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Abstract 

Gene therapy is a promising approach for the treatment of a wide range of chronic diseases.  

These therapies typically utilise strong, constitutively active promoters to drive high levels of 

recombinant protein expression. Unregulated gene expression is a key issue limiting clinical 

translation of promising gene therapies due to the potential for side-effects from excessive 

levels of protein that indiscriminately affect both diseased and non-diseased cells.  Ideally 

gene expression would be regulated such that it would be quiescent under basal conditions 

and induced to a therapeutic level in at-risk cells only. This thesis describes the 

characterisation of a novel bicistronic autoregulatory gene expression system that relies on 

cell stress-induced activation of specific proteases to drive transgene expression. The 

functionality of this system was assessed in vitro in a model of cellular stress and in vivo in a 

neurotoxin model of Parkinson’s disease, a neurodegenerative disorder associated with 

aberrant activation of the specific proteases caspase-3 and calpain.   

The results showed that transgene expression under control of the gene regulation system was 

low under basal conditions and inducible in a concentration-dependent and temporal manner 

in response to cellular stress induced by the cytotoxin okadaic acid in vitro.  Following 

adeno-associated viral vector (AAV)-mediated delivery of a green fluorescent protein (GFP) 

reporter gene under control of the regulatory system to the rat substantia nigra pars compacta, 

expression of GFP was induced in response to cellular stress initiated in the striatum.  In the 

final study the protective efficacy of the anti-apoptotic gene X-linked Inhibitor of Apoptosis 

Protein (XIAP) under the control of this system was examined in comparison to constitutive 

XIAP expression in the 6-OHDA model. The results showed that regulating XIAP expression 

with this system afforded greater protection of dopamine neurons in comparison to control 

animals that express GFP under control of the regulatory system. In contrast, the extent of 

dopamine cell loss in animals injected AAV vectors expression XIAP under control of a 

constitutively active promoter was not different to the corresponding control GFP vector-

injected rats.  Together these results provided proof-of-principle evidence of the utility of this 

system for the treatment of brain disorders associated with increased activation of proteases..   
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 Introduction Chapter 1.

 Gene therapy 1.1.

 Gene therapy technology overview 1.1.1.

Gene therapy is a promising treatment modality for the treatment and management of various 

diseases. The objective of gene therapy is to introduce genetic material into a host cell for a 

therapeutic purpose.  Gene therapy is therefore dependent on transfer vehicles capable of 

delivering transgenes to cells with high efficiency.  Gene delivery vehicles can be broadly 

classified into viral-based and non-viral based classes. Genetically modified viruses have 

been used extensively due to the ability of viruses to bind to a host cell and introduce their 

genetic material as part of their replication cycle.  Viral vectors are capable of more efficient 

delivery of genetic material to cells and lead to higher levels of gene expression compared 

with non-viral methods of gene delivery  (Li et al., 2000; Li. et al., 2006). 

In light of the wide range of diseases amenable to gene therapy, each viral vector system is 

associated with a set of advantages and disadvantages when considering its use for a 

particular disease application.  The common requirements across vector systems are therefore 

that genes are delivered specifically to the tissue or organ of interest and mediate gene 

delivery in the absence of harmful side-effects. Commonly used viral vectors in the field of 

gene therapy are the herpes simplex virus (HSV), lentivirus (LV), adenovirus (Ad) and 

adeno-associated virus (AAV) (Buning, Perabo, Coutelle, Quadt-Humme, & Hallek, 2008; 

Costantini, Bakowska, Breakefield, & Isacson, 2000).  AAV vectors have emerged as one of 

the leading vectors for gene therapies. The following sections will focus on AAV systems as 

they have been used for the work conducted in this thesis. 

 Adeno-associated viral vector systems 1.1.2.

Wild type AAV was originally discovered as a contaminant of adenoviral vector preparations 

(Atchison et al., 1965) and subsequently isolated from humans (Blacklow et al., 1967).  The 

AAV genome consists of a single strand of DNA approximately 4.7 kb in size composed of 

two open reading frames (ORFs): rep and cap flanked by inverted terminal repeats (ITRs) 

(Srivastava et al., 1983).  The rep ORF encodes four proteins required for functions including 

transcriptional regulation of promoters within the AAV genome and DNA replication (Green 
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et al., 1980; Redemann et al., 1989).  The cap ORF encodes three viral capsid proteins: VP1, 

VP2 and VP3 and a total of 60 copies assemble in a 1:1:8 ratio to produce an AAV virus 

(Srivastava et al., 1983).  The 145 base pair ITRs function as the origin of replication and are 

required for AAV replication (Srivastava et al., 1983).   

The AAV viral infection cycle is a multistep process. Entry of virions into the cell is thought 

to occur through by receptor-mediated endocytosis.  Following endosomal trafficking to the 

nucleus, the virion is released from the endosome, viral uncoating occurs and the genome is 

delivered into the nucleus for replication. It is unclear whether the uncoating process occurs 

prior to, or following nuclear entry (Buning et al., 2008).  The second strand of DNA is 

synthesized upon entry into the nucleus.  Following this AAV can follow one of two 

pathways in its lifecycle: the lytic or lysogenic pathway.  The former occurs in cells infected 

with a helper virus such as Ad or HSV, whereas the latter occurs in the absence of a helper 

virus.  In the absence of the helper virus, the double stranded DNA preferentially integrates 

into the AAVS1 site on human chromosome 19 (Kotin et al., 1992; Kotin et al., 1990).  In the 

presence of the helper virus, the AAV genome is expressed and the AAV virions assembled 

and released from the cell.   

The ITRs are the only genomic elements that are required in cis, therefore recombinant AAV 

vector (rAAV) particles are generated using a three plasmid system where the cells are 

transfected with a plasmid containing the foreign DNA flanked by the ITRs, a separate 

plasmid expressing the rep and cap genes provided in trans, and the Ad or HSV helper virus 

(Blouin et al., 2004; Grimm et al., 2003).  Utilisation of helper plasmids consisting of mini 

genomes containing Ad elements that enable the propagation of rAAV have negated the need 

to use wild type helper viruses, minimising the risk of contamination of vector stocks (Xiao et 

al., 1998).  AAV vector particles can then be extracted from the lysed cells. This is most 

commonly achieved by chromatographic purification (Wang et al., 2011). AAV serotype 2 

(AAV2) is the most comprehensively characterised serotype.  AAV2 binds to the cell surface 

primarily through heparan sulphate proteoglycans (HSPG) (Summerford et al., 1998) and is 

internalised aided by the co-receptors avβ5 integrin (Summerford et al., 1999) and human 

fibroblast growth factor 1 (FGFR1) (Qing et al., 1999) enabling AAV2 to be purified by 

heparin affinity column chromatography (Clark et al., 1999).   

There are over 100 AAV serotypes that have been isolated from human as well as non-human 

primate tissues, with AAV vectors being developed from ~11 AAV serotypes (AAV1, 2 4, 5, 
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6, 7, 8, 9 most commonly used). It has therefore become possible to select serotypes with the 

most advantageous tropisms for specific tissues as desired for specific gene therapy 

applications (Gao et al., 2005).  The differential tropism of the various serotypes are thought 

to be mediated primarily by the affinity of capsid proteins for specific cell surface receptors, 

however the identify of these receptors remains largely unknown (Wu, Asokan, et al., 2006).  

The production of AAV variants composed of multiple capsid proteins has broadened the 

utility of AAV vectors to tissues and cell types that were previously not efficiently transduced 

by native serotypes  (Hauck et al., 2003; Rabinowitz et al., 2004; Wu, Miller, et al., 2006).  

Since a high proportion of humans have neutralising antibodies against wild type AAV2 

(Erles et al., 1999; Moskalenko et al., 2000) the use of a transcaspidation approach may prove 

useful in evading an immune response in patients.    

 Recombinant AAV-mediated gene transfer to the central nervous system  1.1.3.

The level of transgene expression is largely determined by the transcriptional promoter within 

the expression cassette (Walsh et al., 1992).  Kaplitt and colleagues were the first to show the 

tropism of AAV2 vectors for neurons using the cytomegalovirus (CMV) promoter (Kaplitt et 

al., 1994).  Since then a multitude of other studies have employed AAV vectors in the central 

nervous system (CNS) providing strong evidence for its efficacy in transducing neurons 

(Franich et al., 2008; Jung et al., 2008; Lawlor et al., 2007; Lin et al., 2006).  The reason for 

the neuronal selectivity is not fully understood, however it is thought that the expression of 

AAV2 receptors is lower in glia than in neurons (Bartlett et al., 1998).  Since the pioneering 

study by Kaplitt and colleagues, several CNS cell type-specific promoters have demonstrated 

considerably higher transgene expression levels than the CMV promoter, with the neuron-

specific enolase (NSE) promoter demonstrating considerably high levels of transgene 

expression by comparison (Klein et al., 1998).   Due to the excision of AAV viral genes from 

recombinant AAV they do not integrate into host chromosomes and expression is therefore 

predominantly episomal (Nakai et al., 2001; Schnepp et al., 2003).  While this may pose a 

problem in dividing cells due to dilution of the expression from the parent cells, neuronal 

cells are terminally differentiated enabling stable and long-term transgene expression to be 

achieved in the CNS over periods of months to years (Xiao et al., 1997). These characteristics 

make AAV vectors desirable vectors of choice for CNS gene therapies.  
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 Gene regulation systems for gene therapy applications in the CNS 1.2.

This section has been published in Naidoo, J., & Young, D. (2012). Gene regulation 

systems for gene therapy applications in the central nervous system. Neurol Res Int, 2012, 

595410. 10.1155/2012/595410 (Naidoo et al., 2012) and has been adapted for the 

purposes of this thesis. 

 

Recent years have seen a plethora of potential gene therapy strategies for CNS disorders.  The 

majority of gene therapy strategies have employed constitutively active promoters to drive 

high levels of recombinant protein expression for the life-span of transduced cells.  Since the 

lifespan of neurons in the absence of pathologic conditions is limited only by the lifespan of 

the organism, this means that recombinant protein is likely to be produced at high levels for 

decades in humans.  The ability to tightly regulate transgene expression is essential as it will 

enable optimisation of the level of transgene expression and reduce the likelihood of 

nonspecific toxicity due to overexpression of therapeutic protein or RNA interference-based 

sequences. Thus, the ability to regulate gene expression is essential as it reduces the 

likelihood of potentially initiating adverse events in patients. 

Although genes may be regulated at translational and posttranscriptional levels, greatest 

success in achieving regulation of transgene expression has been at the transcriptional level 

and as such gene regulation systems at a transcriptional level is the focus of this section. To 

date, there are two classes of gene regulation systems that have been explored - exogenously 

controlled gene regulation systems, which rely on an external factor (usually the 

administration of a drug) to turn transgene expression on or off, and endogenously controlled 

gene expression systems, that rely on physiological stimuli to control transgene expression.  

This section covers the characteristics of an ideal regulatory system and summarises the 

mechanics of current gene regulation systems and their application to CNS disorders. 

 What are the characteristics of a good gene regulation system? 1.2.1.

In order to be clinically effective, regulatory systems should possess the following 

characteristics: 

I. Exhibit low basal expression – in the ‘off’ state transgene expression should be 

subphysiological.  This would be crucial in the event of an adverse reaction to the 

treatment. 
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II. Be positively induced – induction of gene expression should be positive, through the 

presence, rather than the absence of a stimulus so that patients can discontinue drug 

therapy when treatment is no longer required.  In the case of endogenously controlled 

systems, this would enable transgene expression to be repressed when the treatment is 

no longer required.   

III. Transgenic protein levels should lie between therapeutic indices – transgene 

expression should be inducible to physiological levels to enable a therapeutic 

outcome. 

IV. Be regulatable over a wide dose range – this would enable adequate dose-responsive 

control. 

V. Exert no pleiotropic effects – ideally the transgene would be specific to the target 

phenotype and not have an effect on any other phenotypic traits, however this may not 

be controllable. 

VI. Be of human origin – the risk of immunogenicity is decreased when components of 

regulatory systems are of human origin. 

VII. Not affect endogenous gene expression – components of the regulatory system such as 

transcription factors should not regulate expression of endogenous genes. Conversely, 

endogenous transcription factors should not regulate expression of the transgene.  

VIII. Be region or cell-specific – it would be efficacious to limit transgene expression to 

specific regions or cell types that require it. 

IX. Transgene expression should be induced and repressed as quickly as possible – this 

would enable maximal physiological benefit to be obtained and would (i) reduce the 

likelihood of toxic over-expression of transgene in cells that no longer require it and 

(ii) enable discontinuation of adverse effects to the treatment in a timely manner.  

 Exogenously regulated gene expression systems 1.2.2.

Exogenously regulated systems are the most well characterised class of regulation systems 

and substantial progress has been made on their design and optimization in recent years. This 

section covers the mechanics and utility of popular systems for CNS gene therapy. 
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 Tetracycline regulated systems 1.2.2.1.

The tetracycline regulated gene expression system developed by Gossen and co-workers 

(Gossen & Bujard, 1992), is the most widely used gene regulation system. There are two 

variants - the Tet-Off system was the first to be developed (Gossen & Bujard, 1992), 

followed by the Tet-On system (Gossen & Bujard, 1995), that has now become more popular.  

The Tet-Off system is negatively controlled and relies on tetracycline to deactivate 

expression, whereas the Tet-ON system relies on tetracycline to activate gene expression. 

Transactivators (tTAs) are constitutively produced by their own promoter (this can be tissue 

or cell-specific) through fusion of a viral protein (VP16) domain to the tet-repressor protein. 

In the Tet-Off system, when doxycycline (a tetracycline derivate) is present, the 

transactivators are unable to bind to their target, a tet-operator sequence upstream of a 

cytomegalovirus (CMV) promoter (termed the tetracycline response element [TRE]) that 

drives transgene expression. Conversely, in the absence of doxycycline, the tTAs bind to the 

TRE, driving transgene expression (Figure 1-1A). The Tet-On system was developed by 

inducing random mutations in the tTA of the tet-OFF system (Gossen & Bujard, 1995).  One 

of the mutations led to a four amino-acid change that resulted in a protein with opposite 

function.  These mutant proteins, termed reverse transactivators (rtTA) drive transgene 

expression by activating the TRE only in the presence of doxycycline.  Absence of 

doxycycline results in inhibition of transgene expression (Figure 1-1B). 

 

 

Figure 1-1. Mechanics of tetracycline regulated systems. 
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A constitutively active promoter drives expression of tetracycline transactivators (tTAs) or 

reverse tetracycline transactivators (rtTAs). (A) Tet-Off system – tTAs are able bind to the tet 

operator sequence (tetO) in the absence, but not in the presence of doxycycline (dox) to drive 

transgene expression. (B) Tet-On system - rtTAs are able bind to the TRE in the presence, but 

not in the absence of dox to drive transgene expression. tetR, tetracycline repressor; VP16, 

viral protein 16; CMV, cytomegalovirus. 

Tetracycline based regulation systems are a good candidate for gene therapy applications due 

to their extensive characterization and the fact that tetracycline and its derivatives have been 

used clinically for decades. The majority of CNS applications involving this system have 

used viral vectors for construct delivery, of which adeno-associated viral (AAV) vectors have 

been the most popular. 

Samulski and colleagues were the first to demonstrate that AAV vectors coupled with the 

Tet-Off system can be used to produce regulated, long-term gene expression in the rat brain 

(Haberman et al., 1998). A dual cassette was constructed with the gene-encoding enhanced 

green fluorescent protein (GFP) under the control of the TRE and a gene-encoding modified 

tTAs on the same construct. The tTAs and gene of interest were placed under the same 

transcriptional control to limit leakiness and decrease the likelihood of cytotoxic effects of 

tTAs. This method was dependent on the activity of the CMV promoter to produce a small 

amount of tTA protein to initiate a feedback loop to enhance tTA and therefore transgene 

expression. AAV-expressing constructs were injected into the inferior colliculus, and 

transgene regulation was achieved through the presence or absence of doxycycline in the 

drinking water. Since this pioneering study, a number of other groups have incorporated the 

tetracycline system into viral vectors for both in vitro and in vivo applications. There are five 

main arrangements that have been used, using either one or two vectors (Figure 1-2). 
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Figure 1-2. Different configurations the tetracycline system has been incorporated into 

viral vectors for use in the brain. 

(1) Two right-facing cistrons direct transactivator and transgene expression in a single vector 

(Chtarto et al., 2003; Haberman et al., 1998; Manfredsson et al., 2009; Xiong et al., 2006). 

(2)One bidirectional promoter driving expression of the transgene and transactivators in a 

single construct ((Chtarto et al., 2003; Chtarto et al., 2007; Fitzsimons et al., 2001; Wang et 

al., 2006; Xiong et al., 2006)) (3)Two vectors are used: one bidirectional construct directing 

expression of two transgenes; one driving expression of transactivators ((Ebert et al., 2005; 

Wang et al., 2005)). ITR, inverted terminal repeats; PolyA, polyadenylation signal; TetO, 

tetracycline operator sequence; CMV, cytomegalovirus; tTA, tetracycline transactivator; 

rtTA, reverse tetracycline transactivator. 

 

AAV vectors have been the most widely used, followed by adenoviral vectors (Ebert et al., 

2005; Xiong et al., 2006) and lentiviral (LV) vectors(Tian et al., 2009). Single vector designs 

limit the size of the transgene that can be incorporated - AAV vectors have a maximum 

capacity of approximately 5.0 kb, leaving approximately 2.0 – 2.5 kb for transgenes. 

However, the tetracycline system is small in comparison to other systems and some groups 

have managed to incorporate multiple transgenes into a single vector construct (Chtarto et al., 

2003; Wang et al., 2005; Wang et al., 2006). A two vector design, where the tTA/rtTAs are 

encoded on a separate vector, enables transgenes of up to 4.0 kb to be incorporated into a 

single AAV vector. This design requires both vectors to transduce each cell in order to be 

functional, so the ratio of vectors must be tightly controlled. Single vector designs that utilize 

constitutive promoters such as CMV suffer from interference between the tet-operator 
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sequence and the CMV promoter, leading to high basal transgene expression. This issue has 

been addressed by placing the tTA/rtTAs under the control of a weak minimal promoter such 

as the thymidine kinase promoter (Fitzsimons et al., 2001) or the tetO sequence itself (S et al., 

1998) (Strathdee et al., 1999).  

Although it is difficult to make direct comparisons due to the number of different construct 

compositions used, in terms of kinetics, high inducibility and repression has been achieved 

both in-vitro and in-vivo, however there is still some residual transgene expression present in 

the ‘off’ state. The induction of transgene expression should be as quick as possible in order 

to facilitate maximal physiological benefit.  Maximal transgene expression has been reported 

within 48h in-vitro (Wang et al., 2005; Wang et al., 2006). Additionally, transgene expression 

can be induced in-vivo as early as 6 days (Xiong et al., 2006), with levels as high as 80 and 

204-fold (Chtarto et al., 2003; Fitzsimons et al., 2001). Whether the time to induction 

reported in these studies is acceptable will depend on the disease being treated. 

Neurodegenerative disorders progress slowly so the fore mentioned induction times are 

probably acceptable. However, acute conditions such as stroke necessitate prompt action so 

these time periods would not be ideal. 

Repression can be achieved quite rapidly – as early as 2 days in-vitro (Wang et al., 2005) and 

3 – 10 days in-vivo (Chtarto et al., 2003; Wang et al., 2006). Whether this time period is 

satisfactory will depend on the toxicity profile of the transgene being expressed and/or the 

severity and nature any adverse reaction to the treatment. Tight regional distribution of 

transgene has been achieved in the rat brain using the AAV/Tet-On system, compared to the 

constitutively active AAV/CMV system (Bockstael et al., 2008). To ensure cell-specific 

transgene expression, the CMV promoter has been replaced with the neuron-specific neuron-

specific enolase (NSE) promoter (Tian et al., 2009). Additionally, physiologically relevant 

levels of transgenic protein are being produced in the brain – of particular note is a study 

conducted by Mandel and colleagues who used an AAV/Tet-Off system to express glial cell 

line derived neurotrophic factor (GDNF) at levels exceeding those required for efficacy in a 

6-hydroxydopamine model of Parkinson’s disease (Manfredsson et al., 2009). 

In order to attain adequate dose-responsive control and limit the likelihood of toxic over-

expression of the transgene, it is desirable to use the lowest possible concentration of 

doxycycline. Although doxycycline has a high serum uptake and clearance, it has a 

considerably slow tissue clearance. This means that transgene activation is an inherently 



 

10 

 

faster process than repression. Consequently the Tet-On system would be more suitable for 

conditions with acute onset such as stroke, where transgene activation is required rapidly, 

however this would be accompanied with the risks mentioned above. For all other 

applications the Tet-Off system would be a safer option, but would require life-long 

doxycycline administration following cessation of the treatment.  

 There are two main issues that are thought to contribute to the leakiness of the tetracycline 

system in the off state. The first is that the transactivators retain some ability to bind to the 

TRE in the un-induced state, and the second is the close proximity of the TRE to the inverted 

terminal repeats, which possess enhancer activity (Flotte et al., 1993). Considerable research 

has been undertaken to reduce the likelihood of transactivators binding to tet-operator 

sequence under basal conditions. Hillen and colleagues have developed two systems - one 

involved identification of novel rtTAs through PCR mutagenesis of the tetracycline repressor 

protein.  To do this, PCR of original rtTAs was conducted under conditions designed to 

induce mis-incorporation of nucleotides. Compared to the original rtTA, modified rtTA was 

associated with considerably lower background expression, while its activation potential was 

nearly the same as the unmodified rtTA (Urlinger et al., 2000). The second strategy involved 

producing a transcriptional silencer which binds to promoters responsive to rtTA, and blocks 

their activation in the absence of doxycycline. In the presence of doxycycline, transcriptional 

silencers are unable to bind to the promoter, relieving transcriptional repression and 

promoting binding of rtTA which enables transgene expression. Combining the fore 

mentioned systems in a bicistronic construct reduced basal expression 6-fold compared to 

expression of the novel transactivators alone, however activation was approximately 3-fold 

less potent with these bicistronic constructs compared to their monocistronic counterparts 

(Lamartina et al., 2003). 

To circumvent the issue of inverted terminal repeat proximity, During and colleagues have 

inserted insulators flanking the regulation system. While the leakiness was only partially 

ameliorated in-vitro, repression was increased from 40 to 204-fold in-vivo (Fitzsimons et al., 

2001). A bidirectional composition, where the TRE is located in the middle of the construct, 

maximizes the distance from the inverted terminal repeats and appears to produce the least 

amount of basal expression however there is still a considerable amount of transgene 

expression present. Other hypotheses to explain basal expression include integration of 

transgenes at unsuitable chromosomal sites or close proximity of the transgene to the element 

driving transactivator expression (Goverdhana et al., 2005).   
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These findings suggest that vector-mediated delivery of tetracycline-based regulatory systems 

shows considerable promise in the treatment of CNS disorders; however additional studies 

are required to further optimize this system to reduce basal expression whilst maintaining 

high induction levels. 

 Rapamycin regulated systems 1.2.2.2.

Designed by Gilman and colleagues (Rivera et al., 1996), the rapamycin regulated gene 

regulation system relies on the interaction between two transcription factors, one 

incorporating a DNA binding domain and the other a DNA activation domain. Each of the 

transcription factors also contains a heterologous ligand-binding domain that enables their 

interaction in the presence of the dimerizing drug rapamycin to drive transgene expression. 

DNA binding is facilitated through the human CMV promoter driven production of a zinc 

finger homeo domain-1 (ZFHD1) DNA binding domain fused to three copies of the FK 

binding protein (FKBP). Transgene expression is achieved in the presence of rapamycin, 

which induces dimerization of this DNA-binding protein with a fusion protein consisting of 

the FKBP-rapamycin associated protein 1 (FRAP) fused to the NFκB p65 activation domain 

(Figure 1-3).  

 

Figure 1-3. Schematic of the rapamycin regulation system.  

The constitutively active human cytomegalovirus (hCMV) promoter drives expression of two 

fusion transcription factors. (Top left) A transcription factor consisting of three copies of the 
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FKBP protein fused to a ZFHD1 DNA binding domain. (Top right) A transcription factor 

consisting of a FRAP protein with a p65 activation domain. Rapamycin enables dimerization 

of the transcription factors, with enable binding to 12xZFHD1 binding sites and activation, 

respectively, driving expression of a transgene upstream of a minimal CMV promoter. 

ZFHD1, zinc finger homeo domain-1; FKBP, FK binding protein; FRAP, FKBP-rapamycin 

associated protein (Rivera et al., 1996). 

Due to the size of this system, two viral vectors are required for delivery of all the 

components. A 1:1 ratio of transcription factor vector to transgene vector is sufficient for 

high induction and low basal transgene expression (Sanftner et al., 2006). This system has 

many of the properties required for use clinically.  It is characterized by a high induction 

ratio, low basal expression, and is composed entirely of human proteins.  Additionally, 

rapamycin can be administered orally and has a pharmacokinetic profile that has been widely 

studied.  The primary issue with this system was that rapamycin functions as an 

immunosuppressant through blocking FRAP activity (Brown et al., 1994) and inhibiting 

progression through the cell cycle at concentrations required for gene regulation. Rapamycin 

analogs (“rapalogs”) have since been engineered by adding substituents which prevent 

binding to FRAP (Bayle et al., 2006). 

Only a few studies have tested this system in the CNS using viral vector delivery thus far, 

leaving this field largely uncharacterized. Rapalogs have been used to increase expression of 

human aromatic L-amino acid decarboxylase (hAADC), the enzyme that converts levodopa 

to dopamine in the striatum of a rodent model of Parkinson’s disease (PD) (Sanftner et al., 

2006). AAV vectors were co-infused, one expressing the transcription factors and one 

encoding the hAADC transgene downstream from a rapamycin-inducible promoter.  

Rapamycin induced robust rotational behaviour in the presence of low doses of levodopa and 

although low levels of hAADC were observed in the absence of rapamycin, these levels were 

not significant enough to induce a behavioural response. This study demonstrated for the first 

time that rapamycin is able to efficiently cross the blood-brain barrier and induce expression 

of recombinant protein at levels that have a significant phenotypic effect, and in a sufficiently 

regulated manner. More recently LV mediated transfer of a rapalog controlled system has 

been used to tightly regulate expression of GDNF and GFP in the striatum of mice (Vogel et 

al., 2008). It is yet to be established whether LV vectors can be used to produce recombinant 

proteins at physiologically relevant levels using the rapamycin system. Further studies are 

required to gain a thorough dose-responsive profile of rapalogs in the CNS and to explore the 

possibility of using cell-specific promoters such as the tyrosine hydroxylase or NSE 

promoters for more targeted transgene expression. Additionally, given that the proteins in this 
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system are of human origin, it would be prudent to investigate the possible effects of these 

chimeric proteins on endogenous gene expression in the brain. 

 RU486 Regulated System 1.2.2.3.

The RU486 system is conceptually similar to the rapamycin system – it relies on the drug 

RU486 to activate a chimeric transcription factor that drives transgene expression. A 

chimeric regulator protein is constitutively produced, consisting of the DNA binding domain 

of the yeast transcription factor Gal4 (Gal4 DBD), a truncated progesterone ligand binding 

domain (PRLBD) and a VP16 activation domain. In the presence of RU486 the regulator 

protein is activated, enabling binding to the target construct consisting of 17x4Gal4 DNA 

binding sites and a minimal promoter (such as TATA) upstream of the transgene (Figure 4). 

Tissue specific promoters can be used to produce the transcription factor (Wang et al., 1994) 

(Figure 1-4). 

 

Figure 1-4. Schematic of the RU486 regulation system. 

A constitutively active promoter drives expression of a fusion protein consisting of a VP16 

activation domain, a Gal4 DNA Binding Domain (DBD) and a progesterone ligand binding 

domain (Prog LBD). Binding of RU486 to the Prog LBD enables dimerization and binding to 

4 x Gal 4 binding sites upstream of a TATA box driving transgene expression (Wang et al., 

1994). Poly A, poly adenylation signal. 
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The RU486 system has been incorporated into adenoviral, LV and herpes simplex viral 

(HSV) vectors, but has only been tested in-vivo in one study thus far. It is similar in size to 

the tetracycline regulated system and may be incorporated into one or two vectors (in a 1:1 

ratio (Sirin et al., 2003)) depending on the size of the transgene to be expressed. The in-vivo 

study involved using a single HSV viral vector to deliver a bicistronic construct expressing 

both the LacZ reporter gene under the control of a minimal Gal4 promoter and the regulator 

protein under the control of a minimal hCMV promoter to the rat hippocampus. Upon 

induction via intraperitoneal injection of RU486, β-galactosidase levels increased 150-fold 

compared to basal levels, which were extremely low (Oligino et al., 1998). Interestingly, 

results from in-vitro studies involving viral vectors have not been as consistent. Akusjärvi 

and colleagues compared the efficacy of the RU486 system with the Tet-On system when 

packaged into Ad vectors. A two vector system was used, with one vector encoding the 

reporter gene chloramphenicol acetyltransferase (CAT) and the other encoding the respective 

transcription factors. While the RU486 system induced CAT expression to high levels in 

three other cell lines, it failed to induce sufficient CAT levels in the NIH 3T3 cell line. Given 

that the Tet-On system worked well in this cell line, it is likely that this failure was due to the 

inability of RU486 to activate the progesterone receptor in this cell type, rather than 

inefficient vector uptake (Molin et al., 1998). Additionally, a more recent in-vitro study 

involving LV delivery of the RU486 system showed robust induction of red fluorescent 

protein and GFP, but not of anti-trypsin protein (Sirin et al., 2003). The authors suggest that 

the RU486 system may function differently when expressing secretable versus intracellular 

proteins. Additionally, the dose given to induce transgene expression in-vivo (25mg/kg) 

exceeds the dose used clinically as an anti-progesterone therapy (10mg/kg). Given this data, a 

considerable amount of additional investigation needs to be undertaken before the RU486 

system can be used clinically for the treatment of CNS disorders. Specifically, information is 

required on the dose-responsiveness of RU486 in-vivo and the time required for transgene 

repression following removal of RU486. Lastly, it will be imperative to determine whether 

the RU486 system can produce physiologically relevant levels of transgenic protein in the 

brain, as no phenotypic studies have been undertaken.  

 Endogenously controlled gene expression systems 1.2.3.

Physiologically responsive gene expression systems incorporate negative feedback loops, 

where the recombinant protein shuts off its own production in response to the presence or 
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absence of a physiological signal.  Since the focus of this review is gene regulation in the 

CNS, only those physiologically regulated systems with potential for application to the CNS 

will be covered, however it should be noted that there has been robust success in the field of 

glucose-responsive control of insulin production (Chen et al., 2001; Thule et al., 2000). 

 Hypoxia-regulated system 1.2.3.1.

Oxygen deprivation or hypoxia is a common feature of neuropathophysiological conditions 

such as stroke and cerebral ischemia. The physiological response to hypoxia includes 

induction of several genes mediated by the transcription factor HIF1 (hypoxia-inducible 

factor 1). HIF1 is composed of two subunits – HIF1α and HIF1β. Under hypoxic conditions 

HIF-1α is produced and dimerizes with HIF-1β, which is constitutively produced under 

normoxic conditions, forming HIF1, which binds to hypoxia response elements (HRE) 

inducing transcription of a downstream gene of interest.  HIF1α levels increase in neurons, 

astrocytes, ependymal and possibly endothelial cells in response to hypoxia in the brain 

(Chavez et al., 2000). In terms of a therapeutic strategy, hypoxia-regulated gene expression is 

achieved by the insertion of multiple copies of the HRE upstream of a promoter that drives 

transgene expression.   

This system has been incorporated into viral vectors for use in the brain and shows 

considerable promise as a strategy for the treatment of cerebral ischemia. It is associated with 

low transgene expression under normoxic conditions that is inducible in a hypoxia-dependent 

manner in both in-vitro and in-vivo models. Studies in mouse models of cerebral ischemia 

have demonstrated increases in transgene levels of approximately 17 (Hou et al., 2007) and 

28-fold (Shi et al., 2009) following adenoviral gene delivery. Whether or not these levels are 

sufficient to be therapeutic depends on the candidate gene and the duration of transgene 

expression. Expression levels of brain-derived neurotrophic factor and vascular endothelial 

growth factor were shown to be sufficient to elicit a phenotypic response in mouse models of 

cerebral ischemia, by promoting neuroprotection and angiogenesis, respectively (Shen et al., 

2008; Shi et al., 2009). Achieving a rapid response will be pivotal in a clinical setting, 

however information is lacking on the temporal nature of transgene expression using this 

system. Transgene expression has been reported as early as 12h following hypoxia in-vivo 

(Shi et al., 2009); however it is possible that this response might be initiated at an earlier time 

point. Interestingly, in-vitro transgene expression has been reported at 3 hours in a serum 

deprivation-induced model of hypoxia in PC12 cells (Hu et al., 2009).  Accordingly, it is 
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important that transgene expression is repressed in a timely manner post-hypoxia to reduce 

the likelihood of toxic over-expression of transgenic protein. Yang and colleagues have 

demonstrated that transgenic protein persists in the brain for 2 weeks post-hypoxia (Shen et 

al., 2008), however the upper limit may be longer than this. Given that activation and 

repression of transgene expression is dependent on changes in oxygen (and thus HIF1α) 

levels, as the duration and severity of hypoxia increases, there should be a concomitant 

increase in transgene expression. Indeed, a duration-dependent increase in transgene levels 

has been demonstrated in PC12 cells following hypoxia treatment for 1, 3, 6, 9, 12 and 24h 

(Hu et al., 2009; Huang et al., 2005). Additionally, Hou and colleagues have demonstrated a 

severity-dependent increase in transgene expression following treatment with 0.1, 1 and 5% 

oxygen levels in PC12 cells (Huang et al., 2005).  

Yang and colleagues have found that AAV vector delivery of this system results in transgene 

expression in both neurons and astrocytes (Shen et al., 2008).  In order to facilitate selective 

targeting of neurons, neuron-specific promoters could be used; however studies thus far have 

only utilized minimal constitutively active promoters. Interestingly, Hou and colleagues have 

described a different approach to neuronal targeting – they have incorporated a neuron 

restrictive silencer element into the construct (Hou et al., 2007; Huang et al., 2005).  The 

neuron restrictive silencer element is controlled by a factor that is only present in non-

neuronal cells (Schoenherr et al., 1995). Neuronal-specific targeting has been achieved both 

in-vitro and in-vivo using this construct, however this has been at the expense of the induction 

ratio (Hou et al., 2007).  

While the majority of studies have used viral delivery methods, Ha and colleagues have 

employed both naked plasmid injection and ex-vivo stem cell delivery to rat models of spinal 

cord injury. Hypoxia-induced transgene expression was demonstrated in both neurons and 

astrocytes (Choi et al., 2007; Lee et al., 2005; Liu et al.). Interestingly, these studies have 

injected the test constructs immediately following the hypoxic insult, while studies using 

viral vectors have injected the constructs between 5 and 7 days prior to hypoxia to enable 

adequate transduction. Given that minimizing the time to transgene expression is key to the 

development of successful therapies for cerebral ischemia using this system, there remains a 

need for these studies to be conducted in a more clinically relevant manner. Additionally, 

since HIF-1α is an important regulatory molecule involved in number of downstream gene 

networks under normoxic conditions (Wilhide et al., 2006), gene expression profiling needs 

to be conducted before HRE regulated treatments can be widely used.  
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 Exogenous versus Endogenous Gene Therapy 1.2.4.

Exogenous and endogenously regulated gene therapies are each associated with a set of 

advantages and disadvantages when considering their use in patients. Firstly, exogenously 

regulated systems usually require long-term administration of a drug. This necessitates 

extensive characterization of the safety and tolerability of the drug, which with the exception 

of tetracycline, has not occurred thus far. Additionally it is not possible to tailor gene 

expression precisely to pathological signals using exogenous systems unless they are 

associated with a noticeable phenotypic change in a timely manner. In most cases there is a 

latent period between the presence of a pathological signal and the appearance of clinical 

symptoms. Therefore, endogenous systems have the advantage of responding in a timelier 

manner and with an intensity that is tailored to the individual patient.  

Additionally, gene expression systems are typically expressed in whole organs or entire 

regions of organs, and while it may be advantageous to express transgene in this manner - 

this is quite often not the case. By linking transgene expression to a pathological signal, 

recombinant protein will only be produced in cells that require it and toxic over-expression in 

healthy cells can be avoided. Conversely, a major limitation of endogenous systems is that 

once administered it will be virtually impossible to stop transgene expression in the event of 

an adverse reaction, unless the population of cells of interest is removed, or there is a built-in 

safety mechanism. Additionally, the pathological signals used need to be as far upstream as 

possible and be specific to the disease phenotype to enable transgene to be expressed in a 

timely and precise manner.   

To summarize, regulation of transgene expression remains a key issue limiting widespread 

clinical application of gene therapies for CNS disorders. Of the exogenous regulation systems 

covered, tetracycline regulated systems have been refined sufficiently such that they are on 

the cusp of being applied clinically. While low basal transgene expression is of concern, in a 

clinical setting these levels may not be sufficient to elicit a phenotypic response. Given the 

advances in gene delivery technology and the advantages of coupling transgene expression to 

a physiological signal the focus will now be the development of novel endogenously 

regulated systems for use in the CNS. 
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 A novel bicistronic protease-dependent gene regulation system 1.3.

To address the need for regulatory systems dependent on physiological cues my supervisor’s 

laboratory has designed a novel gene regulation system (Figure 1-5). Transgene expression is 

dependent on the cell stress-induced activation of caspases or calpains (e.g caspase-3 or 

calpain), two proteases that mediate various physiological processes, including cellular stress 

and apoptosis (Harwood et al., 2005).  Cistron 1 of the system constitutively expresses a 

fusion protein consisting of a regulatory transcription factor (TF) fused to a nuclear export 

signal (NES) via a protease cleavage site (PCS) sequence specific to the desired caspase or 

calpain family member.  It was hypothesized that under basal conditions the fusion protein 

would be continuously produced and restricted to the cytosol due to the presence of the NES.  

Following cellular stress and downstream activation of caspase or calpain, the NES-PCS-TF 

would be cleaved releasing the NES and enabling the TF to translocate to the cytoplasm 

where it would bind to a regulatory element (RE) located on cistron 2, driving transgene 

expression.  Transgene expression is only induced while the cells are undergoing cellular 

stress and caspase or calpain are active (Figure 1-5).   
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Figure 1-5. Protease-dependent gene regulation system. 

(1) Cistron 1 encodes a constitutively expressed transcription factor (TF) linked to a nuclear 

export signal (NES) via a protease cleavage site (PCS) such as caspase-3 or calpain. (2) 

Under basal conditions, the fusion protein is exported from the nucleus to the cytoplasm. (3) 

Following cell stress, caspase-3/calpain are activated and cleave the fusion protein.  (4) The 

NES is removed (5) The TF re-enters the nucleus and binds to the regulatory element (RE) on 

cistron 2. (6) Transgenic protein is produced.  
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 Auxin system 1.3.1.

As covered in Section 1.2.1 an ideal gene regulation system would enable titration of 

transgenic protein expression in the absence of pleiotropic effects on endogenous cell 

machinery. Therefore, a TF and RE of non-mammalian origin that is capable of powerful 

transcriptional regulation were incorporated. 

Auxin response factors are plant hormones that regulate the transcription of a various genes 

(reviewed in (Hagen & Guilfoyle, 2002)).  They do so by binding specifically to a TGTCTC 

auxin response element (AuxRE) within the promoters of these genes through a conserved N-

terminal DNA binding domain (DBD).  Fusion of the isolated DBD of ARF5 with the herpes 

simplex virus transactivation domain (VP16) has been shown to promote increase reporter 

gene expression from an AuxRE consisting of four palindromic repeats of the TGTCTC 

sequence by two-fold in comparison to full length ARF5 (Tiwari et al., 2003). 

 Protease cleavage sites 1.3.2.

In this thesis the functionality of the regulatory system is assessed in vitro in response to 

cytoxic stress and in vivo in a model of neurodegenerative disease. To provide proof-of-

principle of the functionality of this system construts were engineered containing caspase-3 

or calpain protease cleavage sites, however the system could be coupled to the activation of 

any specific protease.Caspase-3 was selected since both the intrinsic and extrinsic pathways 

of apoptosis converge at the level of caspase-3 activation, despite requiring different initiator 

caspases.  Calpain was selected since it regulates early-to-intermediate stage apoptosis 

upstream of caspase-3 (Cao et al., 2007; Lankiewicz et al., 2000; McGinnis et al., 1999; 

Neumar et al., 2003; Reimertz et al., 2001; Takano et al., 2005).   

The caspase-3 cleavage site consisted of a tandem repeat of the most common caspase-3 

substrate cleavage site, DEVD (Thornberry et al., 1997).  The calpain cleavage site is based 

on a study where amino acid preferences for calpain cleavage were determined from 106 

cleavage sites within calpain substrates and amino acids most likely to be cleaved by calpain 

were selected for each amino acid position (Tompa et al., 2004). Sections 1.4 and 1.5 provide 

brief overviews of caspases and calpains, their mechanism of action and role in disorders of 

the CNS, in particular Parkinson’s disease. 
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 Caspases 1.4.

 Role of caspases in apoptosis 1.4.1.

Apoptosis is a form of programmed cell death which is typically accompanied by activation 

of caspases.  Cells undergoing apoptosis present with characteristic morphological changes 

including chromatin condensation, DNA fragmentation, cellular shrinkage and blebbing 

(Earnshaw, 1995; Wyllie, 1980).  The fragments produced, termed apoptotic bodies, still 

enclosed in the cell membrane, are then phagocytosed (Wyllie et al., 1980).  A wide variety 

of stimuli, both physiological and pathological can trigger an apoptotic response. Apoptosis 

takes place normally during tissue development and aging, to maintain cell populations and 

also to eliminate cells damaged by disease or noxious stimuli (Norbury et al., 2001).   

Deregulated apoptosis results in either over accumulation of cells or loss of cells typical of 

many diseases.   

Once activated, caspases cleave a variety of substrates that culminate in the morphological 

and biochemical characteristics of apoptosis.  These include key structural proteins and also 

important peptides involved in DNA repair and several protein kinases.   

Caspases may be broadly classified into inflammatory and apoptotic members.  Caspases 1, 4 

and 5 are involved in inflammation through activation of cytokines (Ahn et al., 2002; 

Martinon et al., 2004; Thornberry et al., 1992).  The apoptotic caspases can be segregated 

into initiator caspases 2, 8, 9 and 10 and effector caspases 3, 6 and 7.  Initiator caspases are 

the first to be activated and are responsible for the subsequent activation of effector caspases.   

 Structural features and activation of caspases 1.4.2.

Caspase are predominantly modulated post transcriptionally ensuring their rapid activation 

when required.  They are constitutively expressed in most cell types as inactive proenzymes 

consisting of an N-terminal prodomain fused to a large ~17-21kDa subunit and a smaller 10-

13kDa subunit by an intersubunit linker.  Caspase activation involves cleavage of the 

intersubunit linker at specific aspartic acid residues, removing the prodomain.  Active caspase 

is formed by two heterodimers each consisting of one large and one small subunit, resulting 

in a tetrameric structure (Mittl et al., 1997; Walker et al., 1994). Caspase tetramers therefore 

consist of two dimers aligned in a head-to-tail configuration, with the two active sites at 
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opposite ends of the molecule. Despite the presence of two active sites in each active caspase 

molecule there is no evidence of cooperativity or allosteric modulation between them.   

 

Caspases are activated by two major pathways: the intrinsic or mitochondrial pathway and 

the extrinsic or death receptor pathway.  Although these pathways have been classified 

separately they are linked on some levels as molecules in one pathway can influence 

molecules in the other.   

 Extrinsic pathway of apoptosis   1.4.3.

This pathway is initiated by extracellular stimuli and mediated via transmembrane death 

receptors that have a cytoplasmic domain called the “death domain” which is crucial for 

transmitting the death signal from the cell surface to the intracellular signaling pathways. 

Death receptors form clusters enabling ligand binding and subsequent recruitment of 

cytoplasmic adapter proteins that bind to the receptors via death effector domains (DED) 

(Ashkenazi et al., 1998).  The DEDs on the adaptor molecules bind with DEDs located on the 

prodomains of caspases forming a death inducing signaling complex (DISC) resulting in the 

activation of initiator caspases 8 and 10 (Boatright et al., 2003).    

 Intrinsic pathway of apoptosis 1.4.4.

The intrinsic pathway is initiated by intracellular signals that act on mitochondria causing 

their selective permeability, loss of the mitochondrial transmembrane potential and release 

two groups of normally sequestered pro-apoptotic proteins from the intermembrane space 

into the cytoplasm.  This group of proteins includes cytochrome c and Smac/DIABLO and 

HtrA2/Omi (Du et al., 2000; Garrido et al., 2006). Once cytochrome c is released it binds to 

apoptosis activating factor 1 (APAF1) forming a large protein complex termed an 

apopotosome, which recruits and activates the inactive pro-caspase 9.  The activation of 

caspase-9 is thought to occur via the induced proximity model, where there local 

concentration of pro-caspase-9 overcomes a kinetic barrier to dimerization (Pop et al., 2006).  

Smac/DIABLO and HtrA2/Omi promote apoptosis by neutralising the activity of members of 

the Inhibitor of Apoptosis (IAP) family (Du et al., 2000; van Loo et al., 2002).   

The second group of proapoptotic proteins released from the mitochondria consists of 

apoptosis inducing factor (AIF), endonuclease G and Caspase-activated DNAse (CAD).  

These proteins are released from the mitochondria in the late stages of apoptosis. The former 



 

23 

 

two proteins are involved in a caspase-independent mechanism of cell death, while CAD is 

regulated by caspases.   

 Execution phase of apoptosis 1.4.5.

The extrinsic and intrinsic pathways converge in the execution phase, considered the final 

pathway of apoptosis.  Initiator caspases activate the effector caspases 3, 6 and 7 which 

disassemble the cell by cleaving various intracellular substrates.  

Caspase-3 is considered the most important of the effector caspases. It is activated by the 

initiator caspases 8, 9 and 10.  Caspase-3 specifically cleaves CAD following its release from 

mitochondria and translocation into the nucleus.  CAD subsequently cleaves chromosomal 

DNA and promotes chromatin condensation (Enari et al., 1998).  Caspase-3 also causes 

dismantling of the cytoskeleton and formation of apoptotic bodies.  Gelsolin, an actin binding 

protein that is a key regulator of actin filament assembly, is a substrate of caspase-3.  Gelsolin 

fragments cause disruption of the cytoskeleton, signal transduction, intracellular transport and 

cell division by cleaving actin filaments (Kothakota et al., 1997).  Caspase-3 along with 

caspase-7 recognise the tetrapeptide motif Asp-Glu-Val-Asp in substrates, and cleavage 

occurs C-terminal to the P1 Asp residue. The majority of substrates containing this consensus 

sequence are cleaved more efficiently by caspase-3 than with caspase-7, indicating that 

residues outside the active site can influence substrate specificity (Thornberry et al., 1997; 

Walsh et al., 2008).    

The pathways described above are simplified pathways of a complex network of interactions 

involving caspases and other regulatory molecules.  It is of note that effector caspase-3 

promotes activation of initiator caspase-9 from procaspase 9 (Srinivasula et al., 1996).  Self-

perpetuation of the apoptotic cascades in this manner is thought to further commit cells to 

death cascades. 

 Calpain 1.5.

 Structure, activation and normal function of calpain 1.5.1.

Calpains are a family of calcium-dependent cysteine proteases that are expressed 

ubiquitously in mammalian cells.  The two most abundant and best characterised forms of 

calpain are µ-calpain and m-calpain, activated by micro and millimolar concentrations of 

calcium, respectively (Khorchid et al., 2002).   Both the m- and µ-calpain are expressed as 
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pro-enzyme heterodimers consisting of a distinct large 80kDa catalytic subunit and an 

identical small 28kDa regulatory subunit. In the presence of calcium, calpains undergo 

autolytic processing of the catalytic subunit to 76kDa for µ-calpain and 78kDa for the m-

calpain. The small subunit is cleaved to a 21kDa protein (Graham-Siegenthaler et al., 1994).  

Physiologically the activity of calpains are suppressed by the endogenous inhibitor 

calpastatin (Dayton et al., 1976).  Calpains preferentially cleave leucine, valine or isoleucine 

in the P2 position of target proteins, whereas the identity of amino acids at the P1 position is 

quite diverse (Cuerrier et al., 2005).   

When calpain activation is limited, many cleaved substrates do not undergo any further 

degradation.  These modified proteins have functions that include differentiation (Grynspan, 

Griffin, Mohan, et al., 1997), neurite outgrowth (Song et al., 1994) and long-term potentiation 

(Denny et al., 1990).  

Aberrant calpain activation has been shown to promote both necrotic and apoptotic cell death. 

Though calpain activation has classically been linked with necrosis, it has also been shown to 

play a dual role in apoptosis.  In the early stages of apoptosis, calpain activation occurs 

through caspase-3 mediated degradation of the calpain-specific inhibitor calpastatin (Porn-

Ares et al., 1998). Active calpain then delays the execution phase of apoptosis by inhibiting 

further processing of procaspase-3 and procaspase-9 into their active forms (Wolf et al., 

1999).  With more severe insults, calpain can promote caspase-independent forms of 

apoptosis. These insults cause significant disruptions in the mitochondrial membrane 

potential and aberrant mitochondrial calcium retention, resulting in a calcium influx into the 

cell which activates calpain.  Activated calpain can then regulate the subcellular distribution 

of mitochondrial factors such as apoptosis inducing factor (AIF) and Bax culminating in the 

DNA fragmentation and chromatin condensation typical of apoptosis (Polster et al., 2005).   

 Gene therapy for Parkinson’s disease 1.6.

The previous sections outlined the advantages of using AAV vector technology to deliver 

therapeutic transgenes for the treatment of CNS disorders and highlighted the importance of 

tightly regulating transgene expression to pathophysiological cues.  

In this thesis the utility of the caspase-3/calpain regulated regulatory system was assessed in 

the context of Parkinson’s disease (PD), a neurodegenerative disease that is associated with 

aberrant caspase-3 and calpain activation. The following sections outline the features of PD, 
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current preclinical models, major gene therapy developments and provide evidence for the 

role of caspase-3 and calpain in PD pathogenesis. 

 Parkinson’s disease features 1.6.1.

PD is a neurodegenerative disorder that is characterised by the selective and progressive loss 

of dopaminergic neurons in the substantia nigra pars compacta (SNc) resulting in a depletion 

of dopamine released in the striatum (Ehringer et al., 1960).  The presence of intraneuronal 

fibrillary protein aggregates termed Lewy bodies is another pathological hallmark of the 

disease (Spillantini et al., 1997). The consequence of a reduction in dopamine results in loss 

of inhibition in the striatum, and increased release of the inhibitory neurotransmitter GABA 

to the external segment of the globus pallidus.  Reduced activity in the external segment of 

the globus pallidus results in decreased firing of GABAergic neurons, culminating in 

disinhibition of the subthalamic nucleus. This results in overactivation of neurons in the SN 

pars reticulata (SNr) and internal segment of the globus pallidus by the excitatory 

neurotransmitter glutamate.  The outcome of this is increased inhibition of thalamic nuclei 

and decreased activity of the motor cortex resulting in deregulation of both voluntary and 

involuntary movements (Lang et al., 1998) . In addition to the dopaminergic system,  

neurodegeneration is also observed in noradrenergic, cholinergic and serotonergic systems 

(Hornykiewicz et al., 1987) and are associated with the non-motor symptoms of PD 

(Chaudhuri et al., 2006).  The cause of PD remains unknown; however it is thought that the 

disease is caused by a combination of genetic and environmental factors, which may vary 

from person to person.  Sporadic cases account for approximately 90% of PD cases and 

genetic risk factors have been identified in the remaining 10% of cases. The genetic and 

environmental risk factors identified have been used extensively to model various aspects of 

PD in preclinical studies and will be detailed in Section 1.6.2.   

The molecular mechanisms underlying degeneration of the nigrostriatal system are 

incompletely understood, however it is generally accepted that oxidative stress mediated by 

the inhibition of mitochondrial electron transfer complexes I and IV and production of 

reactive oxygen species plays an important role in the degeneration observed in human PD 

patients and also in in vitro and in vivo models of PD (reviewed in (Jenner, 2003)).   

According to the widely accepted Braak hypothesis, Lewy bodies in the medulla oblongata or 

the olfactory bulb present in the early stages of PD, followed later by dopaminergic loss in 

the SNc and cortex (Braak et al., 2006).  The pathological role of Lewy bodies in PD is still 
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being uncovered, however some studies have suggested that they may represent a 

cytoprotective mechanism (Wakabayashi et al., 2007). 

 In vivo models of PD 1.6.2.

Animal models of PD have been valuable tools to understand PD pathogenesis and have been 

exploited extensively to assess the efficacy of putative therapeutic interventions.  They may 

be broadly classed into toxin-based and genetic based models. 

 Toxin models 1.6.2.1.

Chemicals that selectively disrupt or destroy catecholaminergic systems have been widely 

used to model PD.  The most commonly used neurotoxic chemicals are 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) in mice and 6-Hydroxydopamine (6-OHDA) in rats.    

6-OHDA has been extensively used to generate in vitro and in vivo models of PD due to its 

ability to cause the selective degeneration of dopaminergic nigral neurons (Ungerstedt, 1968).  

6-OHDA enters neurons through the dopamine transporter (Ljungdahl et al., 1971). Once 

inside the neuron 6-OHDA generates three main classes of highly reactive products thought 

to be involved in 6-OHDA-induced cell death: (i) generation of reactive oxygen species by 

intra or extracellular auto-oxidation, (ii) hydrogen peroxide formation (Heikkila et al., 1971), 

or (iii) direct inhibition of the mitochondrial respiratory chain (Glinka et al., 1995).  These 

products act on neuronal structures eventually destroying the neuron by apoptosis, necrosis or 

both (reviewed in (Blum et al., 2001)).  6-OHDA is also thought to cause dysfunction of 

signalling pathways involved in protein ubiquitination (Elkon et al., 2001). 

Systemically administered 6-OHDA is not able to cross the blood-brain barrier and therefore 

must be delivered directly into the SN, medial forebrain bundle or striatum via stereotaxic 

injection.  Injection into the SNc or medial forebrain bundle (Przedborski et al., 1995; 

Schwarting et al., 1996) causes neurodegeneration within 24 hours and complete loss of 

striatal dopamine 2-3 days later (Faull et al., 1969).  The magnitude of the lesion depends on 

the dose of 6-OHDA, site of injection and innate sensitivities between rodent species. An 80-

90% reduction in striatal dopamine levels has been achieved in most studies and correlates 

with specific behavioural deficits.  When injected into the striatum, 6-OHDA induces direct 

toxicity around the site of injection, followed a week later by gradual loss of dopaminergic 

neurons in the SN which is mostly complete within 3-4 weeks, followed by a slower phase of 
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more gradual cell death that continues over several months  (Przedborski et al., 1995).  Akin 

to the early stages of PD, partial lesions generated by striatal injections leave 50-70% of 

dopaminergic cells remaining for assessing the therapeutic efficacy of putative 

neuroprotective strategies. 

6-OHDA is commonly injected unilaterally enabling the contralateral hemisphere to serve as 

an internal control and is extensively used in preclinical studies due to its ease of use and 

reproducibility.  6-OHDA does not recapitulate all the neuropathological features of PD such 

as Lewy body formation.  Despite these limitations, the 6-OHDA model has been used to 

assess the efficacy of various treatments including cell transplantation (Dunnett et al., 1981) 

and numerous gene therapies such as viral vector-mediated delivery of the neurotrophic 

factors glial cell-line derived neurotrophic factor (GDNF) (Bensadoun et al., 2000; Choi-

Lundberg et al., 1997; Choi-Lundberg et al., 1998; Hoffer et al., 1994; Mandel et al., 1997), 

brain-derived neurotrophic factor (BDNF) (Klein et al., 1999; Sun et al., 2005) and enzymes 

involved in the biosynthesis of dopamine such as tyrosine hydroxylase (During et al., 1994) 

and aromatic acid decarboxylase (AADC) (Sanchez-Pernaute et al., 2001). 

The effects of MPTP on the nigrostriatal pathway were discovered inadvertently after 

systemic injection in humans was reported to manifest in clinical symptoms typical of PD 

(Langston et al., 1999).  MPTP is able to cross the blood-brain barrier where it is metabolised 

in astrocytes to its active metabolite 1-methyl-4-phenylpyridinium (MPP+) that is taken up 

selectively into dopaminergic neurons via the dopamine transporter (Javitch et al., 1985).  

MPP+-mediated toxicity is thought to involve inhibition of complex I of the electron 

transport chain (Nicklas et al., 1985).  Exposure to MPTP results in degeneration of the 

nigrostriatal pathway in a number of species, however the susceptibility varies across species 

and between strains.  Rats appear to be resistant to the effects of MPTP likely due to reduced 

levels of monoamine oxidase, the enzyme required for production of MPP+, while mice vary 

in their sensitivity across strains (Giovanni, Sieber, et al., 1994; Giovanni, Sonsalla, et al., 

1994).  There are conflicting reports of whether MPTP exposure leads to Lewy body 

formation. While alpha synuclein aggregates, the primary component of Lewy bodies, have 

been reported in some studies  (Fornai et al., 2003; Kowall et al., 2000; Vila et al., 2000) 

other studies have failed to reproduce this finding (Alvarez-Fischer et al., 2008; Shimoji et 

al., 2005).   
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Chronic low dose systemic exposure to the agricultural pesticides paraquat and rotenone also 

selectively induce nigrostriatal degeneration as well as alpha synuclein inclusions (Betarbet et 

al., 2000; Bus et al., 1974; Cicchetti et al., 2005; Coulom et al., 2004; McCormack et al., 

2002).  Rotenone is a high-affinity inhibitor of complex I of the mitochondrial electron 

transport chain and its toxicity is thought to involve oxidative damage (Kushnareva et al., 

2002; Sherer et al., 2003).  The mechanism of action of paraquat involves production of 

reactive oxygen species (Autor, 1974) that interact with lipids in the cell membrane 

destroying the neurons (Bus et al., 1974).  The major disadvantages of these models are that 

they are labour intensive and substantial variability has been reported between animals in the 

extent of lesion development in the rotenone model  

 Genetic models 1.6.3.

Genetic models of PD have been developed more recently as increasing numbers of genetic 

risk factors have been identified in humans. Animal models have been developed based on 

the autosomal-dominant mutations in leucine rich repeat kinase 2 (LRRK2) (Lin et al., 2009; 

Wang et al., 2008)) and α-synuclein genes (Giasson et al., 2002; Kirik et al., 2002; Lee et al., 

2002; Lo Bianco et al., 2002; van der Putten et al., 2000; Yamada et al., 2004) and 

autosomal-recessive mutations in parkin (Goldberg et al., 2005; Itier et al., 2003; Perez et al., 

2005; Von Coelln et al., 2004), DJ-1 (Andres-Mateos et al., 2007; Goldberg et al., 2005; Kim 

et al., 2005), and phosphatase and tensin homolog (PTEN)-induced novel kinase 1 (PINK1) 

(Gautier et al., 2008; Gispert et al., 2009; Kitada et al., 2007).  Other mutations have been 

identified, however animal models for these genes have not been characterised.  

Of particular interest is the alpha synuclein gene (SNCA) as mutations have been identified in 

both sporadic and inherited forms of PD.  As covered previously alpha-synuclein is a 

presynaptic neuronal protein that is a major component of Lewy bodies, the abnormal protein 

inclusions observed in surviving neurons.  Missense mutations in the gene encoding α-

synuclein SNCA have been shown to lead to rare familial forms of PD (Polymeropoulos et 

al., 1997; Spira et al., 2001; Zarranz et al., 2004).  Additionally, duplication and triplication 

of SNCA have been identified in afflicted individuals (Ross et al., 2008; Singleton et al., 

2003), suggesting that SNCA dosage may play a key role in the pathogenesis of PD.   

Several rodent models based on overexpressing human α-synuclein have been developed 

recently.  Transgenic mice expressing high levels of wild type and mutant A53Tand A30P 

human α-synuclein have been generated and while these models display some of the 
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neuropathological features of PD including Lewy body formation, a loss of dopaminergic 

neurons have been reported in some studies while contradictory findings have been found by 

other groups (Giasson et al., 2002; Lee et al., 2002; van der Putten et al., 2000).  Viral vector 

mediated expression of α-synuclein is advantageous as it enables targeted expression in the 

area of interest, negating the effects of overexpression in other tissues and other brain 

regions.  In contrast to the transgenic mouse models, viral vector mediated overexpression of 

human wild type or A30P and A53T α-synuclein leads to the selective and progressive 

degeneration of dopaminergic neurons in the rat brain.  The extent of and time-course of 

dopaminergic cell death reported varies between studies presumably due to differences in the 

viral vector systems and promoters employed. AAV vector mediated expression of wild type 

human α-synuclein driven by the CBA promoter causes a 23% loss of dopaminergic cells 3 

weeks later, reaching 55% at 8 weeks (Kirik et al., 2002).  By contrast, the time course of 

dopaminergic cell death is slower when the weaker CMV promoter is used, with 50% cell 

loss achieved only at 13 weeks (Yamada et al., 2004). A lentiviral vector system employing a 

3-phosphoglycerate kinase (PGK) promoter to deliver wild type alpha synuclein resulted in 

an even more protracted time-course, where just 35% cell death was reported at 20 weeks (Lo 

Bianco et al., 2002). Overexpression of the A53T mutant is equally toxic to dopaminergic 

cells in comparison to the human wild type (Kirik et al., 2002; Lo Bianco et al., 2002), 

whereas A30P overexpression results in slightly less dopaminergic cell loss in comparison to 

both wild type and A53T expression (Lo Bianco et al., 2002). 

 Gene therapies in clinical trial 1.6.4.

Gene therapy is an attractive therapeutic option for PD since the pathophysiological impact 

on brain circuitry controlling voluntary movement has been extensively studied and gene 

therapies are able to be targeted to specific regions of the brain. To date six gene therapy 

strategies have progressed to clinical trial, all utilising either AAV or lentiviruses for gene 

delivery.  One of the approaches involves overexpression of enzymes that to alter the 

neurochemical conductivity of the basal ganglia system. The first strategy involved 

expressing glutamic acid decarboxylase (GAD) to the subthalamic nucleus of patients 

(Emborg et al., 2007; Luo et al., 2002).  GAD is the enzyme responsible for catalysing the the 

synthesis of gamma-aminobutyric acid (GABA).  As GABA is a major inhibitory 

neurotransmitter, it was hypothesized that the deregulated inhibition in the basal ganglia 

system typical of PD would be restored.  Other approaches have involved delivery of AADC 
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(Bankiewicz et al., 2000), tyrosine hydroxylase (TH) and guanosine 5′-triphosphate 

cyclohydrolase1 (Jarraya et al., 2009), enzymes involved in the biosynthesis of dopamine.  

Finally, overexpression of the neurotrophic factors neurturin and glia cell–derived 

neurotrophic factor (GDNF), which instead of altering neuronal conductivity, provide support 

to vulnerable neurons (Aron et al., 2011; Peterson et al., 2008).  None of the trials thus far has 

reported sufficient efficacy to warrant a phase 3 trial required for regulatory approval.  All the 

strategies described above have utilised strong constitutively active promoters to drive high 

levels of transgene indiscriminately in both diseased and non-diseased cells.  Although there 

have been no significant reports of adverse effects in the patients, as progress is made in 

increasing the efficacy of viral vector targeting and in the design of viral vector systems the 

need to safely regulate transgene expression levels or to even completely shut off transgene 

should serious safety issues arise has become increasingly apparent, making PD an ideal 

candidate disorder for testing the utility of the regulatory system. 

 Role of caspase-3 and calpain activation in PD 1.7.

As the functionality of the regulatory system hinges on the activation of caspase-3 and/or 

calpain, the following sections review the normal role of these proteases in the brain and 

provide evidence for their activation in PD pathogenesis. 

 Role of caspase-3 in the brain  1.7.1.

In the brain caspase-3 is a key mediator of apoptosis, but also functions as a regulatory 

molecule in physiological processes that do not cause cell death, such in neurogenesis and 

synaptic activity.   

The role of caspase-3 in neurodevelopment is highlighted by the abnormal brain development 

observed in caspase-3 knockout mice (Kuida et al., 1996).  During ontogenesis it is estimated 

that approximately half of the existing neuronal population is removed to optimise synaptic 

connections and eliminate unnecessary neurons.  Apoptosis occurs early during neural tube 

formation and continues until cells have become terminally differentiated (Nijhawan et al., 

2000).  Neuronal apoptosis predominantly occurs through the intrinsic pathway, except in a 

few circumstances (Martin-Villalba et al., 1999; Raoul et al., 1999).  A number of proteins 

that play key roles in neuronal plasticity are caspase-3 substrates (Chan et al., 1999) and 

numerous in vivo and in vitro studies implicate caspase-3 in the molecular mechanisms of 
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learning and memory (Bravarenko et al., 2006; Dash et al., 2000; Gulyaeva et al., 2003; 

Huesmann et al., 2006; Mattson et al., 1998; Stepanichev et al., 2005).    

 Role of caspase-3 in Parkinson’s disease 1.7.2.

Evidence of the role of caspase-3 in nigrostriatal degeneration has come from human post 

mortem studies that demonstrate activation of caspases  3 itself and initiator caspases 8 and 9 

that are responsible for the activation of caspase-3 (Hartmann et al., 2000; Hartmann et al., 

2001; Mogi et al., 2000) Furthermore, caspase-3 activation has been demonstrated at acute 

time-points following partial 6-OHDA lesion in rat pups (Jeon et al., 1999) and also in adult 

rats (Grant et al., 2009). Additionally, X-linked IAP (XIAP), the endogenous inhibitor of 

caspase-3 protects dopaminergic cells in mice treated with MPTP (Crocker et al., 2003; 

Eberhardt et al., 2000) and also in a dopaminergic cell line challenged with 6-OHDA (von 

Coelln et al., 2001) indicating that caspase-3 activation is implicated in neurodegeneration in 

these models.  Furthermore, AAV-mediated overexpression of wild type alpha synuclein 

leads to activation of the initiator caspase-9, which is responsible for the activation of 

caspase-3  (Yamada et al., 2004).   

 Calpain in Parkinson’s disease 1.7.3.

Evidence of the involvement of calpain activation in PD comes from numerous human post 

mortem studies that have revealed increased levels of activated calpain (Hartmann et al., 

2000; Mogi et al., 2000; Mouatt-Prigent et al., 1996). Mice treated the selective dopaminergic 

toxin 1-methyl-1,2,3,6-tetrahydropyridine (MPTP) display increased calpain activation levels 

in dopaminergic neurons (Crocker, Smith, et al., 2003).  Additionally,  selective calpain 

inhibition by viral vector-mediated overexpression of calpastatin and also administration of a 

pharmacological calpain inhibitor protects dopaminergic neurons of MPTP treated mice and 

attenuates calpain activation (Crocker, Smith, et al., 2003; Smith et al., 2006) indicating that 

calpain activation is likely to promote dopaminergic cell death in this model.  Like MPTP, the 

neurotoxin 6-hydroxydopamine (6-OHDA) is also dopaminergic-selective and treatment of 

rats with 6-OHDA results in calpain activation at both acute and late time-points (Grant et al., 

2009). Furthermore adenoviral mediated overexpression of calpastatin attenuates 6-OHDA 

lesion-induced calpain activation (Grant et al., 2009).  Truncated forms of alpha synuclein  

have been found in the human PD brain (Baba et al., 1998) and increasing evidence indicates 

that toxicity of full length alpha synuclein is enhanced by truncated fragments of alpha 
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synuclein (Kanda, Bishop, Eglitis, Yang, & Mouradian, 2000; Liu et al., 2005) which are 

generated by activated calpain  (Dufty et al., 2007; Mishizen-Eberz et al., 2005).  

 XIAP 1.8.

In this thesis the regulatory system was coupled to XIAP a gene with known therapeutic 

benefit when constitutively expressed in the nigrostriatal stystem.  The following sections 

outline the mechanism of action of XIAP and describe evidence of its therapeutic efficacy in 

models of PD. 

 Mechanism of action  1.8.1.

XIAP is an attractive therapeutic gene for neurodegenerative due to its ability to delay or 

block apoptosis.  XIAP is a member of the Inhibitor of Apoptosis family of proteins that are 

defined by the presence of a novel motif of amino acids termed the Baculoviral Inhibitor of 

apoptosis Repeat (BIR) domains.  XIAP is composed of three BIR domains that selectively 

bind to and inhibit the initator caspase 9 and the effector caspases 3 and 7 (Deveraux et al., 

1998; Deveraux et al., 1997).  XIAP also consists of a zinc finger motif termed Really 

Interesting New Gene (RING) that possesses E3 ubiquitin ligase activity.  This domain is 

responsible for self-ubiquitination of XIAP enabling its degradation via the ubiquitin 

proteasomal pathway in response to apoptotic stimuli (Yang et al., 2000).  There is also some 

speculation that the RING zinc finger domain is capable of ubiquitinating caspases for 

proteasomal degradation (Holcik et al., 2001).  The anti-apoptotic activity of XIAP therefore 

involves two mechanisms: inhibition of caspases 3, 7 and 9 and potentially the targeting of 

caspases for degradation.  XIAP mRNA is found ubiquitously in most tissues and is 

translated by a rare mechanism mediated by an internal ribosome entry site (IRES) in 

response to cellular stresses including serum deprivation and gamma induced radiation 

(Holcik et al., 1999; Holcik et al., 2000).  Once translated XIAP primarily localises to the 

cytoplasm.  XIAP is negatively regulated by XIAP Associated Factor (XAF1) and 

Smac/DIABLO.  XAF1 antagonises the actions of XIAP by promoting its redistribution from 

the cytoplasm to the nucleus where XAF1 is located thereby neutralising the anti-apoptotic 

effects of XIAP.  Following initiation of apoptosis Smac/DIABLO is released from the 

mitochondria and activated by proteolytic processing.  Active Smac/DIABLO then binds to 

XIAP inhibiting its caspase binding affinity (Du et al., 2000; Verhagen et al., 2000).  In 

addition to the inhibition of caspases and ubiquitination of proteins, XIAP plays a role in 



 

33 

 

receptor-mediated signalling and signal transduction involved in a variety of cellular 

processes including differentiation and growth.   

 Therapeutic efficacy of XIAP in CNS disorders 1.8.2.

The anti-apoptotic effects of XIAP have been demonstrated extensively in various in vitro 

systems triggered by diverse stimuli.  The neuroprotective effects of XIAP have also been 

demonstrated in vivo in gene therapy approaches.  Adenoviral delivery and overexpression of 

XIAP in the rat hippocampus inhibits caspase-3 activation and blocks apoptosis mediated by 

transient forebrain ischemia leading to attenuation of spatial learning deficits (Xu et al., 

1999).  Additionally adenoviral mediated overexpression of XIAP has been shown to protect 

rat retinal ganglion cells following axotomy (Kugler et al., 2000).  Several studies have 

demonstrated the protective efficacy of constitutive XIAP expression following lesion of the 

nigrostriatal pathway.  Eberhardt and colleagues used adenoviral vectors to deliver XIAP 

under the control of the constitutively active CMV promoter to the striatum of mice prior to 

systemic injection of the neurotoxin MPTP to selectively degenerate neurons of the 

nigrostriatal pathway.  In this study XIAP expression alone prevented the loss of 

dopaminergic cell bodies, but did not ameliorate the reduction in striatal dopamine, indicating 

that the terminals of the dopaminergic neurons were still functionally impaired In contrast, 

the combination of XIAP and GDNF provided synergistic effects, rescuing dopaminergic 

SNc neurons from cell death and also maintaining their terminals.  (Eberhardt et al., 2000).  

Crocker and colleagues extended these findings by generating NSE-XIAP transgenic mice 

which displayed protection of dopaminergic cell bodies following MPTP lesioning of the 

nigrostriatal pathway compared to wild type mice.  Interestingly the reduction in striatal 

dopamine levels was attenuated and also not associated with a deficit in exploratory 

behaviour in this study (Crocker, Liston, et al., 2003).  von Coelln and colleagues 

demonstrated that XIAP is protective in an in vitro 6-OHDA model of apoptosis.  This study 

involved adenoviral transduction of the SH-SY5Y dopaminergic cell line with a construct 

constitutively expressing XIAP driven by the CMV promoter and assessment of cell viability 

via 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay  (von Coelln 

et al., 2001).  Additionally, adenoviral mediated expression of neuronal apoptosis inhibitor 

protein (NAIP), also a member of the Inhibitor of Apoptosis (IAP) family has been shown to 

protect dopaminergic neurons in vivo following 6-OHDA insult (Crocker et al., 2001).  To 
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summarize, the anti-apoptotic effects of XIAP have been well described and there is evidence 

demonstrating its efficacy in the protection of dopaminergic cells in models of PD.   

 Summary  1.9.

Gene therapy is a promising therapeutic strategy for the treatment of various disorders and 

considerable advances have been made in viral vector technology development where there 

are now vectors available to deliver transgenes to neurons with high efficiency leading to 

stable and long-term production of recombinant protein in the brain using constitutive 

promoters.  The need to regulate transgene expression has become apparent when considering 

the use of these therapies in patients.  While considerable advances have been made in the 

design and functionality of exogenously regulated gene expression systems, systems 

responsive to physiological stimuli offer many advantages.  My supervisor’s laboratory has 

designed a gene regulation system that relies on activation of caspase-3 and calpain, two 

proteases that are activated in Parkinson’s disease. XIAP is a gene with known therapeutic 

benefit following its constitutive expression in the lesioned nigrostriatal system, making it a 

good candidate gene to couple to the regulatory system. 

 Thesis outline 1.10.

The overall aims of this thesis were to (i) develop and characterise the functionality of the 

system in vitro in a model of cellular stress and (ii) to subsequently assess the functionality 

and (iii) therapeutic efficacy in vivo in a model of PD. 

It was hypothesized that in an in vitro model of cell stress the regulatory system would: (a) 

exhibit low transgene expression under basal conditions, (b) be induced in response to 

cellular stress in a temporal and concentration-dependent manner and (c) that transgene 

expression levels would correlate with the level of protease activation. These hypotheses 

were assessed in Chapter 2 where an in vitro model of cytotoxic stress was characterised and 

the temporal and dose-responsiveness of the system was assessed with respect to caspase-3 

and calpain activation.   

The in vivo functionality of the system was adressed in Chapter 3 and 4. It was hypothesised 

that transgene expression using the regulatory system would be low under basal conditions in 

vivo and induced following initation of cell stress and caspase-3/calpain activation in a model 

of PD. Chapter 3 involved assessing the suitability of the AAV-mediated alpha-synuclein 
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overexpression model of PD to examine system functionality.  This model was set aside in 

favour of the better characterised 6-OHDA model and the functionality of the system 

assessed using a reporter gene at acute time-points following 6-OHDA exposure to induce 

caspase-3 and calpain activation in Chapter 4. 

In Chapter 5 the reporter gene was replaced with the therapeutic gene XIAP. A plasmid 

expressing XIAP under control of a constitutively active promoter was also developed. 

Characterisation of the basal transgene expression profile of the regulatory system expressing 

XIAP and transgene expression levels of the constitutively expressed XIAP construct was 

conducted.   

It was then hypothesized that regulated expression of XIAP under the control of the protease-

dependent system would provide superior neuroprotection to constitutively expressing XIAP 

in the 6-OHDA model of PD. This theory was assessed in Chapter 6 where the therapeutic 

efficacy of XIAP under the control of the calpain-regulated system was compared with that of 

constitutive XIAP expression in the 6-OHDA model of PD in rats.  

  In vitro model characterisation and assessment of Chapter 2.

cassette functionality 

 Introduction 2.1.

The overall aim of this chapter was to assess the functionality of the system using an in vitro 

model of cell stress. The toxin okadaic acid was selected to induce caspase-3 and calpain 

activation in vitro due to its ease of use, and evidence of caspase-3 and calpain activation 

following its application to various cell lines (Li et al., 2001; Yoon et al., 2006; Yoon et al., 

2012). 

Okadaic acid is cytotoxin that binds to and strongly inhibits the serine/threonine phosphatases 

PP1 and PP2A (Bialojan et al., 1988) resulting in hyperphosphorylation of proteins involved 

in various regulatory functions in eukaryotic cells.  At low concentrations, PP2A is inhibited 

leading to reduced apoptosis by decreasing cytochrome c release from mitochondria, whereas 

apoptosis is induced at high concentrations through inhibition of PP1 via a p53 dependent 

pathway (Li et al., 2006; Muzio et al., 2007; Ray et al., 2005).  Whether specific 

concentrations of okadaic acid promotes cell death or is protective appears to be dependent 
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on the cell line employed, implying that the relative amounts or sensitivity of each of these 

phosphatases to okadaic acid may be different across cell lines.  A concentration of 20 nM 

has been shown to be protective in the human hepatoma cell line SK-HEP-1, whereas 

apoptosis was induced at this concentration in HL60 leukaemia cells (Riordan et al., 1998).   

Li and colleagues demonstrated that application of okadaic acid to primary cultures of rat lens 

epithelial cells upregulates expression of caspase-3 at the mRNA, protein, and enzyme 

activity levels. Additionally, suppression of caspase-3 activity with a pharmacological 

inhibitor prevented apoptosis in these cells. Similar results were observed in the immortal cell 

line N/N1003A (Li et al., 2001).  Additionally, in primary cortical neuron cultures exposed to 

okadaic acid, the levels of inactive calpain decreased and levels of calpain-cleaved spectrin 

and synapsin-I fragments increased, indicating calpain activation (Yoon et al., 2006).   

The first objective of this chapter was to characterise the effects of okadaic acid on 

calpain/caspase-3 activation in human embryonic kidney (HEK) 293 cells. The optimised 

model was then used to assess the functionality of the regulatory system by examining basal 

transgene expression levels and the inducibility of transgene expression following initiation 

of cell stress in Objective 2. 

It was hypothesized that transgene expression expression would be low under basal 

conditions and induced in a concentration and temporal manner following initiation of cell 

stress by okadaic acid. 
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 Materials and Methods 2.2.

 CELL CULTURE 2.2.1.

 Maintenance of HEK293 cells 2.2.1.1.

HEK293 cells were cultured in complete Dulbecco’s Modified Eagles Medium (DMEM, 

GibcoBRL) supplemented with 10% (v/v) fetal bovine serum (FBS, GibcoBRL),  44 mM 

NaHCO3 (BDH Laboratory Supplies), 25 mM HEPES (BDH Laboratory Supplies), 1mM 

sodium pyruvate (GibcoBRL) and 0.1 mM non-essential amino acids (GibcoBRL). Cells 

were maintained in 75cm2 flasks (Nunc) at 37°C in a 5% CO2 atmosphere. The cell culture 

reached confluency and was split every 3-4 days as follows: cells were washed in pre-

warmed 1xPBS (8.1 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4) 

and detached by incubating in 3mL of 0.05% TrypLE ExpressTM (1x) with phenol (Life 

Technologies) at 37°C. 3mL of DMEM was added to neutralise the TrypLE Express and the 

resulting cell suspension centrifuged at 200g for 5 minutes. The cell pellet was resuspended 

in 5mL of DMEM and 1mL used to seed a fresh 75cm2 flask containing 24mL of DMEM. 

 Plating HEK293 cells 2.2.1.2.

After splitting the cells, 10µL of the cell suspension was mixed with 30µL 0.4% trypan blue 

and 10µL transferred to a haemocytometer for counting. For immunocytochemical analyses, 

cells were diluted to 200 000 cells/mL and 500µL added per well of twenty-four well plates 

(BD Biosciences) coated with type I rat tail collagen. Collagen (Sigma) was diluted in 1x 

PBS and 5µg/cm
2 

added to each well and left for 3 hours at 37°C to allow the collagen to 

bind.  Following aspiration of the collagen solution, the plates were sterilised by exposure to 

UV light for 30 minutes. 

 Addition of okadaic acid to HEK 293 cells   2.2.1.3.

Okadaic acid (Sigma) was reconstituted to 5µM in 100% ethanol and diluted to 10 nM, 20 

nM, 30 nM, or 40nM in sterile H2O. Following its addition to cells in a dropwise motion, the 

plates were swirled to disperse the toxin before returning the cells to the incubator at 37°C.  
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 Diaminobenzidine immunocytochemistry on HEK293 cells 2.2.1.4.

HEK293 cells were fixed in 0.5 mL cold 10% neutral buffered formalin (Sigma) and washed 

with 1x PBS, before incubating in 1% (v/v) hydrogen peroxide in 100% methanol (Merck) to 

quench endogenous peroxidase activity. Cells were then washed twice with 1x PBS 

containing 0.2% Tritron-X100 (Sigma) and incubated with the respective primary antibodies 

overnight at room temperature on a rocking table. All antibodies were diluted in 1x PBS 

containing 4% horse serum (GibcoBRL), 0.4mg/mL methiolate (BDH Laboratory Supplies, 

UK) and 0.2% TritonX-100. Cells were then incubated with respective goat anti-mouse or 

goat anti-rabbit biotinylated secondary antibodies for 3 hours (1:250, Sigma), followed by a 2 

hour incubation in ExtrAvidin peroxidise (1:250, Sigma). Deposited antibodies were 

visualised with 0.2mg/mL diaminobenzidine (DAB, Sigma), 0.01% hydrogen peroxide in 

0.1M phosphate buffer. Negative controls were achieved by omission of primary antibodies. 

 Immunofluorescent immunocytochemistry on HEK293 cells 2.2.1.5.

Following fixation in 0.5 mL cold 10% neutral buffered formalin (Sigma), cells were washed 

in 1x PBS and incubated in primary antibody overnight at room temperature. Bound 

antibodies were visualised following a 2 hour incubation with respective goat anti-mouse or 

goat anti-rabbit Alexa Fluor 594 or 488 antibodies (1: 500, Life Technologies). 

Primary 

antibody 

Supplier Catalogue 

number 

Dilution Species Detects 

Anti-Vimentin Chemicon mab1633 1:100 Mouse Cytoskeleton 

Anti-caspase-3 Cell 

Signaling 

9662 1: 500 Rabbit Activated caspase-3 

Anti-c-myc Abcam  ab32 1: 500 Mouse XIAP transgene 

Anti-XIAP Abcam ab21278 1:250 Rabbit Endogenous and 

transgenic XIAP 

Anti-VP16 tag Abcam  ab4808 1 : 1000 Rabbit C terminus of ARF5 

Anti-HA tag Covance  MMS-101P 1: 1000 Mouse N terminus of ARF5 

2-1. Antibodies used for immunocytochemistry in Chapter 2. 

 DAPI counterstaining on HEK 293 cells 2.2.1.6.

To counterstain, 4',6-Diamidino-2-phenylindole (DAPI, Sigma) was diluted to a final 

concentration of 50ng/mL in dH2O,  and 200µL added per well of a 24 well plate. Following 
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a 20 minute incubation at room temperature, cells were rinsed 3 x 5 minutes in PBS-Triton 

X-100. 

 Image collection for immunocytochemical analyses 2.2.1.7.

Representative images were obtained from experiments repeated three times and in triplicate 

wells within each experiment.  Images were obtained on a Nikon Eclipse TE200-U 

microscope using a MicroFire 23A camera and PictureFrame Utility controls (Nikon Inc, 

Tokyo, Japan). 

 Cell lysate preparation 2.2.1.8.

HEK293 cells and DMEM were harvested from 24 well plates and transferred to sterile 15mL 

cell culture tubes that were centrifuged at 2000 rpm for 1 minute. The supernatant was 

discarded and the cell pellets rinsed in cold 1x PBS, then centrifuged again at 2000 rpm for 1 

minute. Following removal of the supernatant, the cell pellet was homogenised in 50mM 

Tris-HCl, pH 7.5, 0.05% Triton X-100, 2mM EDTA with protease inhibitor (Complete Mini, 

Roche, Basel, Switzerland) followed by sonication on ice at 3.5kHz for 2 x 30 seconds with a 

30 second interval using a microtip sonicator . 

   Western blot analysis 2.2.1.9.

Samples containing 20µg of protein were denatured in sample buffer (5% w/v SDS, 0.01% 

w/v bromophenol blue, 125mM Tris-HCl , pH 6.8, 10% v/v glycerol and 10% v/v ß-

mercaptoethanol) at 95°C, separated by 10% SDS-PAGE and electroblotted onto Hybond-

ECL nitrocellulose membranes (Amersham Biosciences). Membranes were blocked with 5% 

non-fat milk powder in Tris-buffered saline (20mM Tris-HCl, 500mM NaCl, pH 7.5) with 

0.05% Tween 20 (TBST) for 30 minutes. Following washes in TBST, membranes were 

incubated with the respective primary antibodies in 1% non-fat milk powder in TBST 

overnight at 4°C. After further washes in TBST, the membranes were incubated in 

peroxidase-conjugated goat anti-mouse (1:5000, sc-2005, Santa Cruz) or anti-rabbit (1:5000, 

sc-2004, Santa Cruz) secondary antibodies diluted in TBST for 2 hours at room temperature. 

Bound antibody was visualised using enhanced chemiluminescence (ECL) reagent 

(Amersham Biosciences) and imaged using a ChemiDoc Imaging System (BioRad).  
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To normalise target protein band intensity to the total amount of protein loadedin each well, 

membranes were washed in TBST and probed with mouse anti-ß-actin (1:5000, ab6276, 

Abcam) or anti-GAPDH (1:50000, ab8245, Abcam), incubated in peroxidase-conjugated goat 

anti-mouse antibody, (1:5000, sc-2005, Santa Cruz) and visualised with ECL. 

 

Primary 

antibody 

Supplier Catalogue 

number 

Dilution Species Detects 

Anti-caspase-3 Cell 

Signaling 

9662 1:1000 Rabbit Activate caspase-3 

Anti-Spectrin 

(α-fodrin) 

Chemicon Mab1622 1:1000 Mouse Activate caspase-3 and 

active calpain 

Anti-c-myc Abcam  ab32 1:500 Mouse XIAP transgene 

Anti-XIAP Abcam ab21278 1:750 Rabbit Endogenous and 

transgenic XIAP 

Anti-VP16 tag Abcam  ab4808 1:1000 Rabbit C-terminus of ARF5 

Anti-HA tag Covance  MMS-101P 1:1000 Mouse N-terminus of ARF5 

2-2. Primary antibodies used for Western blot analysis Chapter 2. 

 Fluorometric calpain activity assay 2.2.1.10.

HEK 293 cells were seeded in 15cm dishes at a density of 60 000 cells/cm
2
. Twenty four 

hours later 30nM okadaic acid or vehicle was applied to the cells. Cells were harvested in the 

media 0, 3, 6, 9, 12, 15, and 24 hours later, pelleted by centrifugation at 200 x g for 5 minutes 

and resuspended in 1mL of media. Cells were counted using a haemocytometer, spun at 200 

x g for 5 minutes and lysed in 100µL of Extraction Buffer (Abcam) for every 2x10
6
 cells. 

Samples were incubated on ice for 20 minutes, with gently mixed by tapping several times 

during the incubation. Following centrifugation at 10 000 x g for 1 minute, the supernatant 

was transferred to a fresh tube and stored at -20°C until required. 

Samples were thawed on ice, diluted 1/7 and the protein concentration assayed using a 

coomassie-based assay according to manufacturer’s instructions (Quick Start™ Bradford 

Protein Assay, Abcam). Samples were diluted to 50µg in 85µL extraction buffer. As a 

positive control, 1µL of active calpain I (Abcam) was added to 85µL of extraction buffer. As 

a negative control, 1µL of active calpain I (Abcam)and 1µL of calpain inhibitor Z-LLY-FMK 
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(Abcam) was added to85uL of extraction buffer.. Ten microliters of 10x Reaction buffer and 

5µL of profluorescent calpain substrate (Ac-LLY-AFC) was added to each sample, which 

were then wrapped in foil and incubated at 37°C for 60 minutes. Samples were transferred to 

a 96 well plate, and following 5 minutes of gentle agitation on an orbital shaker, the 

fluorescence was read with a 400 nm excitation filter and a 505nm emission filter. 

 Plasmid production and analysis 2.2.2.

 Bacterial strain and liquid growth media 2.2.2.1.

Escherichia coli (E. coli) DH5α (Life Technologies, 18258-012) were used for cloning and 

propagation of plasmid DNA. The genotype of the strain used was F- φ80lacZΔM15 

Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) phoA supE44 λ- thi-1 gyrA96 relA1. 

Transformed bacterial cultures were grown in 4% Luria-Bertani (LB) broth (Sigma, St Louis, 

MO). LB powder was dissolved in MQ H2O (25g/L), autoclaved and stored at 4°C until 

required. Each litre of media contained 10g NaCl, 10g tryptone and 5g yeast extract. 

 Transformation of competent bacteria 2.2.2.2.

A 100 µL aliquot of DH5α competent cells was removed from -80 °C storage and thawed on 

ice.  Two microliters of the transforming plasmid was added to the competent cells and 

incubated on ice for 30 minutes. The cells were then heat-shocked at 42°C for 1 minute to 

facilitate uptake of the plasmid and then briefly returned to ice to cool. To enable recovery of 

the cells following transformation, 250µL of LB broth (antibiotic free) was added and the 

culture was incubated at 37°C on a shaker (Innova-4000, New Brunswick Scientific, NJ, 

USA) for 1 hour. Fifty microliters of the bacterial culture was then streaked onto LB agar 

plates containing 50µg/mL ampicillin and incubated for 12-16 hours at 37°C to grow 

transformed bacteria. 

 Small scale production of plasmid DNA 2.2.2.3.

Small quantities of plasmid DNA were produced to screen for positive clones. A single 

colony was selected from a selective plate and used to inoculate 2mL of LB media containing 

100µg/mL of ampicillin (Sigma). The culture was grown in a 15mL tube for 12-16 hours at 

37°C in a shaking incubator at 200rpm (Innova 4000, New Brunswick Scientific). Bacteria 

were harvested by centrifugation at 6000rpm for 3 minutes at room temperature (Centrifuge 

5417R, Eppendorf, Hamburg, Germany). The supernatant was then removed and the pelleted 
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bacterial cells resuspended in 250µL of suspension buffer containing 50µg/mL RNaseA 

(Qiagen, Germantown, MD) before transferring to a microcentrifuge tube. The cells were 

then lysed by adding 250µL lysis buffer (Qiagen) and mixed by inversion before adding 

350µL precipitation buffer (Qiagen). The tube was cooled on ice for 10 minutes and then 

centrifuged at 14000 rpm for 2 minutes. The resulting supernatant was transferred to a fresh 

tube and mixed with 1.6mL of 100% ethanol before incubating at room temperature for 5 

minutes. Following centrifugation at 13 000 rpm for 5 minutes at room temperature, the 

supernatant was discarded. The remaining pellet of plasmid DNA was mixed in 1mL of 70% 

ethanol and incubated at room temperature for a further 10 minutes. The tube was centrifuged 

again briefly, the ethanol discarded and the DNA pellet resuspended in 200µL Tris-EDTA 

buffer. 

 Restriction endonuclease digestion 2.2.2.4.

Restriction enzyme digests were used to confirm insertion of the gene of interest, protease 

cleavage site, and promoter. The digestion reaction consisted of approximately 200ng of 

DNA, 1 unit of restriction enzyme (New England Biolabs, Ipswich, MA, USA) and 

appropriate reaction buffer made up to a final volume of 10μL with water. Digests were 

incubated at 37°C for 1 hour and analysed by agarose gel electrophoresis. 

 Agarose gel electrophoresis 2.2.2.5.

Agarose gel electrophoresis was used to separate DNA fragments by molecular size. Gels 

consisting of 1-2% weight/volume (w/v) agarose (GibcoBRL) in 1x Tris-Acetate EDTA 

(TAE) buffer were prepared by melting in a microwave oven until the solution was 

transparent. Gels were cast following addition of 0.1µL ethidium bromide (GibcoBRL, 

100mg/mL). Once set, gels were submerged in a gel electrophoresis tank (BioRad, Hercules, 

CA, USA) filled with 1x TAE buffer. DNA samples containing 10x loading dye (0.25% w/v 

bromophenol blue (Sigma), 0.25% w/v xylene cyanole (Sigma), 10mM Tris, 20% (v/v) 

glycerol, 1mM EDTA) were loaded into wells and 5µL DNA molecular mass standard 1kb+ 

ladder (GibcoBRL) was loaded into an adjacent well to enable comparison of molecular 

mass. Gels were run at 120V for 20-30 minutes and bands visualised under UV light in a 

BioRad Gel Imager. 
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 Maps of plasmid constructs 2.2.2.6.

Vector NTI software (Informax, Frederick, MD) was used to generate maps of all plasmid 

constructs using DNA sequence data previously generated for AAV expression plasmids. 

 Large-scale preparation of plasmid DNA 2.2.2.7.

Following confirmation of correct DNA sequences in plasmids by restriction endonuclease 

analysis (Section 2.2.2.4) and DNA sequencing, large-scale preparation of plasmid DNA was 

undertaken. To prepare approximately 500µg of plasmid DNA, a single colony was used to 

prepare a starter culture of 2-5mL o Luria-Bertani broth and grown in 100mL LB broth with 

ampicillin for 12-16 hours in a shaking incubator at 37°C. Plasmid DNA was purified using a 

Plasmid Maxi-Prep kit (Qiagen) according to the manufacturer’s instructions. The plasmid 

DNA was resuspended in TE buffer to a final concentration of 1mg/mL. Restriction digest 

analysis was used to confirm plasmid configuration following large-scale preparation  in 

bacterial culture. Plasmids were stored at -20°C.  

 Determination of DNA concentration and purity 2.2.2.8.

Following large scale preparation, the concentration and purity of plasmid DNA was 

determined by UV spectrophotometry using a NanoDrop (Wilmington, DE USA). One 

microliter of plasmid DNA was analysed relative to a TE blank. The absorbance of purified 

plasmid DNA was measured at 260nm and 280nm, and A260/280 ratio used to assess DNA 

purity. A ratio of 2.0>1.8 indicated that the DNA was pure and a ratio of <1.8 was indicative 

of protein contamination, while a ratio of >2.0 indicated RNA contamination. 
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 Results 2.3.

 In vitro model characterisation 2.3.1.

The cytotoxin okadaic acid has been shown to induce both caspase-3 and calpain activation in 

vitro (Li et al., 2001; Vagner et al., 2015; Yoon et al., 2006), however the level of calpain and 

caspase-3 activation appears to be dependent on the cell line used, as well as the 

concentration and time following toxin application.  Therefore, the first objective was to 

characterise the okadaic acid model of induced-cell stress to enable selection of a subtoxic 

concentration, and a time point following toxin exposure where calpain and caspase-3 are 

activated, for assessment of the functionality of our regulatory system in HEK293 cells. 

 Morphological changes 2.3.1.1.

To assess alterations in morphology, HEK 293 cells were challenged with increasing 

concentrations of okadaic acid for 18 hours to induce caspase-3 and/or calpain activation. 

Immunocytochemistry was conducted to detect the cytoskeletal marker vimentin, and cells 

were counterstained with the DNA marker DAPI. Vehicle was added to control cells. 

The results from this experiment are shown in Figure 2-1. Under basal conditions, HEK 293 

cells were polygonal in shape, with their cell bodies flattened across the culturing surface and 

large nuclei. The cells displayed an okadaic acid concentration-dependent increase in 

apoptotic morphology.  Treatment with 10nM okadaic acid resulted in slight rounding of the 

cell body, some chromatin condensation, but no remarkable change in nuclear size, 

suggesting that the cells were undergoing a slight stress response. At 20nM and 30nM 

okadaic acid, the cells had become considerably rounded, the chromatin condensed and DNA 

fragmentation was observed in some cells. The cells challenged with 40nM of okadaic acid 

were clearly in a late stage of apoptosis, as evidenced by the diminutively sized nuclei and 

extremely shrunken cell bodies.. 
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Figure 2-1. . Okadaic acid induces morphological changes typical of apoptosis. 

Double immunofluorescent labelling of HEK293 cells with the cytoplasmic marker vimentin 

and the nuclear stain DAPI. Vehicle treated cells displayed flattened cell bodies and large 

nuclei. Application of vehicle, 10, 20, 30 and 40 nM okadaic acid lead to progressive 

rounding and shrinkage of the cytoplasm and nuclei and nuclear condensation.  DNA 

fragmentation was observed in some cells (arrows). 

 

  



 

46 

 

 Effect of okadaic acid concentration on caspase-3 activation 2.3.1.2.

Figure 2-2 shows the levels of caspase-3 activation at these concentrations by 

immunocytochemistry using a polyclonal antibody raised against the large p17 subunit of 

active caspase-3. A small number of active caspase-3 immunoreactive cells were present 

under basal conditions and in cells treated with 10 and 20nM okadaic acid. Cells challenged 

with 30nM okadaic acid demonstrated a modest increase in caspase-3 immunoreactivity and a 

slight reduction in cell density. A profound increase in caspase-3 immunoreactivity was 

observed following 40nM challenge however this concentration was clearly toxic at18 hours 

post toxin exposure, as there was an obvious reduction in the amount of cells remaining 

adhered to the substratum.  

 Time course of caspase-3 activation following okadaic acid exposure  2.3.1.3.

A time course was undertaken to determine when caspase-3 was maximally activated without 

producing a decrease in cell density following challenge with 30nM okadaic acid.  The 

results of this experiment are shown in Figure 2-3. Immunocytochemical examination of the 

levels of caspase-3 activation following toxin challenge at 12, 15 and 24 hours revealed 

similar levels of caspase-3 immunoreactivity between vehicle-treated and toxin-treated cells 

at 12 and 15 hours. A clear increase in caspase-3 immunoreactivity was observed 24 hours 

following okadaic acid challenge, however this was accompanied by a decrease in cell 

density  suggesting that the optimal time for assessing the functionality of our caspase-3 

regulated system would be approximately 18 hours after okadaic acid exposure. 
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Figure 2-2. Okadaic acid concentration-dependent increase in caspase-3 activation in 

HEK293 cells. 

Representative images showing immunocytochemical analysis of caspase-3 activation using 

an antibody against the large p17 subunit of active caspase-3. Low levels of caspase-3 

activation under basal conditions and following application of 10 and 20 nM of okadaic acid. 

A slight increase in active caspase-3 immunoreactivity was observed with 30 nM. Challenge 

with 40 nM okadaic acid resulted in a large increase in caspase-3 activation accompanied by  

cell loss. No immunoreactivity was present when the primary antibody was omitted.  
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Figure 2-3.Time course of caspase-3 activation in HEK 293 cells challenged with 30 nM 

okadaic acid. 

Immunocytochemical analysis of active caspase-3 levels showing similar levels of 

immunoreactivity between vehicle and toxin treated cells at 12 and 15 hours and a large 

increase in immunoreactivity in toxin treated cells at 24 hours. Similar levels of 

immunoreactivity were observed across vehicle treated cells at all the time points.  
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 Effect of okadaic acid concentration on caspase-3 and calpain-mediated 2.3.1.4.

spectrin cleavage 

An alternative method for assessing caspase-3 and calpain activation, is to measure the levels 

of specific protein fragments produced by caspase-3 and calpain-mediated cleavage. Spectrin 

is a major component of the cytoskeletal system, and when caspase-3 and calpain are 

activated, fragments of 120kDa and 145kDa respectively appear on Western blots probed 

with antibodies against Spectrin (Wang, 2000). Several bands were present on blots probed 

with a polyclonal antibody raised against Spectrin, however no clear bands of approximately 

120 or 145kDa were distinguishable in any of the cell lysates that were challenged with 

okadaic acid, compared to the vehicle control , despite increasing the amount of protein in 

each well to enhance signal detection ( Figure 2-4A). 

 Time course of calpain activation following okadaic acid exposure 2.3.1.5.

Given the lack of a positive control for the spectrin analysis, the results were deemed 

inconclusive. Calpain activation levels were also assessed using a fluorometric assay using a 

synthetic calpain peptide as a positive control. In this assay, cleavage of a profluorescent 

calpain substrate by active calpain results in the emission of blue light at a level proportional 

to the amount of active calpain. Given the considerable reduction in cell density observed 

with 40nM of okadaic acid, 30nM of okadaic acid was selected to assess calpain activity at 

baseline, 3, 6, 9, 12, 15, and 24 hours after toxin exposure. The results of this experiment are 

shown in Figure 2-4B. An assessment of baseline calpain activity levels of approximately 

5000 RFUs was obtained by treating cells with vehicle and harvesting immediately. Similar 

fluorescence emission levels were observed in vehicle treated cells at the remaining time-

points. Overall there was a trend of increased levels of fluorescence emitted from okadaic 

acid treated cells compared with vehicle treated cells, particularly at late time-points assessed. 

A large difference in emitted fluorescence was observed 24 hours post toxin exposure 

compared with vehicle treated cells. Given the reduction in cell density at 24 hours after toxin 

exposure, the functionality of the calpain regulated cassette was assessed at the earlier time-

point of 18 hours after toxin exposure. 
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Figure 2-4. Spectrin and calpain activity analysis in HEK 293 cells challenged with 

okadaic acid. 

(A) Western blot analysis of cells treated with increasing concentrations of okadaic acid and 

probed with a polyclonal spectrin antibody detected several bands in all samples, however no 

obvious band approximately 120 kDa or 145 kDa reflective of active caspase-3 or calpain 

activation was observed in any of the samples. Probing with an antibody against the 

housekeeping gene β-actin yielded a band approximately 42kDa. 

(B) Fluorometric calpain activity analysis of HEK 293 cells challenged with 30 nM okadaic 

acid. A trend for increased calpain activation levels was observed in toxin treated cells 

compared to vehicle treated cells, particularly at later time points assessed. 
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 Assessment of plasmids expressing GFP reporter gene 2.3.2.

A set of four AAV regulatory expression cassettes based on the ARF5/AuxRE system 

expressing a GFP reporter gene were kindly generated by Dr. A. Mouravlev, Department of 

Pharmacology and Clinical Pharmacology, University of Auckland.  

Cistron 1 of our regulatory system consisted of a constitutively active hybrid promoter 

consisting of the cytomegalovirus (CMV) enhancer fused to the chicken beta-actin promoter 

(CAG promoter), encoding a chimeric transcription factor which consisted of the ARF5- 

DBD fused to a VP16 domain (kindly gifted by Tom Guilfoyle, Department of Biochemistry, 

Columbia, USA).  To enable its intracellular detection, a human influenza hemagglutinin 

(HA) tag was fused to its N terminus. The HA-tagged ARF5 was linked to a dominant 

nuclear export signal (NES) via a caspase-3 or calpain cleavage site.  Cistron 2 consisted of 

an AuxRE fused to a CMV minimal promoter, located upstream of the reporter gene green 

fluorescent protein (GFP). The scrambled sequence utilised in a protease cleavage site control 

plasmid was designed based on the same study (Tompa et al., 2004).  Amino acids least 

likely to be cleaved by calpain were selected for at each position in the sequence, and the 

resulting sequence screened for homology to common caspase-3 cleavage sequences 

(Thornberry et al., 1997). 

CAG-HA-ARF5-VP16-Casp-NES-BGH-SpA-WPRE2-GFP-AuxRE (CAG/Caspase-GFP) and 

CAG-HA-ARF5-VP16-Calp-NES-BGH-SpA-WPRE2-GFP-AuxRE (CAG/Calpain-GFP) were 

designed to be responsive to caspase-3 and calpain activation, respectively. CAG-HA-ARF5-

VP16-Mut-NES-BGH-SpA-WPRE2-GFP-AuxRE (CAG/Mutant-GFP) and CAG-Empty-BGH-

SpA-WPRE2-GFP-AuxRE (CAG/Empty-GFP) were generated as negative controls. 

CAG/Mutant-GFP contains a scrambled protease cleavage site, while CAG/Empty-GFP lacks 

the ARF5-protease cleavage site-nuclear export signal fusion protein.  To enable visualisation 

of ARF5 by immunocytochemistry and immunohistochemistry, the N- and C-terminals were 

flanked by a human influenza hemagglutinin (HA) tag and a minimal VP16 activation 

domain (Figure 2-5).  
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Figure 2-5. GFP expressing ARF5/AuxRE cassettes. 

Cistron 1: CAG, hybrid cytomegalovirus enhancer/chicken β-actin promoter; HA, Human 

influenza hemagglutinin; ARF5, DNA binding domain of Auxin Response Factor 5; VP16, 

minimal VP16 activation domain; NES, dominant nuclear export signal of MAPKK. Cistron 

2: GFP, Green Fluorescent Protein of Aequorea Victoria; AuxRE, Auxin response element. 

 

 Plasmid restriction digests 2.3.2.1.

Plasmids were analysed by restriction enzyme digest using enzymes that cleaved within 

important regions to confirm correct construction and orientation of elements within these 

constructs. Enzymes were selected that cleaved within the inverted terminal repeats (ITRs), 

protease cleavage site and excised portions of the construct consisting of the transgene and/or 

ARF5 (Figures 2.6-2.9). The sizes of the resultant fragments observed on the agarose gels 

were consistent with predicted fragment sizes from the plasmid maps. Fragments below 

approximately 650 kDa could not be resolved. 
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Figure 2-6. Restriction digest analysis of CAG/Calpain-GFP plasmid 

(A) Plasmid map of CAG/Calpain-GFP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Calp, sequence encoding the calpain cleavage site; NES, nuclear export signal; BGH, bovine 

growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; WPRE2, 

shortened woodchuck hepatitis virus post-transcriptional regulatory element; eGFP, cDNA 

encoding GFP; AuxRE-MP, response element of ARF5 fused to the cytomegalovirus 

minimal promoter; SV40 Ori, Simian virus-40 origin of replication for propagation in 

mammalian cells; pUC19 Ori, pUC19 origin of replication origin for propagation in bacteria; 

AmpR, Ampicillin resistance gene.  (B) Table showing restriction enzymes used and 

predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA fragments resolved 

by agarose gel electrophoresis.  
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Figure 2-7. Restriction enzyme analysis of CAG/Caspase-GFP plasmid. 

(A) Plasmid map of CAG/Caspase-GFP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Casp, sequence encoding the caspase-3 cleavage site; NES, nuclear export signal; BGH, 

bovine growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; 

WPRE2, shortened woodchuck hepatitis virus post-transcriptional regulatory element; eGFP, 

cDNA encoding GFP; AuxRE-MP, response element of ARF5 fused to the cytomegalovirus 

minimal promoter; SV40 Ori, Simian virus-40 origin of replication for propagation in 

mammalian cells; pUC19 Ori, pUC19 origin of replication for propagation in bacteria; 

AmpR, Ampicillin resistance gene. (B) Table showing restriction enzymes used and 

predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA fragments resolved 

by agarose gel electrophoresis.  
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Figure 2-8. . Restriction enzyme analysis of CAG/Mutant-GFP plasmid 

(A) Plasmid map of CAG/Mutant-GFP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Mut, sequence encoding the scrambled cleavage site; NES, nuclear export signal; BGH, 

bovine growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; 

WPRE2, shortened woodchuck hepatitis virus post-transcriptional regulatory element; eGFP, 

cDNA encoding GFP; AuxRE-MP, response element of ARF5 fused to the cytomegalovirus 

minimal promoter; SV40 Ori, Simian virus-40 origin of replication for propagation in 

mammalian cells; pUC19 Ori, pUC19 origin of replication for propagation in bacteria; 

AmpR, Ampicillin resistance gene. (B) Table showing restriction enzymes used and 

predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA fragments resolved 

by agarose gel electrophoresis.  
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Figure 2-9. Restriction enzyme analysis of CAG/Empty-GFP plasmid. 

(A) Plasmid map of CAG/Empty-GFP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; SpA, synthetic polyadenylation signal; WPRE2, shortened woodchuck hepatitis 

virus post-transcriptional regulatory element; eGFP, cDNA encoding GFP; AuxRE-MP, 

response element of ARF5 fused to the cytomegalovirus minimal promoter; SV40 Ori, 

Simian virus-40 origin of replication for propagation in mammalian cells; pUC19 Ori, pUC19 

origin of replication for propagation in bacteria; AmpR, Ampicillin resistance gene. (B) Table 

showing restriction enzymes used and predicted fragment sizes. (C) Restriction enzyme 

digested plasmid DNA fragments resolved by agarose gel electrophoresis.  
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 Assessment of cassette functionality with GFP expressing constructs 2.3.2.2.

Based on the characterisation of protease activation in Sections 2.3.1.2-5., 30nM of okadaic 

acid was selected to assess if the regulatory constructs could be activated specifically in 

response to a stress stimulus. HEK293 cells were transiently transfected with CAG/Calpain-

GFP, CAG/Caspase-GFP, CAG/Mutant-GFP and CAG/Empty-GFP constructs. Twenty four 

hours post transfection, caspase-3 and/or calpain activation was initiated by addition of 

okadaic acid. Some cells were treated with vehicle. To determine basal GFP expression 

levels.  The effect of these treatments on GFP expression was assessed 18 hours later by 

fluorescence microscopy. 

The results of this experiment are shown in Figure 2-10. Under basal conditions, low levels 

of GFP expression were observed in many cells transfected with the CAG/Calpain-GFP or 

CAG/Caspase-GFP constructs, suggesting there may be low levels of caspase-3 and calpain 

activation in those cells. In contrast, a clear increase in GFP expression was observed in cells 

challenged with okadaic acid, transfected with both the CAG/Calpain-GFP and 

CAG/Caspase-GFP constructs. Interestingly, more GFP expression was induced with the 

CAG/Calpain-GFP construct compared with the CAG/Caspase-GFP construct under both 

okadaic acid-challenged and basal conditions.  The CAG/Mutant-GFP control construct 

unexpectedly displayed a similar level of inducibility as the CAG/Calpain-GFP and 

CAG/Caspase-XIAP constructs, indicating that the scrambled sequence in this construct may 

be cleaved by another toxin-induced protease in HEK 293 cells, or that the cleavage sites in 

the test constructs were not specific to caspase-3 and/or calpain. Importantly, only negligible 

levels of GFP expression were observed in cells transfected with the CAG/Empty-GFP 

construct under both basal conditions and following toxin exposure, indicating that non-

specific induction of the cassette is low. Although not quantified, these results suggested that 

reporter gene expression increases specifically in response to cellular stress induced by 

okadaic acid. 
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Figure 2-10. Cell stress induces activation of GFP reporter gene expression in cells 

transfected with CAG/Calpain-GFP and CAG/Caspase-GFP regulatory constructs. 

Representative images showing GFP fluorescence of HEK 293 cells transfected with GFP 

expressing ARF5/AuxRE cassettes and challenged 24 hours later with either vehicle (left 

column) or 30 nM okadaic acid (right column) for 18 hours. GFP was expressed in many 

cells under basal conditions with both CAG/Calpain-GFP and CAG/Caspase-GFP cassettes. 

Compared with vehicle, higher levels of GFP expression were observed in cells challenged 

with okadaic acid with both CAG/Calpain-GFP and CAG/Caspase-GFP cassettes. The 

CAG/Calpain-GFP construct appeared to induce higher levels of GFP expression compared 

with the CAG/Caspase-GFP construct (rows 1 and 2). GFP expression was induced to a 

similar degree in cells transfected with the CAG/Mutant-GFP control (row 3). Negligible 

levels of GFP expression were observed in cells transfected with the CAG/Empty-GFP 

control plasmid (row 4). 
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 Characterisation of constructs expressing XIAP 2.3.3.

The GFP reporter gene was subsequently replaced with the therapeutic gene XIAP.  The 

mechanism of action of XIAP will be detailed in Chapter 6, when the therapeutic efficacy of 

the system is assessed. This gave the test constructs CAG-HA-ARF5-VP16-Calp-NES-BGH-

SpA-WPRE2-XIAP-AuxRE (CAG/Calpain-XIAP) and CAG-HA-ARF5-VP16-Casp-NES-

BGH-SpA-WPRE2-XIAP-AuxRE CAG (CAG/Caspase-XIAP) containing calpain and caspase-

3 cleavage sites, respectively. The negative controls generated were CAG-HA-ARF5-VP16-

Mut-NES-BGH-SpA-WPRE2-XIAP-AuxRE (CAG/Mutant-XIAP) which contained a 

scrambled protease cleavage site as a control for the calpain and caspase-3 cleavage sites, and 

CAG-Empty-BGH-SpA-WPRE2-XIAP-AuxRE (CAG/Empty-XIAP) which lacked the 

chimeric ARF5 protein. The XIAP transgene contained an N-terminal c-myc epitope tag to 

allow discrimination between endogenous and transgenic XIAP expression by 

immunocytochemistry and immunohistochemistry. A plasmid expressing XIAP with an N-

terminal c-myc tag under the control of the strong constitutively active human 

cytomegalovirus (CMV) promoter (CMV-XIAP) was used as a positive control for transgenic 

XIAP expression ( Figure 2-11). 
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Figure 2-11. XIAP expressing cassettes. 

Cistron 1: CAG, hybrid cytomegalovirus enhancer/chicken β-actin promoter; HA, Human 

influenza hemagglutinin; ARF5, DNA binding domain of Auxin Response Factor 5; VP16, 

minimal VP16 activation domain; NES, dominant nuclear export signal of MAPKK. Cistron 

2: c-myc, c-myc epitope tag; XIAP, human X-linked Inhibitor of Apoptosis Protein 

transgene; AuxRE, Auxin response element. 

 Plasmid digests 2.3.3.1.

Plasmids were analysed by restriction enzyme digest using enzymes that cleaved within 

important regions to confirm correct construction and orientation of elements within these 

constructs. Enzymes were selected that cleaved within the inverted terminal repeats (ITRs), 

protease cleavage site and excised portions of the construct consisting of the transgene and/or 

ARF5 (Figures 2.12-16). The sizes of the resultant fragments observed on the agarose gels 

were consistent with predicted fragment sizes from the plasmid maps. Fragments below 

approximately 650 kDa could not be resolved. 
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Figure 2-12. Restriction digest analysis of CAG/Calpain-XIAP plasmid. 

(A) Plasmid map of CAG/Calpain-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 
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plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Calp, sequence encoding the calpain cleavage site; NES, nuclear export signal; BGH, bovine 

growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; WPRE2, 

shortened woodchuck hepatitis virus post-transcriptional regulatory element; XIAP, cDNA 

encoding X-linked Inhibitor of Apoptosis Protein; AuxRE-MP, response element of ARF5 

fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 origin of 

replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication for 

propagation in bacteria; AmpR, Ampicillin resistance gene. (B) Table showing restriction 

enzymes used and predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA 

fragments resolved by agarose gel electrophoresis.  
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Figure 2-13. Restriction digest analysis of CAG/Caspase-XIAP plasmid. 

(A) Plasmid map of CAG/Caspase-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Casp, sequence encoding the caspase cleavage site; NES, nuclear export signal; BGH, bovine 

growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; WPRE2, 

shortened woodchuck hepatitis virus post-transcriptional regulatory element; XIAP, cDNA 

encoding X-linked Inhibitor of Apoptosis Protein; AuxRE-MP, response element of ARF5 

fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 origin of 

replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication for 

propagation in bacteria; AmpR, Ampicillin resistance gene. (B) Table showing restriction 

enzymes used and predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA 

fragments resolved by agarose gel electrophoresis.  
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Figure 2-14. Restriction enzyme analysis of CAG/Mutant-XIAP plasmid. 

(A) Plasmid map of CAG/Mutant-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-

binding domain of ARF5; VP16, herpes virus minimal transcriptional activation domain; 

Mut, sequence encoding the scrambled cleavage site; NES, nuclear export signal; BGH, 

bovine growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; 

WPRE2, shortened woodchuck hepatitis virus post-transcriptional regulatory element; XIAP, 

cDNA encoding X-linked Inhibitor of Apoptosis Protein; AuxRE-MP, response element of 

ARF5 fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 origin of 

replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication 

propagation in bacteria; AmpR, Ampicillin resistance gene. (B) Table showing restriction 

enzymes used and predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA 

fragments resolved by agarose gel electrophoresis.  
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Figure 2-15. Restriction enzyme analysis of CAG/Empty-XIAP plasmid 

(A) Plasmid map of CAG/Empty-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; SpA, synthetic polyadenylation signal; WPRE2, shortened woodchuck hepatitis 

virus post-transcriptional regulatory element; XIAP, cDNA encoding X-linked Inhibitor of 

Apoptosis Protein; AuxRE-MP, response element of ARF5 fused to the cytomegalovirus 

minimal promoter; SV40 Ori, Simian virus-40 origin of replication for propagation in 

mammalian cells; pUC19 Ori, pUC19 origin of replication for propagation in bacteria; 

AmpR, Ampicillin resistance gene. (B) Table showing restriction enzymes used and 

predicted fragment sizes. (C) Restriction enzyme digested plasmid DNA fragments resolved 

by agarose gel electrophoresis.  
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Figure 2-16. Restriction enzyme analysis of CMV-XIAP plasmid. 

(A)Plasmid map of CMV-XIAP showing the location of components of the plasmid relative 

to the restriction enzyme sites. (B) Table depicting predicted DNA fragment size(s) with 

specific restriction enzymes. (C) Restriction enzyme digested plasmid DNA fragments 

resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA ladder; CMV, 

cytomegalovirus promoter; XIAP, cDNA encoding X-linked Inhibitor of Apoptosis Protein; 

Myc, myc epiptope tag; DDK, Flag epitope tag; PolyA, polyadenylation sequence; ColE1, 

ColE1 origin of replication for propagation in bacteria; Kan/Neo, Kanamycin resistance gene; 

SV40 Ori, Simian virus-40 origin of replication for propagation in mammalian cells. (B) 

Table showing restriction enzymes used and predicted fragment sizes. (C) Restriction enzyme 

digested plasmid DNA fragments resolved by agarose gel electrophoresis.  
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 Optimisation of antibody detection 2.3.3.2.

A 9E10 c-myc epitope tag was positioned downstream of XIAP to enable detection of 

transgenic XIAP using a monoclonal c-myc antibody. This antibody was raised against a C-

terminal fragment of human c-myc (Evan et al., 1985), a transcriptional activator. Although 

this particular epitope tag is widely used for detection of recombinant proteins (Hilpert et al., 

2001) some cross reactivity with endogenous c-myc was possible in HEK293 cells due to 

homology of the epitope tag with human c-myc. An antibody directed against human XIAP 

was assessed in tandem as a potential alternative method to detect transgene expression. 

Robust c-myc immunoreactivity was observed in transfected cells, while no specific staining 

was observed in untransfected control cells (Figure 2-17 A and B).  C-myc is a transcriptional 

regulator shown to be upregulated in response to genotoxic stress (Subkhankulova et al., 

2001), therefore it was possible that its expression could also be upregulated in response to 

okadaic acid exposure. To examine the possibility that okadaic acid challenge induces 

endogenous c-myc expression in HEK293 cells, c-myc immunoreactivity was assessed in 

untransfected cells challenged with 30nM of okadaic acid. No staining was observed (Figure 

2-17 C), suggesting that this antibody can be used to detect transgenic XIAP expression 

without detecting endogenous c-myc . No staining was observed when the primary antibody 

was omitted (Figure 2-17 D), indicating that the staining observed was not due to nonspecific 

binding of the secondary antibody and ExtrAvidin. 

CMV-XIAP transfected cells were also immunocytochemically stained with an anti-human 

XIAP antibody to determine if this antibody could be used to confirm transgenic XIAP 

expression levels. A similar number of XIAP-immunoreactive cells were observed compared 

to staining with the c-myc antibody; however there was increased background expression 

(Figure 2-17 E). To examine the contribution of endogenous XIAP expression to the 

observed background staining untransfected cells were also stained. Only a small number of 

immunoreactive cells were observed (Figure 2-17 F, G).  XIAP expression has been shown to 

be upregulated in response to cellular stress  (Holcik et al., 1999; Holcik et al., 2000; Nevins 

et al., 2003), therefore the endogenous levels of XIAP expression were also assessed in 

untransfected cells challenged with 30nM okadaic acid. A similar number of XIAP 

immunoreactive cells were observed compared to those observed under basal conditions 

(Figure 2-17 H, I). The presence of endogenous XIAP immunoreactivity, while small, 

suggested that the c-myc antibody would enable a more accurate reflection of transgenic 
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XIAP levels. This antibody may be useful in confirming the transgenic XIAP expression 

levels determined by c-myc staining. Omission of the primary antibody negated the 

background staining (Figure 2-17 J), indicating that the staining observed was not due to non-

specific binding of the secondary antibody and/or ExtrAvidin. Overall these experiments 

demonstrated that the antibody against the c-myc epitope on XIAP can be used to detect 

transgenic XIAP expression without detecting endogenous c-myc in mammalian cells. 
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Figure 2-17. Antibody optimisation for immunocytochemical detection of transgenic 

XIAP. 

Cells transfected with CMV-XIAP displayed robust immunoreactivity when 

immunocytochemically stained with an anti-c-myc antibody (A). No c-myc immunoreactivity 

was observed in untransfected cells under basal conditions (B) or 18 hours following 30 nM 

toxin exposure (C). No staining was observed when the c-myc antibody was omitted (D). 

Cells transfected with CMV-XIAP plasmid displayed robust anti-human XIAP 

immunoreactivity (E). A small number of immunoreactive cells were observed in 

untransfected cells stained with anti-XIAP antibody (F) shown at high magnification in (G) 

(white arrow). A small number of XIAP immunoreactive cells were observed in cells treated 

with 30 nM okadaic acid (H) and at high power magnification in (I) (white arrows). Omission 

of the XIAP antibody lead to negation of staining (J). Scale bar 250µm A-F, H, J and 50µm 

for G and I.  
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 Effects of increasing okadaic acid concentration on transgene induction 2.3.3.3.

As outlined in Section 1.2.1, effective gene regulation systems would exhibit low basal 

transgene expression in the off state and be regulatable over a wide dose range. To assess 

these aspects of the system, transgene expression was examined under basal conditions and 

determined if there was a correlation between the level of transgene expression and the 

concentration of okadaic acid.  To do this HEK293 cells were transiently transfected with the 

plasmids encoding the regulatory constructs expressing XIAP and subjected to increasing 

okadaic acid concentrations to induce caspase-3 and/or calpain activation. Cells were fixed 

18 hours post toxin exposure and transgenic XIAP expression visualised by DAB 

immunocytochemistry using the anti-c-myc antibody. 

Consistent with the GFP expressing constructs, transgene expression was observed in some 

cells under basal conditions with both the CAG/Calpain-XIAP and CAG/Caspase-XIAP 

constructs, however the expression levels were low (Figure 2-18).  An okadaic acid 

concentration-dependent induction of transgene expression was observed with both 

CAG/Calpain-XIAP and CAG/Caspase-XIAP plasmids.  As with the GFP expressing 

cassettes, more transgene induction was observed with the CAG/Calpain-XIAP construct 

than the CAG/Caspase-XIAP construct, particularly at lower concentrations of okadaic acid 

(Figure 2-18, rows 1 and 2).  

Another important characteristic of good gene regulation systems outlined in Section 1.2.1 is 

that endogenous transcription factors should not affect transgene expression. Negligible 

levels of transgene expression were observed with the CAG/Empty-XIAP control plasmid at 

all concentrations (Figure 2-18, row 3).  The CAG/Mutant-XIAP construct was included to 

assess the specificity of the system to caspase-3 and calpain cleavage.  Consistent with the 

transgene induction observed with CAG/Mutant-GFP construct (Section 2.3.22), the 

CAG/Mutant-XIAP control construct also displayed an okadaic acid concentration-dependent 

increase in transgene expression, confirming that the scrambled protease cleavage sequence 

in this plasmid is likely to be cleavage by another toxin-induced protease (Figure 2-18, row 

4).
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Figure 2-18. Okadaic acid concentration-dependent increase in transgenic XIAP expression in HEK 293 cells transfected with 

regulatory constructs expressing XIAP. 

Immunocytochemical analysis of transgenic XIAP expression using a c-myc antibody directed against a c-myc tag on the N terminus of XIAP. 

Low levels of transgene expression were observed with vehicle treatment in cells transfected with both the CAG/Calpain-XIAP and 

CAG/Caspase-XIAP constructs. Application of increasing concentrations of okadaic acid for 18 hours lead to an increase in c-myc 

immunoreactivity in both CAG/Calpain-XIAP (row 1) and CAG/Caspase-XIAP transfected cells (row 2). A slight increase in c-myc 

immunoreactivity was observed in cells transfected with the CAG/Empty-XIAP construct (row 3). Cells transfected with the CAG/Mutant-XIAP 

construct also displayed low c-myc immunoreactivity with vehicle treatment and an increase in transgene expression with increasing okadaic 

acid concentration (row 4). 
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To confirm the results from the immunocytochemistry, Western blot analysis was performed.  

Cells were transfected with CAG/Calpain-XIAP, CAG/Caspase-XIAP, CAG/Mutant-XIAP, 

or CAG/Empty-XIAP and then challenged with 30nM okadaic acid 24 hours later.  Total cell 

lysates were prepared 18 hours later and separated by SDS-PAGE. Immunoblotting using 

antibodies directed against c-myc and ß-actin revealed bands at approximately 53-57kDa and 

42kDa, corresponding to XIAP-myc and ß-actin proteins, respectively. A third band was 

present at approximately 37kDa in all samples and the intensity of this band remained 

consistent across samples. Given that human c-myc and XIAP have predicted molecular 

weights of approximately 62kDa and 53-57kDa respectively, this band did not affect 

interpretation of the results.. Human c-myc was observed as a faint band at approximately 

62kDa in untransfected cells, however the intensity of this band did not increase following 

treatment with okadaic acid, confirming that endogenous c-myc levels are unaffected by 

okadaic acid. It is unlikely that the endogenous levels of c-myc have contributed to the signal 

observed from transgenic XIAP as the band for endogenous c-myc was observed migrating at 

a slightly higher molecular weight in the adjacent lanes.  Consistent with the 

immunocytochemistry, a clear increase in transgenic expression was observed with 

increasing okadaic acid concentration in samples generated from cells transfected with the 

CAG/Calpain-XIAP, CAG/Caspase-XIAP and CAG/Mutant-XIAP constructs. Cells 

transfected with the CAG/Empty-XIAP control displayed an increase in transgene expression 

with increasing toxin concentration, however the intensity of induction was lower that the test 

constructs. A sample generated from CMV-XIAP transfected cells revealed a sharp band also 

migrating at 53-57kDa, confirming the band of interest was transgenic XIAP (Figure 2-19).    
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Figure 2-19. .  Western blot analysis of XIAP transgene expression in response to 

increasing concentrations of okadaic acid with an anti-c-myc antibody 

Immunoblots probed with anti-c-myc and anti-ß-actin antibodies detected bands at 

approximately 53-57kDa and 42kDa, corresponding to transgenic XIAP and the ß-actin 

housekeeping gene, respectively. A concentration-dependent increase in transgenic XIAP 

expression was observed in response to exposure to okadaic acid at final concentrations of 

10nM, 20nM, 30nM and 40nM in cells transfected with CAG/Calpain-XIAP (A), 

CAG/Caspase-XIAP (B), CAG/Mutant-XIAP  (C) and CAG/Empty-XIAP plasmids (D). 
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To confirm the pattern of transgene induction observed, Western blots were then conducted 

where the samples were probed with an anti-human XIAP antibody to detect both 

endogenous and transgenic XIAP and an anti-GAPDH antibody to control for the total 

amount of protein loaded. Several bands were present following incubation with the anti-

XIAP antibody, however a clear increase in a band 53-57kDa in size was observed with 

increasing okadaic acid concentrations in samples generated from cells transfected with the 

CAG/Caspase-XIAP, CAG/Calpain-XIAP and CAG/Mutant-XIAP and CAG/Empty-XIAP 

constructs (Figure 2-20).  This band corresponded with the molecular weight of a sharp band 

in the CMV-XIAP positive control sample and was not present in the untransfected control 

samples treated with vehicle or 40nM okadaic acid, suggesting the band was specific to 

transgenic XIAP( Figure 2-20 A). 

Overall these results presented in this section demonstrated that theregulatory system 

satisfied two important requirements of an effective regulation system: (i) transgene 

expression is low under basal conditions and (ii) inducible to high levels in a concentration-

dependent manner following challenge with a cell stressor. 
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Figure 2-20. Western blot analysis of XIAP transgene expression in response to 

increasing concentrations of okadaic acid with an anti-XIAP antibody 

Immunoblots probed with anti-XIAP and anti-GAPDH antibodies detected bands at 

approximately 53-57kDa and 37kDa, corresponding to transgenic XIAP and the GAPDH 

housekeeping gene, respectively. Several bands were present following incubation with the 

anti-XIAP antibody, however, a concentration-dependent increase in transgenic XIAP 

expression was observed in response to exposure to okadaic acid at final concentrations of 

10nM, 20nM, 30nM and 40nM in cells transfected with CAG/Caspase-XIAP (A), 

CAG/Calpain-XIAP (B), CAG/Mutant-XIAP  (C) and CAG/Empty-XIAP plasmids (D). This 

band corresponded with the molecular weight of a sharp band at 53-37kDa in the CMV-XIAP 

positive control and was not present in vehicle or 40nM okadaic acid-treated untransfected 

control cells (A).    
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 Time course of transgene expression 2.3.3.4.

As outlined in Section 1.2.1, an effective gene regulation system would induce transgene 

expression in a timely manner following induction by the physiological stimulus.  To 

investigate the temporal response of the caspase-3 and calpain-dependent constructs, cells 

were transfected with the CAG/Caspase-XIAP, CAG/Calpain-XIAP plasmids, challenged 

with 30nM okadaic acid and, following incubation for 0, 6, 9, 12, 15, or 18 hours, were either 

fixed for immunocyctochemical analysis or harvested for Western blot analysis of transgenic 

XIAP expression using a c-myc antibody.    

Immunocytochemistry on CAG/Calpain-XIAP transfected cells revealed similar levels of 

transgene expression compared to vehicle-treated cells when measured 6 hours after toxin 

exposure, suggesting that the construct had not yet been activated. Transgene expression 

levels appeared slightly elevated relative to vehicle at 9 and 12 hours, and large increases in 

transgene expression, indicative of construct activation, were observed at 15 and 18 hours.  

The pattern of transgene expression observed correlated with the increase in calpain 

activation that occurs between 15 and 24 hours (Section 2.3.1.5).  Under basal conditions, 

low levels of transgene were observed at all time-points; however this expression did not 

increase over time (Figure 2-21) conducive with the lack of calpain activation in vehicle-

treated cells over time (Section  2.3.1.5).   

CAG/Caspase-XIAP transfected cells displayed a slightly different transgene expression 

profile to the CAG/Calpain-XIAP cells. No increases in transgene expression were observed 

with toxin compared to vehicle exposure up to 12 hours, followed by a large increase in 

transgene expression, indicative of cassette activation at 15 and 18 hours. Similar to the 

CAG/Calpain-XIAP construct, low levels of transgene expression were observed in vehicle 

treated cells at all time-points, but the expression levels remained consistent over time 

(Figure 2-22). 
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Figure 2-21. Immunocytochemical analysis of the time course of transgene induction of 

the CAG/Calpain-XIAP construct  

Immunocytochemistry was performed using a c-myc antibody to detect transgenic XIAP on 

cells transfected with CAG/Calpain-XIAP that were challenged with vehicle (left panel) or 30 

nM okadaic acid (right panel) and fixed at 0, 6, 9, 12, 15 and 18 hours later. Compared to 

vehicle treated cells (left panel), there was no obvious increase in c-myc immunoreactivity 

with toxin exposure (right panel) at 6h. Transgene expression levels appeared slightly 

elevated in toxin treated cells relative to vehicle at 9 and 12 hours. At 15 and 18 hours 

following toxin exposure large increases in transgene expression were observed relative to 

vehicle treated cells. Scale bar 250µm. 
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Figure 2-22. Immunocytochemical analysis of  the time course of transgene induction of 

the CAG/Caspase-XIAP construct. 

Immunocytochemistry was performed using a c-myc antibody to detect transgenic XIAP on 

cells transfected with CAG/Caspase-XIAP that were challenged with vehicle (left panel) or 

30 nM okadaic acid (right panel) and fixed at 0, 6, 9, 12, 15 and 18 hours later. Compared to 

vehicle treated cells (left panel), there was no obvious increase in c-myc immunoreactivity 

with toxin exposure (right panel) at 6, 9 or 12 hours, however a clear induction of transgene 

expression was observed at 15 and 18 hours. Scale bar 250µm. 
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 Analysis of transcription factor expression 2.3.4.

Induction of transgene expression with cellular stress using this system is incumbent on 

translocation of the ARF5 transcription factor from the cytoplasm to the nucleus. To assess 

whether the translocation mechanism was working as designed, expression of ARF5 was next 

assessed.   

 Optimisation of antibody detection 2.3.4.1.

ARF5 was flanked by an HA epitope tag on the N terminus and a VP16 activation domain on 

the C terminus.  Cells were transfected with the regulatory constructs expressing XIAP, 

treated with vehicle 24 hours later and then fixed for DAB immunocytochemical analysis 

using antibodies directed against the N-terminal HA epiptope and C-terminal VP16 domain.  

Higher levels of immunoreactivity were observed using the VP16 antibody compared to the 

HA antibody, suggesting that the VP16 antibody was more sensitive than the HA epitope 

antibody (Figure 2-23 A and B).  ARF5 expression localised to the cytoplasm in cells 

transfected with CAG/Caspase-XIAP and CAG/Calpain-XIAP under basal conditions (Figure 

2-23 C).  No staining was observed in the absence of either primary antibody, indicating that 

the staining observed was specific to the respective primary antibodies.  Cells transfected 

with the CAG/Empty-XIAP control construct did not display any VP16 immunoreactivity 

(Figure 2-23 D), confirming that the expression observed was due to ARF5 expression. 
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Figure 2-23. Optimisation of transcription factor detection. 

Cells transfected with CAG regulatory constructs expressing XIAP (shown is CAG/Calpain-

XIAP) were immunocytochemically stained 18 hours following vehicle treatment using 

antibodies directed against VP16 (C terminus) or HA (N terminus).  (A) Low levels of HA 

immunoreactivity  were observed. (B) Robust VP16 immunoreactivity was observed and high 

power magnification revealed largely cytoplasmic expression (C).  (D) No staining was 

observed in cells transfected with CAG/Empty-XIAP.  Scale bar 250µm A, B, D and 50µm 

for C. 
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 Analysis of ARF5 subcellular localisation  2.3.4.2.

To examine the subcellular distribution of ARF5, VP16 immunofluorescence was assessed 

relative to the nuclear stain DAPI.  Cells were transfected with the regulatory constructs 

expressing XIAP, challenged with 30 nM to induce caspase-3 and calpain activation and then 

fixed for VP16 immunocytochemistry and DAPI 12, 15 and 18 hours later.  ARF5 was 

localised to the cytoplasm in vehicle treated cells  and no obvious nuclear translocation was 

observed in okadaic acid challenged cells at any of the time points assessed with either the 

CAG/Calpain-XIAP or CAG/Caspase-XIAP constructs ( Figure 2-24 and Figure 2-25).  

Unexpectedly ARF5 expression was higher in toxin-exposed cells than vehicle-treated cells 

(Figure 2-26), suggesting that ARF5 could be undergoing limited degradation under basal 

conditions.   

 Summary 2.4.

The results presented in this chapter characterised the conditions under which caspase-3 and 

calpain are maximally activated in response to okadaic acid exposure in HEK 293 cells prior 

to the onset of substantial toxicity occurring at the time points investigated.  Under these 

conditions it was demonstrated that the regulatory system is activated in a concentration-

dependent and temporal manner following initiation of cell stress.  

  



 

94 

 

 



 

95 

 

Figure 2-24. Subcellular localisation of ARF5 in CAG/Calpain-XIAP transfected cells at 

various times under basal conditions and following OA challenge. 

HEK 293 cells were transiently transfected with CAG/Calpain-XIAP, challenged with 30 nM 

okadaic acid 24 hours later. Cells were fixed 12, 15 and 18 hours later for 

immunocytochemical detection of VP16 (column 1) and counterstained with the nuclear stain 

DAPI (column 2). Merged images are shown in column 3. Under basal conditions VP16 was 

expressed surrounding the nuclei at 12, 15 and 18 hours (rows 1-3) indicating cytoplasmic 

expression. VP16 expression appeared to also be cytoplasmic in cells challenged with 

okadaic acid for 12, 15 and 18 hours (rows 4-6).  
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Figure 2-25. Subcellular localisation of ARF5 in CAG/Caspase-XIAP transfected cells at 

various times under basal conditions and following OA challenge. 

HEK 293 cells were transiently transfected with CAG/Calpain-XIAP and challenged with 30 

nM okadaic acid 24 hours later. Cells were fixed 12, 15 and 18 hours later for 

immunocytochemical detection of VP16 (column 1) and counterstained with the nuclear stain 

DAPI (column 2). Merged images are shown in column 3. Under basal conditions VP16 was 

expressed surrounding the nuclei at 12, 15 and 18 hours (rows 1-3) indicative of cytoplasmic 

expression. A similar pattern of expression was observed in cells challenged with okadaic 

acidat 12, 15 and 18 hours (rows 4-6).  
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Figure 2-26. Effect of okadaic acid on ARF5 expression levels. 

ARF5 expression levels, determined by VP16 immunoreactivity were lower in vehicle treated 

cells than in cells exposed to okadaic acid with CAG/Calpain-XIAP and CAG/Caspase-

XIAP. Shown are cells transfected with CAG/Calpain-XIAP and exposed to 30 nM okadaic 

acid for 18 hours.  Scale bar 250 µm. 
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 Discussion 2.5.

 Model characterisation 2.5.1.

The functionality of the regulatory system hinges on the activation of caspase-3 and calpain.  

It was therefore of utmost importance to characterise their activation in our model. The 

cytotoxin okadaic acid was selected to assess the functionality of our cassettes due to its ease 

of use and reports that calpain and caspase-3 are activated following its exposure to various 

cell lines.  The apoptotic-inducing potency of okadaic acid is dependent on the concentration 

and also the cell line employed.  Morphological changes typical of apoptosis were observed, 

namely chromatin condensation, shrinkage of the cells, and DNA fragmentation, following its 

application to HEK 293 cells consist with the morphological changes described by Boe and 

colleagues in rat hepatocytes in suspension and in primary culture, the human mammary 

carcinoma cell line MCF-7, rat pituitary adenoma GH3 cells, rat promyelocytic IPC-81 cells 

and the human neuroblastoma cell line SK-N-SH (Boe et al., 1991).  Sections 2.5.2 and 2.5.3 

deal with the activation of caspase-3 and calpain in our model. 

 Activation of caspase-3 2.5.1.1.

Okadaic acid induced an increase in caspase-3 activation in this model, in line with the 

findings of Li et al in primary cultures of rat lens epithelium and and Vagner et al in HEK 

293 and Neuro2A cell lines (Li et al., 2001; Vagner et al., 2015). The levels of caspase-3 

activation increased in a concentration and time-dependent manner following application of 

10-40 nM of okadaic acid to our cells.  Additionally, caspase-3 activation levels correlated 

with the severity of apoptotic morphology observed, consistent with the requirement of 

caspase-3 for cellular shrinkage, DNA fragmentation, and chromatin condensation (Janicke et 

al., 1998). An immunocytochemical method of detection was employed as it enabled 

detection of caspase-3 in individual cells, permitting correlations to be made with the number 

of transgene expressing cells in the following experiments.  Other methods of active caspase-

3 detection on a single cell basis have been described by Vagner et al and Werner and 

Steinfelder, 2008 (Vagner et al., 2015; Werner et al., 2008). These techniques employ GFP as 

a reporter for caspase-3 activation and may be useful in future studies as they enable 

quantification of caspase-3 activation levels.   
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Caspase-3 activation levels may also be estimated by Western blot or enzymatic analysis.   

Both these techniques estimate caspase-3 activation levels in crude cell lysates of an entire 

population of treated cells; however they may be used to confirm the findings presented here. 

Western blot analysis of caspase-3 activation can be determined directly using antibodies 

directed specifically to caspase-3 or indirectly by measuring the levels of specific-sized 

fragments generated by the cleavage of caspase-3 substrates. Two commonly used indirect 

makers of caspase-3 activation use antibodies directed against the nuclear enzyme poly(ADP-

ribose)polymerase-1 (PARP-1) (Lazebnik et al., 1994) and the cytoskeletal protein spectrin 

(Nath et al., 1996).  The 120kDa caspase-3 specific band was indistinguishable in cell lysates 

probed with a spectrin antibody, despite a clear increase in caspase-3 activation demonstrated 

by immunocytochemistry at both 30nM and 40nM of okadaic acid.  Efforts to increase the 

amount of protein probed to enhance signal detection were unsuccessful, suggesting that the 

breakdown products may not be present at the time-point assessed, or that this method may 

require even higher amounts of protein to enable signal detection.   

Fluorometric assays of caspase-3 activation utilising the production of a fluorescent product 

following cleavage by caspase-3 are widely used to measure activation of caspases.  The 

majority of these assays contain a DEVD sequence within the substrate, however as discussed 

previously this sequence is also cleaved to a limited degree by caspase-7. 

 Activation of Calpain 2.5.1.2.

Okadaic acid induced an increase in calpain activation in HEK 293 cells, consistent with the 

findings of Yoon and colleagues in primary cells isolated from the rat brain (Yoon et al., 

2006; Yoon et al., 2012).  Fluorometric analysis of calpain activation revealed a temporal 

increase in calpain activation in okadaic acid treated cells, compared to vehicle treated cells.  

While there is no commercially available antibody which can specifically detect active 

calpain histologically, Western blots could be conducted to confirm these findings either 

using a calpain antibody that detects both the active and inactive forms of calpain, which 

migrate at different molecular weights or through the use of antibodies directed against 

proteins cleaved by calpain where fragments of known size are generated by calpain-

mediated proteoloysis.  A number of groups have indirectly demonstrated calpain activation 

through a reduction in the inactive form of calpain and an increase in the active form of 

calpain which migrates at a lower molecular weight. Spectrin analysis did not reveal an 



 

101 

 

increase in the 145kDa calpain-specific band at 18 hours following okadaic acidic exposure, 

despite fluorometric analysis suggesting the calpain activity levels would likely be increased 

at this time. Later time-points and further increase of the amount of protein probed could be 

looked at in future studies. 

 Analysis of cassette functionality 2.5.2.

 Plasmid component analysis 2.5.2.1.

Restriction digest analysis of the plasmids confirmed that the elements of the cassette had 

been successfully cloned within the ITRs of the AAV expression plasmid. The ITRs are 

essential to facilitate successful packaging of the plasmids into AAV vectors, however are 

prone to deletion (Samulski et al., 1982) making it  important to verify their structural 

integrity within the plasmids. Cistron 1 of the construct utilised a chicken beta actin/CMV 

hybrid (CAG) promoter which facilitates high, stable, and long term expression of transgenes 

(Niwa et al., 1991). The cytomegalovirus (CMV) promoter has also been widely used, but is 

susceptible to transcriptional inactivation through methylation of cytosines in CpG 

dinucleotides (Prosch et al., 1996) making the CBA promoter a superior choice as long-term 

transgene expression has been repeatedly demonstrated (Daly et al., 2001; Kirik et al., 2002; 

Klein et al., 2002; Peel et al., 2000). A bovine growth hormone polyadenylation sequence 

(BGHpA) was positioned at the 3’ end of the dominant nuclear export signal to facilitate 

production of mature mRNA from cistron 1, to protect mRNA from enzymatic degradation 

and enhance translation (Colgan et al., 1997). Cistron 2 encoded the GFP reporter gene 

positioned downstream of a CMV minimal promoter, which lacks the enhancer element from 

full length CMV promoter, fused to the DNA-binding domain of ARF5 (AuxRE). A 

truncated form of a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) 

was positioned downstream of GFP to facilitate nuclear export of mRNA and enhance 

translation (Donello et al., 1998; Popa et al., 2002). The addition of WPRE elements to the 3’ 

untranslated (UTR) end of a transgene has been shown to enhance expression of a GFP 

reporter gene by 50% following transient transfection in HEK 293 cells (Loeb et al., 1999). 

The 354bp truncated form of WPRE utilised here has been employed previously to express 

therapeutic genes following AAV-mediated transduction of the rat hippocampus (Kalev-

Zylinska et al., 2007; Young et al., 2014). A truncated polyadenylation sequence was located 

downstream of WPRE. 
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The WPRE was only incorporated into cistron 2 due to the limited size of the AAV 

expression cassette. Since cistron 2 was designed to express a therapeutic gene, it was a high 

priority to ensure stability of the mRNA and enhance translation of the therapeutic protein. 

Utilising the BGHpA sequence alone on cistron 1 was deemed sufficient to produce enough 

ARF5 for driving transgene expression since only small amounts of transcription factor are 

required to drive gene expression. Additionally, given that ARF5 expression was already 

being driven by a strong, constitutively active promoter, WPRE could have facilitated 

expression of a toxic amount of exogenous protein.  

 General assessment of cassette functionality 2.5.2.2.

Both GFP and XIAP transgenes were used to assess cassette functionality.  Regardless of 

whether GFP or XIAP was used as the transgene of interest, a number of important 

observations can be made on the functionality of our regulatory system.  

Firstly, low transgene expression levels were observed in vehicle-treated cells in the absence 

of a cell stress stimulus. As discussed in Section 1.2.1, this is an important factor when 

considering clinical use of the system as transgenic protein levels are likely to be 

suphysiological when the cells are not undergoing cell stress.  Secondly, transgene expression 

was induced specifically by cellular stress, as evidenced by the robust increase in transgene 

expression with okadaic acid exposure.  Future studies need to determine whether transgene 

expression can be regulated, with a decline of transgene expression following removal of the 

stressful stimulus.   

Importantly, endogenous mammalian transcription factors are unable to subsantially induce 

transgene expression, as evidenced by the considerably lower transgene expression with the 

empty transcription factor control plasmids.  

Another observation is that under all the conditions assessed, the calpain-dependent system 

appeared to induce more transgene expression than the caspase-3 dependent system.  Given 

that the DNA concentration had been matched across plasmids, this difference could be due 

to the differences in protease activation levels in response to okadaic acid.  A rough estimate 

of the relative contributions of each of these proteases to the cell death observed in this model 

could be gained from examining the intensity of caspase-3 and calpain-specific products 

resulting from cleavage of common substrates such as Spectrin.  Assuming the levels of 

caspase-3 and calpain activation were similar under all the conditions assessed, this 
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discrepancy could also be explained by differences in the efficiency or turnover number ( 

Kcat) for each protease. For example, the maximum number of ARF5-protease cleavage site-

NES fusion proteins that active calpain is able to convert to ARF5 per unit of time may be 

higher than that of active caspase-3.  

Lastly, the CAG/Mutant-GFP and CAG/Mutant-XAIP constructs both displayed an increase 

in transgene expression in response to okadaic acid exposure indicating that the scrambled 

mutant protease cleavage site control could be cleaved by another toxin-induced protease in 

HEK 293 cells.  The overall goal of this thesis was to assess the suitability of the system to 

regulate transgene expression in the mammalian brain. Alternative methods to control for the 

protease specificity in this cell line could involve addition of a calpain-specific or caspase-3-

specific inhibitor before challenging the cells with okadaic acid.  A myriad of 

pharmacological inhibitors of caspase-3 and calpain have been designed over recent years.  

The most potent and selective inhibitors of calpain activity appear to be truncated forms of 

the endogenous inhibitor calpastatin that have been modified to enhance cell permeability 

(Donkor, 2011).  Peptide-based inhibitors targeting the caspase-3 cleavage site DEVD are 

commonly used to assess the roles of caspase-3 in apoptosis resulting from various stimuli, 

however there is some evidence that caspases 8 and 9 are also inhibited (Berger et al., 2006), 

indicating that will be imperative to include a range of independent experiments that 

systematically inhibit the activity of other caspases to verify selectivity of the caspase-3 

cleavage site in our regulatory system.    

 Dose-dependency of the regulatory system 2.5.2.3.

As outlined in Section 1.2.1 regulating the amount of therapeutic protein produced to the 

intensity of the physiological stimulus will be essential to precisely titrate transgene 

expression levels to optimal therapeutic levels.  

Although not quantified, inspection of typical images revealed that XIAP transgene 

expression increased in an okadaic acid concentration-dependent manner with our caspase-

dependent construct.  Together with the finding that caspase-3 activation also correlates with 

the concentration of okadaic acid, this suggested that our caspase-3 dependent system enables 

titration of transgene expression according to the intensity of caspase-3 activation. An 

important factor to consider when analysing the XIAP transgene expression from the caspase-

3 dependent construct is that once expressed, XIAP would function to reduce caspase-3 

activation levels through direct inhibition, and also via inhibition of the upstream initiator 
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caspase-9. These processes would ultimately result in reduced induction of transgene 

expression.  Therefore the transgenic XIAP expression levels may not be reflective of the 

induction potency of the caspase-3 dependent construct.   

At all the concentrations of okadaic acid tested, the extent of transgenic XIAP expression 

induced in  CAG/Caspase-XIAP transfected cells was greater than expected, based on the the 

level of caspase-3 immunoreactivity in untransfected cells. Given that the observation was 

made with the CAG/Caspase-GFP construct when assessed at a single concentration and 

time-point, it is likely that this is due to the increased sensitivity of our caspase-regulated 

system relative to the method employed to assess caspase-3 activity levels.   

An okadaic-acid concentration-dependent increase in XIAP transgene expression was also 

observed with the calpain-dependent construct, inferring that the transgene expression with 

our calpain-dependent system can also be titrated according to the intensity of calpain 

activation.  Calpain activation levels were assessed at a single concentration in the present 

study.  Future studies should look at the concentration dependency of calpain activation to 

enable correlations to be made with the transgene expression profile. 

 Temporal response of the system 2.5.2.4.

In order for maximal therapeutic benefit to be attained, transgene expression should be 

induced in a timely manner following the appearance of a physiological stimulus.   

Although not quantified, the results indicated that transgenic XIAP expression driven by the 

caspase-regulated system increased from baseline levels at 15 and 18 hours following toxin 

exposure.  This response was consistent with the increase in caspase-3 activation observed 

between 15 and 24 hours.  

Transgene expression using the CAG/Calpain-XIAP construct was slightly elevated at 9, 12, 

and 15 hours following okadaic acid exposure. This indicated that the low levels of calpain 

activation observed above those of vehicle treated cells at these time points were sufficient to 

drive transgene expression, suggesting that the construct may be sensitive to small increases 

in calpain activity.  The highest levels of transgene expression were observed following 18 

hours of toxin exposure, consistent with the finding that calpain activity levels increase 

between 15 and 24 hours.   
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Together these findings demonstrated that induction of transgene expression with our 

regulatory system correlates with the timing and intensity of caspase-3 or calpain activation.  

Whether this response occurs early enough to have a therapeutic effect following initiation of 

the cell stress response will be determined by the properties of the specific therapeutic genes 

coupled to the respective systems.   

 Transcription factor analysis  2.5.2.5.

As cleavage of the ARF5 fusion protein by the proteases is a post translational modification, 

the rate-limiting step to induction of transgene expression is likely to be the time taken for 

transcription and translation of the transgene following release of the NES from the fusion 

protein.  The kinetics of the ARF5/AuxRE system have not previously been examined in 

mammalian cells, however this should be a point of interest for future studies as it would 

enable titration of ARF5-fusion protein levels.    

No remarkable translocation of ARF5 was observed at any of the time-points following 

okadaic acid challenge, despite there being a clear increase in transgene expression levels.  

Given that miniscule amounts of transcription factor are required to induce transgene 

expression, it is possible that the level of ARF5 entering the nucleus to drive transgene 

expression were too low to be detected.    

Substantially less ARF5 was detected using antibodies directed against the epitope tag at the 

N-terminus compared to immunocytochemistry to the VP16 activation domain located at the 

C-terminus.  The discrepancy observed could be due to differing sensitivities of the 

respective antibodies.  However, given that levels of ARF5 were higher with okadaic acid 

than in vehicle-treated cells, it is possible that the protein is partially degraded by 

proteasomes under basal conditions, and that under conditions of stress these proteasomes 

may be less active in favour of other physiological processes related to cell survival. The 

ubiquitin–proteasome pathway is the main pathway via which proteins are selectively 

degraded in eukaryotic cells (reviewed by (Lecker, Goldberg, & Mitch, 2006)).  According to 

the N-end rule pathway of protein degradation, the half-life of protein relates to the identity 

of its N-terminal residue (Varshavsky, 1997).  The N-terminal residue on the majority of 

eukaryotic proteins is methionine, a stabilising amino acid, which gives these proteins a half-

life of approximately 30 hours or more. Removal of the methionine from ARF5 through post-

translational modification could expose the adjacent tyrosine residue, which is considered a 

destabilising amino acid.  Proteins with an N-terminal tyrosine residue typically have 
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substantially shortened half-lives.  Treatment with a proteasomal inhibitor would be expected 

to normalise the levels of ARF5 detected at each of the concentrations if this was the case. 

Given that ARF5 is of non-mammlian origin, reducing the amount of this protein when it is 

not required may be viewed as an advantage as it would reduce the likelihood of eliciting an 

immune response in patients. 

 Summary 2.5.3.

In this chapter the levels of caspase-3 and calpain activation were characterised in HEK 293 

cells exposed to okadaic acid.  This enabled selection of subtoxic concentration and time-

points to assess the functionality of the regulatory system. 

It was subsequently shown that transgene expression is low under basal conditions and 

induced specifically in response to okadaic acid exposure in a concentration-dependent and 

temporal manner that correlated with the magnitude and timing of activation of the respective 

proteases.  Additionally, non-specific induction of the system by endogenous mammalian 

transcription factors was low.  These findings satisfy a number of the characteristics of ideal 

regulatory systems outlined in Section 1.2.1, warranting further investigation of the utility of 

this system in vivo. 
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 Characterisation of rat alpha synuclein Chapter 3.

overexpression model  

 Introduction 3.1.

Following demonstration of the functionality in vitro, the next goal was to  to determine 

whether the regulatory system would be functional in vivo in the context of a 

neurodegenerative disease associated with caspase-3 and calpain activation. 

PD is a neurodegenerative disorder that is characterised by the selective and progressive loss 

of dopaminergic neurons in SNc resulting in a depletion of dopamine released in the striatum 

(Ehringer et al., 1960).  The presence of intraneuronal fibrillary protein aggregates termed 

Lewy bodies is another pathological hallmark of the disease (Spillantini et al., 1997).  The 

consequence of a reduction in dopamine results in motor deficiencies such as bradykinesia, 

tremor, rigidity and akinesia.  The biochemical events associated with dopaminergic cell 

death in PD have been partially determined and as outlined in Sections 1.7.2 and 1.7.3 several 

lines of evidence from both human post mortem tissue as well as models of PD implicate the 

involvement of calpain and caspase-3 activation (Crocker, Liston, et al., 2003; Crocker, 

Smith, et al., 2003; Dufty et al., 2007; Eberhardt et al., 2000; Grant et al., 2009; Hartmann et 

al., 2000; Hartmann et al., 2001; Jeon et al., 1999; Mishizen-Eberz et al., 2005; Mogi et al., 

2000; Mouatt-Prigent et al., 1996; Smith et al., 2006; von Coelln et al., 2001; Yamada et al., 

2004). 

Due to the progressive nature of PD, gene therapy is an attractive therapeutic option as viral 

vectors are able to transduce neurons and lead to longterm and stable transgene expression. 

All gene therapy strategies for PD to date have involved unregulated overexpression of high 

levels of a therapeutic transgene to facilitate alterations in neuronal health.  Given that the 

severity and timing of disease progression differs between patients, regulating therapeutic 

gene expression could be beneficial to reducing the likelihood of initiating unforeseen 

adverse events. 

To evaluate the functionality of the regulatory system in the context of PD the first step was 

to confirm that PD related cell stress is capable of inducing transgene expression.  Although 

we do not have a complete understanding of what causes PD, it is generally accepted that 

dopaminergic cell loss typical of PD is due to a combination of both environmental and 
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genetic factors.  Therefore a rational approach would be to assess the functionality of the 

regulatory system in both a toxin-based and a genetic model to enable strong predictions to 

be made of the potential therapeutic efficacy in PD patients. 

This chapter is concerned with establishing a genetic model for assessing functionality of the 

system. The alpha synuclein gene is of particular interest as it links both sporadic and 

inherited forms of PD and as described in Sections 1.7.2 and 1.7.3 there is evidence of both 

caspase-3 and calpain activation following its overexpression in the rodent brain.  Caspase-9, 

the initiator caspase responsible for activation of caspase-3 is activated following its 

overexpression in the rat brain (Yamada et al., 2004).  Additionally, transgenic mice 

overexpressing wild type alpha synuclein or the A30P alpha synuclein mutation display 

calpain activation (Dufty et al., 2007) and calpain is responsible for the generation of toxic 

fragments of alpha synuclein (Mishizen-Eberz et al., 2005).  The objective of this chapter was 

to determine the time course of AAV-vector mediated overexpression of human wild type 

alpha synuclein in the rat brain to determine its suitability for assessing the functionality of 

the regulatory system.   
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 Materials and Methods  3.2.

 Study design 3.2.1.

Rats received unilateral infusions into the SNc of either AAV/CBA-α-synuclein or 

AAV/CBA-luciferase. These were coinfused with an equal volume of AAV/Empty.  A total 

of 9 x10
8
 vector genomes of AAV/ CBA-α-synuclein or AAV/ CBA-luciferase was injected 

with 9 x10
8 

AAV/Empty vector genomes
 
in 3μLto give a final titre of 3x10

11
 vector 

genomes/mL. 1x PBS was injected into the contralateral hemisphere (Section 3.2.5). Animals 

were euthanased 4, 8 or 12 weeks later and their brains processed for immunohistochemical 

analysis of transgene expression and dopaminergic cell survival according to Section 3.2.8 

(n=7 per time-point for AAV/CBA- α-synuclein; n=3 per time-point for AAV/CBA-

luciferase). 

 Generation of α-synuclein and luciferase constructs 3.2.2.

AAV expression plasmids driving wildtype human α-synuclein or luciferase under the control 

of the chicken β-actin (CBA) promoter (AAV/CBA-alpha synuclein and AAV/CBA-

luciferase) and a control plasmid lacking a transgene (AAV/Empty) were kindly generated by 

Dr Alexandre Mouravlev, University of Auckland. Plasmid production and restriction 

enzyme analysis and was performed as described in Section 2.2.2 to confirm correct plasmid 

construction and orientation of the elements within the constructs.  

 Recombinant AAV vector packaging 3.2.3.

All plasmids used for in vivo studies were packaged into AAV serotype 9 (AAV9) vectors 

and genomic titering performed by Dr Dahna Fong (University of Auckland). 

 Transfection 3.2.3.1.

Each batch of recombinant AAV vector was produced from ten 15cm
2
 dishes (Nunc) each 

seeded with 1.5x10
7
 HEK 293 cells in complete DMEM.  Twenty-four hours following 

plating the cells were transfected by calcium phosphate.  The media was removed from each 

plate and replaced with 25 mL pre-warmed IMDM. The transfection mixture was made up by 

adding 125µg of the AAV plasmid, 250µg of pFδ6 plasmid (encoding adenoviral proteins 

required for packaging), 125µg pH21 (encoding AAV2 and AAV9 capsid proteins) to a tube 

consisting of 24mL H2O and 3.3 mL  of 2.5 M CaCl2. The transfection mixture was filtered 
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through a 0.2µm syringe filter (Acrodisk, Pall) into a T75 culture flask (BD Falcon) to 

remove particulates and sterilise.  An equal volume of 2 x HeBs buffer was quickly added to 

the flask whilst vortexing the solution vigorously, forming a fine white precipitate.  

Following a 2 minute incubation, ~4mL of the transfection mix was added quickly to each 

plate but gently in a circular, dropwise motion around the plate, then swirled gently to mix.  

Sixteen hours after transfection, the IMDM was removed and replaced with 25mL of fresh 

pre-warmed DMEM. 

 Harvesting 3.2.3.2.

Sixty hours post transfection, the media was removed and the cells washed and resuspended 

in 25mL pre-warmed 1x PBS.  Cells were collected in 50mL tissue culture tubes (Nunc) and 

centrifuged at 600 x g for approximately 30 minutes to pellet.  Following removal of the 

supernatant, the cells were resuspended in 5mL of lysis buffer (150mM NaCl, 50mM Tris-Cl 

pH8.5) and stored at -20°C. 

 Cell lysis 3.2.3.3.

Cells were thawed at room temperature and lysed by adding sodium deoxycholate (Sigma) to 

a final concentration of 0.5% (w/v) and 50 U/mL of benzonase (Novagen). The lysate was 

incubated at 37°C for 60 minutes, vortexd at 15 minute intervals, and then centrifuged at 

3000 x g for 30 minutes.  The resulting supernatant was transferred to 50mL tubes and stored 

at 20°C. 

 Iodixanol purification 3.2.3.4.

Cell lysates were thawed at room temperature and centrifuged at 5000 x g for 30 minutes at 

4°C to remove cell debris.  The supernatant was immediately transferred to a fresh 50mL 

tube.  The iodixanol gradient was assembled in 35mL tubes (Sorvall Instruments) using a 

spinal needle attached to a 10mL syringe. Each solution was underlain by holding the needle 

against the side of the tube and expelling slowly to not disturb the layer above. The solutions 

were assembled in the following order: 

7.5-8.0mL of cell lysate (topped up to required level at end) 

8.5mL 15% iodixanol 

6.0mL 25% iodixanol 
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5.0mL 40% iodixanol 

5.0mL 54% iodixanol 

Lysis buffer was carefully added to the sample layer at the top to reach within 1-2mm below 

the bottom of a rubber stopper.  The tubes and tube adapters were weight matched to ±0.5g, 

then the lids were crimped and the weight of balancing pairs of tubes double-checked before 

centrifugation at 58000 rpm (Sorvall WX Ultra 100 Ultraspeed) for 90 minutes at 18°C using 

a fixed angle rotor (Sorvall T-865, Thermo Electron Corporation). The interface of the 

40%/54% and 25%/40% layers were marked. 

 Retrieval and concentration of vector samples 3.2.3.5.

Viral vector samples were retrieved by inserting an 18-gauge needle attached to a 5mL 

syringe into the 40/54% interface.  A 21-gauge needle was inserted at the top of the tube to 

allow the sample to flow.  Approximately 3.5mL of the 40% layer containing vector was 

withdrawn and transferred to a 50mL tube and diluted with 16mL of 1x PBS-MK+pluronic 

acid before concentrating.  The samples were loaded into 15mL capacity 100kDA MWC 

Amicon concentrator tubes (Millipore), 15mL at a time.  The samples were centrifuged at 

4000 rpm until approximately 200µL remained in the centrifuge tube (this took up to 30-40 

minutes).  The samples were washed 2-3 times in 1x PBS-MK+ pluronic acid until the 

iodixanol was removed.  Following the final wash, the sample was concentrated to a final 

volume of approximately 200µL and transferred to a fresh microcentrifuge tube.  The 

concentrator reservoir was rinsed with an additional 100µL of 1x PBS-MK+ pluronic acid 

and this was added to the tube.  The sample was then filter sterilised using a 13mm 0.2µm 

syringe filter (Pall) and stored at -80°C. 
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 Animal care 3.2.4.

Male Sprague Dawley rats weighing 200-300g were obtained from the Vernon Jansen Unit, 

University of Auckland, New Zealand. All experiments were carried out in accordance with 

approved guidelines from the Animal Ethics Committee. Rats were housed 3-5 per cage in a 

temperature and humidity controlled atmosphere with a 12 hour light/dark cycle and ad 

libitum access to water and food (Diet 86 Nuts, NRM, New Zealand Ltd). 

 Stereotaxic surgery 3.2.5.

Rats were anesthetised by intraperitoneal injection of sodium pentobarbitone (Pentobarb 300, 

Provet NZ Pty Ltd) at a dose of 75mg/kg and positioned on a stereotaxic frame (David Kopf 

Instruments). The level of anaesthesia was monitored throughout the procedure by pinching 

the rat’s foot pad to check for a withdrawal reflex. The rats head was held firmly in place 

with an incisor and ear bars attached to the frame. To provide local anaesthesia, Marcain 

(AstraZeneca) was injected subcutaneously at a dose of 0.5mg/kg directly above the skull. A 

rostrocaudal incision was made through the scalp to expose the skull surface and the skin 

held away from skull surface using clips. The landmarks bregma and lambda on the skull 

surface were identified and the dorsoventral (DV) position of the skull altered by adjusting 

the vertical incisor bar. A rat brain atlas (Paxinos and Watson, 1986) was used to determine 

the coordinates for infusion of AAV vector into the SNc (anterioposterior, AP, -5.2mm, 

mediolateral, ML, -2.2mm, DV -7.8mm). A burr hole was made in the skull at the appropriate 

AP-ML coordinates. A 10µL syringe (Hamilton) with a 25 gauge needle attached to a Micro 

Syringe Pump Controller (World Precision Instruments) was then lowered 7.8mm in the DV 

plane, as measured when the bevel was at mid-level relative to the skull surface. Three 

microlitres of AAV vector was infused into the SNc at an infusion rate of 700nL/min. 

Following infusion, the needle was left in place for 5 minutes and then withdrawn at a rate of 

1mm/min to prevent reflux of vector or 6-OHDA into the needle. The incision was sutured 

closed using nylon suture (Ethilon suture 3-0, FS-2 needle, Johnson and Johnson) and 

Lignocaine (AstraZeneca) applied topically to the wound. Rats were removed from the frame 

and placed in an empty cage on a heated mat for post-operative monitoring until they 

regained consciousness and were returned to their home cage.  
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 Brain tissue processing for immunohistochemistry  3.2.6.

Rats were euthanized by intraperitoneal injection of sodium pentobarbitone and transcardially 

perfused with 0.9% saline and 4% paraformaldehyde (PFA) as follows. Incisions were made 

into the abdomen and the sternum pulled back to expose the heart. An 18-gauge needle 

attached to a 60mL syringe was inserted into the right ventricle of the heart and 60mL 0.9% 

saline slowly infused, followed by 60mL 4% PFA.  After perfusion, the brain was removed 

and post-fixed overnight in 4% PFA at 4°C, followed by cryoprotection in 30% sucrose in 1x 

PBS for 72 hours at 4°C. Forty micron thick coronal sections were cut using a cryostat (Leica 

Microsystems) at -18°C, collected into 1xPBS containing 0.4mg/mL thiomersal and stored at 

4°C.  

 Immunohistochemistry 3.2.7.

Incubations and washes were performed at room temperature in 24 well plates with gentle 

agitation provided by an orbital shaker (Hoefer, Inc). All wash steps were performed in 1x 

PBS containing 0.2% Triton X-100 (Sigma). Antibodies were diluted in 1x PBS containing 

4% horse serum (GibcoBRL), 0.2% Triton X-100 and 0.4mg/mL methiolate (BDH 

Laboratory Supplies). Images were captured using a CX9000 digital camera 

(MicroBrightfield) connected to an Olympus AX70 Microscope (Olympus) using 

PictureFrame software (version 2.3, Optronics). 

 DAB immunohistochemistry 3.2.8.

To inactivate endogenous peroxidases, brain sections were incubated in 1% (v/v) hydrogen 

peroxide in methanol (Merck) for 20 minutes. Following 3x5min washes in 1x PBS-Triton, 

sections were incubated in primary antibody diluted to the appropriate concentration (Table 

3-1) overnight. Sections were then incubated in the appropriate biotinylated secondary 

antibody (1:250, Sigma) for 3 hours, washed 3 x 5 minutes in 1x PBS-Triton followed by 

incubation in ExtrAvidin peroxidase (1:250, Sigma) for 2 hours. Bound antibodies were 

visualised by application of diaminobenzidine (DAB, Sigma). DAB was dissolved in water to 

a concentration of 1mg/mL and then diluted 1:1 in 0.2M phosphate buffer, followed by 

addition of H2O2 to a final concentration of 0.03%. Sections were incubated in 500µL of 

DAB until the desired intensity of staining was obtained. Following 3 x 5 minute washes in 

1x PBS-Triton, sections were mounted onto poly-L-lysine coated slides (Esco Biolabs 

Scientific) and dried overnight in a fume hood. Mounted sections were dehydrated by 
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incubating in an ascending series of ethanol (BDH) for 30 minutes: 70% (v/v), 95% (v/v) and 

100%; followed by immersion in xylene (BDH) for 20 minutes. The sections were then 

sealed under glass coverslips using Entellan mounting medium (Merck).  

 Fluorescent immunohistochemistry 3.2.8.1.

Sections were incubated overnight in primary antibody, followed by 3x5 min washes in PBS-

Triton and a 2 hour incubation in donkey anti-mouse or anti-rabbit Alexa Fluor 488 or 594 

secondary antibodies (1:500). Sections were then mounted onto poly-l-lysine coated slides 

(Esco Biolabs Scientific) and semi-dried in a dark fume hood for 10 minutes before 

application of anti-fade mounting medium (Citifluor Ltd) and sealing under glass coverslips. 
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Primary 

antibody 

Supplier Catalogue 

number 

Dilution Species Detects 

Anti-α-synuclein BD 

Biosciences 

610787 1:1000 Mouse Endogenous and 

overexpressed α-synuclein 

Anti-tyrosine 

hydroxylase 

Millipore AB152 1:2000 Mouse Dopaminergic neurons  

Anti-caspase-3 Cell 

Signaling 

9662 - Rabbit Activated caspase-3 

Anti-luciferase Fitzgerald  1:1000 Rabbit Luciferase 

Table 3-1. Primary antibodies used in Chapter 3. 

 Stereological counting 3.2.9.

Dopaminergic neurons of the SNc were outlined on the basis of TH immunoreactivity with 

reference to a rat brain atlas (Paxinos and Watson, 2005). DAB immunohistochemistry was 

performed using an antibody directed against TH as described in Section 3.2.8  

Based on stereological studies of the human brain, the sampling of sufficient grids to achieve 

a coefficient of error of 10% or less is recommended to ensure that the estimator itself makes 

a smaller contribution to total variance in the cell quantitation, than does the biological 

variance (Pakkenberg et al., 1997). Pilot studies were performed to determine the sampling 

parameters necessary to give a CE below 10%.   

Two brains were selected from the AAV/CBA-α-synuclein group that were euthanased at 12 

weeks post vector infusion. A total of 6 sections were counted, with a sampling interval (k) of 

6. The sections corresponded to AP -4.84 mm, -5.08 mm, -5.32 mm, -5.56 mm, -5.80 mm and 

-6.04mm relative to bregma (Figure 3-1). This sampling interval was based on a previous 

study in my supervisor’s laboratory where a lower titre of AAV/CBA-alpha-synuclein was 

injected into the SNc, and the animals also euthanased 12 weeks post vector infusion 

(unpublished data). The grid size and counting frame were adjusted to count a minimum of 

100 cells per hemisphere and give a CE value below 10%.  

The cell counts were conducted blinded to treatment groups. Optical fractionator sampling 

was performed using an Olympus AX70 microscope using Microbrightfield Stereo 

Investigator software and a 40x objective. Small variations at the beginning of section 

collecting from the cryostat ensured a random start for each brain. In order to encompass the 
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entire rostrocaudal extent of the SNc every 6
th

 section for a total of 6 sections was counted.  

The small number of damaged and/or lost sections was accounted for by the equation 

 N=∑Q  x  t/h  x  1/asf  x  1/ssf 

where ∑Q was the existing total cell count divided by the mean number of sampling sites 

estimated from the adjacent sections counted, t was the mean measured section thickness for 

that brain, h was the dissector height, asf was area of dissector frame/area of sampling grid 

times number of sampling sites and ssf was number of sections sampled/total section number. 

Pilot studies were conducted to determine the appropriate counting frame and sampling grid 

dimensions to provide a Gunders coefficient of error of <0.1. The counting frame was 100 x 

100 µm with a grid size of 150 x 150 µm. The guard zone height was set at 1µm.  
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Figure 3-1. . Levels of the SNc selected for TH and transgene immunohistochemical 

staining in Chapter 3. 

Representative coronal diagrams depicting the coordinates with respect to bregma, sections 

were selected for immunohistochemistry (adapted from Paxinos and Watson, 2007). SNc is 

shown in red. Six sections approximately 240μm apart were analysed per brain. 
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 Statistical analyses  3.2.10.

Statistical analyses were performed using commercial software GraphPad Prism 6.0, (San 

Diego, California, USA) or IBM SPSS Statistics 22.0 (Chicago, Illinois, USA). 

 Selection of parametric or nonparametric tests 3.2.10.1.

To enable selection of a parametric or non-parametric test, tests were performed to assess for 

normality and equality of variance in the data sets.  A Shapiro-Wilk test was performed to 

assess normality of the data, and the Levene’s Test to assess equality of variances across data 

sets.  The appropriate non-parametric tests were performed when either or both of these 

assumptions were violated.  

 Statistical analysis of alpha synuclein mediated TH cell loss 3.2.11.

The mean number of TH-positive neurons in the AAV-injected SNc was expressed as a 

percentage of the contralateral SNc for comparison across treatment groups. The data was log 

transformed to obtain a Gaussian distribution. Two-way ANOVA was performed to 

determine the effect of vector treatment, and time x vector interaction on the mean percentage 

of remaining TH-positive cells. Statistical significance was assumed when p<0.05.  Data are 

reported as mean ±SEM. 
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 Results 3.3.

 Plasmid digests 3.3.1.

Restriction enzymes were used to diagnostically cleave within the CBA promoter and the 

transgenes of CBA/luciferase and CBA/α-synuclein. The resulting fragment sizes matched 

the sizes predicted from plasmid maps (Figure 3-2 and Figure 3-3). 

 

  



 

120 

 

 



 

121 

 

Figure 3-2. Restriction enzyme analysis of CBA-luciferase plasmid 

(A) Plasmid map of CBA-luciferase showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; Fire Fly Luciferase, cDNA encoding  luciferase from Photinus pyralis, WPRE2, 

shortened woodchuck hepatitis virus post-transcriptional regulatory element; ; BGH, bovine 

growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; SV40 Ori, 

Simian virus-40 origin of replication for propagation in mammalian cells; pUC19 Ori, pUC19 

origin of replication for propagation in bacteria; AmpR, Ampicillin resistance gene.  
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Figure 3-3. Restriction enzyme analysis of CBA-α-synuclein plasmid 

(A) Plasmid map of CBA-α-synuclein showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; CAG, cytomegalovirus enhancer/chicken β-actin 

promoter; aSynuclein (H-WT), cDNA encoding human wild type α-synuclein, WPRE2, 

shortened woodchuck hepatitis virus post-transcriptional regulatory element; ; BGH, bovine 

growth hormone polyadenylation signal; SpA, synthetic polyadenylation signal; SV40 Ori, 

Simian virus-40 origin of replication for propagation in mammalian cells; pUC19 Ori, pUC19 

origin of replication for propagation in bacteria; AmpR, Ampicillin resistance gene.  
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 Time course of alpha synuclein cell-mediated cell death 3.3.2.

Some variation in the extent of dopaminergic cell loss has been reported following viral-

mediated α-synuclein overexpression, likely due to the different viral vector systems and/or 

promoters and titers employed.  Therefore, the first objective was to characterise the extent of 

dopaminergic cell loss caused by AAV-mediated overexpression of α-synuclein over time.  

Rats were injected unilaterally with AAV/CBA-α-synuclein into the SNc. This vector 

encoded human wild type α-synuclein under the control of the strong, constitutively active 

chicken β-actin (CBA) promoter. To control for the accuracy of the surgical procedure and to 

examine the distribution of AAV-mediated transgene expression in the rat SNc, a group of 

animals was infused with AAV/CBA-luciferase. This vector contained the reporter gene 

luciferase under the control of CBA. To account for the co-infusion of AAV vectors 

expressing the regulatory system in future studies, empty AAV vectors lacking a transgene 

were coinfused with AAV/CBA- α-synuclein. To account for the effects of the surgical 

technique, PBS was injected into the contralateral hemisphere. Animals were euthanased and 

their brains removed for immunohistochemical analysis 4, 8 and 12 weeks following vector 

infusion. 

 Luciferase transgene expression 3.3.2.1.

To determine the extent of the spread of AAV9 vector following infusion into the rat SNc, 6 

sections spanning the SNc (Figure 3-1) were selected from animals injected with AAV/CBA-

luciferase for immunohistochemical analysis of luciferase transgene expression.  

Extensive luciferase expression was observed throughout the SNc in the injected hemisphere. 

No luciferase immunoreactivity was observed in the contralateral control hemisphere. 

Luciferase immunoreactive cells appeared to be of neuronal morphology and immunostaining 

was observed in the cell body as well as the cell processes. No immunoreactivity was 

observed in the injected hemisphere when the primary antibody was omitted, indicating that 

the secondary antibody was specifically binding to the primary antibody and not cross 

reacting with the antigen in tissue.. A slight reduction in luciferase expression was observed 

at 8 and 12 weeks following vector expression, indicating that transgene expression peaked at 

4 weeks and then caused some toxicity at later time-points (Figure 3-4). 
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Figure 3-4. Distribution of transgene expression following unilateral injection of AAV9/CBA-luciferase into the rat SNc.   

Rows 1-6: Six sections spanning the SN were immunohistochemically stained with an antibody directed against luciferase 4, 8 and 12 weeks 

following unilateral injection of AAV/CBA-luciferase (shown is an animal euthanased 4 weeks following vector injection). These sections 

correspond to the levels of SN in Figure 3-1. This panel shows pictomicrographs from a representative animal displaying robust luciferase 

immunoreactivity in all six sections. No immunoreactivity was observed on the control hemisphere. 

Row 7:  Luciferase expression decreased slightly at 8 weeks (a) and 12 weeks (b) post infusion. 8a: No staining was observed in the injected 

hemisphere when the primary antibody was omitted. 8b: Higher magnification pictomicrograph of the injected hemisphere of section 2 (row 2). 

Luciferase immunoreactivity was observed in both the cell body and cellular processes.  
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 Alpha synuclein transgene expression  3.3.2.2.

Extensive -α-synuclein expression was observed in the injected SNc of animals injected with 

the AAV/CBA-alpha synuclein vector following immunohistochemical staining. Importantly, 

no α-synuclein-positive cells were observed in the control hemisphere, suggesting that this 

antibody did not detect endogenous rat α-synuclein levels. A slight reduction in expression 

levels was observed over the course of the study, suggesting a loss of transduced cells over 

time.  No immunoreactivity was observed when the primary antibody was omitted, omitted, 

indicating that the secondary antibody was specifically binding to the primary antibody and 

not cross reacting with antigen in tissue  α-synuclein immunoreactivity was observed mainly 

in the cell body, with a small amount of reactivity present in the processes of transduced cells 

(Figure 3-5). Double immunofluorescent labelling for α-synuclein and TH revealed a high 

proportion of transduced cells were of dopaminergic phenotype ( Figure 3-6).  
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Figure 3-5. α-synuclein expression in the SNc of rats injected with AAV9/CBA-α-

synulcein.   

Robust human α-synuclein immunoreactivity was observed in the injected hemisphere while 

no expression was observed in the uninjected hemisphere. A slight reduction in α-synuclein 

expression was observed over the course of the study 4, 8 and 12 weeks following infusion 

(a-f). No staining was observed in the injected hemisphere when the primary antibody was 

omitted (g). Alpha synuclein was expressed mainly in the cell body with some staining 

observed in the processes (shown at high power magnification in (h). 
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Figure 3-6. AAV/CBA-α-synuclein transduced a high proportion of dopaminergic cells. 

Double immunofluorescent staining with antibodies against α-synuclein and TH revealed a 

high proportion of cells expressing both α-synuclein and TH. The section was 

immunologically stained with anti- α-synuclein antibody amplified with fluorescently 

labelled Alexa 488 secondary antibody and anti-TH antibody amplified with Alexa 594 

fluorescently labelled secondary antibody. The yellow staining in the merged image 

demonstrates that many of the cells transduced with AAV/CBA- α-synuclein are of 

dopaminergic phenotype. 
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 Assessment of dopaminergic cell loss  3.3.2.3.

To examine the changes in dopaminergic cells induced by overexpression of α- synuclein, 

coronal sections spanning the entirety of the SNc were immunostained with anti-TH 

antibody. Compared to the control hemisphere, no obvious loss of TH immunoreactivity was 

observed in either the caudal or rostral regions at 4, 8 or 12 weeks in rats injected with both 

AAV/CBA-luciferase and AAV/CBA-alpha-synuclein (Figure 3-7 and Figure 3-8).  

Unbiased stereological cell counting of the number of TH-immunoreactive cells revealed that 

total number of TH-positive cells in the contralateral hemisphere varied between 4300 and 

12800 between animals. The variability between animals was likely due to differences in 

immunohistochemical staining procedure between batches of brain sections, a phenonmenon 

reported by others (Healy-Stoffel et al., 2014; Kirik et al., 1998). Utilising unilateral infusions 

made it possible to express the changes in TH cell number as a percentage of the contralateral 

hemisphere which reduced the variability considerably.  Across vector treatment groups and 

time-points, there was a trend for the injected hemisphere to have 11-20% fewer cells 

compared to the uninjected hemisphere, indicating a non-specific effect of the injection 

procedure.  Importantly, there were no significant differences in these proportions between 

vector treatment groups, indicating that overexpression of α-synuclein had no effect on cell 

survival (Figure 3-9).   
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Figure 3-7. Tyrosine hydroxylase expression in the SNc following AAV9/CBA-luciferase 

infusion 

Six coronal sections spanning the entirety of the SNc of each animal injected with 

AAV9/CBA-luciferase were processed by immunohistochemistry using an antibody directed 

against TH.  No loss of TH immunoreactivity was observed in the injected hemisphere 

compared to the PBS control hemisphere in either the rostral or caudal regions of the SNc at 

4, 8 or 12 weeks post infusion.   
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Figure 3-8. Tyrosine hydroxylase expression in the SNc following AAV9/CBA-α-

synuclein infusion 

Six coronal sections spanning the entirety of the SNc of each animal injected with 

AAV9/CBA-α-synuclein were processed by immunohistochemistry using an antibody 

directed against TH.  No loss of TH immunoreactivity was observed in the injected 

hemisphere compared to the PBS control hemisphere in either the rostral or caudal regions of 

the SNc at 4, 8 or 12 weeks post vector infusion.   
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Figure 3-9. Stereological quantification of the number of TH-immunoreactive cells in 

the SNc following injection of AAV/CBA-α-synuclein or AAV/CBA-luciferase. 

The total number of TH-immunoreactive cells in the injected hemisphere is expressed as a 

percentage of the contralateral hemisphere within each treatment at 4, 8 and 12 weeks post-

infusion.   No significant differences were observed across vector treatment groups and any 

of the time-points (P>0.05).   
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 Assessment of HuC/D cell loss by AAV-mediated overexpression of alpha 3.3.2.4.

synuclein  

To ensure that the lack of dopaminergic cell loss was not due to upregulation of the TH 

marker, the number of remaining neurons was also assessed by immunostaining for HuC/D, a 

general neuronal marker. Although not quantified, inspection of histologically stained 

sections did not reveal any obvious loss of HuC/D immunoreactive cells between the injected 

and control hemispheres of both AAV/CBA-luciferase and AAV/ CBA-α-synuclein injected 

animals at any of the time-points (Figure 3-10 and Figure 3-11). This confirmed that the 

absence of dopaminergic cell death was not caused by changes in TH expression. 

 

Figure 3-10. HuC/D immunoreactivity in AAV/CBA-luciferase injected animals. 

Similar numbers of HuC/D positive cells were observed in the injected and uninjected 

hemispheres of animals injected with AAV/CBA-luciferase 4 (row 1), 8 (row 2) and 12 

weeks (row 3) following infusion.  Scale bar 250 μm. 



 

138 

 

 

Figure 3-11. HuC/D immunoreactivity in AAV/CBA-α-synuclein injected animals. 

Similar numbers of HuC/D positive cells were observed in the injected and uninjected 

hemispheres of animals injected with AAV/CBA-α-synuclein 4 (row 1), 8 (row 2) and 12 

weeks (row 3) following infusion. Scale bar 250 μm. 

 

  



 

139 

 

 Fluorojade B and active caspase-3 staining 3.3.2.5.

These results were further supported by undertaking staining with Fluorojade B to determine 

the number of degenerating neurons.  Consistent with TH and HuC/D immunostaining, no 

obvious Fluorojade B positive staining was observed in the injected hemisphere of animals 

injected with AAV9/CBA-α-synuclein (Figure 3-12a).  A positive control section displayed 

Fluorojade B positive staining in the granule cell layer of the hippocampus (Figure 3-12b) 

indicating that the absence of positive staining in the AAV/CBA- α-synuclein injected 

sections was not due to a technical error.  Any non-specific degeneration due to the vector 

injection itself is likely to have occurred at an acute time-point following vector injection. 

Therefore, this result confirmed the finding that overexpression of α-synuclein had no effect 

on cell survival. 

To determine whether α-synuclein overexpression lead to caspase-3 activation, 

immunohistochemistry was conducted using an antibody directed against the p17 subunit of 

active caspase-3.  No active caspase-3immunoreactivity was observed in the injected 

hemisphere of AAV/α-synuclein animals compared to the control hemisphere at any of the 

time-points, indicating that alpha synuclein overexpression did not cause caspase-3 activation 

under these conditions ( Figure 3-12c and d).  
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Figure 3-12. Fluorojade B and active caspase-3 and immunostaining 12 weeks following 

injection of AAV/CBA-α-synuclein into the SNc. 

(a) No Fluorojade-B staining was observed in the injected hemisphere of AAV/CBA-α-

synuclein animals (b) Clear Fluorojade positive staining was observed in a positive control 

section. The degenerating neurons are indicated by the arrows and can be observed more 

clearly at high power magnification in the inset. Inset scale bar 50µm. (c) No caspase-3 

activation was observed in the injected hemisphere (c) or the uninjected hemisphere (d) 

(shown is an animal 12 weeks following vector injection).  
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 Discussion 3.3.3.

The first objective of this chapter was to characterise a rat model of Parkinson’s disease 

overexpressing human α-synuclein to utilise for assessing the functionality of the regulatory 

system.  To facilitate transduction of neurons in the rat SNc, a rAAV vector system was 

employed.  While both lentiviral and rAAV vector systems have been employed for transgene 

delivery into the nigrostriatal system for purposes of disease modelling and gene therapies, 

rAAV vector systems offer many advantages.   rAAV vectors can be produced at high titres, 

efficiently transduce neurons, and elicit minimal immune responses in the mammalian brain 

(Janson et al., 2001).  A chimeric rAAV2/9 system was employed that has been shown to 

transduce neurons in the rat nigrostriatal system efficiently, leading to stable and long-term 

transgene expression (Klein et al., 2008; Low et al., 2013).  Consistent with these studies, the 

results presented in this chapter confirmed efficient rAAV-mediated dopaminergic neuronal 

transduction, leading to robust expression of luciferase and α-synclein in a high proportion of 

cells, with expression peaking at 4 weeks.  A decline in the α-synuclein immunoreactivity 

was observed over the course of the study, suggesting that overexpression may lead to some 

toxicity in transduced cells.  Unexpectedly, a slight decline in luciferase expression was also 

observed, indicating that the loss of dopaminergic cellsobserved was due to post-surgical 

stress, rather than a specific effect of α-synuclein expression.   

As a high proportion of TH-positive cells were transduced by the vector, assessing the 

number of TH-immunoreactive cells was deemed an appropriate method to measure the 

degenerative effects of α-synuclein overexpression.   

As described previously, a number of studies have used viral vector technology to deliver 

human α-synuclein intothe SNc, leading to loss of TH-positive neurons at this site (Kirik et 

al., 2002; Lo Bianco et al., 2002; Yamada et al., 2004).  The reason for the lack of cell death 

in the present study is unclear, however it is possible that the amount of alpha synuclein 

expressed was not high enough to cause cellular toxicity. Evidence in favour of this theory 

comes from comparison between the studies conducted by Kirik et al (2002) and Yamada et 

al (2004). Both studies employed AAV2/1 vectors, enabling the effect of cellular tropism to 

be set aside. Compared to GFP reporter gene expression, Kirik et al. (2002) reported an 

average of 55% cell death at 8 weeks following vector infusion, whereas this level of cell 

death was achieved by Yamada et al. (2004) at 13 weeks post infusion. Yamada et al 

employed a CMV promoter, which has been shown to be less active in the brain than the 
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CBA promoter employed by Kirik et al (reviewed in (Fitzsimons et al., 2002)).  Higher levels 

of alpha synuclein expression per unit time could potentially be more toxic.  

The variability across studies using viral vector-mediated approaches can also be explained 

by the lack of standardisation in vector preparation and titering protocols between 

laboratories.  There may also be differences in the number of viral copies inserted into each 

cell.  The transgene expression levels and time to peak expression are therefore likely to vary 

amongst transduced cells and between animals.  Additionally, individual cells may differ in 

their susceptibility to α-synuclein-induced oxidative stress, further contributing to the 

variability reported.  Total transgenic protein levels were not measured by Western blot or 

Enzyme linked immunosorbent assay (ELISA), so it is possible that expression levels were 

variable across animals in these experiments.   

Caspase-3 is a final effector in the apoptotic pathway; therefore it was not surprising that an 

increase in caspase-3 activation was not observed given the apparent lack of toxicity in this 

study.  Yamada et al. (2004) reported activation of caspase-9, the initiator caspase responsible 

for activation of caspase-3, following AAV-mediated overexpression which led to 55% cell 

death.  It is therefore reasonable to postulate that caspase-3 activation could have been 

observed in this model if the level of cell death observed had been more extensive.   

PD develops over many years in patients, so it is possible that slow accumulation of α-

synuclein may be responsible for the pathology observed.  Protein inclusions resembling 

lewy bodies in transduced cells were not observed.  A possible explanation for this is that the 

incubation times following α-synuclein overexpression was not sufficient to elicit protein 

aggregation, caspase-3 activation, and dopaminergic cell death.   

Transgenic mouse models would not be suitable to assess functionality of the system as 

dopaminergic cell loss has only been reported in one A53T line (Lee et al., 2002). Other 

mouse lines also expressing the A53T mutation, wildtype or the A30P mutation did not 

develop any significant dopaminergic cell loss (Giasson et al., 2002; Gomez-Isla et al., 2003; 

Matsuoka et al., 2001; van der Putten et al., 2000).  To summarise, further optimisation of the 

CBA-α-synuclein model titre and/or longer incubation periods would be required to achieve 

significant cell death and caspase-3 activation, before analysing the functionality of the 

regulatory system in this model. Therefore, the alpha-synuclein model was set aside in favour 

of a neurotoxin-based model.   
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 Assessment of system functionality in the 6-OHDA Chapter 4.

rat model of PD 

 Introduction 4.1.

Due to a lack of significant cell death in the α -synuclein overexpression model, the 

functionality of the regulatory system was subsequently assessed in the 6-OHDA model as it 

has been well characterised and demonstrates a high level of reproducibility. Two pilot 

studies were sequentially conducted in this chapter is to determine whether cell stress in the 

6-OHDA model of PD would result in activation of the system leading to an increase in 

transgene expression. 

When injected into the striatum, 6-OHDA induces direct toxicity around the site of injection, 

followed a week later by gradual loss of dopaminergic neurons in the substantia nigra which 

is mostly complete within 3-4 weeks, followed by a slower phase of more gradual cell death 

that continues over several months.  The objective was to assess the functionality of the 

regulatory system before the onset of significant dopaminergic cell loss; therefore it was 

imperative that the onset of calpain activation occurred earlier than a week following 6-

OHDA infusion.  The time points selected were based on studies by Grant et al and Jeon et al 

where a significant increase in calpain activation was demonstrated in the SNc 18 and 24 

hours following infusion of 6-OHDA into the striatum (Grant et al., 2009; Jeon et al., 1999). 

The results from Chapter 3 demonstrated that AAV9 vectors transduce dopaminergic neurons 

in the SNc with high efficiency.  Therefore in the subsequent studies the regulatory plasmids 

were packaged into AAV9 vectors. In these studies vector was injected prior to 6-OHDA 

infusion to provide initial proof-of-principle of the functionality of the system. 
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 Materials and Methods 4.2.

 Study design (Pilot Study 1) 4.2.1.

Rats were injected bilaterally into the SNc with AAV/CAG-Calpain-GFP, AAV/Caspase-

GFP, AAV/CAG-Mutant-GFP or AAV/CAG-Empty-GFP at a titre of 1x10
12

 vector 

genomes/mL (Section 3.2.5).  Four weeks later, animals received a unilateral intrastriatal 6-

OHDA lesion and vehicle was injected into the contralateral hemisphere. Animals were 

euthanased 48 hours later for immunohistochemical analysis of GFP, ARF5 and active 

caspase-3 expression (n=8-10 per vector/treatment). 

 Study Design (Pilot Study 2) 4.2.2.

Rats were injected unilaterally into the SNc with AAV/CAG-Calpain-GFP, AAV/CAG-

Mutant-GFP or AAV/CAG-Empty-GFP at a titre of 1x10
12

 vector genomes/mL (Section 

3.2.5).  Four weeks later, animals received an ipsilateral intrastriatal 6-OHDA lesion and 

were euthanased 18 hours later for immunohistochemical analysis of GFP, ARF5 and active 

caspase-3 expression.  Control animals only received vector infusion (n=8 per 

vector/treatment). 

 Study Design: Time course of calpain and caspase-3 activation 4.2.3.

Rats were injected unilaterally with 6-OHDA into the striatum, were euthanased 18h, 24h or 

48h later and their brains fresh frozen for Western blot analysis of caspase-3 and calpain 

specific Spectrin cleavage products according to Sections 4.2.5 and 2.2.1.9 (n=2/time-point). 

 Administration of 6-OHDA 4.2.4.

6-OHDA, containing 0.04% ascorbic acid as a stabiliser, was dissolved in saline (0.9% NaCl) 

to a final concentration of 6.67µg/µL and aliquots stored at -20°C until required.  The 6-

OHDA solution was wrapped in foil and thawed on ice before loading into the syringe for 

surgery.  A total of 20µg of 6-OHDA was injected into the striatum of each animal at the 

following coordinates relative to bregma: AP -1.2, ML +/- 3.0mm, DV -5.8 mm (Section 

3.2.5). 
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The injection coordinates for 6-OHDA lesion were determined with reference to a rat brain 

atlas (Paxinos et al., 1980) and a study that has characterised the extent of dopamingeric cell 

loss following injection of 6-OHDA at different sites in the striatum  (Kirik et al., 1998).  

 Western blot analysis 4.2.5.

Animals were euthanized by i.p. injection of sodium pentobarbitone, decapitated and the 

brains quickly removed and snap-frozen on dry ice before storing at -80°C.  Brains were 

thawed at room temperature and placed on the stage of a dissecting microscope (Olympus 

SZ61).  The striatum and substantia nigra were dissected using a razor blade. Twenty 

microgram samples of fresh frozen tissue were then processed by homogenising in 50mM 

Tris-HCl, pH 7.5, 0.05% Triton X-100, 2mM EDTA with protease inhibitor (Complete Mini, 

Roche, Basel, Switzerland) followed by sonication on ice at 3.5kHz for 2 x 30 seconds with a 

30 second interval using a microtip sonicator.  Western blot analysis was performed as 

described in Section 2.2.1.9 using an anti-Spectrin antibody (1:1000, mab1622, Chemicon) to 

detect 120kDa caspase-3 and 145kDa calpain generated fragments.  To normalise target 

protein band intensity to the total amount of protein loaded in each well, membranes were 

washed in TBST and probed with mouse anti-GAPDH (1:50000, ab8245, Abcam). 

 Immunohistochemical analysis 4.2.6.

Brains were processed for immunohistochemical analysis and DAB immunohistochemistry 

performed according to Sections 3.2.6, 3.2.7, and 3.2.8 using antibodies listed in Table 4-1.  

Primary 

antibody 

Supplier Catalogue 

number 

Dilution Species Detects 

Anti-GFP Abcam ab290 1: 50000 Rabbit GFP transgene 

Anti-VP16 tag Abcam  ab4808 1 : 1000 Rabbit C terminus of 
ARF5 

Anti-HA tag Covance  MMS-101P 1: 1000 Mouse N terminus of 
ARF5 

Table 4-1. Primary antibodies used for immunohistohemical analysis in Chapter 4. 

 Quantification of transgene expression  4.2.7.

Six sections spaced 160μm apart covering the rostrocaudal extent of the SNc were 

immunostained with an anti-GFP antibody (Section 3.2.8) and blinded manual cell counts 
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performed.  The data is presented as the total number of GFP-positive cells in the SNc. Tests 

for normality and equality of variance were performed as in Section 3.2.10.1.  The data sets 

displayed unequal variances; therefore log transformation was performed to obtain Gaussian 

distribution. 

 Statistical analysis of transgene expression 4.2.8.

 Pilot Study One 4.2.8.1.

Paired sample T-tests were performed to compare the mean number of GFP-positive cells in 

the 6-OHDA injected compared to the control hemisphere. A one way ANOVA was 

performed to determine whether the mean difference between the 6-OHDA injected 

hemisphere and control hemisphere varied considerably between vector treatment groups. 

Statistical significance was assumed when p<0.05.  Data are reported as mean ±SEM. 

 Pilot Study Two 4.2.8.2.

Two-way ANOVA was performed to determine the effect of vector construct, treatment and 

the interaction between vector construct and treatment on the mean number of GFP-positive 

cells. Statistical significance was assumed when p<0.05.  Data are reported as mean ±SEM. 
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 Pilot Study 1  4.3.

 Rationale 4.3.1.

Animals received a bilateral nigral infusion of AAV/CBA-Calpain-GFP, AAV/CBA-

Caspase-3 or control AAV/CBA-Mutant-GFP or AAV/Empty-GFP vectors.  After allowing 4 

weeks for transgene expression to peak, 6-OHDA was infused unilaterally into the striatum to 

induce caspase-3 and calpain activation. The contralateral striatum was injected with saline to 

control for the effects of surgery. Animals were euthanased 48 hours later to assess GFP 

transgene expression levels and the pattern of ARF5 expression by immunohistochemistry. 

 Results  4.3.2.

GFP localisation was examined histologically and the number of GFP expressing cells 

quantified on serial sections throughout the SNc. The number of GFP-positive cells varied 

considerably between animals regardless of the vector and treatment. High numbers of GFP 

expressing cells were observed in the control hemispheres in both the AAV/CAG-Calpain-

GFP and AAV/CAG-Caspase-GFP groups indicating that there was some caspase-3 and 

calpain activation in those cells.  

GFP expression appeared elevated in the fibres of the 6-OHDA injected hemisphere in 

AAV/CAG-Calpain-GFP animals (Figure 4-1A). However, there was no difference in the 

number of GFP-positive cells between hemispheres in AAV/CAG-Calpain-GFP animals 

(Figure 4-2). GFP expression was also comparable between hemispheres in AAV/CAG-

Caspase-GFP injected animals (Figure 4-1B, Figure 4-2). Importantly, the number of GFP-

expressing cells did not differ between hemispheres in AAV/CAG-Mutant-GFP animals, 

indicating that the GFP expression observed in the AAV/CAG-Calpain-GFP and AAV/CAG-

Caspase-GFP groups was largely due to caspase-3 and/or calpain activation. The number of 

GFP-positive cells in AAV/CAG-Mutant-GFP animals was also significantly lower 

compared with CAG/Calpain-GFP and CAG/Caspase-GFP animals (P<0.05). Minimal levels 

of GFP expression were observed in the AAV/Empty-GFP control indicating that the 

cassettes were not being induced significantly by endogenous transcription factors (Figure 

4-1D, Figure 4-2). Together these results demonstrated that transgene expression under the 

control of the regulatory system was upregulated in response to cellular stress induced by 

caspase-3 and/or calpain.  
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Figure 4-1. GFP transgene expression 48 hours following 6-OHDA challenge 

Representative images showing GFP expression using an anti-GFP antibody. GFP expression 

was observed in the control hemispheres in both the AAV/CAG-Calpain-GFP and 

AAV/CAG-Caspase-GFP groups.  Compared with the control hemisphere, GFP expression 

appeared to be slightly elevated in the fibres of the 6-OHDA challenged hemisphere in 

AAV/CAG-Calpain-GFP animals (A). GFP expression levels were comparable between 

hemispheres in the AAV/CAG-Calpain-GFP group (B). Low levels of comparable GFP 

expression were observed in both hemispheres in the AAV/CAG-Mutant-GFP group (C). 

Minimal GFP expression was observed in animals injected with AAV/CAG-Empty-GFP 

under both basal conditions and following 6-OHDA infusion (D). GFP was expresed in the 

cell bodies and spread out into the processes (insets).   
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Figure 4-2. Quantification of GFP-positive cells 48 hours following 6-OHDA lesion. 

No significant differences in the number of GFP-positive cells in the SNc were observed 

between the control and 6-OHDA injected hemispheres in any of the vector treatment groups. 

Values are represented as mean±SEM.   
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 Discussion  4.3.3.

Overall the results from Pilot Study One indicated that transgene expression can be induced 

by the system in response to postsurgical injury mediated by the proteases caspase-3 and/or 

calpain.  Given the sensitivity of the system, it was impossible to rule out that transgene 

expression could be induced in response to 6-OHDA mediated cellular stress based on the 

study design employed for the reasons outlined below.  

Firstly, while the contralateral hemisphere is generally accepted as an appropriate control for 

histological and behavioural studies involving the 6-OHDA model, it is estimated that 

approximately 1-10% of SNc dopaminergic neurons (up to 14 neurons) project over into the 

contralateral SNc in rats (reviewed in (Lieu et al., 2012)).  Given the the high transduction 

efficiency of the AAV9 vector used, this potentially represents a substantial proportion of the 

~40-60 GFP-positive cells/hemisphere observed in animals injected with the test vectors. 

Separate animals would need to be used to determine the level of transgene expression due 

specifically to 6-OHDA mediated cellular stress. 

Secondly, it was possible that transgene expression was induced at high levels in some cells 

in the 6-OHDA injected hemisphere and led to toxicity and cell death in those cells prior to 

the time-point assessed. When expressed at high levels, GFP itself has been shown to cause 

cellular toxicity (Liu et al., 1999).  Therefore, it would be prudent to assess GFP expression 

prior to 48 hours following 6-OHDA infusion. 
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 Pilot Study Two  4.4.

 Study design rationale 4.4.1.

To isolate the effect of 6-OHDA on transgene induction from that of basal conditions, 

separate animals were used in Pilot Study Two and all subsequent in vivo studies in this 

thesis. In order to ensure that the number of number of animals used in subsequent studies 

was manageable, only one of the test constructs was selected for further development. The 

calpain-dependent construct was selected since the goal was to induce transgene expression 

before the onset of irreversible physiological changes that lead to cell death. Calpain is 

thought to be an early marker of PD neuropathology as it is responsible for cleavage of α-

synuclein into truncated forms that have been shown to be toxic (Dufty et al., 2007; 

Mishizen-Eberz et al., 2005). 

Since it is possible that some GFP expressing cells may have undergone apoptosis 48h 

following 6-OHDA infusion, transgene expression was assessed at an earlier time-point of 18 

hours post 6-OHDA infusion in the present study.  Calpain activation has been reported in the 

SNc 18 hours following intrastriatal 6-OHDA infusion previously (Grant et al., 2009). 

Animals received a unilateral nigral infusion of AAV/CBA-Calpain-GFP, AAV/CBA-

Mutant-GFP or AAV/CBA-Empty-GFP. After allowing 4 weeks for transgene expression to 

peak, 6-OHDA was infused into the striatum to induce calpain activation.  Control animals 

received a vector infusion only.  Animals were euthanased 18 hours later to assess GFP 

transgene expression levels and the pattern of ARF5 expression by immunohistochemistry. 
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 Results 4.4.2.

 Transgene expression 4.4.2.1.

GFP expression was assessed immunohistochemically using an antibody directed against 

GFP and the number of GFP expressing cells quantified on serial sections spanning the SNc. 

On average, animals injected with the AAV/CBA-Calpain-GFP construct expressed GFP in 

40 cells when only vector was infused.  By contrast, a significantly higher number of GFP-

positive cells were observed in AAV/CBA-Calpain-GFP animals challenged with 6-OHDA 

(an average of 99 cells) (P>0.05). Overall the number of GFP-positive cells was significantly 

lower in AAV/CBA-Mutant-GFP animals compared to AAV/CBA-Calpain-GFP animals 

(P<0.05). No differences in GFP expression were observed in AAV/CBA-Mutant-GFP 

animals in the vector only group compared to the 6-OHDA group.  GFP expression was 

negiligible in AAV/CBA-Empty-GFP injected animals compared to both AAV/CBA-

Calpain-GFP and AAV/CBA-Mutant-GFP animals.  No differences in GFP expression were 

observed between treatment groups in AAV/CBA-Empty-GFP animals. High power 

magnification revealed that GFP was expressed in both the cell bodies and extended into the 

processes (Figure 4-3 and Figure 4-4). 
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Figure 4-3. GFP transgene expression 18 hours following 6-OHDA lesion. 

Representative images showing GFP expression using an anti-GFP antibody.  Animals 

injected with only AAV/CAG-Calpain-GFP displayed low levels of GFP expression (a) while 

GFP expression was induced to high levels in animals that had received 6-OHDA challenge 

(b).  Low levels of GFP expression were observed in the absence of a stressor (b) and  

following 6-OHDA challenge (c) in animals that had been infused with the AAV/CAG-

Mutant-GFP construct, and expression was confined mostly to the ventral aspect of the SNc.  

Negligible GFP expression was observed in animals injected with AAV/CAG-Empty-GFP 

under both control conditions (e) and following 6-OHDA infusion (f). GFP expression was 

observed in the cell bodies and spread out into the processes (insets).   
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Figure 4-4. Quantification of GFP-positive cells under basal conditions and following 6-

OHDA insult in vivo. 

GFP immunoreactive cells were quantified on serial sections spanning the SNc.  Under basal 

conditions rats injected with the AAV/CBA-Calpain-GFP construct displayed a mean of 

40±8 cells, whereas 99±17 cells were observed in 6-OHDA animals (P<0.05).  The 

AAV/CBA-Mutant-GFP group expressed 21±9 GFP-positive cells under basal conditions and 

28±9 cells with 6-OHDA infusion. No GFP-positive cells were observed in rats that had 

received AAV/CBA-Empty-GFP. Values are represented as mean±SEM.   

 

 Transcription factor expression 4.4.2.2.

To examine the pattern of ARF5 expression relative to transgene expression and to determine 

the intracellular distribution of ARF5 expression, immunohistochemistry was first conducted 

using an antibody against the C-terminal VP16 activation domain in sections adjacent to 

those immunostained for GFP.  VP16 immunostaining revealed that in animals injected with 

AAV/CBA-Calpain-GFP, ARF5 expression was low in the control group, however higher 

expression was observed animals that had been challenged with 6-OHDA.  To determine 

whether similar levels of ARF5 could be detected from the N terminus, anti-HA 

immunostaining was conducted in sections adjacent to those immunostained for VP16.  HA 

immunoreactivity was lower than VP16 immunoreactivity.  Additionally, ARF5 expression 

was low even in sections where the needle tract was clearly visible, suggesting that the lack 

of ARF5 expression was unlikely to be due to the vector not being delivered to the target site.  

High power examination did not reveal any exclusively nuclear localisation in either 

treatment group; instead ARF5 was instead observed in the entire cell body and extended into 
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the processes. A proportion of the cells displayed hollow centres, indicating that the 

expression was localised to the cytoplasm in those cells (Figure 4-5).     

ARF5 expression was low in the AAV/CAG-Mutant-GFP injected animals under both basal 

conditions and following 6-OHDA infusion, as assessed by VP16 immunoreactivity.  

Additionally, a large proportion of the cells displayed hollow centres, indicating that the 

expression was localised to the cytoplasm in these cells.  No ARF5 expression was observed 

in AAV/CBA-Empty-GFP animals in either of the treatment groups (Figure 4-6).  
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Figure 4-5 ARF5 expression in animals injected with AAV/CBA-Calpain-GFP under 

basal conditions and following 6-OHDA challenge. 

VP16 immunostaining revealed low ARF5 expression under basal conditions (a) and high 

levels in animals challenged with 6-OHDA (b). Significantly lower levels of ARF5 were 

detected by HA immunostaining on adjacent sections, despite clearly visible needle tracts (c, 

d). High power magnification revealed that ARF5 was expressed in the entire cell body and 

extended into the processes when stained from both the C (e,f) and N-terminals (g,h).  No 

obvious exclusively nuclear expression was observed in either treatment group, however a 

proportion of cells displayed hollow centres, indicative of largely cytoplasmic expression 

(arrows). 
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Figure 4-6. ARF5 expression in animals injected with AAV/CBA-Mutant-GFP and 

AAV/Empty-GFP under basal conditions and following 6-OHDA challenge. 

Animals injected with AAV/CBA-Mutant-GFP displayed low numbers of VP16 

immunoreactive cells under basal conditions (a) and following 6-OHDA challenge (b). High 

power magnification revealed that ARF5 was expressed in the entire cell body and extended 

into the processes and a number of cells displayed hollow centres, indicating cytoplasmic 

expression (c,d). No VP16 immunoreactivity was observed in AAV/CBA-Empty-GFP 

animals under basal conditions (e,g) or following 6-OHDA challenge (f,h).   
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 Time course of 6-OHDA induced caspase-3 and calpain activation 4.4.3.

To correlate the induction of transgene expression observed with levels of calpain and 

caspase-3 activation, animals received an intrastriatal infusion of 6-OHDA and were 

euthanased 18h, 24h or 48h hours later.  Western blot analysis was performed on striatal and 

nigral lysates to detect the 120kDa and 145kDa caspase-3-specific and calpain-specific 

fragments generated by cleavage of Spectrin. 

Several bands were observed in both striatal and nigral lysates, however there were no 

distinuguishable bands at 120kDa or 145kDa in the ipsilateral or contralateral hemispheres at 

any of the time-points assessed, despite increasing the amount of protein loaded per well to 

enhance signal detection. A representative blot of samples generated from the nigra is shown 

in (Figure 4-7).  

 

Figure 4-7. Time course of caspase-3 and calpain activation in the substantia nigra 

induced by 6-OHDA.   

Representative Western blot stained with an antibody recognising intact Spectrin and its 

breakdown products.  No obvious band approximately 120 kDa or 145 kDa reflective of 

active caspase-3 or calpain activation was observed at any of the time-points assessed. 

Probing with an antibody against the housekeeping gene GAPDH yielded a band 

approximately 37kDa. Control is the contralateral hemisphere of a rat infused unilaterally 

with 6-OHDA and euthanased 18 hours later.  
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 Discussion 4.5.

Pilot Study Two revealed that when compared to vector only controls, transgene expression 

was significantly increased with the calpain-dependent vector. Given the lack of a sham 

control, it was impossible to delineate the effect of acute surgical stress from that of 6-

OHDA. It is likely that transgene expression in vector only animals represents baseline 

calpain activation levels rather than a response to physical injury, given the duration of time 

since vector injection (4 weeks).  Consistent with Pilot Study One, transgene expression 

levels were significantly lower in AAV/CBA-Mutant-GFP and AAV/Empty-GFP animals 

compared to the AAV/CBA-Calpain-GFP animals. This provided further evidence that 

transgene expression with the calpain-dependent system was (i) dependent on activation of 

caspase-3 and/or calpain and (ii) is independent of endogenous transcription factors.  

It would be of interest to ascertain whether transgene induction using this system is caused by 

an increase in GFP expression in cells already expressing GFP at low levels under basal 

conditions, in addition to an icrease in the number of new cells expressing transgene.  Total 

nigral GFP expression could be quantified in future studies by Western blot analysis or 

through GFP fluorescence intensity on serial sections spanning the SNc to obtain a more 

precise indication of the inducibility of this system.  Variability in the number of GFP 

expressing cells observed between animals could be due to error introduced by performing 

multiple surgeries on each animal.  Small deviations in the site of striatal injection of 6-

OHDA could also have affected the proportion of nigral neurons targeted by the lesion. 6-

OHDA was injected into the ventrolateral aspect of the striatum, an area that receives 

dopaminergic input exclusively from the substantia nigra (Bjorklund et al., 2007), and is 

thought to be equivalent to the caudate putamen in humans.  The caudate putamen is the area 

of the brain in PD patients that displays the highest depletion of dopamine (Bernheimer et al., 

1973; Kish et al., 1988).  By contrast, the dorsomedial aspect of the striatum receives mixed 

innervation from both the substantia nigra and ventral tegmental area, and is only 2.5mm 

posterior of the area we targeted.  Varying numbers of viral vector genome copies inserted 

into each cell (Ferrari et al., 1996) could also account for some of the variability observed.   

Low levels of GFP expression were observed in animals injected with AAV/CBA-Mutant-

GFP, indicating that a negligible amount of transgene expression was due to the activity of 

proteases other than calpain and caspase-3.  Interestingly, the CBA/Mutant-GFP construct 

was activated in response to cellular stress in vitro (Chapter 2), possibly due to a unique 
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protease expressed in HEK 293 cells (Tebbenkamp et al., 2012) which may not be expressed 

in the rat SNc.  No calpain specific band was observed following western blot analysis of 

spectrin breakdown products, however given the lack of a positive control it is possible that 

the levels of calpain switching on the system were below the limit of detection using this 

method. 

It is impossible to draw conclusions on the temporal response of the system in this model, 

given that only one time point was assessed under the optimised conditions.  Grant et al. 

observed an increase in calpain activity relative to vehicle treated animals at 18 hours after 6-

OHDA infusion; however it is possible that activation occurred at any time between 6 and 18 

hours in their study. 

In accordance with the in vitro assessment of ARF5 localisation, expression levels were 

higher with toxin challenge than under basal conditions.  As discussed in Chapter 2, 

degradation of ARF5, an exogenous protein, under basal conditions would limit the 

possibility of initiating an immunological response in patients.  In accordance with the in 

vitro analyses, the levels of ARF5 switching on the cassette in vivo were too low to be 

detected by immunohistochemistry. This indicated that the amount of ARF5 expressed was in 

abundance of requirements using the CBA promoter, and raised the possibility of utilising a 

weaker promoter to drive ARF5 expression in future studies.  
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 Development and optimisation of regulated and Chapter 5.

constitutively active XIAP vectors 

 Introduction 5.1.

The results from Chapter 4 demonstrated that when under the control of the calpain-

dependent regulatory system, expression of the GFP reporter gene was induced by cellular 

stress dependent on protease activation in vivo.  The next step was to substitute GFP with, 

XIAP a gene with known therapeutic benefit following its constitutive expression in the 

nigrostriatal system, and assess its therapeutic efficacy when under the control of the calpain-

regulated system compared to constitutive expression.  As outlined in Section 1.8.1, XIAP 

primarily functions to block apoptosis by inhibiting initiator caspase-9 and effector caspases 

3 and 7 (Deveraux et al., 1999; Deveraux et al., 1997).  The anti-apoptotic properties of XIAP 

have been well described and there are several lines of evidence demonstrating its protective 

efficacy in dopaminergic neurons challenged with MPTP and 6-OHDA (Crocker, Liston, et 

al., 2003; Eberhardt et al., 2000; von Coelln et al., 2001) . 

This chapter describes generation of an AAV vector expressing XIAP under control of a 

constitutive promoter and outlines optimisation of the regulatory system to facilitate delivery 

of the regulatory system expressing XIAP by AAV vectors.  It was hypothesized that 

injection of the AAV vector encoding XIAP under the control of a constitutively active 

promoter would result in high levels of transgenic XIAP expression in the SNc.   Low levels 

of transgenic XIAP were hypothesized following injection of the optimised AAV vector 

encoding XIAP under the control of the regulatory system.  
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 Materials and methods 5.2.

 Plasmid construction and AAV vector packaging  5.2.1.

All plasmids used in this Chapter were generated by Dr Alexander Mouravlev, University of 

Auckland, NZ.  Three constitutive plasmids were generated in this Chapter; NSE300-XIAP 

and the corresponding control NSE300-GFP, expressing XIAP or the reporter gene GFP 

under the control of a 300 bp truncated version of the NSE promoter (shortened to NSE300 

hereafter) and CBA-XIAP, expressing XIAP under control of the chicken β-actin (CBA) 

promoter.   

A set of three AAV regulatory expression cassettes were generated, based on the 

ARF5/AuxRE system driven by the NSE300 promoter on cistron 1.  NSE300-HA-ARF5-

VP16-Calp-NES-BGH-SpA-WPRE2-XIAP-AuxRE and NSE300-HA-ARF5-VP16-Calp-NES-

BGH-SpA-WPRE2-GFP-AuxRE were designed to express XIAP or GFP reporter gene, 

respectively under the control of the calpain switch (shortened to NSE300-Calpain-XIAP and 

NSE300-Calpain-GFP hereafter).  NSE300-Empty-BGH-SpA-WPRE2-XIAP-AuxRE was 

generated as a negative control (Figure 5-1).   

 

Figure 5-1. Regulatory cassettes with NSE300 promoter on cistron 1. 

Cistron 1: NSE300, truncated neuron specific enolase promoter; HA, Human influenza 

hemagglutinin; ARF5, DNA binding domain of Auxin Response Factor 5; VP16, minimal 

VP16 activation domain; NES, dominant nuclear export signal of MAPKK. Cistron 2: XIAP, 

human X-linked Inhibitor of Apoptosis Protein; GFP, Green Fluorescent Protein of Aequorea 

Victoria; AuxRE, Auxin response element. 
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Plasmid production and analysis was performed as described in Section 2.2.2 to confirm 

correct plasmid construction and orientation of elements within the plasmids. The plasmids 

were then packaged into AAV9 vectors by Dr Dahna Fong, University of Auckland, NZ, as 

described in Section 3.2.3.  

 Study design 5.2.2.

Three pilot studies were conducted to (i) assess transgene expression driven by the 

constitutive expressing XIAP vectors and (ii) determine the basal transgene expression levels 

of the regulatory vectors expressing XIAP, as outlined in the Table 5-1 and Table 5-2. Rats 

received a unilateral infusion of 3μL of AAV vector into the SNc (Section 3.2.5) and were 

euthanased 3 weeks later and their brains harvested for immunohistochemical analysis 

according to Section 3.2.6.  Their brains were processed according to Section 3.2.8 for DAB 

immunohistochemical analysis of transgenic XIAP, GFP, and ARF5 expression, with the 

primary antibodies shown in Table 5-3 

 Pilot Study 1 5.2.2.1.

Pilot Study 1 involved assessing transgene expression following injection of the constitutive 

expressing AAV/NSE300XIAP vector and corresponding control AAV/NSE300-GFP vector 

at a titre of 6.5x10
11

vg/mL (n=5 per vector).    

Basal transgene expression of the regulatory vectors AAV/NSE300-Calpain-XIAP and 

control AAV/NSE300-Calpain-GFP and AAV/NSE300-Empty-XIAP vectors was assessed 

following injection at 6.5x10
11

vg/mL (n=5 per vector).   

Vector 
Titer 

(vg/mL) 

Group 

size 

AAV/NSE300-GFP 6.5x10
11

 5 

AAV/NSE300-XIAP 6.5x10
11

 5 

AAV/NSE300-Calpain-GFP 6.5x10
11

 5 

AAV/NSE300-Calpain-XIAP 6.5x10
11

 5 

AAV/NSE300-Empty-XIAP 6.5x10
11

 5 

Table 5-1. Summary of vector constructs and titres and group sizes in Pilot study 1. 
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 Pilot Study 2 5.2.2.2.

In Pilot Study 2, transgene expression driven by the constitutive expressing AAV/NSE300-

XIAP vector and AAV/NSE300-GFP control vector was assessed at two increased titres: 

1.5x10
12

vg/mL and 1.5x10
12

vg/mL (n=5 per vector/titre). 

Basal transgene expression of the regulatory vectors AAV/NSE300-Calpain-XIAP and 

control AAV/NSE300-Calpain-GFP was assessed at the increased titre of 3.0x10
12

vg/mL 

(n=5 per vector). 

Vector Titer 

(vg/mL) 

Group 

size 

AAV/NSE300-GFP 1.5x10
12

 5 

AAV/NSE300-GFP 4.5x10
12

 5 

AAV/NSE300-XIAP 1.5x10
12

 5 

AAV/NSE300-XIAP 4.5x10
12

 5 

AAV/NSE300-Calpain-GFP 3.0x10
12

 5 

AAV/NSE300-Calpain-XIAP 3.0x10
12

 5 

Table 5-2. . Summary of vector constructs and titres and group sizes in Pilot study 2. 

 Pilot Study 3 5.2.2.3.

XIAP transgene expression of the constitutive expressing AAV/CBA-XIAP vector was 

assessed following injection of at a titre of 1.5x10
12

vg/mL in Pilot Study 3 (n=3). 
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 Immunohistochemical analysis 5.2.3.

DAB immunohistochemistry was conducted as described in Section 3.2.8 to analyse 

expression of transgenic XIAP, GFP, and ARF5, with the primary antibodies shown in Table 

5-3. 

Primary 

antibody 

Supplier Catalogue 

number 

Dilution Species Detects 

Anti-c-myc Abcam  ab32 1:1000 Mouse XIAP transgene 

Anti-XIAP Abcam ab21278 N/A Rabbit Endogenous and 

transgenic XIAP 

Anti-VP16 tag Abcam  ab4808 1:1000 Rabbit C-terminus of 

ARF5 

Anti-HA tag Covance  MMS-101P 1:1000 Mouse N-terminus of 

ARF5 

Anti-GFP Abcam Ab290 1:50000 Rabbit GFP transgene 

Table 5-3. Primary antibodies used for DAB immunohistochemistry in Chapter 5. 

 Results 5.3.

 Pilot Study 1 5.3.1.

AAV expression plasmids expressing XIAP or GFP gene under the control of a constitutively 

active truncated version of the NSE promoter (NSE300) were generated.  Previous 

experience in my supervisor’s laboratory indicated that the high levels of recombinant protein 

driven by strong constitutively active promoters can cause toxicity in the rat brain 

(unpublished data).  The NSE300 promoter drives moderate transgene expression levels 

following AAV-mediated delivery to primary cells isolated from the rat SN (Xu et al., 2001) 

and also in vivo in the rat SNc (unpublished data). 

Following this, plasmids expressing XIAP under control of the regulatory system were 

developed. Incorporation of the human XIAP gene into the calpain-regulated system would 

create an AAV plasmid that is 5.6 kilobases (kb) in length, which would exceed the 

packaging capacity of AAV vectors of ~4.7 – 5.2 kb (Grieger et al., 2005; Wu et al., 2010).  

To reduce the size of the plasmid to facilitate AAV packaging, the 0.9kb CAG promoter in 

cistron 1 was substituted with the 0.3kb NSE300 promoter. 
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 Restriction enzyme digests 5.3.1.1.

For the constitutive expression plasmids (NSE300-XIAP and NSE300-GFP), enzymes were 

selected to cleave within the ITRs and excise portions of the promoter and/or transgene. The 

regulatory system plasmids (NSE300-Calpain-XIAP, NSE300-Calpain-GFP and NSE300-

Empty-XIAP) were analysed with restriction enzymes that cleaved within the ITRs, calpain 

cleavage site, and excised portions of the construct consisting of the transgene and/or ARF5.  

The resulting fragment sizes matched the sizes predicted from plasmid maps.  Fragments less 

than approximately 650kDa could not be resolved (Figures 4.2-4.6). 
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Figure 5-2. Restriction enzyme analysis of NSE300-GFP plasmid 

(A) Plasmid map of NSE300-GFP plasmid showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; NSE300, truncated Neuron Specific Enolase promoter; 

SpA, synthetic polyadenylation signal; WPRE2, shortened woodchuck hepatitis virus post-

transcriptional regulatory element; eGFP, cDNA encoding GFP; SV40 Ori, Simian virus-40 

origin of replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of 

replication for propagation in bacteria; AmpR, Ampicillin resistance gene.  
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Figure 5-3. Restriction enzyme analysis of NSE300-XIAP plasmid 

A) Plasmid map of NSE300-XIAP plasmid showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; NSE300, truncated Neuron Specific Enolase promoter; 

SpA, synthetic polyadenylation signal; WPRE2, shortened woodchuck hepatitis virus post-

transcriptional regulatory element; XIAP, cDNA encoding full length human X-linked 

Inhibitor of Apoptosis Protein; SV40 Ori, Simian virus-40 origin of replication for 

propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication for propagation in 

bacteria; AmpR, Ampicillin resistance gene.  
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Figure 5-4. Restriction digest analysis of NSE300-Calpain-GFP plasmid 

(A) Plasmid map of NSE300-Calpain-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; NSE300, truncated Neuron Specific Enolase promoter; 

HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-binding domain 

of ARF5; VP16, herpes virus minimal transcriptional activation domain; Calp, sequence 

encoding the calpain cleavage site; NES, nuclear export signal; BGH, bovine growth 

hormone polyadenylation signal; SpA, synthetic polyadenylation signal; WPRE2, shortened 

woodchuck hepatitis virus post-transcriptional regulatory element; XIAP, cDNA encoding 

human X-linked Inhibitor of Apoptosis Protein; AuxRE-MP, response element of ARF5 

fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 origin of 

replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication for 

propagation in bacteria; AmpR, Ampicillin resistance gene.  
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Figure 5-5. Restriction digest analysis of NSE300-Calpain-XIAP plasmid. 

(A) Plasmid map of NSE300-Calpain-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; NSE300, truncated Neuron Specific Enolase promoter; 

HA, Human influenza hemagglutinin tag; ARF5, cDNA encoding the DNA-binding domain 

of ARF5; VP16, herpes virus minimal transcriptional activation domain; Calp, sequence 

encoding the calpain cleavage site; NES, nuclear export signal; BGH, bovine growth 

hormone polyadenylation signal; SpA, synthetic polyadenylation signal; WPRE2, shortened 

woodchuck hepatitis virus post-transcriptional regulatory element; XIAP, cDNA encoding 

human X-linked Inhibitor of Apoptosis Protein; AuxRE-MP, response element of ARF5 

fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 origin of 

replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of replication for 

propagation in bacteria; AmpR, Ampicillin resistance gene.  
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Figure 5-6. Restriction enzyme analysis of NSE300-Empty-XIAP plasmid 

(A) Plasmid map of NSE300-Empty-XIAP showing the location of components of the AAV 

expression plasmid relative to the restriction enzyme sites. (B) Table depicting predicted 

DNA fragment size(s) with specific restriction enzymes. (C) Restriction enzyme digested 

plasmid DNA fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA 

ladder; ITR, inverted terminal repeat; NSE300, truncated Neuron Specific Enolase promoter; 

SpA, synthetic polyadenylation signal; WPRE2, shortened woodchuck hepatitis virus post-

transcriptional regulatory element; eGFP, cDNA encoding GFP; AuxRE-MP, response 

element of ARF5 fused to the cytomegalovirus minimal promoter; SV40 Ori, Simian virus-40 

origin of replication for propagation in mammalian cells; pUC19 Ori, pUC19 origin of 

replication for propagation in bacteria; AmpR, Ampicillin resistance gene.  
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 Transgene expression driven by constitutive expression vectors 5.3.1.2.

AAV expression plasmids were packaged into AAV vectors and rats were injected with these 

vectors. Rats injected with AAV/NSE300-GFP displayed moderate levels of GFP expression 

in the SNc of the injected hemisphere as determined by immunohistochemistry using an anti-

GFP antibody, indicating that the NSE300 promoter is functional in the rat SNc at this titre  

(Figure 5-7a) To determine transgenic XIAP expression levels, immunohistochemistry was 

conducted using antibody directed against the c-myc epitope tag located on the N-terminus of 

XIAP.  No specific immunoreactivite signal was observed in the injected hemisphere of rats 

infused with AAV/NSE300-XIAP despite increasing the concentration of primary antibody to 

enhance signal detection (Figure 5-7c). Antigen retrieval was performed using citrate at 

pH6.0 and 4.0 to enhance signal detection; however no specific staining was observed in 

either hemisphere (data not shown).   

The efficacy of an anti-human XIAP antibody to detect transgenic XIAP was next assessed. 

Similar levels of XIAP immunoreactivity were observed in both the injected and control 

hemispheres of animals injected with AAV/NSE300-XIAP, indicating that the antibody 

detects an epitope homologous to both endogenous rat and human XIAP.  The concentration 

of XIAP antibody was increased to enhance detection sensitivity of transgenic XIAP, 

however similar results were observed (Figure 5-8). 
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Figure 5-7 Immunohistochemical analysis of transgene expression driven by constitutive 

expression vectors. 

Moderate levels of GFP immunoreactivity were observed in the injected SNc of rats infused 

with AAV/NSE300-GFP (a), while no GFP immunoreactivity was observed in the uninjected 

hemisphere (b). No c-myc immunoreactivity was observed in the injected hemisphere of 

animals injected with AAV/NSE300-XIAP (c), despite increasing the concentration of anti-c-

myc antibody to enhance signal detection. Shown is a section incubated with the highest 

concentration of c-myc antibody. The arrows indicate the approximate location of the SNc 
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Figure 5-8. Anti-XIAP immunohistochemistry in animals injected with AAV/NSE300-

XIAP. 

Similar levels of anti-XIAP immunoreactivity were observed in the injected and control 

hemispheres of rats infused with AAV/NSE300-XIAP despite increasing the concentration of 

anti-XIAP antibody to enhance signal detection. Shown are sections incubated with the 

lowest (a) and highest concentration of XIAP antibody assessed (b).  
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 Transgene expression driven by regulatory expression vectors 5.3.1.3.

Minimal GFP immunoreactivity was observed in the injected hemisphere of rats infused with 

AAV/NSE300-Calpain-GFP, indicating that basal transgene expression levels induced by the 

regulatory system were low (Figure 5-9). No specific immunoreactivity was observed in the 

injected hemisphere of rats infused with AAV/NSE300-Calpain-XIAP, or AAV/NSE300-

Empty-XIAP. 

 

Figure 5-9. Immunohistochemical analysis of transgene expression driven by regulatory 

expression vectors.  

a) Minimal GFP immunoreactivity was observed in the inejcted hemisphere of rats that had 

received the AAV/NSE300-Calpain-GFP vector. No c-myc immunoreactivity was observed 

in the injected hemisphere of animals infused with AAV/NSE300-Calpain-XIAP (b) or 

AAV/NSE300-Empty-XIAP (c).  

 

 Analysis of ARF5 expression 5.3.1.4.

To determine the level of ARF5 driven by the NSE300 promoter in the regulatory expression 

vectors, VP16 immunoreactivity was assessed.  No VP16 immunoreactivity was detected in 

the injected hemisphere of animals infused with AAV/NSE300-Calpain-GFP, AAV/NSE300-

Calpain-XIAP or AAV/NSE300-Empty-XIAP (Figure 5-10). 
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Figure 5-10. Immunohistochemical analysis of ARF5 expression 

No VP16 immunoreactivity was detected in the injected hemisphere of animals infused with 

AAV/NSE300-Calpain-GFP (a), AAV/NSE300-Calpain-XIAP (b) or AAV/NSE300-Empty-

XIAP (c). 
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 Pilot Study 2 5.3.2.

The results from the constitutive expression vectors in Pilot Study 1 demonstrated that the 

NSE300 promoter was capable of driving moderate levels of transgene expression in the rat 

SNc, when assessed by GFP immunohistochemistry in the AAV/NSE300-GFP group.  

However no transgenic XIAP expression was detected in rats infused with AAV/NSE300-

XIAP, despite attempts to optimise immunohistochemical detection using two different 

antibodies.  These results suggested that the levels of transgenic XIAP expressed may have 

been below the detection limit of the assays.  To test this, animals in Pilot Study 2 were 

infused with increased titres of AAV vector to boost transgenic XIAP expression, and 

facilitate immunohistochemical detection.   

No transgene expression was observed under basal conditions with the regulatory expression 

vectors coupled to XIAP in Pilot Study 1.  ARF5 expression levels were also undetectable in 

Pilot Study 1.  To examine the possibility of that the lack of basal transgene expression was 

due to the low levels of ARF5 being expressed, Pilot Study 2 involved assessing basal 

transgene expression in animals injected with an increased titre of AAV/NSE300-Calpain-

GFP and AAV/NSE300-Calpain-XIAP, along with evaluation of ARF5 expression levels. 

 Transgene expression driven by constitutive expression vectors 5.3.2.1.

High levels of GFP immunoreactivity were observed in animals which received 

AAV/NSE300-GFP at 4.5x10
12

vg/mL, while expression was moderate in animals that had 

been infused with 1.5x10
12

vg/mL (Figure 5-11A and B). No c-myc immunoreactivity was 

observed in the injected hemisphere of animals infused with either 4.5x10
12

vg/mL or 

1.5x10
12

vg/mL titre of AAV/NSE300-XIAP (Figure 5-11 C and D).  To aid in detection of 

transgenic XIAP, Tyramide Signal Amplification was performed.  This method uses 

horseradish peroxidase to catalyse covalent attachment of biotin labels directly adjacent to the 

epitope target, thereby amplifying the original signal upon addition of streptavidin 

conjugates.  No signal was detected using this system in animals injected with the high titre 

AAV/NSE300-XIAP.  As a control for the TSA kit, sections from AAV/NSE300-GFP 

injected animals were also assessed, however despite optimisation, extremely high 

background levels of expression were observed in comparison to unamplified sections 

(results not shown).  
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Figure 5-11. . Transgene expression in the injected hemisphere of rats infused with high 

titres AAV/NSE300-GFP and AAV/NSE300-XIAP. 

(A) High levels of GFP were expressed in rats infused with AAV/NSE300-GFP at 

4.5x10
12

vg/mL. (B) Moderate GFP expression was observed in rats infused with 

1.5x10
12

vg/mL of AAV/NSE300-GFP. No c-myc immunoreactivity was observed in rats that 

had received AAV/NSE300-XIAP at 4.5x10
12

vg/mL (C) or 1.5x10
12

vg/mL (D). The 

approximate location of the SNc is indicated by the arrows. 
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To confirm vector delivery to the target site, immunohistochemistry was conducted using an 

antibody directed against AAV capsid proteins.  Extensive viral capsid protein 

immunoreactivity was observed in the injected hemisphere of animals that had been infused 

with AAV/NSE300-XIAP, confirming vector delivery.  No viral capsid protein 

immunoreactivity was observed in the uninjected control hemisphere indicating that the 

antibody was specific (Figure 5-12). Together these results suggested that the levels of XIAP 

expressed by the AAV/NSE300-XIAP vectors were too low to detect using the methods 

employed despite the increased titre. 

 

Figure 5-12. Anti-Viral Capsid protein immunohistochemistry on AAV/NSE300-XIAP 

Viral capsid protein immunoreactivity was observed in the injected hemisphere of animals 

infused with AAV/NSE300-XIAP (left) demonstrating that the vector had been delivered to 

the target site.  No specific immunoreactivity was observed in the control uninjected 

hemisphere (right). Shown is an animal injected with 4.5x10
12

 vg/mL. 
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 Transgene expression driven by regulatory expression vectors  5.3.2.2.

Animals that had been infused with AAV/NSE300-Calpain-GFP displayed low levels of GFP 

immunoreactivity, indicating that the basal transgene expression profile of the regulatory 

system was low even at an increased titre (Figure 5-13A).  No c-myc immunoreactivity was 

observed in AAV/NSE300-Calpain-XIAP injected animals  (Figure 5-13B). 

 

Figure 5-13. Basal transgene expression in animals injected with increased titres of 

AAV/NSE300-Calpain-GFP and AAV/NSE300-Calpain-XIAP.   

Low levels of GFP immunoreactivity were observed in the injected hemisphere of 

AAV/NSE300-Calpain-GFP animals under basal conditions (A). No c-myc immunoreactivity 

was observed in the injected hemisphere of AAV/NSE300-Calpain-XIAP animals (B). The 

arrows indicate the approximate location of the SNc. 
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 Analysis of ARF5 expression 5.3.2.3.

VP16 immunohistochemistry was conducted to assess the levels of ARF5 expressed by the 

regulatory vectors at the increased titre assessed in this study.  No ARF5 expression was 

observed in the the AAV/NSE300-Calpain-GFP or AAV/NSE300-Calpain-XIAP groups 

(Figure 5-14), despite the small number of GFP-immunoreactive cells observed in the 

AAV/NSE300-Calpain-GFP group, indicating that the levels of ARF5 expressed by the 

NSE300 promoter were below the detection limit using this assay.    

 

Figure 5-14. Immunohistochemical analysis of ARF5 expression 

No VP16 immunoreactivity was detected in the injected hemisphere of animals infused with 

AAV/NSE300-Calpain-GFP (a) or AAV/NSE300-Calpain-XIAP vectors (b). 
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 Pilot Study 3 5.3.3.

In Pilot Study 1 and 2 the suitability of the NSE300 promoter for the constiutive expression 

vector was assessed.  It was hypothesized that moderate levels of transgenic XIAP would be 

expressed following its injection into the rat SNc, however the expression levels appeared to 

be below a detectable limit despite increasing the vector titre.  Therefore, in Pilot Study 3 a 

plasmid expressing XIAP under the control of the CBA promoter was generated, packaged 

into AAV vectors and the levels of transgenic XIAP assessed 3 weeks after unilateral 

injection of the vector into the rat SNc. 

 Restriction enzyme digest analysis 5.3.3.1.

Restriction digest analysis confirmed integrity of the CBA-XIAP plasmid, as the observed 

fragment sizes matched the predicted fragment sizes (Figure 5-15). 
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Figure 5-15. Restriction enzyme analysis of CBA-XIAP plasmid 

(A) Plasmid map of CBA-XIAP showing the location of components of the AAV expression 

plasmid relative to the restriction enzyme sites. (B) Table depicting predicted DNA fragment 

size(s) with specific restriction enzymes. (C) Restriction enzyme digested plasmid DNA 

fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA ladder; ITR, 

inverted terminal repeat; CBA, Chicken beta actin promoter ; XIAP, cDNA encoding human 

X-linked Inhibitor of Apoptosis Protein; Myc, c-myc epitope tag; DDK, DDK epitope tag; 

WPRE2, shortened woodchuck hepatitis virus post-transcriptional regulatory element; SpA, 

synthetic polyadenylation signal; AmpR, Ampicillin resistance gene.  
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 Analysis of transgene expression 5.3.3.2.

Unlike the lack of specific staining observed in the NSE300-XIAP injected brains, robust c-

myc immunoreactivity was observed in the injected hemisphere of animals infused with 

AAV/CBA-XIAP. XIAP transgene was expression was observed in both the cell bodies and 

processes.  No c-myc immunoreactivity was observed in the uninjected control hemisphere 

indicating that the antibody did not detect endogenous rat c-myc, and suggesting that the 

staining observed was specific to transgenic XIAP (Figure 5-16a). Anti-XIAP 

immunoreactivity was slightly elevated in the injected hemisphere compared with the control 

hemisphere, confirming the expression observed by the c-myc immunostaining (Figure 

5-16b). 

 

Figure 5-16. XIAP expression in animals injected with AAV/CBA-XIAP.. 

Rats infused with AAV/CBA-XIAP displayed high levels of c-myc immunoreactivity in the 

injected hemisphere.  C-myc expression was observed in the cell bodies and extended into the 

processes.  No specific staining was observed in the uninjected control hemisphere (a).  XIAP 

immunoreactivity was elevated in the injected hemisphere compared to the uninjected control 

hemisphere (b). 
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 Summary 5.4.

In this Chapter regulated and constitutively active XIAP expression vectors were developed 

and optimised.  It was demonstrated that the NSE300 promoter is functional in the rat SNc, 

however it was deemed unsuitable for the constitutive expression vector due to undetectable 

transgenic XIAP expression levels. A constitutive vector expressing XIAP under the stronger 

CBA promoter was subsequently developed and shown to drive high levels of transgenic 

XIAP expression following injection into the rat SNc.   

The CAG promoter on cistron 1 of the regulatory expression vectors was replaced with the 

NSE300 promoter and low transgene expression level were observed under basal conditions 

at two different titres.  The levels of ARF5 expressed were below the limits of detection. 

 Discussion 5.5.

The objectives of this chapter were to (i) develop and characterise a constitutive vector 

expressing XIAP and (ii) to optimise the regulatory system expressing XIAP to facilitate 

AAV mediated delivery into the rat SNc. 

 Development of AAV vector expressing XIAP under control of a constitutive 5.5.1.

promoter 

A myriad of promoters have been shown to be capable of driving constitutive transgene 

expression in the rat brain following recombinant AAV infection. The efficacy of each 

promoter appears to be dependent on both the AAV serotype and the brain region targeted 

(reviewed in (Fitzsimons et al., 2002)).  Previous experience in my supervisor’s laboratory 

indicated that AAV-mediated expression of high levels of recombinant protein driven by 

strong promoters causes toxicity in the rat brain (unpublished data). A promoter with 

established efficacy in the rat SNc that drove moderate levels of transgene expression was 

therefore required.  The NSE300 promoter satisifed both these criteria as AAV-mediated 

transgene expression  driven by the truncated NSE promoter was moderate compared to the 

high levels driven by the full length NSE promoter in primary cells isolated from the rat 

substantia nigra (Xu et al., 2001) and also in vivo in the rat SNc (unpublished data).   

No transgenic XIAP expression was observed in animals injected with AAV/NSE300-XIAP, 

despite increasing the titre injected to boost expression levels.  While the anti-c-myc antibody 

detected transgenic XIAP expression in vitro (Chapter 1), it was possible that the method of 
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tissue preparation was not compatible with the sensitivity required of the detection assay in 

vivo. Given that XIAP-myc expression levels were detectable when driven by the strong CBA 

promoter, it is probable that the levels of XIAP expressed by the NSE300 promoter were 

below the limits of detection possible using this antibody.  The discrepancy between 

detection of transgene in animals injected with AAV/NSE300-XIAP and those injected with 

AAV/NSE300-GFP could be due to differences in antibody sensitivity or differences in the 

half-lifes of each of the transgenic proteins;  approximately 26 hours for GFP (Corish et al., 

1999) and less than 7 hours for XIAP (McNeish et al., 2005).   

High levels of transgenic XIAP expression were observed in animals injected with 

AAV/CBA-XIAP.  Promoters commonly used in the field of gene therapy drive high levels 

of transgene expression. As overexpression of a protein can in itself be toxic, the therapeutic 

efficacy of the XIAP expression when controlled by the regulatory system compared to when 

driven by the strong CBA promoter is of interest, and this comparison was performed in 

Chapter 6.   

 Optimisation of regulatory XIAP expression vectors for AAV delivery in vivo 5.5.2.

Insertion of the full XIAP gene to be under the control of the regulatory system would create 

an AAV plasmid that is 5.6 kilobases (kb) in length, which would exceed the packaging 

capacity of AAV vectors (4.7 – 5.2 kb) (Grieger et al., 2005; Wu et al., 2010). In order to 

reduce the size of the plasmid to facilitate AAV packaging, the 0.9kb CAG promoter on 

cistron 1 was substituted with the 0.3kb NSE300 promoter.  The NSE300 promoter satisfied 

the requirements for an alternative promotor, as it was less than 0.4kb in size, and therefore 

compatible with AAV-packaging.  ARF5 was not detected under basal conditions following 

injection of the AAV/NSE300-Calpain-XIAP or AAV/NSE300-Calpain-GFP vectors despite 

increasing the titre of vector injected to facilitate detection.  Some low level GFP expression 

was observed in the AAV/NSE300-Calpain-GFP injected animals however, suggesting that 

ARF5 was expressed at a level sufficient to drive transgene expression. The results presented 

in Chapters 2 and 4 indicated that the levels of cytoplasmic ARF5 driven by the CAG 

promoter were considerably higher than those which translocated to the nucleus to induce 

transgene expression. It was therefore hypothesized that the NSE300 promoter was likely to 

drive levels of ARF5 expression sufficient to maintain the functionality of the system upon 

induction in the rat SNc in Chapter 6.  
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   Evaluating the protective efficacy of calpain-Chapter 6.

regulated versus constitutive XIAP expression in the 6-

OHDA model of PD 

 Introduction 6.1.

A novel bicistronic gene regulation system has been designed in my supervisor’s laboratory 

to respond to caspase-3 and calpain, two proteases that are activated as part of common cell 

death pathways.  In Chapter 2, the functionality of the regulatory system was demonstrated in 

vitro. Under control of this system, transgene expression is induced in a dose and time-

dependent manner following initiation of cell stress by the toxin okadaic acid.  The 

magnitude of transgene induction also correlated with the extent of caspase-3 and calpain 

activation.  In Chapter 3, the regulatory cassette was packaged into AAV vectors for delivery 

into the rat SNc. In  Chapter 4 it was demonstrated that the system induces GFP reporter gene 

expression in response to cellular stress that is dependent on protease activation in vivo. The 

next objective was to compare the therapeutic efficacy of XIAP, a gene with known 

therapeutic benefit, when under the control of the calpain regulated system to that achieved 

by the current standard approach of constitutive expression.   

As covered previously, XIAP primarily functions to impede apoptosis by inhibiting initiator 

caspase-9 and effector caspases 3 and 7 (Deveraux et al., 1999; Deveraux et al., 1997).  The 

protective efficacy of XIAP on dopaminergic neurons have been described both in vivo and in 

vitro following challenge with dopaminergic specific toxins MPTP and 6-OHDA (Crocker, 

Liston, et al., 2003; Eberhardt et al., 2000; von Coelln et al., 2001) . 

Chapter 5 involved the development and optimisation of AAV vectors encoding XIAP under 

the control of the calpain-regulated system and a constitutively active promoter, yielding the 

AAV vectors AAV/CBA-XIAP and AAV/NSE300-Calpain-XIAP.  It was demonstrated that 

transgenic XIAP expression levels were low under basal conditions in animals injected with 

the AAV/NSE300-Calpain-XIAP vector and that high XIAP transgene levels were expressed 

following injection of the AAV/CBA-XIAP vector into the rat SNc.   

The overall objective of Chapter 6 was to assess the protective efficacy of XIAP when 

expressed by the calpain-regulated system, and compare it to that seen with the constitutive 

approach of CBA-driven XIAP expression in the 6-OHDA model of PD.   It was 
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hypothesized that calpain-regulated XIAP expression using this system would provide 

superior protection of dopaminergic cell bodies compared to constitutive XIAP expression.  

 Materials and methods 6.2.

 Plasmid production and AAV packaging 6.2.1.

The AAV regulatory expression plasmids NSE300-Calpain-GFP and NSE300-Calpain-XIAP 

as well as the constitutive expression plasmids CBA-GFP and CBA-XIAP were used in this 

chapter.   

The NSE300-Calpain-GFP, NSE300-Calpain-XIAP and CBA-XIAP plasmids were 

generated, analysed by restriction digest and packaged into AAV9 vectors (described in 

Chapter 5.3.1.1 and 5.3.3.1). In this chapter a control constitutive plasmid which expressed 

GFP under the control of the CBA promoter (CBA-GFP) was generated by Dr Alexander 

Mouravlev, University of Auckland, NZ.  Restriction digest analysis and large scale 

production plasmid production were performed (as described in Section 2.2.2) to confirm 

correct plasmid construction and orientation of components of the plasmid. The CBA-GFP 

plasmid was packaged into AAV9 vectors by Dr Dahna Fong, University of Auckland, NZ as 

described in Section 3.2.3.  

 Study design 6.2.2.

Rats received a unilateral infusion of AAV/NSE300-Calpain-XIAP, AAV/NSE300-Calpain-

GFP, AAV/CBA-XIAP or AAV/CBA-GFP into the SNc according to Section 3.2.5.  

AAV/NSE300-Calpain-XIAP, AAV/NSE300-Calpain-GFP and AAV/CBA-XIAP were 

injected at a titre of 3x10
12

 vg/mL Previous experience in my supervisor’s laboratory 

suggested that AAV/CBA-GFP would be associated with toxicity at this titre; therefore 

animals in this group were injected with 1x10
12

vg/mL.  After allowing 4 weeks for transgene 

expression to peak, animals were challenged with 6-OHDA or saline as described in Sections 

Error! Reference source not found. and 3.2.5 (4-6 per vector/treatment) as outlined in 

Table 6-1. Their motor function was assessed 4 and 8 weeks post 6-OHDA infusion, after 

which they were euthanized for brain analysis (Section 3.2.6). A time line for this experiment 

is depicted in Figure 6-1.  Animals were processed in two cohorts due to the large number of 

animals in this study. 

  



 

196 

 

 

 Treatment 

6-OHDA Saline 

AAV/CBA-GFP 4 5 

AAV/CBA-XIAP 6 5 

AAV/NSE300-Calpain-GFP 6 5 

AAV/NSE300-Calpain-XIAP 6 6 

Table 6-1. Summary of group sizes in Chapter 6 
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Figure 6-1. Time line for neuroprotective study depicting surgeries, behavioural testing and analysis of rat brains. 
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 Behavioural testing 6.2.3.

Animals were subjected to behavioural tests to assess their motor function at four and eight 

weeks after the injection of 6-OHDA. Animals were housed in a reverse day/night cycle. All 

tests were performed with the researcher blinded to the treatment groups.  This was achieved 

by randomly assigning numbers to each animal and then randomly assigning the numbers to 

different cages, so that each cage consisted of a mixture of treatments. Unlesioned animals 

may display a forepaw preference; therefore baseline cylinder testing was performed on all 

animals before injection of 6-OHDA to allow correction of natural forepaw preference 

following the lesion. 

 Amphetamine-induced rotation test 6.2.3.1.

Protocols adapted from (Kirik et al., 1998; Ungerstedt, 1971) were used as outlined below. 

Rats were injected subcutaneously with amphetamine sulphate (2.5mg/kg; dexamphetamine 

sulphate, PSM Healthcare, Auckland, New Zealand) placed in Plexiglas cylinders ( 30cm in 

diameter and  33cm height)  and recorded for 90 minutes using EthoVision XT 10.5 (Noldus 

Information Technology, Wageningen, Netherlands). The number of ipsilateral and 

contralateral rotations was recorded for 60 minutes, beginning 30 minutes after amphetamine 

administration. Data is expressed as net ipsilateral rotations following subtraction of the 

number of contralateral rotations from the number of ipsilateral rotations. Each turn 

represents a rotation of greater than 270 degrees within 5 seconds of initiating the movement.   

 Cylinder Test 6.2.3.2.

 Testing was performed under low light conditions to enable sufficient data collection during 

repeated testing, as the animals were more active under these conditions and therefore more 

likely to rear onto the cylinder. Rats were placed in a Plexiglas cylinder (19cm in diameter 

and 29cm in height) and recorded for 5-10 minutes. The cylinder was placed near a mirror to 

enable visualisation of limb movements from all angles. Forelimb asymmetry was determined 

by scoring the number of independent, weight bearing contacts with the cylinder using the 

ipsilateral or contralateral forepaw, in addition to the number of movements made using both 

paws. Data is expressed as the percentage of contralateral contacts relative to the total 

number of contacts (ipsilateral, contralateral and both). To allow for correction of forepaw 

preference the percentage of contralteral contacts following 6-OHDA challenge was 
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subtracted from the percentage of contralateral contacts prior to 6-OHDA challenge 

(Schallert et al., 2000).  

 Immunohistochemistry on brain tissue 6.2.4.

Immunohistochemistry was performed using the method for DAB chromogen described in 

Section 3.2.8. Transgene expression was detected using anti-c-myc and anti-GFP antibodies, 

and dopaminergic neurons were detected using anti-TH and anti-HuC/D antibodies.   

Antibodies directed against GFAP and CD11b were used to assess the level of reactive 

astroglosis and microglial activation.  

Antibody Detects Supplier Catalogue number  Host species Dilution 

c-myc Transgenic XIAP Abcam Ab32 Mouse 1:1000 

GFP GFP Abcam Ab290 Rabbit 1: 100 000 

TH Tyrosine 
hydroxylase 

Millipore MAB318 Mouse 1: 2000 

HuC/D Neurons Molecular 
Probes 

A-21271 Mouse 1:500 

CD11b Microglia Millipore CBL1512 Mouse 1:500 

Table 6-2. Primary antibodies used in Chapter 6. 

Nigral sections: For each animal, every 6th section, for a total of 6 sections throughout the 

substantia nigra was selected for TH immunostaining and sterelogical quantification, 

performed as outlined in Section 3.2.9. 

Striatal sections: For each animal, six sections encompassing the rostrocaudal extent of the 

striatum (every 12
th

 section) were selected and immunostained using an anti-TH antibody. 

 Statistical analysis of behavioural tests 6.2.5.

Tests were performed as described in section 3.2.10.1 to enable selection of a parametric or 

nonparametric test. Two way repeated measures ANOVA were performed to determine the 

effect of vector, treatment and vector x treatment interaction over time on the number of 

rotations/min in the aphetamine rotation test and % contralateral forepaw use in the cylinder 

test.  

 Analysis of dopaminergic cell survival 6.2.6.

Stereological quanitification of the number of TH-positive cells in the SNc was performed as 

outlined in Section 3.2.5 following a pilot study on two brains in the in the 6-OHDA group 
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that upon visual inspection displayed extensive loss of TH-ir relative to the contralateral 

hemisphere. 

 Statistical analysis of dopaminergic cell survival  6.2.6.1.

The mean number of TH-positive neurons in the lesioned SNc was expressed as a percentage 

of the contralateral unlesioned SNc, for comparison across treatment groups.  As described in 

Section 3.2.10.1, tests were performed to enable selection of a parametric or nonparametric 

test. A one way ANOVA was subsequently performed to compare the mean percentage of 

remaining TH positive cells across vector treatments within either the 6-OHDA or saline 

treatment groups. Bonferroni post hoc analysis was performed to determine where the 

differences occurred between groups. 

 

 Results 6.3.

 Plasmid restriction digest analysis 6.3.1.

Predicted fragment sizes from the CBA-GFP plasmid map matched those observed in agarose 

gels following restriction enzyme analysis (Figure 6-2).   
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Figure 6-2. Restriction enzyme analysis of CBA-GFP plasmid 

(A) Plasmid map of CBA-GFP showing the location of components of the AAV expression 

plasmid relative to the restriction enzyme sites. (B) Table depicting predicted DNA fragment 

size(s) with specific restriction enzymes. (C) Restriction enzyme digested plasmid DNA 

fragments resolved by agarose gel electrophoresis. 1Kb+, 1Kb plus DNA ladder; ITR, 

inverted terminal repeat; CBA, Chicken beta actin promoter ; GFP, cDNA encoding Green 

Fluorescent Protein; WPRE2, shortened woodchuck hepatitis virus post-transcriptional 

regulatory element; SpA, synthetic polyadenylation signal; AmpR, Ampicillin resistance 

gene.  
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 Analysis of motor function 6.3.2.

Constitutive and regulatory expression plasmids were packaged into AAV9 vectors and 

injected unilaterally into the SNc. After allowing 4 weeks for transgene expression to peak, 6-

OHDA or saline was infused into the ipsilateral striatum. Behavioural testing was undertaken 

4 and 8 weeks following this, after which animals were euthanased for immunohistochemical 

analysis of dopaminergic cell survival. 

To ascertain whether regulated expression of XIAP conferred an improvement in motor 

function relative to constitutive XIAP expression, two motor function tests were performed. 

 Rotation testing  6.3.2.1.

Amphetamine-induced rotation testing is commonly used to determine the extent of 

dopamine asymmetry induced by test compounds in the 6-OHDA rodent model of PD 

(Ungerstedt, 1971).  Amphetamine induces cytosolic release of dopamine. When 

amphetamine is administered to rats that have received unilateral 6-OHDA striatal lesions, 

more dopamine is released in the intact striatum than in the lesioned side. The result is an 

ipsilateral rotation that correlates with the extent of remaining dopamine innervation.  As 

expected, saline injected animals completed full turns very infrequently; less than 1 rotation 

per minute was observed in all vector treatment groups (results not shown).  6-OHDA 

injected animals completed between 6 and 10 turns per minute at both 4 and 8 weeks post-

lesion.  Two-way repeated measures ANOVA analysis did not reveal any significant 

differences in rotation frequency across vector treatments (P>0.05; F, 1.48; DF, 3) at either 

time-point (P>0.05; F, 1.92; DF, 3) (Figure 6-3). 
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Figure 6-3. Effect of calpain-regulated versus constitutive XIAP expression on 

amphetamine-induced rotational behaviour 

6-OHDA injected animals rotated between 6 and 10 turns/min.  No differences in rotation 

rates were observed across vector treatment groups at both 4 and 8 weeks following 6-OHDA 

challenge  (P>0.05; Two way Repeated measures ANOVA).  
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 Cylinder testing 6.3.2.2.

The limb-use asymmetry or cylinder test evaluates the degree of contralateral forepaw 

impairment following unilateral lesions, and is widely used to assess the therapeutic 

compound efficacy in rodent models of PD (Kirik, 1998, Osten 2012). 

Cylinder testing was performed prior to vector infusion to allow correction of any natural 

forepaw preference; however none of the animals demonstrated an inclination to use a 

particular forepaw.  Additionally, the lack of assymetry across all vector treatment groups 

following vector infusion indicated that viral vector infection itself did not elicit a forepaw 

preference.  As expected, no significant forepaw asymmetry was observed in saline treated 

animals at either 4 or 8 weeks post saline infusion (Figure 6-17A).  6-OHDA infusion led to a 

reduction in ipsilateral forepaw use in all treatment groups 4 weeks after infusion, and the 

degree of impairment did not appear to have worsened at 8 weeks post 6-OHDA infusion 

(Figure 6-17B).  There was no significant difference in impairment across the groups 

(P>0.05; F, 1.70; DF, 3) at either time-point (P>0.05; F, 1.8; DF, 9).  High variability was 

observed between animals at the 4 and 8 week time points, possibly due to inactivity as a 

result of habituation to the experimental apparatus in some animals.    
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Figure 6-4. Effect of constitutive versus regulated XIAP expression on forepaw use 

preference following 6-OHDA lesion. 

Animals did not display a natural forepaw preference at baseline and vector infusion did not 

cause an inclination for use of a particular forepaw (represented by baseline and prelesion 

measurements).   (A) Saline treated animals did not display significant forepaw preference 

across groups at any of the time-points. (B) 6-OHDA infusion caused a reduction in 

contralateral forepaw use, however there was no difference in impairment across vector 

treatments at either 4 or 8 weeks. High variability was observed between animals at the 4 and 

8 week time-points.  
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 Analysis of dopaminergic cell body survival 6.3.3.

To determine whether there was a difference in the dopaminergic cell survival mediated by 

calpain-regulated versus CBA-driven XIAP expression, immunohistochemistry was 

conducted against TH on serial sections spanning the SNc.  

The level of TH immunoreactivity varied across animals in the saline group, however when 

compared to the control hemisphere within the same animal, there was no apparent loss of 

TH immunoreactivity in the SNc of rats injected with any of the vectors, indicating that no 

toxicity was associated with overexpression of GFP, XIAP, or the ARF5 chimeric protein 

under basal conditions (Figure 6-5). The number of remaining TH-positive cells in the SNc 

was estimated by unbiased stereological analysis using the optical fractionator principle 

outlined in (Gundersen et al., 1988). The total number of TH-positive cells in the 

contralateral hemisphere of saline animals varied between 4700 and 12100, which was 

somewhat less than reported previously using similar methodology (Janson & Moller, 1993; 

Kirik, Rosenblad, & Bjorklund, 1998), however these studies included the pars lateralis, pars 

reticulata and paranigral nucleus.  The variability between animals in the present study was 

likely due to differences in immunohistochemical staining procedure between batches of 

brain sections.  Utilising unilateral injections made it possible to express the changes in TH 

cell number as a percentage of the contralateral hemisphere, which reduced the variability 

considerably. Consistent with the TH histological analysis, no significant differences in TH 

cell number were observed between vector treatments in saline injected rats (Figure 6-6 A, 

P>0.05; F, 0.398; DF, 3).  This demonstrated that overexpression of XIAP and GFP and the 

basal expression levels of XIAP and GFP driven by the regulatory system were not toxic to 

dopaminergic neurons under basal conditions.    
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Figure 6-5. TH immunohistochemistry in the SNc following infusion of AAV expressing 

constitutive and regulatory constructs under basal conditions. 

Animals were injected unilaterally into the SNc with (A) AAV/CBA-GFP, (B) AAV/CBA-

XIAP, (C) AAV/NSE300-Calpain-GFP and (D) AAV/NSE300-Calpain-XIAP, followed 4 

weeks later by intrastriatal infusion of saline. Six coronal sections spanning the substantia 

nigra of each rat were immunohistochemically stained with an anti-TH antibody 8 weeks 

following saline infusion.  Similar levels of TH immunoreactivity were observed in the 

injected hemisphere compared with the control hemisphere with all the vector constructs. 
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Figure 6-6 Quantification of the number of TH cell bodies in the SNc 

(A) Unbiased stereological counting of the number of TH-positive cells in the SNc did not 

reveal any significant differences in TH cell number across vector treatment groups under 

basal conditions. (B) A significantly higher percentage of TH-positive cells remained in 

AAV/NSE300-Calpain-XIAP injected animals compared with AAV/CBA-GFP (**P<0.01), 

AAV/CBA-XIAP (*P<0.05) and AAV/NSE300-Calpain-GFP (*P<0.05).  No significant 

difference in TH cell loss was observed between AAV/CBA-GFP, AAV/CBA-XIAP or 

AAV/NSE300-Calpain-GFP treatment groups (P>0.05).  
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6-OHDA challenge induced loss of dopaminergic cells in all treatment groups; however the 

magnitude of TH cell loss relative to the contralateral hemisphere varied between treatment 

groups.  No differences in TH cell loss were observed between animals injected with 

AAV/CBA-GFP, AAV/CBA-XIAP and AAV/NSE300-Calpain-GFP (P>0.05; Figure 6-6B, 

Figure 6-7).  By contrast, AAV/NSE300-Calpain-XIAP significantly protected TH-positive 

cells from 6-OHDA induced cell death (P<0.01; F, 8.32; DF, 3), when compared to 

AAV/CBA-GFP (P<0.01), AAV/CBA-XIAP (P<0.05) and AAV/NSE300-Calpain-GFP 

(P<0.05) (Figure 6-6B, Figure 6-7).  The results suggested that the levels of XIAP expressed 

by the regulatory system provided superior protection of dopaminergic cell bodies compared 

with constitutive XIAP expression, which did not confer any significant protection when 

compared to the AAV/CBA-GFP control vector.  The lack of protection in the 

AAV/NSE300-Calpain-GFP group compared to the AAV/NSE300-Calpain-XIAP group 

demonstrated that the protection observed was due to XIAP expression, rather than lower 

transgene expression levels regardless of the transgene expressed.  
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Figure 6-7. TH immunohistochemistry in the SNc following infusion of AAV expressing 

constitutive and regulatory constructs and striatal challenge with 6-OHDA. 

Animals were injected unilaterally into the SNc with AAV/CBA-GFP, AAV/CBA-XIAP, 

AAV/NSE300-Calpain-GFP and AAV/NSE300-Calpain-XIAP, followed 4 weeks later by 

intrastriatal 6-OHDA challenge. Six coronal sections spanning the substantia nigra of each rat 

were immunohistochemically stained with an anti-TH antibody 8 weeks following 6-OHDA 

challenge.  (A) A severe loss of TH immunoreactivity was observed in animals injected with 

AAV/CBA-GFP while the loss of TH immunoreactivity in rats injected with AAV/CBA-

XIAP and AAV/NSE300-Calpain-GFP was slightly less severe (B, C).  Animals injected 

with the AAV/NSE300-Calpain-XIAP vector displayed a moderate loss of TH 

immunoreactivity (D).   
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 Analysis of striatal dopaminergic terminals 6.3.4.

Given the sparing of dopaminergic cell bodies observed in the AAV/NSE300-Calpain-XIAP 

group, the effects of calpain-regulated XIAP expression on dopaminergic terminals in the 

striatum were next examined.  Six sections covering the rostrocaudal extent of the striatum in 

each animal were immunostained for TH.  The levels of TH immunoreactivity throughout the 

rostrocaudal extent of the striatum were similar between the injected and control hemispheres 

under basal conditions in all treatment groups, demonstrating that no dopaminergic toxicity 

was associated with nigral vector infusion or striatal saline infusion (Figure 6-8).   

Overall the pattern of TH denervation in the 6-OHDA lesioned animals was consistent with 

the extent of remaining TH cell bodies in the SNc.  Consistent with the high level of 

dopaminergic cell loss observed in the SNc of animals injected with AAV/CBA-GFP, this 

vector treatment group displayed the highest level of denervation.  Loss of TH 

immunoreactivity was observed throughout the rostrocaudal extent of the striatum.  The 

magnitude of denervation was less pronounced in the other vector treatment groups, 

particularly in the rostral region of the striatum.  Compared with the AAV/CBA-GFP group, 

the extent of TH denervation was less profound in the AAV/NSE300-Calpain-GFP group 

indicating that the high levels of GFP expression contributed to the level of denervation 

observed in the AAV/CBA-GFP group.  Consistent with the increased loss of TH cell bodies 

in the AAV/CBA-GFP group compared with the AAV/CBA-XIAP group, a noticeable 

sparing of terminals was observed in the AAV/CBA-XIAP group, particularly in the 

dorsomedial region of the rostral striatum. This indicated that the loss of terminals observed 

was not simply due to high expression levels of a transgene regardless of the specific 

transgene expressed.  Compared with the AAV/CBA-XIAP group, there was a noticeable 

sparing of terminals in the AAV/NSE300-Calpain-XIAP group, particularly in the lateral 

aspect of the rostral striatum.  Dopaminergic terminals in AAV/NSE300-Calpain-XIAP were 

spared in comparison with the AAV/NSE300-Calpain-GFP group implying that the sparing 

observed was unlikely due to overall lower transgene expression levels regardless of the 

protein expressed (Figure 6-9). Overall this indicated that calpain-regulated expression of 

XIAP provided superior protection of dopaminergic cell bodies and terminals in comparison 

to AAV/CBA-XIAP expression.    
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Figure 6-8. No loss of striatal dopaminergic innervation across vector treatment groups under basal conditions. 

Similar levels of TH immunoreactivity were observed in the control (left) and injected hemisphere (right) throughout the rostrocaudual extent of 

the striatum in all vector treatment groups. Scale bar 30mm. 
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Figure 6-9. Comparison of the extent of dopaminergic terminal loss across vector treatment groups 8 weeks following unilateral 

intrastriatal 6-OHDA challenge. 

All animals displayed a loss of TH immunoreactivity in the injected hemisphere particularly in the caudal regions of the caudate putamen.  The 

most profound loss of TH immunoreactivity was observed in the AAV/CBA-GFP group, where loss of TH immunoreactivity was observed 

throughout the rostrocaudal extent of the caudate putamen (column 1).  A milder loss of TH immunoreactivity was observed in all other vector 

treatment groups particularly in the caudal regions of the caudate putamen. The magnitude of denervation in AAV/CBA-GFP animals (column 

1) was greater than in AAV/NSE300-Calpain-GFP animals (column 2). Compared with the AAV/CBA-GFP group (column 1) there was a 

moderate sparing of dopaminergic terminals in animals in the AAV/CBA-XIAP group (column 3).  Animals in the AAV/NSE300-Calpain-XIAP 

group (column 4) displayed moderate sparing of terminals when compared to those in the AAV/CBA-XIAP group (column 3), particularly in the 

lateral areas of the rostral caudate putamen.  The extent of denervation was also greater in the AAV/NSE300-Calpain-GFP (column 2) group 

compared to the AAV/NSE300-Calpain-XIAP group (column 4).  Scale bar 30mm.  

 



 

219 

 

 Analysis of HuC/D expression 6.3.5.

To address the possibility of XIAP expression downregulating tyrosine hydroxylase 

expression, brain sections were immunohistochemically stained for HuC/D; a general 

neuronal marker.  Similar to the TH immunostaining, variability was observed between 

animals in the extent of HuC/D immunoreactivity in the saline group; therefore comparisons 

were made between hemispheres within the same animal. Consistent with the TH 

immunostaining, there was no apparent loss of HuC/D immunoreactivity in saline treated rats 

with any of the vector treatments (Figure 6-10).  As anticipated, all animals challenged with 

6-OHDA displayed a loss of HuC/D immunoreactivity, and the extent of the neuronal loss 

mirrored the extent of TH immunoreactivity.  Extensive loss of HuC/D immunoreactivity was 

observed in rats that had received AAV/CBA-GFP, AAV/CBA-XIAP and AAV/NSE300-

Calpain-GFP vectors and only a moderate loss of immunoreactivity was observed in those 

animals injected with AAV/NSE300-Calpain-XIAP (Figure 6-11).  Together these results 

confirmed that expression of XIAP under the control of the regulatory system provides 

superior protection of dopaminergic cell bodies than that achieved with the standard approach 

of constitutive XIAP expression, which surprisingly did not confer any significant protection 

in comparison to constitutive GFP expression.   
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Figure 6-10. Huc/D immunohistochemistry in the SNc following infusion of AAV 

expressing constitutive and regulatory constructs under basal conditions. 

Similar levels of HuC/D immunoreactivity were observed in the injected and uninjected 

hemispheres of animals injected with  (A) AAV/CBA-luciferase (B) AAV/CBA-XIAP (C) 

AAV/NSE300-Calpain-GFP and (D) AAV/NSE300-Calpain-GFP vectors. Scale bar 250 µm. 
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Figure 6-11. HuC/D immunohistochemistry in the SNc following infusion of AAV 

expressing constitutive and regulatory constructs and striatal infusion of 6-OHDA. 

Compared with the control hemisphere, a striking loss of HuC/D immunoreactivity was 

observed in the injected hemisphere of the (A) AAV/CBA-luciferase (B) AAV/CBA-XIAP 

(C)  and AAV/NSE300-Calpain-GFP groups.  The loss of HuC/D immunoreactivity was 

moderate in the AAV/NSE300-Calpain-GFP group (D). Scale bar 250 µm. 
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 Transgene expression 6.3.6.

Immunohistochemistry was performed to determine the levels of transgene expressed in 

remaining cells in rats injected with the regulatory and constitutive vectors, both under basal 

conditions and following 6-OHDA challenge. 

 Transgene expression under basal conditions 6.3.6.1.

Under basal conditions, transgene expression levels were high in animals that had received 

the constitutive vectors, while animals that had received the regulatory vectors displayed low 

transgene expression levels.  Animals injected with the AAV/CBA-GFP vector displayed 

robust GFP immunoreactivity in the cell bodies, as well as showing extensive expression in 

the processes that appeared to spread into the fibres of the SNc of the contralateral 

hemisphere (Figure 6-12A). No significant differences in the number of TH positive cells 

were observed in the contralateral hemisphere across vector treatments in the saline group 

(P>0.05) indicating that the low level of GFP expression observed in the contralateral 

hemisphere of AAV/CBA-GFP rats did not cause any loss of TH immunoreactivity in 

comparison to the other vectors.   

Transgenic XIAP expression was high in the animals infused with AAV/CBA-XIAP.  XIAP-

myc expression was expressed in the cell bodies and filled the processes (Figure 6-12B).   By 

contrast, minimal GFP immunoreactivity was observed in animals injected with 

AAV/NSE300-Calpain-GFP (Figure 6-12C) and no transgenic XIAP expression was 

observed under basal conditions in animals that had received AAV/NSE300-Calpain-XIAP 

(Figure 6-12D), suggesting that the regulatory cassette was minimally active under basal 

conditions.    
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Figure 6-12. Transgene expression mediated by constitutive vectors and regulatory 

vectors under basal conditions. 

Animals received unilateral nigral infusions of AAV vector expressing constitutive or 

regulatory constructs followed 4 weeks later by an intrastriatal saline infusion. Eight weeks 

later rats were sacrificed and immunohistochemical staining performed. GFP transgene was 

detected using an anti-GFP antibody and transgenic XIAP was detected using an anti-c-myc 

antibody. (A) Robust GFP expression was observed in rats injected with AAV/CBA-GFP.  

GFP was expressed highly in the cell bodies and processes and appeared to spread into the 

fibres of the contralateral hemisphere. (B) High levels of XIAP-myc were observed in the 

AAV/CBA-XIAP-injected animals. XIAP-myc was expressed in cell bodies and processes. 

(C) Rats injected with AAV/NSE300-Calpain-GFP displayed minimal GFP immunoreactivity 

indicating that the regulatory system is weakly active under basal conditions. (D) No c-myc 

immunoreactivity was observed in animals that had received AAV/NSE300-Calpain-XIAP 

(the approximate location of the SNc is indicated by the arrows).  
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 Transgene expression in 6-OHDA animals 6.3.6.2.

Transgene expression was greatly reduced across all vector treatment groups following 

challenge with 6-OHDA.  As expected, only a small number of GFP immunoreactive cells 

were observed in animals that had received AAV/CBA-GFP (Figure 6-13A) indicating that 

high expression of GFP did not confer any resistance to 6-OHDA-mediated toxicity.  The 

number of XIAP-myc immunoreactive cells was also greatly reduced in animals that had 

received the AAV/CBA-XIAP vector (Figure 6-13B) consistent with the finding that XIAP 

did not confer any remarkable protection of dopaminergic cell bodies.  The number of GFP-

positive cells appeared to be reduced in animals injected with AAV/NSE300-Calpain-GFP 

(Figure 6-13C).  No XIAP-myc immunoreactivity was observed in animals injected with 

AAV/NSE300-Calpain-XIAP (Figure 6-13D).   
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Figure 6-13. . Transgene expression mediated by constitutive vectors and regulatory 

vectors under basal conditions 

Animals were injected unilaterally into the SNc with AAV vector expressing constitutive or 

regulatory constructs followed 4 weeks later by an intrastriatal infusion of saline. Eight weeks 

later rats were sacrificed and immunohistochemical staining performed. GFP transgene was 

detected using an anti-GFP antibody and transgenic XIAP was detected using an anti-c-myc 

antibody. Transgene expression was low in all vector treatment groups (A) Low levels of 

GFP expression were observed in the SNc of animals injected with AAV/CBA-GFP.  (B) 

Low levels of c-myc immunoreactivity were observed in the SNc of animals injected with 

AAV/CBA-XIAP (C) No GFP expression was observed in AAV/NSE300-Calpain-GFP 

injected rats (D) No XIAP-myc expression was observed in animals that had received 

AAV/NSE300-Calpain-XIAP (the approximate location of the SNc is indicated by the 

arrows).  
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 Assessment of neuroinflammatory response 6.3.7.

To assess whether the protection of dopaminergic cell bodies observed was associated with a 

reduction in neuroinflammation, brain sections in the centre of the SNc were 

immunologically stained with antibodies raised against GFAP and CD11b, markers of 

astrocytes and microglia, respectively.  Astrogliosis and microgliosis are characterised by 

proliferation, migration to the site of injury and morphological changes including cell body 

and process hypertrophy (reviewed in (Verkhratsky et al., 2014)). 

 Analysis of astrogliosis 6.3.7.1.

The spread and level of GFAP immunoreactivity differed between animals even within the 

same vector treatment group, however the use of unilateral infusions made it possible to 

make comparisons with the contralateral hemisphere. A mild elevation in GFAP expression 

was observed in the injected hemisphere of all vector treatment groups in unlesioned animals. 

The magnitude of the response was comparable across vector treatment groups (Figure 6-14), 

suggesting the response was due to either physical injury or to infusion of the AAV vector 

itself.  Astrocytes in the control hemisphere were star-shaped, which is indicative of resting 

morphology, while those in the injected hemisphere appeared reactive, as evidenced by the 

enlarged cell bodies and thick dendrites (Insets, Figure 6-14). An increase in GFAP 

expression was observed surrounding the needle tract in some sections, suggesting an 

astroglial response to physical injury.   
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Figure 6-14. GFAP immunoreactivity of constitutive and regulatory cassettes under 

basal conditions 

GFAP immunoreactivity was mainly observed in the substantia nigra pars reticular with some 

immunoreactivity observed in the SNc. The AAV/CBA-GFP, AAV/CBA-XIAP and 

AAV/NSE300-Calpain-GFP groups displayed a mild increase in GFAP immunoreactivity in 

the injected hemisphere (A-C). Astrocytes in the injected hemisphere displayed a reactive 

phenotype as evidenced by higher GFAP expression in the cell bodies and processes  than 

those in the control hemispheres (insets A-C). GFAP expression levels were comparable 

between hemispheres in the AAV/NSE300-Calpain-XIAP group (D), however the astrocytes 

in the injected hemisphere displayed a mildly reactive phenotype as the GFAP expression 

was slightly elevated in these cells (inset, D). Scale bars 500 μm low magnification and 

250μm for insets. 

 

  



 

233 

 

An increase in GFAP immunoreactivity was observed in lesioned animals in the AAV/CBA-

GFP group (Figure 6-15A) and the magnitude of the response was greater than that seen in 

unlesioned animals (Figure 6-14A), demonstrating that 6-OHDA exposure induced 

astrogliosis at this time-point. The extent of astrogliosis was not attenuated in the AAV/CBA-

XIAP and AAV/NSE300-Calpain-GFP animals (Figure 6-15B and C). AAV/NSE300-

Calpain-XIAP animals displayed only a mild increase in GFAP immunoreactivity in the 

injected hemisphere, suggesting a reduction in astrogliosis in this group (Figure 6-15D).  As 

with the saline groups, astrocytes in the control hemisphere displayed star-shaped 

morphology typical of these cells when in a resting state. By contrast, reactive astrocytes 

were observed in the injected hemisphere of the AAV/CBA-GFP, AAV/CBA-XIAP and 

AAV/NSE300-Calpain-GFP groups; GFAP was highly expressed in the cell bodies and 

processes (Insets Figure 6-15A-C).  Astrocytes in the injected hemisphere of the 

AAV/NSE300-Calpain-XIAP group also displayed a reactive phenotype (Inset, Figure 

6-15D) despite the overall attenuation of astroglial response, suggesting a reduction in 

astrocyte density rather than a decrease in GFAP expression in individual astrocytes.     
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Figure 6-15. GFAP immunoreactivity of constitutive and regulatory cassettes following 

6-OHDA challenge. 

With respect to the control hemisphere, an increase in GFAP immunoreactivity was observed 

in the injected hemisphere of the AAV/CBA-GFP, AAV/CBA-XIAP and AAV/NSE300-

Calpain-GFP groups, however the extent of the response did not differ significantly across 

these groups (A-C). AAV/NSE300-Calpain-XIAP animals displayed comparable levels of 

GFAP expression between hemispheres.  Astrocytes in the injected hemisphere displayed a 

reactive phenotype in all treatment groups as evidenced by larger processes and higher GFAP 

expression in the cell bodies than those in the control hemispheres (insets). Scale bars 500 μm 

low magnification and 250μm for insets. 
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 Analysis of CD11b expression 6.3.7.2.

An increase in CD11b expression was observed along the needle tract in some sections, 

suggesting a microglial response to physical injury.  Comparisons were therefore made to 

areas of the SN away from the needle tract in those sections.  In unlesioned animals, a mild 

increase in CD11b immunoreactivity was observed in the injected hemisphere of AAV/CBA-

GFP animals compared with the control hemisphere (Figure 6-16A), while the AAV/CBA-

XIAP, AAV/NSE300-Calpain-GFP and AAV/NSE300-Calpain-XIAP groups displayed 

comparable levels of CD11b expression across hemispheres (Figure 6-16B-D).  At a higher 

power magnification moderate elevations in CD11b expression were observed in the cell 

bodies of microglia in the injected hemisphere of AAV/CBA-GFP animals compared with the 

contralateral hemisphere (insets, Figure 6-16A).  This indicated that the high levels of GFP 

expressed by the AAV/CBA-GFP vector may have induced mild microgliosis.  The 

AAV/CBA-GFP also displayed an increase in CD11b expression in the 6-OHDA animals; 

however the magnitude of this response was not markedly different from that observed in the 

saline animals (Figure 6-17A). The microglia displayed higher CD11b expression levels in 

the cell bodies and processes in the injected hemisphere of these animals (Inset Figure 

6-17A).  CD11b expression levels were comparable between hemispheres in the AAV/CBA-

XIAP, AAV/NSE300-Calpain-GFP and AAV/NSE300-Calpain-XIAP groups and there was 

no obvious difference in microglial morphology with respect to the contralateral hemisphere 

(Figure 6-17B-D). These results indicated that 6-OHDA did not induce microgliosis at this 

time-point; however a mild microglial response was evoked by overrexpression of GFP.  

 Summary of results  6.3.8.

The results presented in this chapter showed that regulating expression of XIAP using the 

calpain activation-dependent system provided superior protection of dopaminergic cells when 

compared to a constitutive approach where high levels of XIAP were expressed.  The 

dopaminergic cell preservation was associated with a reduction in astrogliosis, but no 

improvement in motor function by the tests performed.   
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Figure 6-16. CD11b immunoreactivity following injection of constitutive and regulatory 

cassettes under basal conditions. 

A slight increase in CD11b immunoreactivity was observed in the injected hemisphere of 

animals in the AAV/CBA-GFP group relative to the control hemisphere (A). CD11b 

immunoreactivity was comparable across hemispheres in the AAV/CBA-XIAP (row B), 

AAV/NSE300-Calpain-GFP (row C) and AAV/NSE300-Calpain-GFP treatment groups (D). 

Microglia appeared to slightly reactive in the injected hemisphere of animals in the 

AAV/CBA-GFP treatment group as evidenced by higher levels of CD11b expression in the 

cell bodies in comparison to the control hemisphere (inset, A). The morphology of the 

microglia was comparable between hemispheres in the AAV/CBA-XIAP, AAV/NSE300-

Calpain-GFP and AAV/Calpain-XIAP groups (insets B-d). Scale bars 500 μm low 

magnification and 250μm for insets. 
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Figure 6-17. CD11b immunoreactivity 8 weeks following 6-OHDA challenge in animals 

infused with AAV regulatory or constitutive cassettes. 

An increase in CD11b expression was observed along the needle tract in some sections. A 

slight increase in CD11b immunoreactivity was observed in the injected SN of AAV/CBA-

GFP animals relative to the control hemisphere (A). CD11b expression levels were 

comparable between hemispheres in the AAV/CBA-XIAP (B), AAV/NSE300-Calpain-GFP 

(C) and AAV/NSE300-Calpain-XIAP groups (D). Microglia appeared mildly reactive in the 

injected hemisphere of AAV/CBA-GFP animals as evidenced by the increased CD11b 

expression in the cell bodies and processes (A, insets). The morphology of the microglia was 

comparable between hemispheres in the AAV/CBA-XIAP, AAV/NSE300-Calpain-GFP and 

AAV/NSE300-Calpain-XIAP groups (insets B-D). Scale bars 500 μm low magnification and 

250μm for insets. 
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 Discussion 6.4.

In the majority of current gene therapy approaches, transgenes are typically coupled to 

strong, constitutively active promoters.  One of the concerns preventing the successful 

translation of promising gene therapies to the clinic is that the continuous, long term, and 

indiscriminate expression of transgenic protein in both healthy and diseased cells may be 

detrimental to cell physiology long-term.  My supervisor’s laboratory has designed a novel 

gene regulation system in which transgene expression is coupled to calpain activation, a 

protease activated under conditions of cellular stress. The functionality of this system was 

demonstrated in vitro in Chapter 2, were transgene expression was found to occur in a dose-

responsive and temporal manner following initiation of cellular stress.  In Chapter 4 it was 

demonstrated that GFP reporter gene expression increases in vivo in response to cellular 

stress associated with caspase-3 and/or calpain activation.   The GFP reporter gene was 

subsequently replaced with a therapeutic gene. The protective effects of XIAP on the 

nigrostriatal pathway have been demonstrated previously, using strong constitutively active 

promoters to drive high levels of transgenic XIAP expression prior to neurotoxin challenge 

(Crocker, Liston, et al., 2003; Eberhardt et al., 2000; von Coelln et al., 2001). The overall 

objective of this chapter was to assess the therapeutic efficacy of calpain-regulated versus 

constitutive XIAP expression in the 6-OHDA model of PD.   

To do this AAV vectors were infused expressing regulatory or constitutive constructs, as well 

as their respective controls, unilaterally into the SNc.  After allowing 4 weeks for transgene 

expression to peak, animals received 6-OHDA at a dose and injection site that produces a 

partial lesion of the nigrostriatal pathway and induces calpain activation.  Motor function of 

the animals was assessed 4 and 8 weeks later, after which the animals were euthanased for 

histological examination of the numbers of dopaminergic cells remaining, as well as for the 

presence of inflammatory markers. 

 Assessment of motor function 6.4.1.

No significant improvements in motor function were observed despite the sparing of both 

dopaminergic cell bodies and terminals in the AAV/NSE300-Calpain-XIAP group.  There are 

several possible explanations for this result.  The first is that the terminals remained 

dysfunctional despite appearing structurally intact. Future studies could involve assessment 

of striatal levels of dopamine and its metabolites.   
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Another explanation is that the tests selected were not sensitive enough to detect an 

improvement in motor function with the magnitude of dopaminergic protection observed. 

Amphetamine-induced rotation testing was selected to assess the level of motor deficit as 

partial lesions causing dopaminergic cell loss as low as 30-50% is sufficient to induce a 

rotational phenotype (Kirik et al., 1998).  The results presented here suggest that the 

magnitude of amphetamine-induced rotation may not be sensitive enough to discriminate 

between dopaminergic cell loss in the range of 50-80%, as similarly high turning frequencies 

were observed between animals injected in the AAV/CBA-GFP group where an 80% loss of 

cells was observed compared with the AAV/NSE300-Calpain-XIAP group where cell loss 

was limited to 50%.  As described in Chapter 4, the extent of dopaminergic denervation and 

effect on motor functions depends not only on the total dose of 6-OHDA, but also the site of 

injection.  Therefore small discrepancies in the site of 6-OHDA injection could account for 

some of the variability observed in rotation frequencies between animals within the same 

treatment groups.  The rotation frequencies observed in the AAV/CBA-GFP group of 6-10 

rotations/min 4 weeks post 6-OHDA infusion are within the range described previously by 

Kirik and colleagues 3 weeks post 6-OHDA infusion (Kirik et al., 1998). Given the 

variability observed between animals, it is possible that increasing group sizes may increase 

the ability to achieve significance if there is a small effect size.  Some animals appeared to 

have habituated to the experimental setup for the cylinder test, and high variability remained 

in the 4 and 8 week time-points, despite increasing the recording time for this test.  

The amphetamine-induced rotation test and cylinder tests were selected as they examine two 

different aspects of motor impairment; the degree of forelimb asymmetry, and the functional 

consequences of lesion size.  Other interesting aspects of motor impairment such as akinesia, 

movement initiation, and fine motor control could be assessed in future studies (reviewed in 

(Deumens et al., 2002).  An important factor to consider with regard to clinical translation is 

that preclinical effects may not necessarily translate into an improvement in quality of life for 

PD patients if effect sizes are small. Furthermore, therapeutic effects are often assessed in 

inbred animals at the preclinical stage, and may only be translatable in a subpopulation of PD 

patients as there is considerable variability between patients in disease manifestation.   

 Assessment of dopaminergic cell survival 6.4.2.

Coupling XIAP expression to calpain activation using the regulatory system provided 20% 

superior protection of dopaminergic cell bodies than CBA-driven XIAP expression.  While 
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not quantified, histological analysis revealed a noticeable sparing of dopaminergic processes 

in the striatum of AAV/Calpain-XIAP animals, an effect not seen in AAV/CBA-XIAP 

animals.  This finding implied that the levels of XIAP expressed by the regulatory system 

were maintained within a more desirable range over the course of the study than the high 

levels of XIAP expressed constitutively in the AAV/CBA-XIAP animals.  Given that these 

vectors were titre-matched, it is plausible that the protection observed was attributatble to the 

difference in promoter strength or cellular specificity between these two vectors. 

 As described in Section 5.1, the protective effects of XIAP on the nigrostriatal pathway have 

been demonstrated following constitutive expression in an in vitro 6-OHDA model (von 

Coelln et al., 2001) and in vivo in the MPTP model of PD (Crocker, Liston, et al., 2003; 

Eberhardt et al., 2000).  It was therefore expected that some increase in protection of 

dopaminergic cell bodies would be observed in the AAV/CBA-XIAP group compared to the 

AAV/CBA-GFP group.  The reason for this is unclear; however two of the animals in the 

AAV/CBA-GFP group died following pentobarbitone anesthetisation during the course of the 

study, reducing the group size to 4.  Given the variability in cell counts between animals it is 

possible that increasing the group size would have resulted in a lower mean value of cell 

counts in the AAV/CBA-GFP group.  Additionally, the titre of AAV/CBA-GFP had been 

reduced compared to the other vector treatment groups to avoid toxic overexpression of GFP. 

As such, it is possible that a proportion of the dopaminergic cell loss observed in the 

AAV/CBA-XIAP group could be due to injection of a higher titre of virus; however it was 

impossible to draw this conclusion without an empty vector control.  Nevertheless, the 

AAV/CBA-XIAP group was titre-matched to the AAV/NSE300-Calpain-XIAP, so this 

possibility was accounted for in their comparison.  The extent of TH cell loss was higher, and 

was associated with a greater level of TH denervation in the AAV/NSE300-Calpain-GFP 

group than in the AAV/NSE300-Calpain-XIAP group, demonstrating that the effect observed 

was unlikely due to lower transgene expression levels regardless of the protein expressed.  

The preservation of dopaminergic terminals observed was in line with that reported by 

Crocker and colleagues in NSE-XIAP transgenic mice challenged with MPTP (Crocker, 

Liston, et al., 2003).  By contrast, adenoviral delivery of CMV-XIAP to mice did not preserve 

terminals of mice injected with MPTP (Eberhardt et al., 2000).  Setting aside the differences 

in toxins and rodent species between studies, expression of XIAP transgene in this study, like 

those by Crocker and colleagues, would be restricted to neurons due to use of the NSE300 
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promoter.  It is possible therefore that restriction of XIAP expression to neurons may be 

beneficial to dopaminergic terminal protection. 

 Assessment of transgene induction 6.4.3.

Conducive with the cell loss observed following 6-OHDA challenge, there was a clear 

reduction in transgenic XIAP and GFP expression in the constitutive vector groups.  No 

transgenic XIAP expression was observed in saline treated animals injected with the calpain-

regulated system, indicating that the construct was quiescent under basal conditions. Some 

low level GFP immunoreactivity was observed in the AAV/NSE300-Calpain-GFP group.  As 

discussed in Chapter 5, the differences in the levels of transgenic XIAP and GFP detected 

could be due to differences in either the half-lives of the respective proteins (GFP has a half-

life of ~26 hours (Corish et al., 1999), while the half-life of XIAP is ~6.5 hours(McNeish et 

al., 2005)), or to the sensitivity of the antibodies. Transgenic XIAP expression was also not 

detected in the 6-OHDA challenged animals despite the sparing of dopaminergic cell bodies 

observed, possibly due to inactivity of the system at the time point the histology was 

performed. 

 Temporal responsiveness of the system 6.4.4.

The results presented here assessed the protective efficacy of the system at a single time-

point. The sparing of TH cells indicates that calpain activation is likely to have occurred 

sufficiently early following 6-OHDA infusion to allow XIAP to be expressed and exert its 

therapeutic effects before the onset of the irreversible physiological changes that lead to cell 

death in this model.  Indeed, given that activation of the system is dependent on post-

translational modification of an existing protein, cleavage of the NES would be expected to 

occur quite rapidly following calpain activation.  The rate-limiting step in this process is 

therefore likely to be the transcriptional upregulation of XIAP expression by the AuxRE.  

The kinetics of the ARF5-AuxRE system have not been examined in mammalian cells 

previously, and are likely to differ from that of plant cells due to the presence of endogenous 

regulators of ARF5.  It would therefore be of interest in future studies to determine the total 

amount of ARF5 protein required to induce transgene expression by the AuxRE in 

mammalian cells.  The timing and extent of XIAP-myc induction are likely to have correlated 

with calpain activation levels, at least in the early stages following 6-OHDA infusion in the 

present study. Grant et al. have demonstrated that calpain activation occurs at acute time-
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points of 18 and 24 hours, followed by a return to baseline until 14 days post-infusion (Grant 

et al., 2009).  The results from Chapter 2 demonstrated that GFP reporter gene expression is 

upregulated in the system at 18 hours; therefore it is reasonable to infer that XIAP-myc 

expression was also elevated at this time-point in the present study.  Once produced, XIAP-

myc would have multiple effects within the cell and also on the induction state of the 

cassette. 

As described in Section 1.8.1 XIAP primarily functions to block the progression of apoptosis 

through inhibition of the initiator caspase 9 and the effector caspases 3 and 7 which are 

responsible for the specific cleavage of various cellular proteins vital for normal cellular 

functioning (Deveraux et al., 1998; Deveraux et al., 1997).  The findings presented here 

imply that calpain activation, and the induction of XIAP-myc expression occurred within a 

time-frame following 6-OHDA challenge in which these caspases are activated,  culminating 

in the protection observed.  The time course of caspase activation following 6-OHDA lesion 

has not been studied extensively, however studies by Grant et al. (2009) and Hanrott et al. 

(2008) indicate that activation of caspase-3 occurs within a week post 6-OHDA infusion 

(Grant et al., 2009; Hanrott et al., 2008). Additionally, activated caspase-3 itself regulates 

calpain activation through cleavage of the endogenous calpain inhibitor calpastatin (Wang et 

al., 1998).  This suggests that once expressed, in addition to halting the progression of 

apoptosis through inhibition of caspases 3, 7 and 9, XIAP-myc could effectively reduce 

cassette induction by allowing calpastatin to function once more to block calpain activity. 

The regulatory system has broad applicability to various diseases associated with calpain 

activation, therefore it will be important to characterise its temporal responsiveness in future 

studies. 

 Dose responsiveness of the system 6.4.5.

The protective efficacy of the system was demonstrated at a single 20µg dose of 6-OHDA.  

Calpain activation levels, and therefore XIAP transgene expression levels, are likely to be 

reduced when cells are undergoing lower levels of stress. Such cells are likely to be in a more 

physiologically responsive state and therefore it is possible that a greater degree of protection 

would be observed under these conditions. The rate of progression of PD differs between 

patients, therefore it would be of interest in future studies in both transgenic alpha synuclein 

and LRKK2 mouse models of PD as well as other toxin models to determine the threshold of 

calpain activation required to produce XIAP at a level sufficient to facilitate cell protection.   
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 Assessment of inflammatory response 6.4.6.

Astrogliosis was observed in unlesioned animals following AAV vector infusion across all 

treatment groups, possibly due to physical injury of the injection itself, or infusion of the 

AAV vector. Astrogliosis has been reported following injection of sterile vehicle into the 

striatum (Walsh et al., 2011), however possibility of AAV vector particles having elicited this 

response cannot be ruled out without an empty vector control.  Astrogliosis was observed in 

the AAV/CBA-GFP group in lesioned animals above the level observed in unlesioned 

animals, indicating that 6-OHDA infusion leads to astrogliosis at this time-point, a finding 

consistent with those of Ambrosi and colleagues, who also reported astrogliosis 8 weeks after 

infusion of the same dose of 6-OHDA (Ambrosi et al., 2010).  Conducive with the 

preservation of dopaminergic cells, astrogliosis was reduced in the AAV/NSE300-Calpain-

XIAP group. 6-OHDA lesion was not associated with microgliosis in the present study, 

which is consistent with the findings of Ambrosi and colleagues who demonstrated that 

microgliosis peaks 4 weeks post lesion and returns back to baseline levels in this model 

(Ambrosi et al., 2010).  The effect of the regulatory system on microgliosis would therefore 

be better assessed at more acute time-point. 

 Summary 6.4.7.

To summarize, the evidence presented in this chapter demonstrated that regulating expression 

of XIAP using the calpain-dependent system provided superior protection of dopaminergic 

cells and reduced astrogliosis in comparison to constitutive XIAP expression.  It is unclear 

why CBA-XIAP was not protective in comparison to CBA-GFP expression.  The 

mechanisms underpinning the preservation observed can be uncovered in future studies by 

conducting comprehensive time course and stimulus strength analyses looking at calpain and 

caspase activation with respect to transgenic XIAP expression levels and dopaminergic cell 

survival.  Finally, while the surviving cells appear structurally intact, their functionality will 

need to be assesed biochemically and through more comprehensive examination of various 

aspects of motor function. 
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 Summary and conclusions Chapter 7.

In this thesis the functionality of a novel protease-dependent gene regulation system was 

characterised, and the protective efficacy of the anti-apoptotic gene XIAP under the control 

of this regulation system assessed in vivo following AAV-mediated delivery in the 6-OHDA 

rat model of PD.  The main findings of this thesis were (i) that the system is inducible in 

response to cellular stress in vitro and in vivo and (ii) that regulating XIAP expression using 

this system protects dopaminergic cell bodies in comparison to constitutive XIAP expression. 

Previous experience in my supervisor’s laboratory has shown that expressing high levels of 

therapeutic proteins such as brain-derived neurotrophic factor (BDNF) leads to toxicity in the 

brain (unpublished data).  Additionally other studies have demonstrated that overexpression 

of the therapeutic gene GDNF is associated with undesirable side-effects such as fever and 

motor hyperactivity in rodents (Lapchak et al., 1997) and in monkeys (During et al., 1998). 

The results presented in this thesis imply that regulating expression of a candidate transgene 

to lie within a therapeutic range at an appropriate time may be critical for a therapeutic 

outcome. 

There was no evidence of overt toxicity due to overexpresison of XIAP in this study as 

determined by visualisation of markers for reactive gliosis. However, the finding that 

constitutive XIAP expression did not protect dopaminergic cell bodies in comparison to 

calpain-regulated XIAP expression implied that the high level of XIAP expressed by the  

constitutive construct may have been above the level at which a therapeutic effect is obtained.  

It is possible that the levels of XIAP expressed by the constitutively active NSE and CMV 

promoters utilised by Crocker and Eberhardt and colleagues to obtain dopaminergic cell body 

protection in mice treated with MPTP (Crocker, Liston, et al., 2003; Eberhardt et al., 2000) 

were lower than those driven by the CBA promoter in the present study.  Nevertheless, based 

on these findings the regulation of transgene expression could be critical to achieving a 

therapeutic outcome in the CNS. As described in Section 1.2, a number of other gene 

regulation systems have been developed and characterised to varying degrees in the CNS.  

The following sections compare the regulatory system to the utility of those systems with 

regard to the characteristics of ideal regulatory systems outlined in Section 1.2.1. 
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 Construct size 7.1.

The regulatory system was coupled to the ~1.5 kb full length human XIAP gene in the 

present study. The coding sequences for the potential therapeutic proteins AADC, TH, 

GTPCH-1, neurturin and GDNF that have been assessed in clinical trials for the treatment of 

PD (Aron et al., 2011; Bankiewicz et al., 2000; Emborg et al., 2007; Jarraya et al., 2009; Luo 

et al., 2002; Peterson et al., 2008) could be accommodated within the regulatory system for 

delivery via AAV vectors to the brain.  However the capacity of the system still limits the 

ability to deliver large therapeutic transgenes such as full length GDNF.  In contrast to this 

system and tetracycline-based systems, the large size of rapamycin-based systems 

necessitates the use of two vectors to deliver the individual cistrons; one encoding the two 

fusion transcription factors and one encoding the transgene downstream of the 12xZFHD1 

binding sites and minimal CMV promoter.  To enable delivery of multiple transgenes using 

this system viral vector systems with larger packaging capacities, such as lentiviral vectors 

that can accommodate up to 8kb (Wiznerowicz et al., 2003) are an option.  Alternatively, a 

coinfusion strategy could be employed where the individual cistrons of the system may be 

encoded by separate vectors. This strategy has been employed to deliver multiple transgenes 

with the Tet-On and Tet-Off systems previously (Wang et al., 2005; Wang et al., 2006). Such 

an approach would necessitate characterisation of the optimal ratio of the vectors encoding 

the individual cistrons in the system.    

 Basal transgene expression levels 7.2.

Transgene expression levels should be low under basal conditions to limit the possibility for 

side-effects from overexpression of transgene in non-diseased cells.  Low levels of transgene 

expression were observed under basal conditions using the regulatory system.  While a 

proportion of the leakiness of the system could be attributed to the proximity of the ITRs to 

the AuxRE, given that calpain plays a role in physiological functions in the brain other than 

apoptosis, it may not be possible to completely eliminate basal transgene expression levels.  

The physiological relevance of the basal levels of transgenic protein will depend on the 

transgene coupled to the system and the disorder being treated.  The tetracycline, rapamycin 

and RU486 systems also exhibit low levels of transgene expression in the off state.  

Considerable work has been carried out to silence transgene expression under basal 

conditions for CNS applications with the widely used Tet-On system (Fitzsimons et al., 2001; 

Lamartina et al., 2003; Urlinger et al., 2000); however there remains a need to reduce basal 
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leakiness of the system whilst maintaining high transgene induction potency. Nevertheless, 

the low levels of transgene expression under basal conditions using regulatory systems are 

likely to be more desirable than high constitutive expression in a clinical setting.  

 Temporal responsiveness 7.3.

The time to induction and repression of transgene expression using the regulatory system is 

dependent on the timing and magnitude of protease activation as well as the kinetics of the 

ARF5/AuxRE system in mammalian cells.  Both these factors will need to be investigated in 

the brain in future studies. Induction of transgene expression was demonstrated in a temporal 

manner following the initiation of cell stress in vitro. While the protection of dopaminergic 

cell bodies observed in vivo in Study 5 indicated that the temporal responsiveness of the 

system was likely to be adequate, there remains a need to conduct specific time course 

analyses to correlate the transgene expression profile with calpain activation. These analyses 

will enable us to rule out the possibility that the protection observed was due to low XIAP 

expression levels regardless of the timing of its expression with respect to calpain activation.  

Transgene expression should be induced sufficiently early in the progression of a disease to 

allow ample time for the therapeutic protein to exert its effects.  Transgene induction was 

demonstrated 18 hours following 6-OHDA exposure, suggesting that the induction response 

was rapid in the context of this model, as no significant cell death is expected at this 

particular time point.   

The repressibility of the system will need to be addressed in future studies to ascertain 

whether transgene expression can be silenced in adequate time to minimise potential side-

effects from overexpression of transgenic protein. The time to transgene induction and 

repression using exogenous systems depends on the pharmacokinetics of the drugs being used 

to regulate transgene expression using these systems.  Maximal transgene induction has been 

reported in the rat striatum following adenoviral-mediated delivery of the Tet system at 6 

days and returning to baseline levels 10 days following the addition or removal of 

doxycycline, respectively (Xiong et al., 2006).  The rate of disease progression is likely to 

differ between patients; therefore coupling transgene expression to the regulatory system is 

likely to enable tighter temporal control of transgene expression. Additionally, transgene 

expression using the system would be limited to at risk cells, reducing the potential for side-

effects from overexpression of transgene in non-diseased cells. 
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 Immunogenicity 7.4.

While using non-mammalian proteins to regulate gene expression is advantageous as gene 

expression is unlikely to be induced or repressed by endogenous transcription factors, the risk 

of initiating adverse effects in patients is increased.  Conversely, the use of human proteins 

also poses a potential problem as these proteins may affect endogenous gene expression.  If 

exogenous proteins are to be used, the levels of these proteins required to induce transgene 

expression should be as low as possible.  Therefore it will be important in future studies to 

quantify the minimal amount of ARF5 required to induce transgene expression from the 

AuxRE.  Clearly the level of transgene expression deemed as sufficient would vary 

depending on the transgene expressed and disease context, so these studies would need to be 

performed on a case-by-case basis.  No astrogliosis or microgliosis was associated with 

ARF5 expression under basal conditions, indicating that its constitutive expression does not 

elicit an immune response in the brain. The Tet system is also composed of nonmammalian 

proteins and while there have been reports of immunogenicity following its intramuscular 

injection in non-human primates (Chenuaud et al., 2004; Favre et al., 2002; Latta-Mahieu et 

al., 2002), a clear lack of humoral response has been reported in the brain following its 

intrastriatal injection in rats (Han et al., 2010), thought to be attributable to the brain being an 

immune privileged site.  The risk of eliciting an immune response with the rapamycin and 

RU486 systems are lower as the rapamycin system is composed entirely of human proteins 

and the majority of the components in the RU486 system are of human origin, however it 

remains to be determined whether these components have effects on host gene expression. 

 Implications for the treatment of PD and other CNS disorders 7.5.

While the system was found to be inducible in response to postsurgical stress within 48h of 

surgery (Chapter 4), the neuroprotection observed 8 weeks post 6-OHDA challenge 

compared to sham controls (Chapter 6) indicated that this response was acute.  Induction of 

therapeutic gene expression in response to postsurgical cellular stress would be desirable to 

further promote restoration of cellular homeostasis.  

The 6-OHDA model was ideal to first assess functionality of the system as it is widely used 

in preclinical studies, however it does not recapitulate all of the pathological changes and 

behavioural impairments observed in the human condition.  Assessing the efficacy of the 

system in multiple models of PD, both genetic and toxin-based will strengthen predictions to 

be made on the efficacy of the system in humans.  



 

251 

 

It remained an open question whether the surviving dopaminergic cells in animals that had 

received the AAV/NSE300-Calpain-XIAP construct were physiologically functional.  

However, if the physiological integrity of these cells is maintained by this therapy, it will be 

imperative for the regulatory system to be administered as early during the disease 

progression as possible to facilitate the protection of as many of the remaining dopaminergic 

neurons as possible. At present PD patients are diagnosed based on clinical symptoms, 

presumably at a stage when dopaminergic cell death has already occurred. Clearly an earlier 

intervention in the disease process would be highly desirable. The hunt for an early 

biomarker of PD is progressing at a rapid pace (Sherer, 2011) and as such it may be possible 

in the future to administer the regulatory system to high risk individuals at an even earlier 

stage than would be possible currently.  

This thesis demonstrated the utility of the regulatory system in the context of PD using 

calpain activation as a switch to trigger transgene expression. However the system has broad 

applicability to other diseases associated with aberrant activation of calpain and also other 

specific proteases.  It would be advantageous to select a protease involved in the early stages 

of disease pathogenesis that plays minimal roles in normal physiological functioning to allow 

sufficient time for the therapeutic protein to exert its effects on the cell with low transgene 

expression under basal conditions.  AAV vector mediated transgene expression peaks 

approximately 2-4 weeks following vector transduction, therefore the system would be best 

suited for the treatment for slowly progressing CNS disorders such as Huntington’s disease 

and Alzheimer’s disease, which are also associated with increased calpain and caspase 

activity as part of the disease pathogenesis. The utlity of this system in the treatment of these 

diseases will be dependent on (i) the ability to target the area of interest and (ii) the timing of 

intervention relative to the disease state.  

Alzheimer’s disease is characterised neuropathologically by the progressive functional failure 

of synaptic cell communication and subsequent neuronal death in cortical areas of the brain, 

beginning in the entorhinal cortex and hippocampus.  Gene therapies to treat AD are limited 

by the lack of a viral vector to efficiently transduce multiple cellular pathways that 

degenerate in the cortex. Using current technology, individual cellular systems that 

degenerate in AD have been targeted to treat mild AD (Nagahara et al., 2009; Tuszynski et 

al., 2005). At a molecular level, Alzheimer's disease is characterized by the presence of 

intracellular neurofibrillary tangles consisting of hyperphospholrylated tau protein and 

extracellular plaques consisting of amyloid beta protein. Both calpain and caspase activation 
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have been reported in post-mortem AD brains (LeBlanc et al., 1999; Saito et al., 1993; Tsuji 

et al., 1998). The system would be useful in AD treatment as caspases and calpain activation 

are involved in both major pathways of AD pathogenesis; through the production of toxic 

fragments of amyloid beta (LeBlanc et al., 1999) and tau (Gamblin et al., 2003; Grynspan, 

Griffin, Cataldo, et al., 1997). 

This system would also be useful in gene therapy strategies targeted at Huntington’s disease 

(HD). HD is caused by polyglutamine expansion in the huntingtin protein resulting in 

selective cellular dysfunction and neurodegeneration in the striatum and cortex.  Activation 

of calpain and several effector and initiator caspases have been identified in post-mortem HD 

brains compared to age-matched controls (Gafni et al., 2002; Hermel et al., 2004; Wellington 

et al., 2002).  Caspase activation is abundant in cortical projection neurons (Wellington et al., 

2002), the dysfuction of which is an early event in the pathogenesis of HD.  Calpain 

activation levels reflect disease severity as they correlate with the length of the polyglutamine 

tract (Gafni et al., 2002).  Additionally, striatal neurons are efficiently targeted using viral 

vectors (Xu et al., 2001) and since HD is caused by a known genetic mutation, early 

intervention is possible to restore homeostasis in as many vulnerable neurons as possible.  

To summarize, the results presented in this thesis provide evidence of the ulitity of this 

regulatory system in the treatment of PD, and sufficient information exists to warrant 

investigation of its utility in gene therapies targeting other neurodegenerative disorders such 

as HD and AD. 
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