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Abstract 
 

Infantile neuroaxonal dystrophy (INAD) is a debilitating, intractable and ultimately 

lethal neurodegenerative disorder. It is caused by mutations in the PLA2G6 gene that 

encodes for phospholipase A2. INAD patients present neurodegeneration-associated 

symptoms between six months and three years of age. Severe spasticity, progressive 

cognitive decline, and visual impairment typically result in death during the first decade 

(Morgan et al, 2006). There is no disease-modifying treatment available and palliative 

care focuses on quality of life. Therefore, there is an overwhelming need to develop 

novel therapies to treat INAD patients.  

To create a landscape of the behavioural and pathological deficits, we aim to first 

conduct an in-depth characterization of the PLA2G6 mouse model developed by Wada 

et al (2009). Additionally, we aim to develop an AAV-mediated gene therapy approach 

for the treatment of INAD and conduct a pre-clinical study in the pla2g6-inad mouse 

model. The objective is to be able to prevent or ameliorate both the central and 

peripheral nervous system phenotype and improve the lifespan and/or quality of life of 

the animal. Recombinant adeno-associated virus serotype 9 vector (AAV9) will be used 

to deliver the therapeutic human PLA2G6 gene to the neonatal pla2g6-inad mouse. The 

strong neuron specific synapsin-I promoter will drive the human PLA2G6 gene.  

The efficacy of different administration routes including intracerebroventricular 

(ICV), intravenous (IV) and a combination of intracerebroventricular (ICV)/ 

intravenous (IV) and intracerbroventricular (ICV)/intraperioteneal (IP) will be 

investigated in the pla2g6-inad mouse model.  

AAV9-hSyn1-hPLA2G6 gene therapy treated pla2g6-inad mice showed an increased 

lifespan with the largest improvements observed in the animal cohort that received a 

combined administration of AAV9-hPLA2G6. The significant increase in lifespan 
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supplemented with significant improvements in behavioural tests validates the 

potential beneficial use of gene therapy for infantile neuroaxonal dystrophy (INAD). 
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Impact statement 
 

With the potential to provide an efficient treatment for a wide range of diseases, the 

clinical impact of gene therapy is a rapidly developing and growing field. INAD is a 

rare, pediatric neurodegenerative disease with a pathological phenotype that includes 

the central and peripheral nervous system. There is no cure for INAD and treatment 

options rely on symptom relief. The lack of treatment options for INAD is an 

important factor to include when considering the impact of gene therapy for this 

particular disease.  

The success of gene therapy is driving a wave of enthuisiam and we are entering an 

era of gene therapy treatments for a spectrum of diseases, from cancer to diseases of 

the central nervous system. Gene therapy, including Adeno-Associated Virus (AAV)-

based vectors show great potential for therapeutic delivery and have demonstrated 

great efficiacy in the rescue of a large number of animal models. AAV vectors are 

also currently being investigated in a large number of clinical trials.   

The results of this study strongly support that gene therapy has the potential to offer a 

successful and efficient treatment strategy for INAD.   

A limiting factor for gene therapy however is GMP vector manufacturing costs.  

The development of manufacturing processes for recombinant AAV is viewed as 

complex, time consuming and expensive. The production scale-up is considered to be 

a significant challenge technically and poses a large obstacle for commercialization. 
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Nevertheless, we are confident that with the advent of new technologies and further 

progress in scientific knowledge and research, new manufacturing strategies will be 

developed that will ultimately decrease the cost of gene therapy mediated treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Acknowledgements 
 

First and foremost, I would like to thank Dr Ahad Rahim for giving me the 

opportunity to be involved in such an important and exciting project. Thank you for 

all your guidance and support throughout this project and for making this PhD project 

such a positive experience for me. I’ve been very lucky to have been a part of such a 

wonderful group.  

Thank you to Dr Manju Kurian for all her help and invaluable input towards the 

success of this project. Thank you to Dr Simon Waddington for always being 

available to help with injections. The project would not have been able to move 

forward as quickly as it did without your help.  

Special thanks to the  Michael…I can’t express how grateful I am to you for all the 

help you have given me over the years. Thank you for never being too busy to help 

(even though I knew you were) and thank you for always having an answer to my 

questions. Special thanks also to Dr G who made frustrating days in the lab so much 

easier. Thank you for your help in and out of the lab.  

Thank you to Archie for being the best desk neighbour anyone could ask for. Thank 

you for all your support in and out of the lab. Thank you to Laura for all the help with 

those tricky westerns. Thank you to Ed, Andrea, Joana, Ola, Kim, Emma, Jonny, 

Simone, George, Raj, Nat, Jo and Suzy. Thank you to Saul and Laura, who joined our 

lab and made it even better. Thank you to the King’s crew, Hemanth and Yewande. 

I’m very grateful for the help that you gave me not only through my MSc but also my 

PhD. Thank you for always being available for me.  

Thank you to my family, especially my mum, for all the support and those 

encouraging words of wisdom. You’re my hero. Thank you to James for tagging me 

in every mouse/rat video there is and for making me laugh every single day. Thank 



8 
 

you to Jacqui and June for being a constant source of support throughout all my PhD 

successes and failures. Thank you to Erol for all the words of wisdom and always 

asking after the welfare of my animals. Thank you to Ivy and Archie for always 

putting a smile on my face. Thank you to Carly for all the help with the formatting 

amongst other things. Special thanks to Sam for his continued support in every aspect 

of my life. You are amazing.  

Thank you to the NBIA funding body, thank you to the patients and to the 

parents/carers and of course to all the animals that were used for this study.  

 

 

 

 

 

 



9 
 

Publications 

Csányi B., Papandreou A., Cuka S., Rahim AA., Chong K and Kurian MA (2016) 

Update in Neurodegeneration with Brain Iron Accumulation (NBIA): Advances in 

Molecular Diagnosis and Treatment Strategies. Journal of Pediatric Neurology, 1304-

2580  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

Table of Content 

 

Abstract  3 

Impact statement 5 

Acknowledgements 7 

Publications 9 

Abbreviations 19 
 

1. INTRODUCTION 22 

1.1 Neurodegeneration with Brain Iron Accumulation 22 

1.1.1 Pantothenate kinase-associated neurodegeneration (PKAN) – 23 

1.1.2 Mitochondria membrane protein-associated neurodegeneration 

(MPAN) - 24 

1.1.3 Beta-propeller protein-associated neurodegeneration (BPAN) – 

BPAN – 25 

1.1.4 Phospholipase A2-associated neurodegeneration (PLAN) - 25 

1.2 Clinical entities of PLAN 27 

1.2.1 Atypical neuroaxonal dystrophy (Atypical NAD): 27 

1.2.2 Adult-onset dystonia-parkinsonism or Parkinson Disease-14 

(PARK14): 28 

1.2.3 Infantile Neuroaxonal Dystrophy 31 

1.3 Treatment for INAD 36 

1.4 Phospholipase A2 36 

1.4.1 Cytosolic phospholipase A2 (cPLA2): 38 

1.4.2 Secretory phospholipase A2 (sPLA2): 39 

1.4.3 Calcium-independent phospholipase A2 (iPLA2β): 40 

1.4.4 Calcium independent phospholipase A2 distribution 50 

1.4.5 Murine Models of INAD 50 

1.4.6 The iPLA2β-/- mouse model 51 

1.4.7 Pla2g6-inad mouse model 53 

1.5 Gene Therapy 55 

1.5.1 Viral Vectors: 56 

1.5.2 Adeno-associated Viruses 56 

1.5.3 Gene Delivery to the CNS 64 

2. METHODS 75 

2.1 AAV Construct and Design 75 

2.2 Cloning 75 



11 
 

2.2.1 Bacterial Transformation 75 

2.2.2 Plasmid Purification 76 

2.2.3 PCR Amplification and Restriction Enzyme Digest 77 

2.2.4 Restriction enzyme digest 79 

2.2.5 DNA Electrophoresis 79 

2.2.6 DNA Extraction 80 

2.2.7 Ligations 80 

2.2.8 DNA Sequencing 81 

2.3 Tissue Culture 81 

2.3.1 Maintenance of cell lines 81 

2.3.2 HEK293T Transfection 82 

2.3.3 Protein extraction from cell lysate 82 

2.3.4 Western Blotting 83 

2.4 In vivo experiments 85 

2.4.1 Animals: Pla2g6-inad mouse model: 85 

2.5 Animal identification and genotyping 86 

2.5.1 Toe tattoo ink puncture on neonatal mice 86 

2.5.2 Tail clipping on neonatal mice 87 

2.5.3 Ear clipping on P14 mice 87 

2.5.4 DNA Extraction from Tissue 87 

2.6 Genotyping 88 

2.6.1 Allele-Specific PCR 88 

2.7 Behavioural Testing 90 

2.7.1 Rotarod 90 

2.7.2 Vertical Pole Test 91 

2.7.3 Inverted Screen Test 91 

2.7.4 Open Field Test 91 

2.8 Vector administration 92 

2.8.1 Intracerebroventricular injections into neonatal mice 92 

2.8.2 Intravenous injections in neonatal mice 92 

2.8.3 Intraperitoneal injections in neonatal mice: 93 

2.9 Expression Analysis 94 

2.9.1 Double gelatine coating of slides: 94 

2.9.2 Tissue Processing 94 

2.9.3 Immunohistochemistry 96 

2.9.4 Hematoxylin and Eosin (H&E) staining on free-floating sections 101 

2.9.5 Immunofluorescence and scanning confocal microscopy 101 

2.10 Quantitative Analysis 102 



12 
 

2.10.1 Stereology 102 

2.10.2 Optical Fractionator 104 

2.10.3 Thresholding analysis 105 

2.10.4 Qualitative Analysis 106 

2.10.5 Statistical Analysis 107 

2.10.6 Confocal Microscopy 107 

3. Characterization of the pla2g6-inad mouse model 108 

3.1 Introduction 108 

3.2 Behavioural Testing 110 

3.2.1 Motor coordination impairments in the pla2g6-inad mice 111 

3.2.2 Open field test 114 

3.2.3 Strength deficits in pla2g6-inad mice 116 

3.3 Reduced survival in pla2g6-inad mice 117 

3.4 Weight loss in the pla2g6-inad mouse model 118 

3.5 Widespread pathology in the brains of infantile neuroaxonal 

dystrophy (INAD) 120 

3.5.1 Widespread astrocytosis in the brains of pla2g6-inad mice 121 

3.5.2 Extensive microglia activation in the brains of pla2g6-inad mice 124 

3.5.3 Neuronal dysfunction in pla2g6-inad mice 127 

3.6 Widespread pathology in the spinal cord of infantile neuroaxonal 

dystrophy (INAD) 131 

3.6.1 Early loss of neurons at all levels of pla2g6-inad  mouse spinal 

cords 131 

3.6.2 Loss of GABAergic interneurons in pla2g6-inad mouse spinal 

cords 132 

3.6.3 Loss of motor neurons in pla2g6-inad mouse spinal cords 133 

3.7 Innate and adaptive immune response in the pla2g6-inad mouse 

spinal cord 136 

3.7.1 Astrocytosis in the pla2g6-inad mouse spinal cord 136 

3.7.2 Microglial activation in pla2g6-inad mouse spinal cords 139 

3.8 Summary 142 

4. Development of a functional hPLA2G6 viral vector 145 

4.1 Introduction 145 

4.2 Incorporating hPLA2G6 into an rAAV construct 147 

4.3 Synthesis of eGFP reporter construct 151 

4.4 In vitro testing confirms functional hPLA2G6 and eGFP 

constructs 153 

4.5 Widespread distribution of eGFP expression following AAV9-eGFP 

administration 155 

4.6 Overexpression of PLA2G6 following ICV AAV9- hPLA2G6 

administration 158 



13 
 

4.7 Cellular tropism of AAV9-hPLA2G6 vector 160 

4.8 No inflammatory immune responses associated with the 

overexpression of PLA2G6 following AAV9-h PLA2G6 

administration 164 

4.9 Summary 169 

5. AAV9.hPLA2G6-mediated gene therapy 171 

5.1 Introduction 171 

5.2 Extension of lifespan in pla2g6-inad mice following AAV9-

hPLA2G6 treatment 174 

5.3 Improved weight gain in pla2g6-inad mice following AAV9-

hPLA2G6 administration 177 

5.4 General health of pla2g6-inad mice following AAV9-hPLA2G6-

mediated gene therapy 180 

5.5 Behavioural Testing 183 

5.5.1 Improvement of neurological and motor coordination symptoms in 

pla2g6-inad mice following AAV9-hPLA2G6 mediated gene 

therapy 184 

5.6 Analysis of the neuropathological phenotype in the brain and spinal 

cord following AAV9-hPLA2G6 treatment 194 

5.6.1 AAV9-hPLA2G6 mediated gene therapy ameliorates brain 

neurodegeneration in pla2g6-inad mice 195 

5.6.2 Single ICV delivery of hPLA2G6 ameliorates lysosomal and 

autophagic dysfunction in the brains of pla2g6-inad mice 198 

5.6.3 No amelioration of inflammatory response in the brains of pla2g6-

inad
 
mice following AAV9-hPLA2G6 treatment 200 

5.6.4 No amelioration of inflammatory response in the spinal cords of 

pla2g6-inad
 
mice following AAV9-hPLA2G6 administration 206 

5.6.5 A single ICV administration of AAV9-hPLA2G6 ameliorates spinal 

cord neurodegeneration in pla2g6-inad mice 212 

5.7 Summary 216 

6. DISCUSSION 220 

6.1 Novel pathological phenotypes in brains and spinal cord of pla2g6-

inad mice 220 

6.2 Gene delivery following intracerebroventricular administration of 

AAV9-hPLA2G6 in pla2g6-inad mice 226 

6.3 Systemic gene delivery following intravenous administration of 

AAV9-hPLA2G6 in pla2g6-inad mice 230 

6.4 Combination of intracerebroventricular (ICV)/intravenous (IV) and 

intracerebroventricular (ICV)/intraperitoneal (IP) gene therapy in 

pla2g6-inad mice 234 

6.5 Future Work 235 

6.6 Conclusions 237 
 



14 
 

References  239 

 



15 
 

List of Figures 

 

Figure 1 Schematic representation of genes and biochemical pathways 

involved in different types of NBIA disorders. 26 

Figure 2 Schematic showing iPLA2-VIA protein structure and mutation 

derived changes. 33 

Figure 3 Schematic representation of different PLA2 pathways in 

astrocytes and neurons. Adapted from Sun et al, 2004. 49 

Figure 4 Representation of wildtype adeno-associated virus genome and 

recombination adeno-associated virus genome 61 

Figure 5 Sequencing of Pla2g6 revealed a G to A transition leading to a 

nonconservative amino acid exchange at position 373 from 

glycine (G) to arginine (R). Adapted from Wada et al, 2009. 86 

Figure 6 Genotyping of animals. 89 

Figure 7 Representative levels at which the spinal cords were separated 

into the cervical, thoracic and lumbosacral segments for 

downstream processing. 96 

Figure 8 Stereology counting method. 103 

Figure 9 Age dependent motor coordination impairments in pla2g6-inad 

mutant mice. 113 

Figure 10 Locomotor impairments observed in pla2g6-inad mice. 115 

Figure 11 Age dependent muscular deficits in pla2g6-inad mutant mice. 117 

Figure 12 Reduced lifespan of pla2g6-inad mice. 118 

Figure 13 Age-dependent significant weight loss in pla2g6-inad mice. 120 

Figure 14 Astrocytic immunoreactivity in pla2g6-inad homozygote 

mice. 123 

Figure 15 Microglial activation in the brains of 14 weeks old pla2g6-inad 

mice. 126 

Figure 16 Region-specific neuronal loss in the brains of 14 weeks old 

pla2g6-inad mice. 130 

Figure 17 Loss of Calbindin positive interneurons in pla2g6-inad mouse 

spinal cords. 133 



16 
 

Figure 18 Loss of motor neurons in 14 weeks old pla2g6-inad mouse spinal 

cords. 135 

Figure 19 Progressive astrocytosis in the spinal cord of 14 weeks old 

pla2g6-inad mice. 138 

Figure 20 Microglial activation observed in white and gray matter of 14 

weeks old pla2g6-inad mice spinal cords. 141 

Figure 21 Cloning of the pAAV.hSYN.hPLA2G6.WPRE construct 150 

Figure 22 Cloning of the pAAV.hSYN.eGFP.WPRE construct 152 

Figure 23 In vitro verification of the pAAV.hSYN.hPLA2G6.WPRE and 

pAAV.hSYN.eGFP.WPRE contructs. 154 

Figure 24 Extensive GFP expression following neonatal AAV9-eGFP ICV 

administration to wild-type mice. 158 

Figure 25 Region-specific hPLA2G6 overexpression following AAV9-

hPLA2G6 ICV administration to neonatal wild-type mice. 160 

Figure 26 Selective transduction of neurons following AAV9-hPLA2G6 

administration. 162 

Figure 27 No association between the hPLA2G6 protein and glial cells 

following AAV9-hPLA2G6 administration. 163 

Figure 28 No pathological astrocytic responses associated with hPLA2G6 

overexpression in wild-type mice. 167 

Figure 29 No pathological microglia responses associated with hPLA2G6 

overexpression in wild-type mice. 168 

Figure 30 Administration of AAV9-hPLA2G6 gene therapy increases the 

lifespan of pla2g6-inad mice. 177 

Figure 31 Improvement in the weight loss phenotype associated with 

pla2g6-inad
 
mice, following AAV9- hPLA2G6 gene therapy 

treatment. 179 

Figure 32 Significant improvements in the general health of pla2g6-inad 

mice following a single ICV administration of AAV9-

hPLA2G6. 182 

Figure 33 Significant improvements in motor coordination observed in 

AAV9-hPLAG6 gene therapy treated cohorts. 188 

Figure 34 Significant improvements in the open field test parameters in 

ICV, ICV/IV and ICV/IP gene therapy treated pla2g6-inad mice. 

(A,C,E) 192 



17 
 

Figure 35 Improvements in musculoskeletal strength in the ICV, ICV/IV 

and ICV/IP administration of AAV9-hPLA2G6 in pla2g6-inad 

mice. 194 

Figure 36 Amelioration of neurodegeneration in AAV9-hPLA2G6 treated 

pla2g6-inad mice. 197 

Figure 37 Reduction of increased LC3 and LAMP1 staining in end-stage 

pla2g6-inad mice following AAV9-hPLA2G6 ICV 

treatment. 200 

Figure 38 Analyses of astroglial marker GFAP in end-stage AAV9-

hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated pla2g6-inad 

mice (n = 5) compared to end-stage untreated pla2g6-inad (n=5) 

and wild-type control mice (n=5). 203 

Figure 39 Analyses of microglia marker CD68 in end-stage AAV9-

hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated pla2g6-inad 

mice (n = 5) compared to end-stage untreated pla2g6-inad (n=5) 

and wild-type control mice (n=5). 205 

Figure 40 Analyses of astroglial marker GFAP in the spinal cords of end-

stage AAV9-hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated 

pla2g6-inad mice (n = 5) compared to end-stage untreated 

pla2g6-inad (n=5) and wild-type control mice (n=5). 209 

Figure 41 Analyses of microglia marker CD68 in the spinal cords of end-

stage AAV9-hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated 

pla2g6-inad mice (n = 5) compared to end-stage untreated 

pla2g6-inad (n=5) and wild-type control mice (n=5). 211 

Figure 42 Quantification of interneuron Lamina III marker Calretinin in the 

spinal cords of end-stage AAV9-hPLA2G6 AAV9-hPLA2G6 

ICV treated pla2g6-inad mice (n = 5) compared to end-stage 

untreated pla2g6-inad (n=5) and wild-type control mice 

(n=5). 213 

Figure 43 Significant increase in motor neurons number in AAV9-

hPLA2G6 ICV treated pla2g6-inad mice. 215 

 

  



18 
 

List of Tables 

 

 Common clinical features of the NBIA disorders 23 

 Summary of investigative features of PLAN 

neurodegeneration 34 

 Summary of clinical features of PLAN neurodegeneration 35 

 Physiochemical and kinetic properties of isoforms of brains 

PLAs. 38 

 Capsid- receptor interactions, transduction profiles and axonal 

transport. 59 

 List of ongoing clinical trials using AAV viral vectors. Adapted 

from Piguet et al, 2017. 73 

 Plasmids used in this study 76 

 Example of standard cycle conditions for the amplification of 

hPLA2G6 cDNA including 35 cycles of denaturation, annealing 

and extension. 78 

 List of oligonucleotides used in this study 79 

 Polymerase chain reaction (PCR) conditions detailing the 

amplification cycle of the hPLA2G6 cDNA for the genotyping of 

pla2g6-inad mice. 89 

 Primary and secondary antibodies used for 

immunohistochemistry (IHC) and immunofluorescence (IF) 101 

 Grid sizes for optical fractionator counts in different regions. 105 

 Animal cohorts of preclinical AAV9-hPLA2G6 study 174 



19 
 

Abbreviations 
 

AA  Arachidonic acid 

AAV   adeno-associated virus 

ANOVA  analysis of variance 

BBB   blood-brain barrier 

bp   base pair 

BSA   bovine serum albumin 

CAV-2  Canine Adenovirus Type 2 

CD68   cluster of differentiation 68 

cDNA   complementary DNA 

cPLA(2) cytosolic phospholipase A2 

CNS   central nervous system 

CSF   cerebrospinal fluid 

DAB 3,3’-  diaminobenzidine 

DAPI 4′,6- diamidino-2-phenylindole 

dH2O   deionised water 

DHA  Docosahexaenoic acid 

DMEM  Dulbecco’s modified Eagle’s medium 

DNA   deoxyribonucleic acid 

dNTPs  deoxynucleotide triphosphates 

EDTA   ethylenediaminetetraacetic acid 

eGFP   enhanced green fluorescent protein 

ER   endoplasmic reticulum 

FBS   fetal bovine serum 



20 
 

GC  genome copies 

GFAP  glial fibrillary acidic protein 

HEK   human embryonic kidney 

hGHpA  human growth hormone polyadenylation signal 

ICV   intracerebroventricular 

IF   immunofluorescence 

IV  intravenous 

IP  intraperitoneal 

IHC   immunohistochemistry 

 iPLA2β Calcium-independent phospholipase A2 

IT   intrathecal 

ITR   inverted terminal repeat 

Kb   kilobase 

LAMP1  lysosomal-associated membrane protein 1 

LB   lysogeny broth 

LTR  long terminal repeat 

MPS   Mucopolysaccharidoses 

NP-C   Niemann-Pick Type C 

ns   non-significant 

PBS   phosphate buffered saline 

PCR   polymerase chain reaction 

PEI   polyethylenimine 

PUFA  Polyunsaturated fatty acids 

rAAV   recombinant AAV 

RIPA   radioimmunoprecipitation assay buffer 



21 
 

RNA   ribonucleic acid 

S1BF   somatosensory barrelfield cortex 

SDS   sodium dodecyl sulfate 

sPLA(2) secretory phospholipase A2 

SNR   substantia nigra pars reticulate 

TAE   tris-acetate-ethylenediaminetetraacetic acid 

TBS   Tris-buffered saline 

UV   ultraviolet 

vg   viral genomes 

vp   viral particles 

VPM/VPL  ventral posterior medial and lateral nuclei of the thalamus 

w/v   weight/volume 

WPRE  Woodchuck hepatitis virus (WPV) posttranscriptional regulatory 

element 

 

 

 

 

 



22 
 

1. INTRODUCTION 

 Neurodegeneration with Brain Iron Accumulation 

Neurodegeneration with brain iron accumulation (NBIA) comprises a heterogeneous 

group of inherited disorders. These are collectively characterized by progressive 

motor symptoms, neurological regression and radiologically discernible brain iron 

accumulation in the deep basal ganglia nuclei of the brain (Yoshida et al., 1995; 

Gregory et al., 2009; Gregory and Hayflick, 2011). To date, ten NBIA genes have 

been identified: eight are autosomal recessive, one is autosomal dominant, and one is 

X-linked dominant (Gregory et al, 2013). All forms of NBIA are considered to be rare 

with less than 1/1000,000 affected (Levi et al, 2014). Four types of NBIA 

predominate: pantothenate kinase-associated neurodegeneration (PKAN); 

mitochondrial membrane protein-associated neurodegeneration (MPAN); beta-

propeller protein-associated neurodegeneration (BPAN) and phospholipase A2-

associated neurodegeneration (PLAN). Below, PLAN is discussed in more detail as 

the focus of this thesis but PKAN, MPAN and BPAN are also briefly described. 

Common clinical features of the NBIA disorders are summarized in Table 1. 

Importantly, there is no curative treatment for any of the NBIAs and the management 

of patients relies on rehabilitation and symptomatic medications.   
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 Common clinical features of the NBIA disorders  

1.1.1  Pantothenate kinase-associated neurodegeneration (PKAN) 

PKAN is a hereditary, autosomal recessive inborn error of coenzyme A (CoA) 

metabolism, caused by mutations in the PANK2 gene that encodes pantothenate 

kinase 2  (Zhou et al, 2001; Hartig et al, 2006) and it is reported to be the most 

frequent form of NBIA. Pantothenate kinase 2 is a fundamental regulatory enzyme in 

the biosynthesis of CoA and has critical functions in energy metabolism, fatty acid 

metabolism and glutathione metabolism (Jackowski & Rock, 1981; Kotzbauer et al, 

2005; Leonardi et al, 2007).  Classic PKAN is characterised by early onset, usually 
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before 6 years of age, and rapid progression (Hayflick et al, 2003).  In classic PKAN, 

primary clinical features in affected children include dystonia, dysarthria, and rigidity. 

Corticospinal tract dysfunction results in clinical symptofms such as spasticity, 

hyperreflexia, and extensor toe signs. Affected children usually lose the ability to 

ambulate by 10–15 years after disease onset (Gregory and Hayflick, 2005). 

Neuropathological findings include the abnormal accumulation of iron in brain 

regions such as the globus pallidus and the reticular zone of the substantia nigra 

(Hajek et al, 2005). The iron is detected mainly in the microglia and macrophages but 

also detected extracellularly, mostly concentrated around blood vessels (Kruer et al, 

2011; Lee et al, 2013; Zizioli et al, 2016; Angural et al, 2017).  Additionally, axonal 

spheroids are reported to be abundant in regions of abnormal iron accumulation but 

also appear in other brain regions (Koeppen & Dickson, 2001, Kruer et al, 2011).  

1.1.2  Mitochondria membrane protein-associated neurodegeneration (MPAN)  

Pathogenic mutations in the C19orf12 gene result in the rare autosomal recessive 

MPAN. Following pantothenate kinase- and PLA2G6-associated neurodegeneration 

neurodegeneration, MPAN is speculated to be the third most frequent subtype of 

NBIA with an estimated prevalence of less than one in 1,000,000. (Hartig et al, 2011; 

Panteghini et al., 2012; Hogarth et al., 2013 Amber et al, 2016;). Patients may present 

with clinical symptoms from the first decade of life (average of 3-16 years) to 

adulthood (until 30 years). The most common clinical features present as early lower 

limb spasticity with extensor plantar response, dysarthria, muscle weakness, dystonia, 

optic atrophy and cognitive decline (Dogue et al, 2013; Hogarth et al, 2013). Similar 

to PKAN, pathology studies and brain MRIs in MPAN show increased iron 

accumulation in the globus pallidus and substantia nigra, suggesting a common 
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biochemical pathway in the NBIAs (Figure 1). Gliosis, neuronal loss and eosinophilic 

spheroidal structures have been identified in the globus pallidus. Interestingly, MPAN 

is considered a synucleinopathy, with Lewy bodies and Lewy neurites in the basal 

ganglia and neocortex (Shneider et al, 2013; Schulte et al, 2013).  

1.1.3  Beta-propeller protein-associated neurodegeneration (BPAN)  

BPAN is an X-linked dominant form of NBIA caused by mutations in the WDR45 

gene, which encodes a β-propeller scaffolding protein. The mutations are located on 

the X chromosome and lead to the disruption of autophagosome maturation, 

accumulation of aberrant autophagic structures and damaged cellular components. 

(Hartig et al., 2011; Panteghini et al., 2012; Hogarth et al., 2013; Polson et al, 20101; 

Lu et al, 2011, Hayflick et al, 2013).  

Clinical hallmarks of BPAN include an early and rapid progression and a static 

encephalopathy of childhood. Neurological symptoms include epilepsy, sleep 

disorders, global developmental delay, followed by progressive onset of 

Parkinsonism, dystonia and dementia (Meyer et al, 2015; Ichinose et al, 2014). Brain 

MRI in BPAN patients shows hyperintense signal of the substantia nigra (Hayflick et 

al, 2013). Neuropathological findings include large axonal spheroids, reactive 

astrocytosis, severe neuronal loss and abundant tau-positive neurofibrillary tangles 

(Hayflick et al, 2013; Long et al, 2015).  

1.1.4  Phospholipase A2-associated neurodegeneration (PLAN)  

PLAN is an autosomal recessive disorder caused by mutations in the ubiquitously 

expressed PLA2G6 gene (Morgan et al, 2006), which maps to chromosome 22q13.1. 

PLA2G6 encodes for enzyme calcium-independent phospholipase A2. 
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Phospholipase A2 enzymes (PLA2s) catalyze the hydrolysis of the sn-2 bond 

of phospholipids, generating free fatty acids and lysophospholipids. PLAN embodies 

a heterogeneous group of clinical entities, which include infantile neuroaxonal 

dystrophy (INAD1/ NBIA2A, MIM # 256600), atypical neuroaxonal dystrophy 

(atypical NAD) and more recently, the adult-onset, levodopa- responsive dystonia-

parkinsonism (Parkinson disease-14, PARK14). Dystonia-parkinsonism has been 

recently associated with homozygous PLA2G6 mutations. Interestingly, this extends 

the range of phenotypes associated with alterations in the PLA2G6 gene.  

 

Figure 1 Schematic representation of genes and biochemical pathways involved in different 

types of NBIA disorders.  

The biochemical pathways of lipid metabolism and mitochondria remodelling seem to play an 

important mechanistic role in many of the genetic NBIA disorders.  
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 Clinical entities of PLAN 

1.2.1  Atypical neuroaxonal dystrophy (Atypical NAD): 

Atypical NAD is differentiated from the classical phenotype by age of onset and 

disease progression. Atypical NAD manifests with a less severe phenotype and it is 

caused almost exclusively by pathogenic missense variants.  

In atypical NAD, patients show an abnormal developmental course during early 

childhood and typically present with neurological deterioration in mid-childhood 

(Nardocci et al., 1999). Atypical cases are rare, and only a minority of cases are 

reported in the literature (Mubaidin et al., 2003). Due to the small number of patients 

presenting with atypical symptoms of neuroaxonal dystrophy, little is known about 

the lifespan. However, as the symptoms that manifest in patients appear to be less 

severe, the lifespan is believed to be longer than reported in infantile neuroaxonal 

dystrophy.  

Atypical NAD presents with a slower progression of the disease, and initial symptoms 

are inclined to be subtle, such as speech delay, diminished social interaction and 

neurobehavioral abnormalities which gradually evolve into extrapyramidal 

impairments and spasticity (Kurian et al, 2008; Bower et al, 2011). Clinical features 

include ataxia, tetraparesis, spasticity, rigidity, contracture deformities of the lower 

limbs, dystonia, strabismus and pendular nystagmus, often resulting in visual failure. 

Loss of ambulation is reported to be around 17 years of age. Neuroimaging data 

reveal the presence of cerebellar atrophy and cerebellar cortical gliosis as early as at 

2-3 years of age however cerebellar pathology is not accompanied by iron deposition 

in the globus pallidus at this age (Kapoor et al, 2016). Brain iron accumulation 
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however manifests later suggesting that abnormal iron metabolism is age dependent. 

Abnormal iron accumulation also constitutes one of the diagnostic criteria for atypical 

NAD. Nerve conduction data reveal distal axonal-type sensorimotor neuropathy 

whereas biopsies of patients show nerve axonal swellings and spheroids bodies. 

Interestingly, a-synuclein immunoreactivity has been found to be present in axonal 

swellings in atypical NAD (Newell et al, 1999).  This supports findings from 

numerous papers on PLAN where the presence of Lewy bodies and neurofibrillary 

tangles with accumulations of tau and alpha synuclein have been reported (Dehay et 

al, 2012; Paizan-Ruiz et al, 2012; Hogarth et al, 2013; Riku et al, 2013). Classical 

Lewy bodies accompanied by synuclein positive dystrophic neurites and spheroids 

have been reported to be present in the substantia nigra pars compacta and cortical 

regions whereas neurofibrillary tangles have been reported to manifest in cortical 

neurons (Paisan-Ruiz et al, 2012; Riku et al, 2013). The inclusion of protein 

aggregrates such as alpha-synuclein and Lewy bodies are believed to be unexpected 

in young patients, therefore it is possible that patients with PLAN may share 

pathogenic pathways with other common neurodegenerative disorders such as 

Alzheimer’s or Parkinson’s disease.   

1.2.2  Adult-onset dystonia-parkinsonism or Parkinson Disease-14 (PARK14):  

Dystonia-parkinsonism begins primarily as a movement disorder in the age range of 

15–30 years old. A combination of dystonia and parkinsonism are the common 

presenting clinical features, and similar to idiopathic Parkinsons disease, the 

parkinsonism is responsive to levodopa or a dopamine receptor agonist. Clinical 

features of patients with dystonia-parkinsonism include dystonia, dysarthria, facial 

and upper extremity myoclonic jerks and parkinsonism, including tremor, 
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bradykinesia, rigidity and impaired postural responses (Kerkheiran et al, 2015; Giri et 

al, 2016; Shi et al, 2011). Cognitive impairment is also observed in patients with 

dystonia-parkinsonism and tends to manifest with disease progression. Furthermore, 

eye movement abnormalities with supranuclear up- gaze palsy and slow saccades are 

frequently reported (Paisan-Ruiz et al, 2008). A common feature of the disease is 

represented by an initial striking response to dopaminergic treatment followed by the 

early development of dyskinesias.  

Interestingly, dystonia-parkinsonism patients do not display cerebellar atrophy or 

basal ganglia iron accumulation at a young age however in patients towards end stage 

disease, brain magnetic resonance imaging (MRI) data have reported mild generalized 

cortical and cerebellar atrophy and T2* sequences have demonstrated abnormal iron 

accumulation in the basal ganglia, most prominently in the globus pallidus (Chang et 

al, 2009).  

Neuropathological examinations have revealed widespread Lewy body pathology and 

the accumulation of hyperphosphorylated tau (Odawara et al, 1992; Saito et al, 2000; 

Paisa-Ruiz et al, 2012; Mikia et al, 2016). These findings support the idea that a 

biochemical pathway links PLA2G6-mutations and parkinsonian disorders. To further 

corroborate the idea of a common pathogenic pathway, Lewy bodies have been found 

in both those with adult-onset and those with infantile-onset PLAN (Sugiyama et al, 

1993; Wakabayashi et al, 1999). In two affected individuals, one with onset at 18 

years and the other only characterized as childhood, the Lewy body pathology was 

comparable to that seen in severe, end-stage Parkinson disease (Gregory et al, 2008).  

Intriguingly, mutations associated with INAD and juvenile PLAN cause a loss of 

enzyme activity however mutations that cause dystonia-parkinsonism do not impair 
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PLA2G6 catalytic activity (Engel et al, 2010). Indeed, Zhou et al, have reported a 

Pla2g6 ex2KO mouse model, where a genetic deletion of the N terminus of PLA2G6 

did not affect its catalytic activity. The authors however hypothesized that this 

deletion may result in deficiencies in Ca2+ store-dependent activation of PLA2G6. 

Data from this study shows that a genetic or molecular impairment of PLA2G6-

dependent Ca2+ signalling is a trigger for autophagic dysfunction, progressive loss of 

dopaminergic (DA) neurons in substantia nigra pars compacta and age-dependent L-

DOPA-sensitive motor dysfunction. It is interesting to note that the preserved 

catalytic activity of PLA2G6 clearly distinguishes this new ex2KO mouse model from 

other PLA2G6 models, in which catalytic activity of this enzyme was genetically 

impaired (Zhou et al, 2016). It is interesting to note that selective effects on PLA2G6 

protein function result in two different disease continuums, INAD, juvenile PLAN 

and dystonia-parkinsonism (adult PLAN) and further elucidate the mechanisms 

driving the phenotypic expression associated with PLA2G6 mutations (Zhou et al, 

2016). 
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1.2.3  Infantile Neuroaxonal Dystrophy 

To date a total of 44 unique mutations have been identified in patients with INAD 

(Morgan et al., 2006; Wu et al., 2009; Crompton et al., 2010). Mutations are present 

in both alleles. In a few patients, there are early frameshift and stop codon mutations, 

which appear to cause a complete loss of PLA2G6 protein and function (Engel et al, 

2010). However, a study by Morgan et al., has shown that a patient cohort of 32 

patients had missense mutations disrupted throughout the gene, causing single amino 

acid substitutions. Several patients had the mutation in the serine lipase consensus 

sequence (GXSXG) however most of the patients had the mutation in various regions 

independent from the lipase domain (Figure 2).  

In INAD, the average age of onset has been shown to be 1.1 years of age (Aicardi and 

Castelein, 1979; Kurian et al., 2008) and the initial symptom presented by patients is 

a slowing of the rate of motor and mental development. This is followed by a distinct 

regression characterized by a loss of previously acquired milestones. As a result of 

psychomotor regression, clinical symptoms lead to increasing hypotonia with 

muscular weakness. The presence of muscle atrophy may suggest an involvement of 

lower motor neurons in the spinal cord which may consequently result in a loss of 

deep tendon reflexes detected in a number of INAD patients (Gregory et al, 2008, 

Nardocci et al, 1999; Kurian et al, 2008).  

As well as a progressive decline in motor and mental development, patients also 

present with optic atrophy with nystagmus and strabismus at 5 years of age (Khan et 

al, 2014). Decreased nerve conduction velocity and generalized seizures are believed 

not to be a common clinical sign and have only been reported in only one-third of a 

patient cohort (Gregory et al, 2008).  
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MRI data in patients has shown structural abnormalities including thin corpus 

callosum, mixed and grey matter atrophy, mega cisterna magna, thin optic chiasma, 

enlarged ventricles, vermal atrophy and on a T2-weighted imaging, hyperintense 

putamen and cerebral cortex (Tanabe et al, 1993; McNiell et al, 2008; Gregory et al, 

2008). However, even though INAD falls under the NBIA umbrella, only 48% of 

mutation-positive patients have abnormal iron accumulation in the globus pallidus 

and substantia nigra (Kruer et al, 2012).  

The neuropathological hallmark of INAD is the presence of axonal spheroids in the 

central and peripheral nervous system. Indeed, neuropathological findings of 

peripheral nerve biopsies in INAD patients have demonstrated the presence of axonal 

spheroids (Itoh et al, 1993; Kurian et al 2008). Spheroid formations are defined as 

axonal swellings to many times their usual diameter. They are often filled with 

disorganized cytoskeleton and organelles and many stain positively for amyloid-beta 

precursor protein (APP) (Hortobagyi et al, 2007). These spheroids are also observed 

throughout the cortex, globus pallidus, striatum, cerebellum, brain stem and spinal 

cord.  

In addition to spheroid formations, microscopy data has also revealed widespread loss 

of neurons and gliosis in most cerebral cortical structures and striatum (Itoh et al., 

1993; Gregory et al., 2008; Paisán-Ruiz et al., 2012). Neuronal loss is especially 

pronounced in the cerebellar cortex where cell loss involves both the Purkinje and the 

granular cell layer (Blanco-Barca et al, 2003; Biancherri et al, 2007; Farina et al., 

1999; Kurian et al., 2008; McNeill et al., 2008).  

In patients with atypical neuroaxonal dystrophy, in addition to the presence of 

spheroids in the peripheral and central nervous system, a-synuclein positive Lewy 



33 
 

bodies, dystrophic neurites and neurofibrillary tangles have been observed in brain 

tissue (Paisan-Ruiz et al, 2012; Wakabayashi et al, 2000; Riku et al, 2013). α-

synuclein positive spheroids have also been observed in INAD patients however these 

inclusions were found to be without the associated Lewy bodies and neurofibrillary 

tangles (Newell et al, 1999). The accumulation of Lewy bodies and α-synuclein in 

INAD patients echoes the pathological findings reported in patients with dystonia-

parkinsonism.  Many studies have predicted that mutations in PLA2G6 may not only 

cause the accumulation of phospholipid substrates but also result in decreased 

production of fatty acids. Fatty acid release by PLA2G6 may be important in the 

synthesis of new phospholipids, triglycerides and other lipids, or alternatively 

catabolic pathways such as fatty acid beta-oxidation. As mentioned, the PLAN 

phenotype is associated with the accumulation of α-synuclein in Lewy bodies and 

Lewy neurites. As α-synuclein binds fatty acids and regulates brain fatty acid 

metabolism, altered fatty acid metabolism may be a mechanism underlying the α-

synuclein accumulation observed in PLAN patients. Investigative features (Table 2) 

and clinical features (Table 3) of PLAN neurodegeneration are summarized below 

 

 

Figure 2 Schematic showing iPLA2-VIA protein structure and mutation derived changes.  

Variant 1 is shown with seven ankyrin repeats (arrows and blue circles), a proline-rich motif (purple 

box), a glycine-rich neucleotide binding motif (yellow triangle), a lipase motif (red with active site, 
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Ser519, highlighted) a C-terminal calmodulin binding domain (purple) and three putative caspase 

cleavage sites (blue arrows). 

 
 

 Summary of investigative features of PLAN neurodegeneration 
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 Summary of clinical features of PLAN neurodegeneration 
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 Treatment for INAD 

At the end stage of the disease, patients show bulbar signs with swallowing 

difficulties and dyspnea. At this stage the patients are blind and tetraplegic and death 

usually occurs before the age of 10. Of critical importance to this project, there is 

currently no cure for INAD and no treatment that can stop the progress of the disease. 

Treatment remains largely symptomatic and palliative and medication is prescribed 

for pain relief and sedation.   

 

 Phospholipase A2 

Lipid bilayer membranes substantially subdivide all kinds of cells. Membranes make 

it possible for cells to carry out multipurpose functions required in subcellular 

organelles like mitochondria, endoplasmic reticulum, microsomes and Golgi 

apparatus. Lipid bilayer membranes consist of various types of glycerophospholipids 

that typically have a glycerol backbone, polar head group outside the membrane and 

two hydrophobic acyl chains inside the membrane. These typical 

glycerophospholipids include phosphotidylcholine (PC), phosphotidylethenolamine, 

phosphotidylserine and others. 

Cell membranes contain three major categories of lipids: cholesterol, sphingolipids, 

and phospholipids. Phospholipids establish the backbone of neural membranes and 

provide the membrane with an appropriate environment, fluidity, and ion 

permeability. They are also required for the proper function of integral membrane 

proteins, receptors, and ion channels.  

Phospholipase A2 (PLA2) enzymes catalyze the hydrolysis of glycerophospholipids at 
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the sn-2 position, leading to the production of free fatty acids (Docosahexaenoic acid 

(DHA) and arachidonic acid (AA)) and 2-lysophospholipids (Balsinde and Dennis, 

1997; Tang et al., 1997; Burke and Dennis, 2009). Docosahexaenoic acid (DHA, C22: 

6n-3) and arachidonic acid (AA, eicosatetraenoic acid, C20: 4n-6) are polyunsaturated 

fatty acids (PUFA) and carry significant physiological functions (James et al., 2000; 

Moore, 2001). More than most other tissues, the brain is highly enriched in long chain 

PUFAs.  

To date, more than 30 enzymes that possess PLA2 or related activity have been 

identified in mammals and these have been frequently grouped by biochemical 

commonalities (Balsinde and Dennis, 1997; Burke and Dennis, 2009; Murakami et al, 

2011). According to this classification, there are three major PLA2 families, namely 

the cytosolic Ca2+-dependent PLA2s (cPLA2) the secreted PLA2s (sPLA2), and the 

cytosolic Ca2+-independent PLA2s (iPLA2β) (Schaloske and Dennis 2006; Six and 

Dennis, 2000) (Table 4).  
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 Physiochemical and kinetic properties of isoforms of brains PLAs.  

1.4.1  Cytosolic phospholipase A2 (cPLA2):  

The cytosolic PLA2 (cPLA2) family consists of six enzymes, which typically contain 

an N-terminal C2 (Clarke et al, 1991; Song et al, 1999; Das et al, 2003) and multiple 

phosphorylation sites, including two consensus sites (S505 and S727) for 

phosphorylation by mitogen-activated protein kinases (MAPKs) and an S515 site for 

Ca2+/calmodulin. The cPLA2 C2 domain regulates differential, Ca2+-dependent 

membrane translocation and the catalytic domain controls both the rate of 

translocation and enzyme residence (Chen et al, 1994; Gijon et al, 1999; Evans et al, 

2001; Brown et al, 2003). The translocation of cPLA2 has also been shown to engage 

in processes that govern intracellular membrane trafficking, such as those processes 

that regulate the Golgi and endocytic pathways (Kishimoto et al, 1999; Evans et al, 

2001). cPLA2 show specificity in fatty acid release by preferentially hydrolysing 

arachidonic acid (AA) from phosphatidylcholine. In macrophages, as well as in other 

cell systems, agents including G protein-coupled receptor agonists, calcium 

ionophores, phorbol esters, and zymogens can activate cPLA2, resulting in AA release 

(Marshall et al 2000; Oestvang et al, 2003).  



39 
 

1.4.2  Secretory phospholipase A2 (sPLA2):  

sPLA
2 is synthesized intracellularly, secreted and subsequently acts in extracellular 

compartments. sPLA
2 

has a molecular mass of 14 kDa with a highly conserved Ca2+ 

binding loop and a catalytic site with a His-Asp dyad and is mainly associated with 

synaptosomes and synaptic vesicle fractions (Ishikazi et al, 1999; Lambeau et al, 

2008). These enzymes do not have strict fatty acid specificity and are inclined to act 

on anionic phospholipids in the presence of high concentrations of Ca2+. Due to its 

involvements in the regulation of inflammatory processes in the peripheral systems, 

of the group II sPLA2s, the IIA enzyme has been characterized the most (Lin et al, 

2004; Tietge et al, 2005; Ibease et al, 2009). In the CNS, group IIA sPLA2 mRNA is 

expressed in cultured astrocytes and can be induced in response to proinflammatory 

cytokines (tumor necrosis factor alpha (TNFα), interleukin-1β (IL-1β), and interferon 

gamma (IFNγ) (Xu et al, 2003; Jensen et al, 2009).  

Indeed, up-regulation of sPLA2-IIA mRNA expression and immunoreactivity has 

been reported in the rat brain after cerebral ischemia (Lin et al., 2004; Adibhatla and 

Hatcher, 2007) and in human Alzheimer’s disease brain (Moses et al., 2006). 

Interestingly, Luritzen et al. have reported changes in secretory phospholipase 

A2 (PLA2) gene expression induced by ischemia and endotoxic shock (Lauritzen et al, 

1994). Endotoxic shock, which leads to an inflammatory state, induces a substantial 

expression of the PLA2 II mRNA in a large number of brain structures. These results 

suggest that the early phase of ischemia-induced PLA2 gene expression could be an 

additional element in the mechanisms leading to neuronal death. The later phase of 

increased PLA2 mRNA levels is suggested to be related to the inflammatory response 

associated to neuronal degeneration, further corroborating the role of sPLA2 in 

inflammatory processes.   
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1.4.3  Calcium-independent phospholipase A2 (iPLA2β):  

The iPLA2 family is comprised of group VIA and VIB enzymes. The group VIA 

enzyme has at least five splice variants, all with ankyrin repeats (Larsson et al, 1999), 

whereas group VIB iPLA2 lacks ankyrin repeats but consists of a signal motif for 

peroxisome localization. However, PLA2G6 codes for calcium-independent 

phospholipase A2 VIA (also referred to as iPLA2β), therefore this study will focus on 

the biochemical properties and functional roles of group VIA calcium-independent 

phospholipase A2.   

iPLA2-VIA was purified and cloned from different mammalian sources and classified 

as a Group VIA PLA2. Although iPLA2-VIA bears no sequence homology with 

cPLA2, both enzymes share common biochemical features, such as the cytosolic 

location in resting cells, a molecular mass in the 85kDa range and the existence of a 

catalytic serine. However, cPLA2 shows a marked preference for AA-containing 

phospholipids (Gijon and Leslie, 1999; Marshall et al, 2000), whereas iPLA2-VIA 

does not. 

Ma et al., have reported that human pancreatic islets express mRNA species encoding 

two distinct, catalytically active isoforms of iPLA2 that can be distinguished by their 

size and their susceptibility to activation by ATP (Ma et al, 1999). These two 

isoforms are termed VIA-1 and VIA-2. iPLA2-VIA-1 is an 85kDa enzyme that 

possesses eight ankyrin-like repeat domains in the N-terminal half of the protein, 

followed by a classical GXSXG lipase consensus motif that defines Ser465 as the 

catalytic nucleophile in the active site (Tang et al, 1997). iPLA2-VIA-2 is almost 

identical to iPLA2-VIA-1 except that the eighth ankyrin domain is interrupted by a 

proline-rich 54-amino acid stretch. Due to this insertion, the catalytic Ser moves to 
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position 519. Interestingly, fibroblasts from patients with INAD and dystonia-

parkinsonism with altered protein O-linked glycosylation and altered Golgi 

morphology were only rescued by the introduction of the wildtype iPLA2-VIA-1 

isoform only suggesting therapeutic specificity of these two isoforms (Davids et al, 

2015). This carries important implications for the isoform selected in this study.  

Under basal conditions iPLA2β is predominantly localized in the cytosol (Gross et al, 

1993) however translocation of iPLA2β to the Golgi, ER, and nucleus has been 

observed under stimulatory conditions (Turk et al, 2004; Ramandadham et al, 2004; 

Song et al, 2010). However, the general view is that the iPLA2-VIA-1 isoform is 

present largely in the cytoplasm whereas the iPLA2-VIA-2 splice variant is membrane 

bound (Hsu et al, 2009). Localization in the mitochondria has also been documented 

thus suggesting that mitochondria may be central to the development of INAD 

(Williams and Gottlieb, 2002; Seleznev et al., 2006). 

One of the earliest proposed functions for iPLA2β was a “housekeeping” role, 

important in the regulation of membrane phospholipid homeostasis in cells (Balsinde 

et al, 1997; Akiba and Sabo, 2004). It has been shown that iPLA2β has non-redundant 

functions in neuronal phospholipid deacylation and is required for structural integrity 

of axons and their terminals (Glynn, 2013). Furthermore, the enzyme selectivity of 

iPLA2β is highest to linoleic acid (18:2 n-6), which is the predominant fatty acid in 

cardiolipin (CL), an essential phospholipid for the structural and functional integrity 

of the inner mitochondrial membrane. In brain phospholipid units, docosahexaenoic 

acid (DHA), an abundant fatty acid in the brain that raises membrane fluidity and 

functions as a secondary messenger, is reportedly five times or more than that of 

linoleic acid and 15 times that of AA (Green et al, 2008). Interestingly, 

polyunsaturated fatty acids (PUFA)-associated phospholipids in the nervous system 
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are abundant at synaptic terminals (Sugiura et al, 2009) thus indicating that iPLA2β is 

essential for axonal and synaptic integrity. The essential role of iPLA2β in neuronal 

and glial cells will be discussed below and a schematic representation of the different 

PLA2 pathways present in neurons and astrocytes is depicted in Figure 3.  

Astrocytes: Astrocytes are the most abundant cell type in the CNS and play multiple 

functional roles in providing nutrient support to neurons, modulating Ca2+ 

homeostasis, regulating neurotransmission and mediating host defence functions. 

Astrocytes have been shown to contain all major groups of phospholipase A2.   

It has been extensively characterized that DHA can be biosynthesized from α-

linolenic acid (18:3n-3; 9,12,15-18:3), a shorter chain n-3 fatty acid precursor, 

through chain elongation and desaturation processes. The liver is considered to be the 

primary site for biosynthesis of DHA, which becomes available to brain uptake 

through subsequent secretion into the circulating blood stream. Among neural cells, 

consisting of neurons, astrocytes, microglia, and oligodendrocytes, astrocytes are the 

only cells that have demonstrated the capacity to synthesize DHA (Moore 2001, Kim 

et al, 1999, Garcia et al, 1997). Even though neurons are reported to be the central 

target for DHA accumulation, due to a lack of desaturase activity, they cannot 

produce DHA (Moore et al, 1991). To this end, DHA can be released from astroglial 

membranes under basal and stimulated conditions, and directly supplied to neurons 

(Garcia and Kim, 1999). A number of studies have demonstrated that acute release of 

DHA from stimulated astrocytes is mediated by iPLA2β, which can be selectively 

inhibited by the suicide substrate bromoenol lactone (BEL), a substrate that 

specifically inactivates group VIA calcium-independent phospholipase A2 

(Ackermannetal et al, 1995). This substance however, has only a minor inhibitory 
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effect on AA release thus showing the preferential specificity of VIA calcium-

independent phospholipase A2 in releasing DHA. AA release, however, can be 

selectively and completely blocked by MAFP, a general inhibitor of all cytosolic 

PLA2s (Riendeau et al., 1994; Lio et al., 1996). Therefore, in astrocytes different 

enzymes mediate the release of different acids; group VIA iPLA2β is responsible for 

DHA release and group IV cPLA2 for AA release. To further corroborate, the 

specificity of DHA release by iPLA2β, Cheon et al, reported that a iPLA2β
−/− mouse 

model, showed decreased rates of incorporation of unesterified DHA from plasma 

into brain phospholipids and reduced concentrations of several fatty acids (including 

DHA) esterified in ethanolamine- and serine-glycerophospholipids (Cheon et al, 

2012). Imaging studies have also shown decreased brain docosahexaenoic acid 

metabolism and signalling in iPLA2β (VIA)-deficient mice (Basselin et al, 2010). 

Thus, genetic iPLA2β deficiency in mice is associated with reduced DHA metabolism 

and a subsequently profound reduction of phospholipid fatty acid content in the brain 

(particularly DHA), making this pathway relevant to neurologic abnormalities 

observed in patients with PLA2G6 mutations (Cheon et al, 2012).   

Additonally, the brain PUFA, AA and DHA, have various effects on different 

pathways of Ca
2+

regulation in astrocytes. These PUFAs inhibit store-operated Ca
2+ 

entry, reduce the amplitudes of responses to agonists of G protein-coupled receptors, 

and suppress Ca
2+

oscillation. Interestingly, prolonged exposure of astrocytes to AA 

and DHA drives the cells into a new steady state with moderately elevated Ca
2+

where 

cells show a general insensitivity to external stimuli. This new steady state can be 

considered as an important part of the neuroprotective mechanisms of PUFAs, as AA 

and DHA released by deteriorated parts of the brain protect surrounding cells from 
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pathological overstimulation (Sergeeva et al, 2005). Indeed, Strokin et al, have 

reported a severe disturbance in ATP- stimulated Ca
2+ signaling in astrocytes derived 

from an INAD mouse model. These data showed that the duration of the Ca
2+ 

responses in mutant astrocytes was significantly reduced and the Ca
2+ responses were 

due to a reduction in capacitative Ca
2+ entry. Therefore, these results suggest that 

altered Ca
2+ signalling could be a central mechanism in the development of INAD 

pathology. Deficiencies in astrocytic functions are recognized as a significant 

contributor to neuronal dysfunction and, in particular, the neurodegenerative 

processes. Hence, the correct Ca
2+ signaling in the astroglial network is central to the 

sustained functioning of the neural tissue. 

Most importantly, DHA is a precursor of anti-inflammatory neuroprotectins and 

resolvins, therefore the reduced brain DHA metabolism in the iPLA2β deficient mice 

may increase their susceptibility to pathological neuroinflammatory responses. These 

observations also suggest that brain DHA signalling and metabolism would be altered 

in patients with a PLA2G6 mutation.   

Furthermore, in neurodegeneration, oxidative stress due to excessive generation of 

reactive oxygen species (ROS) is a central factor underlying cellular damage in a 

number of neurodegenerative disorders. Although astrocytes have a more effective 

antioxidant defence system than neurons, this system is compromised when astrocytes 

become reactive as a result of an increased production of ROS. Excessive ROS 

production is known to result in oxidative alterations of lipids, proteins, and nucleic 

acids and has been implicated as a key contributing factor in neurodegenerative 

diseases. Many studies have associated ROS-mediated damage with a disturbance of 
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cell membrane integrity, subsequent increase in intracellular Ca2+ and alternation of 

mitochondrial function, which subsequently activates a number of CA2+ dependent 

enzymes including PKC and phospholipases (Mattson, 2004; Emerit et al, 2004). 

H202 is a naturally occurring oxidant produced by a number of intracellular reactions 

and in astrocytes. H202 can alter phospholipid-hydrolyzing enzymes including cPLA2 

and iPLA2β (Samanta et al, 1998). A study in murine astrocytes, demonstrated that 

astrocytes responded to H202 by stimulating signalling pathways, which lead to the 

activation of cPLA2 and iPLA2β and a subsequent increase in AA release (Xu et al, 

2003), thus implicating fatty acids as modulators of the cellular production of reactive 

oxygen species in astrocytes and further amplifying the role of fatty acids and 

astrocytic integrity in neurodegenerative diseases.  

Neurons: Neural and neuronal phospholipid composition: Phosphatidylcholine 

(PtdCho) is the major glycerophospholipid (GPL) in the brain where it is synthesized 

by the CDP-choline pathway. In the brain, as in other tissues, turn-over of PtdCho by 

deacylation plays crucial functions in the modification of PtdCho fatty acid 

composition. These modifications are essential for spatial and temporal variations of 

membrane fluidity which subsequently respond either to the varying availability of 

certain fatty acids or to restrict total PtdCho levels within a physiologically-optimal 

range. It has been well established that iPLA2β has non-redundant functions in 

neuronal phospholipid deacylation and is required for structural integrity of axons and 

their terminals in neurons (Glynn, 2013). Deficiency of PLA2G6 activity may 

dysregulate membrane homeostasis by modifying the phospholipid composition of 

cellular and subcellular membranes leading to structural deterioration (Gebris et al, 

2016). Altered membrane composition could have a number of downstream 

consequences through changes in membrane properties and could affect the function 
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of membrane proteins including channels, transporters, receptors, and signalling 

enzymes. Furthermore, loss of iPLA2β function could alter lipid composition of the 

plasma membrane, vesicles, or endosomes. The altered lipid composition may affect 

proteins and processes involved in controlling the movement of membranes within 

axons and dendrites and subsequently result in membrane protein dysfunction and 

increased ubiquitination in neurons (Malik et al, 2008). In fact, the pathological 

hallmark of iPLA2β dysfunction is the presence of large spheroids of accumulated 

material in distal axons and synaptic terminals of both central and peripheral nervous 

system. Therefore, the loss of membrane homeostasis resulting in the accumulation of 

membranes in distal axons could trigger the progressive neurological impairment 

reported in iPLA2β
-/- mice. Interestingly, these intracellular inclusions are frequently 

labelled with anti-ubiquitin antibodies, suggesting a crucial link between the pathways 

regulating protein degradation and accumulation of misfolded protein. Accumulation 

of ubiquitinated proteins may provide a mechanistic link of the accumulation of 

membranes. Ubiquitination of membrane proteins initiates protein turnover through 

the targeting of lysosomes therefore altered membrane composition might result in 

membrane protein dysfunction and increased ubiquitination. It is possible that iPLA2β 

has functional roles in the transportation of ubiquitinated proteins for degradation by 

either lysosomes or the ubiquitin- proteasome system (Malik et al, 2008). iPLA2β 

disruption might alter vesicle transport  and result in the accumulation of 

tubulovesicular membranes and associated ubiquitinated proteins ultimately leading 

to neuronal degeneration.  

As mentioned, VIA iPLA2β is also expressed in mitochondria. As the energy sources 

of cells, mitochondria play an essential role in neurons, in which oxidative 

phosphorylation is the main source of ATP. Kinghorn et al, have reported that loss of 
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normal PLA2G6 function is strongly associated with elevated mitochondrial lipid 

peroxidation. Interestingly, lipid peroxidation is known to induce mitochondrial 

injury, leading to a decrease in oxidative respiratory chain function, reduced 

mitochondrial membrane potential, abnormal mitochondrial morphology, reduced 

cellular ATP levels and raised reactive oxygen species levels. Some phospholipases 

preferentially cleave oxidized lipids to maintain redox homeostasis therefore it is 

possible that elevated lipid peroxidation may emerge in the absence of phospholipase 

activity (Domijan et al., 2014). In turn, lipid peroxides are known to trigger a cascade 

of events that include a fall in mitochondrial membrane potential, mitochondrial 

swelling and loss of mitochondrial matrix components (Castilho et al., 1994). Studies 

have also demonstrated that loss of PLA2G6 activity is associated with raised levels 

of reactive oxygen species. These species play essential functional roles in cell 

signalling, however when present at abnormally high levels, they may result in 

cellular damage which may ultimately lead to cell death (Martindale and Holbrook, 

2002). Lipids are important targets of reactive oxygen species and therefore elevated 

reactive oxygen species levels will lead to increases in mitochondrial lipid 

peroxidation. 

Additionally, dysregulation of mitochondrial ion homeostasis has comprehensive 

consequences for the correct Ca
2+ 

control in brain cells. Indeed, several works have 

demonstrated dependency of the Ca
2+ influx on mitochondrial Ca

2+ uptake in both 

major brain cell types, astrocytes (Parnis et al., 2013; Malli et al., 2003; Naghdi et al., 

2010) and neurons (Strokin and Reiser, 2016). Significant reduction of Ca
2+ uptake 

rate, Ca
2+ retention capacity in brain mitochondria and reduced mitochondrial 

potential in neurons has been reported in mice deficient of VIA iPLA2β. Reduced 
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mitochondrial Ca
2+ uptake rate and Ca

2+ 
retention capacity might result in increased 

vulnerability of mitochondria to the Ca
2+ excess and in disturbed cellular Ca

2+ 

signalling in INAD (Strokin and Reisner, 2016). It is possible that the reduced Ca
2+ 

uptake rate in brain mitochondria can contribute to a significant disruption in Ca
2+ 

signalling in astrocytes and in neurons. The disturbed Ca
2+

signalling in individual 

cells would be damaging to the signalling pathways incorporating both astrocytic and 

neuronal networks and also for bidirectional astrocyte-neuron communication.  These 

findings signify and highlight the activity-dependent non-canonical functions of VIA 

iPLA2β in the regulation of mitochondrial Ca2+ in the brain. The disruptions observed 

in mitochondria are due to mutations in PLA2G6, which are subsequently dependent 

on reduced VIA iPLA2β activity, as, shown in mice deficient of VIA iPLA2β.  

Furthermore, under physiological conditions mitochondrial cardiolipin molecules 

undergo rapid remodelling via the deacylation-reacylation cycle, which is mediated 

by iPLA2β and acyl-coenzyme A-dependent monolysocardiolipin acyltransferase 

(Paradies et al, 2014). Loss of cardiolipin leads to perturbation of mitochondrial and 

iron homeostasis (Patil et al, 2013; Beck et al 2011). It is shown that during apoptotic 

induction, iPLA2β localizes and protects the mitochondria and the expression of 

iPLA2β in INS-1 cells attenuates the release of apoptotic proteins from mitochondria 

(Seleznev et al, 2006; Gaad et al, 2006). There is also increasing evidence that 

iPLA2β plays a role in cell growth. In proliferating T-cells, the highest iPLA2-VIA 

activity is observed at the G2/M phase and treatment with the iPLA2β inhibitor BEL 

or specific antisense oligonucleaotides, results in marked suppression of cell division 

(Roshak et al, 2000; Balboa et al, 2008).In contrast, overexpression of iPLA2β results 

in an accelerated proliferation rate of insulinoma cells. Amongst functional roles in 
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membrane remodelling, mitochondrial protection and cell growth, iPLA2β also plays 

a role in signal transduction (Bonventre, 1992) and programmed cell death (Balsinde 

et al, 2006; Lei et al, 2010; Shinzawa et al, 2003) thus signifying the role of iPLA2β 

in neuronal health and survival. 

 

 

Figure 3 Schematic representation of different PLA2 pathways in astrocytes and neurons. 
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1.4.4  Calcium independent phospholipase A2 distribution 

iPLA2β is ubiquitously expressed, however it has been reported to have a particularly 

relevant role in the CNS. Studies in rats have shown that it can be found in all regions 

of the brain and its activity is the most prominent among PLA2s (Yang et al., 1999; 

Balboa et al., 2002). iPLA2-VIA has been observed in the monkey brain in regions 

derived from the telencephalon including the cerebral neocortex, amygdala, 

hippocampus, caudate nucleus, putamen, and nucleus accumbens, whereas structures 

derived from the diencephalon, including the thalamus, hypothalamus and globus 

pallidus were lightly labelled with iPLA2β immunoreactivity (Ong et al, 2005; Polster 

et al, 2010). The midbrain, vestibular, trigeminal and inferior olivary nuclei, and the 

cerebellar cortex have been observed to be densely immunoreactive for iPLA2β (Ong 

et al, 2005; Yang et al, 1999). iPLA2β immunoreactivity has also been observed on 

the nuclear envelope of neurons and neuronal processes including dendrites and axon 

terminals (Ong et al, 2005).  

1.4.5  Murine Models of INAD 

The most widely used strategy for modelling genetic diseases is the use of mice. This 

is because, unlike smaller models like yeast or flies which provide useful information 

about the molecular mechanisms of disease, mice offer a biological system somewhat 

akin to humans, in which genes can be manipulated and the resulting phenotypes 

characterized (Palmer et al., 2013, Shacka, 2012; Perrin, 2014) Furthermore, although 

larger animals like sheep more closely recapitulate human disease due to their greater 

level of biological complexity, mice can be bred on a larger scale within a short 

period of time and have a relatively short life expectancy. As a result of mouse 

studies, we now have a better understanding of the mechanism of disease, have 
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established landmarks of disease progression and have also been able to identify 

therapeutic targets such as gene therapy. 

Currently, there are two murine models which recapitulate the human INAD disease 

model: the knock out and knock in murine models.  

1.4.6  The iPLA2β-/- mouse model 

The knock out mouse model has been produced by targeted disruption of the PLA2G6 

gene by replacing exon 9, which encodes the catalytic domain including the active 

centre amino acid residue, Ser 465 with a neomycin resistance gene (neo) cassette 

(Shinzawa et al, 2008). Abnormalities in iPLA2β
-/- mice are observed at 13 months of 

age. Behavioural analyses indicate strength deficits beginning at 40 weeks of age 

(Shinzawa et al, 2008). Body weight has been reported to decrease at 50 weeks of age 

and the median lifespan of iPLA2β
-/- mice is 90 weeks compared with 110-115 weeks 

for their wild type littermates. By the age of 24 months, the iPLA2β
-/- mice have been 

reported to demonstrate abnormal movement in their hindlimbs (Blanchard et al, 

2014) and tail suspension studies show a hind limb clasping reflex at 95 weeks of age.   

Neuroaxonal dystrophy in INAD patients is characterized by morphological changes 

of axons in the CNS, which results in the development of spheroids (Seitelberger, 

1952). Indeed, the iPLA2β
-/- mice show various sizes of spheroids and vacuoles 

broadly throughout the brain, spinal cord and peripheral nerves beginning at 15 weeks 

of age. These pathological changes in the brains of iPLA2β
-/- mice appear long before 

the onset of symptoms. Large spheroids are especially abundant in the tegmentum of 

the lower pons, dorsolateral part of the medulla, Clarke’s column and posterior gray 

horns of the spinal cord. These spheroids share morphological characteristics similar 

to those observed in INAD patients. For example, large spheroids with associated 
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clefts, vacuoles and heterogeneous argyrophilic inclusions detected in the iPLA2β
-/- 

mouse model, have also been observed in INAD patients. Furthermore, 

immunohistochemical analyses in iPLA2β
-/- mouse model, reveal ubiquitin positive 

clefts and vacuoles in the core of the spheroid. The edges and membranous structures 

in vacuoles are also found to be strongly positive for ubiquitin. Prominent spheroid 

and vacuole formations are also observed in the sciatic nerves of the iPLA2β
-/-mice. 

Early morphological changes of peripheral nerves include parts of axons with lesions 

that darkly stain with toluidine blue, pathologically appearing to be atrophied. At the 

terminal stage corresponding to 2 years of age, axonal atrophy becomes more severe, 

and the axons themselves seem to disappear concomitant with myelin ovoid 

formation. 

Analyses of pathological iron and α-synuclein accumulation in the iPLA2β
-/- mouse 

model have showed no evidence of pathological iron accumulation in the globus 

pallidus and no evidence of Lewy bodies, dystrophic neurites or pathological α-

synuclein accumulation. However, α-synuclein accumulation has been observed in 

spheroids, primarily in the striatum (Malik et al, 2008).  

As mentioned, the enzyme selectivity of iPLA2β is highest to linoleic acid, which is 

the predominant fatty acid in cardiolipin. Cardiolipin is an essential phospholipid that 

regulates processes which are crucial to the structural and functional integrity of the 

inner mitochondrial membrane (Paradies et al, 2014). The iPLA2β
-/- mice exhibit 

disturbances in whole brain phospholipid composition and metabolism and in the 

expression of enzymes involved in phospholipid metabolism (Cheon et al, 2012). 

Studies have reported a significant increase in the number of abnormal mitochondria 

with degenerated inner membranes. Degenerated mitochondria containing 

tubulovesicular cristae observed in the end stage of iPLA2β
-/-mice are also observed in 
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degenerative axons of INAD cases (de Leon, 1985). Interestingly, abnormal 

mitochondria with degenerated inner membranes are only noted in large neurons with 

long axons such as anterior horn cells, dorsal root ganglion cells and facial nerve 

nucleus cells. As mentioned in the above sections, iPLA2β has been reported to exist 

in and protect mitochondria (Seleznev et al., 2006), as well as being abundant in 

neurites and axon terminals (Ong et al., 2005), so it is possible that its absence would 

contribute to damage targeting mitochondria in axons and synaptic terminals, leading 

to degeneration of the axons and synaptic terminals.  

The related phospholipase, iPLA2γ, has an N-terminal mitochondrial localization 

signal however disease-associated mutations in the human gene for iPLA2γ have not 

been reported, but genetic ablation of this enzyme in mice causes mitochondrial 

abnormalities throughout the brain. Interestingly, in iPLA2β-null mice, brain levels of 

iPLA2γ mRNA are reduced by ~40%.  

Furthermore, genetic ablation of PLA2G6 in the iPLA2β
-/- mouse, leads to cerebellar 

atrophy characterized by Purkinje cell loss and glial activation (Zhao et al, 2011) as 

observed in INAD patients. It is evident that iPLA2β
-/- mouse model recapitulates 

many of the degenerative features that manifest in INAD patients, however the age of 

onset and the disease progression in the iPLA2β
-/- mouse model is less severe than 

reported in the patient population. This suggests that iPLA2β
-/- mouse model reflect 

the disease phenotype associated with atypical NAD.  

1.4.7  Pla2g6-inad mouse model 

The pla2g6-inad mouse model was generated using the n-ethyl-nitrosourea (ENU) 

chemical mutagen to randomly induce point mutations throughout the genome. ENU 

is a germline mutagen and administration to male founder mice (G0) causes random 
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base pair substitutions in the DNA of spermatogonial stem cells. Informative 

mutations are identified by screening members of the pedigrees propagated from these 

founders for phenotypes of interest. The first generation offspring (G1) commonly 

results in dominant mutations whereas crosses of either G1x G2 or G2 x G2 result in 

recessive mutations (Liu et al, 2007).  

Wada et al. used this chemical mutagenesis approach and identified a single 

nucleotide mutation in the open reading frame sequence of the PLA2G6 gene in the 

mutant mice and revealed a G to A transition at 1117 base, leading to a non-

synonymous amino acid exchange from glycine (G) to arginine at position 373 (Wada 

et al, 2008). This mutation is localized in the ankyrin repeat of PLA2G6. Of critical 

importance, it is the same mutation identified in patients with INAD (Morgan et al, 

2006). This ankyrin repeat domain point mutation leads to a complete loss of enzyme 

activity of PLA2G6. Behavioural studies have shown that motor dysfunction in 

pla2g6-inad mice begins by the age 7 to 8 weeks where all the homozygote mice start 

to display abnormal movement, especially in their hind limbs. Strength tests show 

muscular deficits in all homozygous mice. Homozygous mutants become emaciated 

and die before 18 weeks of age. Histological analyses of the muscles in pla2g6-inad 

reveal mass atrophy in the hind limb muscles, suggesting neural degeneration and 

peripheral nervous system dysfunction.  Neuropathological data shows numerous 

spheroid formations throughout the central nervous system. The spheroids are 

predominantly observed in gracile and cuneate of the brainstem as seen in human 

INAD (Itoh et al, 1993). Spheroids are also detected in the cerebral cortex, thalamus, 

substantia nigra, trigeminal motor nucleus, cerebellar dentate nucleus, lumbar spinal 

anterior horn and lumbar corticospinal tract. Electron microscopy data reveals that the 

spheroids contain tubulovesicular structures, vacuoles, vesicles, mitochondria and 
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amorphous matrix (Wada et al, 2008).  Heterozygote littermates show no evidence of 

gross abnormality compared with wild-type mice suggesting that the symptoms 

observed in the pla2g6-inad mice are inherited as an autosomal recessive trait in the 

same way as human INAD patients with PLA2G6 mutations.  

Although the iPLA2β
-/- mice model shows the INAD phenotype, the disease onset in 

iPLA2β
-/- mice is very slow when compared with the pla2g6-inad mice. Pla2g6-inad 

mice show outward phenotypes such as abnormal gait around 7 weeks of age, 

whereas the iPLA2β
-/- mice do not develop outward symptoms until approximately 13 

months old. Both INAD mouse models, have no PLA2G6 enzyme activity. The fact 

that the pla2g6-inad mouse model produces the inactive PLA2G6 while the iPLA2β
-/- 

model produces no PLA2G6 suggests that the presence of mutated PLA2G6 protein 

may hasten the onset of the disease.  

 

 Gene Therapy 

Many neurological disorders are caused by single gene mutations which lead to either 

loss of function, or gain of a damaging new function. Gene therapy provides an 

attractive therapeutic route in these disorders, as it can either deliver a functional gene 

or vehicles that can silence a gene and protein by RNA interference. Gene delivery is 

achieved by the use of a vector system, categorised as either viral or non- viral, where 

the aim is efficient gene delivery to the appropriate cells, while also minimising 

potential adverse effects. The following sections aim to introduce the field of viral 

vector mediated gene therapy and the use of viral vectors for the treatment of 

neurovisceral metabolic disorders, including its potential use for infantile neuroaxonal 

dystrophy.  
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1.5.1  Viral Vectors  

The therapeutic efficacy of gene therapy relies largely on the development of suitable 

vectors that can deliver a functional gene to specific target tissue with minimal toxic 

liability.  

Gene therapy includes the application of various viral vectors suitable for delivering 

genes to mammalian host cells. The use of viral vectors depends largely on factors 

such as packaging capacity, host range, cell- or tissue-specific targeting, genome 

integration and persistence of transgene expression. These properties make viruses an 

attractive platform for gene-delivery. Several types of viruses, including retrovirus, 

adenovirus, adeno-associated virus (AAV), and herpes simplex virus, have been 

engineered for use in gene therapy applications. These vector systems have unique 

properties, which create both advantages and limitations; therefore each vector has 

specific applications for which it is best suited. For example, retroviral vectors can 

permanently integrate into the genome of the infected cell, but require mitotic cell 

division for transduction. Adenoviral vectors can infect both dividing and non-

dividing cell types, however immune responses to infected cells often carries 

limitations for gene expression in vivo. AAV also infects many non-dividing and 

dividing cell types, but has a limited DNA packaging capacity. This thesis focuses on 

the use of AAV vectors and so will be discussed in more detail below.  

1.5.2  Adeno-associated Viruses 

The adeno-associated virus (AAV) is a small (25-nm), non-enveloped virus that 

packages a linear single-stranded DNA genome. It belongs to the family Parvoviridae 

and is placed in the genus Dependovirus, as infection by AAV occurs only in the 
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presence of a helper virus, either adenovirus or herpes virus (Casto et al, 1967; Buller 

et al, 1981). In the absence of helper virus, AAV establishes latency by integrating 

into chromosome 19q13.4, making AAV the only mammalian DNA virus known to 

be capable of site-specific integration (Kotin et al, 1992). To date, 12 natural 

serotypes have been reported. Adeno-associated virus has been found both in human 

(AAV1, AAV2, AAV3, AA5 and AAV6) and non-human primates (AAV4, AAV7, 

AAV8, AAV9, AAV10, AAV11 and AAV12) (Schmidt et al, 2008). These serotypes 

use different receptors and co-receptors and have demonstrated diverse tissue tropism 

demonstrate (Table 5).  

The 4.7-kb single stranded (ss) DNA AAV viral genome has two open reading frames 

(ORF), rep and cap (Koczot et al, 1973). At either end of the genome are inverted 

terminal repeats (ITRs) that form T-shaped, base-paired hairpin structures, and 

contain cis-elements required for replication and packaging. Two genes (rep and cap) 

encode for four non-structural proteins required for replication and three structural 

proteins that make up the capsid. The rep gene encodes a group of 4 Rep proteins 

(Rep78, Rep68, Rep52 and Rep40), which are expressed via alternative promoters 

and as splice variants (Qiu and Pintel, 2008) (Figure 4). The Rep proteins are 

involved in viral genome replication, integration and genome packaging into 

synthesised empty capsids (Surosky et al., 1997, King et al., 2001). Both the sense 

and antisense ssDNA strands of the replicated viral genome are packaged into 

separate virions with identical efficiency (Berns and Adler, 1972). The cap gene 

encodes AAV capsid proteins VP1, VP2 and VP3 (Becerra et al., 1988), together with 

a group of other viral proteins that traffic and assemble these capsid proteins during 

capsid synthesis (Naumer et al., 2012). The VP1 and VP2 proteins share the VP3 

sequence and have additional residues at their N-termini. The N-terminus of VP1 has 
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a conserved phospholipase A2 sequence which has been associated with virus escape 

from endosomes and is essential for infectivity (Popa-Wagner et al, 2012; 

Venkatakrishnan et al, 2013). The VP2 protein is not essential for assembly or 

infection (Warrington et al, 2004). The core of the VP3 protein consists of a 

conserved β-barrel motif composed of antiparallel β-sheets. This motif is implicated 

in determining receptor usage and serology. The final icosahedral capsid consists of 

60 copies of the three AAV capsid proteins VP1:VP2:VP3 in a 1:1:10 ratio, with 

variations to the VP3 protein structure (Weitzman and Linden, 2011).  

The efficiency and success of AAV infection is dependent on the molecular 

interactions between the virus and its host cell at every step of the lifecycle. As the 

AAVs are small viruses with limited coding capacity, they rely on the cellular 

environment and machinery of the host cell. To determine viral tropism, the first step 

in AAV infectivity is the attachment to the target cell. Following cell surface receptor 

binding, the subsequent successful infection of AAV depends on endocytosis, escape 

from endosomal/lysosomal compartments, translocation to the nucleus and viral 

capsid uncoating. These series of steps allows the ssDNA genome to be released for 

complementary strand synthesis and transcription from the now dsDNA viral genome 

(Douar et al, 2001; Weitzman and Linden, 2011, Xiao and Samulski, 2012; 

Balakrishnan and Jayandharan, 2014). These naturally occurring AAV variants have 

been extensively characterized and have demonstrated extremely diverse organ, tissue 

and cell tropism (White et al., 2011, Asokan et al., 2012).  
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 Capsid- receptor interactions, transduction profiles and axonal transport.  

Properties of some of the well-characterized adeno-associated viral serotypes in the mammalian CNS. 

? Receptor usage/axonal transport has not been characterized; + low levels of transduction; ++ 

moderate levels of transduction; +++ high levels of transduction; – no transduction; ? A+ or R+ (AAV 

vector undergoes axonal transport in the anterograde (A) or retrograde (R) direction during in vivo 

characterization). Adapted from Murlidharan et al, 2014.  

 

 

The simplistic structure of the wild-type AAV genome and the variety of naturally 

occurring serotypes, has facilitated the engineering and production of recombinant 

AAV (rAAV) gene delivery vectors.  The crux of rAAV vector production is the fact 

that the rep and cap genes can be deleted from the viral genome and provided in trans. 
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The viral genes can be replaced by a transgene with transcriptional control elements, 

resulting in a vector genome size of approximately 4.5 kb, flanked by the viral ITRs. 

However, the packaging capacity remains limited despite the removal of all viral 

genes. Exceeding the wild-type AAV genome length of 4.7kb may result in packaging 

and truncation problems. The expression cassette contains a number of regulatory 

elements such as a promoter, a transgene and polyadenylation signal sequence 

together with flanking ITRs (Figure 4). Recombinant AAV vector genomes have 

been established to persist in episomal form and therefore demonstrate inefficient 

integration into the host chromosome (Nakai et al., 2001; McCarty et al., 2004). This 

reduces the risk of insertional mutagenesis, often associated with other viral vectors 

like retroviruses thus providing a safety advantage for the use of rAVV in a clinical 

application (Bokhoven et al., 2009).  

The engineering of recombinant AAV vectors has allowed the development of cross-

packaging rAAV vector genomes into different AAV capsids, thereby creating 

pseudo- serotyped rAAV vectors (Rabinowitz et al., 2002). The use of cross-

packaging rAAV vector genomes into different capsids can greatly benefit vector 

efficiency as capsid structure is a crucial factor in establishing AAV tropism. Capsid 

engineering in particular is thought to show potential for increased clinical benefit, as 

vectors can be designed and developed to specifically address the relevant aim or 

challenge of their application. This can result in enhanced vector efficiency and 

specificity, which in turn can reduce the administration dose for clinical efficiency 

and circumvent potential dose-related toxicity.  
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Figure 4 Representation of wildtype adeno-associated virus genome and recombination 

adeno-associated virus genome  

(A) The wild-type AAV genome generally consists of the viral rep and cap genes between two inverted 

terminal repeats (ITRs). Arrows depict start of VP1, VP2 and VP3 open reading frames. 

(B) Recombinant AAV vector is produced by cotransfection of a vector plasmid containing an ITR-

flanked transgene cassette, a packaging plasmid that encodes the rep and cap genes of a specific AAV 

serotype. Regions flanking inserted transgene cassette include the WPRE, woodchuck hepatitis virus 

post-transcriptional regulatory element sequence and the polyA, polyadenylation signal sequence. 

 

Recombinant AAV (rAAV) vectors provide an ideal therapeutic approach as they 

may be tailored for long-term, cell-type-specific transgene expression with minimal 

cytotoxic consequences. Indeed, due to their broad range of infectivity, high safety 

profile and widespread transgene expression, recombinant AAVs are used as gene 

transfer vehicles. Due to rAAV’s inefficiency at transducing antigen-presenting cells 

(APC), rAAVs were initially established to be non-immunogenic vectors. However, 

as the rAAV experimental setting transitioned from mice to large animal models, it 

was established that rAAV delivery could indeed trigger immune responses to the 

AAV capsid or the transgene. These immune responses have been reported on a 

clinical trial of haemophilia B where AAV-mediated gene transfer has been shown to 

reactivate capsid-specific memory T cells, which have correlated with a decline in 

AAV transduced tissue in some patients (Nathwani et al, 2011). Severe toxicity 
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resulting from a high dose intravenous administration of AAV9 expressing the hSMN 

transgene was reported in SMA non-human primates and piglets (Hinderer et al, 

2018). Importantly, the dose in the NHPs experiments was similar to the one 

employed in the SMA clinical trial.  

It is possible that the generation of antibodies and T-cell responses against the 

transgene product may be dependent on the AAV serotype and its capacity to infect 

antigen-presenting cells. Therefore, since the AAV viral capsid determines tropism 

and has crucial implications regarding the host immune system, selecting the 

appropriate viral capsid is essential when planning a therapeutic approach using AAV 

vectors. Reactivation of capsid-specific memory T cells could have consequences for 

long-term expression of the transgene. Despite a proof of concept of persistent 

expression in studies with factor IX (FIX)- deficient mice and dogs (Snyder et al, 

1999; Mount et al, 2002), it was only in humans that Manno et al. first measured the 

transient expression of FIX. This loss of FIX expression was related to an 

asymptomatic elevation of transaminases and detection of AAV2 capsid-specific T 

cells secreting interferon gamma (IFN-ỿ) between 4 and 6 weeks after dosing. A 

second clinical trial in haemophilia B patients by Nathwani et al. using an AAV8 

vector also demonstrated an immune response marked by a transient elevation in 

transaminases and positive IFN-ỿ ELISpot responses to the capsid. However, unlike 

the AAV2 trial described by Manno et al., in this case transgene expression was 

reduced but sustained. They reported an elevation of transaminases between 7 and 10 

weeks post dosing and a cellular immune response to the AAV capsid.  

However, in response to the issue of adaptive immune responses to AAV capsids or 

the transgene product, a number of strategies have emerged to prevent these 
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challenges. Currently, the only immune suppressive treatment administered in patients 

injected with a rAAV is glucocorticoids prior to or post dosing (Nathwani et al, 

2011). Also, the administration route has demonstrated to play an important role in 

immune response modulation to the AAV capsid, but additional factors are described 

to modulate the immune response following gene transfer, including the AAV 

serotype and the promoter (ubiquitous vs. tissue-specific). Past and current studies for 

example, have demonstrated that the AAV capsid can be detected up to 6 years after 

gene transfer, depending on the administration route. Studies in non-human primates 

(NHPs) have shown that 6 years following subretinal injections, rAAV2 and rAAV5 

capsids were still detected in the retina (Stieger et al, 2009). More recently, Mueller et 

al. described the AAV1 capsid persistence in the muscle 1 year after intramuscular 

(I.M.) injection (Mueller et al, 2013). Broad variability is demonstrated in immune 

responses presented by patients, and there doesn’t seem to be a clear predictor of 

which patients will demonstrate an expression-limiting response.  

The limitations of AAV presented above stress the importance of further optimizing 

methods. One of these disadvantages concerns the delay in transgene expression 

(around 2 weeks for maximum expression) when compared to other vectors, since it 

needs a second- strand synthesis (Ferrari et al, 1999). This limitation may be 

significant for clinical applications in pediatric populations where the therapeutic 

window may be narrow. Self-complementary AAV vectors (scAAV) are able to 

bypass this limitation as they carry double-stranded DNA genomes that become 

transcriptionally active immediately upon decapsidation in the nucleus.  
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1.5.3  Gene Delivery to the CNS 

The central nervous system (CNS) is a critical target for gene therapy for the 

treatment of genetic and developmental diseases. For neurological diseases that affect 

a large portion of the brain, an ideal AAV-mediated therapeutic application would 

offer robust transduction on the central nervous system (CNS) via relatively non-

invasive methods. Although many viruses have shown efficient transduction in 

various organ systems throughout the body by systemic delivery methods the former 

has been elusive. Ideally, vectors for CNS gene delivery should offer effective 

transduction; suitable transgene expression levels and persistence of transgene 

duration, should be able to offer a therapeutic effect; should show no pathogenicity 

and immunogenicity and should be able to result in large-scale efficient vector 

production, with high purity levels.   

The blood-brain barrier (BBB): Although AAV capsid engineering approaches 

offer the possibility of highly specialized vectors for CNS transport; the greatest 

progress in recent therapeutic applications has employed the natural ability of AAV9 

to cross the intact BBB through transcytosis (Merkel et al, 2016). The permeability of 

the BBB carries clinical relevance and can possibly pose a challenge for gene delivery 

to the central nervous system. While the BBB in mice is moderately permeable in 

neonates, the BBB is fully formed at birth in humans making this a potential 

limitation for gene therapy applications for neurological disorders. AAV9’s natural 

ability to bypass the BBB has expanded the applications of intra-vascular AAV 

administration in CNS gene therapy. In fact, Foust et al and Duque et al demonstrated 

that AAV9 circumvents the blood-brain barrier in both neonatal and adult mice, 

leading to widespread CNS gene expression. This has led to a number of murine 
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models utilizing systemic deliveries of AAV9 to target the central nervous system. A 

murine model of X-linked adrenoleukodystrophy (ALD) has demonstrated that when 

AAV9-ABCD1 is administered intravenously, the brain and spinal cord pathology 

associated with ALD was significantly reduced (Gong et al, 2015). These results have 

also been demonstrated in a murine model of mucopolysaccharidosis type IIIA 

(MPSIIIA) where correction of pathological accumulation of glycosaminoglycans in 

central nervous system and peripheral tissues was achieved through systemic AAV9 

gene transfer (Ruzo et al, 2012). To this end, intravenous infusions represent an ideal 

non-invasive delivery route for transgene products feature brain tropism. In fact, 

intravenous administration of AAV9 in neonatal mice resulted in extensive and 

widespread transduction in the CNS both in neurons and in astrocytes (Gray et al, 

2011; Rahim et al, 2011; Zhang et al, 2011; Gholizadeh et al, 2013). Given the 

success of intravenous administration in correcting central nervous system pathology, 

the efficacy of systemic administrations of AAV9.hPLA2G6 will be investigated in 

this study. However, targeting the central nervous system through a non-invasive 

systemic administration has also been demonstrated via intraperitoneal injections. 

Intraperitoneal administration has also shown to target multiple pathways in the brain 

and offer robust transgene expression in the central nervous system (Duque et al, 

2009). The results from these studies, suggest that a single systemic administration of 

vectors has the potential to offer ubiquitous gene transfer of the CNS.  

Intraparenchymal delivery to the central nervous system: Even though results 

from systemic administrations of AAV seem encouraging, intraparenchymal injection 

has been the most commonly used route of administration of AAV vectors to the 

central nervous system in murine models of neurodegenerative disease (Cressant et al, 

2004; Desmaris et al, 2004; McCurdy et al, 2014), as well as in the majority of 
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clinical studies (Table 7). Delivering viral agents into the brain parenchyma can 

bypass the challenge of the blood-brain barrier (BBB), and serotypes such AAV9 and 

rh.10 show superior ability to spread within the brain parenchyma. Both serotypes 

have demonstrated significantly high transduction levels at the site of injection with 

vector distribution having been observed far from the site of injection (Dodge et al, 

2005; Chen et al, 2006; Sondhi et al, 2007). However a large number of studies have 

shown that intraparenchymal injection leads to poor vector spread (1–3 mm), and as a 

result transgene expression is limited to the site of injection (Vite et al, 2003). The 

inconsistency resulting from intraparenchymal administrations may pose a challenge 

for many neurodegenerative disorders that affect large regions of the CNS. However, 

direct delivery of AAV vectors to the brain parenchyma is being clinically explored in 

MPS IIIA. A phase I/II clinical study (NCT01474343, clinicaltrials.gov) was recently 

initiated with AAVrh.10 vectors carrying the sulfamidase and sulfatase-modifying 1 

(SUMF1) genes. The vector was administered to the brain through burr holes, a 

procedure which has been previously validated for other neurodegenerative disorders 

(Tardieu et al, 2014). Due to the limited vector distribution from the point of 

injection, the vector was required to be administered at several sites, making its 

delivery technically challenging and requiring the development of specific surgical 

procedures (Janson et al, 2002). 

AAV delivery to the central nervous system via the CSF: Taking the limitations of 

intraparenchyal delivery to the CNS, an ideal alternative would correspond to a 

procedure that enables widespread vector distribution in the CNS. A possible solution 

is to infuse AAV vectors into the cerebrospinal fluid (CSF). This can be achieved 

through intracerebroventricular (ICV), intra-cisterna magna (ICM) or lumbar 

intrathecal injections (IT). 
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The CSF plays a multi-functional role by providing nutrients, molecular and physical 

signals for biological processes such as stem cell migration and in the removal of 

interstitial solutes from the brain parenchyma (Sawamoto et al., 2006; Iliff et al., 

2012). The CSF flows from the lateral ventricles to the third and fourth ventricles, and 

into the subarachnoid space of the brain and spinal cord via openings below the 

cerebellum. The CSF then subsequently returns to the peripheral circulation via 

resorption by arachnoid granulations in venous sinuses of the brain (Segal, 2005; Koh 

et al., 2005; Lehtinen et al., 2013). 

Efficient AAV delivery of therapeutic transgenes to large areas of the CNS, has been 

achieved through injections into cerebral ventricles, cisterna magna, or intravertebral 

lumbar puncture (Passini and Wolfe, 2001; Cabrera-Salazar et al., 2010; Glascock et 

al., 2012; Rafi et al., 2012; Chakrabarty et al., 2013).  

AAV vector administration has been characterized through intrathecal injections (ITs) 

as CSF connectivity of the brain and the spinal cord offers great advantages of 

transduction efficacy in the central nervous system. Neurodegenerative disorders that 

require enhanced transduction at the motor, sensory and nociceptive neuronal 

subpopulations (within dorsal root ganglia (DRG) utilize lumbar punctures. AAV 

serotypes 1, 5, 8, and 9 have shown extensive transduction in the spinal cord and 

DRG neurons from IT injections at the intravertebral lumbar region (Vulchanova et 

al., 2010; Hirai et al., 2012; Jacques et al., 2012). However, results obtained from 

studies conducted in large animals like pigs and non-human primates (NHPs), a single 

IT injection of AAV9 has been established as the candidate procedure for clinical 

correction of motor neuron disorders affecting the different regions of the spinal cord 

(Federici et al., 2012; Gray et al., 2013).  



68 
 

The superiority of intra-CSF administration in widespread transduction has been 

shown in a murine model of SMA (Meyer et al, 2015). The authors of the study 

compared the transduction efficacy of self-complementary AAV9 in SMA mice and 

nonhuman primates following a single intravenous injection (IV) and a single intra-

CSF injection. Both administration routes resulted in widespread transgene expression 

however following intra-CSF administration, they found widespread transgene 

expression throughout the brain and spinal cord in mice and nonhuman primates when 

using a 10 times lower dose compared to the IV application. Obtaining widespread 

transgene expression following the use of lower doses, could potentially carry 

implications for clinical translation. For example, the amount of vector required for 

human clinical trials may be considerably reduced and this would result in the 

lowering of the production and treatment cost. Delivering viral agents at lower doses 

may also have an impact on the safety profile of the therapy.  

As the neuropathology in the murine models of PLA2G6 dysfunction and INAD 

patients manifests throughout the central and peripheral nervous system, including the 

brain and spinal cord, infusing the AAV vector into the CSF, may offer significant 

therapeutic benefit. However, intrathecal administration of AAV vectors into neonatal 

mice is technically very challenging. As mentioned, vector infusion into the CSF may 

also be achieved through intracerebroventricular (ICV) injections. 

Intracerebroventricular administration into neonatal mice has been reported to result 

in robust widespread transgene delivery in both neuronal and glial cell populations 

(Kim et al., 2014, McLean et al., 2014). The efficiency of transgene expression 

following ICV administration of rAAV has also been demonstrated in the adult mouse 

as well as larger animal models (Samaranch et al., 2012, Haurigot et al., 2013, Meyer 

et al., 2015). 
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Although not completely understood, two mechanisms, namely paravascular CSF 

transport and axonal transport appear to play a role in modulating the spread of AAV 

vectors within the CNS. Early studies have demonstrated that proteins accumulate 

along highly vascularized regions of forebrain and brainstem within minutes of ICV 

injections (Rennels et al., 1985). These results suggest that CSF transport can play a 

role in establishing the extent of virus spread within the CNS.  

Another established pathway that viruses employ to distribute within the CNS is 

axonal transport post-entry into host neurons. In the case of AAVs, both 

unidirectional and bidirectional axonal transport has been observed depending on the 

viral strain (Hollis et al., 2008; Salegio et al., 2013) and AAV9 has been shown to 

efficiently travel in both anterograde and retrograde directions (Masamizu et al., 

2011; Low et al., 2013; Castle et al., 2014).  

 

Cellular tropism of AAV: An additional factor to consider in the design of 

successful viral vectors is the choice of the promoter driving the transgene. Different 

promoters show preferential cell tropism and this may be of significant importance in 

neurodegenerative diseases where glial cells pathology and neuronal dysfunction may 

result from independent pathways. As seen in Table 6, most widely used promoter in 

clinical trials are the ubiquitous CAG and cytomegalovirus (CMV) promoters. For the 

majority of CNS applications, The CBA promoter provides ubiquitous expression in a 

large variety of cells. Relative to the CMV promoter, however, the 800-bp CBA 

promoter used in a number of studies has shown that following intrathecal-lumbar 

administration, AAV9-CAG expresses poorly in motor neurons in the brainstem and 

spinal cord, resulting in an insufficient number of motor neurons targeted by AAV9 

(Gray et al, 2011).  
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The CMV promoter also offers ubiquitous expression in a wide variety of cells 

however it has been demonstrated in co-cultures of primary neurons with glial cells, 

the simultaneous infection of neurons and glia leads to a suppression of the CMV 

promoter in neurons while it is highly active in non-neuronal cells. However, it would 

be difficult to conclude that the CMV promoter is generally inactive in neurons, as 

following retrograde transduction of neuronal populations the CMV promoter has 

been shown to express transgenes in the respective neurons. An additional limiting 

factor of the CMV promoter is a reported gradual decline in the number of transduced 

cells following AAV9.CMV administration. For progressive diseases affecting the 

brain, the long-term stable expression of the therapeutic proteins is crucial. While 

long-term gene expression (up to 1 year) from the CMV promoter has been reported 

(Klein et al, 1999; Tenembaum et al, 2000) reductions in transgene expression levels 

over time in different brain regions have also been described (McCowan et al, 1996; 

Klein et al, 1998; Tenembaum et al 2000). This decline in transgene expression has 

been suggested to result from either a loss of vector sequences in the absence of 

integration; the silencing of the CMV promoter by hypermethylation (Prosch et al, 

1996), or the loss of transduced cells. However, there are promoters which are not 

subjected to methylation and these promoters may be able to circumvent this 

limitation. Neuron-specific promoters for example, can result in sustained 

transduction of cells. Indeed, when injected into the rat hippocampus or substantia 

nigra, an rAAV2 vector containing the neuron-specific enolase (NSE) promoter has 

demonstrated superior efficiency and transgene persistence expression when 

compared with the CMV promoter (Xu et al, 2001; Klein et al, 2002). High neuron-

specific transduction may also be prioritized for neurodegenerative diseases that 

exhibit severe neuronal degeneration such as INAD. The human synapsin (hSYN1) 
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promoter for example, can be used with rAAV9 to achieve high neuron-specific 

transduction rates in the brain and spinal cord including dorsal root ganglion cells and 

motor neurons after neonatal injection at P2 (Sims et al, 2008; McLean et al, 2014; 

Dashkoff et al, 2016). The specificity of the hSYN1 promoter has also been 

established in SMA studies, where neonatal intracerebroventricular (ICV) injections 

with rAAV9 using the hSYN1 promoter resulted in neuron-specific transduction 

(McLean et al, 2014). The authors did not observe transgene expression in astrocytes 

or microglia, thus demonstrating that the hSYN1 promoter shows preferential 

transduction of neuronal populations (McLean et al, 2014). 

Furthermore, as restricted packaging capacity is a limiting factor of AAV, the choice 

of regulatory elements such as promoters and polyadenylation signals also becomes 

limited. The CMV, miniature CBA, and CBh promoters, of an approximate size of 

800 bp, and with a 200-bp poly(A) will accommodate only approximately 1.2 kb of 

coding sequence making this a potential limiting factor for large transgenes. The 

neuron-specific synapsin and weak ubiquitous b-glucuronidase (GUSB) promoters 

however are smaller alternatives at 480 and 378 bp, respectively (Shipley et al., 1991; 

Kugler et al., 2003; Husain et al., 2009) and may be more suitable for integrating 

larger transgenes into an AAV vector. 

The mechanism of cross correction: The final factor to consider in robust transgene 

expression following AAV administration is the mechanism of cross-correction 

therapy, whereby functional extracellular lysosomal protein secreted by transduced 

cells can be absorbed and subsequently trafficked to late endosomes and lysosomes in 

other cells, directly at their site of action (Fratantoni et al., 1968). The premise of 

cross-correction is based on the fact that soluble lysosomal enzymes present in the 
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extracellular compartment can be taken up by mannose-6-phospate receptor-mediated 

(M6PR-mediated) endocytosis into affected cells. Therefore, lysosomal enzymes are 

secreted into the extracellular space and, as well as re-uptake into the same cell, can 

also be taken up by neighbouring cells. Thus cross-correction provides a method to 

extend any therapeutic affects beyond a single cell to multiple cells (Sands and 

Davidson, 2006). This effectively means that it is only necessary to correct the defect 

in a subset of cells which can secrete the missing enzyme to cross-correct other cells 

(Wong et al, 2010).  

While certain non-enzyme soluble lysosomal proteins are sorted and trafficked via the 

mannose-6-phosphate receptor system (Hahn et al., 1998, Leimig et al., 2002), all 

membrane-bound and transmembrane lysosomal proteins, such as NPC1 or juvenile 

Batten’s disease (CLN3), are not (Sands and Davidson, 2006). This lack of cross-

correction can also represent a challenge for the development of gene therapy in 

INAD as the calcium-independent phospholipase A2 protein is membrane bound 

therefore the correction of a cell would depend on direct transduction and gene 

expression. Ultimately, in the absence of cross- correction, amelioration of pathology 

is thought to require gene delivery to large numbers of cells and ultimately the 

widespread transduction of the central nervous system would be crucial to the success 

and efficacy of the AAV-mediated therapy. 
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 List of ongoing clinical trials using AAV viral vectors. Adapted from Piguet et al, 

2017. 

*The CAG promoter designation includes both the CBA and CB promoter. MPS, 

mucopolysaccharidosis; MLD, metachromatic leukodystrophy; ALD, X-linked adrenoleukodystrophy; 

SMA, spinal muscular atrophy; IP, intraparenchymal; IV, intravenous; IT, intrathecal; HSC, 

hematopoietic stem cells. 
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Aims of the project:  

As discussed in section 1.3, currently there are no treatments available for INAD 

patients. Therefore, there is an urgent need to develop a major disease modifying 

therapy. 

a) The first aim of the project is to conduct an in-depth characterisation of the pla2g6-

inad mouse model developed by Wada et al. The authors have previously reported a 

phenotype that closely represents the human INAD disease, including rapid disease 

progression, motor deficits, gait abnormalties and the presence of axonal spheroids in 

the central and peripheral nervous system of the pla2g6-inad mouse (Wada et al, 

2009).  However conducting a comprehensive characterization of this mouse model 

will not only provide novel insights into the underlying disease mechanisms, but it 

will also provide us with pathological hallmarks against which to gauge the efficacy 

of a novel therapy. 

The characterization study will be achieved by extensive behavioural tests and 

immunohistochemical analysis with the aim to identify deficits in both the central 

nervous system and the peripheral nervous system.  

b) The second part of the study is to develop an AAV-mediated gene therapy 

approach for the treatment of INAD and conduct a pre-clinical study in the pla2g6-

inad mouse model. The aim is to be able to prevent or ameliorate both the peripheral 

nervous system and the central nervous system phenotype and improve the lifespan 

and/or quality of life of the mice 
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2. METHODS 

 AAV Construct and Design 

The template construct comprising the human synapsin I promoter expression cassette 

flanked by AAV2 ITRs was provided by King’s College London (Department of 

Infectious Diseases, London, UK). To produce the desired final construct, cloning 

steps were strategized and defined in the below sections. The Woodchuck hepatitis 

virus posttranscriptional regulatory element (WPRE), the human growth hormone 

polyadenylation signal (hGHpA) and Kozak sequences were included to produce the 

final pAAV.hSynI.hPLA2G6.WPRE.hGHpA construct. The original green fluorescent 

protein (eGFP) segment, was removed and replaced with the hPLA2G6 sequence. 

The AAV2/9-hSynI-hPLA2G6-WPRE.hGHpA vector was subsequently used for in 

vitro functionality testing and in vivo expression assessment. Sources and details for 

all plasmids used in this study can be found in Table 7.  

 

 Cloning 

2.2.1  Bacterial Transformation 

Escherichia coli bacteria was used for plasmid DNA transformation, for downstream 

amplification and cloning. SURE competent cells are commonly used for vectors 

containing high repetitive inverted terminal repeat regions therefore to reduce the risk 

of recombination events, recombinase negative (recB and recJ deficient) SURE 

competent cells (Agilent Technologies, Santa Clara, USA) were used for the cloning 

of rAAV constructs. 50μl of bacterial suspension was allowed to thaw on ice for 5 
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minutes. Following this, the sample DNA was added to the suspension and incubated 

on ice for 30 minutes. A 45 second heat-shock treatment at 42°C was applied to the 

samples and subsequently incubated on ice again for 2 minutes. 150μl of S.O.C. 

medium (ThermoFisher Scientific, Paisley, UK) was added to the transformation mix 

and samples were subsequebtly incubated for 1 hour at 37°C and shaking at 225rpm. 

100 µL of each transformed cell suspension was added onto lysogeny broth LB agar 

(ThermoFisher) plates with selection antibiotic and spread using a sterile spreader. 

The LB agar plates were incubated overnight at 37°C to select for positive colonies. 

To determine DNA plasmid integrity, the DNA from resulting colonies was isolated 

and analyzed by restriction enzyme digest, polymerase chain reaction (PCR) and 

Sanger sequencing. 

 

 Plasmids used in this study  

2.2.2  Plasmid Purification 

A single colony was selected from the LB agar streaked plate and a starter culture was 

inoculated in 5ml of LB broth (Sigma) with the appropriate selective antibiotic, 

amplicillin. The resulting culture was grown overnight at 37°C and 225rpm. Bacterial 
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cells were subsequently harvested by centrifugation at 6,000g (Eppendorf 5415D) for 

15min at 4oC. The resulting bacterial pellet was used for plasmid DNA purification, 

using a QIAGEN Plasmid Mini Kit (QIAGEN), as per manufacturer’s protocol.  

For larger-scale transfection grade plasmid production, 200μl of overnight culture was 

added to 600ml of LB broth with the appropriate selective antibiotic, ampicillin, and 

subsequently grown overnight at 37°C and 225rpm. For plasmid DNA purification, a 

QIAGEN Plasmid MAXI Kit (QIAGEN) was used following the manufacturer’s 

instructions. The final harvested DNA pellet was eluted in dH2O and the final DNA 

concentration and purity was assessed by spectrophotometry through measurements 

of absorbance at 260nm and 280nm (NanoDrop 1000, Thermo Scientific) and stored 

at -20°C for downstream applications. Construct integrity including complete insert 

incorporation and ligation was assessed by appropriate restriction enzyme digest, 

followed by Sanger sequencing (Source Biosciences, Cambridge, UK). 

2.2.3  PCR Amplification and Restriction Enzyme Digest 

Plasmid pCMV6.hPLA2G6.XL6 containing the cDNA for transcript variant 1 

PLA2G6 was supplied by OriGene Technologies (Maryland, USA). Polymerase chain 

reaction was used to isolate and amplify the hPLA2G6 cDNA sequence (Table 8). 

Primers designed to integrate restriction enzyme sites KpnI (New England Biolabs, 

Ipswich, USA) and HindIII (New England Biolabs) at either end of the ORF were 

used (hPLA2G6.KpnIFw; hPLA2G6HindIIIRv;Sigma) for hPLA2G6 cDNA 

amplification (Table 9). A Kozak sequence, downstream of the hSynapsin promoter, 

was included for translation initiation. A consensus Kozak sequence has been shown 

to be important and required for the optimal translation of mammalian genes. To 

increase accuracy of the PCR amplification and product high fidelity, Pfu Taq 
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polymerase (Promega, Madison, USA) was used. Pfu DNA Polymerase also 

possesses 3´→5´ exonuclease (proofreading) activity. Base misinsertions that may 

occur during polymerization are rapidly excised by the proofreading activity of the 

polymerase. PCR reactions were performed in a total volume of 20μl, 100ng of 

plasmid DNA template, 0.2mM dNTPs (Peqlab), 2μl Pfu 10X buffer, 20pM of each 

primer and 1U of Pfu Taq polymerase under the following conditions: 

Example of PCR reaction mix (30μl reaction volume) 

Template DNA   50-75ng 

dNTPs    200μM 

Forward Primer (5’>3’)  1μM 

Reverse Primer (3’>5’)  1μM 

10X Pfu Buffer   3μl 

Pfu DNA Polymerase   0.125u (unit) 

dH20 to final volume   30μl   

 

 

 Cycle conditions for the amplification of hPLA2G6 cDNA including 35 cycles of 

denaturation, annealing and extension 

35 cycles 
cycles 
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 List of oligonucleotides used in this study 

2.2.4 Restriction enzyme digest  

Plasmid DNA and PCR products were cleaved with restriction enzymes obtained 

from New England Biolabs Inc. (Ipswich, USA). Following manufacture’s protocol, 

1μg of DNA was digested for 1 hour at 37°C. Following the digest, agarose gel 

electrophoresis was carried out to analyze and separate resulting DNA products by 

size.  

Example of restriction enzyme reaction (25μl reaction volume):  

DNA 10X     1μg 

Restriction Buffer    2.5μl 

Enzyme    0.5μl (1μl) 

dH2O to final volume of   25μl 

 

2.2.5 DNA Electrophoresis  

A concentration of 0.8% agarose gel (ThermoFisher Scientific) in 1X TAE buffer was 

used to separate DNA fragments. For band visualisation, a dilution of 1:10,000 of 

Safeview (Applied Biological Materials, Richmond, Canada) was added to the 

agarose. Orange G gel-loading buffer (10X; Sigma) was used as a loading buffer for 
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DNA samples and a 100bp Plus DNA ladder (ThermoFisher Scientific) was used to 

reference and quantify DNA fragment size.  The gel was run at 100V (PowerPac 

Basic; Biorad, Watford, UK) for 40 minutes. The resulting amplified PCR products 

were visualized under a UV transilluminator (Ingenius; Syngene).  

1X TAE: 

Tris (pH 7.6)      40mM 

Ethylenediaminetetraacetic acid (EDTA)   1mM  

Acetic acid      20mM 

 

2.2.6 DNA Extraction 

Required DNA segments were visualised using a trans-illuminator under UV light and 

successively excised and purified using a QIAquick
TM 

Gel Extraction kit (QIAGEN 

Ltd.) following manufacturer’s protocol. A final volume of 30μl dH2O was required 

for the elution of DNA. The resulting DNA concentration and purity levels were 

assessed by spectrophotometry through measurements of absorbance at 260nm and 

280nm (NanoDrop 1000, Thermo Scientific).  

2.2.7 Ligations 

Purified DNA fragments were ligated using T4 DNA Ligase (Promega), following 

manufacturer’s protocol. Purified DNA was incubated at room temperature for two 

hours and subsequently heat inactivated at 65°C for 10 minutes. Insert to vector ratios 

of 1:1 or 3:1 were used in total reaction volume of 10μl: 1μl T4 DNA ligase, 1μl T4 

Buffer and appropriate ratio of DNA and 1-5 μl of the final reaction was transformed 

into SURE competent cells.  
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Example of ligation reaction (10ul reaction volume) 

Vector     100ng 

Insert      1:1 or 3:1 (ratio of insert to vector) 

10X T4 DNA Ligase buffer  1μl 

T4 DNA Ligase    1μl (unit) 

dH20 to final volume of  10μl 

2.2.8 DNA Sequencing  

Plasmid DNA and sequencing primers were outsourced to SourceBioscience for 

Sanger sequencing (www.lifesciences.sourcebioscience.com, Nottingham, UK). 

Resulting DNA electropherograms were analysed using the MacVector v15 software. 

 

 Tissue Culture 

2.3.1 Maintenance of cell lines  

The human embryonic kidney (HEK) 293T cell line express the SV40 large T antigen 

which is able to bind to SV40 enhancers of expression vectors to increase protein 

production (Naldini et al, 1996). The HEK cell line has been comprehensively used as 

an expression tool for recombinant proteins and the maintaince of cell health and 

viability, making both factors essential for experimental success and reproducible 

results. To this end, cell lines were grown in standard growth medium of Dulbecco’s 

modified Eagle’s medium (DMEM; Gibco, ThermoFisher Scientific) including: high 

glucose (4.5 mg/ml), GlutaMAX (0.8 mg/ml), pyruvate (0.1 mg/ml). The cells were 

also supplemented with 10% heat-inactivated foetal bovine serum (FBS; Sigma-

Aldrich), penicillin (100 units/ml) and streptomycin (100 μg/ml). All adherent cells 

were grown on poly-D-lysine coated 6-well plates, T75 and T175 flasks and 100mm 

dishes (Nunc, ThermoFisher Scientific). Cells were incubated at 37°C in 5% CO2. 
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When required, cells were passaged at 80-90% confluency with a trypsin (Sigma) and 

ethylenediaminetetraacetic acid (EDTA; Sigma) mix. 

2.3.2 HEK293T Transfection 

Cells were seeded approximately 14 hours prior to transfection with approximately 

80% confluency at the time of transfection. Cells were transfected by adding plasmid 

DNA to the transfection agent linear polyethylenimine MAX (PEI MAX Mw -4000 

(Polysciences Inc., Warrington, USA) at a ratio of 1:3 in reduced serum media 

OptiMEM (Gibco, ThermoFisher Scientific). The DNA-PEI formation can affect 

transient gene expression therefore the transfection mix was required to undergo a 

DNA/PEI complex incubation at temperature for 15 minutes. Following the 

incubation period, the DNA/PEI complex was subsequently added to the cells in the 

standard growth media. 24 hours post-transfection, the media was replaced with new 

standard growth media and incubated for a further 24 - 48 hours.  Cells were 

subsequently imaged or harvested for protein extraction from the cell lysate and 

downstream Western blot analysis.    

2.3.3 Protein extraction from cell lysate 

For protein extraction, cells were washed in 200ul of phosphate buffered saline (PBS; 

Sigma) and subsequently aspirated. Following this, 100ul of ice cold RIPA (Sigma) 

lysis buffer with 1x protease inhibitor (Sigma) was added per well and incubated on 

ice for 5 minutes. Adherent cells were trypsinized and collected. The lysed cells were 

subsequently transferred to a microcentrifuge tube and centrifuged at 14,000g for 15 

minutes at 4 o C to pellet cell debris. The resulting supernatant was transferred to a 

microcentrifuge tube for further analysis. 



83 
 

2.3.4 Western Blotting 

Western blot analysis was carried out to determine successful integration and 

overexpression of the transgene from the construct following transfection in 

HEK293T cells. Obtained protein concentrations from cell and tissue lysates were 

determined by Pierce BCA Protein Assay (Life Technologies, ThermoFisher 

Scientific) following manufacturer’s protocol. Sample protein concentrations were 

normalised to 1ug/ul to standardise loading volumes. Samples were loaded on to 

NuPAGE Bis-Tris polyacrylamide gel (4-12%; Life technologies), with 10μl of 

protein ladder (GE Healthcare, Amersham, UK) and 1X MES running buffer (Life 

Technologies, ThermoFisher Scientific). The samples were ran at 90V for 2 hours. 

Samples were subsequently transferred to a polyvinylidene fluoride (PVDF) 

membrane (Merck Millipore, Watford, UK) requilibrated in methanol, at 20V for 1h 

utilizing a Trans Blot SD Semi-Dry Transfer Cell machine (Bio-rad). In order to 

prevent nonspecific binding, the membrane was blocked in a dilute solution of non-fat 

dry milk 5%, Tris-buffered saline supplemented with 0.1% (v/v) Tween 20 and 

incubated for 1h at room temperature under gentle agitation. Following blocking, 

membranes were washed 3 times for 5 minutes, with TBS-Tween 20 0.1%. Detection 

involved two main steps: incubation with primary antibody and incubation with 

secondary antibody, both diluted in TBS-Tween 20 0.1%, with either 5% non-fat dry 

milk or 5% BSA for phospho-specific antibodies.  

Target protein quantification was normalized to the amount of β-actin, as a reference 

protein. Primary antibody was incubated at 4°C overnight under gentle agitation. 

Membranes were subsequently rinsed 3 times at 5-minute intervals, with TBS-Tween 

(Sigma) 20 0.1%. Following this, samples were incubated with the secondary 

antibody at room temperature (RT), for 1h under gentle agitation. The secondary 
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antibody is directed at a species-specific portion of the primary antibody and is linked 

to the reporter enzyme horseradish peroxidase (HRP). This reporter enzyme-linked 

antibody is used to cleave a chemiluminescent agent, resulting in the production of 

luminescence in proportion to the amount of protein. Prior to imaging, membranes 

were rinsed 3 times at 5-minute intervals, with TBS-Tween 20 0.1%. SuperSignal 

West Pico and Femto Chemiluminescent Substrate (Pierce ECL Western Blotting 

system kit, ThermoFisher Scientific) were used to image the bound antibody 

complexes. Following 1 minute of incubation, membranes were placed into the 

chamber of the chemiluminescence detection device. GeneGNOME software was 

used for analysis and quantification of blot images (High quantum eciency camera - 

Syngene).  

1X TBS (1000ml):  

Tris     6.04g 

NaCl    8.5g 

1M HCl   3.2ml 

dH2O to final volume of 1000ml  

 

Transfer Buffer (1000ml):  

methanol (100%)  200ml 

Tris    3g 

glycine    14.2g 

dH2O to final volume  1000ml  
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 In vivo experiments 

2.4.1 Animals: The Pla2g6-inad mouse model:  

The knock-in pla2g6-inad mouse model was generated by N-ethyl-N-nitrosourea 

mutagenesis at the Division of Bioregulation Research by Professor Ken Seino’s 

group (St Marianna University, School of Medicine, Japan).  N-Ethyl-N-nitrosourea 

(ENU) is a mutagen that randomly induces point mutations throughout the genome 

and has been used for generating mouse mutants (Cook et al, 2006). In brief, 

Professor Seino’s group administered ENU (Sigma-Aldrich, Japan, Tokyo) 

intraperitoneally into C57BL/6J Jcl (B6) male mice (Japan CLEA, Tokyo, Japan) 

between 8 to 10 weeks of age. The injected male mice were mated with wild-type B6 

female mice by to create the first generation (G1) offspring. To obtain the second 

generation containing the the ENU mutation at a 50% ratio, the G1 male mice were 

mated again with wild-type B6 female mice. Subsequently, the third generation (G3) 

was created by G2 sib-mating. To determine the presence of the ENU mutation, the 

G3 animals were assessed with a set of phenotype assays including behavioral tests, 

blood tests, and measurement of locomotor activity in their home cages (Wada et al, 

2009). 

Sequencing of Pla2g6 in the mutant mice revealed a G to A transition at 1117 base 

(Figure 5), leading to a nonconservative amino acid exchange from glycine (G) to 

arginine (R) at position 373 (Universal Protein Resource Database, http://www. 

uniprot.org/uniprot/P97819, for mouse Pla2g6). This mutation is localized in the 

ankyrin repeat of PLA2G6, the mutation (G to R at the ankyrin repeat) which has also 

been identified in patients with INAD (Morgan et al, 2006).   
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For this study, female mice carrying the PLA2G6 G373R point mutation were kindly 

provided by Prof Ken-ichicro Seino’s group (Division of Bioregulation Research, St 

Marianna University, School of Medicine, Japan). The heterozygote females were 

mated with wild-type C57BL/6J Jcl (B6) male mice to reproduce homozygous mutant 

offspring. The mice were bred in standard conditions: housed in a 12/12 hour 

light/dark cycle with food and water provided ad libitum. To maximise production, 

the breeding pairs were left together continuously. All procedures were carried out in 

accordance with the Project License (PPL 70-8030) and the Animal Research: 

Reporting of the in vivo experiments (ARRIVE) guidelines. All in vivo experimental 

procedures were approved by the UCL animal ethics committee.  

Mice were sacrificed when a loss of 10% of the highest weight recorded was noted 

and when animals were moribund (unresponsive to tactile stimulation).  

   

Figure 5 Sequencing of Pla2g6 revealed a G to A transition leading to a nonconservative 

amino acid exchange at position 373 from glycine (G) to arginine (R).  

 Animal identification and genotyping 

The choice of identification method was based on the age of the animal. For neonatal 

pups, the method of tattoo ink paw marking was used for the identification of the 

animal and tail clipping was used for genotyping. For mice of 14 days, the ear punch 

method was used for both the identification and genotyping of the animal.  

2.5.1 Toe tattoo ink puncture on neonatal mice 

The newborn was gently held and the paw was cleaned with a 70% ethanol solution. 

A 33-gauge needle (Hamilton, Reno, USA), previously immersed in non-toxic animal 
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tattoo ink (Alla Prima Ink, Cambridge, UK), was used to mark the paws of the mice 

using different combinations that allow an individual mouse to be monitored over a 

given period of time. The needle containing tattoo ink was inserted into the superficial 

layer of skin and advanced 1 – 1.5 mm parallel to the skin surface along the paw pad. 

In order to avoid the tattoo ink coming out of the paw, the needle was left on the toe 

for 2–3 seconds after which it was gently removed.  

2.5.2 Tail clipping on neonatal mice 

Tail clipping of mice younger than 21 days of age does not require anaesthesia. The 

tail of the pup was sterilized with ethanol prior to the excision. The newborn was 

gently held and a 2mm excision was made using a sterile blade (Swann-Morton, 

Sheffield, UK). The total amount of tail tissue removed was kept to the minimum 

required for the test to be performed.   

2.5.3 Ear clipping on P14 mice 

Ear punches cannot be performed on mice younger than 14 days of age. Ear clipping 

of the adult animal does not require anesthesia. 

To identify the mouse by ear punch, the mouse was restrained by the scruff and the 

punch (World Precision Instruments, Hitchin, UK) was placed approximately 3mm 

from the edge of the ear pinna. The ear punch was sanitized with 70% ethanol 

between each animal.  

2.5.4 DNA Extraction from Tissue 

DNA was extracted by adding 75ul of 25mM NaOH, containing 0.2mM EDTA Na2, 

(ph12), to the sample tissue. The sample was vortexed and heated to 95oC for 20 
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minutes. After allowing the samples to cool to room temperature, 75ul of 40mM Tris-

Hcl, ph5, was added to the sample and stored at -20 oC.  

 

 Genotyping 

2.6.1 Allele-Specific PCR 

The genotyping protocol was developed based on the ASP (allele specific primer)-

PCR method developed by Prof Ken-ichiro Seino’s group (Division of Bioregulation 

Research, St Marianna University, School of Medicine, Japan). The primers are 

designed to either detect the wild type allele or the mutant allele in a way that the 3’ 

end of the forward primer fits to the wildtype or the mutant sequence.  The forward 

primer contains a mismatch at the third nucleotide from the 3′ end to enhance PCR 

specificity by additionally hindering the extension of the doubly mismatched primer. 

To simplify the confirmation of the genotype, the reverse primers were set to amplify 

different size PCR product by design; the wildtype allele is designed to result in a 

346bp PCR product and the mutant allele is designed to result in a 617bp PCR 

product (Figure 6). PCR reactions were performed in a total volume of 20ul, 100ng 

of DNA template, 2.5mM dNTPs (Peqlab), 10pmol/ul of each primer, 10x PCR 

buffer, 5U/ul Taq and dH20 to make up the volume, under the following conditions 

(Table 10): 
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 Polymerase chain reaction (PCR) conditions detailing the amplification cycle of the 

hPLA2G6 cDNA for the genotyping of pla2g6-inad mice.  

 

 

 

 

 

 

Figure 6 Genotyping of animals.  

Confirmation of the genotyping results based on the allele specific PCR (ASP-PCR) method where the 

reverse primers were designed to amplify different size PCR products. The wildtype allele is designed 

to result in a 346bp PCR product and the mutant allele is designed to result in a 617bp PCR product  

 

Initial Denaturation 94 180 

Denaturing 94 130 

 Annealing 63 30 

Extension 72 60 

35 Cycles 

Temp oC Time (Seconds) 
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 Behavioural Testing  

Pre-test Conditions 

All procedures were carried out in accordance with the Project License (PPL 70-

8030). Pla2g6-inad mice were used for all behavioural tests, with wildtype littermates 

used as controls. The animals were tested at weekly intervals, starting all tests at week 

5 until the humane end point, week 13. Predetermined parameters were set to 

establish humane endpoints. In adult mice, a loss of 10% body weight was established 

as a humane endpoint. Additional euthanasia criteria include changes in appetite, 

unrelieved pain or distress, organ system dysfunction or failure and clinical signs 

which indicate that the animal has entered a moribund state.   

The animals were pre-trained for all tasks and tested at approximately at the same 

time each week. Animals were weighed at weekly intervals.  

2.7.1 Rotarod 

Motor coordination and balance were assessed using an accelerating rotarod (Panlab, 

Harvard Apparatus, Cambridge, UK). Mice were first habituated to the rotating rod at 

a constant speed of 4 rpm for 300 s (5 min), during which time latency to fall was not 

recorded. The habituation trial was only performed on the first day. If a mouse fell 

off, it was quickly placed back on top of the rod until the 5-min trial was completed. 

Mice were subsequently exposed to a rotating rod starting at 4 rpm and linearly 

accelerated to 40 RPM over a 5-min period. Three trials were administered per day 

with a maximum time of 300 s (5 min). Upon completion of training, the mice were 

tested weekly.  
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2.7.2 Vertical Pole Test 

The vertical pole test is widely used to monitor motor impairments in animals. Mice 

placed on a vertical pole (1cm in diameter 60cm high), turn downwards and descend 

the pole. Mice were habituated to the task in 2 trials per day for 2 days. On test day 

(third day) 1 measure was taken over 3 trials per mouse: the total time to descend. The 

mice were tested weekly on the vertical pole task. 

2.7.3 Inverted Screen Test 

The four-limb hang test uses a wire grid system to non-invasively measure the ability 

of mice to exhibit sustained limb tension to oppose their gravitational force. The start 

position of this test is with all four limbs. To this end, the mouse was placed on a 

470mm square screen covered with a 13mm square wire and rotating the screen 

through 180 degrees over 1-2 seconds. The mouse was suspended upside down above 

a padded surface and the session ended after a 4 minute hanging time was achieved or 

otherwise after three sessions. The animals were tested weekly on this task. 

2.7.4 Open Field Test 

The open field activity monitoring system comprehensively assesses locomotor and 

behavioral activity levels of mice. It is a useful tool for assessing locomotive 

impairment in animal models of neuromuscular disease and the efficacy of therapeutic 

treatments that may improve locomotion and/or muscle function. Therefore this test 

provides a well-designed, standardized protocol to use in preclinical trials for 

neurodegenerative disorders.  

The open field apparatus was constructed of clear Plexiglas and measured 72 x 72 cm 

with 36 cm walls. Each mouse was placed in the periphery of the open field and 
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allowed to explore the apparatus freely for 5 minutes. Measures of total distance 

travelled in the central and peripheral zones; duration of the immobility and mobility 

in the whole arena, in the periphery and the centre; average speed and path efficiency 

were obtained with an automated camera-based computer tracking system (AnyMaze, 

Rathmines, Ireland) on an IBM PC computer with the camcorder (Hitachi, VM-

7500LA) fixed to the ceiling, 2.1 m above the apparatus. Following the 5-minute test, 

mice were returned in their home cages and the open field was cleaned with 70 % 

ethyl alcohol and permitted to dry between tests. To assess the process of habituation 

to the novelty of the arena, mice were exposed to the apparatus for 5 minutes on 2 

consecutive days.  

 Vector administration  

2.8.1 Intracerebroventricular injections into neonatal mice 

Following the protocol described by Kim et al. (2014), viral vectors were injected 

intracranially into wildtype C57/B6 pups for gene delivery and expression analysis. 

P0 neonates were immobilized via cryo-anesthesia for 1-2 minutes. A 33-gauge 

needle (Hamilton) was inserted 2mm deep; perpendicular to the skull surface, at a 

location approximately 0.25 mm lateral to the sagittal suture and 0.50–0.75 mm 

rostral to the neonatal coronary suture and 5μl, containing 8.1 x 1011 AAV particles, 

was subsequently administered into each hemisphere. Following the procedure the 

pup was returned to the dam. 

2.8.2 Intravenous injections in neonatal mice 

Intravenous injection is a clinically applicable manner to deliver therapeutic agents. 

The injection is safe and well tolerated by both the pups and the dams.  
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A single pup was directly placed on wet ice for 30-60 seconds to anesthetize the 

animal. While the animal was on ice, 20μl, containing 1x1010 AAV particles, was 

loaded into a 33-gauge needle (Hamilton) syringe. Once the animal was fully 

anesthetized, confirmed by lack of movement on the ice while still breathing, it was 

moved under the microscope. The animal’s muzzle was faced to the right and the left 

index finger was placed on the muzzle and the left middle finger was placed caudal to 

the ear bud. Subsequently, the temporal vein, which runs dorsal to ventral, and feeds 

into the jugular vein, was identified. 20μl containing 1x1010 AAV particles were 

administered to the pup with the needle bevel facing upwards. The plunger was 

manually depressed slowly and to prevent backflow of the injectant, the needle 

(Hamilton) was allowed to remain within the vein for an added 10-15 seconds. The 

temporal vein is clearly visible and can be easily identified for the first two days 

following birth however by the third postnatal day the target vein becomes difficult to 

visualize and the injection procedure becomes technically challenging and unreliable. 

Following the procedure, the pup was returned to the dam.  

2.8.3 Intraperitoneal injections in neonatal mice:  

The neonatal pup was placed on wet ice for 20-30 seconds for anesthetization. For 

intraperitoneal injections, the animals were positioned ventral and given an injection 

in the peritoneal cavity of 10μl containing 1x1010 AAV particles. Care was taken to 

avoid any visible milk spots. Following the procedure the pup was returned to the 

dam.  
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 Expression Analysis 

2.9.1 Double gelatine coating of slides:  

In order for tissue sections to be retained on histological slides during staining and 

washing steps, all slides (Superfrost, VWR, Leicestershire, UK) were coated with the 

adhesive compound, gelatine. 2.5g of gelatin powder (VWR) and 0.25g of chromium 

(III) potassium sulphate 12-hydrate (VWR) were added to 500ml of dH2O, heated to 

45oC. While maintaining the mix at 45oC, slides were briefly immersed in the 

gelatine-coating solution and left to dry overnight at 56oC. The process was repeated a 

second time to generate double coated microscope slides, which were used for all 

histological studies.   

2.9.2 Tissue Processing 

Mice were terminally anesthetized by transcardial perfusion with phosphate buffered 

saline (PBS; Sigma) under isoflurane-induced anaesthesia. An incision was made 

through the skin with surgical scissors along the thoracic midline from just beneath 

the xiphoid process to the clavicle. Subsequently the diaphragm was separated from 

the chest wall to expose the heart (and other thoracic organs). An incision was made 

in the right atrium and at the first sign of blood flow; the infusion began with PBS 

(Sigma). The perfusion of the body continued until the fluid exiting the right atrium 

was entirely clear. 

To harvest the brain and spinal cord, an initial incision was made from the snout to 

tail on the dorsal aspect of the mouse and skin was opened. To harvest the spinal cord, 

the muscle and fatty tissue in the cervical region of the spinal cord were cleared with 

Rongeur forceps (Fine Science Tools, Heidelberg, Germany). The head of the mouse 
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was then flexed with one hand to expose the C1 segment of the spinal cord between 

the foramen magnum at the base of the skull and the C1 vertebra. From the dorsal 

aspect, a clean incision was made to the spinal cord, using a size-11 scalpel (Swann-

Morton) to separate it from the brainstem. The head was subsequently separated from 

the body with scissors and the brain carefully dissected out of the skull. The spinal 

column was dissected out intact from the rest of the body and all extraneous muscle 

and connective tissue was removed using a Rongeur forceps to expose the vertebrae. 

The spinal cord was then dissected out from the column by initial dorsal 

laminectomies, followed by separation and removal of individual vertebrae. Spinal 

cords were separated into cervical, thoracic and lumbo-sacral regions via coronal cuts 

with a razorblade (Figure 7).  

Brain hemispheres for sectioning were obtained by making a sagittal cut along the 

midline to separate the two hemispheres of the brain. Following dissection and 

extraction, the brain and spinal cords were either fixed in PBS with 4% (w/v) 

paraformaldehyde or stored at -20 for western blot analysis. After 48 hours of fixation 

in PBS with 4% (w/v) paraformaldehyde, tissues were transferred into 30% sucrose 

(Sigma-Aldrich) in PBS for cryoprotection.  

Brains were cut in 40µm coronal sections through the rostro-caudal axis with a 

cryostat (Leica Biosystems CM3050, Illinois, USA). Spinal cords were divided into 

cervical, thoracic and lumbo-sacral segments and cut in 40μm sections. Dorsal root 

ganglia were removed with a sterile blade (Swann-Morton). Brain and spinal cord 

sections were deposited in individual wells of 96-well plates containing 

cryoprotectant solution (TBS, 0.05% sodium azide, 30% ethylene glycol, 15% 

sucrose). The plates were stored at 4oC prior to histological analysis.  
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Figure 7 Representative levels at which the spinal cords were separated into the cervical, 

thoracic and lumbosacral segments for downstream processing  

2.9.3 Immunohistochemistry 

For protein visualisation in sectioned brains, 3,3’-diaminobenzidine (DAB) mediated 

immunohistochemistry was used. Each immunohistochemical staining experiment 

was performed with an appropriate secondary-only control, keeping all other 

parameters the same in order to assess the specificity of staining. 

Either a 1 in 6 series of brain sections or a 1 in 24 series of mouse spinal cord sections 

were immunostained free-floating for markers of neurons, interneurons, motor 

neurons, microglia, astrocytes, lysosomes, green florescent protein and white matter 

proteins (Table 11).  

Endogenous peroxidase activity was quenched in 1% H202 in 1X TBS for 15 minutes.  

Sections were then rinsed three times (for 5 minutes each time) in 1X TBS. Non-

specific protein binding was blocked in 15% of the appropriate serum (Vector 

Laboratories, Peterborough, UK) in TBS-T (TBS/ 0.3% Triton X-100) for 40 minutes. 

Following this, sections were incubated overnight at 4oC with constant gentle 

agitation, in the appropriate primary antisera, diluted with 10% normal serum in 
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TBST-T. The sections were then rinsed three times for five minutes in TBS and 

incubated for two hours in biotinylated secondary antisera with 10% normal serum, in 

TBS-T. Following the incubation period, the tissue sections were rinsed three times 

for 5 minutes in TBS and incubated for two hours in Vectastain ABC (avidin-biotin 

complex) solution (Vectastain Elite ABC kit, Vector Laboratories, Peterborough, 

UK), prepared at 1+1:1000 in 1X TBS, 30 minutes in advance. The sections were 

rinsed three times for 5 minutes in TBS. Following this, a 0.05% DAB solution was 

prepared by crushing a 10mg DAB tablet (Sigma D5905) into 20ml 1X TBS. The 

solution was mixed well and filtered through a 45µm syringe filter. 6µl of 30% H202 

was then added to the solution, mixed well and added to the sections immediately. 

Sections were incubated in DAB for 5-10 minutes. The DAB reaction was stopped by 

transferring sections to ice cold TBS. Sections were rinsed three times for 5 minutes 

in TBS and mounted on gelatin-chrome alum superfrost slides, allowed to air dry 

overnight, cleared in xylene (VWR, UK) and coverslipped with DPX (VWR), a 

xylene-based mountant. 

1X TBS (1000ml):  

Tris      6.04g 

NaCl     8.5g 

1M HCl    3.2ml 

dH2O to final volume of   1000ml  

 

1X TBS-T (1000ml):  

1X TBS    997ml 

TRITON X-100   3ml  

1X TBSAF (1000ml): 

1X TBS    545ml 
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Sodium azide 10 % (w/v)   5ml 

Ethylene glycol    300ml 

Sucrose     150g 
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Primary Antibody Dilution Secondary Antibody  

I. Neuronal Marker   

a.    Mouse Anti-NeuN  

      (Merck Millipore, MAB377) 

 

 

 

 

 

- Immunoperoxidase  

 

 

1:1000 (Br, 

SC) 

Goat anti-mouse                              

1:1000, Dako 

- Immunoflourescence  

 

1:500 (Br)  Alexa568, Goat anti-mouse                

1:200, Life Technologies, (A11004) 

II. Astrocytes   

a.    Rabbit anti-GFAP 

       (Dako, Z0334)  

 

 Goat anti-rabbit                                

1:1000, Dako 

- Immunoperoxidase  

 

 

1:6000 (Br, 

SC) 

Goat anti-rabbit                                 

1:1000, Dako 

- Immunoflourescence  

 

 

1:1000 (Br) Alexa488, Goat anti-rabbit                  

1:200, Life Technologies, (A11008) 

III. Microglia   

a.    Rat anti-mouse CD68  

      (AbD Serotec, MCA1957) 

 

 

 

 

 

- Immunoperoxidase  

 

1:2000 (Br, 

SC) 

Rabbit anti-rat                                  

1:1000, Dako 

- Immunofluorescence 

 

1:1000 (Br)  

IV. Interneuron Marker   

a.   Rabbit anti-Calretinin  1: 5000  Goat anti-rabbit                                 
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       (Swant, 769914) (SC) 1:1000, Dako 

V.    Motor neurons   

a.   Goat anti-ChAT 

      (Chemicon, AB144P)  

1:100 (SC) Goat anti-rabbit        

1:1000, Dako 

VI. Green Flourescnce Protein (GFP)   Goat anti-rabbit            

1:1000, Dako 

a.   Rabbit anti-GFP  1:10, 000 

(Br) 

 

VII. Lysosomal marker   

a. Rabbit anti-LAMP1                                

(Abcam, 24170) 

  

- Immunoperoxidase 1:1000 (Br) Goat anti-rabbit                

1:1000, Dako 

- Immunoflourescence 1:500 (Br) Alexa568 Goat anti-rat        

1:200, Life Technologies (A-11077) 

VIII.  PLA2G6 Marker 

a. Rabbit anti-PLA2G6           (Novus 

Bio.,NBP1-81586) 

  

- Immunoperoxidase 1:200 (Br) Goat anti-rabbit                 

1:1000, Dako 
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 Primary and secondary antibodies used for immunohistochemistry (IHC) and 

immunofluorescence (IF) 

Br= Brain sections; SC= Spinal Cord sections 

2.9.4 Hematoxylin and Eosin (H&E) staining on free-floating sections 

To provide direct visualization of morphological changes in tissue, every sixth brain 

section was mounted onto gelatin-chrome alum coated Superfrost microscope slides 

(VWR, Dorset, UK), air dried overnight and stained with filtered 0.1% Mayers 

Hematoxylin (Sigma) for 10 minutes. The sections were then rinsed in running 

ddH2O, stained with 0.5% eosin (Sigma) and subsequently differentiated through a 

graded series of ethanols 50%, 70%, 95%, 100%; before clearing in histoclear (VWR) 

and coverslipping with DPX (VWR).  

2.9.5 Immunofluorescence and scanning confocal microscopy  

Immunofluorescence (IF) was used for the analysis of cellular tropism studies of 

hPLA2G6 following AAV9-hPLA2G6 administration. 40μm brain cryosections were 

initially processed as described for IHC (Section 2.9.3). Primary antibody 

concentrations used for immunoflouresnce studies are detailed in Table 11. 

Secondary antibodies with Alexa Fluor conjugates were used to probe for 

differentiation between co-stained proteins. Following incubation with the secondary 

antibodies, sections were washed three times for 5 minutes with 1X TBS and 

subsequently counterstained with 4′,6- diamidino-2-phenylindole (DAPI, Sigma-

- Immunofluorescence 1:50 (Br)  Alexa488 Goat anti-rabbit   

1:200, Life Technologies (A-11008)  
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Aldrich) for nuclear visualization. A 1mg/ml stock solution of DAPI in dH2O was 

further diluted 1:1,000 with 1X TBS and applied to the sections 5 minutes. Following 

incubation with DAPI, sections were washed three times for 5 minutes in 1X TBS and 

mounted on to double gelatine-coated slides. Mounted sections were allowed to 

briefly dry and subsequently coverslipped with Fluoromount G (SouthernBiotech, 

Birmingham, USA) and analyzed with a Zeiss LSM 710 laser-scanning confocal 

microscope (Carl Zeiss AG, Cambridge, UK).  

 

 Quantitative Analysis  

2.10.1  Stereology  

Stereology allows for the rapid, efficient and unbiased quantitative measurement of 

3D parameters of an object using 2D sections. Design-based stereology enables the 

accurate measurement of regional volumes and cell counts, as well as measurements 

of thickness, area and density (reviewed in Schmitz & Hof, 2005). Design-based 

stereology is conducted by first designing a random and systematic sampling scheme 

such that the objects measured are sampled independent of size, shape, spatial 

orientation and distribution (West, 2002). In this study, stereology was used to 

determine estimates of neuronal numbers in selected nuclei.  

As a prerequisite to stereology, brain sections of known thickness must be taken at a 

known interval and stained. In this project, we have used a 1 in 6 series of 40μm 

NeuN stained sections as shown in Figure 8.  Although, stereology offers a way to 

achieve a methodically unbiased estimate of cell numbers, it is essential that a system 

must be established to ensure that objects to be measured are identified in an accurate 
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and consistent way. In order to achieve accuracy the boundaries of each region of 

interest (ROI) are identified by using the Paxinos and Frankin’s the Mouse Brain In 

Stereotaxic Coordinates atlas as a reference of the relevant neurological landmarks so 

that the rostral-caudal extent of each structure can be identified (Paxinos and Franklin, 

2001). Also, an optical fractionator probe is used to count a known fraction of 

neurons (see section 2.10.2 below). All stereological analyses were carried out using 

Stereoinvestigator software (Microbrightfield Inc., Williston, VT), which allows data 

to be collected in a semi- automated manner. All measurements were performed on a 

Nikon Optiphot light microscope (MBF Bioscience).  

 

 

 

Figure 8 Stereology counting method.  

a) Example of grid size chosen for the analysis of primary somatosensory barrelfield cortex region 

 

(S1BF). b) Example of a counting frame showing a number of neurons. Scale bar: 40µm  
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2.10.2  Optical Fractionator 

The optical fractionator technique (West et al., 2002) allows for an estimate of the 

total number of objects in an area of interest to be acquired based on a subsample of 

these objects in a known fraction of the region. Once the area of interest has been 

established and a line traced around the area at low magnification (x2.5 objective), the 

counting parameters can be defined as follows. A sampling grid that will be 

superimposed onto the area of interest is selected. The sampling grid provides a 

succession of systematic sampling sites and a dissector frame, which incorporates 

optical section planes by moving the focal plane up and down. Both the sampling grid 

and the dissector frame are defined based on the size of the ROI and the number of 

sections needed to produce a coefficient of error (CE) between 0.05 and 0.1. Counting 

is carried out at x100 objective using a pre-determined inclusion/exclusion criteria 

which is applied to all conditions. These criteria specify that only cells within the 

counting frame that meet defined morphological criteria are counted. In order to 

assess the impact of vector-mediated PLA2G6 expression on the survival of 

transduced neurons in the brain and spinal cords of pla26-inad mice and wildtype 

controls, neuron counts were conducted within the areas of localized glial activation 

and vacuole formation; cortex (M1), ventral posterior medial and lateral nuclei of the 

thalamus VPM/VPL, substantia nigra and brainstem. The neurons in the brain were 

counted in a 1 in 6 series of sections using appropriate sampling grids and dissector 

frames (Table 12) ensuring a Gundersen Co- efficient of Error (COE) (Gundersen et 

al, 1999) 0.05 – 0.1, was achieved to confirm adequate sampling efficiency 
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 Grid sizes for optical fractionator counts in different regions.  

2.10.3  Thresholding analysis  

The density of some immunostaining can pose a challenge in accurately 

discriminating between individual objects and therefore counting these objects by 

stereology would be impractical. Semi-automated thresholding image analysis 

provides a way to obtain quantitative data from the optical density of 

immunoreactivity visualized through DAB staining (Bible et al., 2004; Pontikis et al., 

2005). This technique was used to compare the relative protein of interest immune 

reactivity between different groups in the the characterization of the pla2g6-inad 

mouse model and the PLA2G6 gene therapy studies. The regions of interest for this 

study were ventral posterior medial and lateral nuclei of the thalamus VPM/VPL, 

substantia nigra, cerebellum and brainstem. These regions were identified using 

defined anatomical landmarks (Paxinos and Franklin, 2001) and the section 

immediately before and the section after were selected. As standard protocol, 30 non-

overlapping images representing the whole ROI were taken from 3 consecutive 

Region  Grid Size (um x um)  

I. Brain   

Primary Motor (M1) Cortex 225x225 

Medial and Lateral Ventral 

Posterior Thalamic Nuclei 

(VPM/VPL) 

175x175 

Substantia Nigra  175x175 

Brainstem  150x150 

II. Spinal Cord (Dorsal and Ventral 

Horns) 

150x150 
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sections.  

These images were captured using a live video camera (Nikon, DS-Fil) mounted onto 

a Nikon Eclipse E600 light microscope with an x40 objective (Lambda Photometrics 

Ltd., Harpenden, UK). Lamp intensity, video camera setup and microscope 

calibration were recorded and maintained constant during the analysis to minimize 

variability in the images. Once all the images had been captured,' Image' Premier 

ProPlus software (Media Cybernetics, Cambridge, UK) was used to quantify the 

intensity of staining for each antigen. To distinguish between specific 

immunoreactivity for each antigen and non-specific background, a suitable threshold 

was set as a template using one of the images (where staining was not at the upper-

most or lower-most extreme of staining). The resulting threshold value set was then 

applied to all images. Analysed data was subsequently transferred to an Excel 

spreadsheet (Microsoft, Seattle, WA) for further statistical analysis. The results 

obtained from each region and antigen were expressed as mean percentage area of 

immunoreactivity per measured field (±SEM).  

2.10.4  Qualitative Analysis  

Some staining was able to provide qualitative information about the distribution, 

morphology or density of an antigen, without the need for quantification. Images were 

taken at required magnifications using x5, x10, x20 and x40 objectives on either using 

a Nikon Eclipse E600 light microscope for bright field microscopy or a Zeiss LSM 

710 (Carl Zeiss) for confocal images. Images were then carefully examined and 

observations on the nature of the staining in these sections were reported.  
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2.10.5  Statistical Analysis  

All statistical analysis was performed using GraphPad Prism software (GraphPad 

Software Inc., La Jolla,CA). The mean co-efficient of error for individual measures of 

neuron counts in NeuN-stained sections was calculated by the Gundersen method 

(Gundersen & Jensen, 1987), and was between the recommended range of 0.05 - 0.10. 

Statistical analyses for measurements of neuron counts and thresholding image 

analysis between two-sample comparisons were calculated by a two-way analysis of 

variance (ANOVA) followed by Tukey’s honest significant difference (HSD) test, 

where p ≤0.05 was considered significant. For the analysis of three or more groups for 

therapeutic efficacy, a one- way ANOVA with a post-hoc Bonferroni correction was 

used where p ≤0.05 was considered significant.  

2.10.6  Confocal Microscopy  

Confocal microscopy was performed using a Zeiss LSM 710 (Carl Zeiss) microscope. 

Fluorescence was triggered by the 405nm, 488nm and 595nm laser lines of Argon, 

diode and Helium/Neon lasers. Images were taken with a 40x1.3 numerical aperture 

(NA) or 63x1.4 NA oil objective. Images were collected using Zen software (Carl 

Zeiss) and prepared using Fiji (NIH).  
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3. Characterization of the pla2g6-

inad mouse model  

 Introduction 

The over-arching aim of this project is to conduct a pre-clinical assessment of AAV-

mediated gene therapy for INAD. To achieve this, a suitable mouse model of INAD is 

required that effectively recapitulates the disease symptoms observed in patients. 

Furthermore, a firm understanding of the pathological and behavioural hallmarks in 

the mouse model is required in order to effectively gauge the efficacy of any new 

therapeutic modality.  As described in Chapter I, there are two murine models which 

recapitulate the human INAD disease model: the knock-out and knock-in murine 

models. Abnormalities in the knock-out iPLA2β-/- mice are observed at 1 year of age. 

Behavioural analyses indicate strength deficits beginning at 40 weeks of age 

(Shinzawa et al, 2008). Body weight decreases at 50 weeks of age and the median 

lifespan of iPLA2β-/- mice is 90 weeks compared with 110-115 weeks for their wild 

type littermates. The iPLA2β-/- mice show various sizes of spheroids and vacuoles 

broadly dispersed throughout the brain, spinal cord and peripheral nerves. Ubiquitin 

positive vacuoles have been observed in the core of the spheroids.  

In the knock-in murine model of INAD, termed pla2g6-inad model, basic behavioural 

studies have shown that motor dysfunction is evident by 7 to 8 weeks of age where all 

the homozygote mice start to display abnormal movement, especially in their hind 

limbs. Strength tests show muscular deficits in all homozygous mice. All homozygous 

mutants become emaciated and die before 18 weeks of age. Histological analyses of 
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the muscles in pla2g6-inad reveal mass atrophy in the hind limb muscles, suggesting 

neural degeneration. Neuropathological data shows numerous spheroid formations 

throughout the central nervous system (Wada et al, 2008).  

Evidently, there is a significant difference in age of onset and disease progression 

between the knock-out and knock-in mouse model of infantile neuroaxonal dystrophy. 

The knock out mouse model appears to recapitulate the atypical neuroaxonal 

dystrophy with a later onset and slower disease progression, whereas the pla2g6-inad 

model appears to represents the patient population of infantile neuroaxoal dystrophy 

more accurately. Furthermore, the muatation developed in the pla2g6-inad mouse 

model is localized in the ankyrin repeat of PLA2G6 and it is the same mutation 

identified in patients with INAD (Morgan et al, 2006). This ankyrin repeat domain 

point mutation leads to a complete loss of enzyme activity of PLA2G6. Therefore, for 

this study we have selected the pla2g6-inad mouse model depicted by Wada et al. The 

pla2g6-inad model has, however, not been characterized to the extent of the knock-

out mouse model.  

Aims of the chapter:  

The main aim of this chapter is to conduct an in-depth characterisation of the pla2g6-

inad mouse model developed by Wada et al. This characterisation will not only 

provide novel insights into the underlying disease mechanisms, but it will also 

provide us with behavioural and pathological hallmarks against which to assess the 

efficacy of a novel therapy. 

Specific aims of this chapter are:  

- To assess the behavioural and neurodegenerative phenotype in the pla2g6-

inad mouse model.  
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- To outline a set of behavioural assays from which we can measure potential 

abnormalities in motor coordination and muscular strength. 

- For the assessment of neurodegeneration in the brain and spinal cord, we aim 

to assess innate immune responses by measuring the immunoreactivity of glial 

cells such as astrocytes and microglia. Neuronal degeneration will be assessed 

performing neuron counts in selected regions and will be implemented in both 

the brains and spinal cords of the pla2g6-inad mice.  

 

 Behavioural Testing 

Pre-test Conditions 

 

All procedures were carried out in accordance with the Project License (PPL 70-

8030) and the Animal Research: Reporting of the in vivo experiments (ARRIVE) 

guidelines. All in vivo experimental procedures were approved by the UCL animal 

ethics committee.  

Pla2g6-inad mice, provided by Professor Ken Seino, were used for all behavioural 

tests, with wildtype littermates used as controls. The animals were tested at weekly 

intervals, commencing at week 5 of age until the humane end point was reached at 14 

weeks of age. Predetermined parameters were set to establish the humane endpoints. 

In pla2g6-inad adult mice, a loss of 10% body weight was established as a humane 

endpoint. Additional euthanasia criteria included changes in appetite, unrelieved 

pain/distress, organ system dysfunction or failure and clinical signs, which indicate 

that the animal has entered a moribund state.  The animals were pre-trained for all 

tasks and tested at the same time each week in an identical and constant environment. 
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3.2.1 Motor coordination impairments in the pla2g6-inad mice 

In INAD patients, tetraparesis and skeletal abnormalities are a prominent feature of 

the disease. Therefore, models of skeletal abnormalities associated with INAD should 

be closely monitored for changes that will impact sensory-motor performance. The 

accelerating rotarod is a well-established tool for the assessment of sensorimotor co-

ordination and balance in animal models of movement disorders, including various 

models of HD (Hickey et al., 2008; Pallier et al., 2009), PD (Fernagut et al., 2002, 

2004), Rett Syndrome (Stearns et al, 2007), and stroke (Hartman et al., 2009). Motor 

co-ordination and balance were measured using the rotarod in independent cohorts of 

pla2g6-inad mice at various ages together with age-matched wild type controls. Mice 

were first habituated to the rotarod at a constant speed of 4 rpm for 300 s (5 min), 

during which the latency to fall was not recorded. Following habituation, mice were 

subsequently exposed to the rotarod starting at 4 rpm and linearly accelerated to 40 

RPM over a 5-min period. These trials were conducted on a weekly basis. 

Abnormalities in motor function on the rotarod were detected in the pla2g6-inad mice 

from 9 weeks of age where the latency to fall was recorded at 60 seconds, 30% less 

than the wildtype controls. These abnormalities resulted in significant differences in 

the ability to perform the task in pla2g6-inad homozygote mice (n=7) when compared 

to wiltype counterparts (n=7) (****=p<0.0001).  Abnormalities in the rotarod test 

continued to progressively exacerbate until the latency to fall was recorded at 5 

seconds in 14 weeks old pla2g6-inad mice (Figure 9A). By comparison, age-matched 

littermate controls were able to stay on the rotarod between 90 – 250 seconds with no 

evident abnormalities or impairments in their ability to execute the task (n=7, 

****=p<0.0001). 
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The vertical pole test is also widely used to monitor motor impairments in animals. 

Mice placed on a vertical pole, 1cm in diameter 60cm high, turn downwards and 

descend the pole. Mice were habituated to the task in two trials per day for two days. 

On test day (third day) one parameter was recorded over three trials per mouse: the 

total time to descend. The mice were tested weekly on the vertical pole task. There 

were no statistically significant differences in the ability to perform the task between 

the pla2g6-inad mice and control age-matched wildtype mice from 5 weeks of age 

until 9 weeks of age. However, at 9 weeks of age, pla2g6-inad mice failed to descend 

the pole, thus scoring a value of 0 (Figure 9B). Age dependent significant differences 

were observed in the vertical pole test between homozygote pla2g6-inad mice (n=7) 

and age matched wildtype controls (n=7) (****=p<0.0001). 

Interestingly, the rotarod requires the mice to grip the rod in order to walk and the 

vertical pole also requires the animals to grip the pole in order to descend, therefore 

these tests can be sensitive enough to also detect grip strength deficits. Observed 

abnormalities in the rotarod and vertical pole test do not only demonstrate 

impairments in the motor function of the pla2g6-inad mice but also suggest defects in 

neuromascular strength. 

The anatomical system that regulates coordination, balance and gait in mouse models 

is a complex interplay between the spinal cord, brainstem, cerebellum, thalamus, 

basal ganglia, cerebral cortex and muscles therefore taken together, these data support 

the notion that rotarod and vertical pole performance testing is in fact measuring 

deficits in different circuits.  
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Figure 9 Age dependent motor coordination impairments in pla2g6-inad mutant mice.  

(A) Significant differences in the ability to perform the rotarod task were evident in pla2g6-inad 

homozygote mice (n=7) when compared to wiltype counterparts (n=7) (****=p<0.0001). (B) Age 

dependent significant differences were observed in the vertical pole test between homozygote pla2g6-

inad mice (n=7) and age matched wildtype controls (n=7) (****=p<0.0001).  Data represented as 

mean ± SEM. 
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3.2.2 Open field test 

The open field activity monitoring system comprehensively assesses locomotor and 

behavioural activity levels of mice. It is a useful tool for assessing locomotive 

impairments in animal models of neuromuscular disease and the efficacy of 

therapeutic treatments that may improve locomotion and/or muscle 

function. Therefore the test provides a well-designed, standardized protocol to use in 

preclinical trials for neurodegenerative disorders.  

The open field apparatus was constructed of clear Plexiglas and measured 72 x 72 cm 

with 36 cm walls. Each mouse was placed in the periphery of the open field and 

allowed to explore the apparatus freely for 5 minutes. To assess the process of 

habituation to the novelty of the arena, mice were exposed to the apparatus for 5 

minutes on 2 consecutive days. The parameters quantified were: total distance 

travelled, average speed and total time mobile. These measures were analysed and 

quantified using an automated camera-based computer tracking system (AnyMaze, 

UK).  

The open field test revealed a gross motor phenotype in the pla2g6-inad mice in all 

the measured parameters.  Data analyses show a significant reduction in total distance 

travelled, average speed and total mobile episodes measurements in 13 weeks old 

pla2g6-inad mice when compared to wildtype counterparts. (n=5), (****=p<0.0001) 

(Figure 10 A-C). Compared to age-matched wildtype controls, pla2g6-inad mice 

showed a significant decrease in total distance travelled (Figure 10 A&D). Indeed, 

upon observation, end stage pla2g6-inad show severe muscle atrophy resulting in gait 

abnormalities and end stage hind limb paralysis. This reduction in total distance is 

also reflected in the differences observed in mobile episodes between pla2g6-inad 
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mice and wildtype counterparts. Pla2g6-inad mice showed a reduction in total mobile 

episodes (Figure 10B) and a decrease in average speed when compared to wildtype 

controls (Figure 10C). These data may reflect pathology within motor control neural 

pathways that have been reported in other neurodegenerative diseases such as, HD 

and ALS where cases display reduced walking speed (Thaut et al., 1999), reduced 

walking distance, (Koller and Trimble, 1985), and increased level of gait/step 

variation with a high stride-to-stride variability (Hausdorff et al., 2000).  

 

Figure 10  Locomotor impairments observed in pla2g6-inad mice.  

Quantification analyses show a significant reduction in (A) total distance travelled (B) average speed 

and (C) total mobile episodes measurements in 13 week old pla2g6-inad mice when compared to 

wildtype counterparts. (n=5), (****=p<0.0001). (D) Track plots representative images show a gross 
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reduction in distance travelled in the pla2g6-inad mice when compared to age-matched wildtype 

controls. Data represented as mean ± SEM.  

3.2.3 Strength deficits in pla2g6-inad mice 

Tertraparesis is a prominent clinical feature of INAD patients and deficits in strength 

have been reported in both the pla2g6-inad and the iPLA2β
-/- mouse models. To 

confirm this phenotype in our pla2g6-inad mouse model, we used the inverted screen 

test. The four limb hang test uses a wire grid system to non-invasively measure the 

ability of mice to exhibit sustained limb tension to oppose their gravitational force. 

This is a pure test of strength can be used to determine the natural course of 

neuromuscular disease or the efficacy of genetic treatment approaches and further 

understand the skeletal phenotype associated with INAD.  

To this end, the mouse was placed on a 470mm square screen covered with a 13mm 

square wire and rotating the screen through 180 degrees over 1-2 seconds. The mouse 

was suspended upside down and the session ended after a 4 minute hanging time was 

achieved or otherwise after three sessions.  

Pla2g6-inad mice were able to score maximum on this task until 9 weeks of age. At 9 

weeks, the pla2g6-inad mice started to show subtle abnormalities in strength, which 

progressively worsened. At 14 weeks of age, pla2g6-inad mice were unable to 

perform the test and thus failed the task (Figure 11). Data analyses showed 

significant age dependent deficits in four-limb strength in pla2g6-inad mice when 

compared to wildtype counterparts (n=7) (****=p<0.0001). There were no deficits in 

strength in age-matched wildtype control mice.   
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Figure 11 Age dependent muscular deficits in pla2g6-inad mutant mice.  

Age dependent significant deficits in four-limb strength were observed in pla2g6-inad mice when 

compared to wildtype counterparts (n=7) (****=p<0.0001). Data represented as mean ± SEM.  

 

 Reduced survival in pla2g6-inad mice 

INAD patients show reduced survival, where the average age of death is 10 years of 

age. A reduced lifespan is also reported in the knock out mouse of PLA2G6 

dysfunction, iPLA2β
-/-, where the average survival is 16 months, when compared to 

the average survival of wildtype mice at 24 months. Due to the delayed nature of the 

disease progression in the knock out mouse model of PLA2G6 dysfunction, we 

wished to investigate whether the pla2g6-inad mouse would recapitulate the INAD 

lifespan more accurately.  

Predetermined parameters were set to establish humane endpoints in pla2g6-inad. In 

adult mice, a loss of 10% body weight compared to the last recorded weight was 

established as a humane endpoint. Additional euthanasia criteria included changes in 

appetite, unrelieved pain/distress, organ system dysfunction or failure and clinical 

signs, which indicate that the animal has entered a moribund state.  All pla2g6-inad 
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homozygote mice became emaciated, showed progressive cachexia and an inability to 

move freely at 13 weeks of age.  Pla2g6-inad homozygote mice reached the humane 

end point at 14 weeks of age. Quantitative analysis showed a significant decrease in 

the lifespan of pla2g6-inad mice when compared to age-matched wildtype controls 

(Kaplan-Meier long-rank test; ****p<0.0001, n=7) (Figure 12). There is a 100% 

mortality rate.  

 

 

Figure 12 Reduced lifespan of pla2g6-inad mice.  

Kaplan-Meier survival curve of wild-type (n=7) and pla2g6-inad mice (n=7, average survival of 97 

days). Logrank test (Mantel-Cox) comparing survival curves results in a significant decrease in the life 

span of the plag6-inad mice when compared to wildtype counterparts
 
(p < 0.0001).  

 

 Weight loss in the pla2g6-inad mouse model 

Weight loss is common in neurodegenerative conditions, including PD (Kashihara, 

2006) and HD (Kashihara, 2006; Trejo et al., 2004) whereby the weight loss is 

contributed to by swallowing difficulties and hyperkinetic movements that may 

adversely impact on oral intake.  
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There were no observed differences in weight gain between the pla2g6-inad 

homozygote mice and wildtype controls in the first 8 weeks of life. Homozygote mice 

show a failure to gain weight at 9 weeks of age and start to lose weight at 12 weeks of 

age (Figure 13) when compared to age-matched wildtype counterparts (n=7) 

(***=p<0.001). 

At 12 weeks of age all homozygote mice show a decline in posture with evident gross 

muscle atrophy, in particular around the hind limbs when compared to age-matched 

wildtype controls. Due to the muscle atrophy, gait instability and end stage paralysis, 

it became evident that pla2g6-inad were not able to access the food, as the mouse 

cage design would require the mice to stand on their hindlimbs. Therefore, to 

facilitate food intake, a wet mash containing water and ground chow, was provided 

for the pla2g6-inad mice for daily consumption. However, this had no impact on food 

intake control and the mice continued to display weight loss, thus indicating a visceral 

metabolic dysfunction.  

Weight loss has also been reported in the iPLA2β
-/- mouse model, however the loss 

was observed at 12 months of age. It is becoming clear that changes to homeostatic 

networks in the central nervous system (CNS) can have profound effects not only on 

weight regulation, but also on other aspects of metabolism. 
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Figure 13 Age-dependent significant weight loss in pla2g6-inad mice.  

pla2g6-inad homozygote mice show a failure to gain weight at 9 weeks of age and display a significant 

reduction in weight at 12 weeks of age when compared to age-matched wildtype counterparts (n=7) 

(***=p<0.001). Data represented as mean ± SEM.  

 

 Widespread pathology in the brains of infantile neuroaxonal dystrophy 

(INAD)  

Neural signalling within the CNS requires a highly regulated microenvironment 

(Abbott et al., 2010; Galea et al., 2007). As the brain is a relatively immune 

privileged organ, it requires its own innate immune system, involving specific cell 

types and complex immune reactions that resut in distinctive immune responses 

referred to as “neuroinflammation” (Czirr and Wyss-Coray, 2012). However, despite 

this immune-privileged environmental matrix, both innate and adaptive inflammatory 

responses still occur in the CNS (Amor et al., 2009). 

The activation of the self-contained innate immune response is determined by 

complex interactions between neurons and astrocytes and microglia, and involves 

changes in their morphology and behavior (Garden and Moller, 2006; Sofroniew and 

Vinters, 2010). Activation of astrocytes (astrocytosis) and microglia (microglial 
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activation) also leads to alterations of the BBB and recruitment of adaptive immune 

cells (T-cell, B-cell, NK, macrophages, monocytes) from outside the CNS by 

releasing several pro: inflammatory cytokine and chemokines (Amor et al., 2009). 

There is considerable evidence for both a neuroprotective and neurodestructive role 

for the innate/adaptive response (Finsen and Owens, 2011; Ransohoff and Brown, 

2012). It is the persistent activation of these immune responses, as certain processes 

go unchecked, that leads to neurodegeneration, thus initiating a cycle of inflammation 

and further CNS pathology (Amor et al., 2009; Bosch and Kielian, 2015). Indeed, 

neuroinflammation is a common feature in diseases of the CNS, and is associated 

with all diseases that have a neuronal component and the NBIAs are no exception.   

3.5.1 Widespread astrocytosis in the brains of pla2g6-inad mice  

Astrocytes in the brain outnumber neurons by more than fivefold, creating a 

contiguous and non-overlapping system in the CNS that is highly organized and 

methodical (Sofroniew and Vinters, 2010). The basic morphology of astrocytes falls 

into two main sub-types; protoplasmic or fibrous, although both have been shown to 

exhibit a degree of molecular, structural and functional heterogeneity (Bachoo et al., 

2004; Hewett, 2009). While protoplasmic astrocytes heavily populate the grey matter 

and extend many finely branching processes in a uniform globoid distribution, fibrous 

astrocytes are found predominantly throughout the white matter and have more 

stellate morphology extending long fiber-like processes that are less branched (Chen 

and Swanson, 2003). Besides their functions in the healthy CNS, astrocytes can 

become “activated” in response to both acute and chronic CNS damage, injury or 

disease and this is referred to as ‘reactive astrocytosis’ or astrocytosis (Sofroniew, 

2009; Sofroniew and Vinters, 2010).  
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Reactive astrocytes secrete a wide array of pro- and anti- inflammatory cytokines in 

order to regulate CNS inflammation (including chemokines) in response to various 

stimuli (Macauley et al., 2011; Parpura et al., 2012), which have either 

neuroprotective or damaging effects on neurons, or sometimes both (Ricci et al., 

2009; Ransohoff and Brown, 2012). Studies have shown that GFAP in particular, is 

essential for reactive astrocytosis to occur and as it is only detectable during this 

process (Pekny and Nilsson 2005; Herrmann et al., 2008), it is considered to be a 

robust marker for reactive astrocytosis.   

Using the GFAP marker for the identification of reactive astrocytes, profound 

astrocytosis was evident in the white matter of the brain in pla2g6-inad mice and it 

seemed to follow a region-specific pattern. Profound astrocytosis was observed in the 

ventral posterior medial and lateral nuclei (VPM/VPL), substantia nigra, brainstem 

and the cerebellum in the brains of pla2g6-inad mice when compared to wildtype 

counterparts (Figure 14A). Upon higher magnification viewing, GFAP-positive 

astrocytes appeared to be hypertrophied with numerous thickened processes, 

indicative of reactive astrogliosis. Thresholding image analysis was performed to 

quantify these observations and this analysis showed that there was significant 

astrocytosis in the ventral posterior medial and lateral nuclei (VPM/VPL, substantia 

nigra, brainstem and cerebellum of pla2g6-inad mice when compared to wildtype 

littermates (n=4) (***=p<0.001) (Figure 14B). Tissue sections from wildtype age-

matched control mice, show resting, non-activated astrocytes throughout brain regions 

(Figure 14A).  

Widespread astrogliosis has been reported as a prominent feature of 

neurodegeneration in INAD patients however this component has not been 

investigated in either the knock out or the knock in murine model of INAD, therefore 
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these data give the first evidence of a pronounced astrogliosis in the brain of the 

pla2g6-inad mice.  

In neurodegeneration, the disease process initiates a complex interplay between innate 

immune cells and neurons where the disease course damages neurons and this damage 

subsequently activates a protective response of astrocytes. However as neurons 

become more dysfunctional, there is an increased response in microglia.  

 

Figure 14 Astrocytic immunoreactivity in pla2g6-inad homozygote mice.  

(A) Representative images of the ventral posterior medial and lateral nuclei (VPM/VPL), substantia 

nigra, brainstem and cerebellum from wild type control mice (WT) and pla2g6-inad mice stained for 
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GFAP. GFAP staining reveals an increase in hypertrophied astrocytes indicative of astrogliois in the 

brains of pla2g6-inad mice. Low maginifcation images: scale bar: 100μm. Inserts show representative 

high power images showing increased staining intensity, altered morphology and increased abundance 

of GFAP positive astrocytes in the brains of pla2g6-inad mice, when compared to wildtype brains. 

Scale bar: 40μm (B) Thresholding image analysis of GFAP stained sections reveals a significant 

region-specific increase in staining intensity of 14 weeks old pla2g6-inad mice, compared to age-

matched WT controls. (n=4) (***=p<0.001). Data represented as mean ± SEM.  

3.5.2 Extensive microglia activation in the brains of pla2g6-inad mice 

Microglia are a specialized sub-population of cells related to monocytes and dendritic 

cells, which represent the first line of defence for the brain parenchyma (Raivich, 

2005; Vilhardt, 2005).  

Microglia display morphological and functional diversity within the CNS, including 

the ramified “resting” phenotype and the amoeboid, cytokine-releasing and 

phagocytic phenotypes in disease states (Gyoneva et al., 2014). Microglia have also 

been shown to directly contact astrocytes, neuronal cell bodies and blood vessels, 

allowing them to communicate with these cells and monitor the CNS in a coordinated 

approach (Kreutzberg,1996). One of the key characteristics of microglia is their rapid 

response to a pathological stimulus such as injury, neuronal dysfunction/death, 

abnormal protein aggregation, or immune cell interaction. These rapid responses 

allow microglia to go from a stochastic state to extending their processes directly to 

the region of the pathological stimulus (Davalos et al., 2005), which usually precedes 

the activation of other cell types in the brain, including astrocytes (Kreutzberg, 1996). 

In the presence of pathological stimulus such as neuronal dysfunction, microglia 

undergo further morphological alterations from amoeboid cells into phagocytic cells, 

allowing them to encompass the spread of cellular debris (Kettenmann et al., 2013). 
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These morphological deviations are followed by the up-regulation of numerous cell 

surface receptors including cluster of differentiation 68 (CD68), a highly glycosylated 

type I transmembrane protein, which belongs to the glycoprotein family of 

lysosomal/endosomal-associated membrane proteins (LAMP) (Gottfried et al., 2008), 

and scavenger receptor family of proteins (Yamanda et al., 1998). CD68 is a reliable 

marker for inflammation and was used in this project to identify microglia responses.   

We observed increased intensity of CD68 staining in the brains of 14 weeks old 

pla2g6-inad mice and similarly to the astrogliosis activation, this increased 

immunoreactivity followed a region-specific pattern. Microglia activation in the 

brains of pla2g6-inad mice was evident in the ventral posterior medial and lateral 

nuclei (VPM/VPL), substantia nigra, brainstem and cerebellum (Figure 15A). Upon 

viewing at higher maginification, pla2g6-inad mouse brains showed microglia that 

stained more intensely with larger cell bodies and shortened processes, typical of 

activated brain macrophages (Figure 15). However, in the wildtype counterparts, 

CD68 staining revealed several faintly stained cells, with small cell bodies and a 

punctate appearance typical of resting or quiescent microglia (Figure 15A). 

Thresholding image analysis confirmed a statistically significant increase in microglia 

activation in the brains of pla2g6-inad mice, specifically in the ventral posterior 

medial and lateral nuclei (VPM/VPL), substantia nigra, brainstem and cerebellum, 

when compared to age-matched wildtype controls (n=4) (***=p<0.001) (Figure 

15B).   

The parallel pattern of activation of astraocytes and microglia, reveals a complex 

interplay between innate immune system responses and neuronal dysfunction in 

neurodegenerative disease.  
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Figure 15 Microglial activation in the brains of 14 weeks old pla2g6-inad mice. 

(A) Representative images of the ventral posterior medial and lateral nuclei (VPM/VPL), substantia 

nigra, brainstem and cerebellum from wildtype (WT) mice stained for CD68 show resting microglia. 

Representative images of the ventral posterior medial and lateral nuclei (VPM/VPL), substantia nigra, 

brainstem and cerebellum from pla2g6-inad mice reveal an increase in abundance and staining 

intensity of microglia. Low maginifaction images: scale bar: 100μm. Inserts show representative high 

power images showing increased staining intensity, altered morphology and increased abundance of 

microglia in the brains of pla2g6-inad spinal cords, compared to wildtype cords. Scale bar: 40μm (B) 

Thresholding image analysis of CD68 stained sections reveals a significant region-specific increase in 

staining intensity in the brains of pla2g6-inad mice when, compared to wildtype counterparts. (n=4) 

(***=p<0.001). Data represented as mean ± SEM.  
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3.5.3 Neuronal dysfunction in pla2g6-inad mice 

Selective neuronal loss is a characteristic feature in many neurodegenerative diseases 

such as PD, ALS and NCLs (Cooper et al., 2010, 2015; Haltia, 2003). Neuronal 

dysfunction leading to neuronal death is a complex phenomenon, which involves a 

large spectrum of biological processes from axonal and synaptic degeneration, 

mitochondria dysfunction and protein aggregation due to ubiquitin- proteasome 

system. As discussed, PLA2G6 has essential functional roles in the maintanace of 

neuronal health and is involved in processes which are critical for neuron survival.  

Furthermore, as neurons are generally highly polarized, abnormal trafficking of 

PLA2G6 proteins or of other proteins as a result of mutations in PLA2G6 genes, are 

likely to have more severe consequences in neurons than in somatic cells. Therefore 

to assess the consequence of PLA2G6 dysfunction on neuronal survival in pla2g6-

inad mice, stereological counts of neurons from NeuN stained sections were carried 

out. Significant glial activation has been reported to be predictive of neuronal loss 

therefore to investigate whether neuronal death followed a region-specific pattern 

observed in glial activation, we focused the stereological analysis on the ventral 

posterior medial and lateral nuclei (VPM/VPL) regions of the thalamus, brainstem 

and the substantia nigra pars reticulate. For Purkinje cell loss, we employed 

thresholding analysis, as due to the density of Purkinje cells in the cerebellum, 

stereological analysis would not be able to provide an accurate representation of 

cerebellar cell number. Furthermore, the loss of thalamic relay neurons is 

accompanied by the loss of their target neurons or interneurons within the cortex thus 

making the cortex a region of interest in the disease phenotype.  Adding to this, large 

vacuoles are prominent in the cortex of iPLA2β-/- mice therefore stereological 

examinations of the motor cortex (M1) was also included in the analysis. Neurons in 



128 
 

these specified regions were counted using a design-based optical fractinator (West, 

2002) with the regions delineated to landmarks in a murine brain atlas (Franklin & 

Paxinos etc). 

Unbiased stereological estimates in pla2g6-inad mice, revealed region-specific 

neuron loss in cortical structures, thalamus, substantia nigra and the brainstem. This 

loss of neurons shows that there is an average loss of 48.89% of neurons in the cortex, 

57% loss in the thalamus, 30% loss in substantia nigra and a 35% loss in the 

brainstem, compared to age-matched wildtype counterparts (Figure 16 A-D). These 

data further emphasize the progressive and profound nature of neuron loss in the 

brains of these mice.  

Neuronal loss has also been documented in INAD patients however this phenotype 

has not been investigated in the pla2g6-inad or the iPLA2β-/- mouse model, therefore 

this study is the first to report a region-specific substantial neuronal loss in a murine 

model of INAD.  

For the detection of neuronal cells in the cerebellum, immunohistochemical sections 

of calbindin, a widely used marker for cerebellar Purkinje cells, were analysed for 

calbindin immunopositivity. Thresholding analysis did not reveal a significant loss of 

Purkinje neurons in the cerebellums of pla2g6-inad mice when compared to wildtype 

counterparts (Figure 16E).    

According to conventional textbooks, there are two major types of programmed cell 

death (PCD), type 1 or apoptotic cell death and type 2 or autophagic cell death, both 

of which are defined by morphological criteria. Type 1 cell death is thought to involve 

the activation of caspases as well as a stereotyped pattern of mitochondrial alterations 

leading to the release of caspase activators and caspase-independent death effectors 
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that contribute to the acquisition of the apoptotic morphology (Adams, 2003; Green 

and Kroemer, 2004; Wang, 2002).  

As discussed, the neurophathological hallmark of INAD is the presence and spheroids 

and vacuoles in the central and peripheral nervous system. We observed numerous 

large vacuoles in the cortex of pla2g6-inad mice when compared to wildtype 

counterparts (Figure 16 E-F). The presence of vacuoles in the brains and peripheral 

nerves of pla2g6-inad suggests a dysfunctional autophagic pathway leading to 

neuronal death thus explaining one of the mechanisms that leads to neuronal death.  
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Figure 16 Region-specific neuronal loss in the brains of 14 weeks old pla2g6-inad mice.  

(A) Stereological counts reveal a significant loss of neurons in the M1 region of the cortex in pla2g6-

inad mice when compared to wildtype (WT) controls (n=5) (***=p<0.001). (B) Stereological counts in 

the ventral posterior medial and lateral nuclei (VPM/VPL) show a significant loss of neurons in the 

pla2g6-inad mice when compared to WT controls (n=5) (***=p<0.001). (C) Significant neuronal loss 

in the substantia nigra of pla2g6-inad mice when compared to WT controls (n=5) (***=p<0.001). (D) 
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Stereological counts show a significant loss of neurons in the brainstem of pla2g6-inad mice when 

compared to WT controls (n=5) (***=p<0.001). (E) No cerebellar Purkinje cell loss, as characterized 

by calbindin ummunoreactivity, was observed in the cerebellums of pla2g6-inad mice when compared 

to wildtype counterparts (n=5) (ns) (F, G) Representative images of hematoxylin and eosin (H&E) 

stained sections show large vacuoles in the cortex of pla2g6-inad mice when compared to wildtype 

controls. Scale bar: 40μm  

 

 Widespread pathology in the spinal cord of infantile neuroaxonal 

dystrophy (INAD)  

Profound neuron loss in pla2g6-inad mouse spinal cords. Being a severely 

neurodegenerative disease, a significant feature of pathology in INAD is the profound 

loss of neurons with disease progression. To determine whether there was a similar 

pathology present in the spinal cords of these mice, 40μm spinal cord sections were 

stained for markers for specific neuronal populations. Unbiased stereological 

estimates as well as thresholding image analysis of neuronal numbers were 

subsequently obtained from these stained sections.  

3.6.1 Early loss of neurons at all levels of pla2g6-inad mouse spinal cords 

To determine if there was any loss of neurons in pla2g6-inad mouse spinal cords, a 1 

in 48 series of spinal cord sections from 14 weeks old pla2g6-inad and wildtype mice 

were stained with cell population appropriate markers. Neurons in both of these 

regions were counted in the cervical, thoracic and lumbo-sacral spinal cord segments 

using a design-based optical fractionator or thresholding analyses, with the regions 

delineated according to landmarks in a spinal cord atlas (Sengul, 2013).  
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3.6.2 Loss of GABAergic interneurons in pla2g6-inad mouse spinal cords 

Interneurons form a large subset of the neurons in the spinal cord and play critical 

roles in the maintainance of normal functioning in spinal neural networks (Edgley, 

2001; Jankowska, 2001). A 1 in 48 series of spinal cord sections from 14 weeks old 

pla2g6-inad and age-matched wildtype controls were stained for calretinin (CR), 

which is an established marker of GABAergic interneuron populations (Andressen et 

al, 1993; Defelipe et al, 1999).  

Staining for CR revealed a dense band of interneurons and their terminals in laminae 

I-III of the gray matter with sparsely scattered interneurons, with intensely stained cell 

bodies in the remaining gray matter of spinal cord sections (Figure 17A). Due to the 

high density of interneurons we therefore employed semi- automated thresholding 

image analysis for the neuron dense laminae I-III of each section. Results were 

obtained for the cervical, thoracic and lumbo-sacral spinal cord segments of all 

cohorts. These analyses of sections stained for calretinin (CR) revealed a significant 

decrease in the number of these neurons in laminae I-III of the cervical, thoracic and 

lumbo-sacral segments in the pla2g6-inad mice when compared to wildtype age-

matched controls (n=4) (***=p<0.001) (Figure 17B). These data show that 

interneuron populations are affected in the pla2g6-inad mouse spinal cord and 

interestingly there was no regional specificity of this neuron loss, with all levels of the 

cord equally affected. These data provide further evidence for neurodegenerative 

pathology in the spinal cord of pla2g6-inad mice.  
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Figure 17 Loss of Calbindin positive interneurons in pla2g6-inad mouse spinal cords. 

(A) Representative images of wildtype spinal cord section stained for calbindin showing Laminae I-III 

as a dense band of interneurons in the dorsal horn. Representative images of pla2g6-inad spinal cord 

sections showing a reduction in interneurons in Laminae I-III in the dorsal horn. Scale bar: 100μm (B) 

Thresholding image analyses (Laminae I-III) show significant loss of calbindin positive neurons at all 

levels of the cord. (n=4) (***=p<0.001). Data represented as mean ± SEM.  

3.6.3 Loss of motor neurons in pla2g6-inad mouse spinal cords 

Motor neurons play a critical role in relaying signals along motor pathways 

(Romanes, 1964). To determine whether these neuron populations are effected in the 

pla2g6-inad mouse spinal cord, we immunostained sections for the marker of motor 

neurons, choline acetyl transferase (ChAT) and analyzed neuronal populations in the 

cervical, thoracic and lumbosacral segments of 14-week-old wildtype and pla2g6-
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inad spinal cords. Sections stained for ChAT and neuronal marker NeuN showed a 

consistency in marking pools of large motor neurons with varying staining intensities. 

Counts of cells marked were compared between wildtype and pla2g6-inad mouse 

spinal cord sections in the cervical, thoracic and lumbo-sacral regions at 14 weeks of 

age. These analyses demonstrated a consistency in detecting motor neuron 

populations in this region of the spinal cord, with a significant loss of motor neurons 

observed in the pla2g6-inad cords (Figure 18B) when compared to wildtype 

counterparts (Figure 18A). This loss of motor neurons in the pla2g6-inad mouse 

spinal cords is a previously undocumented phenotype, and may help to better explain 

the motor deficits seen in these mice.  
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Figure 18 Loss of motor neurons in 14 weeks old pla2g6-inad mouse spinal cords. 

(A) Representative images of cervical, thoracic and lumbosacral spinal cord sections stained for the 

neuronal marker NeuN showing pools of motor neurons in the ventral horn in wildtype (WT) mice and 

pla2g6-inad mice. Arrows indicate motor neurons in lamina IX of the ventral horn. Scale bar: 200μm. 

(B) Representative images of cervical, thoracic and lumbosacral spinal cord sections stained for the 

neuronal marker NeuN showing a gross reduction in pools of motor neurons in the ventral horn of 

pla2g6-inad mice. Arrows indicate motor neurons in lamina IX of the ventral horn. Scale bar: 40μm 

(C) Stereological counts of ChAT positive cells in the cervical, thoracic and lumbosacral spinal cord 
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sections, demonstrated a significant loss of motor neurons in pla2g6-inad spinal cords when compared 

to wildtype controls. (n=4) (***=p<0.001). Data represented as mean ± SEM. 

 

 Innate and adaptive immune response in the pla2g6-inad mouse spinal 

cord 

Profound astrocytosis and microglial activation are a prominent feature of the 

pathology seen in the pla2g6-inad mouse brains, and have been shown to occur in the 

same regions of the brains of pla2g6-inad mice as where neuron loss occurs. To 

determine whether a similar glial response occurs in the spinal cords of these mice, 

sections from the cervical, thoracic and lumbosacral segments of the spinal cord of 14 

weeks old pla2g6-inad and wildtype controls were immunostained for Glial Fibrillary 

Associated Protein (GFAP) to mark astrocytes and CD68 to mark microglia.  

3.7.1 Astrocytosis in the pla2g6-inad mouse spinal cord 

As mentioned, in the brain there are fibrous astrocytes in the white matter and 

protoplasmic astrocytes in the gray matter. Fibrous astrocytes show GFAP staining in 

white matter in the brains of both the wildtype and pla2g6-inad mice. Similarly, in the 

spinal cord, GFAP staining revealed staining of fibrous astrocytes in the white matter. 

However, as compared to wildtype controls, in the spinal gray matter of pla2g6-inad 

mice there was profound astrocytosis. At 14 weeks, these astrocytes almost covered 

the entirety of the gray matter of pla2g6-inad mouse spinal cord sections (Figure 

19B). These astrocytes were present throughout the gray matter with no clear laminar 

specificity. Upon viewing these sections at higher magnification, wildtype spinal 

cords showed only scarce GFAP positive protoplasmic astrocytes in the gray matter, 

which were faintly stained with small cell bodies and numerous thin processes. In 
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contrast, pla2g6-inad mouse spinal cords showed an increased abundance of darkly 

stained reactive astrocytes with relatively fewer thickened processes.  

Thresholding image analysis was performed to quantify these observations and this 

analysis showed that there was significant astrocytosis at all levels of the pla2g6-inad 

mouse spinal cord, which was observed in both the dorsal and ventral horns when 

compared to wildtype age-matched controls (n=4) (***=p<0.001) (Figure 19C). 

Interestingly, compared to the brain, there was significant astrocytosis in the cord 

with no regional specificity, with all levels of the pla2g6-inad mouse spinal cord 

affected uniformly. This pattern of astrocytosis, however, is very similar to the neuron 

loss described above, and further emphasizes the close relationship between 

astrocytosis and neuron loss.  
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Figure 19 Progressive astrocytosis in the spinal cord of 14 weeks old pla2g6-inad mice. 

(A) Representative images of the cervical, thoracic and lumbosacral spinal cords from wild type 

control mice (WT) and pla26-inad mice stained for GFAP. Scale bar: 200μm (B) Representative 

images of the cervical, thoracic and lumbo-sacral spinal cords from pla2g6-inad stained for GFAP 

reveal an increase in abundance and staining intensity of astrocytes over time at all levels of the spinal 

cord. Representative higher power images showing increased staining intensity, altered morphology 

and increased abundance of GFAP positive astrocytes in the gray matter of pla2g6-inad spinal cords, 

compared to wildtype cords. Scale bar: 100μm (C) Thresholding image analyses of GFAP stained 
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sections reveal a significant increase in staining intensity in the dorsal and ventral horns of 14 weeks 

old pla2g6-inad mice, compared to age-matched wildtype controls. (n=4) (***=p<0.001). Data 

represented as mean ± SEM.  

3.7.2 Microglial activation in pla2g6-inad mouse spinal cords 

As with astrocytosis, sections of pla2g6-inad mouse spinal cords showed increased 

intensity of CD68 staining in the gray matter at 14 weeks old. This increased 

immunoreactivity was observed in both the dorsal and ventral horns, with no laminar 

specificity, and was present at all levels of the cord (Figure 20B). In the wildtype 

spinal cords, CD68 staining revealed several faintly stained cells, with small cell 

bodies and a punctate appearance typical of resting or quiescent microglia (Figure 

20A). This appearance of microglia did not seem to change with age in these wildtype 

mice. At 14 weeks of age, pla2g6-inad mouse spinal cords showed microglia that 

stained more intensely with larger cell bodies and shortened processes, typical of 

activated brain macrophages (Figure 20B).  

Quantification of these observations by thresholding image analysis showed there to 

be a significant increase in microglial activation in pla2g6-inad mouse spinal cords 

when compared to wildtype counterparts (n=4) (****=p<0.001) (Figure 20C). This 

was observed in the dorsal and ventral horns at all levels of the cord, showing no 

regional specificity. Furthermore, examining microglia in the white matter of 14 

weeks old mice revealed a similar brain macrophage-like morphology to those in the 

gray matter. Thresholding image analysis was therefore additionally performed for the 

dorsal and ventral funiculi of the white matter in cervical, thoracic and lumbosacral 

cords of wildtype and pla2g6-inad mice. This analysis revealed significant microglial 

activation within these white matter fiber tracts in all regions in pla2g6-inad mice, 
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suggesting an increased microglial response in fiber tracts following that seen in the 

gray matter. These data give the first evidence of a pronounced pathological process 

in the white matter of the pla2g6-inad mouse spinal cord, something that is not 

observed in the brain.  
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Figure 20 Microglial activation observed in white and gray matter of 14 weeks old pla2g6-inad 

mice spinal cords. 

(A) Representative images of the cervical, thoracic and lumbosacral spinal cords from wildtype 

(WT) and pla2g6-inad mice stained for CD68 show resting and acvtivated microglia, respectively. 

Scale bar: 200μm (B) Representative images of cervical, thoracic and lumbosacral spinal cords 

from pla2g6-inad mice reveal an increase in abundance and staining intensity of microglia. 
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Representative higher power images showing increased staining intensity, altered morphology and 

increased abundance of microglia in the gray matter of pla2g6-inad spinal cords, compared to 

wildtype cords. Scale bar: 100μm (C) Thresholding image analyses of CD68 stained sections 

reveal a significant increase in staining intensity in the dorsal and ventral horns of pla2g6-inad 

mice, compared to wildtype controls. (n=4) (****=p<0.001). Data represented as mean ± SEM.  

 

 Summary  

This chapter details the results of an in-depth characterization of the pla2g6-inad 

mouse model developed by Wada et al. 

 Significant impairments in motor coordination and muscular strength were observed 

in the pla2g6-inad when compared to wildtype counterparts. These deficits were 

observed from 9 weeks of age and progressively worsened until 14 weeks of age 

when plag6-inad mice reached their humane end point.  End stage pla2g6-inad mice 

showed gross muscle atrophy, severe gait abnormalities and a hind-limb clasping 

phenotype. The early onset of these motor and neuromuscular deficits suggests that 

the pla2g6-inad mouse model closely recapitulates the phenotype observed in INAD 

patients. In contrast, the motor and strength impairments in the iPLA2β-/- mouse 

model are detected from 12 months of age, mirroring the late onset phenotype 

observed in atypical NAD patients.  

We also observed widespread pathology in the brains and spinal cords of pla2g6-inad 

mice. Region-specific astrogliosis and microglial activation was present in the 

subthalamic regions of VPM/VPL, substantia nigra, brainstem and cerebellum. It has 

been hypothesized that neuroinflammatory responses precede neuronal dysfunction in 
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neurodegenerative diseases.  Stereological counts in the brains of pla2g6-inad mice 

revealed significant region-specific neuronal loss in the M1 cortical region, 

subthalamic regions of VPM/VPL, substantia nigra and brainstem. Interestingly, the 

spatiotemporal pattern of neuron loss in the pla2g6-inad mouse model appears to be 

closely related to glial activation however whether neuron loss is the result of glial 

activation, or a direct consequence of enzyme deficiency within the neurons 

themselves still remains elusive. Understanding the mechanism by which glial 

activation contributes to neuroinflammation, and its potential impact on 

neurodegeneration is an important consideration for identifying strategies in INAD. 

Neuroinflammatory responses and neuronal dysfunction have been reported in INAD 

patients however this widespread pathology is a previously undocumented phenotype 

in the pla2g6-inad model or the iPLA2β-/- mouse model.  

Interesingly, we did not observe cerebellar Purkinje cell loss in the brains of pla2g6-

inad mice. This is an intriguing finding as cerebellar degeneration characterized by 

cerebellar atrophy and Purkinje cell loss is a prominent feature in the 

neurodegenerative phenotype observed in INAD patients (Kurian et al, 2008). 

Adaptive immune responses were also observed at all levels of the pla2g6-inad spinal 

cords. Reactive astrocytosis and microglial activation was detected in the cervical, 

thoracic and lumbo-sacral regions of the spinal cord. A significant reduction of 

interneurons and motor neurons was observed at all levels of the spinal cords in 

pla2g6-inad mice. The widespread pathology and loss of interneurons and motor 

neurons is a previously undocumented phenotype in the pla2g6-inad model or the 

iPLA2β-/- mouse model and may help to better explain the motor deficits observed in 

these mice.  
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This in-depth characterization of the pla2g6-inad mouse model will aid towards the 

design and development of the therapeutic viral vector as any therapeutic delivery 

system will not only require to target the central nervous system but also the 

peripheral nervous system.   
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4. Development of a functional 

hPLA2G6 viral vector 

 Introduction 

INAD is a progressive, autosomal recessive neurodegenerative disease affecting both 

the central nervous system and the peripheral nervous. As discussed in Chapter 1, 

neuronal dysfunction appears to be widespread in the brain and spinal cords of 

pla2g6-inad mice. We have observed significant region-specific neuronal loss in the 

brain and a significant loss of interneuron and motor neuron populations in the spinal 

cord of pla2g6-inad mice. Therefore, therapeutic vectors for INAD should not only 

offer widespread transduction but should also show efficiency in transducing neuronal 

populations in the brain and spinal cord of pla2g6-inad mice. Furthermore, for inborn 

genetic disease, the gene must be introduced to the developing CNS, offer long-term 

gene transfer and expression and must be accompanied by low neurotoxicity.  

Neonatal intracerebroventricular gene transfer using AAV9 vectors is growing in 

popularity due to the unprecedented rates of transgene expression obtained in the 

adult nervous system. This is largely due to AAV9’s higher transduction rates and 

widespread biodistribution.  This makes AAV9 a powerful tool for delivering genes 

throughout the central nervous system (CNS). Furthermore, preclinical results in 

pediatric models of spinal muscular atrophy (SMA) (Foust et al, 2010; Dominguez et 

al, 2010; Nizzardo et al, 2015) and lysosomal storage disorders (Fu et al, 2011; 

Miyake et al, 2014; Weissman et al, 2015) provide a compelling case for advancing 

AAV9 to the clinic.  
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Also, an additional factor to consider in the construct design of the therapeutic gene 

delivery system is the choice of promoter. The SYN1 promoter with AAV9 has 

shown high neuron-specific transduction rates in the central nervous system and 

spinal cord following neonatal injection (McLean et al, 2014; Lukashchuk et al, 

2016). Studies have demonstrated long-term, non-immunogenic and highly neuron-

specific transgene expression in striatum, thalamus and corpus callosum from an 

AAV9.SYN.eGFP vector (Kugler et al, 2003). Therefore, given the significant roles 

of calcium-independent phospholipase A2 plays in neuronal health and the 

widespread neuronal dysfunction observed in the pla2g6-inad mouse model, we 

wished to use the SYN1 promoter in order to target neuronal populations in the brain 

and spinal cords of pla2g6-inad mice.  

 

Aims of the chapter: 

The aims of this chapter focus on the development and synthesis of an rAAV vector 

construct. Assessments to evaluate the ability of the construct to efficiently express 

the complete human PLA2G6 protein to supraphysiological levels will be carried out. 

Following in vitro evaluation of construct efficiency and integrity, the hPLA2G6 

plasmid construct and the eGFP reporter equivalent are subsequently used for vector 

production and followed by results of transgene expression when administrated 

neonatally. The age of administration is an important factor to consider in the 

development of a therapeutic strategy for paediatric disorders. For early onset genetic 

diseases, it has been proposed that it may be preferable to perform gene transfer to the 

neonate. This is based on the rationale that reconstitution of the defective or missing 

protein early in life may prevent manifestation of disease pathology rather than 

reverse it, and the spread of viral vector is likely to be greater in a smaller immature 
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brain rather than in the fully developed larger brain. This first point is crucial when 

addressing neurodegenerative diseases, with the postmitotic nature of neurons and the 

limited capacity of the CNS to regenerate meaning that once disease pathology has 

already set in, the damage is irreversible. The second point is also vital, since these 

diseases often affect the entire brain, and global expression would be required for the 

therapy to be most effective.  

The safety profile of a viral vector used for in vivo applications is an essential factor 

to consider in pre-clinical and clinical research. Following transgene expression 

analysis in neonates, we wished to assess vector tropism and perform toxicity studies 

in vivo, where wild-type mice were administered intracerebroventricularly at P0 with 

the produced vector.  

 

 Incorporating hPLA2G6 into an rAAV construct 

As discussed in Chapter I, AAV9 mediates strong neuronal transduction throughout 

the central nervous system, making AAV9 an attractive vehicle to incorporate and 

deliver hPLA2G6 to pla2g6-inad mice. A cloning strategy was engineered in order to 

introduce a functional hPLA2G6 cDNA into an AAV vector construct.  

An rAAV construct enclosing the hSynI.flox.eGFP.WPRE.hGHpA expression cassette 

flanked by AAV2 ITRs was provided by King’s College London (Department of 

Infectious Diseases, London, UK). The original eGFP transgene and flanking loxP 

sites were removed from the construct and subsequently replaced by the hPLA2G6 

transgene to generate the final pAAV.hSyn1.hPLA2G6.WPRE. To engineer the desired 

final contruct from the template plasmid, restriction enzymes, KpnI and HindIII were 

used to cleave the pAAV.hSynI.flox.eGFP.WPRE.hGHpA template plasmid by cutting 

downstream of the human synapin I promoter and upstream of the hGHpA sequence 
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(Figure 21). Following the removal of the original eGFP transgene and flanking IoxP 

sites, agarose gel electrophoresis was performed to confirm the presence and the 

correct size of 3.9kb of the remaining construct and plasmid backbone.  

Larsson et al. have documented PLA2G6 transcript 1 to be the longest characterized 

PLA2G6 transcript variant (Larsson et al, 1999). This variant has 17 exons that are 

alternatively spliced to generate several transcript variants encoding multiple protein 

isoforms.  Furthermore, PLA2G6 transcript variant 1 has been shown to rescue altered 

protein O-linked glycosylation in fibroblasts of patients with INAD and dystonia-

parkinsonism (Davids et al, 2015). To this end, the human PLA2G6 cDNA transcript 

variant I, was selected and amplified via PCR from the pCMV6neo.hPLA2G6 

template plasmid (OriGene, Rockville, USA). The resulting PCR product was 

subsequently digested with KpnI and HindIII restriction enzymes to produce sticky 

ends, in order to produce compatibility with the previously digested backbone. 

Following the digest, agarose gel electrophoresis was performed to confirm the 

presence of the 2.4kb hPLA2G6 cDNA predicted band (Figure 21 B). 

For the backbone of the construct, a Kozac sequence, established to be a translation 

initiation enhancer, was also included into the construct template.  

To further enhance the transgene expression from the AAV9 vector we have included 

the woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) (Figure 

21 A,C). This is a tripartite post-transcriptional regulatory element that is required for 

the cytoplasmic accumulation of viral RNA. WPRE has been reported to increase 

gene expression when incorporated into the untranslated 3’ region of a construct, and 

this has been shown in the context of AAV vectors. Data suggest that an ssAAV2/9 

vector that has incorporated a WPRE sequence is more efficient at gene expression 

than a scAAV2/9 vector that lacks a WPRE. Xu et al. have reported that WPRE 
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boosted transgene expression by 13-fold in the striatum and by 35- fold in the 

hippocampus (Xu et al, 2001). Interestingly, WPRE has been shown to improve 

promoter-driven transgene expression even further in the presence of a neuronal 

specific promoter (Xu et al, 2013). Additionally, to mediate transgene expression and 

termination, the construct includes the strong poly (A) signal sequence, human growth 

hormone (hGH) (Figure 21 A, B). 

The promoter selected to be included in the construct is the strong neuronal promoter, 

human synapsin I (hSynI). Studies have shown that neonatal administration results in 

the therapeutic protein being produced predominantly in the protoplasmic astrocytes, 

meaning that a greater reliance on cross-correction would be required for neuronal 

uptake. This may not happen at all if the protein is not soluble or secreted, or the 

receptors for uptake are not present on neurons. However, the cells that the vector will 

express in is dependent on the choice of the promoter.  Neuronal dysfunction and 

neuronal loss are a prominent feature in the pla2g6-inad mouse model (Chapter 3) 

therefore prioritising maximal AAV-mediated PLA2G6 production in neurons led to 

the decision of selecting the strong human neuronal promoter synapsin I (SynI) to 

drive hPLA2G6 expression. 

In order to ligate the 3.9kb rAAV backbone and 2.4kb hPLA2G6 insert, the products 

were subsequently extracted from the agarose gel, purified and ligated at a molar ratio 

of 1:3 backbone to insert respectively, to generate 

pAAV.hSynI.hPLA2G6.WPRE.hGHpA (Figure 21 A-C). To confirm the complete and 

correct ligation of hPLA2G6 into the AAV vector backbone, 5’ ITR to 3’ ITR 

automated Sanger sequencing (Source Biosciences) was carried out. 
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Figure 21 Cloning of the pAAV.hSYN.hPLA2G6.WPRE construct  

(A) Graphic map of pAAV.hSYN.hPLA2G6.WPRE construct detailing the inclusion of a Kozak 

sequence, the human synapsin promoter, the human PLA2G6 transgene, the WPRE and the hGH/polyA 

sequence. (B) Agarose gel electrophoresis demonstrating the resulting pAAV.hSYN.hPLA2G6.WPRE 

construct following a series of cloning stages. Image shows the correct size of the pAAV vector 

backbone at 4.5kb and the correct size of the human PLA2G6 transgene at 2.4kb. Ladder represents a 

size of 1kb. (C) Schematic images of the pAAV.hSYN.hPLA2G6.WPRE construct detailing the inclusion 

of the Kozak sequence, the hGH polyA sequence and the WPRE element. 
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 Synthesis of eGFP reporter construct  

The detection of endogenous PLA2G6 protein from current commercial antibodies 

has been reported to be inefficient. To expedite initial in vitro and in vivo analysis and 

to obtain a complete understating of the biodistribution properties of the 

pAAV.hSyn1.hPLA2G6.WPRE viral vector, a construct replacing the hPLA2G6 cDNA 

with an eGFP reporter gene was generated (Figure 22 A,C). The eGFP reporter gene 

from the pSUB201-Caggs-GFP template plasmid was amplified via PCR and 

subsequently cleaved via restriction digest using the KpnI and HindIII restriction 

enzymes. To confirm the presence of the 0.7kb eGFP reporter gene insert and the 

3.6kb backbone digest products, agarose gel electrophoresis was performed on the 

samples and subsequently extracted from the gel, purified and ligated to generate the 

pAAV.hSynI.eGFP.WPRE final construct (Figure 22B). Automated Sanger 

sequencing was carried to confirm the complete eGFP incorporation. In vitro 

assessments were carried out to confirm the functionality of the two generated 

pAAV.hSynI.eGFP.WPRE and pAAV.hSynI.hPLA2G6.WPRE plasmids.  
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Figure 22 Cloning of the pAAV.hSYN.eGFP.WPRE construct  

(A) Graphic map of pAAV.hSYN.eGFP.WPRE construct detailing the inclusion of a Kozak sequence, 

the human synapsin promoter, the GFP transgene, the WPRE and the hGH/polyA sequence.  (B) 

Agarose gel electrophoresis demonstrating the resulting pAAV.hSYN.eGFP.WPRE construct following 

a succession of cloning steps. Image shows the correct size of the pAAV vector backbone at 4.5kb and 

the correct size of the GFP transgene at 723bp. Ladder represents a size of 1kb. (C) Schematic images 

of the pAAV.hSYN.eGFP.WPRE construct detailing the inclusion of the Kozak sequence, the hGH 

polyA sequence and the WPRE element. 
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 In vitro testing confirms functional hPLA2G6 and eGFP constructs  

To determine the functionality and downstream applications of the 

pAAV.hSynI.eGFP.WPRE and pAAV.hSynI.hPLA2G6.WPRE constructs, plasmid 

DNA from each construct was transfected into HEK293T cells.  

To determine the successful integration and expression of the eGFP reporter construct 

pAAV.hSynI.eGFP.WPRE, plasmid DNA was transfected into human neuroblastoma 

SH-SY5Y cells. The human neuroblastoma SH-SY5Y cells were transfected over a 

48 hour period. Following, 48 hours post-transfection, the cells were imaged using 

fluorescent microscopy. Qualitative microscopy data revealed eGFP fluorescence 

expression in the sample transfected with the pAAV.hSynI.eGFP.WPRE construct 

when compared to untransfected control cells (Figure 23A).  

To determine protein expression levels resulting from the 

pAAV.hSynI.hPLA2G6.WPRE construct, HEK293T cells were transfected and 

harvested 72 hours post-transfection. Western blot analysis was carried out to 

determine the presence and expression levels of the hPLA2G6 protein. When 

compared to non-transduced HEK293T cells, western blot data reveals a significant 

overexpression and a correct band of 87kDa, signifying the presence of the complete 

transcript variant 1 of the hPLA2G6 transgene. However, Western blot staining with 

the anti-calcium independent phospholipase A2 antibody used in this study gene has 

also generated two additional bands. As per manfucture’s specifications, the 

overexpression of PLA2G6 results in the expression of different transcript variants, 

including the long isoform LH-iPLA2 which is located at the membrane and the short 

isoform SH-iPLA2 which is cytoplasmic (Figure 23B). The target band of 87kDa 
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visible on the western blot image (Figure 23B) signifies the long isoform, LH-iPLA2, 

variant of PLA2G6 thus confirming the successful intergration and functionality of 

the pAAV.hSynI.hPLA2G6.WPRE plasmid. The pCMV6.hPLA2G6.Neo plasmid 

template was used as a positive control (Figure 23B).Taken together, these data 

indicate functional transgene and downstream protein expression of both the 

pAAV.hSynI.eGFP.WPRE and pAAV.hSynI.hPLA2G6.WPRE constructs. Following 

the success of the transgene integration and expression in both constructs, the 

production of AAV2/9 viral vectors was outsourced to Vector BioLabs (Malvern, 

PA).  

 

Figure 23 In vitro verification of the pAAV.hSYN.hPLA2G6.WPRE and 

pAAV.hSYN.eGFP.WPRE contructs. 

(A) Fluorescent microscopy images of untransfected control SH-SY5Y cells and cells transfected with 

pAAV.hSynI.eGFP.WPRE construct resulting in eGFP expression. Scale bar: 50μm. (B) 72 hours post-

transfection with pAAV.SYN1. hPLA2G6.WPRE (SYN) construct, Western blotting analysis reveals 

hPLA2G6 expression when compared to endogenous PLA2G6 levels in untransduced negative control. 

Band at 87kDa indicates the transcript variant 1 of PLA2G6-VIA protein and the band at 42kDa 

represents the loading control β Actin.  
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 Widespread distribution of eGFP expression following AAV9-hSyn1-

eGFP administration  

To assess the transduction profile of AAV9-hSyn1-eGFP administration, CD1 P0/1 

wild-type mice received a bilateral intracerebroventricular administration of an 

AAV9-hSyn1-eGFP vector dose of 1 x 1011 viral particles. Uninjected age-matched 

CD1 mice were used as controls. Following a period of 30 days, AAV9-hSyn1-e.GFP 

ICV injected (n = 3) mice and uninjected wild-type counterparts (n = 3) were 

sacrificed and harvested brains were subsequently analyzed for eGFP 

immunoreactivity. A systematic examination of the sections moving from rostral to 

caudal areas of the brain revealed strong eGFP expression throughout both 

hemispheres of the CNS when compared to uninjected littermates (Figure 24A). 

Representative images were captured at the levels of the prefrontal cortex, lateral 

ventricles, hippocampus and cerebellum (Figure 24A). Equivalent areas of the brain 

from uninjected mice showed no specific staining and an absence of background 

staining. Upon viewing at higher magnification, the GFP expression appeared to be 

limited to neuronal populations thus suggesting the specificity of the strong neuronal 

promoter, hSynI (Figure 24C). Ubiquitous GFP positive staining was also observed at 

all levels of the spinal cord, including the cervical, thoracic and lumbar segments 

(Figure 24 D-E). GFP expression was detected in the motor neurons extending as far 

as into the lumbar segment of the spinal cord (Figure 24D). Interestingly, motor 

neurons lie deep within the spinal cord and the transduction of motor neuron requires 

cord penetration across the pia. This is achieved by transpial movement from the CSF 

space, therefore ICV administration of AAV9-hSyn1-eGFP is sufficient in achieving 

widespread transduction of the brain and spinal cord. This is an important factor to 
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consider as PLA2G6 dysfunction results in pathology in both the brain and spinal 

cord of pla2g6-inad mice.  

Furthermore, our results demonstrate that AAV9 delivery into the CSF can deliver 

transgene not only throughout the CNS but it can also offer limited expression in the 

visceral organs (Figure 24F). A single intracerebroventricular (ICV) administration 

of AAV9-hSyn1-eGFP can result in the GFP expression in the liver, lung and spleen. 

However, it is important to consider that although overexpression of a therapeutic 

gene is required in the nervous system, it may be detrimental in the normal 

development of other unaffected peripheral organs.  
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Figure 24 Extensive GFP expression following neonatal AAV9-eGFP ICV administration to 

wild-type mice. 

(A) Representative images of IHC-detected eGFP expression within the brains of P30 wild-type mice, 

injected neonatally via ICV administration with a dose of 1 x 1011 vp. Scale bar: 200μm. (B) Higher 

magnification images from selected regions. Scale bar: 100μm. Inserts represent a scale bar of: 40μm 

(C) Higher magnification image from the S1BF selected region, demonstrating transduction of cells 

with neuronal morphology following AAV9-hSyn1-eGFP delivery. Scale bar: 40μm. Representative 

fluorescence image showing global GFP expression in the brain following AAV9-hSyn1-eGFP 

administration. Scale bar: 100μm. (D) Representative images of spinal cord showing GFP 

immunoreactivity at all levels of the spinal cord following AAV9-hSyn1-eGFP delivery to wildtype 

animals. Scale bar: 200μm. (E) High magnification images selected from layer IX of the lumbar 

segment of the spinal cord demonstrating motor neuron transduction. Scale bar: 40μm. Arrows 

indicate motor neuron transduction in dorsal horn layer IX of a lumbar segment in the spinal cord. 

Representative fluorescence image showing global GFP expression in the spinal cord following AAV9-

hSyn1-eGFP administration. Scale bar: 100μm. (F) Representative images of visceral organs 

demonstrating GFP expression following ICV administration of AAV9-hSyn1-eGFP. Scale bar: 40μm 

 

 Overexpression of PLA2G6 following ICV AAV9- hSyn1-hPLA2G6 

administration  

To determine the expression profile of a functional AAV9-hSyn1-hPLA2G6 vector in 

vivo, a dose of 1 x 1011 viral particles of A AAV9-hSyn1-hPLA2G6 was bilaterally 
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administered to P0/1 CD1 wild-type mice via intracerebroventricular injections. 

AAV9-hSyn1-hPLA2G6 injected wild-type mice (n = 3) were sacrificed and 

subsequently analyzed 30 days after the administration of AAV9-hSyn1-hPLA2G6. 

AAV9-hSyn1-hPLA2G6 injected wild-type mice and uninjected age-matched wild-

type control mice (n = 3) were processed and analyzed for PLA2G6 

immunoreactivity. Qualitative immunohistochemical data reveals minimal 

endogenous PLA2G6 immunoreactivity in the brains of uninjected control brains. 

(Figure 25 A-B). However, in contrast, robust PLA2G6 expression is present in the 

AAV9-hSyn1-hPLA2G6 administered brains. PLA2G6 appears to be region-specific 

and strong expression is observed the cerebral cortex, thalamus, substantia nigra, 

cerebellum and brainstem. Interestingly, upon viewing at higher magnification, 

PLA2G6 expression appears to be isolated to cell populations that appear to display 

neuronal morphology, confirming the neuron-specific targeting of the human 

synapsin promoter I used in this study (Figure 25 A-B). The contrast in PLA2G6 

immnuoreactivity observed between the uninjected wild-type mice and the AAV9-

hSyn1-hPLA2G6 administered wild-type mice, suggests the presence of 

supraphysiological levels of the PLA2G6 protein.  

These results confirm the efficiency of the AAV9-hSyn1-hPLA2G6 vector in the 

delivery of the hPLA2G6 protein to neuronal cell populations throughout the brain. 

Endogenous levels of PLA2G6 however are not detected by PLA2G6 current 

commercial antibodies therefore to gain a complete representation of the bio-

distribution profile of the AAV9-hSyn1-hPLA2G6 vector, the results from the AAV9-

hSyn1-eGFP vector can offer a better understanding of the robust transgene 

expression following bilateral intracerebroventricular administration of AAV9. 
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Figure 25 Region-specific hPLA2G6 overexpression following AAV9-hPLA2G6 ICV 

administration to neonatal wild-type mice. 

(A) Immunohistochemical detection of hPLA2G6 overexpression within the brains of P30 wild-type 

mice, administered a dose of 1 x 1011 vp of AAV9-hSyn1-hPLA2G6 via neonatal ICV delivery. Scale 

bar: 200μm. (B) High magnification images from selected regions showing transduced cells that 

appear to have neuronal morphology. Scale bar: 60μm.  

 

 Cellular tropism of AAV9-hSyn1-hPLA2G6 vector  

The transgene expression observations for the AAV9-hSyn1-hPLA2G6 and AAV9- 

hSyn1-eGFP vectors revealed specific transgene expression in cells with neuronal 

morphology only. To examine cellular tropism and confirm the neuronal specificity of 

the synapsin promoter, immunofluorescence co-localization studies utilizing 
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PLA2G6, NeuN, GFAP and CD68 markers, were carried out. CD1 P0/P1 wild-type 

mice (n=3) received an administration of AAV9-hSyn1-hPLA2G6 via bilateral 

intracerebroventricular injection at a dose of 1 x 1011 vp. Brains were subsequently 

harvested and analyzed for transgene expression and cellular tropism. Uninjected age-

matched CD1 P0/1 were sacrificed at 4 weeks of age and used as controls. Brain 

sections were stained with antibodies against PLA2G6 and the neuron-specific 

marker, NeuN, and subsequently counterstained with DAPI, a nucleic acid marker. 

Alexa Flour 488 detection channel was used to identify hPLA2G6 expression (green) 

whereas Alexa Flour 568 detection channel was used to identify NeuN expression 

(red). 

Scanning confocal microscopy data shows a lack of detection of endogenous PLA2G6 

levels in uninjected control mice.  In contrast, representative sections from the S1BF 

region of the cerebral cortex of AAV9-hSyn1-hPLA2G6 injected mice revealed 

supraphysiological levels of PLA2G6 expression (Figure 26). Sections from AAV9-

hSyn1-hPLA2G6 administered brains appear to express the neuron-specific marker 

NeuN on the nuclear membrane thus confirming the specificity of the synapsin 

promoter and its power to offer robust neuronal transduction (Figure 26).  

However, to conclusively confirm the neuronal specificity of hSynI promoter, we 

wished to assess PLA2G6 expression in glial cells. Immunoflourescence studies were 

carried out to determine any potential association between the fibrillary astrocyte 

marker GFAP and PLA2G6 and pan-macrophage marker CD68 and PLA2G6. 

Representative images from the S1BF region revealed strong hPLA2G6 expression in 

the AAV9-hSyn1-hPLA2G6 administered cohorts. However, when merging signals, 

confocal microscopy reveals no association between PLA2G6 positive cells and 



162 
 

GFAP, confirming the lack of astrocyte transduction from the AAV9-hSyn1-

hPLA2G6 vector (Figure 27A). Similarly, labelling of microglia with CD68 did not 

reveal any co-localization with PLA2G6 (Figure 27B). The lack of association 

between hPLA2G6 expression and glial cells confirmed the strong neuronal 

transduction properties of the AAV9-hSynI-hPLA2G6 vector (Figure 27 A-B).  

 

Figure 26 Selective transduction of neurons following AAV9-hSyn1-hPLA2G6 administration. 

Representative confocal images of the cortical S1BF region from P30 wild-type. Alexa Flour 488 

detection channel was used to identify hPLA2G6 expression (green) whereas Alexa Flour 568 

detection channel was used to identify NeuN expression (red). Merging of the two signals shows co-

localization of hPLA2G6 with the neuron-specific marker NeuN (red).  Nuclei were counterstained 

with DAPI (blue). Arrows signify PLA2G6 staining in neurons, suggesting PLA2G6 localisation in 

neurons. Scale bar: 20μm 
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Figure 27 No association between the hPLA2G6 protein and glial cells following AAV9-

hPLA2G6 administration. 

Representative confocal images from the S1BF region of the cortex from P30 wild-type mice following 

neonatal AAV9-hSyn1-hPLA2G6 administration. 
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(A) Astrocytes were labelled via anti-GFAP (red). Merging of the GFAP (red) and hPLA2G6 (green) 

signals did not produce co-localization between hPLA2G6 and GFAP. Nuclei were counterstained with 

DAPI (blue). Arrows signify astrocytes demonstrating the lack endogenous levels of murine PLA2G6. 

(B) Microglia were labelled via anti-CD68 (red). Merging the signals did not generate co-localization 

with hPLA2G6 (green) following AAV9-hSyn1-hPLA2G6 administration. Nuclei were counterstained 

with DAPI (blue). Arrows indicate a lack of colocalization between hPLA2G6 and CD68. Scale bar: 

20μm 

 

 No inflammatory immune responses associated with the overexpression of 

PLA2G6 following AAV9-hSyn1-hPLA2G6 administration  

One of the challenges to successful gene therapy is the generation of acute host 

immune responses directed against vector encoded transgene products or the vector 

itself (Wong et al., 2003). AAV-mediated viral vectors have relatively low intrinsic 

immunogenicity and have therefore been shown to induce little or no innate immune 

response when administered directly into the brain. This is one of the reasons why 

they are so attractive for therapeutic use (Boissier et al., 2004). However, this is not 

always the case for the transgenes expressed by AAV-mediated viral vectors (Kohn et 

al., 1999). Therefore, to investigate the short-term impact of AAV9-hSynI-hPLA2G6 

on astrocytosis and microglial immunoreactivity, following the administration of this 

vector into neonatal wild-type mice, we stained brain tissue sections for the astrocyte 

marker GFAP and the microglial marker CD68 and compared these results to 

uninjected age-matched wildtype controls.  This is an important factor to consider as 

pronounced gliosis is a pathological feature of INAD and can be a precursor to neuron 

loss in the pla2g6-inad mouse model. Although gene therapy uses vectors that have 

been engineered to use disabled viruses, the vector virions can still cause 

inflammation that may be dose-dependent. This inflammation could include 
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microglial activation, macrophage recruitment and activation, and antigen-nonspecific 

T-cell infiltration. Indeed, Thomas et al., reported that when high vector doses were 

injected directly into the striatum, this resulted in cytotoxcicity in the brain (Thomas 

et al, 2001). The authors found acute inflammatory induced cell death and a 

corresponding increase in brain inflammation and microglia activation. Furthermore, 

results from vector administration at high doses indicated a positive correlation 

between short-term and long-term inflammatory responses in the brain and long-term 

loss of transgene expression. This work highlights the importance of assessing the 

immune responses in the brain following AAV9-hSynI-hPLA2G6 administration. If 

the vector or the overexpression of hPLA2G6 causes neurotoxicity in the brains of 

pla2g6-inad mice this will result in an increased inflammatory response and 

potentially result in an increase in cell death. Furthermore, an inflammatory response 

may also result in the long-term loss of the transgene, making the AAV9-mediated 

therapy less effective. Obtaining safety information is an essential factor when 

considering the clinical application of gene therapy. However, in this current work we 

have focused on investigating pathological responses following ICV administration in 

the brain therefore evaluation of visceral pathological responses following AAV9-

hSynI-hPLA2G6 have not been performed. Future studies will assess systemic 

toxcicity following intracerebroventricular and intravenous delivery of AAV9-hSynI-

hPLA2G6.  

No morphological changes in astrocytes and microglial cells were observed in AAV9-

hSynI-hPLA2G6 injected wildtype brains, and no increase in staining intensity was 

detected when compared to brain sections from uninjected control mice in any of the 

brain regions examined (Figure 28 A-B, Figure 29 A-B). Mouse models of Neimann 

Pick C disease (NPC-/-) have been established to show extensive therefore reactive 
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astrogliosis and microglial activation therefore sections from a mouse model of the 

Neimann Pick C disease (NPC-/-) were used as a positive control for both markers 

(Pressey et al, 2012).  

To quantify the intensity of GFAP and CD68 immunoreactivity in specific regions of 

the brain including cerebral cortex, thalamus, brainstem and cerebellum, thresholding 

analysis was performed on the GFAP and CD68 stained sections. Sections from 

AAV9-hSynI-hPLA2G6 administered wild- type mice (n = 3), age-matched 

uninjected wild-type control mice (n = 3) and positive control NPC1
-/- 

mice (n = 3) 

were analyzed. No statistically significant difference was measured between AAV9-

hSynI-hPLA2G66 administered mice and uninjected control mice for both GFAP 

(Figure 28C) and CD68 (Figure 29C) positive staining in all brain regions. As 

expected, the positive control sections from NPC1
-/- 

mice showed a statistically 

significant increase in both GFAP and CD68 staining, when compared to brain 

sections from AAV9-hSynI-hPLA2G6 administered and uninjected wild- type mice (p 

< 0.0001). These results confirm that neither the administration of AAV9-hSynI-

hPLA2G6, or subsequent overexpression of hPLA2G6 to supraphysiological levels 

does not trigger an astrocyte- or microglia-mediated immune response. In conclusion, 

the produced AAV9-hSynI-hPLA2G6 viral vector was suitable for the use in 

preclinical therapeutic efficacy studies in the pla2g6-inad mouse model. This is 

encouraging, given the relatively high doses of vector administered in this study. It is 

possible that the immature status of the neonatal immune system has aided in 

avoiding a microglia-mediated immune response.  
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Figure 28 No pathological astrocytic responses associated with hPLA2G6 overexpression in 

wild-type mice. 

Qualitative and quantitative data of anti- GFAP immunohistochemical analysis of P30 wild-type mice 

administered neonatally with AAV9-hSynI-hPLA2G6 (n=3), age-matched uninjected control mice 

(n=3) and positive control Npc -/- mice (n=3). Data presented as mean ± S.D., compared by two-way 

ANOVA and Tukey’s HSD test. ns, non-significant, *** p < 0.001, **** p < 0.0001. 

(A,B) Representative images from WT uninjected brains and WT AAV9-hSynI-hPLA2G6 injected 

brains showing GFAP immunoreactivity. Scale bar: 200μm 

(C) Quantification of positive anti-GFAP immunoreactivity from regions with high levels of AAV9-

hSynI-hPLA2G6 induced hPLA2G6 overexpression.  
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Figure 29 No pathological microglia responses associated with hPLA2G6 overexpression in 

wild-type mice. 

Qualitative and quantitative data of anti- GFAP immunohistochemical analysis of P30 wild-type mice 

administered neonatally with AAV9-hSynI-hPLA2G6 (n=3), age-matched uninjected control mice 

(n=3) and positive control Npc -/- mice (n=3). Data presented as mean ± S.D., compared by two-way 

ANOVA and Tukey’s HSD test. ns, non-significant, *** p < 0.001, **** p < 0.0001. 

(A, B) Representative images from WT uninjected brains and WT AAV9-hSynI-hPLA2G6 injected 

brains showing CD68 immunoreactivity. Scale bar: 200μm 

(C) Quantification of positive anti-CD68 immunoreactivity from regions with high levels of AAV9-

hSynI-hPLA2G6 induced hPLA2G6 overexpression.  
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 Summary  

The aims of this chapter focused on the development and synthesis of a rAAV 

construct. To this end, we were able to validate successful functionality of pAAV-

hSYN.eGFP and pAAV.hSYN.hPLA2G6 plasmids via in vitro testing. Transfection of 

human neuroblastoma SH-SY5Y cells with the eGFP reporter construct revealed 

functional transgene expression. Similarly, data from Western blot analysis revealed a 

target band of 87kDa representing the complete transcript variant 1 of the PLA2G6 

protein, thereby confirming the functionality of the basic construct and its ability to 

produce the complete human PLA2G6 protein.  

In vivo testing demonstrated that neonatal ICV administration of 

AAV9.hSYN.hPLA2G6 resulted in widespread PLA2G6 overexpression in wild-type 

mice. Interestingly the regions showing supraphysiological levels of PLA2G6 appear 

to correspond to the regions that contain abundant PLA2G6 protein in the developing 

brain and also the regions that exhibit neuronal degeneration and glial pathology in 

the central nervous system of pla2g6-inad mice. Immunofluorescence labelling co-

localization studies revealed the successful localization of PLA2G6 to neurons thus 

confirming the neuronal specificity of the AAV9-hSynI.hPLA2G6 vector.  

Additionally, comparison studies with an eGFP variant showed that neonatal ICV 

administration produced global delivery to the central nervous system (brain and 

spinal cord) and visceral organs (liver, lung and limited expression in the spleen). 

Transgene expression was detected primarily in neurons and motor neurons within the 

spinal cord. These results are encouraging as a single intracerebroventricular 

administration of AAV9.hSYN.hPLA2G6 may be sufficient in targeting these 

neuronal populations in the spinal cord and offer amelioration or correction of the 
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pathology observed in the spinal cords of pla2g6-inad mice. Conclusively, the 

abundance of neurons targeted throughout the brains and spinal cords of all injected 

animals suggests AAV9 gene delivery could have a significant impact on diseases 

that show pathology throughout the nervous system, such as INAD. 

Most importantly, to progress with the pre-clinical therapeutic efficacy study in the 

pla2g6-inad mouse model, the AAV9.hSYN.hPLA2G6 vector must show no 

neurotoxic liability. The overexpression of hPLA2G6 in murine brains to 

supraphysiological levels did not result in an inflammatory immune response as 

validated by the use of the astrocytic marker, GFAP, and the microglia marker, CD68. 

In conclusion, the AAV9.hSYN.hPLA2G6 viral vector appears to be suitable for the 

use in preclinical therapeutic efficacy studies in the pla2g6-inad mouse model.  
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5. AAV9.hPLA2G6-mediated gene 

therapy  

 Introduction  

As previously discussed, INAD is a rare childhood progressive neurodegenerative 

disease, with a central nervous system and peripheral nervous system phenotype. In 

INAD, the average age of onset has been shown to be 1.1 years of age where patients 

present with psychomotor regression characterized by early truncal hypotonia 

progressing to tetraparesis (Gregory et al, 2008, Nardocci et al, 1999; Kurian et al, 

2008). Other clinical features include ataxia, spasticity, rigidity, contracture, 

deformities of the lower limbs, dystonia, strabismus and pendular nystagmus, often 

resulting in visual failure. Neuropathological hallmarks include the presence of axonal 

spheroids and vacuoles broadly distributed throughout the brain and spinal cord.   

The pla2g6-inad mouse model used in this study exhibits many typical features of the 

human disease including progressive neurodegeneration, motor deficits and shortened 

life span. As such, this model provides an accurate disease-related phenotype, and 

will serve as a valuable tool for better understanding the pathogenesis of this disease 

and developing treatment strategies. 

 

Furthermore, we found widespread pathology in the brains and spinal cords of 

pla2g6-inad mice.  Extensive glial pathology and neuronal loss was found to be 

region-specific in the brains and present on all levels of the spinal cord in pla2g6-inad 

mice. As the effects of the PLA2G6 protein dysfunction are widespread, an effective 

treatment approach would ideally restore PLA2G6 protein in broad areas of the brain. 
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AAV-mediated gene transfer potentially provides a delivery system that can achieve 

this kind of distribution. Taking this into account, the ideal alternative would 

correspond to a non-invasive procedure that enables widespread vector distribution in 

the CNS. A possible solution is to infuse AAV vectors into the cerebrospinal fluid 

(CSF). This can be done through intracerebroventricular (ICV), intra-cisterna magna 

(ICM) or lumbar intrathecal injections (IT). Intracerebroventricular (ICV) injections 

have shown widespread transduction broadly throughout the brain and spinal cords 

when administrated to neonatal mice.  

Intravenous infusions, however, represent an ideal non-invasive delivery route for 

viral agents. AAV9 has been shown to cross the brain-blood barrier making this 

serotype an ideal candidate for widespread CNS and systemic transduction. 

Therefore, we also wished to also assess the impact of gene therapy on the 

behavioural and neurodegenerative phenotype associated with INAD following 

intravenous administration of AAV9.hSYN.hPLA2G6. 

However, many studies have reported that targeting gene therapy to the brain alone 

does not have any significant effect on spinal cord pathology, while targeting the 

same therapy only to the spinal cord can only show minor improvements in brain 

pathology. Targeting both the systemic and central nervous system in a disease model 

of MPS IIIB early in life appeared to be the most efficacious approach for this 

inherited metabolic disorder (Heldermon et al, 2013). Therefore, as an additive effect, 

we wished to combine systemic routes of administration with central nervous system 

administration.  To this extent, we combined intravenous administration with 

intracerebroventricular administration and intraperitoneal administration with 

intracerebroventricular administration in neonatal pla2g6-inad mice (Table 13).  
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Aims of the chapter: 

The aims of this chapter will focus on investigating the impact of 

AAV9.hSYN.hPLA2G6 gene therapy following intracerebroventricular (ICV), 

intravenous (IV), a combination of intracerebroventricular and intravenous (ICV/IV) 

and a combination of intracerebroventricular and intraperitoneal (ICV/IP) 

administration in P0 neonatal pla2g6-inad mice. 

We will assess the effect of AAV9.hSYN.hPLA2G6 gene therapy treatment on the 

behavioural and neuropathological phenotype associated with INAD. For behavioural 

analyses, we aim to focus on tests that measure motor coordination abnormalities and 

strength deficits. For neuropathological assessment, we will focus on measuring the 

immunoreactivity of innate immune responses both in the brains and spinal cords of 

pla2g6-inad mice. As previously discussed in chapter 1, there is a profound loss of 

neuronal populations in the brains of pla2g6-inad mice. The neuronal loss may 

contribute to the reported brain atrophy and may be partly responsible for the 

neurological behavioural phenotypes displayed in human and murine INAD disease. 

Therefore, whilst glial activation is useful to our understanding of the pathological 

events that lead to neuron loss, and therefore represents a potentially effective 

therapeutic target, the loss of neurons is key to disease and therefore, effective 

therapies must ultimately be able to circumvent this loss. For this reason we aim to 

investigate the impact of the strong neuronal promoter synapsin 1 (hSYN1) in the 

AAV9.hSYN.hPLA2G6 viral construct.  
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 Animal cohorts of preclinical AAV9-hSyn1-hPLA2G6 study  

ICV= intracerebroventricular; IV= intravenous; IP= intraperitoneal 

 

 

 

 Extension of lifespan in pla2g6-inad mice following AAV9-hPLA2G6 

treatment  

As discussed in chapter 3 (section 3.3), pla2g6-inad mice became emaciated, 

showed progressive cachexia and an inability to move freely at 13 weeks of age. 

Pla2g6-inad homozygote mice reach the humane end point at 14 weeks of age (98 

days). 

To determine the effect of AAV9.hSYN.hPLA2G6-mediated gene therapy on lifespan, 

neonatal pla2g6-inad mice were administered with a single dose of 

AAV9.hSYN.hPLA2G6 intracerebroventricularly (ICV), intravenously (IV), a 

combination of intracerebroventricular and intravenous administration (ICV/IV) and 

a combination of intracerebroventricular and intraperitoneal (ICV/IP) and monitored 
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daily. C57/B6 wildtype uninjected mice and C57/B6 wildtype mice that received a 

single ICV administration of AAV9-hSyn1-eGFP were used as controls. Any mice 

deemed to have reached their humane end point were sacrificed. Predetermined 

parameters were set to establish humane endpoints in untreated pla2g6-inad. In adult 

mice, a loss of 10% body weight was established as a humane endpoint. Additional 

euthanasia criteria include changes in appetite, unrelieved pain/distress, organ system 

dysfunction or failure and clinical signs, which indicate that the animal has entered a 

moribund state.  

Analysis showed a significant decrease in the lifespan of AAV9-hSyn1-eGFP treated 

pla2g6-inad mice when compared to wildtype counterparts (Kaplan-Meier long-rank 

test; p<0.05, n=7) (Figure 23). There were no significant differences in survival 

between the AAV9-hSyn1-eGFP administered pla2g6-inad mice and the uninjected 

pla2g6-inad mice (Figure 30). Pla2g6-inad
 
mice treated with a single ICV 

administration AAV9.hSYN.hPLA2G6 had an average lifespan of 152 days and also 

lived significantly longer than AAV9-hSyn1-eGFP administered pla2g6-inad
 
mice 

and uninjected pla2g6-inad mice (n=7; p < 0.001). This significant increase in 

lifespan was not detected in pla2g6-inad mice that received a single IV administration 

of AAV9.hSYN.hPLA2G6, where the average lifespan of IV treated pla2g6-inad was 

110 days. The largest difference in increased lifespan was observed in the cohort that 

received combined administrations of AAV9.hSYN.hPLA2G6. Pla2g6-inad mice 

administered with a combination of ICV/IV AAV9.hSYN.hPLA2G6 showed a 

significant increase in average lifespan of 230 days when compared to GFP treated 

pla2g6-inad mice and uninjected pla2g6-inad mice (p<0.0001). Mice that received a 

combined ICV/IP administration of AAV9.hSYN.hPLA2G6, also showed a 

significant increase in lifespan, with an average of 220 days, when compared to 
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AAV9-hSyn1-eGFP pla2g6-inad mice and untreated pla2g6-inad mice (p<0.0001). 

There were no significant differences in lidespan between the ICV/IV 

AAV9.hSYN.hPLA2G6 and the ICV/IP AAV9.hSYN.hPLA2G6 treated mice.  

Interestingly, when the AAV9.hSYN.hPLA2G6 treated cohorts reached their humane 

end point they did not show the phenotype that is observed at the end stage of AAV9-

hSyn1-eGFP pla2g6-inad mice. The AAV9.hSYN.hPLA2G6 treated pla2g6-inad mice 

were sacrificed due to a 10% reduction in their weight, however they did not show 

any additional clinical signs that indicated that the animals had entered a moribund 

state.  

In summary, there is a significant increase in lifespan between AAV9-hSyn1-eGFP 

treated and AAV9.hSYN.hPLA2G6 treated pla2g6-inad mice. These significant 

differences are also observed between untreated pla2g6-inad mice and 

AAV9.hSYN.hPLA2G6 treated mice. These differences however are only observed in 

the ICV treated cohort and in the combination AAV9.hSYN.hPLA2G6 mediated 

therapy cohort. These data suggest that IV delivery of AAV9.hSYN.hPLA2G6 does 

not show an encouraging effect on the survival of pla2g6-inad mice and is not 

efficient in extending the lifespan of pla2g6-inad mice (Figure 30).  
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Figure 30 Administration of AAV9-hPLA2G6 gene therapy increases the lifespan of pla2g6-

inad mice. 

Kaplan-Meier survival curve of wild-type (n=7), untreated pla2g6-inad mice (n=7, average lifespan 

98 days), AAV9-hSyn1-GFP treated pla2g6-inad mice (n=7, average life span 98 days), AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad mice (n=7, average life span 121 days), AAV9-hSyn1-

hPLA2G6 IV treated pla2g6-inad mice (n=7, 152 days), AAV9-hSyn1-hPLA2G6 ICV/IV treated 

pla2g6-inad mice (n=7, average life span 230 days), AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-

inad mice (n=7, average life span 220 days). Logrank test (Mantel-Cox) comparing survival curves 

results in significant increases in the life span of the AAV9-hSyn1-hPLA2G6 ICV, ICV/IV and 

ICV/IP treated pla2g6-inad mice compared to untreated pla2g6-inad mice and AAV9-hSyn1-GFP 

treated pla2g6-inad (p < 0.0001). No significant differences in lifespan were observed in the AAV9-

hSyn1-hPLA2G6 IV treated pla2g6-inad mice when compared to AAV9-hSyn1-GFP treated pla2g6-

inad mice and untreated pla2g6-inad mice. 

 

 Improved weight gain in pla2g6-inad mice following AAV9-hSyn1-

hPLA2G6 administration 

There are no observed differences in weight gain between untreated pla2g6-inad mice 

and their wildtype counterparts in the first 8 weeks of life. However, as untreated 

pla2g6-inad mice become symptomatic, their weight plateaus until 10 weeks of age 

and then begins to decrease progressively until they reach their humane end point at 

14 weeks of age.   
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In comparison, no significant differences in weight were observed in the AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad mice until 12 weeks of age when 

compared to wild-type counterparts. The weight of AAV9-hSyn1-hPLA2G6 ICV 

treated pla2g6-inad cohort continued to increase until 20 weeks of age and 

subsequently the animals in this cohort began to show a slow decline in weight until 

their humane endpoint had been reached. Quantitative analysis showed a significant 

improvement in weight in the AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice 

when compared to untreated pla2g6-inad mice (**p<0.005, n=7). This significant 

increase in weight was also observed in the combined administration of AAV9-

hSyn1-hPLA2G6 cohort. AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad mice 

showed a significant improvement in weight when compared to untreated pla2g6-inad 

mice (***p<0.005, n=7).  These results were also observed in the AAV9-hSyn1-

hPLA2G6 ICV/IP treated pla2g6-inad mice where an increase in weight gain was 

observed until 23 weeks of age. Quantification analyses confirmed a significant 

improvement in weight in the AAV9-hSyn1-hPLA2G6 ICV/IP pla2g6-inad treated 

mice when compared to untreated pla2g6-inad mice (***p<0.005, n=7). (Figure 24).  

There were no significant improvements in weight in the AAV9-hSyn1-hPLA2G6 IV 

treated cohort, suggesting that when administered intravenously AAV9-hSyn1-

hPLA2G6 is not sufficient in correcting metabolic deficiencies in INAD.  

In summary, AAV9-hPLA2G6-mediated gene therapy resulted in significant 

improvements in the weights of pla2g6-inad mice, with the largest difference 

presented in the combined routes of administration cohorts. The weights in the gene 

therapy treated cohorts did however not reach wildtype levels (Figure 31).  



179 
 

As discussed previously, due to the gross muscle atrophy, gait instability and end 

stage paralysis, it became evident that untreated pla2g6-inad and AAV9-hSyn1-

hPLA2G6 IV treated pla2g6-inad mice were not able to access the food, therefore to 

facilitate food intake, a wet mash containing water and ground chow, was provided 

for the untreated pla2g6-inad mice for daily consumption. Interestingly, AAV9-

hSyn1-hPLA2G6 ICV; ICV/IV; ICV/IP treated pla2g6-inad cohorts do not show 

this phenotype when they reach their humane end point. AAV9-hSyn1-hPLA2G6 

ICV; ICV/IV; ICV/IP treated cohorts were able to access the food freely therefore 

the slow decline in weight may be indicative of a metabolic deficiency that was not 

efficiently corrected by AAV9-hPLA2G6 mediated gene therapy.  

 

 

 

Figure 31 Improvement in the weight loss phenotype associated with pla2g6-inad
 
mice, 

following AAV9- hPLA2G6 gene therapy treatment.  

Weekly weight observations of wild-type (n=6), untreated pla2g6-inad mice (n=6), Pla2g6-inad mice 

treated neonatally with a single ICV administration of AAV9-hSyn1-hPLA2G6 (n=7), Pla2g6-inad 

mice treated neonatally with a combined ICV/IV administration of AAV9-hSyn1-hPLA2G6, pla2g6-
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inad mice treated with a combined ICV/IP administration of AAV9-hSyn1-hPLA2G6 and pla2g6-inad 

mice treated with a single IV administration of AAV9-hSyn1-hPLA2G6. Data represented as weekly 

weight mean ± SEM.  

 

 General health of pla2g6-inad mice following AAV9-hPLA2G6-mediated 

gene therapy  

At 12 weeks of age all untreated pla2g6-inad mice show a decline in posture with 

evident gross muscle atrophy, in particular around the hind limbs (Figure 32A) when 

compared to age-matched wildtype controls. They all develop severe motor 

impairment characterized by rigidity, hypokinesia, and tremors. This severe 

phenotype is not observed in the pla2g6-inad animals that received a single ICV dose 

of AAV9-hSyn1-hPLA2G6. ICV administration of AAV9-hSyn1-hPLA2G6 results in 

complete normalisation of clinical signs such as tetraparesis, hypotonia and tremor. 

Most importantly, end stage AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice 

did not show gross muscle atrophy and were able to retain their muscle integrity 

throughout their lifespan, even at the humane endpoint (Figure 32A). Gross muscle 

atrophy is a prominent feature in INAD patients and mouse models of PLA2G6 

dysfunction therefore targeting the central nervous system with AAV9-hPLA2G6 

mediated therapy appears to be an efficient treatment in the amelioration of severe 

motor impairments that may result from muscle atrophy. Furthermore, haematoxylin 

and eosin (H&E) staining revealed deficits in muscle structure of untreated pla2g6-

inad mice when compared to wildtype counterparts (Figure 32D). However, muscle 

samples obtained from AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice 

showed a significant improvement in the organization of the muscle fibres, which 

appears to be comparable to wildtype counterparts (Figure 32D).  
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We observed a hind-limb clasping phenotype in the untreated pla2g6-inad mice when 

compared to wildtype counterparts (Figure 32B). When adult rodents are picked up 

by the tail, they slowly descend towards a horizontal surface and extend all four limbs 

in anticipation of contact. Mouse mutants with pathologies in various brain regions 

and the spinal cord display instead a flexion response, often characterized by paw-

clasping posture. This phenotype is observed in end-stage untreated pla2g6-inad 

mice. These phenotypes are observed in mice with lesions in cerebellum, basal 

ganglia, and neocortex, such as transgenic models of Alzheimer's disease. The 

underlying mechanism appears to include cerebello-cortico-reticular and cortico-

striato-pallido-reticular pathways, further elucidating mechanistic features that 

contribute to the overall disease phenotype. However, in contrast, a single dose of 

ICV administered AAV9-hSyn1-hPLA2G6 to pla2g6-inad mice showed a 

normalization of the hind-limb clasping phenotype, comparable to wildtype 

counterparts (Figure 32B). These results appear vastly promising and suggest that the 

targeting of the central nervous system with AAV9-hPLA2G6 mediated therapy, is 

efficient in the correction of the underlying mechanism of the hind-limb clasping 

phenotype, which appears to include the cerebello-cortico-reticular and cortico-

striato-pallido-reticular pathways.  

Gait impairment is a universal characteristic of INAD patients. Observational analysis 

showed gross gait abnormality and instability in end-stage untreated pla2g6-inad 

mice.  The footprint patterns of 13-week-old homozygotes indicate that they dragged 

their hindlimbs, indicative of progressive spastic tetraplagia, when walking and had 

an irregular stride, although wildtype littermates showed normal gait (Figure 32C). 

Interlimb coordination appears to be impaired in untreated pla2g6-inad mice when 

compared to age matched wildtype controls. The gait of the AAV9-hSyn1-hPLA2G6 
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ICV treated pla2g6-inad cohort was comparable to wildtype counterparts and did not 

show any abnormalities when walking. In AAV9-hSyn1-hPLA2G6 ICV treated 

pla2g6-inad mice, hind paw prints were in close proximity to the front paw prints, 

with a typical alternate step sequence of right front, left hind, left front and right hind 

(Figure 32C).  

 

 

 

Figure 32 Significant improvements in the general health of pla2g6-inad mice following a 

single ICV administration of AAV9-hSyn1-hPLA2G6.   

(A). Gross muscle atrophy observed in untreated pla2g6-inad mice. The arrow represents muscle 

atrophy in the lower body. No evidence of muscle atrophy observed in the end-stage AAV9-hSyn1-

hPLA2G6 ICV treated pla2g6-inad mice. (B) Hind-limb clasping phenotype observed in pla2g6-inad 

mice when compared to wildtype counterparts. End-stage AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-

inad mice show a complete normalization of this phenotype, comparable to wildtype controls. (C) 



183 
 

Representative footprint patterns of untreated pla2g6-inad homozygotes, wildtype controls and AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad mice. Yellow represents forelimb placement and green 

represents hindlimb placement. Gross gait abnormalities evident in end-stage pla2g6-inad mice when 

compared to wildtype controls. Significant improvements observed in pla2g6-inad mice following a 

single ICV administration of AAV9-hSyn1-hPLA2G6. Normalization of hind limb dragging observed in 

the AAV9-hSyn1-hPLA2G6 ICV treated cohort. (D) Representative high magnification haematoxylin 

and eosin (H&E) stained sections reveal deficits in the muscle fibre structure of pla2g6-inad mice 

when compared to wildtype counterparts. Significant improvements in muscle fibre structure observed 

in the AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice. Scale bar: 40μm 

 

 

 Behavioural Testing  

All procedures were carried out in accordance with the UK Home Office Project 

License (PPL 70-8030). Untreated pla2g6-inad mice (n=7), AAV9-hSyn1-hPLA2G6 

ICV treated pla2g6-inad mice (n=7), AAV9-hSyn1-hPLA2G6 ICV/IV treated 

pla2g6-inad mice (n=7), AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-inad mice 

(n=7) and AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice (n=7) underwent 

behavioural tests, with wildtype (n=7) counterparts used as controls. The animals 

were tested at weekly intervals, starting at 5 weeks of age until their respective 

humane end point had been reached. Predetermined parameters were set to establish 

humane endpoints. In adult mice, a loss of 10% body weight compared to the pre-

study weight or to age-matched controls was established as a humane endpoint. 

Additional euthanasia criteria include changes in appetite, unrelieved pain/distress, 

organ system dysfunction or failure and clinical signs, which indicate that the animal 

has entered a moribund state.  The animals were pre-trained for all tasks and tested at 

approximately at the same time each week.  
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5.5.1 Improvement of neurological and motor coordination symptoms in 

pla2g6-inad mice following AAV9-hPLA2G6 mediated gene therapy  

As discussed, clinical symptoms reported in INAD patients include ataxia, dystonia, 

gait instability and tetraparesis. These clinical signs are also observed in the untreated 

pla2g6-inad murine model therefore we wished to conduct behavioural tests that 

would assess the efficacy of AAV9-hPLA2G6 mediated therapy in motor 

coordination and muscular strength in pla2g6-inad mice.  

To assess motor coordination in all cohorts of AAV9-hSyn1-hPLA2G6 treated 

pla2g6-inad mice we used the rotarod and the vertical pole test.  

The accelerating rotarod, where a rotating rod or drum functions as a treadmill for the 

rodent placed atop, is a well-established paradigm for the assessments of sensorimotor 

co-ordination and balance in animal models of movement disorders, including various 

models of HD (Carter et al., 1999; Hickey et al., 2008; Pallier et al., 2009; van 

Raamsdonk et al., 2005b), PD (Fernagut et al., 2002, 2004), Rett Syndrome (Nag and 

Berger-Sweeney, 2007), and stroke (Hartman et al., 2009).  

Abnormalities in motor function on the rotarod were detected in the untreated pla2g6-

inad mice from 9 weeks of age where the latency to fall was recorded at 60 seconds, 

30% less than the wildtype controls. Abnormalities in the rotarod test continued to 

progressively exacerbate until the latency to fall was recorded at 5 seconds in 13 

weeks old untreated pla2g6-inad mice. By comparison, age-matched littermate 

controls were able to stay on the rotarod between 90 – 250 seconds with no evident 

abnormalities or impairments in their ability to execute the task.  

There was a significant improvement in the rotarod performance in the AAV9-hSyn1-

hPLA2G6 ICV, ICV/IV and ICV/IP treated pla2g6-inad cohorts when compared to 
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untreated pla2g6-inad mice (Figure 33A). The AAV9-hSyn1-hPLA2G6 ICV treated 

cohort was comparable to wildtype counterparts until 16 weeks of age. There was a 

gradual decline in AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad from 16 weeks 

of age until the humane end point was reached at 29 weeks. Quantitative analysis 

revealed a statistically significant difference between 5 weeks of age until 14 weeks 

of age in the AAV9-hSyn1-hPLA2G6 ICV treated group when compared to untreated 

pla2g6-inad mice (** p<0.005). 

The largest improvements in rotarod performance were observed in the combined 

administration of AAV9-hSyn1-hPLA2G6 in pla2g6-inad mice. ICV/IV delivery of 

AAV9-hSyn1-hPLA2G6 in pla2g6-inad mice showed that animals in this cohort were 

able to perform the task comparable to wildtype counterparts until 21 weeks of age. A 

slow decline in motor coordination was subsequently observed in the AAV9-hSyn1-

hPLA2G6 ICV/IV treated pla2g6-inad mice until the humane end point had been 

reached at 37 weeks. Quantitative analysis reported a statistically significant 

difference in the AAV9-hSyn1-hPLA2G6 ICV/IV treated group when compared to 

untreated pla2g6-inad mice (*** p<0.005).  

Similarly, analysis of AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-inad mice 

showed a significant improvement in motor coordination when compared to untreated 

pla2g6-inad counterparts (*** p<0.005). Animals in the AAV9-hSyn1-hPLA2G6 

ICV/IP treated cohort were able to perform the task until 21 weeks of age. Following 

this, the animals showed a slow decline, which was sustained until the end of their 

humane end point at week 35. These significant improvements were however not 

observed in the AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad cohort. IV 

administration of AAV9-hSyn1-hPLA2G6 resulted in no statistically significant 
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improvements when compared to untreated pla2g6-inad mice. The improvements in 

motor coordination observed in the AAV9-hSyn1-hPLA2G6 ICV cohorts did 

however not reach wildtype levels (*** p<0.005). Similarly, a combined ICV/IV and 

ICV/IP administration of AAV9-hSyn1-hPLA2G6 failed to reach wildtype standards 

(** p<0.05) (Figure 26A). There were no significant differences between AAV9-

hSyn1-hPLA2G6 ICV/IV treated cohort and AAV9-hSyn1-hPLA2G6 ICV/IP treated 

pla2g6-inad mice. 

The vertical pole test is also widely used to monitor motor impairments in animals. In 

this test, the mice are placed on a vertical pole, 1cm in diameter 60cm high, turn 

downwards and descend the pole and the total time to descend is measured and 

quantified. Untreated pla2g6-inad mice are able to perform the task until 8 weeks of 

age. At 9 weeks of age, treated pla2g6-inad mice were unable to descend the pole and 

failed to perform the task when compared to wildtype counterparts. In contrast, the 

AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice were able to perform the task 

comparable to wildtype counterparts until 26 weeks of age (Figure 33B). Analyses 

revealed a significant difference in the AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-

inad mice when compared to untreated pla2g6-inad mice (** p<0.005). Significant 

improvements in the performance of this task were also observed in the combined 

gene therapy treated cohorts. AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad 

animals were able to descend the pole comparable to wildtype counterparts until 34 

weeks of age (Figure 33B). Data analyses revealed a significant difference in the 

AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad mice when compared to 

untreated pla2g6-inad mice (*** p<0.0005). Similarly, AAV9-hSyn1-hPLA2G6 

ICV/IP treated pla2g6-inad mice, performed the task until 32 weeks of age and 

showed a significant improvement in the ability to perform the vertical pole task when 
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compared to untreated pla2g6-inad mice (*** p<0.005) (Figure 33B). No significant 

improvements were however observed in the pla2g6-inad cohort that received a 

single AAV9-hSyn1-hPLA2G6 IV administration when compared to untreated 

pla2g6-inad mice suggesting that a systemic administration of AAV9-hSyn1-

hPLA2G6 is not sufficient in targeting the pathways that effect motor coordination in 

the pla2g6-inad mouse model. There were no significant differences observed 

between AAV9-hSyn1-hPLA2G6 ICV/IV treated cohort and AAV9-hSyn1-hPLA2G6 

ICV/IP treated pla2g6-inad mice. 
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Figure 33 Significant improvements in motor coordination observed in AAV9-hPLAG6 gene 

therapy treated cohorts.  

(A) Significant improvements in the ability to perform the rotarod task in the AAV9-hSyn1-hPLA2G6 

ICV, ICV/IV and ICV/IP treated pla2g6-inad mice when compared to untreated pla2g6-inad mice 

(n=7, *** p<0.005). Analysis of AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice showed no 

significant improvements in the rotarod task when compared to untreated pla2g6-inad mice. (B) 

Analyses of motor coordination as assessed by the vertical pole test reveal significant improvements in 

motor abnormalities following ICV, ICV/IV and ICV/IP AAV9-hSyn1-hPLA2G6 administration in 
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pla2g6-inad mice when compared to untreated pla2g6-inad mice (n=7, *** p<0.005). No significant 

improvements were detected in the AAV9-hSyn1-hPLA2G6 IV administered pla2g6-inad mice when 

compared to untreated counterparts. Data represented as mean ± SEM.  

 

In addition to the rotarod and vertical pole test, we also wished to use the open field 

test to assess the impact of AAV-hPLA2G6 gene therapy on the musculoskeletal 

system of pla2g6-inad mice. The open field activity monitoring system 

comprehensively assesses the locomotor and behavioral activity levels of mice. It is a 

useful tool for assessing musculoskeletal system impairment in animal models of 

neuromuscular disease and the efficacy of therapeutic treatments that may improve 

locomotion and/or muscle function. The parameters quantified in the open field test 

included: total distance travelled, average speed and total time mobile. As previously 

discussed, data obtained from the open field test revealed a gross motor phenotype in 

the untreated pla2g6-inad mice in all the measured parameters. 13 weeks old 

untreated pla2g6-inad mice showed a significant decrease in total distance travelled, a 

decrease in average speed and a decrease in total mobile episodes, when compared to 

wildtype counterparts (Figure 34A-F). In contrast, a significant improvement was 

observed in all measured parameters in the AAV9-hSyn1-hPLA2G6 ICV, ICV/IV 

and ICV/IP pla2g6-inad treated cohorts. Pla2g6-inad mice that received a single 

dose of ICV administration of AAV9-hSyn1-hPLA2G6 showed a significant increase 

in total distance travelled, a significant increase in average speed and a significant 

increase in total mobile episodes when compared to untreated age matched pla2g6-

inad mice (**** p<0.0005) (Figure 34A-F). Similarly, a further significant 

improvement in locomotor activity was evident in the combined routes of AAV9-

hSyn1-hPLA2G6 administration cohorts. AAV9-hSyn1-hPLA2G6 ICV/IV and 
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AAV9-hSyn1-hPLA2G6 ICV/IP showed significant improvements in all open field 

test parameters when compared to untreated pla2g6-inad counterparts (**** p<0.005) 

(Figure 34A-F). Interestingly, the total distance travelled and average speed test 

parameters were normalized to wildtype levels in the ICV, ICV/IV and ICV/IP 

AAV9-hSyn1-hPLA2G6 treated groups. The total number of mobile episodes did 

however not reach wildtype standards in the gene therapy treated cohorts (* p<0.05) 

(Figure 34E). Locomotor improvements were however not detected in pla2g6-inad 

mice that received a single IV administration of AAV9-hSyn1-hPLA2G6 when 

compared to untreated pla2g6-inad mice (Figure 34A-H).  

AAV9-hSyn1-hPLA2G6 ICV, ICV/IV and ICV/IP treated pla2g6-inad mice were 

also assessed prior to reaching their humane end point at 28 weeks, 37 weeks and 35 

weeks of age respectively. Interestingly, the AAV9-hSyn1-hPLA2G6 treated cohorts 

did not show the substantial locomotor deficits that were observed in the end stage of 

untreated pla2g6-inad mice. This is an important factor to consider when evaluating 

the impact of AAV9-mediated gene therapy on the quality of life of these animals 

(Figure 34 B,D,F).   
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Figure 34 Significant improvements in the open field test parameters in ICV, ICV/IV and 

ICV/IP gene therapy treated pla2g6-inad mice. (A,C,E)  

Significant improvement in distance travelled, average speed and total number of mobile episodes in 

the AAV9-hSyn1-hPLA2G6 gene therapy treated pla2g6-inad cohort at 13 weeks when compared to 

untreated pla2g6-inad counterparts (n=5, **** p<0.0005). (B,D,F) Test parameters for distance 

travelled, average speed and total number of mobile episodes assessed at end stage of gene therapy 

treated cohorts. (H) Representative track plots of distance travelled in the untreated pla2g6-inad mice, 

wildtype counterparts, AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 

ICV/IV treated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-inad mice and 

AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice at 13 weeks of age. Data represented as mean ± 

SEM.  

 

Tertraparesis is a prominent clinical feature of INAD patients and deficits in strength 

have been reported in both the knock-in and the knock-out PLA2G6 mouse model. To 

determine the efficiency of AAV9-mediated gene therapy in the skeletal phenotype 

associated with INAD, we used the inverted screen test where a wire grid system was 

used to non-invasively measure the ability of mice to exhibit sustained limb tension to 
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oppose gravitational force. Untreated pla2g6-inad mice were able to score a 

maximum on this task until 9 weeks of age. At 9 weeks, the untreated pla2g6-inad 

mice started to show subtle abnormalities in strength, which progressively worsened. 

At 13 weeks of age, untreated pla2g6-inad mice were unable to perform the test and 

thus failed the task. There were no deficits in strength in age-matched wildtype 

control mice and wildtype counterparts were able to able to display sustained limb 

tension for four minutes. ICV administration of AAV9-hSyn1-hPLA2G6 in pla2g6-

inad mice resulted in a modest but statistically significant improvements in 

neuromuscular strength from 5 weeks of age until 14 wekks of age (* p<0.05) when 

compared to untreated pla2g6-inad mice. (Figure 35). However, in contrast there was 

a substantial significant improvement in strength in the combined delivery of AAV9-

hSyn1-hPLA2G6 in pla2g6-inad mice when compared to untreated pla2g6-inad 

counterparts (*** p<0.005). AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad 

mice were able to perform the task comparable to wildtype levels until 23 weeks of 

age. From 24 weeks of age, AAV9-hSyn1-hPLA2G6 ICV/IV treated animals showed 

a slow decline in strength until the humane end point was reached at 37 weeks 

(Figure 35). Similarly, combined administration of AAV9-hSyn1-hPLA2G6 via 

ICV/IP delivery resulted in significant improvements in strength when compared to 

untreated pla2g6-inad mice (*** p<0.005). IV administration of AAV9-hSyn1-

hPLA2G6 in pla2g6-inad however, showed no significant improvement in strength 

when compared to untreated pla2g6-inad counterparts. These results demonstrate that 

delivering the therapy to the central nervous and visceral system was shown to have a 

greater impact on neuromuscular strength than administering the therapy to the central 

nervous system system alone.  
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Figure 35 Improvements in musculoskeletal strength in the ICV, ICV/IV and ICV/IP 

administration of AAV9-hPLA2G6 in pla2g6-inad mice.   

Data analyses reveal significant improvements in strength deficits in the ICV AVV9-hSy1-hPLA2G6 

treated cohort (n=7, * p<0.05) and the combined routes of AAV9-hSyn1-hPLA2G6 administration 

cohorts when compared to untreated pla2g6-inad mice (n=7, *** p<0.005). No significant 

improvements detected in the cohort that received a single IV delivery of AAV9-hSyn1-hPLA2G6 when 

compared to untreated pla2g6-inad mice. Data represented as mean ± SEM. 

 

 Analysis of the neuropathological phenotype in the brain and spinal cord 

following AAV9-hPLA2G6 treatment  

Having demonstrated profound pathology in the brains and spinal cords of pla2g6-

inad mice, we tested whether targeting these regions of the CNS with experimental 

gene therapy would prove beneficial in treating these mice.  
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5.6.1 AAV9-hPLA2G6 mediated gene therapy ameliorates brain 

neurodegeneration in pla2g6-inad mice  

As discussed, PLA2G6 has essential roles for neuronal health and is involved in 

processes that are critical for neuron survival. Profound and progressive neuron loss is 

observed in the brains of untreated pla2g6-inad mice (Figure 18). Furthermore, the 

pattern of neuronal loss appears to be region-specific in the brains of pla2g6-inad 

mice. This region-specific pattern of neuronal loss is evident in the motor cortex 

region (M1), the ventral posterolateral and ventral posteromedial nuclei (VPM/VPL) 

regions of the thalamus, the substantia nigra pars reticulate and the brainstem of 

pla2g6-inad mice. Therefore, to assess any neuroprotective effects afforded by either 

the single ICV or IV delivery of AAV9-hSyn1-hPLA2G6 or the combination of 

ICV/IV and ICV/IP administration of AAV9-hSyn1-hPLA2G6; unbiased 

stereological neuron counts were obtained from a series of NeuN stained sections in 

the M1 cortex, the VPM/VPL, the substantia nigra and the brainstem. There was a 

significant increase in the number of neurons in all quantified regions in end-stage 

AAV9-hSyn1-hPLA2G6, ICV treated pla2g6-inad mice at approximately 120 days of 

age. These improvements were observed in the M1 (*** p<0.005), in the thalamus 

(**** p<0.0005), in the substantia nigra (**** p<0.0005) and in the brainstem (** 

p<0.005) when compared to the untreated pla2g6-inad mice that were at 

approximately 98 days of age (Figure 36 A-D). However, the largest neuroprotective 

effect in the number of neurons was observed in the combined administration of 

AAV9-hSyn1-hPLA2G6 cohort. The improvements in the AAV9-hSyn1-hPLA2G6 

ICV/IV treated group translated to a mean average increase in the number of neurons 

of 58% in the M1, 50% in the thalamus, 52% in the substantia nigra and 47% in the 

brainstem when compared to untreated pla2g6-inad mice (**** p<0.0005) (Figure 36 
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A-D). Similarly, in the AAV9-hSyn1-hPLA2G6 ICV/IP group, the mean average 

increase in the M1 region was 57%, 48% in the thalamus, 50% in substantia nigra and 

45% in the brainstem when compared to untreated pla2g6-inad counterparts (**** 

p<0.0005) (Figure 36 A-D). However, there was no increase in the number of 

neurons from a single intravenous administration of AAV9-hSyn1-hPLA2G6 in 

pla2g6-inad mice suggesting that targeting the central nervous system via a single 

systemic injection alone is not sufficient in the rescue of neuronal populations in the 

brains of pla2g6-inad mice. Although treated pla2g6-inad mice showed amelioration 

in neurodegeneration, the neuronal counts were not completely normalized and 

remained significantly lower than the counts from wild-type control mice in all four 

regions examined (Figure 36 A-D). These results amplify the necessity of complete 

widespread transduction of cell populations, as due to the lack of cross-correction, 

only the neurons that are transduced by AAV9-hSyn1-hPLA2G6 will show 

neuroprotective effects. The spatiotemporal pattern of neuron loss in the pla2g6-inad 

mouse model appears to be closely related to glial activation however whether neuron 

loss is the result of glial activation, or a direct consequence of enzyme deficiency 

within the neurons themselves still remains elusive.  

Furthermore, as previously discussed, a neurophathological hallmark of INAD is the 

presence of vacuoles in the central and peripheral nervous system. We observed 

vacuoles in the cortical structures of unreated pla2g6-inad mice. However, a single 

ICV administration of AAV9-hSyn1-hPLA2G6 resulted in the absence of vacuoles in 

the central nervous system of pla2g6-inad mice making the selected representative 

region comparable to wildtype littermates (Figure 36E).  
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Figure 36 Amelioration of neurodegeneration in AAV9-hPLA2G6 treated pla2g6-inad mice.  

End-stage AAV9-hSyn1-hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated mice (n = 5) were compared to 

end- stage untreated pla2g6-inad mice (n = 5) and wild-type mice (n = 4). Data represented as mean ± 

S.D., compared by two-way ANOVA followed by Tukey’s HSD test. * p < 0.05; ** p < 0.01; *** p < 

0.001; **** p < 0.0001. (A-D) Optical fractionator estimates of neuron number from the motor cortex 

(M1), ventral posterior medial and lateral nuclei (VPM/VPL) the substantia nigra pars reticulate 

(SNR) and brainstem (Gi) demonstrating amelioration of neuronal loss in end-stage AAV9-hSyn1-

hPLA2G6 following a single ICV administration, a combined ICV/IV, ICV/IP and a single IV 

administration of AAV9-hSyn1-hPLA2G6 treated pla2g6-inad mice compared to end- stage untreated 
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mice. (E) Representative images of from H&E stained sections, illustrating the presence of vacuoles in 

the cortex of end-stage untreated pla2g6-inad mice compared to end-stage AAV9-hSyn1-hPLA2G6 

ICV treated pla2g6-inad mice and wild-type (WT) control mice. Scale bar: 40μm   

5.6.2 Single ICV delivery of hPLA2G6 ameliorates lysosomal and autophagic 

dysfunction in the brains of pla2g6-inad mice  

Autophagy is an essential degradation pathway involved in the clearance of abnormal 

protein aggregates and protein homeostasis in neuronal and non-neuronal cells (Li et 

al., 2017). The autophagy-lysosome pathway contributes to the removal of large 

protein aggregates/inclusions and organelles, which are impaired during the 

development of neurodegenerative diseases. To investigate autophagy levels in the 

absence of functional PLA2G6, brain homogenates from wildtype, untreated pla2g6-

inad and AAV9-hSyn1-hPLA2G6 ICV treated cohorts were probed for the marker of 

autophagosomes, LC3. The antibody used for these experiments recognizes both 

forms of LC3: LC3I and LC3II. LC3II is the membrane-associated form of LC3, and 

is used as a marker of autophagosome biogenesis (Mizushima et al. 2010). The ratio 

between LC3II/LC3I, correlated with the amount of LC3I converted in LC3II, is used 

as an indicator of autophagy flux (Mizushima et al. 2010). Brain homogenates from 

wildtype mice, untreated pla2g6-inad and AAV9-hSyn1-hPLA2G6 ICV treated 

pla2g6-inad mice, were processed and analysed for the detection of LC3 via western 

blot analysis.   

A significant increase in LC3 is observed in untreated pla2g6-inad when compared to 

wildtype counterparts (* p<0.5) (Figure 37 A-B). However, this difference is 

normalized in the AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice where the 

levels of LC3 are comparable to wildtype controls. Interpreting autophagy, however, 
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is not straightforward: an increase in LC3 might be a result of accelerated 

autophagosomes generation, as well as reduced autophagosome clearance (Fougeray 

and Pallet 2014; Mizushima et al. 2010).  

To assess the effect of PLA2G6 dysfunction on the lysosomal degradation pathway, 

immunofluorescence analyses using an antibody against the lysosomal- associated 

membrane glycoprotein 1 (LAMP1) was carried out. Images were captured and 

analyzed using confocal microscopy. Results indicate a significant increase in 

lysosomal staining in the cortex of untreated pla2g6-inad mice when compared to 

wildtype controls (**** p< 0.0005) (Figure 37 C-D).  However, quantification of 

AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice shows a significant reduction 

in lysosomal accumulation when compared to untreated pla2g6-inad mice (*** 

p<0.005). The reduction seen in the AAV9-hSyn1-hPLA2G6 ICV treated cohort is 

however not comparable to wildtype levels (* p<0.5) (Figure 37D). 
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Figure 37 Reduction of increased LC3 and LAMP1 staining in end-stage pla2g6-inad mice 

following AAV9-hPLA2G6 ICV treatment.  

Quantification of LC3 autophagy marker and LAMP1 lysosomal marker in end-stage AAV9-hSyn1-

hPLA2G6 ICV treated mice (n=3) compared to end-stage untreated pla2g6-inad mice (n=3) and WT 

mice (n=3). Data represented as mean ± S.D., compared by two-way ANOVA followed by Tukey’s 

HSD test. ns, non significant; * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.  (A) 42kDa 

band represents the β-actin loading control. (B) Immunoblots quantification for LC3 (C) 

Representative images of brain sections stained for lysosomal marker LAMP1. Scale bar: 40μm (D) 

Quantification of LAMP1 positive immunoreactivity in LAMP1 stained brain sections.  

5.6.3 No amelioration of inflammatory response in the brains of pla2g6-inad
 

mice following AAV9-hPLA2G6 treatment  

As discussed previously, studies in multiple neurodegenerative diseases, have shown 

significant glial activation in parallel to neurodegeneration in specific brain regions 

(Partanen et al., 2008; Kielar et al., 2007; Kuronen et al., 2012; Groh et al., 2013; 

Pontikis et al., 2005; Schmiedt et al., 2012), however, whether the glial pathology is 
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in response to neuronal dysfunction or a direct cause of it, still remains unclear.  We 

have shown region-specific glial activation in the brains of pla2g6-inad mice, 

therefore to investigate the impact of AAV-mediated gene therapy on astrogliosis and 

microglia-mediated inflammatory responses, we performed immunohistochemical 

analysis with antibodies against GFAP, which is considered to be a robust marker for 

reactive astrocytes and CD68, a reliable marker for microglial responses.   

Immunohistochemical analyses were performed in the following groups: wild-type 

mice (P98, P200 n = 5), untreated end-stage pla2g6-inad mice
 
(P98, n = 5), AAV9-

hSyn1-hPLA2G6 ICV treated end-stage pla2g6-inad mice (P200, n = 7), AAV9-

hSyn1-hPLA2G6 ICV/IV treated end stage pla2g6-inad mice (P260, n=7), AAV9-

hSyn1-hPLA2G6 ICV/IP treated end stage pla2g6-inad mice (P240, n=7) and AAV9-

hSyn1-hPLA2G6 IV treated end stage pla2g6-inad mice (P=105, n=7). 

At 14 weeks of age, astrocytosis and microglial activation is present within specific 

brain regions including the thalamus, substantia nigra, brainstem and cerebellum in 

untreated pla2g6-inad mice, thus providing a clear, pathological landscape against 

which to test potential therapeutic effect of AAV9-hPLA2G6-mediated gene therapy.  

As expected, wild-type control mice continue to display minimal amounts of GFAP 

and CD68 immunoreactivity compared to untreated pla2g6-inad mice at 14 weeks of 

age and thresholding image analysis revealed that this was significant for both GFAP 

and CD68 immunoreactivity (**** p< 0.0005 and **** p <0.0005, respectively).  

Observations in end stage brains of the AAV9-hSyn1-hPLA2G6 pla2g6-inad mice 

treatment groups showed profound astrogliosis and microglial activation in the 

thalamus, substantia nigra, brainstem and cerebellum, comparable to end stage 

untreated pla2g6-inad mice.  
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In all gene therapy AAV9-hSyn1-hPLA2G6 treated cohorts, upon higher 

magnification viewing, GFAP-positive astrocytes appeared to be hypertrophied with 

numerous thickened processes, indicative of reactive astrogliosis and microglia 

appeared to display more intense staining with larger cell bodies and shortened 

processes, typical of activated brain macrophages. However, in the wildtype brains, 

CD68 staining revealed several faintly stained cells, with small cell bodies and a 

punctate appearance typical of resting or quiescent microglia.  

To measure these morphological observations found in astrocytes and microglial 

cells, thresholding image analysis was performed to quantify and compare end stage 

AAV9-hSyn1-hPLA2G6 ICV; ICV/IV; ICV/IP and IV treated pla2g6-inad mice, 

end stage untreated pla2g6-inad mice and wildtype counterparts. Analyses showed 

that there was significant astrocytosis and microglial activation in specific regions of 

the thalamus, substantia nigra, brainstem and cerebellum, in the brains of all AAV9-

hSyn1-hPLA2G6 treated pla2g6-inad cohorts when compared to wildtype 

counterparts **** p<0.005) (Figure 38A-B; Figure 39 A-B). These significant 

differences in glial activation spanned across all AAV9-hSyn1-hPLA2G6 treatment. 

Thresholding image analysis showed no significant differences between end stage 

AAV9-hSyn1-hPLA2G6 ICV treated (P200), AAV9-hSyn1-hPLA2G6 ICV/IV 

(P260), AAV9-hSyn1-hPLA2G6 ICV/IP (P240), AAV9-hSyn1-hPLA2G6 IV (P105) 

and end stage untreated pla2g6-inad mice (P98) in any of the regions where 

astrocytes and microglial cells, show profound activation. There was a significant 

increase in pathological glial responses in all gene therapy treated cohorts, including 

AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice (**** p<0.0005), AAV9-

hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad mice (**** p<0.0005), AAV9-hSyn1-

hPLA2G6 ICV/IP treated pla2g6-inad mice (**** p<0.0005) and AAV9-hSyn1-
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hPLA2G6 IV treated pla2g6-inad mice (**** p<0.0005) when compared to wildtype 

counterparts (Figure 38A-B; Figure 39 A-B).  

 

Figure 38 Analyses of astroglial marker GFAP in end-stage AAV9-hPLA2G6 ICV, ICV/IV, 

ICV/IP and IV treated pla2g6-inad mice (n = 5) compared to end-stage untreated pla2g6-inad (n=5) 

and wild-type control mice (n=5).  
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(A) Representative images of brain regions of wild- type, untreated pla2g6-inad mice and AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad sections, AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-

inad sections, AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-inad sections and AAV9-hSyn1-

hPLA2G6 IV treated pla2g6-inad sections, stained for astroglial marker GFAP. Scale bar: 100μm. 

Inserts show positively stained individual cells at higher magnification. Scale bar: 40μm. (B) 

Quantification of astrogliosis via immunoreactivity quantification of GFAP positive staining. Data 

represented as mean ± S.D., compared by two-way ANOVA followed by Tukey’s HSD test. ns – non 

significant, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 39 Analyses of microglia marker CD68 in end-stage AAV9-hPLA2G6 ICV, ICV/IV, 

ICV/IP and IV treated pla2g6-inad mice (n = 5) compared to end-stage untreated pla2g6-inad (n=5) 

and wild-type control mice (n=5).  



206 
 

(A) Representative images of brain regions of wild- type, untreated pla2g6-inad mice, AAV9-hSyn1-

hPLA2G6 ICV treated pla2g6-inad sections, AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad 

sections, AAV9-hSyn1-hPLA2G6 ICV/IP treated pla2g6-inad sections and AAV9-hSyn1-hPLA2G6 IV 

treated pla2g6-inad sections, stained for microglia marker, CD68. Scale bar: 100μm. Inserts show 

positively stained individual cells at higher magnification. Scale bar: 40μm. (B) Quantification of 

microglial activation via immunoreactivity quantification of GFAP positive staining. Data represented 

as mean ± S.D., compared by two-way ANOVA followed by Tukey’s HSD test. ns – non significant, * p 

< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.  

5.6.4 No amelioration of inflammatory response in the spinal cords of pla2g6-

inad
 
mice following AAV9-hPLA2G6 administration  

In the brain, there are fibrous astrocytes in the white matter and protoplasmic 

astrocytes in the gray matter. Similarly, in the spinal cord, GFAP staining reveals the 

presence of fibrous astrocytes in the white matter. However, when compared to 

wildtype controls we have found profound astrocytosis in the spinal gray matter of 

end stage untreated pla2g6-inad mice. Significantly more positively stained astrocytes 

were observed in the dorsal and ventral horns at all levels of the cord of untreated 

pla2g6-inad mice (Figure 40 A,B). These astrocytes were present throughout the gray 

matter with no clear laminar specificity. At 14 weeks, these astrocytes almost covered 

the entirety of the gray matter of untreated pla2g6-inad mouse spinal cord sections. 

Whereas, wildtype spinal cords showed only scarce GFAP positive protoplasmic 

astrocytes in the gray matter, which were faintly stained with small cell bodies and 

numerous thin processes (Figure 40 A,B). As with astrocytosis, sections of untreated 

pla2g6-inad mouse spinal cords showed increased intensity of CD68 staining in the 

gray matter at 14 weeks old. This increased immunoreactivity was observed in both 

the dorsal and ventral horns, with no laminar specificity, and was present at all levels 

of the cord. In the wildtype spinal cords, CD68 staining revealed several faintly 
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stained cells, with small cell bodies and a punctate appearance typical of resting or 

quiescent microglia (Figure 41 A,B). This appearance of microglia did not seem to 

change with age in these wildtype mice.  

To determine if there was any neuroprotective effect of AAV9-hSyn1-hPLA2G6 

delivery to pla2g6-inad mice in glial responses, we investigated GFAP and CD68 

activation in all AAV9-hSyn1-hPLA2G6 treated cohorts.  

Similar to untreated end stage pla2g6-inad mice, all AAV9-hSyn1-hPLA2G6 treated 

groups, including ICV, ICV/IV, ICV/IP and IV treated cohorts, showed profound 

astrocytosis and microglia activation in both the white and grey matter of the spinal 

cord. Intense GFAP and CD68 immunoreactivity was observed at all levels of the 

spinal cord in all treated cohorts, showing no laminar specificity (Figure 40-41).  

Levels of glial activation were quantified using semi-automated thresholding image 

analysis. Thresholding image analysis revealed a significant increase of astrocytosis 

and microglial activation in all AAV9-hSyn1-hPLA2G6 treated cohorts when 

compared to wildtype counterparts (**** p<0.0005) (Figure 40 A-C, 41 A-C). 

Quantification of both astrocytosis and microglial immunoreactivity showed no 

difference between AAV9-hSyn1-hPLA2G6 treated pla2g6-inad cohorts and 

untreated pla2g6-inad mice (Figure 40C, 41C). AAV9-hSyn1-hPLA2G6 treated 

pla2g6-inad mice followed the same pattern of astrogliosis and microglia activation 

observed in the untreated pla2g6-inad mice, where profound glial pathology was 

present at all levels of the spinal cord. 

These results indicate that AAV9-hSyn1-hPLA2G6 mediated therapy has no 

therapeutic effect on inflammatory responses in the spinal cords of pla2g6-inad mice. 
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Figure 40 Analyses of astroglial marker GFAP in the spinal cords of end-stage AAV9-hSyn1-

hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated pla2g6-inad mice (n = 5) compared to end-stage 

untreated pla2g6-inad (n=5) and wild-type control mice (n=5).  

(A, B) Representative images low magnification (Scale bar: 200μm) and high magnification (scale bar: 

100μm) of spinal cord regions of wild- type, untreated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 ICV 

treated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad mice, AAV9-hSyn1-

hPLA2G6 ICV/IP treated pla2g6-inad mice and AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice, 

stained for astroglial marker GFAP. (C) Quantification of astrogliosis via immunoreactivity 

quantification of GFAP positive staining. Data represented as mean ± S.D., compared by two-way 

ANOVA followed by Tukey’s HSD test. ns – non significant, * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001.  
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Figure 41 Analyses of microglia marker CD68 in the spinal cords of end-stage AAV9-hSyn1-

hPLA2G6 ICV, ICV/IV, ICV/IP and IV treated pla2g6-inad mice (n = 5) compared to end-stage 

untreated pla2g6-inad (n=5) and wild-type control mice (n=5).  

(A,B) Representative images low magnification (Scale bar: 200μm) and high magnification (Scale bar: 

100μm) of spinal cord regions of wild- type, untreated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 ICV 

treated pla2g6-inad mice, AAV9-hSyn1-hPLA2G6 ICV/IV treated pla2g6-inad mice, AAV9-hSyn1-

hPLA2G6 ICV/IP treated pla2g6-inad mice and AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice, 

stained for microglia marker, CD68. (B) Quantification of microglial activation via immunoreactivity 

quantification of GFAP positive staining. Data represented as mean ± S.D., compared by two-way 

ANOVA followed by Tukey’s HSD test. ns – non significant, * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001.  
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5.6.5 A single ICV administration of AAV9-hSyn1-hPLA2G6 ameliorates 

spinal cord neurodegeneration in pla2g6-inad mice  

Interneurons form a large subset of the neurons in the spinal cord and play critical 

roles in the normal functioning of spinal neural networks (Edgley, 2001; Jankowska, 

2001). Staining for calretinin (CR) reveals a dense band of interneurons and their 

terminals in laminae I-III of the gray matter with sparsely scattered interneurons, with 

intensely stained cell bodies in the remaining gray matter of spinal cord sections 

(Rexed, 1954). Given the intensity of interneurons in these laminae, we focused our 

analyses on laminae I-III of the gray matter of the spinal cord and performed 

thresholding analyses to determine the effect of AAV9-hSyn1-hPLA2G6 on these cell 

populations.  

A 1 in 48 series of spinal cord sections from untreated pla2g6-inad mice, AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad mice and wildtype control mice were 

stained for calretinin (CR), which is an established marker of GABAergic interneuron 

populations (Andressen et al, 1993; Defelipe et al, 1999).  

Using a semi-automated thresholding image analysis for the neuron dense laminae I-

III of each section, we found a significant decrease in interneuron density in untreated 

pla2g6-inad mice when compared to wildtype counterparts (*** p<0.005). In 

contrast, results obtained for the cervical, thoracic and lumbo-sacral spinal cord 

segments of AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice showed a 

significant increase in the number of interneurons in the specified laminea when 

compared to untreated pla2g6-inad mice (*** p<0.005) (Figure 42 A-B). 

Importantly, these interneuron populations were rescued to wildtype levels suggesting 

that CSF delivery of AAV9-hSyn1-hPLA2G6 is sufficient in the rescue of interneuron 
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population in the spinal cords of pla2g6-inad mice. These data also propose that the 

rescue of CB positive interneurons is at least partly responsible for the normalisation 

of neurological symptoms presented above.  

 

Figure 42 Quantification of interneuron Lamina III marker Calretinin in the spinal cords of 

end-stage AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice (n = 5) compared to end-stage 

untreated pla2g6-inad (n=5) and wild-type control mice (n=5).  
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(A) Representative images presented in high magnification to demonstrate lamina III of spinal cord 

regions of wild- type, untreated pla2g6-inad mice and AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad 

mice stained for interneuron marker, Calretinin. Scale bar: 100μm. (B) Quantification of lamina III 

interneurons via immunoreactivity of Calretinin positive staining. Data represented as mean ± S.D., 

compared by two-way ANOVA followed by Tukey’s HSD test. ns – non significant, * p < 0.05; ** p < 

0.01; *** p < 0.001; **** p < 0.0001.  

 

Motor neurons have essential functions in relaying signals along motor pathways 

(Romanes, 1964). To determine whether these neuron populations are protected as a 

result of AAV9-hSyn1-hPLA2G6 mediated gene therapy in the pla2g6-inad mouse 

spinal cord, we immunostained sections for the marker of motor neurons, choline 

acetyl transferase (ChAT) and NeuN and analyzed neuronal populations in the 

cervical, thoracic and lumbosacral segments of untreated pla2g6-inad mice, AAV9-

hSyn1-hPLA2G6 ICV treated pla2g6-inad mice and wildtype counterparts.  

Unbiased stereological counts revealed a significant decrease in the laminae IX motor 

neurons of untreated pla2g6-inad spinal cords when compared to wildtype 

counterpart (*** p<0.005). In contrast, there was a significant increase of these motor 

neurons in pla2g6-inad spinal cords that received a single ICV administration of 

AAV9-hSyn1-hPLA2G6 when compared to untreated pla2g6-inad spinal cords (*** 

p<0.005) (Figure 43 A-B). Furthermore, motor neuron numbers in the gene therapy 

cohorts were comparable to wildtype levels, indicating that the rescue of motor 

neurons contributes to the correction of motor coordination symptoms in pla2g6-inad 

mice presented above. These data also suggest that CSF delivery of AAV9-hSyn1-

hPLA2G6 sufficiently rescues motor neuron populations in pla2g6-inad mice.  
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Figure 43 Significant increase in motor neurons number in AAV9-hPLA2G6 ICV treated 

pla2g6-inad mice.  

(A) Representative images of spinal cord section stained for the neuronal marker NeuN showing pools 

of motor neurons in layer IX of AAV9-hSyn1-hPLA2G6 ICV treated pla2g6-inad mice compared to 

untreated pla2g6-inad mice and wildtype counterparts. Scale bar: 40μm (B) Stereological counts of 

ChAT and NeuN positive cells in the cervical, thoracic and lumbar spinal cord regions of wildtype, 



216 
 

untreated pla2g6-inad and AAV9-hPLA2G6 ICV treated spinal cords. Values shown as mean ± SEM. 

(n= 5 mice/group).  

 

 Summary 

This chapter details the results obtained from evaluating the effect of AAV9-hSyn1-

hPLA2G6 gene therapy on pla2g6-inad mice. INAD is a progressive disease affecting 

both the central and peripheral nervous system therefore targeting both systems is 

imperative in designing a therapeutic approach. To this end, different routes of 

administration were evaluated for efficacy. Behavioural and immunohistochemical 

assays were used to determine the therapeutic effect of AAV9-hSyn1-hPLA2G6 when 

administrated intracerebroventricularly (ICV), a combined intracerebroventricular 

and intravenous delivery (ICV/IV), a combined intracerebroventricular and 

intraperitoneal delivery (ICV/IP) and a single intravenous (IV) administration. 

AAV9-hSyn1-hPLA2G6 ICV, ICV/IV and ICV/IP treated pla2g6-inad mice showed 

a significant increase in lifespan when compared to untreated pla2g6-inad mice, with 

the largest increase observed in the groups that received a combined administration of 

AAV9-hSyn1-hPLA2G6. The AAV9-hSyn1-hPLA2G6 IV treated pla2g6-inad mice 

did not show a significant increase in lifespan when compared to untreated pla2g6-

inad counterparts.  

Behavioural analyses of pla2g6-inad mice revealed significant improvements in 

motor coordination in the AAV9-hSyn1-hPLA2G6 ICV, ICV/IV and ICV/IP treated 

cohorts. These improvements were also observed in open field test parameters where 

gene therapy treated pla2g6-inad mice were measured for distance, speed and path 

efficiency. It is interesting to note that end stage gene therapy treated pla2g6-inad 

mice did not revert to the phenotype observed at end stage untreated pla2g6-inad 



217 
 

mice. At end stage, untreated pla2g6-inad mice show severe muscle atrophy and hind 

limb paralysis, resulting in a complete loss of ambulation. In contrast, end stage gene 

therapy mice do not show visible signs of muscle atrophy or hind limb paralysis and 

were able to maintain their ability to ambulate. The focus of gene therapy studies can 

sometimes rely heavily on the extension of lifespan in mouse models however given 

the translational power of gene therapy, the improvements in the quality of life are 

also essential factors to be considered when evaluating its therapeutic effects. Upon 

observation, there were minor, however non-significant, improvements in the AAV9-

hSyn1-hPLA2G6 intravenously treated group suggesting that a single systemic 

administration of AAV9-hSyn1-hPLA2G6 is not sufficient in correcting the 

phenotypic spectrum observed in the pla2g6-inad mouse model.   

Neuromuscular abnormalities are a prominent feature in INAD patients and mouse 

models of PLA2G6-dysfunction. A single ICV administration of AAV9-hSyn1-

hPLA2G6 in pla2g6-inad showed modest but significant improvements in strength 

deficits up until 17 weeks of age. However the improvement in strength was not 

sustained over a long period of time, suggesting that delivery to the central nervous 

system alone is not sufficient in targeting abnormalities in the neuromuscular 

junction. A single systemic IV administration of AAV9-hSyn1-hPLA2G6 did not 

have an effect on the strength deficit phenotype. However, adopting a combination 

approach to targeting both the central nervous system and the peripheral nervous 

system showed the greatest improvements in neuromuscular strength.  Taken 

together, these data suggest that it will be necessary to treat both the central nervous 

system and the peripheral nervous system to achieve maximum therapeutic efficacy.  

Neuronal dysfunction is a prominent characteristic in the pla2g6-inad mouse model 

and there is a significant loss of region-specific neuronal populations in the brains of 
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these mice. However, reconstituting PLA2G6 levels in the brain of pla2g6-inad mice 

resulted in neuronal survival in the cortex, thalamus, substantia nigra and brainstem. 

ICV delivery of AAV9-hSyn1-hPLA2G6 showed a significant increase in the number 

of neurons in pla2g6-inad mice however the largest increase in neuronal populations 

has been observed in the treatment cohorts that received a combined delivery of 

AAV9-hSyn1-hPLA2G6. It is possible that due to the lack of cross-correction, only 

the cells that have been transduced by AAV9-hSyn1-hPLA2G6 will survive therefore 

targeting the central nervous system and the peripheral nervous system will result in a 

larger number of neuronal populations being transduced.  

While the number of neurons were not completely normalised in all areas (Section 

5.3), this partial amelioration did lead to the improvement of neurological symptoms 

and quality of life in pla2g6-inad mice. It is also imperative to consider the 

mechanistic pathway which leads to the survival of specific neuronal populations. The 

autophagy-lysosomal complex has not previously been investigated or reported in the 

mouse models of PLA2G6 dysfunction therefore to our knowledge the irregularity 

observed in this pathway is a previously undocumented phenotype. Western blot 

analyses reveal that the autophagy marker LC3 is upregulated in the brains of pla2g6-

inad mice however, a single ICV administration of AAV9-hSyn1-hPLA2G6 restores 

autophagy levels to wildtype standards. As mentioned, results from autophagy may be 

difficult to interpret as an increase in LC3 might be a result of accelerated 

autophagosomes generation, as well as reduced autophagosome clearance (Fougeray 

and Pallet 2014; Mizushima et al. 2010). Similarly, an increase in lysosomal 

immunoreactivity has been observed in the brains of pla2g6-inad mice however 

AAV9-hSyn1-hPLA2G6 ICV treated cohorts show a significant reduction in 

lysosomal storage. However, the reduction in lysosomal burden observed in the 
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AAV9-hSyn1-hPLA2G6 ICV treated mice did not reach wildtype levels. This may 

also be due to the inability of cells to cross correct neighboring cells. Taken together, 

these data show a promising and interesting angle towards a more profound 

understanding of the mechanical pathway leading to neuronal survival in gene therapy 

treated pla2g6-inad mice.   

Current literature proposes the existence of a complex interplay between glial cells 

and neurons and the impact that this bidirectional interchange has on neuronal 

dysfunction and survival. Thresholding image analysis reveal reactive astrocytosis 

and increased microglial activity in the brains of pla2g6-inad mice. Following 

treatment with AAV9-hSyn1-hPLA2G6, there was no significant improvement in 

astrocytosis and microglial activation in any of the gene therapy treated cohorts. It is 

possible that reconstituting PLA2G6 levels in neurons alone is not sufficient in 

improving pathological glial responses observed in the brains of AAV9-hSyn1-

hPLA2G6 treated pla2g6-inad mice.  

During the characterization of the pla2g6-inad mouse model (Chapter 1) 

thresholding analysis revealed pathological responses in glial cells in the spinal cords 

of these mice. Similarly, AAV9-hSyn1-hPLA2G6 gene therapy treated pla2g6-inad 

mice, did not show any reduced immunoreactivity in astrocytes or microglia cells.  

Interestingly, however, there is a significant improvement in interneuron and motor 

neuron survival in the AAV9-hSyn1-hPLA2G6 gene therapy cohorts. A single ICV 

administration of AAV9-hSyn1-hPLA2G6 can restore interneuron and motor neuron 

numbers to wildtype levels. The normalization of neuronal populations in the spinal 

cords has led to the improvement of neurological symptoms and quality of life in 

pla2g6-inad mice.  
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6. DISCUSSION 

 

The aim of the present work was to first further characterize the pla2g6-inad mouse 

model in greater detail and to subsequently conduct a pre-clinical gene therapy study 

for PLA2G6-associated neurodegeneration. The foundation of this study relies on the 

premise that administration of a viral vector carrying the functional human PLA2G6 

gene to the pla2g6-inad mouse model can potentially improve both the central and 

peripheral nervous system pathology.  

This study provides proof-of-concept that reconstituting PLA2G6 levels in a mouse 

model of PLA2G6-dysfunction via AAV9-mediated gene therapy can deliver 

widespread transduction to neuronal populations, improve behavioural abnormalities, 

ameliorate neuropathology and provide a significant increase the lifespan of the 

pla2g6-inad mice.   

 Novel pathological phenotypes in brains and spinal cord of pla2g6-inad 

mice  

The first aim of the project was to provide a comprehensive characterization of the 

pla2g6-inad mouse model. The research presented in this thesis serves to highlight the 

profound involvement of the brain in INAD disease progression that adversely affects 

sensorimotor function, as well as revealing the spinal cord as a novel and effective 

therapeutic target in this disease.  

Significant impairments in motor coordination and muscular strength were observed 

in the pla2g6-inad mice when compared to wildtype counterparts. These deficits were 

observed from 9 weeks of age and progressively worsened until 14 weeks of age 
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when plag6-inad mice reached their humane end point.  End stage pla2g6-inad mice 

showed gross muscle atrophy, severe gait abnormalities and a hind-limb clasping 

phenotype. The early onset of these motor and neuromuscular deficits suggests that 

the pla2g6-inad mouse model recapitulates the phenotype observed in INAD patients. 

Region-specific astrogliosis and microglial activation was present in the subthalamic 

regions of VPM/VPL, substantia nigra, brainstem and cerebellum of pla2g6-inad 

mice. Stereological counts in the brains of pla2g6-inad mice revealed significant 

region-specific neuronal loss in the M1 cortical region, subthalamic regions of 

VPM/VPL, substantia nigra and brainstem. Neuroinflammatory responses and 

neuronal dysfunction have been reported in INAD patients however the widespread 

pathology reported in this study is a previously undocumented phenotype in the 

pla2g6-inad or the iPLA2β
-/- mouse model.  

Interestingly, examination of calbindin expression, a widely used 

immunohistochemical marker of Purkinje neurons in the cerebellum, did not reveal 

any significant differences between pla2g6-inad mice and wildtype littermates. 

Cerebellar atrophy and Purkinje cell loss is an additional pathological hallmark of 

INAD and is also observed in some animal models of PLA2G6 dysfunction (Fyfe et 

al, 2010, Zhao et al, 2011). Indeed, Zhao et al, have reported cerebellar atrophy and a 

reduced number of Purkinje cells in iPLA2β
-/- mice. Cerebellar atrophy has also been 

reported in a canine model of PLA2G6 dysfuncion however the authors did not 

include findings concerning cerebellar Purkinje cell loss (Tsuboi et al, 2017). The 

manifestation of cerebellar atrophy observed in INAD patients is frequently 

associated with cerebellar gliosis, which is illustrated by signal hyperintensity in the 

cerebellar cortex on T2-wighted images of MRI (Kurian et al, 2008). Cerebellar 

gliosis was also observed in our pla2g6-inad mouse, which was characterized by 
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significantly high levels of astrocytosis and microglial activation. Astrogliosis and 

microglia activation seems to be a central feature in CNS degeneration and is thought 

to precede neuronal dysfunction and cell death. Therefore, it is possible that the lack 

of Purkinje cell loss in our pla2g6-inad mouse model may be explained by the rapid 

disease progression resulting in the pla2g6-inad mice being sacrificed at 14 weeks of 

age. It is possible the Purkinje cell death may occur at a later stage however in 

compliance with the project licence and ARRIVE guidelines, the pla2g6-inad mice 

had to be sacrificed when they had reached their humane end-point, characterized by 

a 10% weight loss. Indeed, in the iPLA2β
-/- mice, where the disease progression 

manifests slowly, Purkinje cell loss is observed at 13 months of age (Zhao et al, 

2011). It may also be significant to consider the significance of biological differences 

amongst human and non-human animals and although our pla2g6-inad mouse model 

may racipulate a number of the important pathological hallmarks observed in INAD 

patients, differences in the phenotypic diversity between animal models used in 

preclinical studies and human patients may exist. Furthermore, to date more than 40 

mutations in the PLA2G6 gene have been implicated in INAD (Morgan et al, 2006) 

therefore it may be possible that the diversity in PLA2G6 genetic mutations may give 

rise to the wider pathological spectrum reported in INAD patients. Indeed, in the 

canine model of PLA2G6 dyfunction, where the mutation was found to be in the 

patatine domain of PLA2G6, the authors did not observe any pathological changes in 

the peripheral nervous system of these animals (Tsuboi et al, 2017).   

The presence of spheroids in INAD patients and mouse models of PLA2G6 

dysfunction suggests that defects in autophagic clearance of protein aggregates may 

contribute to disease pathomechanisms. We found aberrant autophagy and lysosomal 

accumulation in the brains of pla2g6-inad mice. This is an intriguing finding, as 
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dysfunction of the autophagy-lysosome pathway has not been previously documented 

in the INAD patient clinical phenotype or the iPLA2β
-/- muse model. The autophagy-

lysosome pathway plays crucial functions in the repair or removal of abnormal 

proteins and is therefore being increasingly recognized as playing a significant role in 

the pathogenesis of many neurodegenerative diseases.  However, INAD is not 

characterized as a lysosomal storage disorder therefore the reason why we observe 

abnormal functioning of the autophagy-lysosomal pathway remains elusive. 

Interestingly, in a PARK-14 mouse model of PLA2G6 dysfunction, PLA2G6-

dependent Ca2+ signalling was found to be a trigger for autophagic dysfunction (Zhou 

et al, 2016). As previously mentioned, the brain PUFA, AA and DHA, have various 

effects on different pathways of Ca
2+

regulation in astrocytes.  Severe disturbances in 

the Ca
2+

signalling in astrocytes has been reported in the iPLA2β
-/- mouse model 

(Strokin et al, 2012). These findings suggest that the correct Ca
2+ signalling in the 

astroglial network is central to the sustained functioning of the neural tissue and 

mechanisms that are integral to neuronal health. It is therefore possible that the 

disruptions in Ca
2+

signalling arising from PLA2G6 dysfunction may also initiate 

deficits in the autophagy-lysosomal pathway observed in the pla2g6-inad mouse 

model. Furthermore, the INAD/NBIA phenotype is associated with the accumulation 

of alpha-synuclein in Lewy bodies and Lewy neurites. Mutant alpha-synuclein can 

inhibit the normal functioning of the autophagy-lysosomal pathway by tightly binding 

to the receptor on the lysosomal membrane for autophagy pathway, giving rise to the 

assumption that the presence of alpha-synuclein in INAD may be related to the 

development of the disruption observed in this pathway.   
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Given the profound and progressive pathology that has already been described in the 

forebrain and cerebellum of pla2g6-inad mice, it is perhaps not entirely surprising to 

have found some degree of pathology in the spinal cord of these mice. Indeed, the 

various pathological changes seen in the brain including neuron loss and glial 

activation are all also observed in the cord. Pathological changes in the spinal cord, 

including the presence of alpha synuclein positive inclusions, have also been reported 

in the iPLA2β
-/- mice (Beck et al, 2014). The progression of the disease in pla2g6-

inad mice followed the same general pattern in the spinal cord as in the brain, with the 

spinal cord showing interneuron and motor neuron loss and pathological responses of 

glial cells. However, as pathological changes in the brain of pla2g6-inad mice 

demonstrate region-specific astrocytosis and microglial activation, glia pathology in 

the spinal cords appears to be widespread in both the white and grey matter, without 

any region specificity.  

Microglial activation and astrocytosis in the spinal cord have been shown to be 

associated with altered spinal cord function in spinal cord injury and diseases such as 

transverse myelitis and multiple sclerosis, with symptoms including increased pain, 

altered mobility and structural damage to the spinal cord (Beh et al, 2013; Hausmann, 

2003).  

Therefore, we may hypothesize that the progressive increase in spinal cord 

inflammation observed in pla2g6-inad mice may have a profound effect on the 

sensorimotor function in these animals. The contribution of the spinal cord pathology 

in pediatric neurological diseases is recently gaining more attention. Recently, in a 

CLN1 disease model, spinal cord pathology was not only reported to significantly 

contribute to the disease progression of infantile neuronal ceroid lipofuscinosis 

(INCL) but it was also found to be a effective therapeutic target (Shyng et al, 2017).     
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As discussed in Chapter 3.8, our data reveals loss of interneurons in the dorsal horn 

and motor neurons in the ventral horn of pla2g6-inad mice when compared to their 

wildtype counterparts. These results reinforce the observation that pla2g6-inad mice 

have a severe neurodegenerative phenotype in the spinal cord. Interneurons are the 

most abundant cell type in the spinal cord and carry significant functions in 

modulating processes in the spinal cord. In the dorsal horn, interneurons regulate 

transmission of impulses from the primary sensory neurons in the DRG to the 

ascending pathways that reach the centers in the brain and brainstem. They have 

similar functions in the trafficking of information from these supra-spinal centers to 

the motor neurons in the ventral horn. Not only do they modulate transmission of 

impulses, but also help in the regulation of functional reorganization of the complex 

spinal neural networks (Edgley, 2001; Jankowska, 2001).  

Interestingly, the loss of neuronal cell populations in the spinal cord of pla2g6-inad 

mice are comparable to other models of neurodegenerative diseases affecting the 

spinal cord such as ALS (Ravits et al, 2007) and SMA (Sleigh et al, 2011; Simone et 

al, 2016), Parkinson disease (Martin et al, 2006; Vivacqua et al, 2011), Alzheimer 

disease (Seo et al, 2010) and HD (Valadao et al, 2016). The selective loss of 

interneurons in the spinal cord may potentially lead to a reduction of inhibitory tone 

in the spinal cord that is required for the integration of central motor commands and 

sensory feedback signals (Rossignol et al, 2006).  

Thus far, the brain has been considered the main locus of pathology in INAD disease 

possibly due to the nature of clinical symptoms. Therefore, we wished to investigate 

the spinal cord due to its involvement in the sensory and motor pathways connecting 

the brain and peripheral nervous system (PNS). The widespread pathology and loss of 
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interneurons and motor neurons is a previously undocumented phenotype in the 

pla2g6-inad model or the iPLA2β
-/- mouse model and may help to better explain the 

motor deficits seen in these mice.  

 Gene delivery following intracerebroventricular administration of AAV9-

hPLA2G6 in pla2g6-inad mice 

Neonatal intracerebroventricular (ICV) gene transfer using AAV9 is able to generate 

robust levels of transgene expression and thus an attractive option for gene therapy 

efficacy studies. For neurological diseases where neuronal degeneration is a 

prominent feature of the disease pathology, then an appropriate cell-type specific 

promoter is necessary. Synapsin is considered to be a neuron-specific protein 

(DeGennaro et al., 1983), so its neuron-specific expression pattern could be employed 

to express transgenes in a neuron-specific manner.  

In the current study, we show that the hSYN1 promoter can be used with AAV9 to 

achieve high neuron-specific transduction rates in the central nervous system after 

neonatal injection at P0. While neonatal ICV injections with AAV9 using general 

promoters are associated with varied cellular tropism, we did not observe PLA2G6 

expression in astrocytes or microglia, thus validating that the hSYN1 promoter offers 

neuronal specificity in the context of the brain. A similar approach to the current 

study has been reported by Dirren and colleagues, who used the minimal glial 

fibrillary acidic protein promoter (gfaABC1D) to restrict expression to astrocytes, 

thus emphasizing the growing interest in cell-type specific expression following 

neonatal injection (Dirren et al, 2014).  

Extensive CNS transduction is relevant for treating CNS diseases with widespread 

CNS pathology. We show that widespread GFP expression was observed throughout 

the CNS, including the forebrain, midbrain, hindbrain, and spinal cord 4 weeks 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5095393/#B5
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following injection with AAV9-hSyn1-eGFP.  At higher magnification, neuron 

specific GFP expression was identified in the motor cortex, hippocampus, striatum, 

substantia nigra, cerebellum, brainstem and spinal cord. Interestingly we observed 

systemic transduction following ICV AAV9-hSyn1-eGFP administration with GFP 

expression being trafficked particularly to the liver and spleen. Indeed, certain AAV 

serotypes have demonstrated systemic leakage resulting in off-target vector 

distribution in organs like the liver and heart (Gray et al., 2011; Rosenberg et al., 

2014; Yang et al., 2014). It is unclear why ICV administration of an AAV9 vector 

leads to systemic leakage however differential receptor biology and binding 

kinetics of AAV9 have been implicated to play role in this phenomenon (Gray et 

al, 2013).  

 

Relevant to the current study, neuron-specific GFP expression in the peripheral 

nervous system has also been identified in other studies (McLean et al, 2014).  The 

authors reported GFP expression observed in dorsal root ganglion (DRG) neurons and 

in nerve bundles of the sciatic nerve following AVV9-hSyn1-eGFP ICV neonatal 

administration. GFP immunoreactivity was further observed in the gastrocnemius 

muscle and along the length of their innervating axons. These results demonstrate that 

the use of hSyn1 promoter in an rAAV9 vector backbone can result in widespread 

neuron-specific transgene expression throughout the central nervous system. The 

INAD phenotype is defined by progressive pathology in the central and peripheral 

nervous system however given the widespread transgene expression observed from 

AVV9-hSyn1-eGFP administration, we wished to investigate the therapeutic efficacy 

of a single ICV administration of AAV9-hSyn1-hPLA2G6 in the pla2g6-inad mice.   

To this end, we show that a single ICV administration of AAV9-hSyn1-hPLA2G6 

results in significant improvements in the behavioural and pathological phenotype 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4168676/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4168676/#B88
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4168676/#B88
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4168676/#B113
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associated with PLA2G6 dysfunction. To achieve robust transgene expression 

throughout the central nervous system, we explored AAV9-hSyn1-hPLA2G6 delivery 

to the cerebrospinal fluid (CSF) via a single intracerebroventricular administration. 

Encouragingly, ICV administered AAV9-hSyn1-hPLA2G6 in pla2g6-inad mice 

resulted in an average 60% increase in lifespan and significant weight improvements, 

compared to untreated pla2g6-inad mice (Chapter 5). The improvements in lifespan 

and weight were accompanied with permanent normalisation or improvements in 

various indices of neurological disease, including motor function and gait. These clear 

therapeutic effects on critical clinical endpoints in this model are encouraging as 

motor co-ordination and ataxia are hallmark symptoms in INAD patients.  

Neuromuscular abnormalities are a prominent feature in INAD patients and mouse 

models of PLA2G6-dysfunction. A single ICV administration of AAV9-hSyn1-

hPLA2G6 in pla2g6-inad showed limited improvements in strength deficits 

suggesting that delivery to the central nervous system alone is not sufficient in 

targeting abnormalities in the peripheral nervous system.  

Further analysis of brain sections from these end-stage AAV9-hSyn1-hPLA2G6 

treated pla2g6-inad mice (Chapter 5) revealed significant neuronal rescue in all 

quantified brain regions, including the cortex, thalamus, substantia nigra and 

brainstem. Aberrant levels of the autophagy marker LC3, were normalized to 

wildtype standards and a significant reduction in lysosomal storage was observed in 

the pla2g6-inad mice following AAV9-hSyn1-hPLA2G6 delivery. Significant 

neuronal rescue was also observed at all levels of the spinal cord. Rescue of lamina III 

Calbindin-positive interneurons and layer IX motor neurons translated into a marked 

improvement that was indistinguishable from their healthy littermates. 
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However, despite AAV9-hSyn1-hPLA2G6 treatment and significant neuronal rescue, 

the inflammatory responses observed in the brains and spinal cords of untreated 

pla2g6-inad mice remained present in the AAV9-hSyn1-hPLA2G6 ICV pla2g6-inad 

treated mice. The reason for these findings is unclear, although it is possible that 

following preferential neuronal transduction of AAV9-hSyn1-hPLA2G6, 

untransduced cells such as astrocytes and microglia experienced continued 

neurodegeneration resulting in neuroinflammation. Alternatively, as PLA2G6 

expression was restricted to neurons, other neural cells such as astrocytes, microglia 

and oligodendrocytes, may have continued to degenerate due to PLA2G6 dysfunction 

that would ultimately lead to progressive cellular pathology.  

Additionally, the brain sections of the ICV gene therapy treated pla2g6-inad mice 

were processed and analysed at their endstage, at a significantly older time point 

compared to untreated pla2g6-inad mice. This may have allowed longer pathology 

progression in cells and areas left untransduced following ICV AAV9-hSyn1-

hPLA2G6 administration. Comparison of younger ICV gene therapy treated pla2g6-

inad mice with age-matched untreated pla2g6-inad mice may in future clarify the 

efficacy of AAV9-hSyn1-hPLA2G6 treatment on glial cell activation.  

Significant progress has been made in global CNS targeting through the CSF, using 

rAAV, with indication of therapeutic potential for many neurodegenerative diseases.  

Studies have shown that administration of rAAV9 into the cisterna magna has 

demonstrated encouraging phenotypic outcomes in animal models of MPS types IIIA 

and B (Haurigot et al, 2013; Ribera et al, 2015) as well as in large-animal models of 

AMD (Yoon et al, 2016) MPS VII (Gurda et al, 2016) and MPS (Hinderer et al, 

2014).  
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Intracerebroventricular administration, although accessible in animal models, may be 

however more challenging to translate into humans. A less invasive route into the 

CSF via lumbar intrathecal injection has shown positive results of enzyme distribution 

in the brain of MPS I and MPS VII mouse models, using rAAV2 (Elliger et al, 1999; 

Watson et al, 2006). Indeed, a first clinical trial in Batten CLN6 has been launched 

with a self-complementary AAV9 carrying the CLN6 gene administered intrathecally 

by lumbar puncture (NCT02725580).  

 Systemic gene delivery following intravenous administration of AAV9-

hSyn1-hPLA2G6 in pla2g6-inad mice 

Interestingly, a systemic intravenous administration of AAV9-hSyn1-hPLA2G6 in 

pla2g6-inad mice was not sufficient in ameliorating the behavioural abnormalities or 

the pathology associated with PLA2G6 dysfunction.  

Minor improvements were observed in a few of the parameters used to assess motor 

function, including distance travelled and average speed, however these observations 

failed to achieve statistical significance when analysed. No improvements in the 

neurodegenerative phenotypic spectrum were observed following systemic 

administration of AAV9-hSyn1-hPLA2G6 in pla2g6-inad mice. Taken together, these 

data suggest that targeting the central nervous and peripheral nervous system via a 

single intravenous administration of AAV9-hSyn1-hPLA2G6 does not offer any 

therapeutic value to the pla2g6-inad mouse model.  

These results are perhaps discouraging as the ideal alternative to 

intracerebroventricular administration would be a route that offers a non-invasive 

procedure whilst enabling widespread vector distribution in the CNS, with 

intravenously administrated gene therapy being the least invasive and consequently 

the most ideal for clinical applications. Furthermore, the discovery that AAV9 has the 

https://clinicaltrials.gov/ct2/show/NCT02725580
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natural ability to bypass the BBB has expanded the applications of intravascular AAV 

administration in CNS gene therapy. In fact, Foust et al and Duque et al. 

demonstrated that AAV9 circumvents this barrier in both neonatal and adult mice, 

leading to widespread CNS gene expression (Duque et al, 2009; Foust et al, 2009). 

The lack of therapeutic efficiency observed in the pla2g6-inad mouse model 

following intravenous administration of AAV9 is an interesting finding as it suggests 

insufficient levels of the therapeutic gene in the central and peripheral nervous 

system.  

Biodistribution studies, however, have reported widespread transduction of GFP 

positive cells following a systemic administration of AAV9-GFP. Wang et al have 

detected significant transgene expression levels in the brain, both in neurons and glia 

and as reported by Miyake et al. these expression levels are stable for at least 18 

months (Miyake et al, 2011). The authors have also reported a maximal transduction 

of 78% spinal lower motor neurons in the spinal cord. In fact, the authors reported a 

long-term transgene expression of at least 5 months in 28% of motor neurons. In 

contrast, a few studies have reported limited CNS distribution of GFP following 

intravenous delivery (Gray et al., 2011). However, the widespread correction of CNS 

abnormalities in several mouse disease models (Fu et al., 2011; Ruzoetal, 2012; 

Gargetal, 2013; Yamashitaetal, 2013) contradicts these observations. These apparent 

inconsistencies in the literature may be explained by a number of experimental 

variables including the type of vector (i.e. single-stranded vs. self-complementary), 

dose, whether a protein is soluble and can cross-correct neighbouring cells and 

persistance of transgene expression.  

Advances in capsid engineering show the continual development and generation of 

novel viral particles with enhanced tropism to specific cell types however more 
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stringent pre-clinical studies need to be conducted before these new AAV capsids are 

translated into clinical settings. A new AAV vector that was shown to transduce the 

brain and the spinal cord of adult mice following systemic administration with high 

efficiency showed great promise initially (Deverman et al., 2016, Chan et al., 2017). 

These vectors, AAV-PHP.B and AAV-PHP.Eb, showed high efficiency in 

transducing the CNS following intravenous delivery of low dose vector, resulting in 

improved CNS transduction. However, recent investigations into these variants, have 

demonstrated that this enhanced CNS tropism is restricted to the model in which it 

was selected, a Cre transgenic mouse in a C57BL/6J background, and the results were 

not replicated in nonhuman primates or the other commonly used mouse strain 

BALB/cJ. Furthermore, the potential for serious acute toxicity in NHP after systemic 

administration of high doses of AAV9 and PHP.B in non-human primates has also 

been documented (Hordeaux et al, 2018). The authors reported that intravenous 

administration of AAV9 and AAV-PHP.B vectors expressing green fluorescent 

protein was tolerated at 2x 1013 GC/kg. However, an animal treated with AAV9 at a 

dose of 7.5 x 1013 GC/kg exhibited transient elevations in transaminases and extensive 

hemorrhage requiring euthanasia on study day 5.  

Severe toxicity in nonhuman primates and piglets has also been reported following 

high-dose intravenous administration of an adeno-associated virus vector expressing 

human SMN (Hinderer et al, 2018).  However, the first gene therapy clinical trial 

using an AAV vector encoding the SMN gene administered intravenously in pediatric 

patients with type 1 SMA, has demonstrated positive and encouraging results in 

survival and motor milestones achievement (NCT02122952). In contrast to the severe 

toxicity observed in the NHP and piglets following high dose intravenous 

administration of AAV9 expressing the hSMN gene, the intravenous administration of 
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AAV9-hSMN at high doses in humans did not elicit a toxic immune response 

(Hinderer et al, 2018). The discrepancies between the pre-clinical and clinical results 

regarding toxicity may be due to differences in the nature of capsids and vector 

manufacturing process. As clinical grade vector is produced under rigourous GMP 

guidelines, factors that may result in toxic events such as the purity of the vector, will 

be regualated under stringent critearia.  

Furthermore, currently, there is a selection of clinical studies planned to evaluate the 

potential of high-dose intravenous administration of AAV vectors to transduce cells 

of skeletal muscle (NCT03199469, NCT03368742, and NCT03375164) and the 

central nervous system (NCT02122952 and NCT03315182).  

Interestingly, given the success of the use of intravenous administration in murine 

models and the SMA clinical trial, it is perhaps surprising that we did not detect any 

significant improvements in the pla2g6-inad mouse following intravenous 

administration of AAV9-hSyn1-hPLA2G6. However, the combination of 

intracerebroventricular and intravenous administration of AAV9-hSyn1-hPLA2G6 

resulted in superior amelioration of the behavioural and pathological deficits in 

pla2g6-inad mice when compared to a single AAV9-hSyn1-hPLA2G6 injection. It is 

possible that the combination of a systemic and CNS administration of the vector 

targets both the peripheral and central nervous system whereas a single intravenous 

administration may transduce the peripheral nervous system but may be inefficient at 

offering robust and widespread transduction in the brain. Furthermore, due to a lack 

of cross correction of PLA2G6, a large number of neuronal populations would need to 

be transduced for effective therapy to occur.    
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 Combination of intracerebroventricular (ICV)/intravenous (IV) and 

intracerebroventricular (ICV)/intraperitoneal (IP) gene therapy in 

pla2g6-inad mice 

A single intracerebroventricular administration of AAV9-hSyn1-hPLA2G6 delivered 

to pla2g6-inad mice has shown some very encouraging results. However, our data 

revealed that a combination approach of ICV/IV and ICV/IP- AAV9-hSyn1-

hPLA2G6 therapy has resulted in the greatest extension of life span and preservation 

of motor function in pla2g6-inad mice. Consistent with the current study, other 

groups have recently presented data showing that combining routes of administration 

to deliver a therapeutic gene, results in a significantly better outcome (Meo et al, 

2017; Shyng et al, 2017). Dual administration of AAV particles by both IV and ICV 

routes led to a significant improvement of the clinical signs, such as gain in body 

weight and amelioration in motor coordination, and highly significant prolongation of 

the lifespan in a mouse model of Leigh syndrome (Meo et al, 2017) and Batten’s 

disease (Shyng et al, 2017).  

The number of surviving neurons in the combined administration of AAV9-hSyn1-

hPLA2G6 treated cohorts was significantly higher than the ICV only treated cohorts. 

Due to AAV9’s ability to cross the blood-brain barrier, the systemic administration of 

AAV9-hSyn1-hPLA2G6 would results in cell transduction in the central nervous 

system as well as the viscera. Therefore, a combination of an ICV and systemic 

delivery of gene therapy would result in a larger number of neurons being transduced 

resulting in a larger number of neuronal cells being rescued.  

It is also important to consider that targeting the central nervous system in isolation 

cannot offer complete transduction of the peripheral nervous system and therefore the 

addition of an IV administration would result in peripheral nervous system 
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transduction. INAD is a progressive disease that shows severe pathology in the central 

and peripheral nervous system, therefore any therapeutic intervention should target 

both systems for full therapeutic effect.  

However, despite the success of this CNS-directed combination therapeutic strategy, 

shown in the present study, the fact that combination treated mice still do not live as 

long as their wildtype counterparts means that further work is required to optimise 

AAV engineering.   

 

 Future Work 

Given the encouraging results obtained from our pre-clinical data, future work would 

focus on the optimisation of our current vector to achieve optimal therapeutic efficacy 

from AAV9-mediated gene therapy. As shown in this study, the use of the neuronal-

specific promoter has shown great efficiency in the preferential transduction and 

rescue of neurons however it did not demonstrate a therapeutic effect on non-neuronal 

cell types such as astrocytes and microglia. To this end AAV9 vectors carrying 

powerful ubiquitous promoters will be developed and their therapeutic efficacy will 

be assessed on the neurological and visceral pathology of pla2g6-inad mice. Three 

potential candidates include the chicken β-actin promoter which has been used in 

clinical trials for Batten Disease (NCT02725580), the CAG promoter which is used in 

the spinal muscular atrophy clinical trial (NCT02122952) and is known to advocate 

high levels and long-term transgene expression (Gray et al., 2011a) and the 

cytomegalovirus (CMV) promoter which is known to result in high levels of 

transgene expression across both CNS and non-CNS tissues (Zincarelli et al, 2008). 

As iPLA2β is expressed in both neuronal and glial cells such as astrocytes, it might be 

of therapeutic significance to reconstitute PLA2G6 levels in both neurons and 
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astrocytes. The ubiquitous transgene expression that can be achieved by the CBA, 

CAG and CMV promoters may result in greater therapeutic efficacy. However, a 

direct comparison will be made between the neuronal specific hSyn promoter and the 

ubiquitous CBA, CAG and CMV promoters.    

 

As this project focuses on a proof-of-concept, pre-clinical therapeutic efficacy study 

based on P0/1 neonatal administration of the required transgene. This approach offers 

great value for pre-clinical investigations however it may not reflect the standard 

scenario of clinical applications. Current literature suggests that patients are 

commonly diagnosed after the onset of symptoms. Due to the lack of detectable 

biomarkers, initial diagnosis remains inefficient for INAD patients. Advances in 

diagnostics may result in comprehensive neonatal screening, which would in turn 

facilitate therapeutic intervention, such as gene therapy, in neonates.  

However, as it is important to reflect the clinical scenario as accurately as possible, 

we will carry out preclinical studies that will focus on stereotactic ICV administration 

of AAV9-hSyn.PLA2G6 in adult pla2g6-inad mice. First, administration into pre-

symptomatic adult pla2g6-inad mice between 5 to 6 weeks of age will be carried out 

as a further proof of concept study. This will be followed by a second study where 

early symptomatic pla2g6-inad mice are administered ICV with AAV9-hPLA2G6 at 

9 weeks of age.  

However, despite the success of this CNS-directed combination therapeutic strategy, 

shown in the present study, the fact that gene therapy treated mice do not survive as 

long as their wildtype counterparts (Chapter 5.3) means that further work is required 

to elucidate the exact nature, as well as the temporal and anatomical progression of 

disease outside the CNS in pla2g6-inad mice. The knowledge of how mediators of 

inflammation in not only the central nervous system but also in the viscera, can 
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induce disease would contribute towards the development of therapeutic strategies. To 

this end, visceral pathology has not been investigated in the pla2g6-inad mouse 

model, therefore future work will explore pathological responses in the viscera of 

pla2g6-inad mice that may result from the absence of PLA2G6 catalytic activity. This 

may in turn have an effect on the choice of the administration route of AAV9-

hSyn.PLA2G6 and may in part explain the superior therapeutic efficacy observed in 

the ICV/IV administration when compared to ICV administration alone.  

Pathological responses in the viscera will also be assessed following systemic 

administration of AAV9-hSyn.PLA2G6. Our current data shows there is no toxcicity 

associated with supraphysiological levels of PLA2G6 however it is important to 

consider that although overexpression of a therapeutic gene is required in the nervous 

system, it may be detrimental in the normal development of other unaffected 

peripheral organs.  

It is also important to note the extensive toxicity assays that will be executed in order 

to identify any potentional risks of the vector configuration to the patients. Full 

toxcicity screening of the final vector configuration will however be outsourced to 

ensure that all assays will be performed and validated with accordance to regulatory 

guidelines.  

 

 Conclusions 

The preclinical results presented in this project, in conjunction with the significant 

and advances in the gene therapy field, provide a conclusive argument for 

advancing AAV9 to the clinic. Although the process may be challenging, there is an 
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alarming number of neurological diseases for which there is no current treatment, 

such as INAD. The data from our project not only to provide a better comprehension 

towards the mechanisms driving the INAD phenotype but also show that the use of 

AAV9-mediated gene therapy can have a significant effect on the disease pathology 

and therefore supports the use of AAV9 for gene transfer to the CNS for disorders in 

pediatric populations. Furthermore, we show that intracerebroventricular delivery 

results in the use of lower viral doses and less peripheral organ transduction without 

compromising neuronal transduction in the brain and spinal cord. As patient safety 

from an immunological perspective remains a significant area of research and clinical 

interest, this approach adds safety advantages.  

Furthermore, the AAV field shows continual evolution in its design and engineering 

strategies therefore characterization and development of new serotypes will result in 

improved efficacy of AAV vectors. This should allow the design of customized 

constructs, targeted to specific brain regions and for specific cellular tropism and 

improve the translation from academic research to clinical application. There is a 

significant amount of preclinical data demonstrating the applicability and viability of 

AAV-based gene therapy to treat CNS disorders, not only for rare genetic diseases but 

also potentially for more common complex polygenic conditions.  
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