-hGDNF (IPLVs)

	GFAPp-eGFP (IDLVs)
	CMVp-Igf-1 (IDLVs)
	GFAPp-hGDNF (IDLVs)

	SYNp-eGFP (IPLVs)
	SYNp-Igf-1 (IPLVs)
	GFAPp/SYNp-eGFP (IPLVs) 

	SYNp-eGFP (IDLVs)
	SYNp-Igf-1 (IDLVs)
	GFAPp/SYNp-eGFP (IDLVs) 

	
	Mock (saline)
	


[bookmark: _Toc329874931][bookmark: _Toc341038833]
[bookmark: _Toc370678353]2.9.2. Intrastriatal injection of LVs
[bookmark: _Toc329874932]Animals were anaesthetized with isoflurane (5% in 100% O2 for induction and 3% in 100% O2 for maintenance) and placed on a stereotaxic frame (World Precision Instrument, UK), onto a heating pad, with the nose bar set at 3.3 mm below the horizontal. An incision was made into the skin overlying the skull and two burr-holes were made into the skull above the right striatum by an Ideal Micro-drill (Harvard Apparatus, UK). All injections were performed with a 25 µl Hamilton syringe and a compatible stainless steel 33G needle at a speed of 0.5 µl/minute, which was maintained by an UltraMicroPump III (World Precision Instrument, UK). Prior to use, the needle and syringe were sterilized by 70% ethanol, washed in ddH2O, and primed with viral vector to prevent adsorption of the vector during dosing. Equivalent vector titres (5 µl/hole) were injected following stereotaxtic coordinates: (1) AP: +1.8 mm, ML: -2.5 mm relative to bregma and DV: -5.0 mm relative to dura; (2) AP: 0.0 mm, ML: -3.5 mm relative to bregma and DV: -5.0 mm relative to dura. The needle was left in the place for 3 minutes before being retracted. During injection, the animal was rehydrated by subcutaneous injection of 10 ml/kg Aqupharm solution (Animalcare, UK), which contains 0.18% sodium chloride and 4% glucose. After infusion, the scalp was closed with absorbable sutures (Vetsuture, France). The animal was transferred into a clean cage pre-warmed by an underneath heating pad. Animals were only returned to their room when they regained consciousness and showed normal behaviour, which normally occurred within one hour post-surgery.
[bookmark: _Toc370678354][bookmark: _Toc329874933][bookmark: _Toc329643140][bookmark: _Toc329644669][bookmark: _Toc329645305][bookmark: _Toc329686473][bookmark: _Toc328937058]2.9.3. Unilateral 6-OHDA lesioning
6-OHDA lesioning was carried out two weeks post-vector transduction. Thirty-minutes prior to the infusion, animals were injected with a combined solution of pargyline (5 mg/kg, i.p) and desipramine (25 mg/kg, i.p) to increase the bioavailability and specificity of 6-OHDA for dopaminergic neurons. 6-OHDA was dissolved in a solution containing 0.9% sterile saline and 0.02% ascorbic acid (used within a day). Under isoflurane anaesthesia, animals received 6-OHDA into the same positions of vector administration, with 2 µl/site, 2.5 µg/µl. Animals were looked after during and after surgery as described in section 2.9.2. 
[bookmark: _Toc329874934][bookmark: _Toc341038834][bookmark: _Toc370678355]2.9.4. Drug-induced rotational tests and analysis of animal behaviour
The animal behaviour was tested by either amphetamine- or apomorphine-induced rotations. Amphetamine or apomorphine was dissolved in ddH2O and injected intraperitoneally into the animals. In IGF-1 experiments, rotational tests were started from week 1 after 6-OHDA lesioning and repeated weekly for 4 times. Amphetamine-induced rotational tests were performed followed by apomorphine administration 3 days apart. In eGFP and GDNF experiments, animal behaviour was tested from week 3 post 6-OHDA lesioning. Rotational movements were induced by amphetamine followed by apomorphine one week apart. These tests were performed once per month for a period of 4 months. 
Each rat was acclimatized in a separate 40 cm diameter hemispherical bowl and natural behaviours were recorded for 30 minutes. Animals were then injected with either 5 mg/kg of amphetamine or 1 mg/kg of apomorphine to induce rotational movement. Net rotational asymmetry was scored manually as full body turns, with contralateral and ipsilateral rotations being counted separately. In amphetamine-induced tests, ipsilateral turns were counted as positive values and contralateral turns were counted as negative values whereas a reverse calculation was performed in apomorphine-induced tests. Total net rotations were obtained by calculation of the difference between contralateral and ipsilateral turns and monitored every 10 minutes for 90 minutes of each test. Animals displaying at least 4 turns/min in amphetamine-induced tests or 1 turn/min in apomorphine-induced tests were considered to respond to the drugs (as appropriate). Detailed results are shown in figures 5.9, 5.10, 6.3 and 6.4.
[bookmark: _Toc328937061][bookmark: _Toc329874935][bookmark: _Toc341038835][bookmark: _Toc370678356]2.9.5. Post-mortem brain processing
Animals were killed by exposure to a rising concentration of CO2 followed by cervical dislocation to confirm death. The whole brains were removed quickly. For ELISA, rat striata from IGF-1 and GDNF experiments were isolated; lesioned or intact hemispheres were separately transferred into 1.5 ml tubes (one hemisphere/tube) and snap-frozen directly in liquid nitrogen. For immunohistochemistry, whole rat brains were transferred into 50 ml falcon tubes containing 4% PFA (one brain/tube) and fixed for 3 days at 4oC. Coronal nigral sections from all three experiments and striatal sections from eGFP experiment were sliced on a vibrating microtome (Campden Instruments, UK) at 50 µm thickness and kept in ice-cold 1X PBS in 12-well plates. 
[bookmark: _Toc328937063][bookmark: _Toc329874936][bookmark: _Toc341038836][bookmark: _Toc370678357]2.9.6. Immunohistochemistry 
[bookmark: _Toc329874937][bookmark: _Toc341038837]Brain sections were washed twice in 1X PBS and incubated with a volume of 1% BSA blocking buffer (see Appendix 2) for 1 hour. Striatal containing sections from eGFP experiment were incubated with primary antibody, either mouse anti-NeuN (1:500, Millipore, UK), rabbit anti-GFAP (1:500, DAKO, UK) or rabbit anti-Iba1 (1:500, WAKO, UK) whilst SN containing sections in all animal experiments were incubated with rabbit anti-TH (1:1000, Millipore, UK). Reaction was maintained at 4oC for overnight following three washes in 1X PBS. Sections were then incubated with goat anti-mouse or goat anti-rabbit AlexaFluor555 antibody (1:500, Invitrogen, UK) as appropriate for 1 hour, in the dark. After another three washes in 1X PBS, sections were incubated with 1 µg/ml DAPI for 15 minutes and subsequently washed in 1X PBS before being placed onto SuperFrost slides. Sections were then mounted by mounting solution (see Appendix 2), covered with coverslips and kept at 4oC in the dark. Cell image capturing and analysis were then carried out as described in section 2.8. Illustrated cell images are shown in figure 2.6.
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[bookmark: _Toc370679021]Figure 2.6: Immunohistochemical staining of rat brain sections. Rats were injected with eGFP-expressing LVs. The brains were collected 5 months post-transduction. Brain sections containing either (A) the striatum or (B) the SN are shown; specific regions are indicated. Cells were stained red with anti-TH antibody; nuclei were stained blue with DAPI. Scale bars are 2000 µm (A) or 500 µm (B).

[bookmark: _Toc370678358][bookmark: _Toc344887763][bookmark: _Toc346472790][bookmark: _Toc349400127]2.10. Statistical analysis
[bookmark: _Toc310948202][bookmark: _Toc337497066][bookmark: _Toc341038839]Data were analysed by Prism 5 software (GraphPad, California, US). Results are shown as the means ± S.E.M (standard error of mean) with error bars represent the S.E.M. Each experiment was performed in duplicate or triplicate with “n” refers to the number of independent experiments; with an exception of in vivo work where “n” refers to the number of animals per group. Comparisons of statistical significance were assessed by 2-tailed Student’s t-test or one- or two-way ANOVA followed by Bonferroni’s or Dunnett’s post-hoc test. Significant levels were set at * p < 0.05, ** p < 0.01, *** p < 0.001. 

[bookmark: _Toc364181192][bookmark: _Toc364587302]




[bookmark: _Toc370678359]Chapter 3
[bookmark: _Toc341730350][bookmark: _Toc370678360]Cloning of lentiviral transfer plasmids 
and production of LVs
[bookmark: _Toc337497067]
[bookmark: _Toc266813810][bookmark: _Toc310948203][bookmark: _Toc337497068][bookmark: _Toc341038840]

[bookmark: _Toc370678361]3.1. Introduction
LVs are an attractive system for gene therapy, with many positive features derived from their biology and extensive vector development (Jakobsson et al., 2003; Abordo-Adesida et al., 2005; Bartus et al., 2007; Cannon et al., 2011; Hutson et al., 2012). IDLVs with defective viral integrase, in particular, offer less risk of insertional mutagenesis but may express transgene at similar level with their counterparts, IPLVs (Wanisch and Yáñez-Muñoz, 2009; Banasik and McCray, 2010). Hence, in this study, both IDLVs and IPLVs were used as delivery systems to transfer the genes for eGFP, IGF-1, or GDNF. In a bid to enhance transgene expression, these vectors were designed to target neurons, astrocytes, or a mixture of both cell types using cell-type specific promoters: SYNp, GFAP, or CMVp respectively. 
The first essential step in the production of these vectors was cloning of lentiviral transfer plasmids. Following cloning, LVs were produced through calcium phosphate plasmid transfection and subsequently titrated by flow cytometry, qPCR, or p24 ELISA. Results from plasmid cloning and vector titration are shown in this chapter. 


[bookmark: _Toc370678362]3.2. Aims of the chapter
LVs carrying different transgene cassettes are often titrated by different methods. For instance, flow cytometry is used only if vectors can express a reporter gene such as eGFP. However, using different techniques may lead to variant titres of one vector stock. Among three common titration methods, p24 ELISA was predicted to result in the highest titres, following by qPCR and flow cytometry. 
The work described in this chapter was aimed to prepare all lentiviral transfer plasmids for the production of LVs that would be necessary for further experiments. Quantification of vector titres by flow cytometry, qPCR, and p24 ELISA was performed to check the quality of these LVs.


[bookmark: _Toc370678363]3.3. Results
[bookmark: _Toc370678364]3.3.1. Checking of existing plasmids
 (
A
)pRRLsc-CMVp-eGFP-W (obtained from Prof. Luigi Naldini, TIGET, Italy and available in Dr Yáñez’s laboratory) was tested by digestion with AgeI, ClaI, NcoI. AgeI or ClaI has unique site within the plasmid whereas NcoI has 4 restriction sites within CMVp, eGFP, WPRE, and SV40 polyA (Figure 3.1 A). The result from gel electrophoresis showing correct DNA digestion patterns (Figures 3.1 B, C) confirmed the identity of the plasmid and indicated AgeI and ClaI can be used to remove CMVp (611 bp) whilst NcoI can be used to confirm the presence or removal of this promoter in further cloning strategies. 
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[bookmark: _Toc337501702][bookmark: _Toc341039150][bookmark: _Toc356079751]

Figure 3.1: Verifying pRRLsc-CMVp-eGFP-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.    
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)pAAV-GFAPp-rGdnf-W (obtained from Prof. Sebastian Kügler, University of Goteborg, Germany and available in Dr Yáñez’s laboratory) was tested by digestion with two unique enzymes AgeI and MluI, and with PstI which has 3 restriction sites within GFAPp and 3 other sites around the plasmid (Figure 3.2 A). The result from gel electrophoresis showing correct DNA digestion patterns (Figures 3.2 B, C) confirmed that AgeI and MluI can be used to isolate GFAPp (2289 bp) and PstI can be used to check the presence or removal of this promoter. 










[bookmark: _Toc337501703][bookmark: _Toc341039151]
[bookmark: _Toc356079752]Figure 3.2: Verifying pAAV-GFAPp-rGdnf-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.
pRRLsc-SYNp-eGFP-W (obtained by Dr Martin Broadstock in Dr Yáñez’s laboratory) was checked by digestion with ApaI, which has a unique site within SYNp, and with NcoI which has 3 restriction sites within eGFP, WPRE and SV40 polyA (Figure 3.3 A). The size of the plasmid and particularly the presence of SYNp, were confirmed according to the result from gel electrophoresis (Figures 3.3 B, C).
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[bookmark: _Toc337501704][bookmark: _Toc341039152][bookmark: _Toc356079753]Figure 3.3: Verifying pRRLsc-SYNp-eGFP-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.   
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)pRRLsc-SFFVp-eGFP-CMVp-W (obtained by Adam Meekings in Dr Yáñez’s laboratory) was checked by digestion with several unique enzymes: SbfI, XhoI, MluI, SexAI, SgrAI. These enzymes would be used in cloning of rIgf-1-containing plasmid and in replacement of CMVp by either GFAPp or SYNp. XmaI and NcoI were also used to check the presence of SFFVp, CMVp, eGFP, WPRE, and SV40 polyA (Figure 3.4 A). Gel electrophoresis result (Figure 3.4 B) showing expected DNA digestion patterns (Figure 3.4 C) confirmed the size of the plasmid and indicated the suitability of these enzymes for further cloning.
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[bookmark: _Toc337501705][bookmark: _Toc341039153]
[bookmark: _Toc356079754]Figure 3.4: Verifying pRRLsc-SFFVp-eGFP-CMVp-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.   
pExpress1-rIgf-1 (obtained from Thermo Scientific) contains rIgf-1 cDNA (1434 bp) between restriction sites of EcoRI and NcoI. The plasmid was subsequently checked by digestion with these enzymes and with BlpI, which has a unique site within the coding sequence (CDS) of rIgf-1 (Figure 3.5 A), the region to be amplified by PCR. Expected result was confirmed by gel electrophoresis (Figures 3.5 B, C).
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[bookmark: _Toc337501706][bookmark: _Toc341039154]
[bookmark: _Toc356079755]Figure 3.5: Verifying pExpress1-rIgf-1. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.   


[bookmark: _Toc266813812] (
A
)pRRLsc-CMVp-rGdnf-IRES-eGFP-W (produced by Dr Sherif Ahmed in Dr Yáñez’s laboratory) was checked by digestion with SnaBI, PstI, EcoRI, and NcoI. These enzymes have restriction sites within CMVp, rGdnf, IRES (internal ribosome entry site), eGFP, and WPRE (Figure 3.6 A). Digestion by these enzymes showed 1, 2, 3, and 4 DNA bands respectively on agarose gel electrophoresis (Figure 3.6 B). These expected digestion patterns (Figure 3.6 C) confirmed the presence of those above regions and the size of the plasmid.
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[bookmark: _Toc337501707][bookmark: _Toc341039155]
[bookmark: _Toc356079756]Figure 3.6: Verifying pRRLsc-CMVp-rGdnf-IRES-eGFP-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmids. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.   
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)pHR'-GFAPp-hGDNF-W (obtained from Dr Cecilia Lundberg, University of Lund, Sweden and available in Dr Yáñez’s laboratory) was checked by digestion with SacII, ScaI, EcoRI, ApaI, and EcoRV, which have restriction sites within GFAPp, hGDNF, WPRE, LTR, and ampicillin resistance gene (Figure 3.7 A). Digestion patterns showing on agarose gel electrophoresis (Figure 3.7 B), with correct sizes as expected (Figure 3.7 C), confirmed the presence of the above regions. Sequences of GFAPp-hGDNF were subsequently ascertained by DNA sequencing (data not shown).










[bookmark: _Toc337501708][bookmark: _Toc341039156][bookmark: _Toc356079757]Figure 3.7: Verifying pHR'-GFAPp-hGDNF-W. (A) Plasmid map with restriction sites of relevant enzymes. (B) Agarose gel electrophoresis of digested and control undigested (UD) plasmid. Size standard is 1kb DNA ladder. (C) Expected sizes of digestion fragments.
[bookmark: _Toc337497069][bookmark: _Toc370678365][bookmark: _Toc310948205]3.3.2. Cloning of GFAPp-eGFP plasmid 
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)pRRLsc-CMVp-eGFP-W (Figure 3.8 A) was cut by ClaI and pAAV-GFAPp-rGdnf-W (Figure 3.8 B) was cut by MluI. Both plasmids were subsequently digested by AgeI to prepare CMVp-removed plasmid (6814 bp) and isolate GFAPp (2285 bp). Results from agarose gel electrophoresis (Figures 3.8 C, D) display successful digestions.  








[bookmark: _Toc337501709][bookmark: _Toc341039157][bookmark: _Toc356079758]Figure 3.8: Cloning strategy for pRRLsc-GFAPp-eGFP-W. Maps of (A) vector plasmid and (B) GFAPp donor plasmid. (C, D) Agarose gel electrophoresis of digested plasmids; targeted patterns are highlighted by red rectangles. Size standards are 1kb DNA ladder. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps.


Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures; plasmid DNA was then purified and digested with an enzyme expected to have a unique restriction site, EcoRI. Samples providing a ~9 kb band on gel electrophoresis (lanes 1-3, Figure 3.9 A) were further digested with XhoI, SacII, PstI or NcoI. These enzymes have 1, 2, 3 and 4 restriction sites respectively within the resulting plasmid, at least one of which is within GFAPp. The orientation of the inserted GFAPp was confirmed through NcoI digestion, which produces four fragments. In the correct plasmid it generates diagnostic bands of 6875, 1145, 753 and 326-bp while in the wrong orientation it results in bands of 5218, 1983, 1145 and 753-bp. Figure 3.9 B below shows gel electrophoresis digestion patterns of a correct plasmid clone (full band sizes detailed in Figure 3.9 C).
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[bookmark: _Toc337501710][bookmark: _Toc341039158]
[bookmark: _Toc356079759]Figure 3.9: Screening of plasmid colonies for pRRLsc-GFAPp-eGFP-W. (A) Gel electrophoresis result from digestion of plasmid DNA with EcoRI. Digested samples were loaded onto lanes 1-4 whilst corresponding undigested samples were loaded onto lanes 6-9 respectively. Digested and undigested vector plasmids loaded in lanes 5 and 10 act as digestion controls. (B) Verification of a plasmid clone by digestion with several restriction enzymes. Undigested (UD) plasmid acts as a negative control. (A, B) Size standards are 1kb DNA ladder. (C) Corresponding sizes of digestion fragments.  
        
[bookmark: _Toc337497070][bookmark: _Toc341038841][bookmark: _Toc370678366][bookmark: _Toc310948206][bookmark: OLE_LINK2]3.3.3. Cloning of SFFVp-eGFP-CMVp-rIgf-1 plasmid 
PCR was used in this cloning strategy as no restriction enzymes within rIgf-1 donor plasmid (pExpress1-rIgf-1, Figure 3.10 A) are suitable for isolation of the rIgf-1 coding sequence (CDS) and its insertion into the vector plasmid (pRRLsc-SFFVp-eGFP-CMVp-W, Figure 3.10 B). PCR was performed according to an optimised programme (see section 2.1.2); forward and reverse primers in turn were GCGCGCCGCCGGCGATGAGCGCACCTCCAATAAA and GCGCGCACCAGGTGGGAGGCTCCTCCTACATTC. Digestion of PCR product and the vector plasmid with SgrAI and SexAI displayed an expected 430 bp band on a 1.3% agarose gel and a 8068 bp band on a 0.8% agarose gel electrophoresis respectively (Figures 3.10 C, D). 
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[bookmark: _Toc337501711][bookmark: _Toc341039159][bookmark: _Toc341098393][bookmark: _Toc356079760]Figure 3.10: Cloning strategy for pRRLsc-SFFVp-eGFP-CMVp-rIgf-1-W. Diagrams of (A) rIgf-1 donor plasmid and (B) lentiviral vector plasmid. Agarose gel electrophoresis of digested (C) rIgf-1 PCR product and (D) vector plasmid; targeted patterns are highlighted by red rectangles. (C, D) Size standards are 100 bp and 1 kb DNA ladders respectively. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps.
[bookmark: _Toc337497071][bookmark: _Toc341038842][bookmark: _Toc341090205][bookmark: _Toc341625398][bookmark: _Toc341730354][bookmark: _Toc344887769][bookmark: _Toc346472796][bookmark: _Toc349400133]

Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures. Bacterial mini cultures were pooled, plasmid DNA was purified and first screened with ApaI, an enzyme having a restriction site within rIgf-1 (Figure 3.11 A). Following gel electrophoresis, mini cultures from pools that produced a ~8.5 kb band (e.g., lanes 2, 3) were analysed by BlpI+EcoRI, BlpI+SnaBI, and NcoI digestions. Double digestion with BlpI+EcoRI or BlpI+SnaBI would determine the orientation of the inserted rIgf-1; for instance, by digestion of BlpI+EcoRI the correct plasmid provides diagnostic bands of 5491, 2051 and 957-bp whereas the wrong orientation would result in bands of 5491, 2228 and 780-bp. In combination with digestion of NcoI, which has 4 restriction sites around the vector plasmid, the size of the novel plasmid and the presence of some important regions, including CMVp, eGFP, WPRE and SV40 polyA/ORI were confirmed. Results from gel electrophoresis of a representative correct plasmid clone are shown in Figure 3.11 B, with patterns as expected (Figure 3.11 C). Sequencing was also performed to confirm rIgf-1 sequence (data not shown).
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[bookmark: _Toc337501712][bookmark: _Toc341039160]
[bookmark: _Toc356079761]Figure 3.11: Screening of plasmid colonies for pRRLsc-SFFVp-eGFP-CMVp-rIgf-1-W. (A) Gel electrophoresis of pooled plasmid DNA cut by ApaI. Digested samples were loaded onto lanes 1-5 whilst corresponding undigested samples were loaded onto lanes 6-10 respectively. Digested and undigested vector plasmids loaded onto lanes 11 and 12 act as digestion controls. (B) Verification of a plasmid clone by digestion with several restriction enzymes. Undigested (UD) plasmid acts as a negative control. (A, B) Size standards are 1kb DNA ladder. (C) Corresponding sizes of digestion patterns.          
[bookmark: _Toc310948209][bookmark: _Toc310948210][bookmark: _Toc337497072][bookmark: _Toc266813815][bookmark: _Toc341038843][bookmark: _Toc370678367]
3.3.4. Cloning of SFFVp-eGFP-rIgf-1 plasmid
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)pRRLsc-SFFVp-eGFP-CMVp-rIgf-1-W (Figure 3.12 A) produced in the above step was cut by XhoI and SbfI to remove CMVp (638 bp), as an intermediate cloning step before the introduction of other promoters. The result from gel electrophoresis in Figure 3.12 B demonstrated successful digestion. The remaining plasmid backbone (7857 bp) was then blunted and self-ligated to form a new plasmid construct, pRRLsc-SFFVp-eGFP-rIgf-1-W (Figure 3.12 C). 









[bookmark: _Toc337501713][bookmark: _Toc341039161][bookmark: _Toc356079762]Figure 3.12: Cloning strategy for pRRLsc-SFFVp-eGFP-rIgf-1-W. (A) Map of the vector plasmid. (B) Agarose gel electrophoresis of digested vector plasmid with targeted pattern being highlighted by red rectangle. Size standard is 1kb DNA ladder. (C) Construct of the expected plasmid. (A, C) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps.
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)Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures, plasmid DNA was purified and digested with an enzyme expected to have a unique restriction site, MluI (Figure 3.13 A). Linearised samples providing a ~7.8 kb band on agarose gel were then digested by BlpI which has a restriction site within rIgf-1, and by NcoI which has 3 restriction sites around the plasmid. The result from gel electrophoresis (Figure 3.13 B) showing digested patterns as expected (Figure 3.13 C) confirmed the presence of rIgf-1, the size and orientation of a correct plasmid clone.  








[bookmark: _Toc337501714][bookmark: _Toc341039162][bookmark: _Toc356079763]Figure 3.13: Screening of plasmid colonies for pRRLsc-SFFVp-eGFP-rIgf-1-W. (A) Gel electrophoresis of plasmid DNA cut by MluI. Digested samples were loaded onto lanes 1-6 whilst corresponding undigested samples were loaded onto lanes 8-13 respectively. Digested and undigested vector plasmids loaded onto lanes 7 and 14 act as digestion controls. (B) Verification of a plasmid clone by digestion with several restriction enzymes. Undigested (UD) plasmid acts as a negative control. (A, B) Size standards are 1kb DNA ladder. (C) Corresponding sizes of digestion patterns.
[bookmark: _Toc310948211][bookmark: _Toc337497073][bookmark: _Toc341038844][bookmark: _Toc370678368]3.3.5. Cloning of SFFVp-eGFP-SYNp-rIgf-1 plasmid
PCR was employed in this cloning as no restriction enzymes within SYNp donor plasmid, pRRLsc-SYNp-eGFP-W (Figure 3.14 A) are suitable for isolating and inserting this promoter into the vector plasmid, pRRLsc-SFFVp-eGFP-rIgf-1-W (Figure 3.14 B). PCR was performed according to an optimised programme (see section 2.1.2), with GCGCGCACGCGTCTAGACTGCAGAGGGCCCTG and GCGCGCCGCCGGCGTTGAATTCTCGACTGCG in turn being used as forward and reverse primers. Agarose gel electrophoresis (Figures 3.14 C, D) displays digestion results of SYNp PCR product (a 493 bp band on 1.3% agarose gel) and the vector plasmid (a 7850 bp band on 0.8% agarose gel) by MluI and SgrAI. 
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[bookmark: _Toc337501715][bookmark: _Toc341039163][bookmark: _Toc356079764]Figure 3.14: Cloning strategy for pRRLsc-SFFVp-eGFP-SYNp-rIgf-1-W. Diagrams of (A) SYNp donor plasmid and (B) vector plasmid. Agarose gel electrophoresis of digested (C) SYNp PCR product and (D) vector plasmid; targeted patterns are highlighted by red rectangles. (C, D) Size standards are 100 bp and 1 kb DNA ladders respectively. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps. 

Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures, plasmid DNA was purified and digested with ApaI, which has a restriction site within rIgf-1 and another site within SYNp. Promising samples providing 7.5 kb and 0.8 kb bands on agarose gel (e.g., lanes 1, 3) were subsequently digested by MluI and NcoI (Figure 3.15 A). Result from agarose gel electrophoresis (Figure 3.15 B) and corresponding digestion patterns (Figure 3.15 C) indicated a successfully-synthesized plasmid, with the presence and the orientation of SYNp being confirmed by ApaI whilst the size of the new plasmid were confirmed by MluI and NcoI. The sequence of SYNp was confirmed by DNA sequencing (data not shown).
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[bookmark: _Toc337501716][bookmark: _Toc341039164][bookmark: _Toc356079765]Figure 3.15: Screening of plasmid colonies for pRRLsc-SFFVp-eGFP-SYNp-rIgf-1-W. (A) Gel electrophoresis result from digestion of plasmid DNA with ApaI. Digested samples were loaded onto lanes 1-5 whilst corresponding undigested samples were loaded onto lanes 7-11 respectively. Digested and undigested vector plasmids loaded onto lanes 6 and 12 act as digestion controls. (B) Verification of a plasmid clone by digestion with several restriction enzymes. Undigested (UD) plasmid acts as a negative control. (A, B) Size standards are 1kb DNA ladder. (C) Corresponding sizes of digestion patterns.          
[bookmark: _Toc310948213][bookmark: _Toc337497074][bookmark: _Toc341038845][bookmark: _Toc370678369]
3.3.6. Cloning of SFFVp-eGFP-GFAPp-rIgf-1 plasmid
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)The vector plasmid pRRLsc-SFFVp-eGFP-rIgf-1-W (Figure 3.16 A) was cut by SgrAI whilst GFAPp donor plasmid pAAV-GFAPp-rGdnf-W (Figure 3.16 B) was cut by AgeI. Digested plasmids were then blunted and subsequently cut by MluI. Results from gel electrophoresis (Figures 3.16 C, D) in turn showing digested vector plasmid (7850 bp) and GFAPp fragment (2285 bp) demonstrated successful digestions.








[bookmark: _Toc337501717][bookmark: _Toc341039165]
[bookmark: _Toc356079766]Figure 3.16: Cloning strategy for pRRLsc-SFFVp-eGFP-GFAPp-rIgf-1-W. Diagrams of (A) vector plasmid and (B) GFAPp donor plasmid. (C, D) Agarose gel electrophoresis of digested plasmids; targeted patterns are highlighted by red rectangles. Size standards are 1kb DNA ladder. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps.
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)Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures, plasmid DNA was purified and digested with PstI, an enzyme with 3 restriction sites within GFAPp and 2 other sites within SFFVp. No samples provided expected patterns, which are 7106, 1538, 822, 586, and 87-bp. A representative screening of these samples is shown in Figure 3.17.  




[bookmark: _Toc337501718][bookmark: _Toc341039166][bookmark: _Toc356079767]Figure 3.17: Screening of plasmid colonies from cloning of pRRLsc-SFFVp-eGFP-GFAPp-rIgf-1-W. Digested samples were loaded onto lanes 1-3 and corresponding undigested samples were loaded onto lanes 5-7 respectively. Digested and undigested vector plasmids loaded onto lanes 4 and 8 act as digestion controls. Samples were run on 0.8% agarose gel. Size standard is 1kb DNA ladder.         
[bookmark: _Toc337497078][bookmark: _Toc341038849]
Unfortunately, there were no other suitable enzymes to isolate GFAPp and to insert this promoter into the vector plasmid. Moreover, the length of GFAPp (2.2 kb) is an obstacle for this promoter to be amplified by PCR without generating any mutation. This failure was indeed a disadvantage. However, IGF-1 is mainly produced by neurons and SYNp has been suggested to be neuronal specific. Hence, the newly-synthesized SYNp-rIgf-1 and CMVp-rIgf-1 plasmids (see sections 3.2.3 and 3.2.5) could be enough for testing the hypotheses and aims of this study.

[bookmark: _Toc370678371]3.3.7. Cloning of SYNp-rGdnf plasmid
PCR was used in this cloning as no restriction enzymes within rGdnf donor plasmid (pAAV-GFAPp-rGdnf-W, Figure 3.18 A) are suitable for isolating and inserting rGdnf into the vector plasmid (pRRLsc-SYNp-eGFP-W, Figure 3.18 B). PCR was performed according to an optimised programme (see section 2.1.2); forward and reverse primers in turn were GCGCGCACCGGTATGGGAAAGTTATGGGATG and GCGCGCTGTACATCAGATACATCCACACCG. Gel electrophoresis results from digestion of rGdnf PCR product (a 648 bp band on 1.3 % agarose gel) and plasmid backbone lacking eGFP (a 6701 bp band on 0.8 % agarose gel) by AgeI and BsrGI are shown in Figures 3.18 C, D respectively. 
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[bookmark: _Toc337501721][bookmark: _Toc341039169][bookmark: _Toc356079768]Figure 3.18: Cloning strategy for pRRLsc-SYNp-rGdnf-W. Diagrams of (A) rGdnf donor plasmid and (B) vector plasmid. (C, D) Gel electrophoresis from digestion of rGdnf PCR product and vector plasmid respectively; targeted patterns are highlighted by red rectangles. Size standards are 1kb DNA ladder. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps. 
[bookmark: _Toc310948219][bookmark: _Toc356078810][bookmark: _Toc364081136][bookmark: _Toc364181205][bookmark: _Toc364587315][bookmark: _Toc370678372][bookmark: _Toc337497079][bookmark: _Toc341038850][bookmark: _Toc341090213][bookmark: _Toc341625406][bookmark: _Toc341730362][bookmark: _Toc344887775][bookmark: _Toc346472802][bookmark: _Toc349400139]Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures, plasmid DNA was purified and digested with EcoRI, an enzyme with a restriction site within rGdnf and 2 other sites around the plasmid. No samples could provide digestion patterns as expected, including 5982, 952 and 336-bp. A representative screening of these samples is shown in Figure 3.19.
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[bookmark: _Toc337501722][bookmark: _Toc341039170][bookmark: _Toc344887776][bookmark: _Toc346472803][bookmark: _Toc349400140][bookmark: _Toc356078811][bookmark: _Toc356079769][bookmark: _Toc364081138][bookmark: _Toc364181206][bookmark: _Toc364587316][bookmark: _Toc370678373]Figure 3.19: Screening of plasmid colonies from cloning of pRRLsc-SYNp-rGdnf-W. Digested samples were loaded onto lanes 1-5 whilst control digested vector plasmid was loaded onto lane 6. Samples were run on 0.8% agarose gel with 1kb DNA ladder being used as a size standard. 
[bookmark: _Toc310948216][bookmark: _Toc337497076][bookmark: _Toc341038847][bookmark: _Toc370678374]
3.3.8. Cloning of GFAPp-rGdnf plasmid 
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)A similar cloning strategy employing PCR as described in section 3.7 was used. Both vector plasmid (pRRLsc-GFAPp-eGFP-W, Figure 3.20 A) and rGdnf PCR product (648 bp) amplified from donor plasmid (pAAV-GFAPp- rGdnf-W, Figure 3.20 B) were cut by AgeI and BsrGI. Gel electrophoresis results from such digestion are shown in Figures 3.20 C, D.

 






[bookmark: _Toc337501719][bookmark: _Toc341039167][bookmark: _Toc356079770]Figure 3.20: Cloning strategy for pRRLsc-GFAPp-rGdnf-W. Diagrams of (A) vector plasmid and (B) rGdnf donor plasmid. Gel electrophoresis results from digestion of (C) vector plasmid and (D) rGdnf PCR product; targeted patterns are highlighted by red rectangles. Size standards are 1kb DNA ladder. (E) Map of the expected plasmid. (A, B, E) Relevant enzymes and their corresponding restriction sites are indicated on plasmid maps.
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Following ligation and transformation, random colonies were screened for the presence of the correct plasmid. For this, colonies were expanded in small liquid cultures, plasmid DNA was purified and digested with EcoRI, an enzyme with a restriction site within rGdnf and another site on the plasmid. No samples could provide digestion patterns as expected: 8070 bp and 952 bp. A representative screening of these samples is shown in Figure 3.21.
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[bookmark: _Toc337501720][bookmark: _Toc341039168][bookmark: _Toc356079771]Figure 3.21: Screening of plasmid colonies from cloning of pRRLsc-GFAPp-rGdnf-W. Digested samples were loaded onto lanes 1-4 and control digested vector plasmid was loaded onto lane 5. Samples were run on 0.8% agarose gel with 1kb DNA ladder being used as a size standard.         

[bookmark: _Toc310948218][bookmark: _Toc310948220][bookmark: _Toc337497080][bookmark: _Toc341038851]Another attempt to clone SYNp-rGdnf and GFAPp-rGdnf plasmids was carried out, with extended removal of eGFP-WPRE from vector plasmids and amplification of Gdnf-WPRE from the donor plasmid. However, this latter strategy could not solve the problem. Since GFAPp has been reported to target astrocytes - the main source of GDNF, it was more necessary to obtain GFAPp-Gdnf than SYNp-Gdnf plasmid. Fortunately, Dr Cecilia Lundberg (University of Lund, Sweden) kindly gifted GFAPp-hGDNF plasmid (see plasmid verification in section 3.2.1).   


[bookmark: _Toc370678376]3.3.9. Production and titration of LVs 
Plasmids generated from the above cloning strategies and others already available in our laboratory (summarised in Table 3.1) were used as transfer plasmids for the production of LVs. 

[bookmark: _Toc337502355][bookmark: _Toc341040358][bookmark: _Toc346472807][bookmark: _Toc349400144][bookmark: _Toc356078815][bookmark: _Toc356080254][bookmark: _Toc364081142][bookmark: _Toc364181210][bookmark: _Toc364587320][bookmark: _Toc370678377]Table 3.1: Summary of transfer plasmids used in production of LVs
	Vectors
	Plasmids (species of origin of transgene, NCBI accession number)
	Source of plasmids

	CMVp-eGFP
	pRRLsc-CMVp-eGFP-W 
(synthetic construct, JQ693016.1) 
	Kindly provided by Prof. Luigi Naldini, available in Yáñez lab

	GFAPp-eGFP
	pRRLsc-GFAPp-eGFP-W 
(synthetic construct, JQ693016.1)
	Cloned in this work

	SYNp-eGFP
	pRRLsc-SYNp-eGFP-W 
(synthetic construct, JQ693016.1)
	Cloned by Dr Martin Broadstock in Dr Yáñez lab

	CMVp-GDNF
	pRRLsc-CMVp-rGdnf-IRES-eGFP-W (Rattus norvegicus, NM_019139.1) 
	Cloned by Dr Sherif Ahmed in Dr Yáñez lab

	CMVp-IGF-1
	pRRLsc-SFFVp-eGFP-CMVp-rIgf-1-W (Rattus norvegicus, BC086374.1)
	Cloned in this work

	SYNp-IGF-1
	pRRLsc-SFFVp-eGFP-SYNp-rIgf-1-W (Rattus norvegicus, BC086374.1)
	Cloned in this work

	GFAPp-hGDNF
	pHR'-GFAPp-hGDNF-W 
(Homo sapiens,  BC128108.1)
	Kindly provided by Dr Cecilia Lundberg, available in Dr Yáñez lab


A third- or four-plasmid system, including transfer plasmid, packaging plasmid, envelope plasmid, and/or Rev plasmid, was transferred into HEK 293T cell cultures by calcium phosphate transfection to produce the second or third generation LVs, respectively. Integrase-proficient second- or third-generation packaging plasmid was used for IPLVs whereas its counterpart having a mutant D64V integrase (valine replaces aspartic acid at residue 64) was used for IDLVs. Viral particles released in cell supernatant were collected after 40-64 hours following plasmid transfection and concentrated by ultracentrifugation. Newly-synthesized LVs were either directly quantified by p24 ELISA or indirectly through vector transduction into HeLa cells following flow cytometry or qPCR. In average, p24 ELISA titres are 100-fold higher than qPCR titres; in turn qPCR titres are 5-fold higher than eGFP titres (Figure 3.22). 
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[bookmark: _Toc337501723][bookmark: _Toc341039171][bookmark: _Toc356079772][bookmark: _Toc310948242][bookmark: _Toc337585385][bookmark: _Toc338499604][bookmark: _Toc341038870]Figure 3.22: Titres of LVs. Vectors used in this study were titrated by (A) flow cytometry, (B) p24 ELISA or (C) qPCR. Data are shown as the mean ± S.E.M. Error bars represent the S.E.M. Numbers of individual measurements are indicated by n, with n ≥ 3 (A, C) or n = 1 (B).       IPLVs        IDLVs
[bookmark: _Toc370678378]3.4. Discussion
Here, lentiviral transfer plasmids containing eGFP, Igf-1, or GDNF driven by CMVp, GFAPp or SYNp promoters were generated. GFAPp-Igf-1 and SYNp-Gdnf plasmids unfortunately failed to be cloned. However, the most important plasmids: SYNp-Igf-1 and GFAPp-GDNF, were successfully obtained. 
Following vector production, both IPLVs and IDLVs expressing eGFP were titrated by flow cytometry for functional vector titres. Although the gene for eGFP is within the constructs of most LV-IGF-1 or -GDNF vectors, the expression of this reporter driven by SFFVp or IRES appears weak and unstable between cell lines (previous experience in Yáñez lab). It is possiblely due to promoter interference between two internal promoters or the relatively low efficiency of IRES. Therefore, vectors were alternatively titrated by qPCR that quantifies the number of copies of viral DNA in transduced cells. In order to have the most comprehensive picture of vector titres for in vivo work, those vectors were also titrated by p24 ELISA. As this latter method measures the amount of p24 protein in the viral capsid, both viral RNA-containing and empty particles are potentially counted, which may be slightly misleading when compared to qPCR titration. Perhaps, due to a high probability in the transient transduction of vectors and/or the variance in transcriptional activities (depending on the vector backbone), vector titration by either qPCR or p24 ELISA generally overestimates the functional vector titres (titrated by flow cytometry) from 10 to 1000 times (Geraerts et al., 2006). 
Due to the drawback of bicistronic LVs (as discussed above), in the next in vitro experiments investigating vector transduction efficiency through eGFP expression, monocistronic LV-eGFP vectors were used according to their flow cytometry-based titres. Bicistronic LVs in the tests for neuroprotective effects of IGF-1 in vitro were used based on their qPCR titres. In animal work, all vectors were injected at the same volume containing 109 viral DNA copies/ml (qPCR titres) that are equal to 1011 viral particles/ml (p24 ELISA titres); dilution were used for high vector titres when necessary. 
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[bookmark: _Toc341730365][bookmark: _Toc370678380]Transduction efficiency and cell-type specificity of LVs in vitro and in vivo
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[bookmark: _Toc370678381]4.1. Introduction 
A significant obstacle in the routine clinical use of current IPLVs is the potential of insertional mutagenesis and subsequent oncogenesis caused by integration of the viral genome into the host cell genome (Biasco et al., 2012). To minimize this risk, IDLVs have been developed with a mutation in the gene for viral integrase (Leavitt et al., 1996). Integration of these vectors has been demonstrated to be inhibited without affecting the synthesis of provirus or infectious titres (Apolonia et al., 2007); such that IDLVs can surpass the risk of insertional mutagenesis. However, failure to integrate into the genome of infected cells, provirus of these IDLVs forms double-stranded episomal circles that are progressively diluted in proliferating cells due to the lack of viral replication signals (Wanisch and Yáñez-Muñoz, 2009; Banasik and McCray, 2010). Therefore, IDLVs may express transgenes at comparable levels with IPLVs if the target cell population does not divide significantly; for instance, post-mitotic CNS cells. 
Moreover, transgene expression from LVs can be enhanced by the choice of promoters specific to target cells (Jakobsson et al., 2003; Hioki et al., 2007; Li et al., 2010). Most studies in the CNS using LVs so far have relied on strong and ubiquitous promoters such as CMVp (Blömer et al., 1997; Déglon et al., 2000). However, the use of cell-type specific promoters can restrict transgene expression in the desirable cell population, in turn leading to maximal levels of the transgene. In line with this, LVs carrying SYNp have been reported to transduce preferentially neuronal cells in various brain areas (Jakobsson et al., 2003; Hioki et al., 2007) whilst LV-GFAPp vectors have been extensively used when astrocyte-targeted expression has been required (Jakobsson et al., 2003; Li et al., 2010).
Hence, in this chapter, CMVp, SYNp and GFAP driving eGFP were designed in the construct of both IDLVs and IPLVs. Following transduction of these vectors in rat primary VM cell cultures and 6-OHDA-lesioned rats, the number of eGFP+ cells and/or eGFP intensity was assessed. Specific cell types expressing eGFP were also determined, with a focus on neurons (in particular TH+ cells) and astrocytes. 



[bookmark: _Toc370678382]4.2. Hypotheses and aims
A series of experiments presented in this chapter was performed to test two hypotheses: 
1. IDLVs express transgene as efficiently as IPLVs in non-diving cell environment, both in vitro and in vivo.
2. Transcriptional targeting from LV-eGFP vectors can be achieved by using cell-type specific promoters.
In order to confirm these hypotheses, the study aimed to compare transduction efficiency between IDLVs and IPLVs through eGFP expression in primary VM cell cultures transduced with the vectors and in vector-injected rats. Moreover, SYNp, GFAP or CMVp was designed to drive eGFP in these vectors for the second aim to determine whether eGFP expression in specific cell types could be targeted by these promoters.


[bookmark: _Toc370678383]4.3. Summary of experiments and methods
To address the above hypotheses and aims, rat primary VM neuronal and astroglial cultures were initially prepared. Cells were taken from E14 rat embryos and cultured in either neuronal or glial differentiation medium for the growth of a specific cell type (as described in section 2.3.2). Identifying the composition of each cell culture type was performed at day 4 (neuronal cultures) or day 6 (astroglial cultures) following cell seeding. The survival of TH+ cells within the VM neuronal cultures was additionally examined through cell counting over a period of 10 days (as described in section 2.8.2). 
In a bid to maximize transgene expression from LVs, the multiplicity of infection (MOI) and the transduction time of vectors were optimised through vector transduction into the VM neuronal cultures. CMVp-eGFP-expressing IPLVs were tested at MOI of 1, 3, 10, and 30. The time at which cells were transduced with LVs, at the optimal MOI, was examined at 3 different time points, including 2, 24, and 48 hours after cell seeding. The assessment was based on quantification of total eGFP+ cell numbers and eGFP intensity performed at day 3 post-vector transduction (as described in sections 2.8.2, 2.8.3). 
To investigate transduction efficiency and transcriptional targeting of LVs, either IPLVs or IDLVs expressing eGFP driven by CMVp, GFAPp, or SYNp were transduced into the VM cell cultures (as described in section 2.4). Neuronal and astroglial cell cultures received LV-eGFP vectors at day 1 or day 3 following cell seeding respectively. Numbers of eGFP+ cells and eGFP intensity were evaluated 3 days post-vector transduction (as described in sections 2.8.2, 2.8.3). More details on which cell types expressing eGFP were subsequently clarified, focusing on neurons (in particular TH+ cells) and astrocytes. This was performed through fluorescence co-localisation of eGFP+ cells with TH+ cells, NeuN+/Tuj1+ cells (for neurons) or GFAP+ cells (for astrocytes), as described in section 2.7.
A further investigation of LV transduction efficiency and cell-type specificity of promoters in in vivo was carried out in a rat model of PD. LV-eGFP vectors, both IPLVs and IDLVs, were injected into 2 sites of the right striatum, 2 weeks prior to 6-OHDA lesioning into the same locations of vector administration (as described in sections 2.9.2, 2.9.3). Rat brains were harvested 5 months following vector injection and subsequently sectioned on a vibrating microtome at 50 µm thickness (as described in section 2.9.5). Using the Rat Brain Atlas (Paxinos and Watson, 2007), the region of the striatum on each brain section was identified (as shown in figure 2.6). Levels of eGFP expressed within this region were then quantified by AxioVision software. Specific eGFP+ cell types were determined by cell morphology and marker expression, with NeuN for neurons, GFAP for astrocytes, and Iba1 for microglia.


[bookmark: _Toc370678384]4.4. Results
[bookmark: _Toc370678385]4.4.1. Characterisation of rat primary VM cell cultures
To test the efficiency and transcriptional targeting of LVs expressing eGFP driven by different promoters, VM neuronal and astroglial cultures were used. The ventral mesencephalons were dissected from E14 rat embryos. Cells were dissociated and subsequently cultured under specific conditions for the growth of either neurons or glia. Since astroglial culture requires 2 days more than neuronal culture to be established (see section 2.3.2), characterisation of cell cultures was performed on day 4 for neuronal culture or day 6 for astroglial culture (post cell plating). 
As shown in Figure 4.1, neuronal cultures contained 60% neurons (NeuN+), 13% astrocytes (GFAP+), 1% microglia (Iba1+), and 26% other cells. Within 60% of the neuronal population more specifically, there were 39% GABAergic neurons (GAD67+), 15% glutamatergic neurons (VGLUT1+), and 4% dopaminergic neurons (TH+). On the other hand, only 1% neurons (Tuj1+) was identified in the astroglial culture; 36% of the remaining cells were astrocytes and 63% were other cells. The potential identity of these remaining cells is an open question, with possibilities for progenitor cells, oligodendrocytes, ependymal cells, fibroblasts, or endothelial cells.
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Figure 4.1: Composition of rat primary VM cell cultures. E14 rat VM cells were cultured under specific conditions for the growth of either neurons or glia. Cell cultures were characterised by immunocytochemistry at day 4 in vitro for (A) neuronal cultures (n = 3) and day 6 in vitro for (B) astroglial cultures (n = 2). Representative images demonstrating components of (C) neuronal and (D) glial cultures are shown. Scale bars = 50 µm. Nuclei were stained blue with DAPI, red cells were positive with primary antibodies against the protein markers indicated on images: neurons are NeuN+ or Tuj1+; astrocytes are GFAP+; microglia are Iba1+; GABAergic neurons are GAD67+; glutamatergic neurons are VGLUT1+; and dopaminergic neurons are TH+ cells.



[bookmark: _Toc338274775][bookmark: _Toc338499588][bookmark: _Toc341038854][bookmark: _Toc370678386]4.4.2. Survival of TH+ cells in rat primary VM neuronal cultures
 (
A
)The result in Figure 4.1 confirmed the presence of TH+ cells in VM neuronal cultures. To test the survival span of these cells, the total number of TH+ cells was determined daily over a period of 10 days in vitro. Results shown in Figure 4.2 suggested time-dependent changes in the population of TH+ cells although no significant differences (p = 0.22) were detected overall.
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[bookmark: _Toc338274897][bookmark: _Toc338501419][bookmark: _Toc341039173][bookmark: _Toc356079914]Figure 4.2: Survival of TH+ cells in VM neuronal cultures is time-dependent. Rat primary embryonic VM neuronal cultures were maintained for up to 10 days in vitro. (A) Numbers of total TH+ cells were evaluated daily from day 1 to 10.  Statistical analysis by one-way ANOVA and Bonferroni’s post-hoc test was performed. Error bars represent the S.E.M, n = 3. (B) Representative images are shown. Scale bars = 100 µm; TH+ cells were stained red. DIV = day in vitro.
[bookmark: _Toc310948224][bookmark: _Toc310948225][bookmark: _Toc338274776][bookmark: _Toc338499589][bookmark: _Toc341038855][bookmark: _Toc370678387]4.4.3. Optimisation of MOI of LVs
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)Rat primary VM neuronal cultures were transduced with IPLV-CMVp-eGFP vectors at MOI 1, 3, 10 or 30 (eGFP transducing units). The eGFP expression efficiency was evaluated 3 days post transduction. The number of eGFP-expressing cells was highest at MOI 10 and significantly different in comparison to MOI 1 or MOI 30 (Figure 4.3 A). On the other hand, the intensity of eGFP increased in a MOI-dependent manner and was highest at MOI 30, but not significantly different of that at MOI 10 (Figure 4.3 B). Taken together, the most efficient transduction with LVs was obtained at MOI 10.   
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[bookmark: _Toc364081151][bookmark: _Toc364181220][bookmark: _Toc364587331][bookmark: _Toc370678388]Figure 4.3: Optimisation of LV transduction. E14 rat primary VM neuronal cultures were transduced with IPLV-CMVp-eGFP at MOI 1, 3, 10 or 30 (eGFP transducing units) one day after cell seeding. (A) The number of eGFP+ cells and (B) the intensity of eGFP fluorescence were evaluated 3 days post-transduction (see sections 2.8.2 and 2.8.3 for detailed methods). Cultures transduced at MOI 10 displayed the best results regarding the combined number of eGFP+ cells and eGFP intensity. Statistical analysis by one-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 3; *p<0.05, **p<0.01. (C) Representative images are shown; scale bars = 50 µm; nuclei were stained blue with DAPI.
[bookmark: _Toc338274777][bookmark: _Toc338499590][bookmark: _Toc341038856][bookmark: _Toc310948226][bookmark: OLE_LINK3][bookmark: _Toc370678389]
4.4.4. Optimisation of transduction time of LVs
 (
A
B
)In a bid to enhance transduction efficiency of LVs, the time at which cells were transduced was optimised. IPLV-CMVp-eGFP vectors were used to transduce rat embryonic VM neuronal cultures at the optimum MOI 10 (eGFP transducing units), at 3 different time points: 2, 24 or 48 hours after cell seeding. Data were analysed 3 days post vector transduction, showing the number of eGFP+ cells and eGFP intensity were highest when cells were transduced 24 hours after seeding (Figure 4.4).   




[bookmark: _Toc338274899][bookmark: _Toc338501421][bookmark: _Toc341039175][bookmark: _Toc341730371][bookmark: _Toc344887787][bookmark: _Toc346472815][bookmark: _Toc349400152][bookmark: _Toc356078823][bookmark: _Toc356079916][bookmark: _Toc364081153][bookmark: _Toc364181222][bookmark: _Toc364587333][bookmark: _Toc370678390]Figure 4.4: Optimisation of LV transduction timing in neuronal cultures. E14 rat primary VM neuronal cultures were transduced with IPLV-CMVp-eGFP vectors at 2, 24 or 48 hours after cell seeding. Vectors were used at MOI 10 (eGFP transducing units). Quantification of (A) the total number of eGFP-expressing cells and (B) intensity of eGFP fluorescence was performed at day 3 post-transduction. Significant differences were observed in all 3 groups. Cultures transduced at day 1 in vitro (24 hrs) provided the highest number of eGFP+ cells and eGFP intensity. Statistical analysis by one-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 3; *p<0.05, **p<0.01, ***p<0.001.
  
[bookmark: _Toc338274778][bookmark: _Toc338499591][bookmark: _Toc341038857][bookmark: _Toc370678391]
4.4.5. Investigating LV transduction efficiency and cell-type specificity in rat primary VM cell cultures
[bookmark: _Toc338274779][bookmark: _Toc338499592][bookmark: _Toc341038858][bookmark: _Toc370678392]4.4.5.1. Transduction in neuronal cultures
To investigate transduction efficiency, eGFP-expressing LVs (IPLVs and IDLVs) were used to transduce into E14 rat primary VM neuronal cultures one day after cell seeding. These vectors were designed to carry either CMVp-eGFP, GFAPp-eGFP or SYNp-eGFP to test the specificity of the promoters in eGFP expression in different cell types in the context of the different LVs. Numbers of eGFP+ cells and eGFP intensity were evaluated 3 days post-vector transduction. 
In the cultures containing 60% neurons (4% of which were TH+ neurons) and 13% astrocytes (as characterised in section 4.2.1), there were a highly significant difference in the total eGFP+ cell number between all three promoters and a two-fold difference in eGFP intensity between IPLVs and IDLVs. SYNp provided at least comparable efficiency to CMVp (in terms of the number of transduced cells) with both IPLVs and IDLVs, albeit perhaps at somewhat lower expression levels (Figure 4.5). 
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[bookmark: _Toc338274900][bookmark: _Toc338501422][bookmark: _Toc341039176]
[bookmark: _Toc356079917]Figure 4.5: Transduction of eGFP-expressing LVs in rat primary VM neuronal cultures. Vectors were added to the cultures one day after cell seeding, at MOI 10 (eGFP transducing units). (A) The percentage of total cells expressing eGFP and (B) intensity of eGFP fluorescence were evaluated 3 days post-transduction. eGFP expression was significantly different between IPLVs and IDLVs, and between promoter types. Statistical analysis by two-way ANOVA followed by Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 3; *p<0.05, **p<0.01, ***p<0.001. (C) Representative images are shown. Scale bars = 50 µm. Nuclei were stained blue with DAPI. 


In the transduced neuronal cultures, the efficiency of LV-mediated eGFP expression in TH+ cells was additionally investigated. These cells were transduced with IPLV-eGFP vectors, with eGFP being driven by CMVp, GFAPp or SYNp. Percentages of TH+ cells expressing eGFP against the total number of TH+ cells were determined. Despite no significant difference in the total TH+ cell number between groups (p = 0.06, Figure 4.6 A), 60% TH+ cells were transduced by either IPLV-CMVp or IPLV-SYNp vectors although expression was weak in the IPLV-CMVp transduced cells, possibly due to differences in gene expression at the level of RNA transcription in this specific cell type. Interestingly, no TH+ cells were transduced by IPLV-GFAPp vectors (Figure 4.6 B). Fluorescence co-localisation of TH+ cells expressing eGFP in Figure 4.6 C illustrates these differences. 
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[bookmark: _Toc338274901][bookmark: _Toc338501423][bookmark: _Toc341039177][bookmark: _Toc356079918]Figure 4.6: Specificity in eGFP expression in TH+ cells. E14 rat primary VM neuronal cultures were transduced with IPLVs (CMVp-eGFP, GFAPp-eGFP, SYNp-eGFP) at MOI 10 (eGFP transducing units), one day after cell seeding. (A) The total TH+ cell number and (B) percentage of TH+ cells expressing eGFP were quantified 3 days post-transduction. The total TH+ cell number was not significantly different between groups; however, efficient eGFP expression by CMVp and SYNp and not GFAPp was observed. Statistical analysis by one-way ANOVA followed by Bonferroni’s post-hoc test was performed. Error bars represent the S.E.M; n = 3; **p<0.01. (C) Representative images illustrate fluorescence localisation of TH+ and eGFP+ cells. Nuclei were stained blue with DAPI; TH+ cells were stained red; arrows indicate TH+/eGFP+ cells; scale bars = 20 µm.
[bookmark: _Toc310948230][bookmark: _Toc338274780][bookmark: _Toc338499593][bookmark: _Toc341038859][bookmark: _Toc370678393]4.4.5.2. Transduction in astroglial cultures
Rat primary VM astroglial cultures were transduced with IPLVs and IDLVs (CMVp-, GFAPp-, and SYNp-eGFP) in the same manner as neuronal cultures, but at day 3 in vitro due to a difference in time required to stabilise the cultures (see section 2.3.2). The number of eGFP+ cells and eGFP intensity were evaluated 3 days following vector transduction. 
In these cultures containing 36% astrocytes and 1% neurons (as characterised in section 4.2.1), the cell-type specificity was significantly different between SYNp and the other promoters in both the total eGFP+ cell number and eGFP intensity. A significantly higher transduction efficiency of IPLVs compared to IDLVs was observed only in eGFP intensity expressed from CMVp-eGFP vectors (Figure 4.7). 
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[bookmark: _Toc338274902][bookmark: _Toc338501424][bookmark: _Toc341039178][bookmark: _Toc356079919]Figure 4.7: Transduction of eGFP-expressing LVs in rat primary VM astroglial cultures. Cells were transduced at day 3 in vitro, at MOI 10 (eGFP transducing units). (A) The percentage of cells expressing eGFP and (B) intensity of eGFP fluorescence were evaluated 3 days post transduction. Significant differences were observed in cell-type specificity between SYNp and other promoters whereas the difference between IPLVs and IDLVs was only significant in eGFP intensity expressed from CMVp-eGFP vectors. Statistical analysis by two-way ANOVA followed by Bonferroni’s post-hoc test was performed. Error bars represent the S.E.M; n = 3; *p<0.05, **p<0.01. (C) Representative images are shown at scale bars = 50 µm. Nuclei were stained blue with DAPI.


Clarification of eGFP+ cell types in those transduced astroglial cultures was carried out subsequently, with a focus on astrocytes and neurons. Although there was no statistical difference in the total astrocyte (p = 0.14) or neuronal (p = 0.15) cell number (Figures 4.8 A, B), the percentage of eGFP+ cells transduced with LVs harbouring different promoters was highly significantly different (Figures 4.8 C, D). GFAPp targeted astrocytes (GFAP+) whereas SYNp mediated eGFP expression in the majority of neurons (Tuj1+). Illustrative images are shown in Figure 4.9. 
[bookmark: _Toc338499594][bookmark: _Toc341038860][bookmark: _Toc341090223]In summary, these in vitro data demonstrate promoter-mediated cell-type specificity of eGFP expression, with SYNp targeting predominantly neurons, GFAPp targeting predominantly astrocytes, and CMVp targeting both neurons and astrocytes. Moreover, the data from measurements of eGFP intensity indicate higher transduction efficiency of IPLVs compared to IDLVs in some cases.
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[bookmark: _Toc338274903][bookmark: _Toc338501425][bookmark: _Toc341039179][bookmark: _Toc356079920]Figure 4.8: Specificity of eGFP expression in rat VM astroglial cultures. E14 rat primary cultures were transduced with IPLV-eGFP (n = 3) or IDLV-eGFP (n = 2) at MOI 10 (eGFP transducing units), 3 days after cell seeding. (A, B) Total numbers of astrocytes (GFAP+) and neurons (Tuj1+) respectively were evaluated 3 days post-transduction demonstrating no significant difference between groups. However, the percentage of (C) astrocytes or (D) neurons expressing eGFP was significantly different between promoter types, with GFAPp predominantly targeting astrocytes and SYNp predominantly targeting neurons. Data were statistically analysed by one-way ANOVA and Bonferroni’s post-hoc test. Error bars represent the S.E.M; *p<0.05, **p<0.01, ***p<0.001.
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[bookmark: _Toc338274904][bookmark: _Toc338501426][bookmark: _Toc341039180][bookmark: _Toc356079921]Figure 4.9: Fluorescence identification of eGFP+ cells in rat VM astroglial cultures. E14 rat primary astroglial cultures were transduced with LV-eGFP at MOI 10 (eGFP transducing units), 3 days after cell seeding. Identification of transduced cell types was performed after 3 additional days. Representative images from cultures transduced with (A, B) IPLVs or (C, D) IDLVs demonstrate cell-type specificity of promoters. Enlarged images of insets (in C, D) shown in E and F respectively illustrate the specificity of GFAPp as an example. Arrows indicate GFAP+/eGFP+ cells. (A, C, E) Astrocytes were identified by GFAP+ staining, whereas (B, D, F) neurons were identified through Tuj1+ staining. Nuclei were stained blue with DAPI; GFAP+ or Tuj1+ cells were stained red. Scale bars are 50 µm (in A-D), 20 µm (in E, F). 
[bookmark: _Toc338274781][bookmark: _Toc338499595][bookmark: _Toc341038861][bookmark: _Toc370678394]4.4.6. LV-mediated eGFP expression in the striatum of 6-OHDA-lesioned rats
In a bid to determine whether the cell-type specificity was maintained in vivo, SYNp-eGFP and GFAPp-eGFP vectors (IPLVs and IDLVs) were injected into the right striata of rats. Two weeks following vector administration, the rats were lesioned with 6-OHDA injected into the same locations. Precise injection of LV-eGFP vectors and substantial eGFP expression were confirmed previously in a pilot study (Lu-Nguyen et al., in preparation). Therefore, here animal brains were only harvested 5 months post vector injection. Successful transduction with widespread eGFP expression within the striatum was demonstrated (Figures 4.10 A, B). No eGFP expression was detected in the non-injected striatal hemispheres. However, there was anterograde presence of eGFP from the striatum to the SNpr in LV-SYNp-treated rats. This phenomenon was absent in animals receiving LV-GFAPp (Figures 4.10 C-F). The results also displayed a modest activation of both astrocytes and microglia in the area surrounding injection sites (Figures 4.10 G, H). Levels of eGFP (Figure 4.10 I) indicated no significant differences between IPLV- and IDLV-SYNp vectors (p = 0.12) whereas the level in animals treated with IDLV-GFAPp vectors was around two-fold lower than in those receiving either IPLV-GFAPp or LV-SYNp vectors. In addition, a significant difference was observed between IPLV-GFAPp and IPLV-SYNp vectors, expression being higher from the latter. 
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Figure 4.10: LV-mediated eGFP expression in rat striata. The right striata were injected with IPLV- or IDLV-eGFP vectors two weeks prior to unilateral 6-OHDA lesioning into the same locations of vector administration. (A-H) Representative images of brain sections injected with IDLVs are shown. Serial striatal sections (with approximate coordinates relative to bregma) from animals receiving (A) SYNp-eGFP or (B) GFAPp-eGFP vectors demonstrate both vector injection site and area of vector spread. (C, D) No eGFP expression was detected in contralateral hemispheres of the striata injected with either (C) SYNp-eGFP or (D) GFAPp-eGFP vectors. (E) Anterograde eGFP expression from the striatum to the SNpr was observed in SYNp-eGFP-injected brains whilst such phenomenon was absent in (F) GFAPp-eGFP-treated animals. (G, H) Glial activation, with arrows indicating activated (G) astrocytes and (H) microglia surrounding the injection site. Nuclei were stained blue with DAPI; TH+ (E, F), GFAP+ (G), or Iba1+ (H) cells were stained red. Scale bars are 2000 µm (A-D), 500 µm (E, F), and 1000 µm (G, H). (I) Levels of eGFP were evaluated 5 months post-vector injection. Significant differences were observed between LV-GFAPp and LV-SYNp, and between IPLV-GFAPp and IDLV-GFAPp vectors. Data were statistically analysed by one-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 3 per animal group; *p<0.05, **p<0.01, ***p<0.001.

Further cell identification by morphology and marker expression indicated specific cell types were targeted by the various promoters. Confirming the initial findings from in vitro experiments, LV-SYNp vectors mainly transduced neurons whereas LV-GFAPp vectors mainly transduced astrocytes. No significant microglia transduction by either vector type was observed. Illustrative images demonstrating these differences are shown in Figure 4.11 below.
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[bookmark: _Toc341039182][bookmark: _Toc356079923][bookmark: _Toc310948231][bookmark: _Toc337673536][bookmark: _Toc337815942][bookmark: _Toc338361604][bookmark: _Toc338496669][bookmark: _Toc338499596][bookmark: _Toc341038862]Figure 4.11: Morphological identification of eGFP+ cells in rat striata. Either IPLV- or IDLV-eGFP vectors were injected into the right striata. Animals were lesioned with 6-OHDA two weeks later. Data analysis by immunohistochemistry was performed 5 months post-vector injection. Representative images from transduced striata are shown. (A, B) The majority of eGFP+ cells from striata injected with LV-SYNp vectors were neurons (NeuN+) whereas (C, D) eGFP+ cells from striata injected with LV-GFAPp vectors were mainly astrocytes (GFAP+). No significant microglia (Iba1+) transduction was observed with either vector type. Nuclei were stained blue with DAPI; red cells were positive with primary antibodies against the protein markers indicated on images. Scale bars = 100 µm.
[bookmark: _Toc370678395]4.5. Discussion
The main hypotheses of the present study were that IDLVs provide comparable transduction efficiency to IPLVs in non-diving cell environment (in vitro and in vivo) and transgene expression from the vectors could be targeted using cell-type specific promoters. In relevant to PD, primary VM neuronal and astroglial cultures were first prepared from embryonic rat VMs. Dopaminergic neurons within this SNpc-containing region initially differentiate and express TH on the 13th day of embryonic development (Abeliovich and Hammond, 2007). Their first innervation into the striatum has been observed on the 14th day and the first positive signal of striatal dopamine has been subsequently detected on the 16th day of the gestation (Abeliovich and Hammond, 2007; Lyng et al., 2007). According to these data, the VMs were dissected from E14-E15 rat embryos to obtain the highest number of TH+ cells at the earliest time. An evaluation of the total TH+ cell number in neuronal cultures displays consistent, or even better, results with previously published data. For example, a time-matched comparison at day 7 (from cell plating) indicates the number of surviving TH+ cells here is about double (Lyng et al., 2007; Ganser et al., 2010) or similar (Takeshima et al., 1994; Spenger et al., 1995) to what other investigators have obtained. This is regardless of trophic supports from striatal cells (in a co-culture) or from an astrocyte monolayer used in their studies. The viability of TH+ cells under normal culture conditions was further investigated for 10 days, as described in section 4.2.2. As reported, a decrease of about 10% of the total TH+ cell number every three days is not expected to generate any significant change unless the time of culture is prolonged to more than 17 days (Lyng et al., 2007). 
Without using glia proliferation inhibitors, e.g. cytosine arabinoside, Yang et al. (2008) identified 40% neurons, 50% astrocytes and 10% microglia in the same culture type but at cell density of 5x105 cells/cm2. Although the time of characterisation was delayed 3 days in their study, which may increase the number of proliferating astrocytes (Takeshima et al., 1994), here 60% neurons, 13% astrocytes and 1% microglia were detected (figure 4.1). An identity of a relatively high proportion of other cells (non-neuronal and non-astrocyte cells) surprisingly observed is an open question. These may be progenitor cells, oligodendrocytes, ependymal cells, fibroblasts, or endothelial cells (O’Malley et al., 1992; Takeshima et al., 1994; Saura, 2007). 
There is a common consensus about the importance of dopaminergic neurons in PD. However, in the regulation of the basal ganglia circuitry both GABAergic and glutamatergic neurons also have important roles, which are exerted through their inhibitory or excitatory projections between the basal ganglia nuclei (Korotkova et al., 2004; Mallet et al., 2006). Despite this, whilst dopaminergic neurons have been extensively investigated, GABAergic and glutamatergic neurons are not well-characterised, especially those within the VM. Several researchers have quantified (against the total number of neurons) the number of GABAergic and glutamatergic neurons in the VM of postnatal or adult rat brain. The highest figures reported in the literature are 29% and 35% GABAergic neurons in the SN and the VTA respectively; and about 3% glutamatergic neurons in the VTA (Dal Bo et al., 2004; Nair-Roberts et al., 2008). A few studies, moreover, have detected GABAergic neurons in E14 rat VM neuronal cultures, with ~1,800 cells/cm2 on day 5 (13% of total neurons) but reducing to ~300 cells/cm2 on day 7, perhaps suggesting a vulnerability to the culture process itself (Hyman et al., 1994; Ducray et al., 2006). Starting with the same cell density, however, the number of GABAergic neurons on day 4 in this study was about 42,500 cells/cm2 (39% of total neurons). In addition, 15% glutamatergic neurons were identified (figure 4.1). 
Taken together, this is probably the first time E14 primary rat VM neuronal culture was characterised in more details. However, the presence of 40% non-neuronal cells indicates that the culture was partially quiescent.
On the other hand, the low proportion of astrocytes in the culture suggests an inappropriate model for testing astroglial cell-type specificity of promoters. Hence, primary VM astroglial cultures were additionally prepared. Takeshima et al. (1994) has been apparently the only group producing VM astroglial cultures from E14 rats. Most laboratories have cultured astrocytes from the striatum, the cortex, the cerebellum, or the spinal cord of late embryos (E18 onwards) or new-born rats (Ohgoh et al., 1998; McNaught and Jenner, 1999; Zietlow et al., 1999; Weinstein, 2001; Lyng et al., 2007; Bjerkén et al., 2008). However, in all cases, a special treatment or time of culture is required for a pure astrocyte culture; generally longer than two weeks from cell plating unlike the 6-day old primary astroglial cultures characterised here.
In a bid to maximize the transduction efficiency of LVs, both the MOI and the transduction time of vectors were optimized (sections 4.2.3 and 4.2.4). By doing this, it was ascertained that vectors could transduce into cell cultures at a certain time to produce the highest level of transgene without causing toxicity due to overdose of the vectors (Watson et al., 2002). 
Following transduction of LVs harbouring three different promoters into  primary neuronal and astroglial cultures (at the optimal MOI and transduction time), promoter-mediated cell-type specificity in eGFP expression was demonstrated; with SYNp targeting predominantly neurons, GFAPp targeting predominantly astrocytes, and CMVp targeting both neurons and astrocytes. However, this specificity was not complete (as displayed in figures 4.5, 4.7 and 4.8), which is probably due to differences in gene expression primarily at the level of RNA transcription. Indeed, different genes are transcribed in different cells according to the needs of the cells. Some genes, known as housekeeping genes (e.g., β-actin), are required in all cells whereas other genes are expressed only in specific cell types. This specificity is dependent upon a binding of tissue-specific transcription factors to the promoter. Since these transcription factors can also recognize enhancers or silencers, which are cis-acting elements locating at variable distances from the promoter and binding to gene regulatory proteins (activators or repressors), their interaction with the promoter consequently stimulates or inhibits transcriptional activities of the regulated gene (Wray et al., 2003). 
Due to the incomplete cell-type specificity, LV-GFAPp vectors were able to express eGFP in 2-10% of cultured neurons (figure 4.8). Interestingly, however, no TH+ cells were transduced by these LVs. Furthermore, despite a similarity in the number of transduced TH+ cells, eGFP expression from IPLV-CMVp vectors was weaker than that from IPLV-SYNp (figure 4.6). Differences in RNA transcription levels and/or a possible promoter restriction in this cell type may explain these phenomena. However, the data from in vitro eGFP expression overall point out that IPLVs provided higher transduction efficiency than IDLVs for all promoters tested. Such results appear most likely as a consequence of a presence of proliferating cells in the cultures. 
In the next in vivo experiment, expression of eGFP within injected rat striata demonstrates convincingly that a minimal stimulation of the immune response may occur following administration of LVs (Abordo-Adesida et al., 2005). In fact, a high cell density of activated microglia and astrocytes was observed immediately surrounding the needle tract. This most likely reflects physical damage following injection (Batchelor et al., 1999), regardless of whether LVs (Jakobsson et al., 2003), AAVs (Drinkut et al., 2012) or 6-OHDA (Przedborski et al., 1995) were used, rather than immune system activation due to cell transduction. Of note, the stimulation did not cause brain inflammation. Surprisingly, the gliosis here was prolonged for up to 5 months whereas Drinkut et al. (2012) reported that activated cells disappeared 3 months post-injection. A possible explanation can be that vectors and 6-OHDA in this study were both administered into the same positions, with concomitant doubling of physical trauma to the brain regions following repeated injections. As such, this approach may cause more physical damage than vector injection into the brain separated from intraperitoneal injection of MPTP in their study. 
With a single mutation in integrase, IDLVs fail to insert viral genome into the host cell genome and form circular episomal DNA instead. As a consequence of cell division, levels of the transgene expressed from IDLVs are diluted. Hence, astrocytic proliferation following CNS injury as reported in figure 4.10 is a plausible explanation for less effective astrocytic eGFP expression following transduction of IDLV-GFAPp than IPLV-GFAPp vectors. Since neurons are essentially post-mitotic, such episomal dilution is predicted not to affect transduction efficiency in these cells. This suggestion was confirmed by similar eGFP expression between IPLVs and IDLVs using SYNp for specific targeting of neurons. 
Whilst VSV-G envelope has been widely used to pseudotype LVs to achieve transduction of a broad range of cell tropisms, several studies have indicated that VSV-G-pseudotyped LVs administered into the CNS result in a preferential transduction of neuronal cells (Jakobsson et al., 2003; Cannon et al., 2011). This raises a possible explanation for higher eGFP levels from LV-SYNp than LV-GFAPp vectors (vector type-matched comparison) in the present study (figure 4.10). Differential pseudotyping of LVs may therefore offer an additional strategy in which specific cell types can be targeted. Indeed, using envelope glycoproteins derived from Mokola or Rabies viruses has resulted in neurotropism whilst glycoproteins derived from Lymphocytic choriomeningitis or Moloney murine leukemia viruses have changed the tropism toward transgene expression exclusively in astrocytes (Cannon et al., 2011; Kato et al., 2011).
In addition, neuronal axons can be several centimetres long whereas astrocytic protrusions rarely extend more than 20 μm from the cell body; such a physical barrier may prevent off-target expression of the transgene. Indeed, the study here showed eGFP expression in both the striatum and the SNpr of rats injected with LV-SYNp vectors. Conversely, in LV-GFAPp-injected animals, the expression of eGFP was confined within the lesioned striata although a small proportion of cells in the white matter was transduced as a result of the backflow that occurs following withdraw of the injection needle (Jakobsson et al., 2003). These results are in agreement with the findings of Drinkut et al. (2012) and can be explained by an anterograde axonal transport of vector/protein from the striatum to the SNpr when the expression of transgene is targeted to neurons (Ciesielska et al., 2011; Richardson et al., 2011). Following a unilateral injection of AAVs into the rat striatum or non-human primate putamen, these authors moreover have detected transgene expression in other areas of the basal ganglia (e.g., GPe, entopenduncular nucleus/GPi, STN). At present, it is unclear whether the vectors or transgene-induced proteins are transported. However, an involvement of endocytosis likely explains the trans-synaptic transfer from neuron to neuron (Desplats et al., 2009). Tracking such transmission is beyond the scope of this project despite an observation of eGFP in the GPe (data not shown), which may be a result of vector/protein transport through an anterograde axonal pathway or more likely a widespread transduction of different basal ganglia nuclei following vector infusion. 
Whilst other researchers have also observed expression of transgene in the SNpc following intrastriatal vector injection (Rahim et al., 2009; Ciesielska et al., 2011; Van der Perren et al., 2011; Drinkut et al., 2012), this could not be detected here. The absence of this retrograde transport is possibly explained by three reasons: (1) the use of different vector types and serotypes, (2) vector pseudotyping and (3) delivery of specific transgene. Indeed, intrastriatal injection of seven different serotypes of AAV2 has resulted in less than 1% eGFP+ dopaminergic neurons in the SNpc, with an exception of serotype 5 which transduced 30% nigral dopaminergic neurons (Van der Perren et al., 2011). LVs pseudotyped with VSV-G envelope have a broad range of tropism such that these vectors can be transported through an anterograde axonal pathway. However, it has been demonstrated that a retrograde transport can be targeted when glycoproteins derived from Rabies viruses are employed in vector pseudotyping (Mazarakis et al., 2001), unlike the use of VSV-G envelope in this study. An involvement of the transgene has been also suggested as GDNF, in particular, has mRNA production in the striatum (not the SNpc) but the protein is detected in both regions (Trupp et al., 1997). Since GDNF receptors are highly expressed in the SNpc (Trupp et al., 1997), the presence of GDNF in this region implies a natural retrograde transport probably in requirement of its vital roles to nigral dopaminergic neurons. This is also a possible reason explaining the failure of intraputaminal GDNF administration in advanced PD patients (Lang et al., 2006) when the nigrostriatal pathway is severely damaged. 
Taken together, the results from both in vitro and in vivo LV-mediated eGFP expression shown in this chapter support the hypothesis that IDLVs provide comparable transduction efficiency with their integrating counterparts only when the target cell population is quiescent. Furthermore, the data indicate an influence of promoter choice on transgene expression in different cell types: SYNp targeted the majority of neurons whereas GFAPp targeted the majority of astrocytes; CMVp targeted both of these cell types. Since neurons have been identified as the main source of IGF-1 in the CNS (Mashayekhi et al., 2010), in the next chapter investigating the neuroprotective effect of IGF-1, vectors carrying SYNp-Igf-1 or CMVp-Igf-1 would be chosen for a potential enhancement of Igf-1 levels from these vectors. 
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[bookmark: _Toc337673538][bookmark: _Toc337815944][bookmark: _Toc338361606][bookmark: _Toc338496671]
[bookmark: _Toc310948232][bookmark: _Toc338496672][bookmark: _Toc338499597][bookmark: _Toc341038863]

[bookmark: _Toc370678398]5.1. Introduction
IGF-1 is well known as a peripheral growth factor (secreted mainly by hepatocytes) that regulates cell metabolism and tissue remodelling (Duan and Xu, 2005). In recent years, the role of IGF-1 within the CNS has been explored further, with expression of IGF-1 appears to be both neuroprotective and neurotrophic and is important in the maintenance of adult CNS homeostasis (Russo et al., 2005; Fernandez et al., 2007). This trophic factor is also considered as pro-survival factor upregulated in all types of brain injuries (Fernandez and Torres-Alemán, 2012). 
The exact role of IGF-1 in PD remains unclear although IGF-1 has been demonstrated being neuroprotective against 6-OHDA-induced toxicity in human neuroblastoma and rodent neuronal cell cultures (Guan et al., 2000; Offen et al., 2001). A few recent preliminary studies using intracerebral injections of IGF-1, after lesioning of the nigrostriatal pathway induced by 6-OHDA, suggest that IGF-1 administration can prevent dopaminergic cell loss and behavioural deficits in this pre-clinical animal model of PD (Guan et al., 2000; Quesada and Micevych, 2004; Quesada et al., 2008). However, direct protein infusion via a surgically implanted pump has accompanied with many disadvantages; for examples, limited distribution, device-related side-effects, activation of the immune response (Lang et al., 2006; Salvatore et al., 2006). An alternative approach that may overcome these disadvantages is the use of gene therapy, which delivers transgene(s) through a viral vector system, such as LVs. 
In this regard, here LV-mediated neuroprotection of IGF-1 against withdrawal of exogenous trophic factors was first examined in rat primary neuronal cultures, in comparison with that of the well-characterised GDNF. Since neurons have been identified as the main source of IGF-1 in the CNS (Mashayekhi et al., 2010), IGF-1 expression might be enhanced by the use of neuron-specific or ubiquitous promoters, such as SYNp or CMVp respectively which were demonstrated in chapter 4. LVs carrying SYNp-Igf-1 or CMVp-Igf-1 were also injected into the striatum of 6-OHDA-lesioned rat model of PD. In this in vivo experiment, the neuroprotection of IGF-1 was investigated based on the survival of nigral dopaminergic neurons and improvement in animal behaviour. 



[bookmark: _Toc370678399]5.2. Hypothesis and aims
It was hypothesised that vector-driven administration of IGF-1 would result in neuroprotection against trophic factor withdrawal in vitro and 6-OHDA-induced toxicity in vivo. 
To test this hypothesis, the experiments in this chapter aimed:
 To examine the neuroprotective effects of LV-mediated IGF-1 on transduced rat primary neuronal cultures following withdrawal of trophic factors.
 To investigate the therapeutic effects of IGF-1-expressing LVs on 6-OHDA-lesioned rats injected with the vectors.  



[bookmark: _Toc370678400]5.3. Summary of experiments and methods
Following vector production and titration in chapter 3, the first experiment here was to ascertain the function of LV-Igf-1 vectors through expression of Igf-1. IDLV-CMVp vectors were transduced into HeLa or E14 rat VM neuronal cell cultures at various MOIs to obtain the maximal levels of IGF-1. Both Western blotting and ELISA (as described in sections 2.6.2 and 2.6.3 respectively) were subsequently used to evaluate IGF-1 expression from the transduced cell cultures.
Prior to an assessment of IGF-1 neuroprotective effects on rat primary neuronal cultures (prepared as described in section 2.3.2), influences of exogenous trophic factors supplemented in the culture medium were investigated. For this, the cultures were maintained in normal medium for the first 4 days. Withdrawal of trophic factors was then performed (as described in section 2.5.1), followed by quantification of cell survival (through cell counting or MTT assay, as described in sections 2.8.2 and 2.5.2 respectively) after an additional 3 days. 
To test the neuroprotective effects of LV-mediated IGF-1, a similar experiment was used. However, after a change of culture medium on day 1 in vitro, IDLVs expressing either Igf-1 or Gdnf (used as a positive control) or eGFP (used as a negative control) were transduced into the cultures (as described in sections 2.4 and 2.5.1). Trophic factor withdrawal and evaluation of cell viability were carried out on days 3 and 6 post-vector transduction respectively. Levels of IGF-1 or GDNF expressed within these LV-transduced cultures were further determined by ELISA.
To investigate IGF-1 therapeutic effects on 6-OHDA-lesioned rats, either IPLVs or IDLVs expressing Igf-1 were injected into the right striatum of rats that were unilaterally lesioned with 6-OHDA two weeks following vector administration (as described in sections 2.9.2 and 2.9.3). The animal behaviour was assessed through amphetamine- or apomorphine-induced rotational asymmetry, started from week 1 after the lesion and repeated weekly for 4 times (as described in section 2.9.4). Contralateral and ipsilateral turns were counted separately and monitored every 10 minutes for 90 minutes of each test. Six weeks following vector transduction and 6-OHDA lesioning, rat striata were collected for IGF-1 ELISA whereas SN-containing brain tissue was sliced and underwent immunohistochemical staining for quantifying the number of remaining TH+ cells (as described in section 2.9.6). IGF-1-induced protective effects were assessed according to an improvement in animal behaviour and TH+ cell survival of those rats injected with LV-Igf-1 vectors.  

[bookmark: _Toc370678401]5.4. Results
[bookmark: _Toc370678402]5.4.1. Igf-1 expression in LV-transduced cell cultures
To ascertain whether LV-Igf-1 vectors could efficiently express Igf-1 and possible levels of expression in correspond to vector doses, HeLa cell cultures were transduced with IDLV-CMVp-Igf-1 vectors at MOI 100, 250 or 500 (viral DNA copies) whilst E14 rat primary VM neuronal cultures received transduction at MOI 300 (viral DNA copies). Various MOIs were used according to a previous optimisation (see section 4.2.3) together with what have been known in the lab to obtain the maximal expression of transgene in different cell culture types. 
In both HeLa and VM neuronal cell cultures, supernatants and lysates were collected 3 days post transduction. Levels of IGF-1 were subsequently quantified by Western blotting. Proteins extracted from adult rat liver, adult rat brain and E14 rat brain were used as positive controls for IGF-1 production. The non-transduced culture (mock) acted as a negative control. Either α-tubulin or Tuj1 was used as an internal loading control for Western blotting. Expected protein patterns were 12 kDa (precursor rat IGF-1) and/or 7 kDa (mature rat IGF-1), and 55 kDa (a-tubulin or Tuj1). As shown in Figure 5.1, no samples display an IGF-1 band, with an exception of protein extracted from the liver, which shows a 12 kDa band of precursor IGF-1. 
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[bookmark: _Toc338496913][bookmark: _Toc338502095][bookmark: _Toc341039183][bookmark: _Toc356080060]Figure 5.1: Western blot quantifying Igf-1 expression from LV-transduced cell cultures. Either HeLa or E14 rat primary VM neuronal cultures were transduced with IDLV-CMVp-Igf-1 vectors at different MOIs (viral DNA copies). Igf-1 expression was evaluated by Western blotting 3 days post-transduction. Proteins collected from LV-transduced HeLa cell cultures were stained with (A) anti-IGF-1 and (B) anti-α-tubulin antibodies. (C) Proteins collected from LV-transduced neuronal cultures were co-stained with anti-IGF-1 (green) and anti-Tuj1 antibodies (red). Protein extracted from rat liver acts as a positive control and displays the expected IGF-1 pattern in both A and C whilst proteins from adult or E14 rat brains, or transduced samples with IDLV-Igf-1 vectors, fail to show the expected IGF-1 band(s).

To enhance the sensitivity of protein detection, an IGF-1 ELISA kit was used. E14 rat primary VM neuronal cultures were transduced with IDLV-CMVp-Igf-1 vectors at MOI 100 (viral DNA copies), one day after cell seeding. Cell supernatants were collected 3 and 6 days following vector transduction. Results (shown in Figure 5.2) confirmed the expression of Igf-1 from IDLVs. However, levels of IGF-1 decreased with time in culture. Indeed, at day 3 post-transduction, IGF-1 concentration was about 5 ng/ml but reduced 61% after an additional 3 days.
 





[bookmark: _Toc338496914][bookmark: _Toc338502096][bookmark: _Toc341039184][bookmark: _Toc356080061]Figure 5.2: Levels of IGF-1 expressed from LV-transduced VM neuronal cultures. E14 rat primary cultures were transduced with IDLV-CMVp-Igf-1 vectors at MOI 100 (viral DNA copies). Mock cultures receiving no transduction act as negative controls. The concentration of IGF-1 in cell supernatants collected at 3 and 6 days post-transduction was quantified by ELISA. A decrease of IGF-1 levels dependent on time post-transduction was observed. Samples from a single experiment were run in duplicate.  
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5.4.2. Effects of trophic factors on rat primary VM neuronal cultures
 (
B
A
)Prior to an investigation of the neuroprotective effect of IGF-1 on primary VM neuronal cultures, possible trophic support from trophic factors supplemented in the culture medium was examined. Cells were maintained in VM neuronal differentiation medium comprising of neurobasal medium supplemented with Glutamax, B27, FBS, and TGF-βIII (as described in Appendix 2) for 4 days. After this period, the medium was replaced with either VM neuronal differentiation medium (in trophic-supported cultures) or by neurobasal medium without any supplements (in trophic factor-free cultures). Cells were maintained for an additional 3 days in culture prior to a quantification of cell survival. Numbers of total cells (DAPI+) and total TH+ cells were evaluated indicating no significant differences between culture conditions, with p = 0.06 and 0.41 respectively (Figure 5.3).  




[bookmark: _Toc338496915][bookmark: _Toc338502097][bookmark: _Toc341039185][bookmark: _Toc356080062]Figure 5.3: Effects of trophic support on rat VM neuronal cultures. Neuronal cultures containing TH+ cells were maintained in trophic-supported medium for 4 days. The medium was then changed and withdrawal of trophic factors was applied to trophic factor-free cultures. Cells were maintained for an additional 3 days. The number of total and TH+ cells remaining was scored, indicating no significant differences in the number of (A) DAPI+ cells or (B) TH+ cells between trophic-supported and trophic factor-free cultures. Statistical analysis by 2-tailed Student’s t-test; error bars represent the S.E.M; n = 5.      Trophic-supported        Trophic factor-free
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In impure VM neuronal cultures (characterised in section 4.2.1), the presence of glial cells secreting trophic factors may enhance the survival of total cells independent of support from culture medium. Seeding cells at high densities may inhibit the growth of glial cells and thereby possibly reduce their influence. Hence, the effect of exogenous trophic factors on survival of rat primary embryonic VM neurons was re-investigated with an only change in cell density, ranging from 1x105 to 5x105 cells/well. Cells were cultured and withdrawal of supplemented trophic factors was applied in the same manner as in the previous experiment. Cell viability determined by an MTT assay at the end of the experiment (day 7 in vitro) convincingly demonstrated an influence of trophic factor withdrawal on cell survival (p < 0.0001). However, a significant difference in the survival between trophic-supported and trophic factor-free cultures at the same cell density was observed only at the highest density of 5x105 cells/well (p= 0.006), Figure 5.4.  
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Figure 5.4: Effects of cell density on the survival of rat VM neuronal cultures. Cells were cultured in trophic-supported medium for 4 days. Medium was then replaced, with a withdrawal of trophic factors applied to trophic factor-free cultures. Cells were maintained for an additional 3 days prior to an assessment of cell viability by MTT assay. Trophic factor withdrawal had a strong influence on cell survival. However, in comparison at the same cell density, the survival of cells in trophic-supported and trophic factor-free cultures was significantly different only at the density of 5x105 cells/well. Statistical analysis by one-way ANOVA followed by 2-tailed Student’s t-test. Error bars represent the S.E.M; n = 3; **p<0.01.

[bookmark: _Toc338496675][bookmark: _Toc338499600][bookmark: _Toc341038866][bookmark: _Toc370678404][bookmark: _Toc310948237]5.4.3. IGF-1 protective effect on rat primary cortical neuronal cultures
The result shown in Figure 5.4 suggested a very high cell density was necessary for testing the effect of IGF-1 through trophic factor withdrawal in VM neuronal cultures. However, with standard yields of VM neuron preparations, this density is too high to be used routinely. Therefore, a cortical neuronal culture system was used, which is a well-established cell culture model for testing the effect of trophic factor withdrawal. Cells from E18 rat cortices were maintained in cortical neuronal medium comprising of neurobasal medium supplemented with Glutamax, B27, and FBS (as described in Appendix 2). Cultures were transduced with IDLVs containing either CMVp-eGFP, CMVp-Gdnf, CMVp-Igf-1, or SYNp-Igf-1 at MOI 30 or 100 (viral DNA copies) one day after cell seeding. Medium was then replaced with normal cortical neuronal medium (in trophic-supported cultures) or medium without supplements (in trophic factor-free cultures) at day 3 following vector transduction. Cell viability was determined by an MTT assay 3 days afterwards. 
The result from cell cultures transduced with vectors at MOI 100 displayed a variability within the experimental set-up, which was independent of trophic factor withdrawal (Figure 5.5 A). Indeed, cell viability in all transduced, trophic-supported cultures was significantly lower than that in the control non-transduced (mock) culture. This problem was likely vector concentration-dependent since the variability was abolished by reducing MOI from 100 to 30. As shown in Figure 5.5 B, the survival of cells in all trophic-supported cultures was not significantly different (p = 0.08). However, withdrawal of exogenous trophic factors led to the death of 20-30% of total cells in non-transduced or IDLV-eGFP-transduced cultures (here used as a negative control) demonstrating exogenous trophic factors had positive effects on cell viability. In fact GDNF, a well-known neuroprotective factor (here used as a positive control)  protected more than 90% cells in trophic factor-free cultures transduced with IDLV-Gdnf. l However, a significant difference (p = 0.02) in the survival of GDNF-treated cells between trophic-supported and trophic factor-free cultures was observed. Interestingly, IGF-1 displayed a complete protection, with similar cell survival of those neurons transduced with either CMVp-Igf-1 (p = 0.77) or SYNp-Igf-1 (p = 0.75) vectors. Moreover, these Igf-1-expressing IDLVs provided similar transduction efficiency (p = 0.23) regardless of promoter type (CMVp or SYNp).
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Figure 5.5: IGF-1 protective effect on E18 rat primary cortical neuronal cultures. Cells were transduced with IDLV-eGFP, -Gdnf, or -Igf-1 vectors one day after cell seeding. The mock culture received no vector. Medium was changed 3 days post-vector transduction;exogenous trophic factors  in trophic factor-free culture groups were withdrawn. Cells were maintained for an additional 3 days prior to an assessment of cell viability by MTT assay. (A) In cultures transduced with vectors at MOI 100 (viral DNA copies), survival of cells was extremely different despite the support from supplemented trophic factors. (B) In cultures transduced with vectors at MOI 30 (viral DNA copies), cell survival in trophic-supported cultures was not significantly different between groups whereas in trophic factor-free cultures, only those cells transduced with either IDLV-Gdnf or -Igf-1 displayed an enhanced survival in a similar manner to cells in trophic-supported cultures. Data are shown as percentages against the mock in trophic-supported culture. Statistical analysis by one-way ANOVA and Dunnett’s post-hoc test; error bars represent the S.E.M; n = 3; *p<0.05, **p<0.01, ***p<0.001. 
(C) Representative images illustrate morphologically the majority of transduced cells in cultures were neurons. These images also indicate the differences in cell density between trophic-supported and trophic factor-free cultures. Green cells are eGFP+ as a result of cell transduction with bicistronic IDLVs expressing eGFP and either Gdnf of Igf-1 (see table 3.1). Scale bars = 50 μm.
  Trophic-supported        Trophic factor-free
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The levels of IGF-1 or GDNF that provided protective effects on the above cortical neuronal cultures were subsequently measured by an IGF-1 or GDNF ELISA (as appropriate). Cell supernatants were collected at day 3 (prior to withdrawal of trophic factors) and day 6 post-vector transduction. As shown in Figure 5.6 A, levels of IGF-1 in cultures transduced with Igf-1-expressing vectors were 120- to 310-fold higher than those in mock. Moreover, the amount of IGF-1 from cultures transduced with CMVp-Igf-1 vectors was independent of duration of culture. However, IGF-1 concentrations in cultures transduced with SYNp-Igf-1 vectors increased with time and reached comparable levels to CMVp-Igf-1-transduced cultures at the end of the test. Similar IGF-1 levels were detected between trophic-supported and trophic factor-free cultures, and between IDLV-CMVp and IDLV-SYNp vectors. 
[bookmark: _Toc346472826][bookmark: _Toc349400163][bookmark: _Toc356078834][bookmark: _Toc364081169][bookmark: _Toc364181237][bookmark: _Toc364587349][bookmark: _Toc370678406]On the other hand, Figure 5.6 B shows a reduction of 15-34% of GDNF levels on day 6 compared to day 3 post-transduction although these levels were 30- or 15-fold over-expressed than those from time-matched mock cultures. A 22% difference in GDNF concentrations between trophic factor-free and trophic-supported cultures at the end of the experiment was also identified. This finding may account for the difference in survival of IDLV-Gdnf-transduced cells between trophic-supported and trophic factor-free cultures.  
Altogether, these data demonstrate the protective effects of IGF-1 on neuronal cultures transduced with IDLV-Igf-1 vectors, suggesting the potential of IGF-1 in treatment for neurodegenerative diseases, such as PD. The results moreover indicate efficient and almost stable transgene expression of IDLVs in transduced neuronal cultures. 
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Figure 5.6: Levels of IGF-1 and GDNF providing protective effects on rat primary cortical neuronal cultures. E18 rat cortical neuronal cultures were transduced with IDLV-Igf-1 or -Gdnf vectors at MOI 30 (viral DNA copies). Cell supernatants were collected at days 3 and 6 post-transduction. Protein concentrations were measured by ELISA (as appropriate). (A) Levels of IGF-1 increased slightly with culture duration. Igf-1 expression was similar between trophic-supported and trophic factor-free, and between IDLV-CMVp and IDLV-SYNp-transduced cultures. (B) In contrast, levels of GDNF decreased with duration of culture. Samples were run in duplicate; n = 2; bars indicate the range of values.    Trophic-supported;     Trophic factor-free.   
[bookmark: _Toc338496677][bookmark: _Toc338499602][bookmark: _Toc341038868][bookmark: _Toc370678407]5.4.4. Effects of IGF-1 on dopaminergic neurons of 6-OHDA-lesioned rats
Following encouraging results from previous in vitro experiments, the potential therapeutic effect of IGF-1 on a 6-OHDA-lesioned rat model of PD was investigated. Either IPLVs or IDLVs expressing Igf-1 were injected into the right striatum of rats that were unilaterally lesioned with 6-OHDA two weeks post vector administration. The amount of IGF-1 within those striata was determined by an IGF-1 ELISA kit at week 6 from vector injection. 
Figure 5.7 A indicates no significant difference in the levels of IGF-1 detected from the contralateral hemispheres between animal groups (p = 0.09). The finding indicated basal IGF-1 concentrations remain stable across groups of animals. However, levels of IGF-1 expressed within LV-Igf-1-injected hemispheres were significantly elevated compared to the mock, with 6-fold in IPLV-injected striata and 3-fold in IDLV-injected striata. Furthermore, IPLV-Igf-1 vectors provided 1.5- to 2.5-fold of IGF-1 level higher than their non-integrating counterparts. A 1.5-fold difference was also observed between IPLV-SYNp and IPLV-CMVp-injected striata, higher in the former. 
The potential neuroprotective effects of IGF-1 on dopaminergic neurons were further examined by quantifying the total number of remaining TH+ cells in the SNpc (Figure 5.7 B). Following a 10 μg intrastriatal injection of 6-OHDA, a depletion of 50-60% of dopaminergic cell bodies was detected in the corresponding ipsilateral SNpc of the mock group (injected with sterilized saline). Despite the higher levels of IGF-1 measured, IGF-1-treated groups displayed no significant increases in the total number of TH+ cells compared with the mock (p = 0.66). 
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[bookmark: _Toc356080066]Figure 5.7: LV-mediated IGF-1 effects on survival of dopaminergic neurons. Six weeks following vector transduction and 6-OHDA lesioning, rat striata were collected. 
(A) Levels of IGF-1 measured by ELISA displayed no differences in the contralateral hemispheres between groups. In contrast, the amount of IGF-1 detected in the ipsilateral hemispheres of IGF-1-treated groups was significantly higher than in the mock. There were also significant differences in IGF-1 levels between IPLV- and IDLV-Igf-1-, and between IPLV-CMVp- and IPLV-SYNp-Igf-1-treated groups. 
(B) Quantification of the total TH+ cell number in the SNpc corresponding to contralateral and ipsilateral striata demonstrated similar cell survival in the contralateral SNpc of all groups and the loss of 50-60% TH+ cells in the ipsilateral SNpc of all groups. (C-E) Representative images of the SNpc with (C) no damage in the contralateral hemisphere; (D) ~50% TH+ cell loss in the ipsilateral hemisphere of IDLV-Igf-1-treated groups; and (E) ~60% TH+ cell loss in the ipsilateral hemisphere of mock or IPLV-Igf-1-treated groups. TH+ cells were stained red; scale bar = 500 µm. Statistical analysis by one-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 5 per group; ***p<0.001.
[bookmark: _Toc338496678][bookmark: _Toc338499603][bookmark: _Toc341038869][bookmark: _Toc370678408]5.4.5. Effects of IGF-1 on behaviour of 6-OHDA-lesioned rats
It was also tested whether Igf-1 overexpression could improve the behaviour of 6-OHDA-lesioned rats. The vector-injected and lesioned animals were subjected to amphetamine- or apomorphine-induced rotational tests. These tests were performed weekly starting one week post 6-OHDA lesioning. A time course of drug-induced behavioural tests is described in Figure 5.8 A. Animals displayed a normal weight gain with no significant differences between groups at each time point. However, a 2% weight reduction was detected in the week immediately following 6-OHDA lesioning, probably due to the toxicity of 6-OHDA or repeated physical damage. 
Behavioural tests measuring amphetamine- or apomorphine-induced rotational movement are summarised in Figures 5.8 B, C respectively. Total net 360o rotational movements in 90 minutes were quantified, with ipsilateral turns counted as positive values and contralateral turns counted as negative values in amphetamine-induced tests whereas a reverse calculation was performed in apomorphine-induced tests. Animals showed significant responses (p < 0.0001) to both amphetamine and apomorphine. Indeed, the number of rotations from baseline activity levels increased 100-160 times (responding to amphetamine) or 230-320 times (responding to apomorphine). However, no significant differences between groups were identified in the tests induced by either amphetamine (p = 0.20) or apomorphine (p = 0.88). There was no apomorphine-induced rotational test in week 5 due to an unexpectedly delayed delivery of the drug.    
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[bookmark: _Toc338496920][bookmark: _Toc338502102][bookmark: _Toc341039190][bookmark: _Toc356080067]Figure 5.8: Drug-induced rotational movement of 6-OHDA-lesioned rats injected with LV-IGF-1. (A) A time course of the experiment superimposed on a weight gain chart is shown, with no statistical differences between groups at each time point. However, a reduction in animal weight was observed one week post 6-OHDA lesioning. 
(B, C) Summaries of animal rotational movement induced by (B) amphetamine and (C) apomorphine. Following 30 minutes of acclimation (baseline), rats were injected with either of the drugs and net 360o rotations were counted for an additional 90 minutes. No significant behavioural changes between animal groups were detected in either test. Statistical analysis by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 5 per group.

A more detailed analysis comparing the number of rotations between animal groups in each 10 minutes of the test was carried out. Rotational turns in animals injected with amphetamine increased gradually from injection time, reached a peak at minute 40 and reduced afterwards (Figures 5.9 A-D). In contrast, apomorphine induced the animals to rotate promptly. However, this stimulation declined with time and most animals returned to their normal activity from minute 80 onwards (Figures 5.10 A-C). No significant differences between groups were detected.
These in vivo results displayed a failure of IGF-1 in both protection of nigral dopaminergic neurons and behavioural improvement of 6-OHDA-lesioned rats despite increased levels of IGF-1 from LVs.
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[bookmark: _Toc338496921][bookmark: _Toc338502103][bookmark: _Toc341039191][bookmark: _Toc356080068]Figure 5.9: Time-course of amphetamine-induced rotational behaviour during test. 
6-OHDA-lesioned rats were injected with amphetamine and net 360o rotations were counted for 90 minutes. The number of rotations per 10 minutes interval was scored, with ipsilateral turns counted as positive values and contralateral turns counted as negative values. (A-D) Amphetamine-induced tests at weeks 4, 5, 6 and 7, respectively (according to the time course of the experiment). No significant differences between groups were observed. Statistical analysis by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 5 per group.
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[bookmark: _Toc356080069]Figure 5.10: Time-course of apomorphine-induced rotational behaviour during test. 
6-OHDA-lesioned rats were injected with apomorphine and net 360o rotations were counted for 90 minutes. The number of rotations per 10 minutes interval was scored, with contralateral turns counted as positive values and ipsilateral turns counted as negative values. (A-C) Apomorphine-induced tests at weeks 4, 6, and 7 respectively (according to the time course of the experiment). No significant differences between groups were observed. Statistical analysis by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 5 per group.
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In order to test the hypothesis that LV-mediated IGF-1 is neuroprotective, both in vitro and in vivo experiments presented in this chapter were aimed to investigate the effects of LV-Igf-1 on cell survival of rat neuronal cultures transduced with the vectors following withdrawal of trophic factors. The experiments were also aimed to examine IGF-1 neuroprotection on 6-OHDA-lesioned rats injected with LV-Igf-1 vectors. 
In normal CNS tissue, neurons have been reported as the main source of IGF-1 (Mashayekhi et al., 2010). Therefore, in this chapter LV-SYNp and LV-CMVp vectors expressing Igf-1 were chosen in a bid to enhance Igf-1 expression. IDLV-IGF-1 vectors were initially administered into various cell cultures and the amount of IGF-1 within these transduced cultures was subsequently quantified to ascertain the function of the vectors. Despite numerous attempts with Western blotting, IGF-1 was only detected by ELISA (figures 5.1, 5.2). It is possibly due to the low levels of IGF-1 secreted in the cultures together with the reduced sensitivity of Western blotting compared with ELISA. Moreover, IGF-1 concentrations decreased over the time, with an exception of those in transduced cortical neuronal cultures (figure 5.6). Such reduction might be a consequence of episomal dilution of IDLVs in proliferating cultures but was independent in cortical cell cultures consisting of over 90% neurons at day 5 in vitro (Hetman et al., 2000).
Following the confirmation of the biological function of Igf-1-expressing vectors, a further investigation was carried out to examine whether IGF-1 expressed from these vectors could protect dopaminergic neurons in rat primary VM neuronal cultures. The experiment was surprisingly not successful since withdrawal of all supplemented trophic factors did not induce a significant cell loss in trophic factor-free cultures (compared with trophic-supported cultures). This unusual result can be explained by two reasons. First, the time of trophic withdrawal might be not long enough to provide a significant difference in cell survival; especially when the number of surviving cells had started to decrease due to long-term culturing. Second, glia in the culture may secrete some trophic factors (e.g., BDNF, GDNF, FGF) to support the survival of total cells, TH+ cells in particular (Takeshima et al., 1994; Zietlow et al., 1999). However, the survival duration of TH+ cells in primary VM neuronal cultures shown in figure 4.2 clearly indicates that it is not ideal to extend the time post trophic withdrawal. Indeed, the number of total TH+ cells dropped from day 6 in vitro independent with trophic support as consistently reported in previous research (Takeshima et al., 1994; Lyng et al., 2007). Although mitotic inhibitors (e.g., cytosine arabinoside) are usually used to suppress the proliferation of glia, this most likely alters natural cell components of the culture (Takeshima et al., 1994) and may cause toxicity if high doses are required (Bjerkén et al., 2008). 
On the other hand, it has been suggested that the ratio of glia to neurons in a similar culture type is immediately reduced when the total cell number is seeded at significantly higher densities (Yang et al., 2008). Thus, a range of different cell densities was tested, which later showed a significant difference in cell survival between trophic-supported and trophic factor-free cultures at the same density attempted only at the highest density of 5x105 cells/well (figure 5.4). To achieve this number for the designed experiment, at least 6x106 VM cells corresponding to 32-40 rat embryos (or 4-5 pregnant rats) would be required for a single experiment. Ethically, and in terms of time for an accurate dissection, this number is too high to be experimentally viable. Therefore, a well-established system for testing the effect of trophic factor withdrawal, the cortical neuronal culture, was utilised (Ohgoh et al., 1998; Hetman et al., 2000). Of relevance to PD and the purpose of testing neuroprotective effects of IGF-1, the use of this cell model moreover provides several benefits.
Indeed, PD for many years has been considered a pure motor disorder with symptoms have been attributed solely to the loss of nigral dopaminergic neurons and the subsequent depletion of striatal dopamine. However, recent studies have indicated that the impairment also affects other areas of the brain, which thereby causes a variety of non-motor symptoms. One such of these is cognitive dysfunction occurring in one-third of PD patients in advanced stages (Lindgren and Dunnett, 2012). Whilst the underlying pathology has not been elucidated, an impairment of the pathway connecting the basal ganglia and the frontal cortex, which may subsequently cause a degeneration of cortical neurons, appears as a contributor to this decline (Mallet et al., 2006). IGF-1, with its mitogenic property exerted through PI3K/Akt pathway, has provided an enhancement in the survival of rat cortical neurons (Hodge et al., 2007; Mairet-Coello et al., 2009). Hence, it is rational to use the cortical neuronal culture for testing the neuroprotective effects of IGF-1.
Due to poor eGFP expression, the titres of LV-IGF-1 vectors used in this chapter based on qPCR titration. According to previous experience in Yáñez lab, qPCR MOI 100 (viral DNA copies/ml) provides comparable levels of transgene expression to MOI 10 (eGFP transducing units/ml), which was optimised in chapter 4 (figure 4.3). However, following IDLV-IGF-1 transduction at qPCR MOI 100, survival of cortical neurons was extremely reduced despite trophic support from the culture medium. The toxicity of VSV-G pseudotyped LVs when used at high doses may be a causative factor (Watson et al., 2002). Indeed, by reducing the MOI from 100 to 30, the problem was successfully overcome showing similar survival of cells between trophic-supported cultures, regardless of transduced or mock culture (figure 5.5). The neuroprotection of IGF-1 on those cortical neurons transduced with IDLV-IGF-1 was further addressed. Using ELISA, the concentrations of 5-6 ng/ml IGF-1 providing this protection were determined. IGF-1 levels expressed from IDLV-CMVp vectors were likely stable over the time of culture as a result of IDLV transduction to the cell cultures containing more than 90% non-proliferating neurons (Hetman et al., 2000). Although IDLV-CMVp vectors induced stronger Igf-1 expression during the first 3 days post-transduction, the level of IGF-1 from IDLV-SYNp vectors was comparable after an additional 3 days. As LVs need time for reverse transcription to form proviral DNA, a strong promoter such as CMVp possibly provides faster transgene expression than SYNp (Kügler et al., 2003). Regardless, these Igf-1-expressing IDLVs provided a complete protection on those transduced cells, with similar efficacy, whereas interestingly, such effect was 90% in GDNF-treated cultures.
Taken together, these in vitro data confirmed the first hypothesis that LV-mediated IGF-1 provides neuroprotection on cell cultures. The data therefore strongly supported a further investigation to test the second hypothesis that IGF-1 therapeutic effects would be reproduced in a PD rat model bearing a partial 6-OHDA lesion.
Poor distribution of vectors/proteins and inaccurate injection sites are possibly two of the main reasons leading to the failure of neurotrophic factor therapy in PD clinical trials in the last 10 years (Lang et al., 2006; Salvatore et al., 2006; Marks et al., 2010). To surpass this, an interventional-magnetic resonance imaging targeting system has been recently developed (Richardson et al., 2011). However, a traditional mean of screening the candidate gene(s) using fluorescent tracers, such as eGFP, is an effective alternative approach. To minimise the dose of vectors required for both tracing and therapeutic effects, co-expression of the proteins in a bicistronic construct has been designed (Gascón et al., 2008; Löw et al., 2010). In these vectors, the gene of interest is often driven by a strong promoter whilst eGFP is placed after an IRES. An example for this construct is the IDLV-rGDNF vectors used in in vitro IGF-1 experiment (see section 3.3.1 for vector map). However, the expression of eGFP driven by IRES can be significantly reduced (figure 5.5), necessitating the development of a dual-promoter construct (Löw et al., 2010). Several studies have reported that LVs containing such construct efficiently co-express transgenes without causing promoter interference (Gascón et al., 2008; Löw et al., 2010). In line of this strategy, SFFVp has been widely used (Siapati et al., 2005; Yáñez-Muñoz et al., 2006; Rahim et al., 2009; Ellis et al., 2012). However, its presence in the constructs of Igf-1-expressing LVs here might diminish the neuronal specificity of SYNp leading to higher IGF-1 levels produced by IPLV-SYNp than IDLV-SYNp vectors in the injected rat striata (figure 5.7). A similar interference phenomenon has been reported which demonstrated that the specificity of neuron-specific promoters was decreased by adding of an enhancer although levels of transgenes were increased 2-4 times (Hioki et al., 2007).
In addition, a highly significant difference in IGF-1 levels was observed between LV-SYNp- and LV-CMVp-injected striata, lower in the latter, which reflects a possible silencing of CMVp over time. Indeed, whilst CMVp remains active in several tissue types (e.g., heart, skeletal muscle) for at least one year (Waddington et al., 2003), a time-dependent reduction of promoter efficiency in different areas of the CNS has been reported, starting from week 4 post-administration (Mandel et al., 1998; Gray et al., 2011). It is yet unclear about the shutdown of this promoter. However, lipopolysaccharide treatment inducing transcription factor NF-κB, which has four binding site in CMVp, has been shown to reactivate previously silenced CMVp in C57BL/6 mice (Löser et al., 1998). 
Regardless, the insufficient levels of IGF-1 expressed from LVs (figure 5.7) are most likely a main reason leading to its unsuccessful protection for dopaminergic neurons against 6-OHDA toxicity. To achieve neuroprotection in pre-clinical models of PD, IGF-1 has been used at extremely high doses: 30-150 ng/ml in embryonic mesencephalic neuronal cultures (Knusel et al., 1990; Zawada et al., 1996) or 10 µg in 6-OHDA-lesioned rats (Quesada and Micevych, 2004; Quesada et al., 2008); such amounts are about 2500 times above the levels detected in this study. In PD research, only one group (Ebert et al., 2008) so far has employed a viral vector system to deliver IGF-1. However, protective effects of IGF-1 on 6-OHDA-lesioned rats in that study have been observed following a transplantation of neural progenitor cells transduced with LV-IGF-1. The authors, in particular, did not mention which IGF-1 levels offered such neuroprotection whereas progenitor cells alone have the capacity to improve cell survival and subsequent animal behaviour in treated PD models against both 6-OHDA and MPTP toxicity (Redmond et al., 2007; Sadan et al., 2009). Such effects have been determined to be provided by some trophic factors (e.g., GDNF) secreted by the cells. It is therefore difficult to tease out the proportion of improvement due solely to the effects of IGF-1 in this study. 
Furthermore, intrastriatal injection of vectors is simpler and has less potential of side-effects than intranigral injection (Manfredsson et al., 2009). Also, to examine effects of neurotrophic therapy that mainly based on improvement of animal behaviour, the therapeutic factor is often injected nearby or at the same position(s) of toxin administration (Kirik et al., 2000). An animal having a reduction of 60-80% striatal dopamine levels, which corresponds to a 50-60% depletion of nigral dopaminergic neurons, has been considered a good model for this purpose. In rats, such model has been widely generated by unilateral injection of 6-OHDA into the striatum (Kirik et al., 1998).
Behavioural tests in 6-OHDA-lesioned animals are often based on circling responses induced by systemic administration (intraperitoneal injection) of amphetamine or apomorphine. Amphetamine reverses the normal transport activities of DAT, inducing the release of dopamine or inhibiting its reuptake and enzymatic degradation which subsequently elevates synaptic levels of dopamine (Faro et al., 2002). In a unilateral lesion model, due to a depletion of dopaminergic terminals and a subsequent decrease of dopaminergic activity on the lesioned side, the animals are prone to rotate ipsilaterally in response to amphetamine stimulation. Such an imbalance can be detected as soon as ~50% nigral dopaminergic cells are lost (Hudson et al., 1993) as clearly shown in the behaviour tests here (figure 5.8).
Apomorphine, on the other hand, is a dopamine receptor agonist stimulating both D1- and D2-like receptors. These, especially D2-like receptors, become supersensitive when at least 90% of striatal dopaminergic terminals are depleted (Perese et al., 1989; Hudson et al., 1993). Consequently, apomorphine administration produces contralateral turning. The effect is immediate but short-lasting; animals therefore usually return to normal behaviour after 70-80 minutes following the induction (Perese et al., 1989). This was consistently demonstrated in figures 5.10 although the severity of the nigrostriatal pathway in lesioned animals here is below the threshold for stimulation. Such an unusual effect has been suggested to be dependent on the numbers and positions of 6-OHDA lesions within the striatum (Kirik et al., 1998). In fact, a unilateral administration of a total dose of 20 µg 6-OHDA into the rat striatum generated significant rotational movement (compared with saline treatment) in response to apomorphine. However, this only occurred when 6-OHDA was distributed over two or three different sites (Kirik et al., 1998).
Although the animals responded to amphetamine or apomorphine stimulation, there was no significant difference in rotational movement between LV-IGF-1- and saline-injected animals. Lacking in protection for nigral dopaminergic neurons, it was not surprising that IGF-1 was unable to improve the animal behaviour.  
In summary, the results in this chapter demonstrate IGF-1 expression from IDLVs results in neuroprotection against trophic factor withdrawal in vitro. However, the data do not support the hypothesis that vector-mediated IGF-1 therapeutic effects can be translated to subsequent in vivo work. Such failure is likely related to the insufficient levels of IGF-1. As discussed above, this is the first study investigating IGF-1 neuroprotection through LV-based delivery solely. Therefore, to confirm that vector-based system is appropriate for IGF-1 therapy in PD, doses of IGF-1-expressing vectors needs to be optimised. This is beyond the scope of the present study whereas determination of the safety and stable efficacy of IDLVs for PD treatment was on demand. For this reason, a long-term experiment was designed in which IDLV-GDNF vectors were used. Details of this experiment are shown in the next chapter.
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[bookmark: _Toc370678412]6.1. Introduction
The potential neuroprotection and neurorestoration effects of GDNF have been examined extensively in both rodent and non-human primate models of PD, with positive effects shown in a variety of them (Kirik et al., 2000; Eslamboli et al., 2003; Pascual et al., 2008). These exciting results then prompted initial open-label clinical trials, which suggested continuous delivery of GDNF (or its relative, neurturin) by protein infusion or viral vector-mediated delivery was efficacious in advanced PD patients (Gill et al., 2003; Marks et al., 2008). However, such results were not replicated in double-blind, phase II clinical trials (Lang et al., 2006; Marks et al., 2010). 
To date, the mechanism underlying the uneven success of GDNF in these trials is unclear (Broadstock and Yáñez-Muñoz, 2012) although there is a growing consensus suggesting that poor diffusion of protein or vectors within a large area of the CNS is one of the main contributors to this failure (Salvatore et al., 2006). Hence, further trials are being considered to search for an effective, safe, and stable system to deliver GDNF (Bartus et al., 2011a; Richardson et al., 2011). One such strategy is to improve viral vector-mediated gene therapy, which can be effective for the delivery of GDNF for PD treatment (Björklund et al., 2000; Bartus et al., 2007). In addition to potential stable expression following single delivery, the use of viral vectors allowing transcriptional targeting may provide additional benefits (Jakobsson et al., 2003; Hioki et al., 2007; Li et al., 2010). 
As shown in previous chapters, IDLVs provided efficient and transcriptionally targeted transduction of brain cells both in vitro and in vivo with similar efficiency to their counterparts in some cases (figure 4.10). Therefore, in this present chapter, to ascertain that IDLV-based system is effective and stable for gene therapy in PD, IDLV-mediated GDNF-induced neuroprotection in 6-OHDA-lesioned rats was investigated in a long-term study and in comparison with the efficacy from IPLV-GDNF vectors. Since GDNF is secreted by glial cells (Lin et al., 1993), GFAPp, an astrocyte-specific promoter as demonstrated in chapter 4, was preferentially used to enhance LV-mediated GDNF expression.




[bookmark: _Toc370678413]6.2. Hypotheses and aims
The neuroprotection of GDNF in PD has been reported in numerous studies. Therefore, here it was hypothesised that delivery of GDNF via the newly-developed IDLVs would improve dopaminergic cell survival and behaviour of 6-OHDA-lesioned rats injected with the vectors. It was also hypothesised that, due to a potential activation of glial cells following vector administration, GDNF expression from IDLVs would be reduced but still provide sufficient long-lasting neuroprotection.
To demonstrate these hypotheses, the animal work shown in this chapter aimed to investigate therapeutic effects of GDNF-expressing IDLVs, in comparison with IPLV-GDNF. The efficacy of these vectors was assessed through neuroprotective effects of GDNF on the survival of nigral dopaminergic cells and animal behaviour against 6-OHDA toxicity, for a duration of 5 months.


[bookmark: _Toc370678414]6.3. Summary of experiments and methods
To achieve the above aim and subsequently demonstrate the two hypotheses, IDLVs or IPLVs expressing GDNF were injected into the right striatum of rats (as described in section 2.9.2). After 2 weeks, the animals were lesioned with 6-OHDA into the same positions of vector administration (as described in section 2.9.3). Similar behavioural tests (as shown in chapter 5) were carried out, with both amphetamine- and apomorphine-induced rotational movement being used. However, in this long-term experiment, the tests were commenced from week 3 post 6-OHDA lesioning and repeated once per month for a period of 4 months. These tests were induced initially by amphetamine and followed by apomorphine one week apart (as described in section 2.9.4). Contralateral and ipsilateral turns were counted separately and monitored every 10 minutes for 90 minutes of each test, with ipsilateral turns counted as positive values and contralateral turns counted as negative values in amphetamine-induced tests; a reverse calculation was performed in apomorphine-induced tests.  
Five months following vector transduction and 6-OHDA lesioning, the rat striata were collected for GDNF ELISA (as described in section 2.6.3) whereas SN-containing brain tissue was sliced and underwent immunohistochemical staining for quantifying the number of remaining TH+ cells (as described in section 2.9.6). The long-lasting effectiveness of IDLVs in this study was then evaluated through GDNF-induced neuroprotective effects according to improvements in TH+ cell survival and animal behaviour of GDNF-treated rats.


[bookmark: _Toc370678415]6.4. Results
[bookmark: _Toc370678416]6.4.1. Effects of GDNF on dopaminergic neurons of 6-OHDA-lesioned rats 
In a bid to restrict GDNF expression to astrocytes, only LV-GFAPp vectors were used in this long-term experiment. Animals were injected with either IPLV- or IDLV-GFAPp-hGDNF, or eGFP-expressing LVs as negative controls. Vector injection was followed by 6-OHDA lesioning two weeks later. Levels of striatal GDNF were measured 5 months post vector injection by an ELISA kit. In rats receiving LV-hGDNF, the amount of GDNF was 60- to 250-fold higher than in LV-eGFP-injected animals. A five-fold difference in GDNF levels was also observed between IPLV- and IDLV-hGDNF-treated animals, higher in the former. No significant differences were detected in the contralateral hemispheres between groups, p = 0.85 (Figure 6.1 A). 
Neuroprotective effects of GDNF on dopaminergic neurons were further investigated through quantification of the total number of remaining TH+ cells in the SNpc 5 months post vector injection. Following a 10 µg intrastriatal injection of 6-OHDA, a loss of 50% of the normal number of dopaminergic cell bodies were detected in the corresponding ipsilateral SNpc of eGFP-treated groups. However, a reduction of 30% TH+ cells in GDNF-treated animals was observed. Despite a five-fold difference in GDNF over-expression level (Figure 6.1 B), there was no statistically significant difference between IPLVs and IDLVs (p = 0.48). These data indicated an effective neuroprotection by GDNF on dopaminergic neurons regardless of vector integration proficiency. 
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[bookmark: _Toc356080175]Figure 6.1: LV-mediated GDNF effects on survival of dopaminergic neurons. Five months following vector transduction and 6-OHDA lesioning, rat striata were harvested. (A) Levels of GDNF were measured by ELISA displaying no differences in the contralateral hemispheres between groups. In contrast, levels of GDNF detected in ipsilateral hemispheres of GDNF-treated groups (n = 10 per group) were significantly higher than in eGFP-treated groups (n = 4 per group). There was also a significant difference between IPLV- and IDLV-hGDNF-treated groups. (B) Quantification of total TH+ cell number in the SNpc corresponding to the contralateral and ipsilateral striata demonstrated similar cell survival in the contralateral SNpc of all groups and the loss of ~50% TH+ cells in the ipsilateral SNpc of eGFP-treated groups (n = 10 per group). Animals receiving LV-hGDNF showed an enhanced cell survival with ~70% TH+ cells remain. There were no differences between IPLV- and IDLV-hGDNF-treated groups (n = 10 per group). Statistical analysis by one-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; **p<0.01, ***p<0.001. (C-E) Representative images of the SNpc show (C) no damage in the contralateral hemisphere; (D) ~30% TH+ cell loss in the ipsilateral hemisphere of GDNF-treated groups; and (E) ~50% TH+ cell loss in the ipsilateral hemisphere of eGFP-treated groups. TH+ cells were stained red; scale bar = 500 µm. 
[bookmark: _Toc337585388][bookmark: _Toc338499606][bookmark: _Toc341038872][bookmark: _Toc370678417]6.4.2. Behavioural improvement of GDNF-treated rats
It was further tested whether GDNF overexpression could improve the behaviour of 6-OHDA-lesioned rats. The vector-injected and 6-OHDA-lesioned animals were subjected to amphetamine- or apomorphine-induced rotational tests. These tests were performed monthly, starting from week 3 following 6-OHDA lesioning. A time course of drug-induced behavioural tests is described in Figure 6.2 A. Animals showed a normal weight gain with no significant differences between groups at each time point. 
In amphetamine tests (Figure 6.2 B), a time-dependent reduction in the number of rotations was observed in all animal groups. However, an extensive recovery with 97% reduction of rotational turns was seen in LV-hGDNF-treated animals whereas those injected with LV-eGFP vectors displayed a 66% reduction. Furthermore, significant differences in rotational behaviour were observed between GDNF- and eGFP-treated groups, which commenced from the 2nd test. Despite higher GDNF expression resulted from IPLV administration, the improvement of behaviour in IPLV-injected rats was similar to those injected with IDLVs (p = 0.36).
In tests induced by apomorphine (Figure 6.2 C), the number of rotational turns in all groups increased 60-84% from the 1st to the 2nd test but remained almost stable afterwards. Although this increase showed a 12% difference between GDNF- and eGFP-treated groups, no statistically significant differences were detected (p = 0.48).  
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[bookmark: _Toc337585866][bookmark: _Toc338502132][bookmark: _Toc341039193][bookmark: _Toc356080176]Figure 6.2: Drug-induced rotational movement in 6-OHDA-lesioned rats injected with LV-hGDNF. (A) A time course of the experiment superimposed on a weight gain chart is shown, with no significant differences between groups at each time point. (B, C) Summaries of animal rotational movement induced by (B) amphetamine and (C) apomorphine are shown. Following 30-minute acclimation (baseline), animals were injected with the drug and net 360o rotations were counted for an additional 90 minutes. (B) In amphetamine-induced tests, GDNF-treated animals showed a significant recovery of behaviour (compared to eGFP-treated animals) starting from the 2nd test, with similar improvements between IPLV- and IDLV-hGDNF-treated groups. (C) No significant behavioural changes were detected between animal groups in apomorphine-induced tests. Data were statistically analyzed by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 10 per group; *p<0.05.
[bookmark: OLE_LINK11]Clarification of changes in animal behaviour was carried out by quantifying the number of rotations in each 10 minutes of the tests. Animals injected with amphetamine displayed a gradual increase in rotational turns from injection time to minute 50-60, when significant differences between GDNF- and eGFP-treated groups were detected (Figure 6.3). In contrast, apomorphine administration induced the animals to rotate immediately. However, this stimulation declined with time and most animals returned to baseline activity levels from minute 80 onwards. There was no significant difference in the number of rotational turns at each time point between GDNF- and eGFP-treated rats (Figure 6.4).
In summary, these results confirmed the neuroprotection of intrastriatal GDNF administration in 6-OHDA-lesioned rats. The data importantly demonstrated efficient delivery and long-lasting GDNF expression from LVs, with no significant differences between IPLVs and IDLVs. 



 (
B
) (
A
)




 (
D
) (
C
)




[bookmark: _Toc337585867][bookmark: _Toc338502133][bookmark: _Toc341039194]
[bookmark: _Toc356080177]Figure 6.3: Time-course of amphetamine-induced rotational behaviour during tests. 6-OHDA-lesioned rats were injected with amphetamine and net 360o rotations were counted for 90 minutes. The number of rotations per 10-minute interval was scored, with ipsilateral turns counted as positive values and contralateral turns counted as negative values. (A) In the 1st test, no differences in animal behaviour between groups were observed. However, from the (B) 2nd, (C) 3rd, and (D) 4th tests, GDNF-treated animals showed a significant recovery of behaviour better than eGFP-treated animals. These changes occurred from minute 50-60 onwards of the tests. Data were statistically analysed by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 10 per group; *p<0.05.
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[bookmark: _Toc337585868][bookmark: _Toc338502134][bookmark: _Toc341039195][bookmark: _Toc356080178]Figure 6.4: Time-course of apomorphine-induced rotational behaviour during tests. 6-OHDA-lesioned rats were injected with apomorphine and net 360o rotations were counted for 90 minutes. The number of rotations per 10-minute interval was scored in the (A) 1st, (B) 2nd, (C) 3rd, and (D) 4th tests. Contralateral turns were counted as positive values and ipsilateral turns were counted as negative values. No significant differences in animal behaviour between groups were observed. Data were statistically analysed by two-way ANOVA and Bonferroni’s post-hoc test; error bars represent the S.E.M; n = 10 per group.
[bookmark: _Toc341038873]


[bookmark: _Toc370678418]6.5. Discussion
The investigation of GDNF-induced neuroprotection mediated through LVs performed in this chapter was aimed to support the hypotheses that LV-driven GDNF is neuroprotective in 6-OHDA-lesion rat model of PD and such therapeutic effect is stable with similar efficacy between IDLVs and IPLVs. 
The data from in vivo eGFP expression (figure 4.10) convincingly demonstrate that LVs harbouring SYNp expressed the transgene efficiently and stably without any significant difference in the efficacy between IDLVs and IPLVs. However, this neuronal-specificity raises an important issue, especially in GDNF application. Numerous studies (Tomac et al., 1995b; Jakobsson et al., 2003; Ciesielska et al., 2011; Richardson et al., 2011; Drinkut et al., 2012) have reported that striatal GDNF expression targeted to neurons resulted in increased levels of GDNF in other structures of the basal ganglia. These include the GPe/GPi (or entopenduncular nucleus), the STN, and the SNpc/SNpr in both lesioned and unlesioned hemispheres. As previously discussed in chapter 4, such results may be generated by an anterograde axonal transport from striatal neurons to the afferent regions and a retrograde delivery of GDNF from dopaminergic nerve terminals in the striatum to the cell bodies in the SNpc (Tomac et al., 1995b; Drinkut et al., 2012). The relevance of an axonal sprouting between two striatal hemispheres has been also considered (Ciesielska et al., 2011; Richardson et al., 2011). 
This extensive transmission may be convenient in PD therapy as GDNF transferred to the SNpc via retrograde trafficking can rescue the degenerating dopaminergic neurons whilst possibly avoid side-effects caused by tissue mistargeting (e.g., weight loss, psychiatric problems), which are commonly seen following intranigral GDNF administration (Manfredsson et al., 2009). Moreover, the anterograde transport may provide an alternative way to deliver GDNF to the SNpr and indirectly to the SNpc when the nigrostriatal pathway is interrupted in advanced PD yet the striatonigral pathway remains intact (Georgievska et al., 2004; Ciesielska et al., 2011). In addition, overexpression of GDNF in the striatum and a subsequent increased levels of this factor in the GPe/GPi following intrastriatal GDNF delivery have been demonstrated to enhance dopamine concentrations in these nuclei leading to an improvement in behaviour of treated MPTP-lesioned rhesus monkeys (Grondin et al., 2008). The findings have indicated potential therapeutic efficacy may not be restricted solely to the striatum and the SN but to other basal ganglia structures adversely affected by the loss of dopamine innervation in PD. Despite these promising advantages following spreading transduction patterns, levels of GDNF transported indirectly to the off-target regions are unpredictable, particularly when higher vector doses or longer expression times are required (Bartus et al., 2011a; Drinkut et al., 2012). It also remains unclear what the adequate level of GDNF needed by these regions is, in order to provide the therapeutic effects and simultaneously minimize any side-effects, such as transient down-regulation of TH (Georgievska et al., 2004). 
For these reasons, astrocytic GDNF expression targeted by LV-GFAPp vectors is likely an alternative strategy with enhanced safety profile. Although a few studies (Bizon et al., 1999; Hidalgo-Figueroa et al., 2012) have pointed the synthesis of GDNF by parvalbumin-expressing neurons in the striatum, astrocytes are commonly considered as the major source of GDNF, especially upon brain injury (Iravani et al., 2012). Furthermore, the results from in vivo eGFP expression in chapter 4 indicate an anterograde expression of the transgene from the striatum to the SNpr in rats injected with LV-SYNp vectors, but astrocytic-eGFP expression targeted by LV-GFAPp vectors was detected only in the lesioned striatum. Such an approach therefore can maximize the levels of transgene in required brain regions whilst prevent off-target effects resulting from ectopic expression in different afferent regions. 
Perhaps due to the proliferation of activated astrocytes following brain trauma, together with the drawback of vector integration proficiency, GDNF expression targeted to astrocytes from IDLVs was not as efficient as IPLVs (figure 6.1). However, stimulation of astrocytic proliferation is temporary (Drinkut et al., 2012) and rarely observed in the pathophysiology of PD (Mirza et al., 2000). In addition, high levels of transgene expression are not always beneficial. Using LV-mediated intrastriatal delivery, it has been demonstrated that GDNF over-expressed above 700 pg/mg tissue weight could cause a down-regulation of 70% normal striatal TH levels and a significant reduction in mRNA levels of this enzyme in the SN (Georgievska et al., 2004). Although the decrease may be restored 4-8 weeks later (Cohen et al., 2011), it is under debate whether these changes may in turn affect striatal dopamine levels. Hence, the IDLVs in this study provided safe levels of GDNF that were about three-fold less than the investigated over-expression threshold. Importantly, beneficial therapeutic effects of GDNF on the survival of nigral dopaminergic neurons and the improvement of animal behaviour were as efficient as those provided by IPLVs, which surpassed the 700 pg/mg threshold. 
As discussed in chapter 5, behaviour of 6-OHDA-lesioned rats are often assessed based on amphetamine- or apomorphine-induced rotational asymmetry. However, animals with a partial lesion (less than 70% nigral dopaminergic cell loss) tend to have rotational turns back to nearly normal from week 16 post-lesioning (Stanic et al., 2004), which may be a result of the regeneration of striatal dopaminergic terminals induced by GDNF or BDNF secreted from activated microglia within the injured striatum (Batchelor et al., 1999). This finding possibly explains a reduction in the number of rotations in all animal groups here (figure 6.2); however, only those injected with LV-GDNF could display almost a complete recovery of behaviour, which started from week 9 following vector transduction.
Taken together, glial activation and subsequent vector dilution following vector administration led to a reduction in GDNF expression from IDLVs (compared with IPLVs). However, as hypothesised, IDLV-GDNF transduction resulted in efficient and long-lasting neuroprotection and improvement of behavioural symptoms in 6-OHDA-lesioned rats, regardless of integration proficiency of the vectors. The results therefore underscore the effectiveness of IDLVs in GDNF therapy for PD and the scope for low-dose, low-risk therapies based on these novel vectors.









[bookmark: _GoBack]
[bookmark: _Toc364181249][bookmark: _Toc364587362][bookmark: _Toc370678419]Chapter 7
[bookmark: _Toc341730390][bookmark: _Toc370678420]General discussion and conclusions


At the current time, the exact mechanisms underlying the pathogenesis of PD remain undetermined. However, the therapeutic potential of neurotrophic factors to alleviate PD symptoms and slow, even halt, disease progression is widely supported by numerous pre-clinical research around the world (Hyman et al., 1994; Tomac et al., 1995a; Farkas et al., 2003; Lindholm et al., 2007; Tian et al., 2007; Ebert et al., 2008; Voutilainen et al., 2009; Sleeman et al., 2012). Among delivery systems for these factors, gene therapy using viral vectors has emerged as the most promising approach (Lim et al., 2010) and has been applied in PD clinic trials for such purpose since 2008 (Marks et al., 2008). However, a standard vector-based system has not yet been agreed (Bartus et al., 2011a; Richardson et al., 2011). Therefore, in this study, newly-developed IDLVs were employed for the first time to deliver neurotrophic factors for testing their therapeutic effects in an animal model of PD. 
IDLVs have many positive features as similar as their counterparts, IPLVs that have shown promise in PD treatment (Jakobsson et al., 2003; Abordo-Adesida et al., 2005; Bartus et al., 2007; Cannon et al., 2011). A significant benefit from IDLVs (compared with IPLVs) is an enhanced biosafety profile leading to an inhibition in integration of viral genome into the infected cell genome (Wanisch and Yáñez-Muñoz, 2009; Banasik and McCray, 2010). Such development diminishes the risk of insertional mutagenesis and subsequent oncogenesis that may occur in the routine use of IPLVs. However, lacking in integration, transduction efficiency of IDLVs may be reduced following cell proliferation. Hence, the present study hypothesised that IDLVs could express transgene as efficiently as IPLVs when the transduced cell population is non-dividing, such as cells in the CNS environment. 
In order to test this hypothesis, transduction efficiency of IDLVs through eGFP expression in vitro and in vivo was compared with that of IPLVs. Initial series of experiments shown in chapters 3 and 4 display successful production of LVs, with adequate vector titres for in vivo work (compared with data from previous published studies). Moreover, the results from eGFP expression in primary rat VM cell cultures and in 6-OHDA-lesioned rats transduced with IDLV- or IPLV-eGFP vectors demonstrate efficient, long-lived and transcriptionally targeted expression from both IDLVs and IPLVs. However, in some cases, levels of eGFP expressed from IDLVs were lower than those from IPLVs. This most likely reflects potential vector dilution due to the transduction in partially quiescent VM cell cultures or due to glial activation in response to brain injury in injected animals, which has been suggested to be temporary and rarely observed in the pathophysiology of PD (Mirza et al., 2000; Drinkut et al., 2012).
In neurotrophic factor-based therapy for PD, GDNF (and its relative, neurturin) are two factors have been investigated in PD clinical trials so far. However, disappointing results from their application (Lang et al., 2006; Marks et al., 2010) necessitate the development for a better administrative strategy or the search for an alternative neurotrophic factor. With respect to this, IDLVs in this study were designed to deliver the gene for IGF-1. This neurotrophic factor has crucial roles in the maintenance of adult CNS homeostasis and in many stages of brain development, including cell proliferation, cell differentiation and cell survival (Kaspar et al., 2003; Gu et al., 2004; Crowe et al., 2009; Fernandez and Torres-Alemán, 2012; Tsai et al., 2012). Importantly, since IGF-1 upon delivery as a protein has shown impressive neuroprotection in pre-clinical models of PD (Guan et al., 2000; Quesada and Micevych, 2004; Quesada et al., 2008), IDLV-mediated IGF-1 expression here was hypothesised to offer similar therapeutic benefit. To confirm this hypothesis, the study aimed to investigate the neuroprotection of IGF-1-expressing vectors in transduced neuronal cell cultures and further in 6-OHDA-lesioned rats injected with the vectors. The data in chapter 5 display successful IDLV-driven IGF-1-induced protection on primary neuronal cell cultures. However, such protective effects were unable to be reproduced in LV-IGF-1-injected rats. Insufficient levels of IGF-1 expressed from the vectors are most likely the main reason for this disappointing result. 
As mentioned at the beginning, delivery of neurotrophic factors through a viral vector-based system has been considered as the most effective strategy in PD treatment. Since vectors are injected directly into the brain and the injection is not repeated, it is most important that the expression from vectors is both safe and well tolerated. The IDLVs introduced in this study were hypothesised to satisfy these requirements. The safety of these vectors tested in a rodent model of PD has been very recently confirmed through an integration analysis following vector injection (Lu-Nguyen et al., submitted to Hum Gene Ther). Hence, this present study aimed to assess their tolerability profile, in comparison with IPLVs. In regards to current PD research, this ideally should have been performed through the neuroprotection of IDLV-driven IGF-1. However, due to the failure of IGF-1 in a short-term investigation in 6-OHDA-lesioned rats (as discussed above), the long-lasting efficacy of IDLVs was alternatively examined based on neuroprotective effects of well-characterised GDNF. The data in chapter 6 convincingly indicate that IDLV-mediated GDNF expression resulted in improvement of dopaminergic cell survival and rotational behaviour of 6-OHDA-lesioned rats receiving the vectors. Importantly, therapeutic effectiveness of GDNF-expressing IDLVs lasted for the duration of the experiment (5 months) and was as efficient as that from IPLVs.  
LVs and AAVs are strong candidates in gene therapy for PD such that these vector systems have been used in previous (Kaplitt et al., 2007; Marks et al., 2008, 2010; LeWitt et al., 2011) and on-going PD clinical trials (clinicaltrials.gov, identifiers NCT00229736, NCT00627588, NCT00985517, NCT01621581, NCT01856439). Although AAV-based system has been preferable, LV-mediated delivery is challenging this dominance. Indeed, LVs can transduce many cell types of the CNS (Blömer et al., 1997; Jakobsson et al., 2003), with stable long-term efficiency (Bartus et al., 2007) and low immunogenicity (Abordo-Adesida et al., 2005) as similar as AAVs. Moreover, LVs have large transgene capacity, enhanced cell-specific targeting through vector pseudotyping (Cannon et al., 2011), and relatively simple production (Dull et al., 1998). In particular, LVs offer comparable transgene expression at vector doses 3-4 logs lower than those of AAVs (Decressac et al., 2011; Hutson et al., 2012). However, a significant obstacle in the routine clinical use of LVs is the potential of insertional mutagenesis (Biasco et al., 2012). Such risk fortunately can be overcome by an inhibition in vector integration that has been developed in IDLVs (Wanisch and Yáñez-Muñoz, 2009; Banasik and McCray, 2010). 
Hence, IDLVs emerge as an attractive system for PD gene therapy. One concern in the use of IDLVs is possible vector dilution following cell division. This is obvious the main drawback of IDLVs but recombinant AAVs used in gene therapy have the same disadvantage. Importantly, the adult CNS environment is generally quiescent; the stimulation of glia proliferation as shown here has been suggested to be temporary (Drinkut et al., 2012) and is rarely observed in the pathophysiology of PD (Mirza et al., 2000). However, to provide a strong support for IDLVs as a standard vector system for PD therapy, there is an essential need for reassessing transduction efficiency and tolerability of IDLVs with an extension of testing time. In such experiments, the levels of transgene expressed from IDLVs will be quantified at different time points. These should be after vector transduction, prior to lesion-induced neuronal death, after the lesion, and then at regular time points. By doing this, it is expected that IDLV-driven expression will reduce (in comparison with IPLVs) following vector transduction and lesion but the decrease will cease once activated glial cells return to their resting states. The remaining levels will then maintain and in case of GDNF, for example, will provide therapeutic effects for the investigation duration. 
To examine protective effects of neurotrophic factors, this study administered vectors expressing neurotrophic factor (IGF-1/GDNF) two weeks prior to performing toxin-induced selective degeneration of dopaminergic neurons, as previously described (Bilang-Bleuel et al., 1997; Eslamboli et al., 2003; Sun et al., 2005; Bartus et al., 2011a; Herzog et al., 2013). Using this animal model, vectors were given enough time to produce the neurotrophic factor for prevention of axonal retraction and subsequent neuronal death. Therefore, therapeutic efficacy of the trophic factor on cell survival and animal behaviour can be detected efficiently and quickly. However, such animal models have poorer clinical relevance compared to a model in which the neurotrophic factor is administered following a lesion. In this latter model, effects of the neurotrophic factor are examined according to its ability to restore damaged neurons from degeneration (neurorestoration) or to stimulate formation of new neurons in the injured region (neuroregeneration) (Toulouse and Sullivan, 2008). These benefits require longer treatment, which is cost- and time-inconvenient, but are more difficult to be detected compared to the neuroprotection model, unless a powerful factor such as GDNF is administered (Kordower et al., 2000; Emborg et al., 2009; Ciesielska et al., 2011; Drinkut et al., 2012). 
In addition, rats have been used extensively in PD research but this species in nature do not have PD. Thus, experimental rats go from a state of having no parkinsonian symptoms (before the lesion) to a state of displaying parkinsonian symptoms, with severity dependent on the amount of toxin (Kirik et al., 1998). From this moment on, innate compensation mechanisms involve and antagonise the neurobiological deficits (Batchelor et al., 1999; Stanic et al., 2004). This means that PD symptoms in lesioned rats are alleviated to some extent in the course of time (Finkelstein et al., 2000; Stanic et al., 2003). Such phenomenon is contradict to a progressive disease being worsen with time in human idiopathic PD and thus needs to be considered in the reassessment of long-term IDLV-mediated therapeutic effects (as mentioned above). Moreover, the complexity of brain structure and cell-death mechanisms of PD in rodents differs from that in human. Hence, prior to be applied in the clinic, regimens for PD have been tested in non-human primates, particularly in MPTP-induced models. These MPTP-lesioned animals exhibit bilateral motor deficits (e.g., akinesia, bradykinesia, rigidity of the limb and trunk, postural imbalance) and nigrostriatal impairment as similarly as some occur in man (Hantraye et al., 1993; Iravani et al., 2005b). However, degeneration of nigral dopaminergic neurons in these models is not progressive and the pathological hallmark of PD, the Lewy body, is not present although α-synuclein aggregation has been detected in few cases (Kowall et al., 2000; Halliday et al., 2009). 
Obviously, there is a crucial need of a model recapitulating cardinal clinical features of sporadic PD, especially its progressive nature. In regards to this requirement, a mouse model, known as MitoPark mouse, has been recently developed that has a selective removal of the mitochondrial transcription factor Tfam in dopaminergic neurons. MitoPark mice appear normal until adolescence and slowly develop PD-like motor disabilities (Ekstrand et al., 2007), which have responded well to L-DOPA in a dose-dependent manner (Galter et al., 2010). Furthermore, progressive degeneration of nigrostriatal pathways and depletion of striatal dopamine in this newly-developed model have been observed to be similar to those seen in idiopathic PD (Good et al., 2011). Non-motor PD symptoms, such as cognitive dysfunction, have been also detected in this model (Li et al., 2013). However, α-synuclein aggregation forming Lewy bodies, another important requirement for a model of PD, has been yet determined in MitoPark mice. In contrast, transgenic α-synuclein animal models have displayed α-synuclein inclusions and loss of dopaminergic neurons in the SNpc, although the degeneration is not progressive and levels of the severity are highly variant between models (Kirik et al., 2002b; Decressac et al., 2012b; Lundblad et al., 2012). Hence, a pathogenic and etiologic animal model for PD needs to be addressed, in particular non-human primate models, such that a final proof of efficacy of any treatment for PD will be confirmed prior to its application in clinical trials. 
As shown in this study, GDNF-induced neuroprotection can be achieved at low levels. Furthermore, in pre-clinical research high concentrations of GDNF are not always beneficial (Georgievska et al., 2004; Cohen et al., 2011). However, in the recent AAV2-NTN clinical trial, insufficient vector doses and consequent poor distribution of the neurotrophic factor (Bartus et al., 2011b) are believed to be the reasons leading to the failure (Marks et al., 2010). Based on findings from numerous dosing regimen studies (Gasmi et al., 2007; Herzog et al., 2008; Bartus et al., 2011a), AAVs have been suggested to be used at unlimited doses with no serious adverse effects (Bartus et al., 2012). Therefore, the same AAV2-NTN vector system is reassessed in the current phase I/II trial (Ceregene, California, US; clinicaltrials.gov identifier NCT00985517) at a dose of 4 times higher than that has been used previously. The safety and therapeutic effects of this approach have yet been reported. Importantly, IDLVs having similar safety profile whilst providing comparable levels of transgene at vector doses much lower (3-4 logs) than those of AAVs are likely to be more promising. In particular, when a higher dose/volume is needed, large-scale production of IDLVs can be more efficiently and promptly addressed than AAVs (Stewart et al., 2011). Moreover, IDLV pseudotyping can enhance the levels of transgene whilst prevent unwanted side-effects due to expression in non-targeted regions (Marks et al., 2010). This for instance can be achieved through the use of envelope glycoproteins derived from Moloney murine leukemia or Ross River viruses to targeted glia-specific expression (Kang et al., 2002; Cannon et al., 2011; Kato et al., 2011), in regard to GDNF-induced therapy.
Of note, despite consistent neuroprotection and neurorestoration in pre-clinical animal models and later in phase I clinical trial of PD, GDNF could not exert its therapeutic effects in an α-synuclein rat model (Lo Bianco et al., 2004; Decressac et al., 2011). Such failure has been suggested due to a disruption of GDNF signalling pathway by overexpression of α-synuclein. Fortunately, the authors promptly demonstrated that this blockage could be prevented by an introduction of the transcription factor Nurr1 (Decressac et al., 2012a). However, those findings apparently present a major challenge for the use of GDNF in PD treatment as it has been considered that degeneration of nigral dopaminergic neurons in idiopathic PD likely results from a-synuclein toxicity. 
Furthermore, axonopathy and consequent deficits in retrograde axonal transport from striatal dopaminergic terminals to the cell bodies in the SNpc are additional reasons reducing the benefits of GDNF (or neurturin) in treatment for advanced PD (Bartus et al., 2011b). Indeed, an analysis of the brains of two subjects who received putaminal AAV2-NTN injection and died of unrelated causes 1.5 and 3 months later reveals neurturin expression and enhanced TH production in the injected putamen. Nevertheless, the expression was relatively weak (compared with levels achieved by AAV injection in animal models) and the number of neurturin positive dopaminergic neurons in the SNpc was markedly sparse (Bartus et al., 2012). Hence, synergistic targeting of both the putamen and the SN was suggested in order to enhance therapeutic benefits of neurturin, or GDNF. This hypothesis has been confirmed very recently by AAV-NTN injection into both the striatum and the SN of 6-OHDA-lesioned rats, which displayed expanded neurturin distribution and increased survival of dopaminergic neurons better than the effects from striatal-only administration (Herzog et al., 2013). The approach therefore is currently being tested in a new randomised, double-blind clinical trial (Ceregene, California, US; clinicaltrials.gov identifier NCT00985517), with results to be reported in 2014.
In recent years, IGF-1 has gained more interest in PD therapy. Indeed, IGF-1 administration has shown promise in pre-clinical toxin-induced animal models of PD (Guan et al., 2000; Quesada et al., 2008). Moreover, in α-synuclein-overexpressed rat model, the signalling pathway of IGF-1, unlike GDNF, remains intact (Decressac et al., 2012a). IGF-1 has also been suggested to rescue the cytotoxicity of α-synuclein in transgenic cell cultures (Kao, 2009) and enhance the clearance of oxidized proteins by activating the proteasome system (Crowe et al., 2009). These findings are important for PD since accumulation of α-synuclein and abnormal proteasome handling of proteins have been implicated in the pathogenesis of PD (McNaught et al., 2003; Desplats et al., 2009). However, all of these interesting results have been obtained from IGF-1 application as a protein; such an approach is accompanied with many disadvantages, e.g., limited distribution, short-term benefit, and potential activation of the immune response (Lang et al., 2006; Salvatore et al., 2006). As previously discussed, a viral vector-based delivery with significant benefits can overcome these obstacles. Unexpectedly, vector-mediated IGF-1 expression, as demonstrated in this study, was unable to provide efficient neuroprotection whereas using the same vector dose, higher levels of transgene and consequently efficacious therapeutic benefits were observed in LV-GDNF treated animals. However, it is noteworthy that to obtain similar protection on dopaminergic cell survival, previous investigators have used IGF-1 (as purified protein) at concentrations about 30 times higher than GDNF's (Knusel et al., 1990; Lin et al., 1993). This is probably because the half-life of IGF-1 is less than 10 min whereas that of GDNF lasts for 3-4 days (Cohick and Clemmons, 1993; Granholm et al., 2000). Since the vector doses used in this project are similar to those used in other studies for delivery of neurotrophic factor(s), insufficient expression of IGF-1 is an obvious obstacle for the use of IGF-1 gene therapy in PD. For clarification, it is necessary to perform a dosing regimen study to determine the doses of IGF-1 expressing vectors that can produce neuroprotection. An alternative strategy is using a different vector system to deliver the gene for IGF-1, for instance AAVs, which is being investigated by Björklund et al. (Lund University, Sweden; personal communication).
In summary, these studies underscore the effectiveness of biosafety-enhanced IDLVs in GDNF-based gene therapy for PD. The results, in particular, demonstrate that IDLVs can provide long-term treatment as efficiently as IPLVs although transduction efficiency of IDLVs is equal to that of IPLVs only in relation to non-dividing CNS environment. This present work also confirms the neuroprotective effects of IGF-1 on neuronal cell cultures; however, more studies are required to determine the therapeutic doses of IGF-1-expressing vectors for further consideration of their use in gene therapy for PD.
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[bookmark: _Toc370678595]Appendix 2: Solutions and culture media
1% BSA blocking buffer (for cultured cells and brain sections): 1% BSA and 0.02% Na3N were dissolved in 1X PBS-T and stored at 4oC.
5% skimmed milk blocking buffer (for western blot): 5% skimmed milk was dissolved in 1X TBS-T, maintained at 4oC and used within a day.
5% stacking gel: 5% polyacrylamide were mixed with 125 mM Tris (pH 6.8), 0.1% ammonium persulfate, 0.1% SDS, and 0.1% TEMED.
12% running gel: 12% polyacrylamide were mixed with 375 mM Tris (pH 8.8), 0.1% ammonium persulfate, 0.1% SDS, and 0.04% TEMED.
1X PBS-T: 0.25% Triton X-100 was dissolved in 1X PBS.
1X TAE buffer: 40 mM Trizma base, 20 mM glacial acetic acid and 1 mM Na2EDTA were dissolved in ddH2O; adjusted to pH 7.6. 
1X TBS-T buffer: 0.25% Trizma base, 0.8% NaCl and 0.05% Tween-20 were dissolved in ddH2O; adjusted to pH 7.6.
2X HBS: 100 mM HEPES, 281 mM NaCl and 1.5 mM Na2HPO4 were dissolved in cell culture grade water. The solution was passed through a 22 μm filter, adjusted to pH 7.12, and stored at -20oC.
5X Laemmli sample buffer: 10% SDS, 25% 2-mercaptoethanol, 50% glycerol, 0.1% bromophenol blue, and 0.25 M Tris-HCl were mixed, adjusted to pH 6.8, and stored at -20oC.
6-OHDA solution: 6-OHDA was dissolved in a solution containing 0.9% sterile saline and 0.02% ascorbic acid; used within a day.
Brain dissection buffer: 1X HBSS, 100 units/ml penicillin and 100 μg/ml streptomycin were mixed and stored at 4oC. Prior to use, 100 μM ascorbic acid was added; solution was protected from light and used within a day.
Cortical neuronal differentiation medium: neurobasal medium was supplemented with 2% B27, 0.25% GlutaMax, 1% FBS, 100 μM ascorbic acid (added prior to use), and stored at 4oC. 
Mounting solution: 1 part of PPD solution was mixed with 9 parts of Mowiol solution; used within a day. 
Mowiol solution: 44% glycerol and 22% Mowiol were stirred in ddH2O for 2 hours, at room temperature. A volume of 0.2 M Tris buffer (pH 8.5) and 0.02% NaN3 was added. Solution was then incubated in 50-60oC water for 10 minutes with stirring and centrifuged at 4500 rpm for 30 minutes. The supernatant was collected, aliquoted and kept at -20oC.  
PFA solution: PFA was dissolved in 1X PBS, adjusted to pH 7.4 and used within a day.
PPD solution: 0.1% PPD was dissolved in ddH2O, protected from light and kept at -20oC.  
Supplemented DMEM: DMEM was added with 100 units/ml penicillin, 100 μg/ml streptomycin and 10% FBS; stored at 4oC.
Tfb I buffer: 100 mM KCl, 50 mM RbCl, 10 mM CaCl2, 30 mM KAc, and 15% glycerol were dissolved in ddH2O, adjusted to pH 5.8 and stored at 4oC. 
Tfb II buffer: 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, and 15% glycerol were dissolved in ddH2O, adjusted to pH 7.0 and stored at 4oC.
Tris-HCl buffer: Trizma base dissolved in ddH2O and adjusted to appropriate pH by 1M HCl.
VM glial differentiation medium: DMEM was supplemented with 1% N2 and 10% FBS; stored at 4oC.
VM neuronal differentiation medium: neurobasal medium was supplemented with 2% B27, 0.25% GlutaMax, 1% FBS, 100 μM ascorbic acid (added prior to use), and 10 ng/ml TGF-βIII; stored at 4oC.
Western blot running buffer: 0.3% Trizma base, 1.45% glycine and 0.1% SDS were dissolved in ddH2O and adjusted to pH 8.3.
Western blot transfer buffer: 0.25% Trizma base and 0.9% glycine were dissolved in ddH2O and added with 20% methanol prior to use.
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