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Abstract 

Neurodegeneration and nerve damage are common medical problems of the nervous 

system. Standard medical and surgical practices are insufficient to cure or to slow 

progression of many disorders. Gene therapy is emerging as a powerful approach with 

potential to treat some of the diseases of the nervous system. I focus on Multiple System 

Atrophy (MSA), a degenerative disease of the central nervous system, and on sciatica, a 

functional disorder of the peripheral nervous system. I propose interventional methods 

based on combinations of genes that are related to these disorders for enhancing 

neuroprotection and neural regeneration.  

Initially, I tested the potency of combining four neurotrophic factors (NTFs): brain-derived 

neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), vascular endothelial 

growth factor (VEGF), and insulin-like growth factor-1 (IGF-1) on the recovery of motor 

neuron function. In order to test this hypothesis, I applied these aforementioned NTFs, in 

different combinations, to neuronal cultures exposed to hypoxic conditions. I found that 

combined NTFs application increases the survival of motor neurons exposed to the hypoxic 

environment. Next, I injected combinations of lentiviruses encoding BDNF, GDNF, IGF-1, 

and VEGF genes into mouse gastrocnemius muscle, following insult to the sciatic nerve. I 

observed that a combination of all four genes promoted the fastest and most pronounced 

recovery of compound muscle action potential (CMAP) amplitude and conduction velocity. 

These results might suggest a rationale for using genetic treatment via a combination of 

neurotrophic factors-expressing vectors, as a potential therapeutic approach for severe 

peripheral nerve injury. 

Next, I tested the hypothesis that enhancing the cellular antioxidant response and reducing 

glutamate toxicity will reduce the symptoms in MSA mouse models. To evaluate whether 

manipulations designed to reduce oxidative stress and glutamate toxicity could ameliorate 

the symptoms of the disease, I used combination of lentiviruses encoding genes related to 

the oxidative-excitatory pathway:  Excitatory amino acid transporter 2 (EAAT2), Glutamate 

dehydrogenase (GDH2) and nuclear factor (erythroid-derived 2) related factor 2 (NRF2) as 
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well as the peptide ND-13 which is derived from the protein DJ-1. In addition to the 

development and validation of a new mouse model of MSA, my results showed that 

combined EAAT2, GDH2, and Nrf2 genes, as well as the ND-13 peptide, attenuated 

nigrostriatal degeneration and improved performance in motor-related behavioral tasks in 

the 3-nitropropionic acid (3-NP)-induced mouse model of MSA as well as in (PLP)-alpha 

Syn transgenic mice. These findings suggest a novel strategy to confer neuroprotection and 

point their future therapeutic use in MSA. 
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1. Introduction 

1.1 Sciatica 

The sciatic nerve is the longest nerve in the human body extending from the lower part of 

the spinal cord, to the buttocks and down the legs. It is formed from the L4 to S3 segments 

of the sacral plexus, a collection of nerve fibres that emerge from the sacral part of the 

spinal cord. The sciatic nerve innervates many of the posterior muscles of the thighs directly 

and innervates the muscles of the lower legs and feet indirectly through its branches (Fig. 

1). Sensory neurons carrying signals from the skin of the hip and thigh also run through the 

sciatic nerve toward the spinal cord (Ropper & Zafonte 2015). Damage to the sciatic nerve 

(sciatica) is one of the most common reasons for peripheral neuropathy with a lifetime 

incidence varying from 13% to 40% (Stafford et al. 2007). The corresponding annual 

incidence of an episode of sciatica ranges from 1% to 5% (Heneweer et al. 2007). The term 

sciatica was used by the ancient Greeks to describe pains or ‘ischias’ felt around the hip 

and thigh. Hippocrates himself referred to ‘ischiatic’ as a pain that affect men between 40 

and 60 years (Stafford et al. 2007). The main causes of sciatica include direct trauma, 

prolonged external nerve compression, and pressure from disk herniation. The symptoms 

are persistent leg and foot pain, numbness, and weakness possibly leading to permanent 

disability (Fitzsimmons et al. 2014). In mild cases, conservative treatment is feasible such 

as, physical therapy, steroids, muscles relaxants, or even surgery. However, following 

severe injury, recovery may not be possible. 
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Figure 1. The Sciatic Nerve. 

The Sciatic nerve begins at the lower spinal cord and runs through the pelvis and down the lower limb. The 

sciatic nerve innervates the back of the thigh, leg and foot muscles. Sciatic crush slows or prevents conduction 

of impulses through the nerve and causes partial or complete loss of leg movement, sensation in the leg and 

recurrent injury. 

 

1.2 Therapeutic strategies for peripheral nerve injuries 

Considerable advances have been made in peripheral nerve repair in the last decades. 

These include the use of epineural or perineural sutures for tension-free repair, and 

development of techniques of nerve apposition by means of anatomic features (Kraemer et 

al. 2001; Pindrik et al. 2013). Nevertheless, even with early diagnosis and accurate nerve 

repair, post-repair function can never reach the pre-injury level. Poor outcome may be the 

result of many factors, both intrinsic and extrinsic to the nervous system, such as the type 

and level of injury, presence of an associated injury, timing of surgery, and change in the 

spinal cord neuron and end organ. Researchers are seeking viable alternative approaches, 

and attention has recently been addressed to NTFs and cell transplantation. For example, 

Dadon et al. (2012) from our research team, showed that intramuscular inoculation (IM) of 
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muscle progenitor cells (MPCs) engineered to secrete various NTFs, alleviates symptoms in 

animal models of peripheral nerve injury and in ALS mouse model (Dadon-Nachum et al. 

2015). 

 

1.3 Neurotrophic factors 

Neurotrophic factors (NTFs) are a family of peptides, which mediate neurons survival and 

regeneration in the central and peripheral nervous systems (Boyd & Gordon 2003). NTFs 

act via retrograde signaling from target neurons by paracrine and autocrine mechanisms. 

During development, NTFs promote neuronal survival, stimulate axonal growth, and play a 

key role in the construction of the normal synaptic network. In adulthood, they help to 

maintain neuronal functions and specific neuronal phenotypes (Huang & Reichardt 2001; 

Bregman et al. 1997).  

There is evidence that the different families of NTFs work in synchronization and influence 

each other. Therefore, any alterations in their local synthesis transport and/or signaling due 

to local damage, aging, mutations, or polymorphisms could adversely affect neuronal 

survival and lead to neuronal death (Deckwerth et al. 1996). 

1.3.1 Brain derived neurotrophic factor 

Brain derived neurotrophic factor (BDNF) is a member of the neurotrophin family of 

neurotrophic factors. These factors are polypeptides of approximately 120 amino acids and 

have significant structural homology. The receptors that mediate most or all of their trophic 

actions are members of the tropomyosin receptor kinase (trk) family of receptor tyrosine 

kinases (Lamballe et al. 1991; Dalal & Djakiew 1997). BDNF and its signaling receptor trkB 

are widely expressed in the developing and mature peripheral and central nervous systems 

(Lamballe et al. 1994). Particular interest has focused on BDNF actions on motor neurons. 

In both developing and mature animals, trkB is expressed in motor neurons, and BDNF is 

expressed in skeletal muscle, the target of motor neuron innervation. BDNF regulates 

development, neurogenesis, maintenance and survival of different populations of neurons 

(Meyer et al. 1992; Binder & Scharfman 2004). Interestingly, an increase in BDNF mRNA in 
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skeletal muscle following denervation suggests that BDNF may normally contribute to 

regeneration of motor neurons (Gómez-Pinilla et al. 2002).  

1.3.2 Glial derived neurotrophic factor 

Glial derived neurotrophic factor (GDNF) is a member of the transforming growth factor 13 

superfamily. It has been found potently to promote survival of embryonic motor neurons 

(Henderson et al. 1994). GDNF is also one of the most potent factors for motor neuron 

survival in vitro. It is expressed in muscle cells, whereas its receptor Ret tyrosine kinase is 

expressed in motor neurons and is believed to participate in presynaptic differentiation 

regulation (Trupp et al. 1995; Airaksinen & Saarma 2002). GDNF was also shown to 

prevent neuronal degeneration in mice and rats after axotomy, as well as precludes the 

apoptosis of motor neurons during development (Zhao et al. 2004).  

1.3.3 Insulin growth factor 1 

Insulin-like growth factors (IGFs) is a part of a polypeptides family which functions as 

cytokines and hormones, and as growth factors for non-neuronal cells. IGF-1 has been 

shown to exert multiple actions within the peripheral and central nervous systems (Zheng et 

al. 2000). 

IGF-1 has been shown to be secreted from Schwann cells after peripheral nerve injury 

contributing to improved nerve regeneration (HANSSON et al. 1986). IGF-1 knockout mice 

have defects in neurologic development (Liu et al. 2008) in addition to impaired recovery 

from neuronal injuries (D’Ercole et al. 2002). Thus, there is substantial evidence that IGF-1 

plays a key role in neuromuscular recovery following injury.  

1.3.4 Vascular endothelial growth factor 

Vascular endothelial growth factor (VEGF) is a key regulator of angiogenesis that promote 

the recovery in a number of models of neural trauma (Schratzberger et al. 2001; Widenfalk 

et al. 2003; Li et al. 2006). VEGF was also shown to prolong the survival and stimulate 

proliferation of peripheral nervous system cells (Sondell et al. 1999). It protects cells against 

death induced by a wide variety of different noxious stimuli, including hypoxia, serum 

withdrawal, or excitotoxic stimuli (Ruiz de Almodovar et al. 2009). VEGF also has in vivo 
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effects in acute or chronic models of neurodegeneration, including nerve and brain injuries 

and diseases such as spinal cord injury, Alzheimer's disease (AD) and Parkinson’s disease 

(PD) (Kim et al. 2009; Salomon-Zimri et al. 2016; Yasuhara et al. 2004). There is also clear 

evidence that reduced VEGF levels cause various motor neuron degenerative diseases. 

Motor neurons thus seem to be particularly dependent on sufficient VEGF for their survival 

(Azzouz et al. 2004).  

The effects of VEGF are of particular interest, since they may result from stimulating both 

the nervous and vascular systems. The protective effects of VEGF may indeed result from 

the combined effect on vessels, neuronal and non-neuronal cells; in nerve injury models, for 

instance, VEGF stimulates axonal outgrowth, Schwann cell proliferation, and nerve 

perfusion. In fact, these “multitasking” effects make VEGF a particularly suitable and 

promising candidate for therapeutic studies (Carmeliet 2005). 

1.4  Our therapeutic strategy for sciatic nerve injury 

Despite the promising results of restoration and recovery of the motor function in the 

animals models, clinical trials of systemic or intrathecal administration of recombinant NTFs 

to patients suffering from peripheral nerve injuries have failed to demonstrate significant 

efficacy. We hypothesized that the combined administration of several NTFs (BDNF, GDNF, 

IGF-1, and VEGF), differing in molecular pathways and cell types in which they operate, 

may lead to a synergistic or additive effect. In order to evaluate this hypothesis, we first 

applied the aforementioned NTFs, in different concentrations, to neuronal cultures exposed 

to hypoxic conditions. Second, we examine the effect of direct intramuscular administration 

of combinations of lentiviruses encoding NTFs genes into mouse gastrocnemius muscle, 

following insult to the sciatic nerve.  
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1.5  Multiple System Atrophy 

1.5.1 General 

Multiple-system atrophy (MSA) is an adult-onset, fatal neurodegenerative disease 

characterized by progressive autonomic failure, parkinsonian features, and cerebellar and 

pyramidal features in various combinations. It is classified as the parkinsonian subtype 

(MSA-P) if parkinsonism is the predominant feature and as the cerebellar subtype (MSA-C) 

if cerebellar features predominate (Longo et al. 2015).  The estimated point prevalence is 

3.4 to 4.9 cases per 100,000 population, increasing to 7.8 per 100,000 among persons older 

than 40 years of age (Schrag et al. 1999). The onset of the disease is usually in the sixth 

decade of life, with both sexes equally affected, and with a mean survival of 6 to 10 years 

after the onset (Ben-Shlomo et al. 1997; Wenning et al. 2013). 

MSA is generally considered a sporadic disease (Dickson et al. 1999). However, genetic 

factors play an etiologic role in some families. In a few European and Japanese families, 

multiple-system atrophy has been transmitted in an autosomal dominant or recessive 

inheritance pattern (Itoh et al. 2014; Stemberger & Wenning 2011). A loss of function 

mutation in COQ2 gene, encoding the coenzyme Q10 synthesizing enzyme, and a loss of 

copy number of SHC2 gene were reported in Japanese familial and sporadic cases 

(Ferguson et al. 2014; Anon 2013). In addition, two single-nucleotide polymorphisms of the 

SNCA locus showed a significant association with multiple-system atrophy in European 

patients (Scholz et al. 2009). Recently, a G51D SNCA mutation was reported in a British 

family with autosomal dominant juvenile parkinsonism and neuropathological findings 

compatible with both PD and MSA (Kiely et al. 2013). 

The neuropathological features of MSA are olivopontocerebellar atrophy (OPCA) and 

striatonigral degeneration (SND), which broadly reflect the presence of ataxia and 

parkinsonism (Ahmed et al. 2012). In addition, neurodegenerative changes affect the central 

autonomic nervous system, including the hypothalamus, noradrenergic and serotoninergic 

brain-stem nuclei, dorsal nucleus of the vagus nerve, nucleus ambiguus, intermediolateral 

columns of the spinal cord, and Onuf's nucleus (Benarroch 2003). Glial cytoplasmic 

inclusions (GCI) are the main hallmark of MSA (Papp et al. 1989).  Activated microglia and 
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reactive astrogliosis are other common findings in MSA (Ozawa et al. 2004). The main 

component of GCI is misfolded α-Syn, a protein normally located in neuronal axons and 

synapses. In MSA α-Syn is mainly aggregated in oligodendrocytes (Grazia Spillantini et al. 

1998).  

In MSA-P the motor symptoms are muscle rigidity, bradykinesia, tremors (rare in MSA 

compared with classic PD), and impaired posture and balance (Köllensperger et al. 2010). 

Other symptoms of MSA are postural (orthostatic) hypotension, urinary and bowel 

dysfunction, sweating abnormalities; sleep disorders and sexual dysfunction (Gilman et al. 

2008; Goldstein et al. 2003). 

Unfortunately, there is no cure for MSA. Only symptomatic therapy is available at present, 

including pharmacologic and nonpharmacologic approaches.  

1.5.2 Animal models of MSA 

In MSA-P there is neuronal loss mainly in the putamen and substantia nigra pars compacta 

(Schwarz et al. 1996). Various toxins have been administrated in rodents to reproduce this 

neurodegenerative state (Nakao & Brundin 1997; Puschban et al. 2000; Schocke et al. 

2000; Ghorayeb et al. 2001). Several studies have used a “double toxin double lesion” in 

rats, in which 6 hydroxydopamine (6-OHDA) and quinolinic acid (QA) were injected to 

produce dopaminergic and striatal cell loss (Mantoan et al. 2005; Stefanova et al. 2004; 

Ghorayeb et al. 2001). Other studies showed dopaminergic and striatal cell loss in mice 

after intraperitoneal (IP) injections of MPTP together with 3-Nitropropionic acid (3-NP) 

(Stefanova et al. 2003; Fernagut et al. 2004; Fernagut et al. 2005). Although IP injections of 

3-NP alone cannot produce degeneration in the substantia nigra, Waldner et al. (Waldner et 

al. 2001) showed that a single intrastriatal injection of 3-NP  produces local striatal cell loss 

as well as retrograde loss of dopaminergic cells in rats. The specific mechanism of striatal 

lesion by 3-NP was demonstrated by Kim el al. (G W Kim et al. 2000) showing that 

administration of 3-NP alone led to apoptosis by glutamate toxicity related to excitotoxicity.   

In this study we developed, for the first time, a 3-NP mouse model similar to the rat model 

mentioned. In addition, we used a transgenic mouse expressing the α-Syn gene under the 
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proteolipid protein (PLP) promoter which directs the expression to the oligodendrocytes, 

combined with the administration of 3-NP. Further administration of 3-NP to (PLP)-α-Syn 

mice has been shown to mimic the neuropathological features of the disease including 

SND, OPCA, astrogliosis, microgliosis, and motor dysabilities combined with 

oligodendroglial insoluble α-Syn inclusions (Stefanova et al 2005). 

1.5.3 Possible mechanisms of cell death in MSA 

The pathogenesis of MSA remains largely unknown. There are some evidence indicating 

that MSA is primary an oligodendrogliopathy and that p25α, an important stabilizer of myelin 

integrity, plays an important role in the pathogenesis of the disease (Wenning et al. 2008). It 

has been shown that p25α is relocated into the oligodendroglial soma, followed by 

oligodendrocyte swelling and abnormal uptake or overexpression of α-Syn by 

oligodendroglia (Asi et al. 2014; Reyes et al. 2014).  The aggregation of α-Syn in 

oligodendrocytes interferes with neuronal support and activates microglial cells. As a result, 

progressively dysfunctional oligodendrocytes release misfolded α-Syn into the extracellular 

space. This misfolded α-Syn may be up-taken by neurons to form neuronal cytoplasmic 

inclusions. At this point, neuroinflammation, loss of oligodendroglial neurotrophic support, 

and neuronal dysfunction due to α-Syn inclusions may synergistically promote neuronal 

death and subsequent reactive astrogliosis (Kuzdas-Wood et al. 2014; Stefanova & 

Wenning 2016, Fig. 2). Toxic α-Syn aggregations may then spread in a prion-like fashion to 

other connected brain areas (Watts et al. 2013) leading to the multisystem neuronal 

involvement observed in MSA. 

The specific mechanisms of cell death in MSA are unknown. Early studies suggested 

increased iron levels in the degenerating areas, supporting the notion that oxidative stress 

might play a significant role in the selective neuronal loss in MSA (Dexter et al. 1992). This 

idea was strongly supported by the report on COQ2 mutations linked to mitochondrial 

dysfunction in MSA patients (The Multiple System Atrophy Collaboration 2013). In addition, 

the expression of the calcium binding proteins calbindin and parvalbumin in Purkinje cells 

was found to be significantly reduced in MSA, whereas the apoptosis modulating proteins 

Bax, and Bcl‐x were increased, suggesting that a diminished calcium binding capacity might 
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lead to the pathological initiation of apoptosis in the affected areas (Wullner et al. 2000). 

Other mechanisms that have been linked to cell death in MSA include proteasomal or 

autophagosomal dysfunction (Furukawa et al. 2002; Tanji et al. 2013) and excitotoxicity 

(Greenamyre et al. 1986). In this section I will further elaborate on oxidative stress and 

excitotoxicity.  

Figure 2. Possible pathological 

α‐Syn‐spreading and 

accumulation mechanism 

leading to neurodegeneration 

(A) Healthy neuron, 

oligodendrocyte, microglia and 

astrocyte, p25α mainly located in 

the myelinating oligodendroglial 

processes. (B) Relocalisation of 

p25α from the processes to the 

soma, inclusion formation and 

swelling of the oligodendroglial 

soma. (C) Oligomeric α-Syn 

accumulation in the 

oligodendroglial cytoplasm. 

Possible hypotheses include 

exocytosed α-Syn from neurons 

and uptake into oligodendrocytes 

by cell-to-cell propagation or 

upregulation of α-Syn expression 

in oligodendrocytes themselves. 

(D) α-Syn aggregates form 

insoluble half-moon shaped GCIs 

characteristic for the disease. (E) 

Disruption of trophic support (e.g. 

GDNF), mitochondrial failure, increased production of reactive oxygen species (ROS) and proteasomal 

dysfunction occur. (F) Oligodendrocytes suffer from severe distress. (G) Activation of micro/astroglial cells, 

proposed secondary neuronal loss potentially due to, oxidative stress, excitotoxicity, and pro-inflammatory 

(Stefanova and Wenning, 2016). 
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1.5.4 Oxidative stress  

Oxidative stress arises from an imbalance between the production and accumulation of 

reactive oxygen and nitrogen species (ROS/RNS) and the cellular ability to detoxify and 

repair the damage caused by them. Neurons and oligodendrocytes are particularly 

susceptible to oxidative stress due to the high rate of oxidative metabolism in the brain and 

the relatively low level of antioxidant enzymes (Uttara et al.  9002 ; French et al. 2009).  

During the past few years the involvement of oxidative stress and mitochondrial impairment 

in MSA has been demonstrated many times. Evidence of enhanced oxidative stress has 

been recorded in the cerebrospinal fluid (CSF) and in brains of MSA patients as well as in 

animal models (Kikuchi et al. 2002; Barca et al. 2016; Stefanova et al. 2005). Furthermore, 

oxidative stress and mitochondrial impairment caused by 3-nitropropionic acid (3-NP), a 

mitochondrial inhibitor of the complex II, lead to the accumulation of α-syn in 

oligodendrocytes, enhance neurodegeneration, and motor impairment in cell culture and in 

animal models of MSA (Stefanova et al. 2005; Ubhi et al. 2009). 

1.5.5 Glutamate excitotoxicity 

Glutamate is the main excitatory amino acid (a.a) neurotransmitter in the human central 

nervous system (CNS). It plays a major role in learning, development, synaptic plasticity, 

cognitive functions and behavior (Danbolt 2001; Maragakis et al. 2001; Mattson 2008; Molz 

et al. 2008). Under normal conditions, extracellular glutamate is kept at low concentrations, 

despite the much higher intracellular glutamate concentration and its frequent release at 

glutamatergic synapses. Regulation of extracellular glutamate concentrations is attributed 

mostly to the excitatory amino acid transporters 1 and 2 (EAAT1 and EAAT2) also known in 

rodents as GLAST and GLT-1 respectively. These transporters allow astrocytes, in the gray 

matter, and oligodendrocytes, in the white matter, to remove glutamate from the synaptic 

cleft, thus reducing glutamate receptor overstimulation (Allen et al. 2004; Anderson & 

Swanson 2000). When glutamate in not properly controlled it may lead to detrimental 

results. Overstimulation of glutamate receptors leads to neuronal degeneration, a process 

commonly referred to as glutamate excitotoxicity (Bogaert et al. 2010); Brown 2000; Danbolt 

2001). Accumulating evidence implicates glutamate-induced excitotoxicity in the 
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pathophysiology of several acute and chronic neurological conditions including MSA (Van 

Damme et al. 2005; Scherfler et al. 2005; Greenamyre et al. 1986). 

Although the principal role of oligodendrocytes is neural myelination (Keirstead & Blakemore 

1999), they also have roles in maintaining glutamate homeostasis (Reynolds & 

Herschkowitz 1986). In the white matter, oligodendrocytes appear to be the major cells for 

glutamate clearance (Pitt et al. 2003). The association of MSA with excitotoxicity arises from 

the fact that oligodendrocytes are highly susceptible to glutamate-induced excitotoxicity 

(Bakiri et al., 2009). Under certain conditions, reverse function of oligodendroglial glutamate 

transporters may lead to glutamate release from oligodendrocytes, giving rise to excessive 

Ca2+influx (Butt 2006). Accumulation of Ca2+ within mitochondria leads to release of 

proapoptotic factors, activation of nitric oxide synthase (NOS), and production of ROS and 

peroxynitrite, which are responsible for oxidative stress to oligodendrocytes and neurons (Li 

et al. 2005). 

1.5.6 Therapeutic strategies for MSA 

MSA represent debilitating and progressive conditions for which no cure is currently 

available. At present, therapies have been tested for potential treatment focus on promoting 

neuronal survival and function. For example, there are large arrays of compounds that have 

been tested which protect neurons against experimentally-induced neurodegeneration. 

These compounds attempt to interfere with neurotoxic mechanisms while others try to 

bypass the mechanism and promote trophic mechanisms. The compounds include inhibitors 

of α-Syn aggregation, neurotrophic factors, antioxidants, anti-excitotoxins, and 

immunosuppressants (Flabeau et al. 2010; Sheikh et al. 2013). However, most of these 

therapeutic strategies either have failed to confirm their efficacy in human studies, or have 

not been tested in clinical trials yet. The only therapeutic options that have shown some 

promising results for MSA are SSRIs (Flabeau et al. 2010; Friess et al. 2006, autologous 

stem cells (Dezawa et al. 2004), and Intravenous immunoglobulins (Patwa et al. 2012), but 

well-designed clinical trials are still needed to confirm their efficacy. Some of the therapeutic 

strategies used in MSA are summarized in table 1.  
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Our hypothesis is that effective treatment may result from a multi-targeted approach 

addressing several pathophysiological mechanisms at once (i.e., enhancing neuroprotection 

by inhibiting both oxidative stress and excitotoxicity). To test whether manipulations 

designed to reduce oxidative stress and glutamate toxicity could ameliorate the symptoms 

in mouse models of MSA, we have opted for a genetic therapy-based approach. We 

injected lentiviral vectors into the striatum in order to introduce three different genes 

associated with these processes: EAAT2, GDH2, and Nrf2.  

 

Table 1. Therapeutic strategies in MSA 

Mechanism of action Therapy Efficacy in 

cellular or 

animal models 

of MSA 

Clinical benefit in 

humans 

Blocking of α-syn arrival to 

oligodendrocytes 

Sertraline Yes Not tested 

Paroxetine Yes Yes 

Antibodies against α-syn Yes Not tested 

Inhibition of α-syn aggregation in 

oligodendrocytes 

Rifampicin Yes No 

Lithium Yes No 

MPO inhibitor Yes Not tested 

p25α inhibitor Not tested Not tested 

Nocodazole Yes Not tested 

Synthetic peptides Yes Not tested 

COMT inhibitors Yes Not tested 

Mannitol Yes Not tested 

Cinnamon extract Yes Not tested 
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Ring-fused pyridones Yes Not tested 

Inhibition of glutamate-induced 

excitotoxicity 

Riluzole Yes No 

Estrogens Yes No 

AMPA/kainate and NMDA blockers Not tested Not tested 

P2X7 blockers Not tested Not tested 

Enhancement of neuroprotection Rasagiline Yes No 

Growth hormone Yes No 

Fluoxetine Yes Unknown 

Mesenchymal Stem Cells Yes Yes 

Inhibition of neuroinflammatory 

response 

Minocycline Yes No 

Intravenous Immunoglobulins Not tested Yes 

(Palma & Kaufmann 2015)  

1.5.7 Excitatory Amino Acid Transporter 2 (EAAT2) 

The importance of glutamate, the destructive potential of glutamate excitotoxicity and the 

importance of maintaining low levels of synaptic glutamate have been described above in 

detail (Introduction section 1.5.5). EAAT2 is one of the most potent glutamate transporters; 

it has exceptionally high affinity to glutamate and can take up extracellular glutamate even 

at very low extracellular concentrations and high intracellular concentrations (G W Kim et al. 

2000). EAAT2 is believed to be a more efficient transporter than EAAT1 due to lower 

glutamate independent leak as well as higher transport probability (Suchak et al. 2003).  

Under natural conditions, most of the glutamate uptake is performed by the EAAT2 

channels (Allen et al. 2004; Anderson & Swanson 2000; Auger & Attwell 2000). Although 

MSA is considered an oligodendropathy and it is well known that oligodendrocytes are 

extremely sensitive to extracellular glutamate levels, the impact of their glutamate 

transporter EAAT2 in MSA has not yet been investigated.  
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1.5.8 Glutamate Dehydrogenase 2 (GDH2) 

The complementary function to reducing synaptic glutamate availability could be reducing 

the systemic bioavailability of glutamate. Following cell uptake glutamate can be 

metabolized by three different enzymes; glutamine synthetase and glutamate 

dehydrogenase 1 and 2 (GDH1, GDH2). Glutamine synthetase metabolized glutamate into 

glutamine, which is then exported from the glial cells to the synaptic cleft where it is taken 

up by neurons, metabolized to glutamate that can then be re-used in synaptic transmission 

(Eid et al. 2004). 

GDH1 and GDH2 convert glutamate into α-ketoglutarate through a process of oxidative 

deamination (Mastorodemos et al. 2005). Unlike glutamine synthetase, glutamate 

dehydrogenase enzymes metabolize glutamate into a substrate that is not then re-

metabolized into glutamate, thus reducing the availability of glutamate. Furthermore, 

glutamate dehydrogenase enzymes metabolize glutamate into a substrate that is then 

further metabolized in the energy production processes into lactate that is then transported 

into neurons and fuels the neuronal energy production process. This provides glutamate 

dehydrogenase enzymes with a dual function; reducing glutamate bioavailability while 

improving the glial and neuronal energetic state (Mastorodemos et al. 2005; Plaitakis & 

Zaganas 2001; Spanaki & Plaitakis 2012).  

The association between glutamate dehydrogenase (GDH) and MSA has been confirmed 

by clinical studies which showed a significant decrease in the activity of various GDH 

isoforms (1-4) in the cerebellum of MSA patients (Hussain and Zannis, 1989). The reduction 

in GDH activity was also observed in platelets as well as in CSF of MSA patients (Duvoisin 

et al. 1983; Sorbi et al. 1986). 

1.5.9 Nuclear factor (erythroid-derived 2) related factor 2 (Nrf2) 

Nuclear factor (erythroid-derived 2) related factor 2 (Nrf2) is a transcription factor which 

activates genes containing the antioxidant response element (ARE), thus constituting a 

major node in the cellular anti-oxidative response (Hybertson et al. 2011; Vargas & Johnson 

2009). 
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Nrf-ARE binding regulates the expression of more than 200 genes involved in the cellular 

antioxidant and anti-inflammatory defense such as phase 2 detoxification enzymes 

(NAD(P)H quinoneoxyreductase, glutathione). Nrf2 regulates enzymes which are necessary 

for glutathione biosynthesis, extracellular superoxide dismutase, glutamate-6-phosphate-

dehydrogenase, heat shock proteins and ferritin, as well as pro and anti-inflammatory 

enzymes such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and 

heme oxygenase-1 (HO-1) (Kotlo et al. 2003; Shih et al. 2003; van Muiswinkel & Kuiperij 

2005). Nrf2 has also been reported to regulate the expression of genes promoting 

mitochondrial biogenesis and is therefore directly involved in mitochondrial preservation (Jin 

et al. 2013). 

From this we can deduce that similar to the situation observed in GDH2, Nrf2 also presents 

with a dual mechanism of action, not only does it activate genes in the cellular anti-oxidant 

response but also effects the cellular anti-inflammatory responses (Hybertson et al. 2011). 

In previous studies, it has been shown that neuronal and astroglial primary cultures from 

Nrf2 knockout mice are more vulnerable to oxidative stress than wild-type cells, while 

overexpression of Nrf2 increases resistance against oxidative and excitotoxic stimuli (Shih 

et al. 2005; Calkins et al. 2005; Kraft et al. 2004). Furthermore, activation of Nrf2 protects 

neurons from a variety of in vitro insults (Calkins et al. 2010). 

Oxidative stress and neuroinflammation are considered major participants in the 

pathophysiology of MSA (Stefanova et al. 2005). Over-expression of Nrf2 might be a potent 

effector of the oxidative stress and inflammatory pathways and therefore we believed that 

Nrf2 possesses a strong therapeutic potentially for MSA.  

1.5.10 Our therapeutic strategies for MSA 

In recent years, gene therapy for neurodegenerative diseases has emerged as one of the 

leading non-conventional therapeutic strategies. The concept of gene therapy is based on 

insertion of exogenous genes into cells, tissue or system in an attempt to treat the disease. 

In chronic diseases there is a clear advantage to use vectors with either long term 

expression capacities or sufficiently low immunogenicity.  The vectors of choice for gene 

transfer are viruses modified to impair their replication after entering cells (i.e. replication-
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deficient). Five such viral vector systems are currently available, including retrovirus, 

adenovirus, adeno-associated virus, herpes simplex virus, and lentivirus. In chronic 

diseases there is a clear advantage to utilizing vectors with either long term expression 

capacities or sufficiently low immunogenic response that would allow a high number of 

repeated administrations. Over the past decade lentiviral gene delivery has proven itself for 

gene delivery in many different animal models. Prolonged transgenes expression has been 

reported for various cell types including: oligodendrocytes, astrocytes and neurons (McIver 

et al. 2005; Demaison et al. 2002; Kafri et al. 1997).  

In this study we tested whether enhancing the cellular antioxidant response and reducing 

glutamate toxicity, in mouse models of MSA, may reduce the symptoms associated with the 

disease. In order to test our hypothesis we applied a genetic therapy-based approach using 

lentiviral vectors. We injected into the striatum lentiviruses encoding genes based on three 

pathways; glutamate uptake (EAAT2), glutamate metabolism (GDH2) and oxidative stress 

(Nrf2) which together address the excito-oxidative axis.  

In addition, we have proposed a pharmacological approach which is based on the beneficial 

effects of DJ-1 as a redox-responsive cytoprotective protein (Irrcher et al. 2010; Lev et al. 

2009; Aleyasin et al. 2010; Kim et al. 2005). DJ-1 has numerous functions: preserving 

mitochondrial function, regulating redox signaling kinase pathways and acting as a 

transcriptional regulator, thereby affecting anti-oxidant genes and dopamine homeostasis 

(Irrcher et al. 2010; Hao et al. 2010). In this study, we evaluated the possible therapeurtic 

effects of a short DJ-1-based peptide, called ND-13, in the 3-NP-induced mouse model of 

MSA. 
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2. Materials  

Table 2. Tissue culture reagents 

Catalogue # Website Manufacturer Material 

01-055-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Dulbecco's modified Eagle 

medium (DMEM) with D-

Glucose 4500mg/l 

04-121-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Fetal bovine serum (FBS), 

Heat inactivated 

03-020-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 
L-Glutamine 200mM 

03-032-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Penicillin 10000 U/ml / 

streptomycin 10 mg/ml / 

nystatin 1250 U/ml (PSN) 

01-340-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Modified Eagle’s medium 

non-essential amino acids 

(X100) 

02-020-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Phosphate buffer saline 

(PBS)  

03-052-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 

Trypsin (0.25%) EDTA 

(0.05%)  

03-055-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 
Water- Cell Culture Grade  

DN25 http://www.sigmaaldrich.com Sigma DNAse 

P6407 http://www.sigmaaldrich.com Sigma 
poly-D-Lysine (mw 70-

150,000) 

http://www.bioind.com/
http://www.bioind.com/
http://www.bioind.com/
http://www.bioind.com/
http://www.bioind.com/
http://www.bioind.com/
http://www.bioind.com/
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BUF012B http://www.abdserotec.com AbDSerotec Alamar Blue® 

03-042-1 http://www.bioind.com 
Biological Industries, 

BeitHaemek, Israel 
Sodium pyruvate (X100) 

 

Table 3. Tissue culture media: NSC-34, PC-12, and 293T growth medium 

Material Concentration 

Dulbecco's modified Eagle medium (DMEM)  

L-Glutamine  2mM 

SPN [streptomycin (10mg/ml) / penicillin 

(10,000U/ml) / nystatin (1,250U/ml)] 
1% 

Fetal bovine serum (FBS)  10% 

Modified Eagle’s medium non-essential amino 

acids (X100) 
1% 

 

Table 4. 293 Transfection medium 

Material Concentration 

Opti-MEM medium  

L-Glutamine  2mM 

Fetal bovine serum (FBS)  10% 

Material Concentration 

Dulbecco's modified Eagle medium (DMEM)  

L-Glutamine  2mM 

http://www.bioind.com/
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Fetal bovine serum (FBS)  10% 

Modified Eagle’s medium non-essential amino 

acids (X100) 
1% 

Sodium pyruvate (X100) 1% 

Material Concentration 

Dulbecco's modified Eagle medium (DMEM)  

L-Glutamine  2mM 

Fetal bovine serum (FBS)  10% 

Modified Eagle’s medium non-essential amino 

acids (X100) 
1% 

Sodium pyruvate (X100) 1% 

 

Table 5. Viral production medium 

Material Concentration 

Dulbecco's modified Eagle medium (DMEM)  

L-Glutamine  2mM 

Fetal bovine serum (FBS)  10% 

Modified Eagle’s medium non-essential amino 

acids (X100) 
1% 

Sodium pyruvate (X100) 1% 
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Table 6. Cell lines 

Catalogue # Reference Manufacturer Source Cell line 

CRL-1721 http://www.ATCC.com ATCC  
Rat adrenal medullary 

cell-line 
PC-12 

_ 

 

(Cashman, et al., 

1992)  

Developed by  Dr. Neil 

Cashman (University of 

Toronto) 

Neuroblastoma (N18TG2) 

x spinal cord hybrid 
NSC-34 

CRL-11268 http://www.ATCC.com ATCC Human embryonic kidney  293T 

 

Table 7. Antibodies 

Antibody Dilution Manufacturer Website Catalog# 

Mouse α – IGF-1 1:200 Santa Crus 

biotechnology 

http://www.scbt.com Sc-74116 

Mouse α – VEGF 1:1000 Santa Crus 

biotechnology 

http://www.scbt.com Sc-80437 

Rabbit α- BDNF 1:1000 Santa Crus 

biotechnology 

http://www.scbt.com Sc-546 

Rabbit α –GDNF 1:1000 Santa Crus 

biotechnology 

http://www.scbt.com Sc-328 

Mouse α -GFAP 

(Western blot) 

1:2,500 DAKO http://www.dako.com M0761 

Rabbit α -GLT-1 1:1,000 
Santa Cruz 

biotechnology 
http://www.scbt.com SC-15317 

Rabbit α -GDH2 1:500 Proteintech http://www.ptglab.com 14462-1-AP 

Goat α- GFP  1:500 Santa Cruz http://www.scbt.com SC-5384 

http://www.ptglab.com/
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(immunocytochemistry) biotechnology 

Goat α GFP        (Western 

blot) 
1:100 

Santa Cruz 

biotechnology 
http://www.scbt.com SC-5384 

Mouse α β-actin  1:10,000 Sigma 
http://www.sigmaaldrich.co

m 
T8660 

Alexa 488 conjugated 

goat anti rabbit  
1:500 Molecular probes http://www.invitrogen.com A11008 

Alexa 568 conjugated 

goat anti mouse 
1:500 Molecular probes http://www.invitrogen.com A11031 

Goat α Rabbit IRDye 

800CW 
1:10,000 LI-COR http://www.licor.com 926-32211 

Goat α RabbitIRDye 

680RD 
1:10,000 LI-COR http://www.licor.com 926-32221 

Goat α Mouse IRDye 

800CW 
1:10,000 LI-COR http://www.licor.com 926-32219 

Goat α Mouse IRDye 

680RD 
1:10,000 LI-COR http://www.licor.com 926-32220 

 

Table 8. Primers 

Gene Forward Reverse 

IFN gamma 
TGAACGCTACACACTGCATCTTG 

CGACTCCTTTTCCGCTTCCTGAG 

GAPDH CCATGGAGAAGGCTGGGG CAAAGTTGTCATGGACC 

http://www.scbt.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.licor.com/
http://www.licor.com/
http://www.licor.com/
http://www.licor.com/
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Table 9. Vectors 

Vector name Manufacturer Website Catalog# 

pCR®8/GW/TOPO® Invitrogen http://www.invitrogen.com K2500-20 

pLenti6/R4R2/V5-DEST Invitrogen http://www.invitrogen.com 

Part of kit  

K5910-00 

pENTR ™5′-TOPO® Invitrogen http://www.invitrogen.com Part of kit  

K5910-00 

 

Table 10. Materials used for viral production 

Material Manufacturer Website Catalogue # 

293T ATCC http://www.ATCC.com CRL-11268 

Lipofectamine 2000 Invitrogen http://www.invitrogen.com 11668-019 

Opti-MEM medium Invitrogen – Gibco http://www.invitrogen.com 31985-047 

0.45μm PVDF filters Millipore http://www.millipore.com SLHV033NS 

Polybrenne Sigma http://www.sigmaaldrich.com H9268 

Polyallomer ultra 

centrifuge tubes 
Beckman https://www.beckmancoulter.com 326823 

Hanks’ Balanced 

Salts Solution 

(HBSS) 

Biological Ind. http://www.bioind.com 02-016-1 

Lenti-X p24 Rapid 

Titer Kit 
Clontech http://www.clontech.com 632200 

http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
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Table 11. Other materials 

Catalogue # Website Manufacturer Material 

3290 http://www.corning.com Corning Cell culture flasks 

3516, 3524, 3596 http://www.corning.com Corning Tissue culture dishes 

P6148 http://www.sigmaaldrich.com Sigma Paraformaldehyde (PFA) 

8832 http://www.gadot.com Gadot Ethanol 70% 

04-009-1B http://www.bioind.com Biological industries Goat serum 

A-4503 http://www.sigmaaldrich.com Sigma Bovine serum albumin (BSA)  

23225 

 

http://www.piercenet.com Pierce BCA protein assay kit 

T-6878 http://www.sigmaaldrich.com Sigma 
TritonX-100 

(octylphenoxypolyethoxyethanol) 

D-5879 http://www.sigmaaldrich.com Sigma Dimethyl sulfoxide (DMSO)  

D9542 http://www.sigmaaldrich.com Sigma 
4',6-Diamidino-2-phenylindole 

Dihydrochloride (DAPI, 10 μg/ml) 

AWB1324 http://www.tevagenerics.com Teva Saline 

T9424 http://www.sigmaaldrich.com Sigma TriReagent 

18080-051 http://www.invitrogen.com Invitrogen 
SuperScript III Reverse 

Transcriptase kit 

11744-500 http://www.invitrogen.com Invitrogen 
Platinum Sybr green 

qPCRsupermix 

2355538000 http://www.frutarom.com/ Frutarom Sucrose 

http://www.corning.com/
http://www.corning.com/
http://www.sigmaaldrich.com/
http://www.gadot.com/
http://www.bioind.com/
http://www.sigmaaldrich.com/
http://www.piercenet.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.tevagenerics.com/
http://www.sigmaaldrich.com/
http://www.invitrogen.com/
http://www.invitrogen.com/
http://www.frutarom.com/
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75825 http://www.usbweb.com/ USB Tris/HCl (pH 6.8) 

108418 http://www.merckmillipore.com Merck-Millipore EDTA 

D141 http://www.sigmaaldrich.com Sigma Digitonin 

Y0012 http://www.invitrogen.com Invitrogen Dithiothreitol (DTT) 

P7626 http://www.sigmaaldrich.com Sigma Phenylmethylsulfonylfluoride 

12505200 http://www.roche.com Roche Diagnostics  
Complete protease inhibitor 

cocktail 

10401180 http://www.gelifesciences.com 
GE healthcare life 

sciences 
Nitrocellulose membranes 

M6250 http://www.sigmaaldrich.com Sigma 2-methylbutane 

0100-01 
http://www.southernbiotech.co

m 
SouthernBiotech Fluoromount-G,  

 

Table 12. Equipment and software 

Instrumentation Manufacturer 

ABI Prism 7000 sequence detection system  Applied Biosystems, Foster City, CA, USA 

Autoclave  Tuttnauer, USA 

BX52TF normal & fluorescent light source microscope  Olympus, Tokyo, Japan 

Centrifuge  Ohermle Z 360 K 

Centrifuge 5403 or 5417C or 5810R  Eppendurf 5403, Hamburg, Germany 

Centrifuge RC5C plus  Sorvall instruments, Newtown, CT, USA 

Ultra centrifuge optima-L-90K – 32SwTi adapter Beckman coulter, NyonSwitzerland 

http://www.frutarom.com/
http://www.merckmillipore.com/
http://www.invitrogen.com/
http://www.roche.com/
http://www.gelifesciences.com/
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Cryostat Leica, Wezlar, Germany 

DP50-CU microscope digital camera  Olympus, Tokyo, Japan 

Electrophoresis power supply model 3000Xi  BioRad, Japan 

Gel box for Electrophoresis  BioRad, Japan 

Ice machine  Scotsman AF-10, Italy 

Incubator  Tuttnauer, USA 

IX70-S8F2 normal & fluorescent light source 

microscope  
Olympus, Tokyo, Japan 

Laminar hood – Class II  Nuaire, Plymouth, MN, USA 

Light-microscope BH-2  Olympus, Japan 

Odyssey LI-COR, Lincoln, NE, USA 

PCR device  Biometra, Goettingen, Germany 

pH Meter MP220  MettlerToledo,Switzerland 

Quantity One®  BioRad, Japan 

StepOnePlus™ Real Time PCR System and software Applied biosystems, Foster City, California, U.S.A 

Spectrophotometer ND-1000  Nano-drop, Wilmington, DE, USA 

Spectrophotometer PowerWaveXmicroplate reader  BIO-TEK instruments. Inc, VT, USA 

Horizontal orbital shakerSf-670, class 2.0 MRC, Holon, Israel  

-80
o
C RevcoFreezer Thermo Fisher Scientific Inc.Waltham, MA, USA 

Odyssey Infrared Imager , 9120 Li-cor® biosciences, Lincoln, Nebraska USA 

Odyssey 2.1 software Li-cor® biosciences, Lincoln, Nebraska USA 
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3. Methods 

3.1  Exposure of cells to hypoxia-reoxygenation and cell viability measurements 

The mouse NSC-34 hybrid cell line was maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (PS), 

and 1% L-glutamine solution at 37°C in an atmosphere of 5% CO2. Cells were then plated 

in 96 well plates (Corning) at 15,000 cells per well in 100 µl DMEM supplemented with 100 

mg/ml streptomycin, 100 U/ml penicillin, 12.5 units/ml nystatin 2 mM L- glutamine), and 10% 

fetal calf serum (Biological Industries, Beit Haemek, Israel). After 24 hours, various 

combinations of BDNF (1 ng; Peprotech: 450-02-2), GDNF (10ng; Peprotech: 450-10-2), 

IGF-1 (200 ng; Peprotech: 100-11-100), or VEGF (0.15 ng; Peprotech: 100-20-2) were 

added to the NSC-34 cells. After 1 h incubation, the cells with the factors were exposed to 

hypoxia (1% oxygen, 5% CO2, and 94% N2) for 48 hours. Alamar blue 10% (AbD Serotec, 

Kidlington, UK) was added to the cells for 3 hours. The results were read at a wavelength of 

590nm using a fluostar device (Synergy HT, BioTeck Instruments, Inc., VT, USA). Each 

experiment was repeated at least 3 times. 

3.2  Gene cloning and lentiviral preparation 

The human GDNF, VEGF, IGF-1 and BDNF genes were amplified from pBluescript 

plasmids that were purchased from Harvard Institute of Proteomics, Boston, USA. The 

human EAAT2, NRF2, GDH2 and GFP genes were purchased from ImaGenes 

(ImaGenes, Berlin, Germany). To achieve the strongest therapeutic effect possible we 

coupled each gene with the strong constitutive CMV promoter thus expanding the 

transgene expression to all cell type and thereby potentiating its therapeutic effect. The 

cloning was performed into the pLenti6/R4R2/V5-DEST using the ViraPower 

Promoterless Lentiviral Gateway Kit (Invitrogen, Carlsbad, CA, USA). The constructs 

(3μg) were co-transfected with the packaging plasmids (9μg): pLP1, pLP2, and 

pLP/VSVG using Lipofectamine 2000 (Invitrogen) into the 293T producer cell line. The 

lentiviral titer was determined using the Lenti-X p24 Rapid Titer Kit, and the 

manufacturer’s recommended procedure (Clontech, Mountain View, CA, USA).  
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Figure 3. Expression of CMV-GFP in culture mouse brain tissue 

Cells transduced with lentivirus expressing GFP under CMV promoter show GFP fluorescence in       

neurons (white arrow) and glial cells (red arrow). 

3.3  Animal model of sciatic nerve injury 

All experimental procedures were approved by the Tel Aviv University Committee of 

Animal Use for Research and Education. Every effort was made to reduce the 

number of mice used and to minimize their suffering. Mice were placed under 12-

hour-light/12-hour-dark conditions and grown in individually ventilated cages (IVC) 

with free access to food and water. 

Eight-week old male C57bl mice (n= 162; Harlan, Jerusalem, Israel) were unilaterally 

injected into the right gastrocnemius muscle with the lenti-viruses, at a total volume of 

50 μl (titers: 3X105-2X108).  Twelve days after the viral transfection, the mice were 

anesthetized with a mixture of Ketamine-Xylazine (100 mg/kg ketamine, 5 mg/kg 

xylazine). The right sciatic nerve was exposed and a vessel clamp was applied for 30 

seconds above the first branching of the nerve.  

3.4  Nerve conduction study 

For nerve Conduction Studies (NCS) we used the Nihon Kohden Neuropak M1 MEB-

9200 EMG/EP System (MFI Medical Equipment, Inc., San Diego, Calilfornia, USA). 

Mice were anesthetized with ketamine and xylazine (100 mg/kg and 10 mg/kg, 

respectively) intra-peritoneally, prior to the experiment. Electrodes were externally 
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fixed using non-invasive clips (ground electrode at the tail, recording electrodes on 

the foot as well as on the gastrocnemius muscle). Stimulations were performed using 

a bipolar electrode placed either just before the gastrocnemius muscle, or in a 

second recording location, exactly 10mm proximal to the first recording location. 

Pulses were standardized (20mA for 2ms) and only maximum responses were 

included. Recordings were performed in standardized settings and at a stable room 

temperature (20-21oc). Latency and amplitude of compound muscle action potential 

(CMAP) were recorded. Nerve conduction velocity was calculated from two distant 

recordings (10mm). The experimenter (F.B.) was blinded throughout the experiment. 

3.5  DJ-1 based peptide: ND-13 

ND-13 is a 20 amino acids peptide, composed of 13 amino acids based on the DJ-1 

protein attached to a TAT-derived 7 amino acids peptide (CPP) designed to improve 

cell penetration and facilitate the delivery into the central nervous system (Lev et al. 

2013). The complete sequence of ND-13 with the CPP is: 

YGRKKRRKGAEEMETVIPVD. As a negative control, we used a scrambled peptide, 

composed of the same 13 amino acids but in a reversed order, attached to the same 

7 amino acids CPP moiety. 

3.6  Exposure of cells to 3-NP and cell viability measurements 

Rat adrenal medullary cell-line, PC-12, were obtained from ATCC (Rockville, USA). 

Cells were plated in 96 well plates at 20,000 cells per well in 100 µl DMEM 

supplemented with 100 mg/ml streptomycin, 100 U/ml penicillin, 12.5 units/ml 

nystatin, 2 mM L- glutamine, and 10% fetal calf serum (Biological Industries). After 24 

hours, cells were treated with PBS, ND-13 (3 µM, 6 µM, 12.5 µM, 25 µM and 50 µM) 

or with the scrambled peptide (12.5µM and 50µM). Following 1 hour of incubation, 

cells were exposed to 3-NP (80 mM) for 24 h, at the end of which, Alamar blue 10% 

(AbD Serotec) was added to the cells for an additional 3 hours. Cellular metabolic 

function was assessed by measuring fluorescence intensity at an excitation 

wavelength at 560 nm and an emission wavelength at 590 nm using a fluostar device 

(Synergy HT, BioTeck Instruments, Inc.).  
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3.7  Measurements of mitochondrial membrane potentials (ΔΨm) 

Mitochondrial transmembrane potential was determined by using the fluorescent 

probe tetramethylrhodamine ethyl ester (TMRE, Abcam). PC12 cells were plated in 6 

well plates at 100,000 cells per well. Cells were treated with ND-13 at a concentration 

of 10µM and after 1 hour of incubation, cells were exposed to 120mM of 3-NP and 

incubated with the toxin for an additional 5 hours. In order to assess the 

mitochondrial transmembrane potential, TMRE (100 nM) was added to the cells for 

20 minutes following which, fluorescence levels were measured using fluorescence-

activated cell sorter (FACS, , Beckman Coulter). The data was analyzed with Kaluza 

software.   

3.8  Animal models of MSA and treatments  

All experimental procedures were approved by the Tel Aviv University Committee of 

Animal Use for Research and Education. Every effort was made to reduce the 

number of mice used and to minimize their suffering.  

To test the effect of a DJ-1 based peptide in a toxin induced mouse model of MSA, 

eight-week-old male C57bl (Harlan, Jerusalem) mice were randomly assigned to one 

of two groups: ND-13 (n=14) and saline (n=13). They were then positioned in a 

stereotaxic frame and anesthetized with ketamine and xylazine (100 mg/kg and 8 

mg/kg, respectively), and after proper sterilization were placed in a stereotaxic frame 

(Stoelting, Wood Dale, IL, USA). A 10 μl Hamilton syringe was placed into the 

striatum. Striatonigral denervation was induced by stereotactic injections of 0.5 µl of 

3-NP, at a concentration of 70 mg/ml in normal saline, into the right striatum (anterior 

+0.5 mm; lateral −2 mm; ventral −2.7 mm, as determined from the bregma and the 

skull surface). ND-13 (3 mg/kg) or saline were administered systemically by 

subcutaneous injections, three hours before, and again one hour after 3-NP injection, 

and then twice a day over four consecutive days.  

To test the effect of lentiviruses carrying Nrf2, GDh2, and EAAT2, two mouse models 

were used: 3-NP induced mouse model and (PLP)-α-Syn tg mice (gift from Prof. 

Wenning, Austria). For the experiments conducted in 3-NP-induced mouse model of 
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MSA, eight-week-old male C57bl mice were used. Surgeries were performed as 

described above. Lentiviruses carrying Nrf2, GDH2 or EAAT2 genes, separately or 

as in a combination, were unilateral injected into the striatum (n = 14 each group, at a 

volume of 2 µl, infusion rate of 0.3 µl/min). LV-GFP (n= 10) and saline (n=14) were 

used as a control for each injection site. Two weeks after the lentiviral injection, mice 

were injected with 3-NP or saline (sham operated) in the site of the prior injection 

(coordinates and concentration described above).  

For the second mouse model of MSA, C57bl (wt) and (PLP)-α-Syn tg mice over 

seven months old were used. Mice were bilaterally injected into the striatum with the 

lentiviruses at the following coordinates: 0.5 mm anterior, +/-2.5 mm lateral, and 3 

mm dorsal to the bregma. After two weeks, wt and tg mice were intoxicated with an 

increasing dose of 3-NP, dissolved in saline and pH adjusted to 7.4 with NaOH, over 

8 days twice a day.  Dose escalation of 3-NP was performed every two days, i.e. 10 

mg/kg, 20 mg/kg, 40 mg/kg, 50 mg/kg.  

3.9  Behavioral test and analysis 

 Pinch test: Mice were examined for sensory response by toe pinching the hind digits 

with tweezers, 3, 7, and 11 days after sciatic nerve crush.  Foot withdrawal in 

response to the pinch test was scored as a percentage of responding digits (Azzouz 

et al. 1996).   

 Amphetamine and apomorphine induced asymmetrical rotation: Mice were tested for 

apomorphine and amphetamine-induced turning behavior 14 and 18 days after the 3-

NP injection. Motor behavior was recorded by video tracking systems, EthoVision XT 

(Noldus), for 60 minutes after subcutaneous injection of apomorphine (10 mg/kg) or 

amphetamine (5 mg/kg). The net rotation asymmetry score for each test was 

calculated by subtracting ipsilateral turns from the turns contralateral to the lesion.  

 Cylinder test: Motor asymmetry was measured by the cylinder test one week after 3-

NP injection. Forelimb use was defined by the placement of whole palm on the wall of 

the arena, which indicates its use for body support. The number of wall contacts with 

each forelimb was computed. Animals that did not meet the criterion of 15 rearing 
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cycles were excluded from this assay. The cylinder test score was determined by 

calculating the use of the affected contralateral forepaw – intact ipsilateral forepaw 

/total (contralateral + ipsilateral + both) (Fleming et al. 2013). 

 Balance beam: The test assesses motor coordination and balance. The balance 

beam was consisted of 1 meter beams with a flat surface of 12 mm width resting 50 

cm above the table top on two poles. A black box was placed at the end of the beam 

as the finish point. Nesting material was placed in the black box to attract the mouse 

to the finish point.  Mice were trained over three consecutive days. On the first day 

animals were habituated to the goal box for 5 min. On the second and third day mice 

were trained to enter the goal box initially from a position directly adjacent to the box. 

On the fourth day mice were placed on the extreme end of the beam in the start area 

and facing away from the beam.  Each test consisted of five consecutive 

measurements of the time it takes each animal to cross the beam and to get into the 

goal box (Luong et al. 2011). 

 Pole test: To assess the mouse locomotor activity the mice were placed head-upward 

on the top of a rough-surfaced vertical pole, 1 cm wide and 50 cm high. The time until 

it descends to the floor was recorded in 4 trials(Matsuura et al. 1997). 

3.10 RNA extraction and Real Time PCR 

Total RNA was isolated from brain tissue derived using a commercial reagent 

TriReagent™ (Sigma) and the manufacturer’s recommended procedure. The amount 

of RNA was determined spectrophotometrically using the ND-1000 

spectrophotometer (Nano-drop). RNA quality was verified by measuring 

OD260/OD280 ratio. RNA was stored at −80ºC until used. First-strand cDNA 

synthesis was carried out using the commercial SuperScript™ III Reverse 

Transcriptase kit (Invitrogen) and the manufacturer’s recommended procedure. 

Samples were stored at −20ºC until used. Real-time semi quantitative PCR of the 

desired genes was performed in a StepOnePlus™ Real Time PCR System (Applied 

biosystems, Foster City, California, U.S.A) using Sybr green PCR master mix 

(Applied biosystems) and the following primers: Interferon Gamma (INF-gamma) 

forward: 5’ -TGA ACG CTA CAC ACT GCA TCT TGG-3’ and reverse: 5’ -CGA CTC 
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CTT TTC CGC TTC CTG AG-3’. GAPDH served as an internal control as it is 

considered a valid reference gene for transcription profiling. Data was calculated as 

the ratio of mean threshold targeted gene expression to GAPDH. The specificity of 

the PCR product was assessed by verifying a single peak on melting curve analysis.  

3.11 Protein extraction and Western blotting 

Proteins were extracted from brain tissue. Tissue was washed resuspended in a lysis 

buffer containing 250mM sucrose, 25 mM Tris/HCl,  pH 6.8, 1 mM EDTA, 0.05% 

digitonin (a mild nonionic detergent used to solubilize receptors and permeabilize 

cellular and nuclear membranes), 1 mM dithiothreitol (DTT),0.1 mM 

phenylmethylsulfonylfluoride, 1:100 V/V complete protease inhibitor cocktail (Roche 

Diagnostics GmbH, Mannheim, Germany). Samples were centrifuged at 13,000g for 

3 min at4ºC. Supernatants were stored at −80ºC until used. Proteins were separated 

by 12% sodiumdodecyl sulfate polyacrylamide gel electrophoresis and transferred to 

nitrocellulose membranes. The membranes were probed overnight at 4ºC with the 

following primary antibodies; rabbit anti-DARPP-32 (1:1000, Abcam), mouse anti-TH 

(1:2000, Sigma), rabbit anti-GFAP (1:1000, Invitrogen) and mouse anti-beta-actin 

(1:2000, Millipore). Following wash, membranes were incubated with secondary 

antibodies: goat anti-mouse IRDye®800CW or 680CW (1:10,000, infra-red dye, Li-

cor® biosciences, Lincoln, NE, U.S.A.) or with secondary antibodies goat anti-rabbit 

IRDye®800CW or 680CW (1:10,000, infra-red dye, Li-cor® biosciences) for 1 hour at 

room temperature. The membranes were then developed with Odyssey Infrared 

Imager (model 9120, Li-cor® biosciences).   

Densitometric analysis of Western blots was performed using Odyssey 2.1 software 

(Li-cor® biosciences) to measure the area and density of protein bands. 

 

3.12 Tissue processing and histology 

To analyze expression of NTFs in muscle tissue, mouse gastrocnemius muscles 

were removed and frozen in liquid nitrogen. Muscles were sliced at 30 µm using a 

cryostat (Leica CM1850, Nussloch, Germany) and mounted on glass slides. The 
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sections were fixed with 4% paraformaldehyde for 15 minutes, washed with 

phosphate-buffered saline (PBS), and then incubated in a blocking solution (5% 

normal goat serum and 0.5% Triton X-100 in PBS) for 1 hour. After the blocking 

stage, sections were treated with a primary antibody, and incubated overnight at 4 

°C. Following incubation, the slices were washed in PBS three times for 5 min each. 

The sections were incubated with an Alexa-conjugated secondary antibody. The 

nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI; 1:1000; Sigma-

Aldrich, St. Louis, MO, USA). The following primary antibodies were used: rabbit α-

BDNF (1:200), rabbit α –GDNF (1:200), mouse α- IGF-1 (1:200), and rabbit α- VEGF 

(1:200; all purchased from Santa Cruz Biotechnology Inc. Dallas TX, USA). 

Secondary antibodies were Alexa Fluor 488(1:500) and Alexa Fluor 568 (1:500; 

Invitrogen). 

To analyze the patophysiology in MSA mouse models, brains were dissected, 

embedded in optimal cutting temperature (OCT, Tissue-Tek) and sectioned (10 µm) 

using a cryostat. For immunohistochemistry, slides underwent citrate buffer antigen 

retrieval and were then incubated with blocking solution (5% goat serum, 1% BSA, 

0.05% Triton-X in PBS) for 1 hr. Then, slides were incubated overnight at 4°C with 

the following primary antibodies: rabbit anti -GFAP (1:200, Invitrogen), rabbit anti-

DARPP-32 (1:50, Abcam), and mouse anti-TH (1:200, Sigma). Then, sections were 

incubated with the secondary antibody Alexa Fluor 488 and 568 (1:500; Invitrogen) 

for 1 hr. The nuclei were counterstained with 4, 6-diamidino-2-phenylindole (DAPI; 

1:1000; Sigma-Aldrich).  

3.13 Statistical analysis 

Statistical analysis of data sets was carried out with the aid of GraphPad Prism for 

Windows (Graphpad Software, CA, USA). The results are expressed as means ± 

standard error (SE). Comparisons of two groups were conducted using a 2- tailed 

Student’s t test. Statistical analyses for three or more groups were performed using 

one or two-way-ANOVA followed by post hoc comparison. A significance level of 

p≤0.05 was set for all statistical tests. 
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4. Chapter 1: The effect of ectopic muscle-expression of 

neurotrophic factors on a mouse model of sciatic nerve injury 

4.1 Introduction 

Neurotrophic factors (NTFs) are a family of peptides, which mediate neurons survival 

and regeneration in the central and peripheral nervous systems (Boyd & Gordon 

2003). NTFs may be part of future treatment options for peripheral nerve injury since 

they have been shown to possess a therapeutic effect on axonal regeneration 

(Bregman et al. 1997; Moimas et al. 2013; Shiotani et al. 1998; Terenghi 1999). Brain 

derived neurotrophic factor (BDNF), regulates development, neurogenesis, 

maintenance and survival of different populations of neurons (Meyer et al. 1992; 

Binder & Scharfman 2004). BDNF was also shown to prevent the loss of motor units 

and to enhance branching and arborization of motor neurons (Mousavi et al. 2004; 

Özdinler & Macklis 2006; Hu & Kalb 2003). Glial derived neurotrophic factor (GDNF) 

is another survival factor of central and peripheral neurons and is essential for the 

development of the nervous system (Sánchez et al. 1996). GDNF prevents neuronal 

degeneration in mice and rats after axotomy, as well as precludes the apoptosis of 

motor neurons during development (Mohajeri et al. 1999). An additional key survival 

factor for peripheral neurons is the Insulin growth factor 1 (IGF-1). In the SOD1 

transgenic mouse model of amyotrophic lateral sclerosis (ALS), over-expression of 

GDNF or IGF-1 in muscles resulted in hyper-innervation of the muscles by motor 

neurons (Özdinler & Macklis 2006). Vascular endothelial growth factor (VEGF) is a 

key regulator of angiogenesis, that promote the recovery in a number of models of 

neural trauma (Schratzberger et al. 2001; Widenfalk et al. 2003; Li et al. 2006).  

The sciatic nerve is the longest nerve in the human body extending from the lower 

part of the spinal cord, to the buttocks and down the legs. Damage to the sciatic 

nerve (sciatica) is one of the most common reasons for peripheral neuropathy. This 

includes direct trauma, tumors, cysts, infection, lumbar herniated disc, or other 

insults. The symptoms are persistent leg and foot pain, numbness, and weakness 

possibly leading to permanent disability (Fitzsimmons et al. 2014).  
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We hypothesized that the combined administration of several NTFs, differing in 

molecular pathways and cell types in which they operate, may lead to a synergistic or 

additive effect. Indeed, using the injured sciatic nerve model we have shown that 

intramuscular injection of a mixture of myogenic cells, expressing together several 

NTFs, is superior to administration of single NTFs (Dadon-Nachum et al. 2012). 

Moreover, injections of such cells delay the onset of symptoms and improve survival 

in the SOD1 mouse model of ALS (Dadon-Nachum et al. 2015). In the present study, 

we have examined the effect of direct intramuscular administration of combinations of 

NTFs encoding genes, in a mouse model of sciatic nerve injury. Using nerve 

conduction studies (NCS), we show that administration of a mixture of vectors 

expressing combinations of BDNF, GDNF, IGF-1, and VEGF improved significantly 

the recovery of axonal function.  

4.2 Research Aims 

• To enhance neuroprotection of cells exposed to a hypoxic environment using 

NTFs combinations. 

• To improve recovery of axonal function in a mouse model of sciatic nerve 

injury using lentiviruses encoding NTFs. 

4.3 Results 

4.3.1 Exposure to a mixture of NTFs alleviates the toxic effect of hypoxia on 

neuronal cell cultures 

Cultures of the motor neuron-like cell line NSC-34 were exposed to a hypoxic 

environment of 1 % oxygen for 48 hours. In this hypoxic environment, only 40% of 

the NSC-34 cells survived compared to cells grown in a normoxia atmosphere. This 

drastic reduction in cell survival after hypoxia allowed us to found statistical 

significant differences. When we tested various combinations of two NTFs together, 

no significant effect on cell survival was seen in cultures. However, NSC-34 cells 

treated with mixture of BDNF, GDNF, and VEGF showed a significant improvement 
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in cell survival (69%, Fig. 4). Further improvement in cell survival was demonstrated 

when all four NTFs were applied; 73% vs. 40% in untreated cells. Thus, a 

combination of all four NTFs demonstrates marked improvement, over the other 

combinations.  

 

 

 

 

 

 

 

 

 

 Figure 4. Ntf combinations partially rescue NSC-34 cells from hypoxia 

NSC-34 cells were exposed to a hypoxic environment for 48 hours with combinations of two, three or                     

four NTFs. Cellular metabolic function of NSC-34 cell was assessed by Alamar blue. (***p< 0.001, 

average ± SE). 

 

4.3.2 Increased NTFs expression in gastrocnemius muscles after transfection.  

To determine the expression of the transfected NTFs and GFP in the injected 

muscle, mice were sacrificed five weeks after viral injection.  We observed GFP-

labeled cells in the site of injection in the gastrocnemius (Fig. 5A, B). In muscles 

injected with the vectors expressing the NTFs, we observed increased levels of 

BDNF, GDNF, IGF-1, or VEGF, compared to untreated muscles (Fig. 5C-J). 
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Figure 5. Expression of NTFs in the injected 

gastrocnemius muscle 

Mice were injected intramuscularly with saline 

only in the left hind limb (left column), or with 

lentiviruses carrying BDNF, GDNF, VEGF, or IGF-

1 genes in the right hind limb (right column). 

GFP expression in muscle section of mice 

injected with saline (A) or LV-GFP (B). Muscles 

sections were stained for IGF-1(C and D); VEGF 

(E and F); BDNF (G and H) and (I and J) GDNF. 

DAPI was used for nuclear staining. BDNF, 

GDNF, IGF-1, and VEGF staining revealed an 

increase in the levels of each NTF in the treated 

area (D, F, H, J), compared to muscles from 

uninjured and untreated mice (C, E, G, H, I). 

Scale bar: 100 um. 
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4.3.3 Ectopic expression of NTF genes improved compound muscle action potential 

(CMAP) recovery, after nerve crush injury 

In order to overexpress the NTFs in the muscles before the injury, we injected Lenti-

viruses carrying the genes, twelve days prior to the sciatic nerve crush. BDNF, 

GDNF, IGF-1, or VEGF encoding genes were injected into the right gastrocnemius 

muscle. EMG was performed as described above and examples of the CMAP from 

two consecutive EMG measurements are shown before the crush injury (Fig. 6A) and 

one day after crush injury (Fig. 6B). The percentage of CMAP amplitude was 

normalized to pre-crush values. The level of nerve damage due to the crush injury 

between the groups was comparable indicated by similar decreases in CMAP in the 

GFP-treated and the NTFs-treated mice one day after the crush injury (21.1 ±4.2 vs. 

22.2 ±1.9, p=0.80, n= 47). Initially, we established a dose response curve by using 

four different concentrations of viral vectors (BDNF [n]: 1X106 [6], 3X106 [6], 12x106 

[6], 50X106 [5]; GDNF [n]: 1X106 [6], 3X106 [5], 12x106 [4], 50X106 [5] ; IGF-1 [n]: 

1.25X107 [6], 2.5X107 [6], 1X108 [6], 2X108 [4]; VEGF [n]: 1.25X107 [6], 2.5X107 [6], 

1X108 [6], 2X108 [6]). NCS recordings, at day 11 following nerve crush, showed a 

dose response increased recovery of CMAP amplitude in BDNF, GDNF, and IGF-1 

treated mice, compared to GFP injected animals (Fig. 6 C, D, E; Table 13).  Mice 

treated with VEGF showed improvement of CMAP, compared to GFP injected mice, 

but lacked a clear dose response (Fig. 6F; Table 13). 
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Figure 6. NTFs 

improve compound 

muscle action 

potential (CMAP) 

after nerve crush 

injury. 

CMAP records of the 

gastrocnemius 

muscle after proximal 

stimulation of the 

sciatic nerve. The 

recorded CMAP is 

shown for two 

consecutive 

stimulations before 

(A) and one day after 

(B) nerve crush injury. 

Note the decreased 

amplitude (mV) after 

crush injury. (C-F) 

Graphic display of the 

extent of recovery of 

CMAP amplitude 11 

days after crush 

injury, compared to 

pre-crush 

stimulations. For each 

NTF the fraction of 

recovery is displayed 

according to the quantity of lentivirus injected. In each graph, the fraction of recovery after the injection of 

GFP expression vectors is displayed for comparison (white bar). Significant dose dependent improvement 

with higher amounts of NTFs is shown for (C) BDNF, (D) GDNF, and (E) IGF-1. As described in the text, 

(F) VEGF improved recovery significantly compared to GFP injection, but was dose independent. P<0.05 

is indicated by an asterix as change from GFP injection (*p<0.05, average ± SE). 
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Table 13. Dose response of CMAP amplitude recovery due to NTFs 

NTF 
Number of 

viruses 

cMAP recovery 

[%] 
n p 

Saline  36.9 ±5.4 15 - 

BDNF 

1X10
6
 57.6 ±10.3 6 0.224 

3X10
6
 73.8 ±11.7 6 0.009 

12x10
6
 59.6 ±10.8 6 0.162 

50X10
6
 68.6 ±9.5 5 0.038 

GDNF 

1X10
6
 33.5 ±7.2 5 0.996 

3X10
6
 48.3 ±12.8 5 0.751 

12x10
6
 65.8 ±18.9 5 0.113 

50X10
6
 63.0 ±7.6 5 0.041 

IGF-1 

12.5X10
6
 33.5 ±7.2 6 0.986 

25X10
6
 41.5 ±11.9 6 0.984 

100X10
6
 42.0 ±11.5 6 0.327 

200X10
6
 57.5 ±14.9 4 0.044 

VEGF 

12.5X10
6
 33.5 ±7.2 6 0.998 

25X10
6
 60.9 ±9.4 6 0.048 

100X10
6
 49.4 ±7.8 6 0.526 

200X10
6
 37.8 ±8.3 6 0.992 

The amplitude of the cMAP is shown as normalized to pre-crush values in %. The p-values are 

indicating level of significance towards the saline injected animals and are shown in bold if p<0.05 

(ANOVA, Dunnetts multiple comparison test).  

4.3.4 A mixture of all four NTFs improved the recovery after nerve crush injury 

To detect a possibly synergistic effect of the NTFs on recovery of nerve damage, 

next we injected mice with vectors expressing combinations of three NTFs or all four 

NTFs.  The recovery affect was evaluated by CMAP amplitude. For each NTF we 

used the lowest amount of lentivirus particles that showed an effect in recovering SNI 

(Fig 5). CMAP recovery was followed by EMG measurements on days 1, 3, 7, and 11 
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after crush injury. We found that mice treated with four NTFs recovered faster than 

the GFP-treated mice and groups treated with various combinations of three-gene. 

The effect was demonstrated already on day 3 and persistent throughout the 

experiment (Fig. 7A, Table 14). 

Conduction velocity (CV) of the sciatic nerve was an additional measurement to 

determine function and recovery after a crush injury. On the first day, the CV of the 

injured right sciatic nerve was reduced compared to the CV of the healthy left side. 

Three days after injury, we observed in the four NTFs-treated mice marked 

improvement, compared to the GFT-treated mice. One week after the insult, the four 

NTFs CV values were increase significantly, and were close to those of the healthy 

legs (Fig. 7B, Table 15).  

 

 

 

A 

B 
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Figure 7. Combining NTFs significantly accelerates CMAP and Nerve conduction velocity 

recovery after nerve crush injury. 

A. Graphic display of the recovery of CMAP amplitude of the gastrocnemius muscle at 1, 3, 7, and 11 

days after crush injury of the sciatic nerve compared to pre-crush stimulations. For each NTF-

combination the fraction of recovery is displayed. B. Graphic display of the conduction velocity (meters 

per second; m/s) at 1, 3, 7, and 11 days after crush injury of the sciatic nerve. The CVs of uninjured 

mice without crush injury (n=10), GFP, four NTFs, and various NTF combinations as indicated.P<0.05 

is indicated by an asterix as change from GFP injection (GFP n=10; VEGF+GDNF+BDNF n= 11; IGF-

1+GDNF+BDNF n=9; IGF-1+VEGF+BDNF n=8; IGF-1+VEGF+GDNF n=9; 4-NTFs n=9; *p< 0.05, 

average ±SE). 

 

 

Table 14. Time-course of cMAP recovery due to NTFs. 

The amplitude of the cMAP is shown as normalized to pre-crush values in %. The p-values are 

indicating level of significance towards the saline injected animals and are shown in bold if p<0.05 

(ANOVA, Dunnetts multiple comparison test).  

 

 

Sali

ne 

B

D

NF 

G

D

NF 

IG

F 

VE

G

F 

1d 3d 7d 11d 

n 

+ - - - - 
21.1±4.2 16.2±2.4 36.4±6.1 50.4±3.7 

1

0 

- + + + + 24.9±3.8 48.6±8.5 79.8±14.6 92.8±16.0 9 

- - + + + 13.7±1.8 37.1±4.6 42.3±6.4 67.0±3.0 9 

- + - + + 26.0±4.3 38.0±7.1 50.4±9.9 67.8±8.2 8 

- + + - + 
30.5±3.4 47.7±5.1 59.0±10.1 69.6±8.9 

1

1 

- + + + - 15.8±2.0 29.8±3.1 40.4±5.1 72.4±6.3 9 



44 

 

 

Table 15. Time-course of conduction velocity (CV; m/s) recovery due to NTFs. 
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+ + + + 
33.9±5.

5 40.1±6.0 44.8±3.4 46.0±5.6 

9 

- 
- 

- + + + 
32.6±4.

4 31.1±4.9 38.4±5.6 43.9±5.5 

9 

- 
- 

+ - + + 
31.0±2.

9 36.7±4.9 37.8±4.7 42.8±5.6 

8 

- 
- 

+ + - + 
28.9±5.

0 32.3±2.7 34.0±5.3 39.4±7.9 

1

1 

- 
- 

+ + + - 
29.2±5.

9 35.1±3.1 35.7±3.7 38.4±4.7 

9 

The conduction velocity (CV) is shown in absolute values (m/s). Comparisons were made between all 

days and day 1. Significance towards the saline injected animals are shown in bold if p<0.05 (ANOVA, 

Dunnetts multiple comparison test).  

 

4.3.5 Ectopic muscle expression of the four NTF genes increased sensory fiber 

recovery.  

The sensory fiber regeneration was evaluated using the pinch test. One day after 

sciatic nerve crush, the reflex response was barely detectable. On days 3, 7, and 11 

we observed that mice treated with the four NTFs significantly improved the reflex 

response compared to GFP injected mice (Fig. 8). 
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                                                                                         Figure 8. Recovery of sensory response 

after    lesion of the sciatic nerve. 

Mice were lesioned at the sciatic nerve (8-9 

mice per group) and were then monitored 

up to 12 days post lesion. At each 

monitoring session, the mouse’s response 

to toe pinch was tested on each individual 

digit. Response was measured as percent 

of responding digits. One day post lesion, 

there was a decrease in response in both 

groups of mice. Mice injected with a combination of all four NTFs genes    showed a significant better 

recovery compared to mice injected with GFP expressing vector. 
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5. Chapter 2: Providing neuroprotection by combining genes involved 

in glutamate metabolism and oxidative stress in mouse models of  

5.1 Introduction 

MSA with parkinsonism (MSA–P) is a sporadic neurodegenerative disease 

characterized by striatonigral degeneration (SND), with the principal symptoms of 

bradykinesia, tremors, and autonomic dysfunctions (Fearnley & Lees 1990).  The 

main hallmark in MSA is the aggregation of alpha synuclein in oligodendrocytes, 

which contributes to the SND (Waldner et al. 2001). 

Although the etiology of MSA is not well understood, there is some evidence 

suggesting that certain environmental chemicals may increase risk of MSA by 

affecting mitochondrial function (Hanna et al. 1999; Nee et al. 1991; Vanacore 2005).  

In addition, it has also been demonstrated that oxidative stress has a pivotal role in 

MSA pathology. Oxidative stress facilitates post-translational modifications of α-Syn 

which increase neurodegeneration and subsequently motor dysfunction in transgenic 

mouse models of MSA (Duda et al. 2000); (Giasson et al. 2000; Nishie et al. 2004; 

Stefanova et al. 2005; Ubhi et al. 2009). Indeed, a relationship between oxidative 

stress and MSA is supported by clinical studies showing an increase of oxidative 

stress markers in CSF as well as in postmortem brains of MSA patients (Kikuchi et al. 

2002; Barca et al. 2016). 

Alteration in glutamate metabolism is an additional factor which has been shown to 

be associated with several neurodegenerative diseases including MSA (Coyle & 

Puttfarcken 1993; Plaitakis et al. 1982). Glutamate, the main excitatory 

neurotransmitter in the central nervous system, is known to be neurotoxic when is 

present in high levels at the synapse (Plaitakis & Zaganas 2001). Clinical studies 

have found low glutamate dehydrogenase activity, a key enzyme in the glutamate 

metabolism, in MSA patients (Duvoisin et al. 1983; Kostic et al. 1989). In addition, in 

animal models of 3-NP-induced striatal lesions, neuronal loss was prevented by 

either removing the glutamatergic input into the striatum or by administration of the 
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NMDA receptor antagonist MK-801 (Beal 1992; Beal et al. 1993; Kim et al., 2000). 

These findings support the notion that the adverse effects of 3-NP on 

neurodegeneration may depend on the glutamate system.  

Here, we test the hypothesis whether enhancing the cellular antioxidant response 

and reducing glutamate toxicity could ameliorate the symptoms of the disease in 

mouse models. In order to increase validity of our results we used two different 

mouse models of MSA: The first mouse model was generated by a single intrastriatal 

administration of 3-NP, an environmental toxin that inhibits the mitochondrial complex 

II, which has been shown to induce SND (Kim et al. 2000; Glat et al. 2016). The 

second model was based on transgenic mice expressing the α-Syn gene under the 

proteolipid protein (PLP) promoter which directs the expression to the 

oligodendrocytes, combined with the administration of 3-NP. Further administration of 

3-NP to (PLP)-α-Syn mice has been shown to mimic the neuropathological features 

of the disease including SND, OPCA, astrogliosis, microgliosis, and motor dysabilities 

combined with oligodendroglial insoluble α-Syn inclusions (Stefanova et al. 2005). 

Using these two mouse models, we injected lentiviral vectors into the striatum in 

order to introduce three different genes associated with the oxidative-excitotoxicity 

pathway: EAAT2, GDH2 and NRF2. The Excitatory Amino Acid Transporter 2 

(EAAT2) is a glutamate transporter that reduces the levels of synaptic glutamate; 

overexpression of EAAT2 has been shown to reduce excitotoxicity (Allen et al. 2004). 

Glutamate Dehydrogenase (GDH2) reduces the systemic glutamate bioavailability, 

leading to further reduction in excitotoxicity (Schousboe et al. 2012). Nuclear related 

factor 2 (Nrf2) is a transcription factor which activates genes containing the 

antioxidant response element (ARE). Activation of the Nrf2 pathway leads to 

expression of anti-oxidative and anti-informatory genes (Calabrese et al. 2011). 

Consistent with a previous study showing the positive contribution of these factors in 

ALS mouse model (Benkler et al. 2016), here as well, introduction of these three 

genes improved the negative symptoms in both MSA mouse models, thus 

demonstrating their potential clinical significance in combating the disease.  
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5.2  Research Aim 

 To establish a 3-NP-induce model of MSA in mouse. 

 To develop a therapeutic strategy based on combination of three genes, Nrf-2 for the 

reduction of oxidative stress, GDH-2 and EAAT2 to reduce glutamate toxicity, in the 

3-NP and (PLP)-α-Syn tg models of MSA. 

5.3 Results 

5.3.1 Establishing a toxin-induced mouse model of MSA 

We first established the toxin-induced mouse model of MSA using intrastriatal injections 

of 3-NP in mice. Male C57bl/6 mice received a unilateral, right intrastriatal injection of 3-

NP (0,5 μl at a concentration of 71 mg/ml). To generate the mouse model of MSA, the 

injections were targeted to the central caudate-putamen. Two weeks post lesion, mice 

were tested for forelimb asymmetries using the cylinder test (Schallert and Tillerson, 

2000). We observed motor dysfunction of the forelimb, contralateral to the injected 

hemisphere, in mice treated with 3-NP and in mice treated with 6-OHDA (Fig. 9).  

In order to measure the damage of the dopaminergic system in the nigro-striatum 

pathway, we exposed the mice to apomorphine and amphetamine and measured for 

asymmetric rotations. In the amphetamine-induced rotation test ipsilateral rotations 

were observed in 3-NP and 6-OHDA lesioned mice, indicating dopaminergic terminals 

damage. However, in the apomorphine-induced rotation test, we observed an opposite 

effect between mice treated with 3-NP and 6-OHDA. Contralateral rotations, indicating 

striatal cell loss, were observed in mice injected with 6-OHDA. In contrast, ipsilateral 

rotations, indicating dopaminergic cell loss, were found in mice injected with 3-NP (Fig. 

10).  
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Figure 9. Motor deficits in mice injected with 3-NP or 6-OHDA 

In the cylinder test the use of the 

non-impaired forepaw (right 

forepaw) is expressed as 

percentage of the total use of both 

paws (R: right forepaw, L: left 

forepaw, B: both forepaws). We 

found a significant increase in the 

use of the non-impaired forelimb 

after 3-NP or 6-OHDA injection, 

indicating that injection of 3-NP 

and 6-OHDA cause motor deficits in mice. 

 

 

Figure 10. Striatal and nigral degeneration in mice injected with 3-NP or 6-OHDA. 

(A) Amphetamine induced rotation was tested four weeks after 3-NP and 6-OHDA lesion. Ipsilateral 

rotations were observed in both 3-NP and 6-OHDA treated mice. (B) Apomorphine-induced rotation 

was assessed two weeks after 3-NP or 6-OHDA injections. Mice injected with 3-NP showed ipsilateral 

rotation whereas mice injected with 6-OHDA showed contralateral rotation.  
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5.3.2 The combination of EAAT2, GDH2, and Nrf2 genes improves motor function 

and rotational behavior in the 3-NP -induced mouse model of MSA 

In order to evaluate the effect of EAAT2, GDH2, and Nrf2 genes, we injected them 

individually or as a combination of all three genes (2.4x109) into the right striatum of 

C57bl/6 mice. Two weeks after the lentiviral injection, the neurotoxin 3-NP or saline 

(sham operated) was injected in the site of the prior injection. In order to evaluate 

whether the lentiviral injection ameliorates the symptoms observed in 3-NP mice we 

performed several behavioral tests. Two weeks after the lesion, the use of the 

ipsilateral (unaffected) and contralateral (affected) forelimbs during rearing was 

measured by the cylinder test. While the sham operated mice show almost balance 

usage of both forelimbs: the saline, LV-GFP, LV-EAAT2, LV-GDH injected mice 

treated with 3-NP show strong preference of the ipsilateral (right) forelimb. However, 

mice treated with Nrf2 or with a mixture of all 3 genes showed a significant increase 

in the use of the affected forelimb and a reduction of 52%  in motor asymmetry in 

comparison to the control group (GFP + 3-NP, Fig. 11A, p<0.05).   

A similar phenomenon was observed when the striatal and dopaminergic cell 

depletion were evaluated by amphetamine and apomorphine induced rotational 

behavior. Mice with striatal and nigral degeneration rotate in the ipsilateral direction to 

the locus of insult after being administered either amphetamine or apomorphine. The 

total number of ipsilateral rotations was calculated by subtracting the ipsilateral from 

the contralateral turns to the lesioned hemisphere (see Materials and Methods). Mice 

receiving a unilateral lesion and treated with saline or GFP (controls) show marked 

ipsilateral rotations in response to the administration of apomorphine. This pattern 

was unchanged in animals that received a unilateral lesion and treated with each 

gene separately. However, mice receiving a unilateral lesion and treated with a 

combination of all three genes showed a significant reduction in the number of 

ipsilateral rotations when compared with control groups (3 genes: 12.1; GFP: 20.3; 

saline: 19.3; p<0.05 Fig. 11B). In the amphetamine test, there was a significant 

reduction in the number of the rotation asymmetry in mice treated with either GDH2, 

Nrf2, or all three  gene combination as compared to controls (GDH2: 21.4; Nrf2:26.5; 
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A B 

C 

3 genes: 26.8; GFP: 52.75; saline: 56.7; Fig 11C, p< 0.05). Mice treated with EAAT2 

did not differ in the number of rotations as compared to control groups. Mice injected 

with saline into the striatum, instead of 3-NP (sham operated), do not show any 

asymmetric rotational behavioral. 

 

 

Figure 11. A combination of 3 genes attenuates 

behavioral deficits in 3-NP-induced mouse model of 

MSA. 

Mice treated with a combination of EAAT2, GDH2, and 

Nrf2 genes showed a significant improvement in motor 

asymmetry and in asymmetric rotational behavior. (A) 

Cylinder test evaluate the motor asymmetry (R: right 

forelimb, L: left forelimb, B: Both forelimbs). (B) 

Apomorphine-induced rotation indicates for striatal cell 

depletion. (C) Amphetamine- induced rotation indicates 

for dopaminergic cell loss. *p< 0.05, 1-way ANOVA, 

error bars indicates SEM (n=10-14). 
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5.3.2 The combination of EAAT2, GDH2, and Nrf2 genes improves motor function in 

PLP-α-syn tg mice 

Wt and tg mice were intrastriatal injected with a combination of the three genes, GFP, 

or with saline. After two weeks 3-NP was subcutaneously administrated twice a day 

over eight days (Stefanova et al., 2005). Followed two more weeks, body balance 

and motor coordination were evaluated using the elevated beam and pole tests.  As 

expected, no motor deficits were observed in tg mice as compared to wt. In contrast 

tg mice showed significant motor disability compared to wt mice after 3-NP 

administration. The time to cross an elevated beam was significantly longer after 3-

NP administration in tg mice (tg +3-NP: 25.39 sec., wt + 3-NP: 19.37 sec.). This 

motor impairment was reversed in tg mice injected with a mixture of all 3 genes in 

comparison to GFP or saline injected tg mice (18.18 sec. vs. 22.59 sec. and 25.39 

sec., respectively, Fig. 12A). A similar improvement was observed in the pole test 

where mice treated with 3 genes showed a decrease in the time taken to turn their 

head and body downwards and to descend a pole as compared to GFP and saline 

injected mice (6.12 sec. vs. 8.9 sec. and 10.93 sec., respectively, Fig. 12B). To 

examine whether combining 3 genes protects dopaminergic cells against the toxic 

effect of 3-NP, we performed immunostaining analysis after the behavioral tests. 

  

 

 

 

 

 

Figure 12. A combination of 3 genes attenuates behavioral deficits in PLP-α-syn Tg mice 

mouse.  
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Motor function was measured by the elevated bridge (A), pole test (B). *p<0.05, 2- way ANOVA, error 

bars indicate SEM (saline: n=8, GFP: n=10, 3 genes: n=10). 

5.3.3 Lentiviral vectors are expressed in the striatum  

To evaluate the expression of lentiviral vectors in striatum, mice were sacrificed two 

weeks after intracranial injection. We observed GFP-labeled cells in the site of 

injection in the striatum. In addition, we followed the expression of the viral resistance 

enzyme Blasticidine-S-Deaminase (BSD) in brain slices. LV-Nrf2, GDH2 vectors 

expressed their viral protein marker BSD (Fig. 13). In addition, increased levels of 

EAAT2 were observed in the area injected with LV-EAAT2. 

 

   

Figure 13. Lentiviral vectors expression in striatum.  

Lentiviruses are expressed in the striatum after two weeks of injection: (A) LV-GFP (green), (B) LV-

BSD-GDH2 (green), (C) LV-BSD-Nrf2 (green), (D) LV-EAAT2 (red). Scale bar 100 µm. 
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6 Chapter 3: Neuroprotective effect of a Dj-1 based peptide in a 

toxin induced mouse model of MSA 

6.1 Introduction 

Multiple System Atrophy (MSA) is a sporadic neurodegenerative disease affecting 4–

5 people per 100,000 individuals. The disease is most often diagnosed after the age 

of 60, with a mean survival of 6–9 years after the diagnosis (Bjornsdottir et al. 2013; 

Dickson et al. 1999; Ciolli et al. 2014). MSA is classified as two subtypes: MSA with 

Parkinsonism (MSA-P), and MSA with cerebellar ataxia (MSA-C). In MSA-P the 

degeneration is observed mainly in the striatum and the substantia nigra, with the 

principal symptoms being bradykinesia and tremors. In MSA-C the cerebellum is the 

main locus of neurodegeneration, and the principal symptom is poor coordination 

(Wenning et al. 2004). These two MSA subtypes share the same autonomic 

dysfunctions that correlate with neurodegeneration in the autonomic brain stem 

centers, intermediolateral cell columns, and Onuf’s nucleus in the spinal cord (Ciolli 

et al. 2014). 

Mitochondrial dysfunction and oxidative stress have been implicated in the onset of 

several neurodegenerative diseases (Coyle & Puttfarcken 1993; Lin & Beal 2006). 

Epidemiological studies of MSA have suggested that exposure to pesticides, 

insecticides, or chemicals alternating the mitochondrial function may be associated 

with increased risk of MSA pathology (Hanna et al. 1999; Vanacore 2005). 

Furthermore, several studies have directly linked oxidative stress to MSA: In 

transgenic mouse models of MSA oxidative stress induced or augmented 

neurodegeneration, motor deficits and enhanced oxidative modifications of alpha-

synuclein (Stefanova, Tison, et al. 2005; Ubhi et al. 2009). In addition, an increase in 

oxidative stress markers was observed in the CSF of MSA patients (Kikuchi et al. 

2002). 

DJ-1 is a ubiquitous redox-responsive cytoprotective protein that protects against 

oxidative and neurotoxic insults (Aleyasin et al., 2012; (Kim et al. 2005; Lev et al. 
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2009; Taira et al. 2004; Meulener et al. 2005). DJ-1 has numerous functions: 

preserving mitochondrial function, regulating redox signaling kinase pathways and 

acting as a transcriptional regulator thereby affecting anti-oxidant genes and 

dopamine homeostasis (Hao et al. 2010; (Irrcher et al. 2010; Lev et al. 2013; McCoy 

& Cookson 2011). DJ-1 mutations are known to cause early onset autosomal 

recessive PD (Bonifati et al. 2003), and it is abundantly expressed in reactive 

astrocytes of both PD and MSA patients (Neumann et al. 2004). In addition, loss of 

DJ-1 stability and cytoprotecitive function cause microtubule retraction in a cell 

culture model of MSA (Rannikko et al. 2013). We have previously shown that a DJ-1 

based peptide, ND-13, protects against glutamate and SIN-1 induced toxicity in a 

mouse model of ALS (Lev, Barhum, Lotan, et al. 2015). Additionally, we 

demonstrated that ND-13 attenuated dopaminergic system dysfunction and improved 

the behavioral outcome observed in the 6-hydroxydopamine and in the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine mouse models of PD (Lev et al. 2015). 

In the present study we evaluate the effect of ND-13 in toxin- in-vitro and in-vivo 

models of MSA-P. We show that ND-13 protected cultured cells against 3NP-induced 

oxidative stress and improved their survival rates. Moreover, 3NP-exposed mice 

treated with ND-13 exhibited decreased inflammation, improved motor function and 

reduced neuronal loss in the striatum in comparison to the control groups. These 

finding suggest a possible therapeutic effect of ND-13 on patients afflicted with MSA. 

6.2 Research Aims 

 To enhance neuroprotection against the toxic effects of 3-NP using a DJ-1-based 

peptide. 

 To attenuate the dopaminergic system dysfunction and improve the behavioral 

outcome observed in 3-NP-induced mouse model of MSA. 
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6.3 Results 

6.3.1 ND-13 protects PC12 cells against 3-NP   

To evaluate the ability of ND-13 to protect PC-12 cells against 3-NP, cells were 

treated with increasing concentrations of ND-13 for one hour, followed by exposure to 

3-NP (80mM) for 24 hours. Measurements of the cellular metabolic function using the 

Alamar blue assay showed that 3-NP exposure reduces the cellular metabolic 

function to 17.9% (PBS) as compared to untreated cells (Control). Scrambled peptide 

treatment had no effect on cell viability at 12.5 and 50 µM (21% ± 2.21% and 19% ± 

1.89%, respectively). In contrast, 12.5 µM ND-13 significantly increased cell survival, 

up to 62.83% (p<0.05). ND-13 at higher concentrations showed no additional 

protective effect. The data were analyzed with a one way analysis of variance (one-

way ANOVA) followed by post hoc Dunnet multiple comparison tests (Fig 14).  

Figure 14. ND-13 protects PC12 cells against 

the toxic effect of 3-NP. 

PC12 cells were treated with PBS, ND-13 or a 

scrambled peptide. One hour later cells were 

exposed to 3-NP and incubated for 24 hours. 

Cell viability measurements revealed a 

significant increase in cell viability after ND-13 

treatment (12.5 µM) compared to untreated 

cells (PBS) and to scrambled peptide. **p< 

0.01,*p< 0.05, one-way ANOVA followed by 

post hoc Dunnett multiple comparison tests. Data is presented as Mean ± SEM.  

 

6.3.2 ND-13 protects the mitochondrial membrane potential in cell culture 

To evaluate the effect of ND-13 on mitochondrial membrane potential and 

mitochondrial function, TMRE staining was used (see Methods). TMRE is a positively 

charged red/orange dye that accumulates in active mitochondria. Depolarization or 

inactivation of the mitochondria decreases membrane potential which leads to 

reduction in dye fluorescence. Flowcytometry analysis demonstrates that 3-NP-
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treated PC12 cells showed lower levels of TMRE fluorescence, compared to 

untreated cells (control), while co-treatment with ND-13 partially preserved TMRE 

fluorescence (Fig 15A).  The fraction of cells expressing high fluorescence intensity 

(TMREhi) was lower after exposure to 3-NP (22.8%), as compared to control. In 

contrast, the fraction of TMREhi cells treated with 3-NP and ND-13 was increased to 

32.2% (p<0.05; Fig 15B). These data indicate that the protective effect of ND-13 

against 3-NP induced toxicity is via mitochondrial preservation.  

 

Figure 15. ND-13 improves mitochondrial function in 3-NP treated PC12 cells. 

PC12 cells were treated with ND-13 or PBS for 1 hour and exposed to 3-NP for further 5 hours. TMRE 

method was used to evaluate the mitochondrial membrane potential.  The intensity of TRME 

fluorescence of untreated PC12 cells and following treatments with 3-NP +/- ND-13, is presented as 

Flow histogram (A). The mean percentage of treated cells with high fluorescence intensity was 

calculated (B). ***p<0.001,*p<0.05, one-way ANOVA followed by post hoc Dunnett multiple 

comparison tests. Data is presented as Mean ± SEM). 

 

6.3.3    ND-13 improves motor functions in the toxin-induced mouse model of MSA 

We established, for the first time, the 3-NP induced MSA model in mice. Mice 

injected with 3-NP were compared to mice injected with 6-hydroxidopamine (6-

OHDA), a known model of hemi-parkinsonism. First, mice were tested for forelimb 

asymmetry using the cylinder test (30): motor dysfunction of the forelimb, 
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contralateral to the injected hemisphere, was observed both, in mice treated with 3-

NP and in mice treated with 6-OHDA (Fig 16). In addition, mice were tested for 

presynaptic vs. postsynaptic damage of the dopaminergic system via the drug 

induced rotational behavior. In the amphetamine-induced rotation test, ipsilateral 

rotations were observed both in 3-NP and 6-OHDA exposed mice, indicating damage 

to dopaminergic terminals (Fig 10A). In contrast, in the apomorphine-induced rotation 

test we observed contralateral rotations in mice injected with 6-OHDA, but ipsilateral 

rotations in mice injected with 3-NP (Fig 10B). This suggests that while striatal 

injection of both 6-OHDA and 3-NP lead to dopaminergic cell loss, exposure to 3-NP 

is also accompanied by striatlal cells degeneration at the locus of injection. Thus, we 

can conclude that 3-NP injection in this mouse model damages both dopaminergic 

and striatal cells, as seen in MSA patients.  

ND-13 was subcutaneously injected twice a day for 5 days to evaluate its ability to 

protect against 3-NP toxicity. At day 7, the frequency of use of the ipsilateral 

(unaffected) and contralateral (affected) forelimbs during rearing was measured by 

the cylinder test. The more frequent use of the ipsilateral forelimb (unaffected) was 

evident in the saline treated mice (control). However, ND-13 treated mice showed a 

significant increase in the use of the affected forelimb (Fig 16A) and a reduction of 

15% (p<0.05) in motor asymmetry in comparison to the control group.   

Next, motor coordination and body balance were evaluated using the elevated beam 

and pole tests. The time to cross an elevated narrow beam was significantly shorter 

in mice treated with ND-13, compared to the control group (ND-13: 23.3 sec ± 2.1 

sec; Ctrl: 30.08 sec ± 2.5 sec; p<0.05; Fig 16B). A similar improvement was observed 

in the pole test where mice treated with ND-13 showed a decrease in the time taken 

to turn their head and body downwards and to descend a pole (ND-13: 5.54 sec ± 

0.62 sec; Ctrl: 8.73 sec ± 1.26 sec; p<0.05, Fig 16C).  
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Figure 16. ND-13 attenuates behavioral deficits in 3-NP-induced mouse model of MSA. 

ND-13 attenuates behavioral deficits in 3-NP-induced mouse model of MSA. Motor function 

and motor asymmetry were measured by the cylinder test, R: right forelimb, L: left forelimb, 

B: Both forelimbs (A), elevated bridge (B), pole test (C), amphetamine (D), and apomorphine 

(E). *p< 0.05, t-test, error bars indicates SEM (ND-13: n = 14, Saline: n = 13). 

 

Striatal and dopaminergic cell depletion due to 3-NP toxicity increases the asymmetry 

between the brain hemispheres, inducing rotational behavior following administration 

of amphetamine or apomorphine. Mice with striatal and nigral degeneration rotate in 

the ipsilateral direction to the locus of insult after being administered either 

amphetamine or apomorphine (Fig 10). The total number of ipsilateral rotations was 

calculated by subtracting the ipsilateral from the contralateral turns to the lesioned 

hemisphere (see Materials and Methods).  Our results show a significant reduction in 

the number of ipsilateral rotations in ND-13-treated mice compared to the control 

group. Following administration of either amphetamine or apomorphine the number of 

ipsilateral rotations was reduced by half when compared the control, saline-treated 

group (Apomorphine: ND-13: 11.08 ± 3.4; Ctrl: 20.14 ± 4.6; Amphetamine: ND-13: 
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17.64 ± 7.4; Ctrl: 34.43 ± 3.7; Fig 16 D E). Mice injected with saline into the striatum, 

instead of 3-NP, do not show any asymmetric rotational behavioral.  

Figure 17. INF gamma mRNA in 3-NP 

induced mouse model of MSA. 

To examine the mRNA levels of INF gamma, 

real-time PCR was conducted on the mice 

brains. After the treatment with saline or ND-

13, the left striatum, not-injected with 3-NP, 

was used as a control group and was 

compared to the right striatum, injected with 

3-NP. *p< 0.05, two-way ANOVA followed by 

post hoc Dunnett, error bars indicate SEM 

(n=4). 

 

6.3.4   ND-13 reduces inflammation in the 3-NP injected mice 

To examine possible ameliorating effects of ND-13 on inflammation, the levels of 

IFN-gamma were analyzed. On the last day of ND-13/saline administration (day 5), 

four mice of each group were sacrificed and both the right (affected) and left 

(unaffected) striatum were removed. RT-PCR measurements revealed a significant 

increase in the expression of IFN-gamma after 3-NP injection. However, the IFN-

gamma values of ND-13-treated mice decreased significantly and they showed 

similar levels to those of unaffected brain sites (Fig 17). 

6.3.5    ND-13 reduces astrogliosis in the 3-NP injected mice 

Immunofluorescence analysis was performed twenty days after 3-NP injection and 

after the behavioral tests. Staining for astrocytes by anti-GFAP antibodies revealed 

strong reactivity in the site of 3-NP injection (473 ± 53%, n=4). Lower levels of GFAP 

expression were observed in mice treated with ND-13 (265 ± 19%, n=4, p<0.05), 

indicating a reduction in astrocyte reactivity following the treatment (Fig 18A-C).  This 

was further validated by using Western blot analysis of the proteins extracted from 

the brain tissue (Fig 18E and 18F).  
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Figure 18. ND-13 reduces astrogliosis in 3-NP injected mice. 

3-NP was injected into the striatum (A). GFAP immunostaining demonstrated astrogliosis in mice 

treated with 3-NP (saline, B) (B). In contrast, mice treated with 3-NP + ND-13 showed a significant 

reduction in the levels of astrocyte activation (C). The intensity of the staining was calculated by 

Image-J software (D, *p< 0.05, t-test, error bars indicate SEM, n=4). Scale bars (A): 200 µm, (B and 

C): 100 µm. Astrogliosis reduction, following ND-13 treatment was also demonstrated by Western blot 

analysis with the anti-GFAP antibodies (E and F). *p<0.05, t-test, error bars indicate SEM (n=4).  

 

6.3.6   ND-13 preserves striatal and dopaminergic cells in 3-NP injected mice 

To examine whether ND-13 protects striatal and dopaminergic cells against the toxic 

effect of 3-NP, we performed immunostaining and Western blot analysis twenty days 

after 3-NP injection. The immunohistochemical study revealed a significant increase 

in the levels of DARPP-32 labeling in mice treated with ND-13 compared to saline 

treated mice (Fig 19 B-E and Fig 19 J). Similarly, a decrease in the density of 

dopaminergic afferents was found after 3-NP injection; the decrease was reversed 

after treatment with ND-13 (Fig 19 F-I and Fig 19 K, p<0.05).  
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Figure 19. ND-13 preserves striatal cells and dopaminergic terminals in 3-NP injected mice. 

Immunohistology of brain sections with anti-DARPP-32 antibodies indicates for specific staining in the 

striatum (A). Brains were stained with antibodies against DARPP-32 (B-E) and TH (F-I).  The number 

of DARPP-32 positive cells (J) and the intensity of TH staining (K) were calculated by Image-J 

software. Comparisons were made between left and right hemisphere.*p< 0.05, t-test, error bars 

indicate SEM (n=5). Scale bars (A): 500 µm and (B-E): 100 µm. DARPP32 and TH levels were also 

measured by immunoblot analysis (L, M) in the right (3-NP injected) and the left striatum of mice 

systemically treated with ND-13 or saline. The ratio between left and right hemispheres are shown in N 

and O.*p<0.05, t-test, error bars indicate SEM (n=4). 

 

Saline+3-NP 
ND-13+3-NP 
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Western blot analysis revealed a decrease in the striatal specific protein, DARPP-32 

to 52%, and a decrease in the dopaminergic specific protein, TH to 80% in the 3-NP-

injected hemisphere, compared to the intact hemisphere (Fig 19 L-O).  We found that 

ND-13 treatment significantly restored the levels of DARPP-32 in the 3-NP-injected 

striatum up to 84% (p<0.05). We also observed an increase in the levels of TH, to 

95%, although it didn’t reach statistical significance (p>0.05). 
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7 Discussion 

The objective of this study was to utilize interventional strategies for enhancing 

neuroprotection and regeneration based on combinations of genes. In order to tackle 

this highly complex topic, I utilized gene therapy-based approaches, using lentiviral 

delivery of combinations of genes involved in several key molecular pathways.  

Although, gene therapy is a potential tool for treating neurological diseases,   most of 

the clinical trials have failed to show any improvement in outcome beyond the placebo 

effect. Efforts to improve outcomes are focusing on three main areas: vector design, 

mode of delivery of gene therapies, and identification of new therapeutic targets. These 

advances are being tested both individually and together to improve efficacy. These 

improvements may finally make gene therapy successful for these disorders. 

Genes may be transferred directly to neural tissue using viral vectors, by physical 

methods such as electroporation, or indirectly by injection of cell vehicles that express 

therapeutic genes. The application of gene therapy to the treatment of neurological 

disease is at an early stage, and inherent problems, such as accessing sites of injury or 

degeneration and stimulating neuronal regeneration, have yet to be resolved. Promising 

gene transfer techniques have many potential clinical applications for neurological 

diseases, so it is imperative that they be validated prior to use in humans. For this 

purpose, there are many suitable animal models of neurological disease that can be 

used to provide a scientific rationale for safe and effective treatment.  

Therapeutic strategy in a mouse model of sciatic nerve injury 

In my first work I developed a genetic therapy-based approach in a mouse model of 

sciatic nerve injury. Damage to the sciatic nerve (sciatica) is one of the most common 

reasons for peripheral neuropathy with a lifetime incidence varying from 13% to 40% 

(Stafford et al., 2007). The symptoms are persistent leg and foot pain, numbness, 

and weakness possibly leading to permanent disability (Fitzimmons et al. 2014). In 

mild cases, conservative treatment is feasible such as, physical therapy, steroids, 
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muscles relaxants, or even surgery. However, following severe injury, recovery may 

not be possible.  

This study describes the effect of ectopic muscle expression of BDNF, GDNF, IGF-1, 

and VEGF on the recovery of the sciatic nerve after crush injury. I show that NTFs, 

transferred by intramuscular lentivirus injection, accelerated the recuperation of the 

sciatic nerve as indicated by EMG, CMAP amplitude, and CV. The combined four 

NTFs significantly improved sensory responses as indicated by the pinch test.  

The role of NTFs in peripheral nerve regeneration has been the subject of many 

studies. Various NTFs have shown to have therapeutic effect on injured neurons 

(Mohajeri et al. 1999; Acsadi et al. 2002; Pan et al. 2006; Pan et al. 2007). However, 

under certain circumstances NTFs may also cause adverse effects. Injection of 

adenoviruses carrying VEGF into the muscle of injured rabbits led to hind limb edema 

and the excess growth of capillaries (Vajanto et al. 2002). Kim et al. (2003) showed 

that prolonged BDNF exposure induced oxidative neuronal necrosis in a cortical 

culture (Kim et al. 2003). In my hands also, injection of large quantities of highly 

concentrated virus led to acute inflammation of the tissue. In light of these findings, I 

set to examine whether small quantities of several different NTFs could have a strong 

positive effect while minimizing the adverse effect caused by injection of large 

quantities of virus or extreme overexpression of each of these NTFs individually. I 

found that mice treated with GDNF, or IGF-1 showed improvement in CMAP in a 

dose dependent manner (Fig. 6). In contrast, in mice treated with VEGF and BDNF 

the improvement had a bell shape pattern. This finding is in accordance with the 

results, indicating that expression of low levels of VEGF in myoblasts promoted 

stable growth while high expression of VEGF resulted in hemangiomas (Ozawa et al. 

2004).  

Several studies may indicated the synergistic effect of NTFs on nerve recovery (Boyd 

& Gordon 2003; Chen et al. 2010; Dadon-Nachum et al. 2015).  For example, in a rat 

model of axotomy, a combined treatment of GDNF and BDNF improved the motor 

neuron regeneration more than each factor alone (Boyd & Gordon 2003). 
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Additionally, inoculation of human mesenchymal stem cells (hMSCs) modified to 

release GDNF and VEGF resulted in a synergistic positive effect on lifespan and on 

disease progression in a familial ALS rat model (Krakora et al. 2013).  

The intracellular signaling mechanisms, stimulated by each one of these NTFs 

involved binding to a specific receptor and initiation of the PI3/AKT signaling 

cascade, which promote cell survival. For example, BDNF mediates tropomyosin 

receptor kinase (trk) family of receptors, trkB, and a member of the tumor necrosis 

factor family of receptors, the p75 neurotrophin receptor. At the cellular membrane, 

BDNF binding to trkB induces trkB phosphorylation, and downstream phosphorylation 

of MEK and Akt (Atwal et al. 2000). In contrast to BDNF, GDNF mediates its effect 

via a single receptor complex composed of a ligand-binding 

glycosylphosphosphatidyl inositol membrane-linked receptor subunit, termed GDNF-

family receptor α-1 (GFRα-1), and a signal-transducingtyrosine kinase subunit, Ret 

(Sariola & Saarma 1999). After GDNF binding to GFR-α1, Ret induces tyrosine auto-

phosphorylation, and subsequent phosphorylation of MEK and Akt, indicative of MAP 

kinase and PI3 kinase activity, respectively (Soler et al. 1999). Pharmacological 

blockade of the PI3 kinase, but not the MAP kinase pathway prevented the survival 

promoting effect of both GDNF and BDNF (Soler et al. 1999). Thus there is both 

molecular and functional overlap of signaling pathways induced by both GDNF and 

BDNF stimulation which main explain the large effect of combined GDNF and BDNF 

treatment on promoting motor axonal regeneration. This finding was also supported 

by an additional study showing a synergistic activation of the Akt signal transduction 

pathway in NSC-34 cells exposed to a conditioned medium collected from cells 

expressing all four NTFs (Dadon et al., 2015). 

In a previous study, it was shown that injection of a combination of myogenic cells 

overexpressing the above mentioned four NTFs into the muscle, synergistically 

improved motor function in a rat model of sciatic nerve injury and in a mouse model 

of ALS (Dadon-Nachum et al. 2015). Here, I evaluated the effect of direct 

intramuscular administration of lentiviruses expressing four NTFs. I found that the 

NTFs are highly expressed and accelerate the recovery after sciatic nerve injury. This 
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approach bypasses the use of cell culture, infection and transplantation of in vitro 

genetically manipulated cells. Injection of modified cells can also induce sever 

immune rejection complications which might impair the patient's medical situation. 

The direct application of the four NTFs by a single injection is more compatible with 

the translational aspect. Although, lentiviruses are currently used in numerous clinical 

studies, another delivery system, such as adeno-associated virus and novel non-

integrated vectors should be tested.  

In order to obtain high levels of NTFs immediately after crush injury, I injected 

lentiviruses carrying NTF genes 12 days prior. Immediately after crush injury, no 

significant differences regarding CMAP amplitude or CV were detected between the 

control and NTF injected mice, however I cannot exclude a protective effect. Future 

experiments should test the therapeutic effect of injections hours or days after the 

crush.   

These results might suggest a rationale for using genetic treatment via a combination 

of neurotrophic factors-expressing vectors, as a potential therapeutic approach for 

severe peripheral nerve injury. 

Gene therapy in mouse models of MSA 

In light of the auspicious findings described in the previous chapter, I set out to find 

whether a similar therapeutic approach could have ameliorating effects on more 

severe neurodegenerative conditions. I decided to focus my efforts on testing this 

therapeutic approach for enhancing cerebral functions and neuroprotection in MSA 

mouse models. MSA is characterized by progressive autonomic failure, parkinsonian 

features, and cerebellar and pyramidal features in various combinations. Although 

the etiology of MSA is not well understood, there is some evidence suggesting that 

certain environmental chemicals may increase risk of MSA by affecting mitochondrial 

function (Hanna et al., 1999; Nee et al., 1991; Vanacore, 2005). In addition, it has 

also been demonstrated that inflammation, oxidative stress and glutamate toxicity 

have a pivotal role in MSA pathology (Duda et al., 2000; Giasson et al., 2000; Nishie 

et al., 2004; Stefanova et al., 2005; Ubhi et al., 2009; Kikuchi et al., 2002; Barca et 
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al., 2015; Coyle, & Puttfarcken, 1993; Plaitakis & Shashidharan, 2000). My 

hypothesis was that targeting the excito-oxidative aspects related to the disease 

progression could ameliorate the symptoms of the disease in mouse models of MSA. 

To test this hypothesis I have opted for a similar genetic therapy-based approach 

which was successfully applied in the previous work.  

I used two mouse models of MSA: 1) Intra-striatal injection of 3-NP-induced oxidative 

stress/mitochondrial dysfunction; 2) Systemic administration of 3-NP in the presence 

of oligodendroglial α-synucleinopathy.  

The 3-NP induced mouse model of MSA is based on systemic injection of 3-NP - a 

mitochondrial toxin which inhibits succinate dehydrogenase activity, thus affecting 

several areas of the brain (Beal et al. 1993). In various animals models, it has been 

shown that 3-NP induces oxidative stress in the striatum, leading to neurotoxicity and 

neurodegeneration (Schulz et al. 1996;  Kim et al. 2000). The specific mechanism of 

striatal lesion by 3-NP was demonstrated by Kim el al. (2000), showing that 3-NP led 

to neuronal death by glutamate toxicity followed by oxidative stress. This observation 

was also supported by others showing that a glutamatergic antagonists/blockers 

protects cells against the toxic effect of 3-NP (Beal et al. 1993; Schulz et al. 1996; 

Pang & Geddes 1997). Waldner et al. (Waldner et al. 2001) showed that a single 

intrastriatal injection of 3-NP, in rats, produces local striatal cell loss as well as 

retrograde loss of dopaminergic cells in the substatia nigra, while intraperitoneal (IP) 

injections produce degeneration in the striatum only. Here I demonstrated similar 

effects after intrastriatal injection of 3-NP in a mouse model.  

In order to give more validation to my results, I used a second mouse model of MSA: 

Tg mouse model of MSA, overexpressing α-Syn under PLP-promoter, combined with 

systemic injections of 3-NP. It has been shown that IP injection of 3-NP enhances 

motor deficits and neurodegeneration in nigral-striatal system of Tg MSA mice 

(Stefanova et al. 2005;  Ubhi et al. 2009) and is thus more reminiscent of the pattern 

of neurodegeneration observed with MSA patients.   
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I selected three key pathways believed to be crucial elements in the pathophysiology of 

MSA. These three elements of my treatment work separately, as well as synergistic or 

additive to influence a broad range of deleterious effects involved in neuron 

degeneration pathway, thus exerting a stronger therapeutic effect. The three key 

pathways I selected were; glutamate uptake, glutamate metabolism and oxidative 

stress, which together address the full breadth of the excito-oxidative axis related to 

MSA. For each pathway I selected a single gene located upstream of the molecular 

cascade, so they influence the entire pathway by addressing that particular gene: 

EAAT2 was assigned to the glutamate uptake pathway; overexpression of EAAT2 

would reduce the amount and duration of synaptic glutamate thus reducing 

excitotoxicity. GDH2 was assigned to the glutamate metabolism pathway; 

overexpression of GDH2 would reduce the systemic glutamate bioavailability also 

reducing excitotoxicity. The secondary damage of glutamate excitotoxicity is mediated 

by oxidative stress. The Nrf2 protein, a key regulator of the entire cellular anti-oxidant 

and anti-inflammatory pathways, was assigned to mitigate this process. 

Nrf2 is a transcription factor that is involved in detoxification and antioxidant enzymes 

(Johnson et al. 2008) and was also shown to be involved in the modulation of the innate 

immune system (Rojo et al. 2010). Nrf2 deficiency in combination with the presence of 

α-Syn has been shown to increase neuronal death and inflammation in PD (Lastres-

Becker et al. 2012). In order to activate the antioxidant and anti-inflammatory response 

in the mouse striatum, I over-expressed Nrf2 in this region using a lentiviral vector. This 

approach circumvents the use of Nrf2 activators which can induce robust systemic Nrf2 

activity. Enhancing the activity of Nrf2 has raised some concerns, as this response is a 

non-physiological response in which, regardless of the cellular condition, the cell would 

be more resistant to oxidative stress and oxidative stress induced death. This effect 

might be slightly more dangerous, shifting the balance of cellular life and death towards 

life in a potentially carcinogenic path. My treatment, on the other hand, increases only 

the bio-availability of Nrf2 and thus makes it more ready and available for action, but it 

does not affect the regulatory system that prevents unprovoked Nrf2 activation. This 

should increase the safety and efficacy of my novel approach. 



70 

 

 My results show that overexpression of Nrf2 on its own ameliorated symptoms 

observed in 3-NP-induced mouse model of MSA as measured by the cylinder test and 

apomorphine-induced rotational behavior.  

EAAT2 and GDH2 have been shown to be important factors in the glutamate 

metabolism. EAAT2 expression reduces the amount and duration of synaptic 

glutamate, thus modulating excitotoxicity (Guo et al. 2003) and GDH2 expression 

increases the systemic glutamate bioavailability, also decreasing excitotoxicity. I 

found that mice injected with lentiviral vectors encoding GDH2 showed a reduction in 

the asymmetrical rotational behavior after apomorphine administration indicating that 

over-expression of GDH2 on its own protects striatal cells against the toxic effect of 

3-NP.  Although, mice injected with vectors carrying GDH2 and Nrf2 individually did 

show a motor improvement of a certain degree, both these genes together, and in 

combination with EAAT2 led to a more significant amelioration of motor function, as 

measured by several motor-related behavioral tasks and a reduction of asymmetrical 

rotational behavior after drugs administration, in both mouse models of MSA. I 

speculate that combination of GDH2 and Nrf2 could be sufficient to achieve 

synergetic beneficial effects. Thus, future experiments should be performed in order 

to test the effects of all possible gene combinations.  

These results demonstrate that treatment with Nrf2, GDH2, and EAAT2, possesses a 

strong neuroprotective potential in animal models of excito-oxidative toxicity. I believe 

that the observed differential effects between each individual gene and 3 gene 

combinations on behavioral tasks is due to the synergistic or additive effects of all 

mentioned neuroprotective pathways induced by the gene combination.  

A short DJ-1 based peptide in a toxin-induced mouse model of MSA 

After confirming that targeting processes related to oxidative stress and excito-toxicity 

could potentially improve the symptoms associated with MSA, I decided to test 

whether a recently developed pharmacological treatment, which specifically targets 

oxidative stress and mitochondrial functions, could replicate the results obtained 

using the gene-therapy approach. The biggest inherit flaw of gene-therapy in human 
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patients is the difficulty in injecting viral vectors into damaged brain regions. 

Therefore, a pharmacological treatment which would specifically activate 

genes/proteins necessary for recovery would potentially be superior to over-

expressing them exogenically. This novel treatment is based on a short peptide, 

termed ND-13, which is derived from the DJ-1 protein - a ubiquitous redox-

responsive cytoprotective protein that protects against oxidative and neurotoxic 

insults (Aleyasin et al., 2012; Kim et al. 2005; Lev et al. 2009; Taira et al. 2004; 

Meulener et al. 2005). To test whether ND-13 could have a similar effect on motor 

control as the aforementioned gene-therapy approach, the peptide was administered 

to mice exposed to 3-NP and the effect on cell and mitochondria viability in-vitro and 

also to performance of animals in motor-related tasks, were assessed. I demonstrate 

that ND-13 protects cells and rescues mitochondrial function from the toxic effect of 

3-NP.  Furthermore, subcutaneous administration of ND-13 for a period of five days 

reversed the 3-NP induced dopaminergic and striatal neuronal loss and ameliorated 

motor disability in mice treated with the peptide.   

DJ-1 is a multifunctional protein that is involved in diverse biological processes. DJ-1 

participates in transcriptional activation antioxidative stress response, and 

mitochondria regulation (Chen & Kunsch 2004). In response to oxidative stress, DJ-1 

regulates the activity of several transcription factors. One of them is the nuclear factor 

erythroid-2 related factor (Nrf2). Nrf2 is a transcription factor involved in the 

regulation of numerous genes associated with anti-oxidant and anti-inflammatory 

response (Chen et al. 2006). In my previous study, I demonstrated that ND-13, a 

peptide derived from DJ-1, activates Nrf2, up-regulates antioxidant genes and 

provides neuroprotection in PD mouse models (Lev et al. 2015).   

Another key function of DJ-1 is in maintaining mitochondrial homeostasis (Thomas et 

al. 2011; Irrcher et al. 2010). In normal physiological conditions, DJ-1 is localized in 

the cytosol, mitochondria, and nucleus (Zhang et al. 2005). Under oxidative stress 

conditions, DJ-1 is translocated from its major cytosolic pool to the mitochondria, 

providing cell protection against oxidative agents (Lev et al. 2008). Depletion of DJ-1, 

leads to alterations of mitochondrial morphology, fragmentation, decreased 
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mitochondrial membrane potential, and reduced ATP levels (Thomas et al. 2011).  In 

the current study, I examined the effect of ND-13 against the toxic effect of 3-NP. I 

found that ND-13 preserves cell metabolic function and mitochondrial membrane 

potential in a cell culture. Thus, I can speculate that one of the mechanisms by which 

ND-13 protects cells is by stabilizing the mitochondrial function.  

In order to assess the pathological effect of ND-13 on mice, behavioral tests and 

biochemical experiments were performed. I observed that mice treated with ND-13 

had fewer motor deficits. These findings were consistent with a decrease in 

dopaminergic and striatal cell degeneration. Moreover, real time PCR analysis 

revealed that 3-NP administration increases the levels of IFN-gamma. This finding is 

in accordance with other studies showing that 3-NP induces inflammation, by 

increasing proinflammatory cytokines and gliosis (Ahuja et al. 2008; Stefanova et al. 

2005). I found that ND-13 significantly reduces the levels of mRNA INF-gamma, 

indicating that ND-13 also decreases inflammation in the 3-NP induced mouse model 

of MSA. 

 

8 Conclusion 

In this study I focused on enhancing nerve regeneration and neuroprotection in animal 

models of neurological diseases. My results determine the importance of synergistic or 

additive effects provided by combination of genes in multifactorial disorders, as a 

therapeutic concept. In addition, my findings point to the rationale for the use of 

interventional methods targeting mitochondrial function, oxidative stress, inflammation, 

and glutamate toxicity in neurological disorders. I hope that this study could provide a 

novel therapeutic strategy for nerve regeneration as well as for slowing disease 

progression and alleviating the symptoms of patients suffering from MSA and other 

similar afflictions.  
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 תקציר

 מערכת שלשכיחות  בעיותכתוצאה מפגיעה חיצונית הינם  עצבי ונזק מחלות ניווניות של המוח

פתרון הולם לריפוי ואף לא להאטת   מספקות אינן,  כולל הכירורגיות, הגישות הטיפוליות. העצבים

 חלקב לטפלבשנים האחרונות נערכו מספר מחקרים בהם הראו ששניתן . המחלה התקדמותקצב 

 .באמצעות החדרה וביטוי של גנים העצבים מערכת של מהמחלות

 העצבים מערכת של ניוונית מחלההאחת  . בעבודה זו התרכזנו  בשני מצבים של פגיעה עצבית

כתוצאה מפגיעה בעצב  ההיקפית העצבים מערכת של תפקודית הפרעה ההשנייו, MSA המרכזית

העצב  התחדשותלספק הגנה מפני מוות תאי ולהגביר את ה ההמטרה המשותפת היית. הסכיאטי

 .למצבים אלו םבאמצעות החדרה של הגנים הרלוונטיי

  :גורמי גדילה ארבעה שילוב ליכולת התרפויטית שה את תיבדק העבודהבחלק הראשון של  

,BDNF, IGF-1,GDNF ו,VEGF  ואכן מצאנו שביטוי יתר . המוטורי הנוירון תפקוד התאוששות על

 את הגביר חמצן חוסר לתנאי מוטוריים שנחשפו נוירונים יותתרבשל ארבעת גורמי הגידול ב

בשלב הבא החדרנו . דלה בחמצן בצורה סינרגיסטית לסביבה החשופים הנוירונים של הישרדותם

של עכבר שעבר פגיעה בעצב  גסטרוקנמיוסה לשרירהמקודדים לארבעת גורמי הגידול  וירוסים

הנוירונים המוטוריים  של התאוששותם האיץ את ההגני ארבעת כל של שילובמצאנו ש. הסכיאטי

 מהירותשל השריר כתגובה לגירוי הן במשרעת הגל והן ב פעולה פוטנציאלברגל והעלה את 

 גדילה יעיל מאד לטיפול מיגורשמורכב ממספר  גנטי טיפולמצביעות על כך ש אלו תוצאות. ההולכה

 .ותחמור תוהיקפי תועצבי ותפגיעב

 רעילות והפחתת מצוןלחי התאית התגובה שהגברת ההשערה את נובדק בחלק השני של העבודה 

 חדש מודללצורך כך פתחנו  .בעכבר  MSAלמחלת ה  במודלים הסימפטומים את תפחית גלוטמט

. כטיפול במחלה השתמשנו בשתי אסטרטגיות שונות. בעכבר והראנו את סימני המחלה  MSA -ל

  :וגלוטמטרי מסלולל הקשורים גניםלשלושה  המקודדים םויראליי וקטורים של שילובהאחת היא 

EAAT2 ,GDH2 שיעתוק הקשור להפעלת מסלולים אנטי דלקתיים ואנטי חימצנייםלגורם ו, Nrf2   .

בשתי . DJ1שפותח במעבדה על בסיס החלבון  ND13האסטרטגיה השניה היתה שימוש  בפפטיד 

הגישות הטיפוליות מצאנו שיפורים משמעותיים בתפקוד המוטורי והאטה בקצב הניוון של התאים 

ות חדשות להגנה ואף לשימור ורגנרציה אסטרטגי מציעים ואל ממצאים .הרלוונטים בסטריאטום

  .אחרי פגיעה עצבית הן לאחר טראומה במערכת העצבים ההיקפית והן במחלה ניוונית של המוח
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