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Abstract 

 
 
Neurogenesis is the process by which functionally integrated neurons are generated from 

progenitor cells.  In the adult mammalian brain two sites of high density cell division have been 

identified that contain neural progenitor cells retaining the ability to generate new neurons:  the 

subgranular zone of the hippocampus (SGZ) and the subventricular zone (SVZ) lining the lateral 

ventricles in the forebrain.  Several studies have suggested that SVZ neural progenitor cells in 

the adult brain can migrate into regions other than the olfactory bulb after either administration 

of growth factors, induction of neuronal cell loss or injury.  Brain-derived neurotrophic factor 

(BDNF) and fibroblast growth factor (FGF-2) play major roles in regulating the survival and fate 

of progenitor cells in the adult mammalian brain.  To determine the effect of BDNF or FGF-2 on 

neurogenesis in the injured adult brain, BDNF or FGF-2 were over-expressed in the 

subventricular zone (SVZ) via recombinant adeno-associated virus (AAV1/2) delivery and newly 

generated cells were identified using bromodeoxyuridine (BrdU; 150mg/kg intraperitoneal) 

labelling.  Selective striatal cell loss was induced in a subgroup of rats by unilateral striatal 

injection of the excitotoxin quinolinic acid (QA) 21 days after AAV1/2 injection and 24 hours prior 

to BrdU labeling.  The results of this thesis demonstrate that BDNF augments the recruitment, 

neuronal differentiation and survival of progenitor cells in both neurogenic and non-neurogenic 

regions of the unlesioned or QA lesioned brain.  BDNF also appears to contribute to the 

persistence of newly generated neurons in the QA lesioned striatum.  Our results provide the 

first evidence demonstrating the neurogenic effect of BDNF on compensatory striatal 

neurogenesis in the injured adult brain and suggest that enhanced BDNF expression may be a 

viable strategy for inducing or augmenting endogenous neural progenitor cell neurogenesis.  

Unlike the effect of BDNF, FGF-2 appears to have no effect on proliferation and/or survival of 

neural progenitor cells in either the normal or damaged brain.  FGF-2 appears to be unable to 

act as a positive mediator of SVZ progenitor cell proliferation and neurogenesis in this study.  

However, FGF-2 may be having an inhibitory effect on progenitor cell differentiation.  The 

negative result of the FGF-2 study may be of major significance in indicating the potential 

requirement of additional factors interacting with FGF-2 to influence neurogenesis.  The results 

from the FGF-2 study contribute to the research field in highlighting the complexity of the 

mammalian neurogenic process.  This thesis highlights the need for further investigation into 

multiple factor interactions, tighter regulation of the transgenic protein expression from the 

AAV1/2 delivery vector or alternative progenitor cell labelling paradigms.  However, it does show 

that if neurogenesis can be induced or augmented exogenously, neural progenitor cells may 

provide a substrate for repair in the adult brain and dramatically change therapeutic approaches 

towards the treatment of neurodegenerative diseases.         
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CHAPTER ONE 

 

Introduction 
 

 

1.1 Neurogenesis 
 

Neurogenesis is the process by which functionally integrated neurons are generated from 

progenitor cells, traditionally believed to occur only during embryonic development in the 

mammalian central nervous system (CNS; Ramon y Cajal, 1913). 

 

1.1.1 Adult Mammalian Neurogenesis 
Adult neurogenesis has been shown to occur in many non-mammalian vertebrates.  The medial 

cerebral cortex of lizards undergoes postnatal neurogenesis and can regenerate in response to 

injury (Lopez-Garcia et al., 1992).  Newts and goldfish can regenerate tail and retinal neural 

tissue, respectively, throughout life (Johns and Easter, 1977; Brockes, 1997).  Birds also 

undergo postnatal neurogenesis (Nottebohm, 2002a, b) and in song birds new neurons are 

constantly added to the region of the brain necessary for the production of learned song 

(Goldman and Nottebohm, 1983; Alvarez-Buylla et al., 1998).  Despite these findings, it was 

widely accepted that the adult central nervous system of mammals had limited regenerative 

capacity and that the brain was unable to generate new neurons once it reached maturity.  The 

lack of recovery from CNS injury and neurodegenerative disease led to the conclusion that 

neurogenesis did not occur in the adult mammalian brain.   

 

Studies in the 1960’s by Altman and Das using tritiated thymidine ([3H] thymidine) as a mitotic 

label, incorporated into DNA during S phase of the cell cycle, resulted in evidence that 

neurogenesis was occurring constitutively in the adult mammalian hippocampus (Altman, 

1962a, b, 1963; Altman and Das, 1965, 1966, 1967).  These studies also identified [3H] 

thymidine labelled cells in the subventricular zone (ependymal and subependymal layers), 

striatum and olfactory bulb.  Kaplan and Hinds, 1977 also observed [3H] thymidine labelled cells 

in the granular layers of the dentate gyrus and the olfactory bulb of four month old rats after 

intraperitoneal injections of [3H] thymidine.  However, due to the absence of 

immunocytochemical markers to determine the phenotype of the newly generated cells, 

identification was made purely on morphological criteria.  These limitations led to a widespread 

lack of acceptance of the results and made future research in the field difficult.  While studies in 

the songbird during the 1980’s correlated neurogenesis with song learning in birds (Goldman 

and Nottebohm, 1983; Alvarez-Buylla et al., 1988), it wasn’t until the 1990’s that it was 
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conclusively demonstrated that new neurons are born in restricted regions of the adult 

mammalian CNS (Reynolds and Weiss, 1992; Lois and Alvarez-Buylla, 1993, 1994; Eriksson et 

al., 1998; Gould et al., 1999b; Kornack and Rakic, 1999).  

 

While the existence of adult neurogenesis is now well documented in the rodent brain and has 

been demonstrated in olfactory structures (Kornack and Rakic, 2001; Bedard et al., 2002a), 

hippocampus (Gould et al., 1999b), amygdala (Bernier et al., 2002), striatum (Bedard et al., 

2002b) and neocortex (Gould et al., 1999a; Gould et al., 2001) of normal adult primates, the 

exact function of adult neurogenesis is still unknown.  However, it may act as a system for 

neuronal replacement in the adult brain and thereby provide strategies for stimulation of 

endogenous neural stem cells to replace dying neurons in other brain regions involved in 

neurological diseases. 

 
1.1.2 Neural Stem/Progenitor Cells 
During brain development, neuroepithelial stem cells found in the ventricular zone lining the 

ventricles give rise to neurons and glia (Temple, 2001).  CNS neural stem cells appear during 

neural plate formation and as development continues the neural plate folds to form the neural 

tube, from which the spinal cord and brain originate.  As development continues neural stem 

cells become increasingly less abundant and more restricted progenitor cells appear.  It is 

possible to distinguish between a stem cell and a progenitor or precursor cell based on the 

functional properties of the cells.  Neural stem cells are defined as undifferentiated cells 

exhibiting the ability to proliferate, self-renew and differentiate into multiple lineages; neurons, 

astrocytes and oligodendrocytes (Fig. 1.1).  A progenitor cell is defined as a mitotic cell, with a 

faster dividing cell cycle than a stem cell, with the ability to proliferate, but only gives rise to 

terminally differentiated cells and is incapable of indefinite self-renewal (Fig. 1.1).  In the adult 

brain stem-like cells are almost quiescent, in that they have a slow dividing turnover, while 

progenitor cells are more committed than stem cells (Abrous et al., 2005).  The term precursor 

is used to encompass both stem and progenitor cells, when the rigorous definitions above can 

not be fully complied with.  Precursor is therefore used as a term for most forms of multipotent 

or lineage restricted mitotic cells (Emsley et al., 2005). 

 

1.1.3 Neural Stem/Progenitor Cells in the Adult Mammalian Brain 

In the adult mammalian brain two sites of high density cell division have been identified.  The 

first region identified was the subgranular zone (SGZ)  of the hippocampus (Altman and Das, 

1965; Kaplan and Hinds, 1977).  The second and largest region identified was the 

subventricular zone (SVZ) lining the lateral ventricles in the forebrain (Lois and Alvarez-Buylla, 

1993, 1994).  Progenitor cells located in both these regions in the adult rat (Lois and Alvarez-

Buylla, 1993, 1994), adult primate (Gould et al., 1999b; Kornack and Rakic, 1999) and 

neurologically-normal adult human (Eriksson et al., 1998) brain have been shown to proliferate 
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and differentiate to form new replacement neurons for adjacent neural structures.  This led to 

the concept of neurogenesis occurring throughout life, not only during the developmental period.   

 

In the adult hippocampus, neural progenitor cells located in the subgranular zone proliferate and 

migrate into the granule cell layer, where they differentiate into neurons and glial cells (Fig. 1.2; 

Eriksson et al., 1998; Gould et al., 1999b; Kornack and Rakic, 1999; van Praag et al., 2002; 

Kempermann et al., 2003).  Neural stem cells located in the subventricular zone proliferate and 

give rise to neuroblasts, which migrate through mature neural tissue in the rostral migratory 

stream (RMS) to the olfactory bulb (Fig. 1.2; Lois and Alvarez-Buylla, 1994; Lois et al., 1996; 

Kornack and Rakic, 2001; Pencea et al., 2001b; Alvarez-Buylla and Garcia-Verdugo, 2002).  

These two neurogenic regions will be discussed in detail in the following section. 

 
Figure 1.1:  Schematic diagram showing the different classes of mammalian stem cells.  Circular 
arrows represent a capacity for self-renewal.  Modified from Gage, 2000 
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Figure 1.2: Schematic sagittal view of the adult rat brain showing the two main neurogenic regions.  
Neurogenesis occurs in the subventricular zone (SVZ; purple) of the lateral ventricles and the dentate 
gyrus of the hippocampus (DG; purple).  Migrating neuroblasts move from the SVZ through the rostral 
migratory stream (RMS) to the olfactory bulb where they differentiate in to new granule (green) and 
periglomerular (yellow) olfactory neurons.  Precursors in the dentate gyrus migrate into the dentate granule 
layer and differentiate into dentate granule neurons (green).  Modified from Parent, 2003. 
 

1.1.4 The Subventricular Zone (SVZ) 
The subventricular zone lines the lateral ventricle adjacent to the striatum (Fig. 1.2 and 1.3) and 

contains progenitor cells capable of differentiating into neurons or glia (Reynolds and Weiss, 

1992; Lois and Alvarez-Buylla, 1993; Morshead et al., 1994; Doetsch and Alvarez-Buylla, 1996).  

The SVZ consists of two morphologically distinct layers that line the lateral ventricle (Fig. 1.3).  

Ependymal cells lie adjacent to the lumen of the lateral ventricle and separate the SVZ 

progenitor cells from the ventricle cavity (Doetsch et al., 1997), while neural progenitor cells 

exist within a thin layer of undifferentiated cells that lies between the ependymal cell layer and 

the striatum (Lois et al., 1996; Doetsch et al., 1997). 

 

To determine the location of adult neural progenitor cells several early studies dissected out 

different areas from the mammalian brain and grew the isolated cells in culture.  Reynolds and 

Weiss, 1992 isolated cells from the ‘striatal’ tissue of the adult mouse brain and used epidermal 

growth factor (EGF) to induce the cells to proliferate in vitro and form spherical clusters of 

proliferating cells (neurospheres).  The proliferating cells initially expressed nestin, an 

intermediate filament found in neuroepithelial stem cells, and then developed the morphology 

and antigenic properties of neurons and astrocytes. Newly generated cells with neuronal 

morphology were immunoreactive for gamma-aminobutyric acid (GABA) and substance P, two 

neurotransmitters of the adult striatum.  In subsequent studies it was shown that cells isolated 

specifically from the SVZ of adult mice could be cultured in vitro to produce neurospheres of 

cells that exhibit self-renewal and could differentiate into neurons and glia (Lois and Alvarez-

Buylla, 1993; Morshead et al., 1994). These studies showed that the subventricular zone lining 
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the lateral ventricle immediately adjacent to the striatum was necessary and sufficient to 

generate neurospheres containing multipotent self-renewing cells.  These early studies 

concluded that cells of the adult mouse SVZ/striatum have the capacity to divide and 

differentiate into neurons and astrocytes.  Therefore SVZ cells were identified as neuronal 

precursors in the adult mammalian brain.  

 

1.1.4.1 Classification of Cell Types in the Subventricular Zone 
Extensive studies of the cytoarchitecture of the SVZ have identified four different cell types 

based on their ultrastructural and immunocytochemical characteristics: migrating neuroblasts 

(type A), immature progenitors (type C), glial cells (type B) and ependymal cells (type E; Lois 

and Alvarez-Buylla, 1993; Doetsch et al., 1997).  Young migrating neuroblasts (Fig. 1.3; type A, 

red) form chains parallel to the lateral ventricle and are surrounded by glial cells (Fig. 1.3; type 

B, blue).  The migrating neuroblasts move from the SVZ through mature tissue along the RMS 

to the olfactory bulb (Fig. 1.2).  It has been suggested that the type B cells surrounding the 

migrating neuroblasts are astrocytes, but also that they are the neural stem cells from which the 

migrating neuroblasts develop (Fig. 1.3; type B, blue; Doetsch et al., 1999b; Alvarez-Buylla and 

Garcia-Verdugo, 2002).  These stem cells exhibit a very low rate of proliferation and have been 

termed almost quiescent.  The third cell type present in the SVZ is an actively proliferating or 

transit amplifying progenitor that forms clusters along the migrating chains (Fig. 1.3; type C, 

green).  While these clusters of actively proliferating type C cells are found to be associated with 

the chains of migrating neuroblasts throughout the SVZ they are not found in the RMS (Doetsch 

et al., 1997).  The proposed sequence of differentiation of these cells is that the surrounding 

glial cells (Fig. 1.3; type B, blue) differentiate into transit amplifying progenitors (Fig. 1.3 type C, 

green) which in turn differentiate into migrating neuroblasts (Fig. 1.3; type A ,red; Doetsch et al., 

1997).  The neuroblasts continue to divide as they migrate towards the olfactory bulb along the 

RMS (Lois and Alvarez-Buylla, 1994), however when these cells were purified in culture they 

did not appear to be able to self-renew (Lim and Alvarez-Buylla, 1999).  Doetsch et al., 1999a 

showed that after treatment with the anti-mitotic drug cytosine-beta-D-arabinofuranoside (Ara-

C), both migrating neuroblasts (type A) and transit amplifying progenitor cells (type C) were 

eliminated, but some astrocytes remained.  They found that two days after Ara-C treatment SVZ 

astrocytes divided to generate new progenitor cells which in turn generated new migrating 

neuroblasts 4.5 days after treatment.  By 10 days the SVZ network was fully regenerated and 

the orientation and organisation of the migrating neuroblasts chains resembled that of normal 

mice.  Carleton et al., 2003 injected a replication-deficient retrovirus encoding the enhanced 

green fluorescent protein (eGFP) reporter gene into the lateral ventricle of adult mice to label 

dividing SVZ cells and track their migration to the olfactory bulb.  Their results showed that 

newly born (GFP+) cells from the SVZ migrated to the olfactory bulb and functionally integrated 

(Carleton et al., 2003).  These studies led to the conclusion that under normal conditions 

(Carleton et al., 2003) and regeneration (Doetsch et al., 1999a), SVZ astrocytes function as the 

primary precursors for new neurons. 
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Figure 1.3: Organisation of the adult subventricular zone.  The subventricular zone (red line on coronal 
section) lines the lateral ventricle (LV) adjacent to the striatum (ST).  Ependymal cells (type E, white) line 
the lateral ventricle, while glial cells (type B, blue) separate migrating neuroblasts (type A, red) from the 
striatum.  Putative precursor cells (type C, green) closely associate with migrating neuroblasts. Modified 
from Alvarez-Buylla and Garcia-Verdugo, 2002 
 

1.1.5 The Subgranular Zone (SGZ) 
The subgranular zone of the hippocampus lies between the granule cell layer and the hilus of 

the dentate gyrus (Fig. 1.4; Altman, 1963; Altman and Das, 1965).  Adult neurogenesis 

generates new granular neurons in the dentate gyrus of the hippocampus from neural stem 

cells in the SGZ.   Neurogenesis in the SGZ occurs in regions closely associated with blood 

vessels (Palmer et al., 2000).  These regions contain: SGZ astrocytes (Fig. 1.4; type B, blue), 

which extend basal processes under the blades of the dentate gyrus and an apical process into 

the granule cell layer; immature dividing cells (Fig. 1.4; type D, yellow), which have begun to 

express markers of neuronal differentiation; newly generated granule neurons (Fig. 1.4; type G, 

red) and endothelial cells (Fig. 1.4; white).  SGZ astrocytes (type B) give rise to intermediate 

progenitors (type D) in adult rats (Cameron and McKay, 2001), mice (Seri et al., 2001), 

monkeys (Gould et al., 1999b; Kornack and Rakic, 1999) and humans (Eriksson et al., 1998).  

Type D cells divide less frequently and are more differentiated than transit-amplifying 

progenitors (type C) in the SVZ  (Doetsch, 2003).  Immature dividing cells (type D) migrate a 

short distance into the granule cell layer, where they extend their axonal projections to the CA3 

pyramidal cell layer and their dendrites towards the molecular layer.   

The human hippocampal study by Eriksson et al., 1998 used post mortem tissue from cancer 

patients treated with the thymidine analogue, bromodeoxyuridine (BrdU) and showed that new 
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neurons are generated from dividing progenitor cells in the dentate gyrus of adult humans.  This 

was a very clear indication that the human brain retained its ability to generate new neurons 

throughout life.  Gould et al., 1999b and Kornack and Rakic, 1999 also used BrdU labelling in 

conjunction with cell-specific markers to show neurogenesis in the hippocampus in adult Old 

World primates.  Seri et al., 2001 used either BrdU or [3H] thymidine labelling in adult mice to 

show that SGZ astrocytes divide and generate new neurons under both normal conditions and 

after ablation of dividing cells using Ara-C. 

 

 
Figure 1.4: Organisation of the adult subgranular zone.  The subgranular zone (SGZ) lies between the 
granule cell layer and the hilus (red line on coronal section).  SGZ astrocytes (type B, blue) are located in 
close proximity to blood vessels (BV, grey).  Small clusters of immature dividing cells (type D, yellow) are 
found adjacent to SGZ astrocytes as well as newly generated granule neurons (type G, red).    Modified 
from Doetsch, 2003. 
 

1.1.6 Other Potentially Neurogenic Regions of the Adult Mammalian Brain 
Neural progenitor cells have also been observed in other sites of the adult brain.  Newborn 

dopaminergic neurons were recently detected in the adult substantia nigra,  the number of 

which increased when dopaminergic neurons were experimentally killed (Zhao et al., 2003).  

Proliferation of progenitor cells in the spinal cord has also been associated with gliogenesis.  

However these spinal cord progenitor cells were found to be able to generate neurons when 

cultured in vitro (Weiss et al., 1996; Shihabuddin et al., 1997) or when transplanted into the in 

vivo spinal cord neurogenic environment (Shihabuddin et al., 2000).     Neural progenitor cells 

also mostly produce glial cells in the cerebral cortex, but when a subset of pyramidal neurons 

was experimentally destroyed without affecting the surrounding cortical tissue the generation of 

new neurons was observed (Magavi et al., 2000).  This data suggests that although continuous 

neurogenesis is principally located in the SVZ/olfactory bulb and hippocampus, many regions 

within the adult brain possess a slow latent neurogenic program that could be induced or 

enhanced by damage or other stimuli (Baizabal et al., 2003).  
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1.1.7 Strategies for Labelling Neural Progenitor Cells 
Tritiated thymidine ([3H] thymidine) was commonly used to label dividing cells to determine the 

time of origin, migration, lineage and fate of neuronal cells in the developing and adult CNS 

(Kaplan and Hinds, 1977; Rakic, 1985; Doetsch and Alvarez-Buylla, 1996).  [3H] thymidine 

autoradiography also provided the first evidence that neurogenesis occurs in the adult 

mammalian brain (Altman and Das, 1965; Kaplan and Hinds, 1977).  However the use of a 

radiolabelled substrate and the time-consuming process involved in [3H] thymidine 

autoradiography dictated the need for development of new labelling strategies to study cell 

proliferation and neurogenesis (Taupin, 2006).   

 
1.1.7.1 5-Bromo-2’-deoxyuridine (BrdU) Labelling 
This need for new labelling strategies led to the development of the use of 5-Bromo-2’-

deoxyuridine (BrdU) for labelling newly born cells in the brain (Miller and Nowakowski, 1988; 

Nowakowski et al., 1989).    BrdU labelling was also developed as an alternative approach for 

determining the proliferative index of tumours (Hoshino et al., 1989b; Hoshino et al., 1989a; 

Struikmans et al., 1997).  The use of BrdU provides advantages over [3H] thymidine in that BrdU 

can be detected immunohistochemically without the use of radiolabelled material and therefore 

can be combined more easily with phenotypic markers for neuronal or glial cells.  BrdU, like [3H] 

thymidine, incorporates a thymidine analogue into DNA during S phase of the cell cycle (Fig. 

1.5).  Because BrdU can be used successfully for phenotypic analysis and stereological 

quantification (West et al., 1991), it is most commonly used to detect neurogenesis and newly 

differentiated neurons or glia in situ.   

 

The use of BrdU also has some disadvantages, such as the possibility that it may not 

specifically label dividing cells.  BrdU, like [3H] thymidine, could potentially label neurons 

undergoing DNA repair as well as cells that are replicating their complete genome.  The level of 

DNA repair in the normal brain when measured by [3H] thymidine autoradiography is constant 

throughout all neurons of the hippocampus as well as other neuronal populations of the brain 

(Schmitz et al., 1999).  In contrast, neurogenesis is occurring primarily in two discrete areas of 

the adult brain.  This suggests that BrdU labelling protocols used to study adult neurogenesis 

are not sensitive enough to detect DNA repair.  DNA repair in vivo occurs via a mechanism that 

replaces 1-2 nucleotides at the repair site as opposed to cell division where the entire genome 

is replicated (Taupin, 2006).  BrdU may also be toxic to cells that incorporate it.  BrdU 

administration to a pregnant female rodent is possibly toxic to the developing embryos, causing 

exencephaly, cleft palate, limb abnormalities and teratogenic malformations (Bannigan and 

Langman, 1979; Bannigan, 1985; Bannigan et al., 1990; Kuwagata and Nagao, 1998; Nagao et 

al., 1998; Kolb et al., 1999).  High doses of BrdU (60-600 mg/kg i.p.) also trigger neuronal cell 

death in the CNS during development (Bannigan, 1985; Nagao et al., 1998).  In the studies of 

adult neurogenesis the investigators aimed to use the lowest dose of BrdU that resulted in 

visible staining.  An intraperitoneal (i.p.) injection of BrdU at 50 mg/kg is the lowest dose in 
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embryos that labels every cell in the S phase region of the cortical ventricular zone with no 

apparent toxic affects (Miller and Nowakowski, 1988; Takahashi et al., 1992).  A dose of 50-100 

mg/kg is commonly used for most studies of adult neurogenesis (Kuhn et al., 1996; Bengzon et 

al., 1997; Kempermann et al., 1998; van Praag et al., 1999b; Gould et al., 2001; Kornack and 

Rakic, 2001).  However, a 50 mg/kg dose of BrdU only incorporates into a subpopulation of 

dividing cells in the adult, resulting in an underestimation of total dividing cell number.  Despite 

the lack of toxic side effects observed in adult rodent studies, BrdU is a mutagen which alters 

DNA stability, increases the risk of sister-chromatid exchanges, mutations, DNA double-strand 

breaks and the lengthens the cell cycle of cells that integrate the halogenated thymidine 

analogues (Taupin, 2006).  Taupin, 2006 warns that although there are no apparent toxic 

effects of BrdU when studying adult neurogenesis, even low doses of BrdU are likely to have 

toxic effects on newly generated neuronal cells in the adult brain, particularly when multiple 

doses are administered.  However, because of the development of the blood-brain barrier a 

dose suitable for embryonic studies may be too low for experiments in adults (Cameron and 

McKay, 2001).  In fact  BrdU doses as high as 300 mg/kg have no physiological side effects in 

adult rats and no apparent toxic effects on dividing cells in the dentate gyrus (Cameron and 

McKay, 2001; Cooper-Kuhn and Kuhn, 2002).  

 
Figure 1.5: Incorporation of the thymidine analogue BrdU into DNA during S phase of DNA 
replication.  Modified from Ming and Song, 2005 
 

1.1.7.2 Retroviral Labelling 
Another approach to identifying newly generated progenitor cells in the adult brain is to transfect 

progenitor cells with a recombinant retrovirus carrying a reporter gene which can integrate into 

the replicating DNA (Lewis and Emerman, 1994).  Integration of the retroviral genome into the 
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host genome only occurs during mitosis (M) when the nuclear membrane breaks down, making 

it a good indicator of cell division (Fig. 1.6).  Using retrovirus genetic marking allows direct 

visualisation of the morphology of living newborn cells through the expression of transgenes 

such as green fluorescent protein (GFP).  The major concern for this labelling approach is that it 

requires invasive stereotaxic injection into specific brain regions (Ming and Song, 2005) and if 

retroviruses are used to label new progenitor cells then other viral vectors such as adeno-

associated viral vectors can not be used to target exogenous protein expression to specific 

regions of the brain. 

 
Figure 1.6: Integration of the retroviral genome into the host genome during mitosis (M) allows 
expression of transgenes such as GFP.  Modified from Ming and Song, 2005 
 

1.2 Regulation of Adult Neurogenesis 
 
Many stimuli, exogenously applied agents, endogenous factors or physiological states appear to 

influence neurogenesis in the adult brain.  The process of newborn neuron production, 

migration and survival are all modulated by environmental changes, neurotransmitters, 

hormonal status, growth factors and injuries.   

 
1.2.1 Progenitor Cell Response to Injury 
Neurological diseases are associated with the loss of specific neuronal populations 

(Shihabuddin et al., 1999).  Non-specific neuronal degeneration occurs during aging and 

neuronal death, but can also be a consequence of trauma affecting the nervous system such as 

cerebral ischemia, seizures or head injury.  Injury to the brain affects different aspects of adult 

neurogenesis in both neurogenic and non neurogenic regions (Magavi et al., 2000; Arlotta et al., 
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2003a; Parent, 2003).  Most brain injuries result in an increase in progenitor cell proliferation in 

the SVZ or SGZ and sometimes lead to the migration of new neurons towards the site of injury.  

Specific injuries can also result in neurogenesis from endogenous progenitor cells residing in 

non neurogenenic regions such as the cortex (Magavi et al., 2000).  Several studies have 

suggested that SVZ cells in the adult brain can migrate into regions other than the olfactory bulb 

after either administration of growth factors (Craig et al., 1996; Kuhn et al., 1997; Fallon et al., 

2000; Benraiss et al., 2001; Pencea et al., 2001a), induction of neuronal cell loss (Parent et al., 

2002a; Parent et al., 2002b) or injury (Holmin et al., 1997; Jankovski et al., 1998). 

  
1.2.1.1 Cerebral Ischemia 
Cerebral ischemia is injury to brain cells caused by disruption of blood flow to the brain (Lipton, 

1999) as a result of a blocked or obstructed artery.  Ischemic brain insults have been shown to 

induce neurogenesis in the SVZ (Jin et al., 2001; Zhang et al., 2001; Arvidsson et al., 2002; 

Parent et al., 2002b; Kokaia and Lindvall, 2003; Parent, 2003; Zhang et al., 2004; Ming and 

Song, 2005) and dentate gyrus (Liu et al., 1998; Takagi et al., 1999; Jin et al., 2001; Kee et al., 

2001; Choi et al., 2003; Tanaka et al., 2004; Tureyen et al., 2004).  Recent studies have shown 

that the adult brain retains self repair capacities after ischemia in rodents (Arvidsson et al., 

2002; Parent et al., 2002b) and monkeys (Tonchev et al., 2003a; Tonchev et al., 2003b; 

Tonchev et al., 2005).   

 

Ischemic insults lead to a loss of striatal and cortical neurons and striatal damage was shown to 

induce migration of SVZ precursors toward the site of lesion and their differentiation into 

medium spiny neurons (Fig. 1.7; Arvidsson et al., 2002; Parent et al., 2002b).  Arvidsson et al., 

2002 found that 5 – 6 weeks after ischemic insult the newly generated neurons were situated 

mainly in the damaged area of the striatum, and many expressed markers for striatal medium 

spiny neurons (dopamine and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32) or 

Calbindin).  They concluded that ischemic insult induces new neurons to differentiate into the 

major phenotype of cells lost.  Tonchev et al., 2005 investigated the induction of neurogenesis 

in the post ischemic striatum and cerebral cortex of adult macaque monkeys.  They used BrdU 

to label newly generated cells in the anterior SVZ and showed an increase in cells expressing 

progenitor cell phenotypes (nestin and βIII-tubulin) two weeks after ischemia.  They found that 

progenitor cell migration was restricted to the RMS and that ischemia increased the proportion 

of progenitor cells retaining their location in the SVZ.  Tonchev et al., 2005 also found a small 

proportion of BrdU+ cells expressing markers for mature neurons (i.e. NeuN) in the postischemic 

striatum and neocortex at least 79 days after ischemia.  Their results suggest that the adult 

primate brain responds with an enhanced neurogenic response to a cerebral ischemic insult.  
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Figure 1.7:  Schematic representation of cerebral ischemia induced neurogenesis in the SVZ.  
Neural progenitor cells reside in the SVZ (a).  Ischemic insults lead to loss of striatal and cortical neurons, 
resulting in increased proliferation of SVZ progenitors (b).  Neuroblasts migrate into the damaged striatum 
from the SVZ (c) and differentiate into striatal projection neurons (d).  Modified from Kokaia and Lindvall, 
2003.  
 

Cerebral ischemia also induces enhanced cell proliferation in the rodent SGZ (Fig 1.8; Liu et al., 

1998; Takagi et al., 1999; Jin et al., 2001; Kee et al., 2001; Choi et al., 2003; Tanaka et al., 

2004; Tureyen et al., 2004).  The newly generated cells migrate into the granule cell layer and 

become mature neurons (Fig. 1.8).  A recent study of hippocampal neurogenesis following 

ischemia by Tanaka et al., 2004 used a retroviral vector expressing enhanced GFP (eGFP) 

injected into the dentate gyrus of adult gerbils.  The group analysed the morphological and 

immunological features of the newly generated cells in the dentate gyrus and found that 48 

hours after retroviral injection almost all GFP+ cells were present in the subgranular layer.  

These cells then proliferated and migrated to the granule cell layer and were found to express 

developing neuronal markers (such as Doublecortin (Dcx)) and mature markers (such as 

neuronal N and Calbindin) 30 days after ischemia.  Ischemic animals were found to have 

significantly higher numbers of GFP+ cells in the granule cell layer compared to sham operated 

animals.  Tanaka et al., 2004 concluded that ischemic stress promoted the proliferation and 

normal development of neurons in the dentate gyrus. Another study of hippocampal 

neurogenesis in response to ischemia, intraventricularly infused EGF and FGF-2 for 4 days 

after global ischemia in rats and found that this treatment lead to increased proliferation and 

neuronal differentiation of progenitor cells into hippocampal CA1 pyramidal neurons (Nakatomi 

et al., 2002).   

 
Figure 1.8: Schematic representation of cerebral ischemia induced neurogenesis in the dentate 
gyrus.  Neural progenitor cells reside in the SGZ (a).  Ischemic insults lead to increased proliferation of 
SGZ progenitors (b).  Neuroblasts migrate inside the granule cell layer (c) and differentiate into granule 
cells (d).   Modified from Kokaia and Lindvall, 2003 
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While it is accepted that more work is required to conclusively prove that the new neurons 

generated after stroke integrate and contribute to functional recovery, the data does suggest 

that endogenous progenitors are capable of replacing some neurons damaged by focal 

ischemia in the adult.  This raises the possibility that stimulation of endogenous neurogenesis 

may be a viable treatment to improve stroke recovery in the future. 

  

1.2.1.2 Seizures 
Adult rodent models of limbic epileptogenesis or acute seizures showed that seizures or seizure 

induced injury stimulates progenitor cell division and neurogenesis in the dentate gyrus and 

SVZ (Fig. 1.9) in various experimental models (Bengzon et al., 1997; Parent et al., 1997; 

Auvergne et al., 2002; Parent, 2003) with the newborn cells differentiating into mature neurons.  

Chemoconvulsant-induced status epilepticus (SE) markedly increases dentate gyrus granule 

cell neurogenesis in the adult rat (Parent et al., 1997; Gray and Sundstrom, 1998).  Drug 

induced status epilepticus significantly increased proliferation in the SVZ and migrating 

neuroblasts appeared to exit from the RMS before reaching the olfactory bulb and migrate into 

the injured forebrain regions (Parent et al., 2002a).  Neurogenesis induced by convulsive stimuli 

is accompanied by neuronal connections, but many are aberrant which could either be 

irrelevant or make the pathological condition worse (Parent et al., 1997; Scharfman, 2000; 

Parent, 2002).  Experiments which labelled proliferating cells with BrdU prior to seizure 

induction showed that epileptic activity stimulates dentate gyrus and SVZ precursors that were 

proliferating prior to injury (Parent et al., 1999).  How seizures stimulate neurogenesis is 

unknown, however, seizures may indirectly increase neurogenesis through turnover of injured 

mature dentate gyrus cells or increase the expression of growth (Humpel et al., 1993) or 

neurotrophic (Isackson et al., 1991) factors that have the potential to increase neurogenesis. 

 
Figure 1.9:  Representative diagram of seizure induced SVZ neurogenesis and hippocampal 
neurogenesis in the adult rat brain.  Normal adult SVZ-olfactory bulb neurogenesis (a).  Status 
epilepticus induces the SVZ and RMS to expand with increased neural progenitor cell proliferation, with 
increased migration of neuroblasts to the olfactory bulb and forebrain and neuronal differentiation (b).  
Neural progenitor cell proliferation in the dentate gyrus increases after seizure induction, with progenitor 
cells differentiating into granule neurons in the granule cell layer, migrating out and contributing to aberrant 
mossy fibre reorganisation of the inner molecular layer or forming glia or ectopic hilar granule neurons (c).  
Modified from Parent and Lowenstein, 2002.  
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1.2.1.3 Traumatic Brain Injury (TBI) 
Traumatic brain injuries are sudden physical assaults on the head which result in damage to the 

brain (Ratcliff et al., 2005).  There are two models of TBI used to mimic human TBI and 

characterise neurogenesis:  lateral fluid percussion injury and controlled cortical impact.  Both 

models result in the primary damage occurring in the cerebral cortex underlying the site of 

impact, with selective neuronal cell loss in the CA1, CA2 and CA3 regions of the hippocampus 

(Hicks et al., 1993; Rink et al., 1995; Smith et al., 1995; Colicos and Dash, 1996).  Studies 

investigating neurogenesis following experimental TBIs showed that the number of BrdU 

positive cells in the SGZ and SVZ increased transiently (Szele and Chesselet, 1996; Gould and 

Tanapat, 1997; Dash et al., 2001; Kernie et al., 2001; Chirumamilla et al., 2002), with the cell 

numbers returning to basal levels after 2 weeks (Dash et al., 2001; Kernie et al., 2001).  After 

one month new Calbindin expressing cells were detected in the granular layer of the dentate 

gyrus, indicating that neurogenesis increased after TBI. 

 

A recent study tested the hypothesis that cerebral cortex injury in the adult mouse induces 

changes in migration, by labelling adult SVZ cells with a retroviral vector and examining the 

distribution of cells 4 days and 3 weeks later (Goings et al., 2004).  They observed that 4 days 

after cortical injury fewer retroviral labelled cells had migrated to the olfactory bulb and that the 

number of cells labelled with retrovirus migrating towards the lesion had increased.  They also 

noted that at 3 weeks, retrovirally-labelled cells were still observed in the corpus callosum and 

in the area of injury in lesioned mice.  This suggests that cortical lesions cause a transient 

change in migration patterns of SVZ progeny, which is characterized by decreases in migration 

to the olfactory bulb but increased migration towards the injury.  In lesioned animals the number 

of labelled cells in the olfactory bulb and non-olfactory bulb regions was greater than non-

lesioned controls, suggesting an increase in migration and survival in response to lesioning.  

This study also showed that labelled cells in the OB differentiated into neurons, whereas 

labelled cells which migrated to the corpus callosum and cerebral cortex differentiated into glia.  

They suggest this demonstrates that in the context of injury the SVZ generated cells are 

capable of generating both neuronal and glial cell types.   

 

These studies show that after TBI, neurogenesis is increased bilaterally and transiently in the 

neurogenic regions of the adult brain and new neuronal and glial cells are generated at the sites 

of injury.  

 

1.2.1.4 Selective Apoptosis 
Newly generated neurons in the adult brain need to integrate and form long-distance 

connections for regeneration and functional improvement to occur following brain insults or 

disease.  Functional integration of new cells into existing circuits may require additional signals.  

The first evidence that regenerative neurogenesis is generally possible was reported in a study  

which induced synchronous apoptotic degeneration of corticothalamic neurons in layer VI of the 
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anterior cortex of adult mice using retrograde transport of a photolytically activated toxin 

(Magavi et al., 2000).  This was the first study to examine non-neurogenic regions of the adult 

brain.  The fate of dividing cells within the cerebral cortex was examined using markers for DNA 

replication (BrdU) and neuronal differentiation.  They found that apoptotic cell death stimulated 

neurogenesis in the damaged neocortical layer, but also found a complete absence of 

constitutively occurring neurogenesis in the undamaged adult mouse neocortex (Fig. 1.10).  

This study also found that newly generated, BrdU+ cells expressed the mature neuronal marker, 

NeuN, in regions of the cortex undergoing targeted neuronal death and these cells survived for 

at least 28 weeks. Subsets of the BrdU positive progenitors also expressed Doublecortin, a 

protein found exclusively in migrating neuroblasts, and Hu, an early neuronal marker. 

Retrograde labelling from the thalamus demonstrated that BrdU positive neurons formed long-

distance corticothalamic connections.  Magavi et al., 2000 concluded that endogenous neural 

progenitors can be induced in situ to differentiate into cortical neurons, survive for many months 

and form appropriate long-distance connections in the adult mammalian brain (Fig. 1.10).  This 

study also showed that progenitor cells can be recruited to the adult cerebral cortex from the 

SVZ (Fig. 1.10) which suggests that the cortical environment is not intrinsically inhibitory to 

neuronal differentiation.  This leads to the possibility that identification and expression of the 

appropriate signals for neuronal differentiation and survival may lead to structural repair of brain 

structures other than the neurogenic regions (Arlotta et al., 2003b). A more recent study by the 

same group has shown that endogenous progenitors can also replace ablated corticospinal 

projection neurons in juvenile mice and that a portion of the new neurons extend axons to the 

spinal cord (Chen et al., 2004).  

 
Figure 1.10:  Representative diagram showing targeted apoptosis of corticothalamic projection 
neurons and subsequent recruitment of new neurons from endogenous progenitors in the adult mouse 
brain.  In the intact adult mouse neocortex, endogenous precursors exist in the cortex, and the underlying 
subventricular zone (SVZ) (a). Corticothalamic projection neurons are induced to undergo synchronous 
targeted apoptosis and new neurons are recruited from resident cortical progenitors (pathway 1) and/or 
endogenous SVZ progenitors (pathway 2) (b). These migrate into the cerebral cortex, differentiate 
progressively into fully mature neurons, and a subset send long distance projections to the thalamus. 
Modified from Bjorklund and Lindvall, 2000 and Magavi and Macklis, 2001.  
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1.2.1.5 Neurodegenerative Diseases 
Neurodegenerative diseases are associated with reduction in specific neuronal populations 

such as loss of dopaminergic neurons in the substantia nigra (Parkinson’s Disease), GABAergic 

neurons in the striatum (Huntington’s Disease), motor neurons in the spinal cord (amyotrophic 

later sclerosis or Motor Neuron Disease) and cholinergic neurons of the cortex (Alzheimer’s 

Disease; Shihabuddin et al., 1999).  In all these cases functional recovery requires either the 

prevention of degeneration or the replacement of lost neurons.  Adult neurogenesis has been 

shown to be significantly altered in chronic neurodegenerative diseases.  Human post-mortem 

Huntington’s disease brains showed a significant increase in cell proliferation in the 

subependymal layer and the generation of new neurons and glia (Curtis et al., 2003).  A rat 

lesion model of Huntington’s disease showed a significant increase in BrdU incorporation in the 

SVZ, with migration of BrdU/Doublecortin (Dcx) positive neuroblasts into the striatum 

(Tattersfield et al., 2004) and generation of new neurons.  Human post-mortem Alzheimer’s 

Disease brains showed increased expression of immature neuronal markers, such as 

Doublecortin (Dcx) and PSA-NCAM, in the SGZ and CA1 region of Ammon’s horn (Jin et al., 

2004a).  A transgenic model of Alzheimer’s Disease saw a two-fold increase in BrdU 

incorporation and expression of immature neuronal markers in the SGZ and SVZ (Jin et al., 

2004b).  In Parkinson’s Disease the proliferation of progenitor cells in the SGZ and SVZ is 

impaired, possibly due to the loss of dopaminergic neurons (Hoglinger et al., 2004).  

Experimental depletion of dopamine or 6-hydroxydopamine (6-OHDA) lesioning resulted in the 

decrease of progenitor cell proliferation in both the SGZ and SVZ of mice (Baker et al., 2004; 

Hoglinger et al., 2004).   

 
1.2.2 Additional Factors Influencing Neurogenesis 
 
1.2.2.1 Aging 
Although neurogenesis persists in the hippocampus and SVZ throughout adulthood, the rate of 

neuronal production decreases with age (Seki and Arai, 1995; Kuhn et al., 1996; Tropepe et al., 

1997; Enwere et al., 2004).  This decline is probably attributable to a reduction in proliferation of 

neural progenitor cells, as well as a decrease in neuronal fate determination (Kempermann et 

al., 1998) or slowed maturation of adult born neurons (Rao et al., 2005).  Tropepe et al., 1997 

discerned no difference in the number or size of neurospheres derived from SVZ progenitor 

cells between young adult and aged mice.  A more recent study depleted constitutively 

proliferating cells in the SVZ by infusing the antimitotic agent AraC into the lateral ventricles of 

aged mice and observed complete repopulation of SVZ progenitors at a slower rate than that 

observed in young adults (Enwere et al., 2004).  These studies suggest that the intrinsic 

proliferative capacity of SVZ progenitors is maintained throughout adulthood, but that changes 

in the local cellular environment are contributing to the decline in neurogenesis.  The production 

of hippocampal granule neurons has also been shown to be significantly lower in old age.  A 

study reducing corticosteroid levels in aged rats restored the rate of cell proliferation to that 
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seen in young adults and resulted in increased numbers of new granule neurons (Cameron and 

McKay, 1999). This result indicated that the neuronal precursor population in the dentate gyrus 

remains stable into old age, but that neurogenesis is normally slowed by high levels of 

corticosteroids (Cameron and McKay, 1999).  A recent study by Hattiangady and Shetty, 2006 

investigated whether dramatically diminished dentate gyrus neurogenesis during aging is linked 

to a decrease in neural stem/progenitor cell number.  The numbers of Sox-2+ cells (a putative 

marker of neural stem cells) did not diminish with aging, however the study did show an 

increased quiescence of neural stem cells, with aging.  This quiescence was suggested to be 

due to changes in the neural stem cell extracellular environment.  Therefore, the age dependent 

decline in adult neurogenesis appears to be mediated by age-related alterations in the cellular 

microenvironment as suggested by studies into both SVZ and SGZ neurogenesis.      

 
1.2.2.2 Neurotransmitters and Other Factors 
Additional mediators of adult neurogenesis include a number of hormones and 

neurotransmitters.  Early studies identified adrenal steroids as negative regulators of 

neurogenesis in the dentate gyrus.  Studies involving adrenalectomy and corticosteroid 

replacement,  showed that circulating stress hormones suppressed adult neurogenesis in the 

dentate gyrus (Gould et al., 1992; Cameron and Gould, 1994; Gould and Tanapat, 1999).  More 

recent studies have shown that chronic psychosocial stress resulted in a significant increase of 

stress hormone levels and potently suppressed the proliferation rate and survival of the newly 

generated hippocampal granule cells (Czeh et al., 2002).  In contrast, estrogen was shown to 

increase cell proliferation in the rat dentate gyrus and prairie vole SVZ-RMS pathway, with the 

effect abolished by ovariectomy (Tanapat et al., 1999; Smith et al., 2001).  The hormone 

prolactin has also been shown to enhance SVZ proliferation and olfactory neurogenesis during 

pregnancy in mice (Shingo et al., 2003). 

 

The neurotransmitter glutamate also regulates adult neurogenesis in the dentate gyrus, through 

the N-methyl-D-aspartate (NMDA; Cameron et al., 1995; Gould and Tanapat, 1997; Bernabeu 

and Sharp, 2000) and metabotropic (Yoshimizu and Chaki, 2004) receptors by suppressing 

proliferation, and through the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 

receptors to induce an increase in proliferation (Bai et al., 2003).  Lesioning of the entorhinal 

cortex (the origin of excitatory input to the dentate gyrus cells) stimulated proliferation in the 

dentate gyrus, suggesting that glutamatergic signalling negatively regulates neurogenesis 

(Cameron et al., 1995).  

 

GABA, acting through GABAA receptors also appears to decrease proliferation of progenitors 

cells in both the SVZ (Liu et al., 2005) and dentate gyrus (Tozuka et al., 2005).  Liu et al., 2005 

found that GABAA receptors are tonically activated in GFAP-expressing cells in the SVZ, which 

they suggest demonstrates the existence of nonsynaptic GABAergic signalling between 

neuroblasts and GFAP-expressing cells. They also show that GABAA receptor activation in 
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GFAP-expressing cells limits their progression through the cell cycle. Thus, as GFAP-

expressing cells generate neuroblasts, GABA released from neuroblasts provides a feedback 

mechanism to control the proliferation of GFAP-expressing progenitors by activating GABAA 

receptors.  Tozuka et al., 2005 conducted GFP-targeted recordings of progenitor cells in fresh 

hippocampal slices and found that neuronal progenitor cells receive active direct neural inputs 

from the hippocampal circuitry. BrdU labelling in conjunction with GABAA receptor agonists 

demonstrated the promotion of neuronal differentiation via this GABAergic excitation. They 

suggest that GABAergic inputs to hippocampal progenitor cells promote activity-dependent 

neuronal differentiation. 

 
Serotonin (5-hydroxytryptamine) also influences neurogenesis.  Treatment with antidepressant 

drugs that act as serotonin selective reuptake inhibitors (SSRIs) increased cell proliferation in 

the rat dentate gyrus (Malberg et al., 2000).  Blocking serotonin synthesis or administering a 

serotonin neurotoxin resulted in a decrease in neurogenesis in both the dentate gyrus and the 

SVZ (Brezun and Daszuta, 1999).  A study using serotonin 1A receptor null mice showed that 

antidepressant-induced hippocampal neurogenesis and improved anxiety-related behaviour are 

abolished when the serotonin receptor is absent (Santarelli et al., 2003).  The same study 

showed that eliminating hippocampal progenitors in adult mice using targeted irradiation, 

resulted in the lack of hippocampal neurogenesis and anxiety-related behaviour as is seen with 

the serotonin null mice (Santarelli et al., 2003).  These findings suggest that the behavioural 

effects of chronic antidepressants may be mediated by the stimulation of neurogenesis in the 

hippocampus.    

 

Nitric oxide synthase (NOS) inhibitors increase SVZ proliferation and delay neuronal 

differentiation of migrating neuroblasts (Cheng et al., 2003; Packer et al., 2003; Moreno-Lopez 

et al., 2004).  Packer et al., 2003 also showed that NOS null mice had significantly higher 

numbers of new neurons in the olfactory bulb and dentate gyrus.  These studies suggest that 

nitric oxide is a negative regulator of proliferation and a positive regulator of neuronal 

differentiation, through BDNF, in neurogenic regions of the adult rat brain.  Cheng et al., 2003 

treated cultured neuroepithelial cells with NOS inhibitors and found that the stimulatory effect on 

neuronal differentiation by BDNF was lost.   

 

These data suggest that neurogenesis in the adult brain is regulated by a fine balance between 

suppressors and stimulants of neurogenic activity.  

 
1.2.2.3 Environment Enrichment and Exercise 
In the adult hippocampus, environmental or physical conditions have been found to regulate 

neurogenesis.  In mice neurogenesis is augmented during pregnancy (Shingo et al., 2003), in 

enriched interactive environments (Kempermann et al., 1997, 1998; Young et al., 1999) and 

when free exercise (access to a running wheel) is allowed (van Praag et al., 1999b; van Praag 

et al., 1999a).  A study by Brown et al., 2003 compared the effects of enriched environment and 
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physical activity on neurogenesis in the olfactory bulb and dentate gyrus.  This study continues 

on from their earlier work in which mice showed increased hippocampal neurogenesis after 

exposure to an enriched environment or a cage with a running wheel (van Praag et al., 1999b).  

Brown et al., 2003 found that neurogenesis in the SVZ/olfactory bulb regions is unaffected by 

environmental enrichment or physical exercise, but that voluntary running and enrichment 

produced a doubling in the amount of new hippocampal granule cells.  The discrepancy 

between the olfactory bulb and the dentate gyrus suggests that these living conditions trigger an 

as yet unidentified mechanism specific to neurogenic signals in the dentate gyrus.  A separate 

study investigating the ‘odour enrichment’ paradigm revealed that hippocampal neurogenesis 

was unaffected, whereas olfactory neurogenesis was increased (Rochefort et al., 2002).  The 

selective regulation of hippocampal and olfactory neurogenesis suggests that the generation of 

new neurons is linked to specific expression of local cues, such as trophic factors (Brown et al., 

2003).  Environmental enrichment has been shown to increase levels of GDNF and BDNF in the 

hippocampus (Young et al., 1999; Farmer et al., 2004), while blocking the uptake of IGF-1 or 

VEGF to the brain prevents the increase in DG progenitor cell proliferation induced by 

environmental enrichment  (Trejo et al., 2001; Fabel et al., 2003; Cao et al., 2004). 

 
1.2.2.4 Growth and Neurotrophic Factors 
In vitro, adult-derived neural progenitor cells respond to epidermal growth factor (EGF), 

fibroblast growth factor-2 (FGF-2) and brain-derived neurotrophic factor (BDNF), with increased 

cell division and neurogenesis (Reynolds and Weiss, 1992; Richards et al., 1992; Vescovi et al., 

1993; Kirschenbaum and Goldman, 1995; Palmer et al., 1995; Pincus et al., 1998; Palmer et al., 

1999; Bull and Bartlett, 2005). In vivo studies have also demonstrated increased endogenous 

neural progenitor cell number and the production of newly generated neurons in response to 

intracerebral infusion of EGF, FGF-2, IGF-1, PDGF or BDNF (Craig et al., 1996; Kuhn et al., 

1997; Zigova et al., 1998; Aberg et al., 2000; Benraiss et al., 2001; Pencea et al., 2001a; 

Yoshimura et al., 2001; Mohapel et al., 2005).  Intracerebroventricular infusion of VEGF has 

also been shown to increase neurogenesis in the rodent dentate gyrus and SVZ.  However it is 

not clear whether this effect is the result of increased cell proliferation (Jin et al., 2002), survival 

(Schanzer et al., 2004), or both (Cao et al., 2004).  Other growth factors and cytokines that 

modulate adult neurogenesis include TGF-α (Tropepe et al., 1997) and erythropoietin (Shingo et 

al., 2001). 
 
This research will focus on the effects of BDNF and FGF-2 on adult neurogenesis and therefore 

these two factors will be discussed in more detail in the following sections. 

 

1.3 Brain Derived Neurotrophic Factor (BDNF) 
 

Brain derived neurotrophic factor is a member of the ‘neurotrophin’ family of growth factors 

which also includes nerve growth factor (NGF), neurotrophin-3 (NT3) and neurotrophin-4/5 
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(NT4/5; Leibrock et al., 1989; Lewin and Barde, 1996).  BDNF shares 50% homology with NGF, 

NT3 and NT4/5 proteins.  The neurotrophins bind to tropomysin-related kinase (trk)–type protein 

kinase receptors, with BDNF binding the trkB receptor, and also binding to the p75 receptor 

(p75NTR; Barbacid, 1994, 1995).  BDNF mRNA and protein has widespread distribution in the 

CNS (Conner et al., 1997; Yan et al., 1997), with particularly high levels detected in the 

hippocampus (Conner et al., 1997), but also in the amygdala, thalamus, projection areas of the 

olfactory system, inner and outer pyramidal layer of the neocortex, claustrum, septum, 

cerebellum and superior colliculus (Maness et al., 1994; Dugich-Djordjevic et al., 1995; Schmidt-

Kastner et al., 1996).       

 

BDNF promotes survival and growth of various nerve cell populations during normal 

development and following various insults in the developing and adult brain (Lewin and Barde, 

1996; Ferrer et al., 2000).  BDNF also appears to play a major role in regulating the survival and 

fate of progenitor cells in the adult mammalian brain.  BDNF has been shown to increase adult 

SVZ neuron production in EGF expanded rodent neurosphere and explant cultures via either 

differentiation or survival mechanisms (Ahmed et al., 1995; Kirschenbaum and Goldman, 1995; 

Arsenijevic and Weiss, 1998).  BDNF has also been shown to enable neurons to be generated 

and maintained in vitro from the adult human SVZ (Goldman, 1998; Pincus et al., 1998).  BDNF 

enhances survival of striatal neurons (Ventimiglia et al., 1995; Huang and Reichardt, 2001) and 

induces the differentiation of striatal GABA- (Mizuno et al., 1994; Ventimiglia et al., 1995), 

Calbindin- (Ventimiglia et al., 1995; Ivkovic and Ehrlich, 1999) and DARPP-32-positive cells 

(Nakao et al., 1995; Ivkovic and Ehrlich, 1999).  A recent study by Bull and Bartlett, 2005 found 

that BDNF was essential for production of new neurons from hippocampal progenitor cells and 

that the cells needed to be proliferating to respond to BDNF.      

 

BDNF has been implicated in maintaining basal levels of hippocampal neurogenesis (Lee et al., 

2002), stimulating neurogenesis (Scharfman et al., 2005), and is upregulated in the dentate 

gyrus in response to neurogenic stimulating exercise (Farmer et al., 2004).  Evidence is rapidly 

accumulating to support a key role for BDNF in brain plasticity.  In adult rats intraventricular 

infusion of BDNF protein or over expression of the BDNF gene in the SVZ increases the 

number of new neurons in the RMS, olfactory bulb, striatum, septum, thalamus and 

hypothalamus (Zigova et al., 1998; Benraiss et al., 2001; Pencea et al., 2001a).  Zigova et al., 

1998 investigated whether the number of newly generated neurons in the adult olfactory bulb 

could be increased by the administration of exogenous BDNF.  BDNF was infused for 12 days 

into the right lateral ventricle of adult rat brains and the production of new cells was monitored 

by either the intraventricular infusion or intraperitoneal injection of BrdU.  In both experimental 

paradigms Zigova et al., 1998 observed significantly more BrdU-labelled cells in the olfactory 

bulb on the BDNF-infused side than in the olfactory bulb of PBS-infused animals. Analysis of 

the BDNF-infused brains of animals injected intraperitoneally with BrdU demonstrated a 100% 

increase in the number of BrdU-labelled cells in the olfactory bulb, the majority of which were 
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double-labeled with a neuron-specific antibody. These results demonstrate that the generation 

and/or survival of new neurons in the adult brain can be increased substantially by BDNF.   

 

The findings that BDNF promotes the survival and/or differentiation of adult-derived 

subventricular zone (SVZ) progenitor cells in vitro and increases the number of the newly 

generated neurons in the adult rostral migratory stream and olfactory bulb in vivo prompted 

Pencea et al., 2001a to investigate whether the infusion of BDNF influences the proliferation 

and/or differentiation of cells in other regions of the adult forebrain.  They examined the 

distribution and phenotype of newly generated cells in the adult rat forebrain 16 days after 

intraventricular administration of BDNF in combination with BrdU labelling of proliferating cells 

for 12 days.  They found that BDNF infusion increased the number of BrdU+ cells in the SVZ 

lining the infused lateral ventricle, and also in the striatum, septum, thalamus and 

hypothalamus.  In each region, newly generated cells expressed the neuronal marker 

microtubule-associated protein-2 (MAP2), or neuron-specific tubulin (TuJ1).  

 

Benraiss et al., 2001 also investigated the effect of BDNF on neural progenitor cells in the SVZ 

using a bicistronic adenovirus encoding BDNF, and humanized green fluorescent protein 

(hGFP).  Instead of intraventricular infusion of BDNF protein, Benraiss et al., 2001 injected the 

AdBDNF:GFP viral vector into the lateral ventricles of adult rats, followed by 18 days of BrdU 

injections to label newly generated cells.  This allowed for over-expression of BDNF in the adult 

ventricular zone by transducing the forebrain ependyma to constitutively express BDNF.  In situ 

hybridization demonstrated BDNF and GFP mRNA expression was restricted to the ventricular 

wall of treated animals. Benraiss et al., 2001 found that in AdBDNF-injected rats, the olfactory 

bulb exhibited a >2.4-fold increase in the number of BrdU/βIII-tubulin positive neurons, relative 

to AdNull controls.  AdBDNF-associated neuronal recruitment to the neostriatum was also 

noted, with the treatment-induced addition of BrdU/NeuN/betaIII-tubulin positive neurons to the 

caudate putamen.  They found that many of these cells also expressed glutamic acid 

decarboxylase (GAD), cabindin-D28, and DARPP-32, which are markers of medium spiny 

projection neurons of the striatum, and that these cells survived at least 5 - 8 weeks after viral 

induction.  As a continuation of the study by Benraiss et al., 2001 the same group showed that 

the over-expression of Noggin (a soluble bone morphogenic protein inhibitor) acts to inhibit glial 

differentiation of SVZ progenitor cells, and can therefore potentiate adenoviral BDNF-mediated 

recruitment of new neurons to the adult rat striatum (Chmielnicki et al., 2004).  These new 

neurons survived at least 2 months after their generation in the SVZ and were recruited 

primarily as GABAergic DARPP-32 positive medium spiny neurons in the striatum. The new 

medium spiny neurons successfully projected to the globus pallidus, their usual developmental 

target, extending processes over several millimetres of the normal adult striatum.  Bedard et al., 

2005 used Ad-BDNF injected into the lateral ventricle of adult squirrel monkeys to demonstrate 

the existence of neurogenesis in the striatum.  Under normal conditions the number of striatal 

neurons generated was too low to establish chemical phenotype.  A single injection of Ad-BDNF 
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increased the number of newborn striatal neurons in the adult primate which exhibited a 

medium-spiny projection neuron phenotype.  Therefore Bedard et al., 2005 suggested that 

BDNF plays a major role in supporting the survival of new neurons produced in the adult brain.   

Intrastriatal injections of QA led to an increase in BDNF expression in the cerebral cortex 

(Canals et al., 2001) of adult mice.  This suggested that striatal damage upregulates 

endogenous BDNF in corticostriatal neurons by a transneuronal mechanism, which may 

constitute a protective mechanism for striatal and/or cortical cells. The same study also found 

that grafting a BDNF-secreting cell line prevented both the loss of striatal neurons and the 

cortical upregulation of BDNF induced by excitotoxins.  This neuroprotective function of BDNF 

has also been demonstrated after viral vector delivery of BDNF to the striatum prior to QA 

lesioning (Bemelmans et al., 1999; Kells et al., 2004).   
 

These studies provide strong evidence that elevated BDNF levels augmented the recruitment of 

new neurons into both neurogenic and non-neurogenic sites in the adult rat brain and could be 

used to promote the formation of new neurons to replace those lost as a result of injury or 

disease.   

 

1.4 Fibroblast Growth Factor-2 (FGF-2) 
 
Fibroblast growth factor-2 (or Basic FGF) is a member of the large fibroblast growth factor 

family.  FGF protein family members don’t share a very high degree of primary sequence 

homology, however they do share the ability to signal through one or more of the four identified 

tyrosine kinase receptors; FGFR1 – FGFR4 (reviewed in Reuss and von Bohlen und Halbach, 

2003).  FGF-2 binds FGFR1b, FGFR1c, FGFR2c, FGFR3c and FGFR4.  FGF-2 mRNA has 

been found to be localised to neurons and glial cells (Eckenstein et al., 1991) throughout the 

CNS and has been detected in the medulla oblongata, pons, colliculi, thalamus, olfactory bulb 

and the cerebral cortex (Ernfors et al., 1990).  Other studies have also shown FGF-2 to be 

present in neurons of the cortex, hippocampus (Gomez-Pinilla et al., 1994), substantia nigra, 

striatum (Bean et al., 1991), brainstem (Grothe and Janet, 1995) as well as in motor and 

sensory nuclei (Grothe et al., 1991) and the neural and anterior lobes of the pituitary gland 

(Gonzalez et al., 1994). 

 

FGF-2 was one of the first growth factors shown to influence adult neurogenesis.  Several 

studies have shown that FGF-2 influences neurogenesis in the hippocampus (Nakagami et al., 

1997; Palmer et al., 1999; Yoshimura et al., 2001).  Nakagami et al., 1997 investigated whether 

continuous application of basic fibroblast growth factor (bFGF or FGF-2) inhibited neuronal cell 

death induced by serum-deprivation in organotypic slice cultures using propidium iodide 

staining.  They analysed the effect of bFGF on the formation of neuronal circuits using an 

optical recording system.  They found that continuous application of bFGF significantly 

protected the cultured slices from neuronal death and that the addition of 10 ng/ml bFGF 



Chapter One: Introduction 23

significantly enhanced optical signals in all hippocampal areas.  While Nakagami et al., 1997 

looked at whole organotypic slices, Palmer et al., 1999 isolated progenitor cells from adult rat 

hippocampal tissue and compared these cells to cells isolated from the neocortex.  They found 

that exposure to FGF-2 allowed the cells from both these regions to differentiate into neurons in 

vitro.  A study using FGF-2 deficient mice (FGF2-/-) investigated the importance of 

endogenously generated FGF-2 on neurogenesis within the hippocampus after seizures or 

ischemic injury (Yoshimura et al., 2001).  This study found that in wildtype animals hippocampal 

FGF-2 increases after seizures or ischemia and that numbers of BrdU/NeuN positive cells 

significantly increased on days 9 and 16 compared with the control animals.  In FGF-2-/- mice, 

BrdU labelling was reduced after seizures or ischemia, as was the number of neural cells co-

labelled with both BrdU and NeuN.  Finally, FGF-2-/- mice were injected intraventricularly with a 

herpes simplex virus-1 (HSV) amplicon vector encoding the FGF-2 gene and the number of 

BrdU-labelled cells increased significantly to values equivalent to wild-type littermates after 

seizures.  A recent study by Bull and Bartlett, 2005 showed that isolated resident hippocampal 

precursor/progenitor cells responded to FGF-2 with increased proliferation of cells, 

demonstrating that FGF-2 is important for controlling hippocampal progenitor cell division.  This 

agreed with previous studies where FGF-2 was identified as playing a key role in signalling for 

hippocampal neurogenesis in normal rats (Cheng et al., 2002), aged mice (Jin et al., 2003) and 

after traumatic brain injury (Yoshimura et al., 2001; Yoshimura et al., 2003).     

 

Neural stem cells isolated from the adult rodent SVZ were shown to proliferate in response to 

FGF-2 and EGF-1 in vitro (Reynolds and Weiss, 1992; Richards et al., 1992; Palmer et al., 

1995) and FGF-2 has also been shown to enable neurons to be generated and maintained in 

vitro from adult human SVZ isolations (Goldman, 1998; Pincus et al., 1998).  

Intracerebroventricular (ICV) infusion of FGF-2 has been shown to increase proliferation in the 

adult SVZ after 2 weeks of administration (Kuhn et al., 1997), but did not affect the proliferation 

of hippocampal progenitor cells in vivo.  This study also found that FGF-2 infusion increased the 

number of newborn neurons in the olfactory bulb.  Subcutaneous (s.c.) injection of FGF-2 only 

stimulated neurogenesis in the adult rodent SVZ and olfactory tract (Wagner et al., 1999).  A 

recent study by Jin et al., 2005 used a transgenic mouse model of Huntington’s Disease (R6/2) 

to investigate the effectiveness of FGF-2 on stimulation of endogenous progenitor cell 

neurogenesis and subsequent migration into damaged areas of the brain.  They treated 

transgenic R6/2 mice from 8 weeks of age until death with subcutaneous administration of FGF-

2.  They found that FGF-2 increased the number of proliferating cells in the SVZ by 

approximately 30% in wild-type mice, and by approximately 150% in R6/2 mice and that FGF-2 

induced the recruitment of new neurons from the SVZ into the neostriatum and cerebral cortex 

of R6/2 mice.  The cells recruited to the striatum were DARPP-32 expressing medium spiny 

neurons, consistent with the phenotype of neurons lost in Huntington’s disease.  Jin et al., 2005 

conclude that FGF-2 has neuroprotective and neuroproliferative effects and these may be 

contributing to improvements in neurological deficits and longevity in R6/2 mice.    
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1.5 Quinolinic Acid Model of Excitotoxic Cell Loss 
 

The development of relevant animal models of neurodegenerative diseases is vital for 

advancing our understanding of the pathogenic mechanisms contributing to the disease.  Well 

characterised animal models of the disease state allow for comprehensive investigation into 

possible therapeutic strategies for the treatment of the disease in humans.  Quinolinic acid (QA) 

or a similar compound has been suggested as playing a role in neuronal degradation in 

Huntington’s Disease (Schwarcz and Kohler, 1983; Beal et al., 1986; Susel et al., 1991; Carlock 

et al., 1995), Alzheimer’s Disease (Guillemin and Brew, 2002; Guillemin et al., 2003; Guillemin 

et al., 2005b) and acquired immunodeficiency syndrome (AIDS) dementia complex (Guillemin et 

al., 2005a).  The resistance of neonatal animals and the high vulnerability of GABAergic 

medium spiny striatal projection neurons to QA lesioning lead to the hypothesis that QA may be 

the cause of selective cell loss in Huntington’s Disease (Schwarcz et al., 1984). However a 

study by Schwarcz et al., 1988 detected no noticeable difference in QA levels in Huntington’s 

Disease patients cerebrospinal fluid compared to schizophrenic or normal control groups.   

     

Quinolinic acid (QA) is an endogenous neuroexcitatory tryptophan metabolite and an NMDA 

agonist which causes neuronal lesions after intrastriatal and intrahippocampal injections in rats 

(Schwarcz and Kohler, 1983; Beal et al., 1986; Beal et al., 1991; Beal, 1992; Figueredo-

Cardenas et al., 1994) and primates (Ferrante et al., 1993; Beal et al., 1986) with QA lesions 

displaying axon-sparing tendencies similar to Huntington’s disease.  Excitotoxicity associated 

with QA administration involves the excessive activation of NMDA receptors that results in 

extremely high calcium influx into the cell leading to neuronal damage due to activation of 

degradative enzymes and promotion of free radical formation (Stone and Perkins, 1981; Stone 

et al., 1987).  QA lesions preferentially affect striatal medium spiny projection neurons 

containing GABA, substance P, dynorphin and enkephalin (Beal and Martin, 1986; Ferrante et 

al., 1987b; Beal et al., 1988) but medium spiny neurons containing somatostatin and 

neuropeptide Y and large aspiny neurons containing ChAT activity are relatively spared 

(Ferrante et al., 1985; Ferrante et al., 1987a; Beal et al., 1988).  Ferrante et al., 1993 carried out 

an extensive histological and neurochemical characterisation of QA induced striatal lesions in 

primates.  They found that QA injections result in a concentration gradient after diffusing out 

from the centre of the lesion, that the lesion core is characterised by intense gliosis and marked 

neuronal depletion and the transitional zone surrounding the lesion core is an area of gliosis 

and partial neuronal sparing.  This study also found that both large and medium aspiny- and 

spiny-striatal neurons showed a selective pattern of neuronal vulnerability to the excitotoxic 

effects of QA within the lesioned striatum.  Medium spiny neurons containing calbindin, 

enkephalin, and substance P were disproportionately lost, while aspiny neuronal subpopulations 

containing NADPH diaphorase (NADPH-d) and choline acetyltransferase activity (ChAT) were 

relatively spared.  Neurochemical measurements confirmed a loss of GABA and substance P-

like immunoreactivity, but no significant reduction of somatostatin-like immunoreactivity, 
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neuropeptide Y-like immunoreactivity, or ChAT was seen.    Ferrante et al., 1993 concluded that 

QA lesioning provides an experimental primate model which closely resembles the 

neuropathologic and neurochemical features of Huntington's disease.  

 

While the cell loss produced in the QA lesion model does mimic the neuropathology observed in 

late stage Huntington’s Disease (Beal et al., 1986; Ferrante et al., 1993; Nicholson et al., 1995; 

Brickell et al., 1999), it does not model the progressive degeneration or genetic component of 

this disease.  Therefore, the neurogenic response observed in the QA lesioned striatum can not 

be directly correlated to a neurogenic response in the human Huntington’s disease brain.  

However, we recently demonstrated increased progenitor cell proliferation and the generation of 

new neurons from endogenous neural progenitor cells in the post-mortem adult human 

Huntington’s Disease brain (Curtis et al., 2003) and showed a significant increase in BrdU 

incorporation in the SVZ, with migration of BrdU/Doublecortin (Dcx) positive neuroblasts into the 

striatum and generation of new neurons using a QA lesion model of Huntington’s disease 

(Tattersfield et al., 2004).  This response has not been observed in transgenic models of 

Huntington’s Disease (Mangiarini et al., 1996; Hodgson et al., 1999; Phillips et al., 2005; Lazic 

et al., 2006) possibly due to a lack of significant striatal cell loss induced in transgenic models.  

This suggests that the QA lesion model provides an effective model to examine the response of 

SVZ-derived neural progenitor cells to the selective loss of cells in the adult striatum.  

 

1.6 Adeno-Associated Viral Vectors (AAV) 
 
Adeno-associated virus (AAV) is a single stranded DNA, non pathogenic virus that belongs to 

the Parvoviridae family.  Humans are the primary hosts of the nine serotypes (AAV1-9) 

described to date, with approximately 80% of the human population testing positive for the most 

common subtype, AAV2 (Vasileva and Jessberger, 2005).  Despite this high seropositivity no 

known pathology is associated with the virus.  Wildtype AAV is a small icosahedral virus with a 

single copy of a 4.7 kb DNA genome, characterised by inverted terminal repeats (ITRs).  The 

ITRs flank the wildtype genome which consists of two open reading frames (ORFs; Fig. 1.11a).  

The rep ORF encodes genes for non structural proteins involved in genomic replication (Rep 

78, 68, 52 and 40) under the control of two promoters and the cap ORF encodes genes for the 

structural proteins required for viral packaging (VP1, 2 and 3) under the control of one promoter.  

Adenovirus (Ad) and herpes simplex virus (HSV) are helper viruses required for wildtype AAV 

replication (Casto et al., 1967; Atchison, 1970).  In the absence of Ad and HSV, AAV integrates 

into the human genome at a specific region on chromosome 19 and persists in a latent form 

(Kotin et al., 1990; Weitzman et al., 1994; Fig. 1.11a).  For AAV to be used as a successful 

therapeutic gene delivery vector it must be able to efficiently transduce target tissues and 

establish long term gene expression.  It has been extensively demonstrated that AAV can 

successfully transduce a broad variety of cell and tissue types, including the brain (During et al., 

1998), muscle (Song et al., 1998; Ye et al., 1999), lungs (Flotte, 2001) and the retina (Acland et 
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al., 2001) and has the ability to transduce both dividing and quiescent cells (Lewis and 

Emerman, 1994; Alexander et al., 1996).  Long term gene expression of transgenes from 

recombinant AAV has been demonstrated in animal models including canine (Monahan et al., 

1998; Herzog et al., 1999), mouse (Xiao et al., 1996; Cottard et al., 2000) and hamster (Li et al., 

2003).   

 

Recombinant forms of AAV (rAAV) were quickly developed once the latent form and non-

pathogenic nature of AAV were discovered.  Recombinant AAV are most commonly derived 

from AAV2.  The recombinant form has the wildtype rep and cap ORFs, which constitutes 96% 

of the wildtype genome, replaced with a gene-expression cassette (Fig 1.11b).  When the rAAV 

vectors are produced the rep, cap and helper virus elements are supplied in trans via co-

transfection of a number of helper plasmids (Chapter 2, 3, Appendix).  While wildtype AAV 

integrates into the human genome on chromosome 19, when rAAV is used as a gene delivery 

vector most of the viral genomes persist as double stranded circular or linear extrachromosomal 

viral episomes.  Recombinant AAV does not carry out the active lytic replication cycle 

characteristic of wildtype AAV (Fig. 1.11). 

 
Figure 1.11: Biology of wildtype and recombinant adeno-associated viral vectors.   Wildtype AAV 
viral structure.  Single stranded DNA genome consisting of rep and cap ORFS flanked by ITRs.  Wildtype 
AAV integrates in a site specific manner in to human chromosome 19 (a).  Recombinant AAV has the viral 
genome replaced with an expression cassette consisting of a promoter, transgene and regulatory 
elements (pA tail, WPRE, bGH). AAV rep and cap ORFs and Ad helper elements are provided in trans for 
the production of rAAV (b).   Modified from Vasileva and Jessberger, 2005 
 

There are 11 defined AAV serotypes, with serotype defined as the inability of an antibody, that 

is reactive to the viral capsid proteins of one serotype, to neutralise those of another serotype 

(Choi et al., 2005).  AAV serotype 2 (AAV2) was the first AAV serotype to be cloned into 

bacterial plasmids (Samulski et al., 1982) after its discovery as a contaminant on a Adenovirus 

type 12 stock (Hoggan et al., 1966).  Different AAV serotypes are infectious in different cell 
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types, depending on the availability of suitable receptor molecules. AAV2 uses heparin sulphate 

proteoglycan (HSPG) receptors (Summerford and Samulski, 1998), fibroblast growth factor 

receptor-2 (FGFR1; Qing et al., 1999), integrin alpha-V-beta-5 (αvβ5; Summerford et al., 1999) 

and hepatocyte growth factor receptor (HGFR; Kashiwakura et al., 2005) amongst others.  Qing 

et al., 1999 suggest that AAV2 transduction is more efficient when HSPG and FGFR are co-

expressed on the cell surface.  Recombinant AAV vectors appear to have a tropism for neuronal 

cells when injected into the CNS (Kaplitt et al., 1994; McCown et al., 1996; Mandel et al., 1998).  

When injected into the rat brain rAAV2 particles preferentially bind neurons (McCown et al., 

1996; Peel et al., 1997; Bartlett et al., 1998),  but can also transfect some non-neuronal cell 

types at much lower efficiencies (McCown et al., 1996; Peel et al., 1997).  A study by Davidson 

et al., 2000 showed that serotypes rAAV2, AAV4 and AAV5 varied in their regional distribution of 

gene transfer and transduction efficiency.  In their study, Davidson et al., 2000 examined the 

tropisms and transduction efficiencies of beta-galactosidase-encoding (βgal) vectors made from 

rAAV4 and rAAV5 compared with similarly designed rAAV2-based vectors.  Injection of rAAV5 β-

gal or rAAV4 βgal into the lateral ventricle resulted in stable transduction of ependymal cells, 

with approximately 10-fold more positive cells than in mice injected with rAAV2 βgal. Intrastriatal 

injection of rAAV4 βgal resulted in ependyma-specific expression of the transgene.  rAAV2 βgal 

and rAAV5 βgal intrastriatal injections led to βgal-positive parenchymal cells, with rAAV5 βgal 

transducing both neurons and astrocytes.  The number of transgene-positive cells in rAAV5 

βgal-injected brains was 130 and 5,000 times higher than in rAAV2 βgal-injected brains at 3 and 

15 weeks respectively and transgene-positive cells were widely dispersed throughout the 

injected hemisphere in rAAV5 βgal-transduced animals. These results provided in vivo support 

for earlier in vitro work, suggesting that rAAV4 and rAAV5 gain cell entry by means of receptors 

distinct from rAAV2.  Gene transfer vectors have been derived from AAV1 to AAV9 using a 

pseudotyping strategy where a recombinant genome is flanked by the ITRs of AAV2 and a 

capsid of a different serotype (Flotte, 2004).   

 

Since the discovery of naturally occurring AAV serotypes and use of these as gene therapy 

vectors a lot of work has been carried out to understand the tropism of each serotype so that 

further modification could be performed to enhance the efficiency of gene transfer.  Since the 

viral capsid is responsible for cellular receptor binding, researchers have manipulated the viral 

genome and helper plasmid combinations in a number of ways with the aim to generate 

optimised viral vectors for the tissue targeted for gene therapy (Choi et al., 2005).  In this thesis 

we use a mosaic capsid (AAV1/2) which consists of a mixture of unmodified capsid proteins from 

two different serotypes: AAV1 and AAV2.  During viral assembly the two serotype capsid 

proteins are theoretically mixed in each virion at ratios reflecting the ratios of the contributing 

helper plasmids.  The capsid proteins were provided in equal proportions using separate helper 

plasmids during the packaging process (Chapter 2, 3 and Appendix).  While the actual ratio of 

capsid proteins contributed from each serotype can not be directly determined, the results from 

previous studies suggest that mosaic vectors are a promising approach to generating optimised 
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gene therapy vectors with tissue and receptor specificities of both parent serotypes (Hauck et 

al., 2003; Rabinowitz et al., 2004).  

  

1.7 Adeno-Associated Viral Vectors, Neurotrophic Factors and Therapy  
 
Trophic factors either administered systemically or delivered via genetically modified cells or 

viral vectors have been proposed as putative therapeutic agents in human neurodegenerative 

disorders (Ferrer et al., 2000).  In vitro studies using adult derived progenitor cells have 

demonstrated that these cells respond to growth factors, in particular epidermal growth factor 

(EGF), fibroblast growth factor-2 (FGF-2) and brain-derived neurotrophic factor (BDNF), with 

increased cell division and neurogenesis (Reynolds and Weiss, 1992; Richards et al., 1992; 

Vescovi et al., 1993; Kirschenbaum and Goldman, 1995; Palmer et al., 1995; Pincus et al., 

1998; Palmer et al., 1999).  In vivo studies (Craig et al., 1996; Kuhn et al., 1997; Zigova et al., 

1998; Aberg et al., 2000; Pencea et al., 2001a; Yoshimura et al., 2001) have shown a similar 

increase in the number of progenitor cells as well as the production of newly generated neurons 

in response to specific growth factors.  However these in vivo studies have been limited by the 

need for intraventricular catheterisation which is dependent on protein availability and stability, 

as well as the uncertainty of tissue bioavailability of intraventricularly administrated proteins.  A 

number of studies have used AAV delivery vectors in the investigation of treatment for various 

neurological disorders including Huntington’s Disease (McBride et al., 2003; Kells et al., 2004), 

Parkinson’s Disease (Emborg et al., 2006), epilepsy (Klugmann et al., 2005; Lin et al., 2006), 

and stroke (Shen et al., 2006).  The main requirement of viral vectors for use as an in vivo gene 

delivery system in the CNS is that they efficiently deliver transgenes to neurons, generate stable 

protein expression while avoiding the stimulation of inflammation and immunogenic host 

responses (Hsich et al., 2002).  AAV is a non-pathogenic virus and the recombinant vectors 

(rAAV) used for gene therapy lack viral genes which significantly reduces the potential for 

immune response in the host, while nuclear integration generates persistent transgene 

expression making AAV vectors very appealing (Rabinowitz and Samulski, 1998).  However, 

the limitations of using AAV as a therapeutic vehicle include a small cloning capacity (3-4 kb) 

and delayed transgene expression (2-3 weeks; Hsich et al., 2002; Paterna and Bueler, 2002).  

While 11 serotypes have been identified and reporter gene studies have shown that AAV 

efficiently transduce neurons (Bartlett et al., 1998; Davidson et al., 2000), the transduction 

efficiency may greatly vary between different brain regions and AAV serotypes (Paterna and 

Bueler, 2002).  Delivery of growth factors to a specific brain region also poses problems 

involving the regulation of expression levels and the certainty of cellular uptake.  Despite these 

problems, modulation of molecular regulators that normally control the fate of neural progenitor 

cells and their progeny in the adult CNS and the use of viral vectors to deliver these molecules, 

provides an alternative therapeutic approach for treating neurological disease.  
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1.8 Research Objectives 
 
Until recently it was thought that the brain was unable to generate new neurons once it reached 

maturity.  However, over the past decade, studies have demonstrated that certain areas of the 

adult brain contain neural progenitor cells that retain the ability to generate new neurons (i.e. 

undergo neurogenesis; Lois and Alvarez-Buylla, 1993, 1994; Eriksson et al., 1998; Gould et al., 

1999a; Kornack and Rakic, 1999).  Neural progenitor cells are immature, undifferentiated cells 

that give rise to the vast array of specialised cell types in the adult brain.  Under certain 

conditions, progenitor cells proliferate and migrate to adjacent brain regions where they form 

new neurons.  

 

The presence of ongoing neurogenesis in the mature brain raises the possibility that progenitor 

cells could be used therapeutically for repair of neuronal loss associated with brain injury or 

neurodegenerative disease.   A number of factors have been identified as modulating the 

expansion and fate of neural progenitor cells, including epidermal growth factor (EGF), 

fibroblast growth factor-2 (FGF-2), insulin-like growth factor-1 (IGF-1), platelet-derived growth 

factor (PDGF) and brain-derived neurotrophic factor (BDNF).  In vitro, adult-derived neural 

progenitor cells respond to EGF, FGF-2 and BDNF, with increased cell division and 

neurogenesis (Reynolds and Weiss, 1992; Richards et al., 1992; Vescovi et al., 1993; 

Kirschenbaum and Goldman, 1995; Palmer et al., 1995; Pincus et al., 1998; Palmer et al., 1999; 

Bull and Bartlett, 2005).  In vivo studies have also demonstrated increased endogenous neural 

progenitor cell number and the production of newly generated neurons in response to 

intracerebral infusion of EGF, FGF-2, IGF-1, PDGF or BDNF (Craig et al., 1996; Kuhn et al., 

1997; Zigova et al., 1998; Aberg et al., 2000; Benraiss et al., 2001; Pencea et al., 2001a; 

Yoshimura et al., 2001; Mohapel et al., 2005).   

 
It was recently demonstrated in the Neural Repair and Neurogenesis Lab under Dr. Bronwen 

Connor that increased progenitor cell proliferation and the generation of new neurons from 

endogenous neural progenitor cells in the post-mortem adult human Huntington’s disease brain 

(Curtis et al., 2003) and following quinolinic acid (QA) induced striatal cell loss (Tattersfield et al., 

2004).  While these studies and others (Arvidsson et al., 2002; Bedard et al., 2002b; Parent et 

al., 2002a; Parent et al., 2002b; Bedard et al., 2005) indicate that the adult brain has the 

potential for compensatory striatal neurogenesis, the level of neurogenesis observed is 

insufficient to counteract the progressive cell loss occurring in the diseased adult brain.  

Consequently, for endogenous neural progenitor cells to be useful therapeutically, methods 

need to be developed to augment neurogenesis and direct the migration of progenitor cells to 

specific areas of neuronal cell loss.  This may be achieved by the targeting of endogenous 

progenitor cells for directed mobilisation and differentiation using growth factors and chemotaxic 

cytokines delivered to the brain either by protein infusion or viral vectors. 
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Due to the uncertainty of tissue bioavailability of intraventricularly administrated proteins, this 

project used recombinant adeno-associated viral vectors to investigate the effect of growth 

factors on regulating adult neurogenesis.  AAV1/2 delivery provided long-term stable over-

expression of exogenous neurotrophic factor BDNF or growth factor FGF-2 and allowed for 

specific targeting to the neurogenic SVZ of the adult brain which contains neural progenitor 

cells.  This provided a strategy for determining the effect of BDNF or FGF-2 on the level of 

neurogenesis in both the normal and the injured adult rat brain. 

 

AAV1/2 viral vectors were constructed to encode either the neurotrophic factor BDNF, the growth 

factor FGF-2 or the control marker luciferase.  To extend previous observations in the normal 

adult brain (Zigova et al., 1998; Benraiss et al., 2001; Pencea et al., 2001a; Cheng et al., 2002; 

Jin et al., 2003; Chmielnicki et al., 2004) and to determine the effect of BDNF or FGF-2 on 

neurogenesis in the injured adult brain, BDNF, FGF-2 or luciferase was over-expressed in the 

subventricular zone (SVZ) via recombinant adeno-associated viral vector (AAV1/2) delivery and 

newly generated cells were identified using BrdU labelling.  Selective striatal cell loss was 

induced in a subgroup of rats by unilateral striatal injection of the excitotoxin quinolinic acid (QA).   

Two treatment time points were analysed:  The shorter 42 day time point allowed for the level of 

progenitor cell proliferation and/or survival to be determined; the longer 84 day time point was 

used to determine if there was any motor function improvement after BDNF or FGF-2 treatment 

in a QA lesioned brain; both time points were used to assess the level of neuronal differentiation 

after AAV1/2 delivery of BDNF or FGF-2 to the SVZ.  

 

This project was designed to directly determine and better understand the effect of the 

growth factors BDNF and FGF-2 on the proliferation, migration, and differentiation of 
endogenous neural progenitor cells in both the unlesioned and QA lesioned adult rat 

brain.  
 

We propose that long-term delivery of growth factors via rAAV delivery may enhance the level 

of neurogenesis observed in the adult mammalian brain and may, in the injured adult brain, 

increase neurogenesis to a point where neuronal cell loss is slowed and functional improvement 

is seen.  The results of this research will enhance our knowledge and understanding of the 

mechanisms governing the regenerative potential of the adult brain.  Therefore if neurogenesis 

can be induced or augmented exogenously; endogenous neural progenitor cells may provide a 

substrate for repair in the adult brain and dramatically change therapeutic approaches towards 

the treatment of neurodegenerative diseases. 
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CHAPTER TWO 

 

Methods 
 

 

2.1 Molecular Cloning Methods 
 
2.1.1 Making Escherichia coli DH5α Competent Cells 
A 50 ml LB culture (Appendix; Section A.1.1.1) was set up in a 150 ml flask by scraping a small 

amount of frozen DH5α Escherichia coli cells from a glycerol stock (Appendix; Table A.1, 

Invitrogen, 18265-017) stored at -80°C.  The culture was incubated overnight on a shaker at 

37°C (Innova 4200, New Brunswick Scientific).  After 16-18 hours incubation 10 ml was 

transferred from the 50 ml starter culture into 500 ml LB culture media in a 2 L flask.  The 

culture was incubated on a shaker at 37°C.  While waiting for the culture to grow competent cell 

solution (CCS, Appendix; A.1.3.1) was placed on ice and stored at -20°C until required.  1.5 ml 

microcentrifuge tubes, 50 ml conical bottomed centrifuge tubes, and 250 ml centrifuge tubes 

were placed at -80°C to chill.  After one hour of growing in the 500 ml culture the optical density 

(OD) was checked on a spectrophotometer (GeneQuant) at wavelength 600λ.  The culture was 

checked every 30 minutes until the OD was 0.5.  Once the culture reached the desired density it 

was poured into the frozen 50 ml centrifuge tubes and spun in a Sorvall RC5C Plus centrifuge 

at 4000g for 10 minutes at 4°C to pellet the cells.  The supernatant was discarded and the pellet 

resuspended in 10 ml of chilled CCS per tube.  The resuspended cells were combined into one 

50 ml conical bottomed tube and placed on ice for 10 minutes.  The cells were spun in a Sorvall 

RC5C Plus centrifuge at 4000g for 10 minutes.  The supernatant was discarded and the 

pelleted cells resuspended in 20 ml CCS.  The resuspended cells were placed on ice for a 

further 10 minutes and spun in a Sorvall R5C5C Plus centrifuge at 4000g for 10 minutes at 4°C 

to pellet cells.  The supernatant was discarded again and the pelleted cells resuspended in 40 

ml CCS ready for aliquoting for storage.  To store ready to use E. coli competent cells, 200 

μl/tube of the resuspended cells was aliquoted into frozen 1.5 ml tubes and stored at -80°C.  To 

check the competency of the E. coli competent cells a heatshock transformation (Section 2.1.2) 

was carried out with uncut DNA plasmid to calculate transformation frequency. 
 
2.1.2 Heatshock Transformation 
To expand a stock of plasmid DNA was transformed into E. coli DH5α competent cells 

(Appendix; Table A.1, Invitrogen, 18265-017).  Before use a 200 µl aliquot of frozen competent 

cells was allowed to thaw on ice for approximately 30 minutes.  If transforming a ligation mix 



Chapter Two: Methods 32

(Section 2.1.12), the entire 10 µl ligation mix was added to the cells and mixed gently.  

Alternatively, if an uncut plasmid was to be transformed only 0.1 µl of the plasmid DNA was 

added to the cells and mixed gently.  The cells plus DNA was incubated on ice for 30 minutes.  

After the incubation the cells were heatshocked for 45 seconds at 42°C in a heating block and 

cooled for 1-2 minutes on ice.  After cooling 500 µl of LB (Appendix; Section A.1.1.1) was added 

to the cells and incubated shaking at 37°C for 1 hour.   20 - 50 µl of the cells were plated out 

onto LB agar plates (Appendix; Section A.1.1.1) containing the appropriate antibiotic (Appendix; 

Section A.1.2).  The remaining cells were spun for 1 minute at 13,000 rpm to concentrate the 

cells and were resuspended in 50 µl of the supernatant and plated out onto LB agar plates 

containing the appropriate antibiotic.  The plates were sealed with parafilm and incubated 

overnight at 37°C.  The next day the plate was removed from the incubator and stored at 4°C 

for up to 2 weeks. 

 

2.1.3 Maintenance of Bacterial Cultures 
For long term storage, 3 ml of LB (Appendix; Section A.1.1.1) was inoculated with a loopful of 

culture or a single colony taken from a streaked LB agar plate (Appendix; A.1.1.1) and grown 

overnight at 37°C, with moderate shaking.  700 μl of the culture and 300 μl of sterile glycerol 

were combined in a sterile cryotube and stored at -80°C.  When required a loopful of the stored 

culture was streaked out onto an LB agar plate containing the appropriate antibiotic (Appendix; 

Section A.1.2) and incubated overnight at 37°C.  Alternatively a loopful of stored culture was 

used to inoculate 3 ml or 100 ml of LB and used for plasmid DNA preparations (Section 2.1.6 

and 2.1.7).   If necessary the plate was stored at 4°C for up to two weeks and the liquid culture 

for one week. 

 
2.1.4 Colony PCR 
Colony PCR is used to screen a number of E. coli colonies from a LB agar plate thought to 

contain a plasmid of interest.  Firstly a master mix was made up on ice, making sure that more 

is made than is required for all the reactions.  Volumes for a single reaction were; 16.35 µl 

sterile milliQ water, 2.5 µl 10 x Red Hot PCR Buffer (ABgene, AB-0406) , 2 µl MgCl2 (supplied 

with Red Hot Buffer), 0.2 µl of each the forward and reverse primers (Appendix; Table A.2), 1 µl 

2.5 mM dNTP mix, 0.25 µl Red Hot TAQ (ABgene, AB-0406).  The desired amount of master 

mix was made for the required number of PCR reactions by multiplying the volume of each 

reagent by the number of reactions plus one or 2.  The DNA template used in colony PCR was 

a small volume of cell resuspension from the LB agar plate of interest.  To generate this 

template, colonies were picked from the LB agar transformation plate (Section 2.1.2) using a 

pipette tip.  The colony was streaked onto a fresh LB agar plate Appendix, Section A.1.1.1), 

containing the appropriate antibiotic (A.1.2), using numbered grid positioned under the plate.  

The same tip was then placed in a numbered PCR tube containing 20 µl LB.  22.5 µl of the PCR 

master mix was aliquoted out into numbered PCR tubes and 2.5 µl of the cell resuspension was 

added.  Each tube was mixed by gently pipetting the reaction mix up and down.  The PCR tubes 
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were placed in a thermal cycler (Applied Biosystems GeneAmp ® PCR System 9700) and the 

following cycles were used to amplify the desired DNA fragment.  
 

Cycle 1:   Denaturation at 95°C for 5 minutes. 

Cycles 2 – 36: Denaturation at 95°C for 30 seconds 

 Annealing at 56°C for 30 seconds 

 Extension at 72°C for 1 minute. 

Cycle 37:  Extension at 72°C for 7 minutes. 

Cycle 38:  Hold at 4°C indefinitely. 

 

The temperatures, times and number of cycles were adjusted depending on specific primers 

and DNA template concentration.  Positive colonies were used to grow cultures for plasmid 

DNA preps (Section 2.16 and 2.17) and glycerol stocks (Section 2.13).  This protocol was also 

used to test new PCR primers before using them in a more expensive Expand High Fidelity 

PCR reaction (Section 2.1.5, Roche, 1732541).  0.5 µl – 1 µl of plasmid DNA prep was added to 

each reaction as the DNA template and the water volume adjusted accordingly.   

 

2.1.5 Expand High Fidelity PCR 
Expand High Fidelity PCR System (ROCHE, 1732641) was used to generate of high yield, high 

fidelity and high specificity PCR products.  Volumes for a single reaction were; 5 µl 10 x High 

Fidelity Buffer plus MgCl2, 4 µl 2.5 mM dNTP mix, 1.5 µl of each of the forward and reverse 

primers (Appendix; Table A.2), 0.1 – 250 ng DNA template (Appendix; Table A.1) and 1 µl 

Expand High Fidelity Enzyme mix.  Each reaction was made up to 50 µl with sterile milliQ water.  

Each tube was mixed by gently pipetting the reaction mix up and down.  The PCR tubes were 

placed in a thermal cycler (Applied Biosystems GeneAmp ® PCR System 9700) and the 

following cycles were used to amplify the desired DNA fragment.  
 
bdnf cDNA       

Cycle 1:  Denaturation at 94°C for 2 minutes.   

Cycles 2 – 36: Denaturation at 94°C for 15 seconds 

            Annealing at 56°C for 30 seconds 

            Extension at 72°C for 1 minute. 

Cycle 37:  Extension at 72°C for 7 minutes. 

Cycle 38:  Hold at 4°C indefinitely. 

 

fgf-2 cDNA 
Cycle 1:  Denaturation at 94°C for 2 minutes. 

Cycles 2 – 31: Denaturation at 94°C for 15 seconds 

  Annealing at 56°C for 30 seconds 

  Extension at 72°C for 45 seconds. 

Cycle 32: Extension at 72°C for 7 minutes. 

Cycle 33: Hold at 4°C indefinitely. 
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2.1.6 Small Scale DNA Preparation 

Small scale plasmid DNA preparations were carried out as follows:  3 ml of sterile LB (Appendix; 

Section A.1.1.1), containing the appropriate antibiotic (Appendix; Section A.1.2), was inoculated 

with a single bacterial colony and grown to saturation overnight at 37°C, with moderate shaking.  

1.5 ml of the overnight culture was centrifuged for 1 minute at 13 000 rpm in a Heraeus Biofuge, 

(3332 rotor).  The supernatant was discarded and the pellet resuspended in 100 µl GTE 

(Appendix, Section A.1.3.2 or P1 from Qiagen plasmid DNA Maxi kit, 12163).  200 µl 0.2 M 

NaOH/1% SDS (or P2 from Qiagen plasmid DNA Maxi kit, 12163) was added and mixed gently 

by inversion and then placed on ice for 5 minutes.  150 µl 5 M KAc (Appendix; Section A.1.3.3 

or P3 from Qiagen plasmid DNA Maxi kit, 12163) was added and the solution mixed gently by 

inversion, then placed on ice for a further 5 minutes.  A second centrifugation for 10 minutes at 

13,000 rpm was carried out to pellet cellular debris and chromosomal DNA.  The supernatant 

was transferred to a new 1.5 ml microcentrifuge tube and mixed with 800 µl absolute ethanol.  

Plasmid DNA was then pelleted by centrifugation at 13,000 rpm for 1 minute.  The pellet was 

washed with 500 µl 70% ethanol and air dried.  The pellet was resuspended in 30 µl TE 

(Appendix; Section A.1.3.7) and stored at -20°C.  High quality plasmid DNA for direct 

sequencing was prepared using ROCHE High Pure Plasmid Isolation Kit (ROCHE, 1754777) 

following the manufacturers instructions.   

 

2.1.7 Large Scale DNA Preparation 
High quality plasmid DNA for cloning or transfection of HEK 293 cells (Section 2.2.6) was 

prepared using Qiagen Plasmid Maxi Kit (Qiagen, 12163) following the manufacturer's 

instructions.  
 
2.1.8 Spectrophotometric Determination of DNA Concentration (GeneQuant) 
To determine the concentration of specific plasmid DNA, the DNA prep to be tested was diluted 

1:50 or 1:100 in water.  Using a quartz cuvette 100 µl of the diluted DNA was loaded into the 

GeneQuant instrument and measured at 260/280 nm.  A blank of 100 µl sterile MilliQ water was 

used.  The instrument calculated the concentration and gave the purity of the sample. 

 
2.1.9 Analytical Restriction Enzyme Digestion 

Restriction enzyme digestions for plasmid analysis after transformation and in preparation for 

ligation were carried out in commercially prepared buffer.  2 - 10 µg of DNA was used and 10 - 

20 units of the appropriate restriction enzyme(s), constituting less than 1/10 of the final volume 

(Appendix; Table A.3).  When required BSA was added to make up 1/10 of the final volume.  

Digestions were incubated for 1 – 3 hours at 37°C unless otherwise stated.  Each digest was 

mixed with 1 μl of gel loading dye (Appendix; Section A.1.3.8), and then fractionated on an 

agarose gel (Section 2.1.10).  If digestion appears incomplete additional enzyme was added 

and the digest mix incubated for longer. 
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2.1.10 Agarose Gel Electrophoresis 
DNA was size fractionated by electrophoresis on agarose gels in 1 x TAE Buffer (Appendix; 

Section A.1.3.4).  The concentration of agarose ranged from 0.8 % for separation of high 

molecular weight fragments, to 2 % for separation of small fragments.  The appropriate amount 

of agarose (SeaKem®LE Agarose, BioWhittaker Molecular Applications, 50004) was added to 1 

x TAE buffer and microwaved until melted.  1 -2 µl of Ethidium Bromide (Invitrogen, 15585-011) 

was added to the liquid agarose and swirled gently to mix.  When the agarose had cooled it was 

poured into a casting tray and left to set for 15 - 45 minutes.  DNA fragments containing 1 x 

loading dye were loaded into wells in the set gel alongside 5 - 10 µl of 1 KB+ DNA ladder 

(Invitrogen, 10787-018).  Gel electrophoresis was carried out in 1 - 2 hours at 80 - 110 Volts.  

The gel was visualised under short wave UV light and photographed using a Gel 

Documentation System. 

 
2.1.11 DNA Extraction from Low Melting Point Agarose 

To purify DNA fragments a gel extraction was carried out.  Before starting a low melting point 

1% TAE NuSeive agarose gel (NuSeive®GTG® Agarose, Cambrex) was poured, containing 

Ethidium Bromide (Invitrogen, 15585-011). The gel and the 1 x TAE running buffer were 

precooled.  The desired amount of PCR reaction (Section 2.1.4 and 2.1.5) or restriction digest 

(Section 2.1.9) mixed with gel loading dye was loaded onto the gel.  The gel was run at 

approximately 90 V until the dye front reaches the desired point.  The DNA bands were viewed 

on a UV transilluminator and the appropriate band was cut out.  The band was then placed in a 

Costar Spin-X Centrifuge Tube Filters (Corning, 8161) and placed in -80°C freezer for 5 

minutes.  The frozen tubes were removed from the -80°C freezer and the agarose fragment was 

allowed to thaw.  Once thawed the tube plus the Costar Spin-X Centrifuge Tube Filter and the 

agarose fragment was spun for 10 minutes at 12,000 rpm (Heraeus Biofuge, 3332 rotor).  The 

column was discarded and 600 µl phenol:chloroform:isoamyl alcohol mix was added (Sigma 

P2069) and spun again for 10 minutes at 12,000 rpm.  The upper aqueous phase was 

transferred to a fresh 1.5 ml tube.  5 M NaCl stock was added to make up to 150 µl with final 

concentration of 200 mM NaCl.  2.5 volumes of 95% ethanol was then added and spun for 2 

minutes at 12,000 rpm and the supernatant was discarded, being careful not to disturb the 

pellet, then the pallet was washed with 500 µl of 70% ethanol and spun for a further 2 minutes 

at 12,000 rpm.  The 70% ethanol was removed and the pellet dried at room temperature. The 

dried pellet was resuspended in 10 µl of water and stored at -20°C.   

 
2.1.12 DNA Ligation 
Ligation of DNA fragments was carried out using 1 µl of T4 DNA ligase (New England Biolabs, 

MO202S), and 5 µl of 1 x Ligase Buffer (New England Biolabs, MO202S) in a final volume of 10 

µl.  The ligation mixture contained a 3 fold molar excess of insert DNA to vector, generally with 

3 µl of insert added and 1 µl of vector.   Ligations were incubated overnight at 4°C. 

 



Chapter Two: Methods 36

2.1.13 Sequencing 
To determine that the correct fragment was inserted during ligation or that there were no 

mistakes in the PCR product, plasmids were sequenced.  5 µl of 200 ng/µl plasmids were sent 

to The School of Biological Sciences DNA Sequencing Facility to be sequenced using – T7, T3, 

M13/pUC Forward, M13/pUC Reverse and WPRE Sequencing Reverse primers (Appendix; 

Table A.2). 

 

2.2 Cell Culture Methods 
 
2.2.1 Thawing and Growing Frozen HEK 293 Cells 
To thaw frozen HEK 293 cells 10 ml of ice cold complete DMEM media (Appendix; Section 

A.2.1.1, GibcoBRL, 12100-046) was added to a 15 ml conical bottom tube.  A cryovial of frozen 

cells was removed from liquid nitrogen storage and thawed quickly at 37°C.  Once thawed the 

cells were transferred to the cold media.  The cryovial was rinsed with a small amount of media 

to collect as many cells as possible.  The cells were then spun at 200g for 5 min at room 

temperature.  The supernatant was removed and the pellet resuspended in 20 ml or 5 ml for 

T75 cell culture flask (Nunc, 156499) or T25 flask respectively (Nunc, 156367) of complete 

DMEM media warmed to 37°C.  The resuspended cells were transferred to the appropriate 

sized cell culture flask and swirled gently to get even distribution prior to adhesion to the bottom 

of the flask.  The cells were incubated at 37°C. 

 
2.2.2 Replating and Splitting HEK 293 Cells 
When the cells reach 70% confluency after thawing or replating (1 - 2 days for T25 or 5 days for 

T75 after thawing) the cells were split and replated into a fresh T75 cell culture flask.  The flask 

was removed from the incubator and the cells rinsed with 3 ml 1 x PBS for T75, 1 ml for T25 or 

6 ml for T175 cell culture flasks (Nunc, 144903).  The 1 x PBS was removed and 1 ml 

trypsin/EDTA (GibcoBRL, 25300-054) was added per T25 or T75 flask or 3 ml per T175 flask 

and incubated for 3 – 5 minutes at room temperature until the cells have detached from the 

bottom of the flask.  10 ml of complete DMEM media (Appendix; Section A.2.1.1) was added to 

inhibit the trypsin/EDTA and the cells transferred into a 15 ml conical bottom tube.  The cells 

were then spun at 200g for 5 min at room temperature.  The supernatant was discarded and the 

pellet was resuspended in 5 ml of complete DMEM.  The cells were mixed gently by pipetting up 

and down with a 1 ml pipettor.  1 ml of the cell resuspension was transferred per T75 flask 

containing 24 ml of complete DMEM.  A single confluent flask can be split into 4 or 5 fresh 

flasks depending on the size of the flask and confluency required.  The fresh flasks were 

returned to the 37°C incubator. 

 
2.2.3 Freezing HEK 293 Cells  
T75 cell culture flasks were plated and split if necessary to generate enough cells to freeze for 

storage.  The flasks were removed from the incubator at 70% confluency and rinsed twice with 
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3 ml of 1 x PBS (Appendix; Section A.4.1.3).  The PBS was discarded and 1 ml of trypsin/EDTA 

was added per T75 cell culture flask.  The cells were incubated in trypsin/EDTA for 3 – 5 

minutes at room temperature until the cells detached from the bottom of the flask.  10 ml of 

complete DMEM media was added to inhibit the trypsin/EDTA and the cells transferred into a 15 

ml conical bottom tube.  The cells were then spun at 200g for 5 min at room temperature.  The 

cells were counted by resuspending the pellet in 1 ml of complete DMEM and following the cell 

counting protocol (Section 2.2.4).  The cells were then spun again at 200g for 5 min at room 

temperature.    The supernatant was discarded and the pellet was resuspended in 1 – 2 ml of 

freezing solution (Appendix; Section A.2.2.1) initially and then the final volume made by adding 

1 ml of freezing solution per 1 x 106 cells.  The cell resuspension was stored in 1 ml aliquots in 2 

ml cryogenic vials at -80°C initially and then transferred to liquid nitrogen 24 hours later.  Cells 

must be frozen prior to 100% confluence and frozen down at an early passage number 

 
2.2.4 Counting Cells 
To count cells 85 µl of serum free DMEM media (Appendix; Section A.2.1.1), 10 µl trypan blue 

(Sigma Aldrich, T8154) and 5 µl of cell resuspension were mixed together in a 1.5 micro 

centrifuge tube.  11 µl of the mix was transferred onto a Neubauer haemocytometer (Weber 

Scientific, Int. England) and the cells counted in the four corner grids.  The formula below was 

used to calculate the concentration of cells/ml. 

 

cells/ml = cell count x 104 x 20 

4 

 

Where:  4 = number of corners counted 

104 = total amount of cell suspension 

 20 = dilution factor 

 
2.2.5 Coating Plates with Poly-D-Lysine  
 
2.2.5.1 HEK 293 Cells 
To coat plates with Poly-D-Lysine (Appendix; Section A.2.2.3, Sigma, P1149), for plating out 

HEK 293 cells, the desired volume was made up at 10 µg/ml from the 1 mg/ml stock of Poly-D-

Lysine with sterile milliQ water.  It was mixed well and plated out onto cell culture plates.  For a 

6 well plate 1 ml/well was used and for a 24 well plate 200 µl /well was used.  The Poly-D-lysine 

was left for at least one hour, aspirated off and the desired volume of cells added immediately. 

 

2.2.5.2 Primary Cultures 
To coat plates with Poly-D-Lysine (Appendix; Section A.2.2.3, Sigma, P1149), for plating out 

neuronal primary cells, the desired volume was made up at 100 µg/ml from the 1 mg/ml stock of 

Poly-D-Lysine with sterile milliQ water.  It was mixed well and plated out onto cell culture plates 
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at 200 μl/well for 24 well plate or 100 μl/well for a 96 well plate.  The poly-D-lysine was left over 

night and replaced with 10% FBS the next morning prior to plating out the cells. 

 

2.2.6 Transfection of HEK 293 Cells with Plasmid DNA 
Transfection of HEK 293 cells allowed for plasmid constructs to be tested in vitro before AAV 

production.  This initial testing is important to determine expression activity from the construct 

prior to packaging. 

 

One cryovial of HEK 293 cells was thawed and plated into complete DMEM media (Appendix; 

Section A.2.1.1) in a T25 flask overnight or a T75 flask for 2 - 3 days.  When the cells reached 

70 – 80 % confluency the cells were ready for plating out onto Poly-D-Lysine coated (Appendix; 

Section A.2.2.3 and Section 2.2.5.1) 6 or 24 well plates.  The cells were harvested from the cell 

culture flask and counted prior to plating into the wells.  5 x 105 cells were plated per well on a 6 

well plate in 1 ml of complete DMEM media.  These cells were left for 24 hours to adhere before 

transfection with the plasmid DNA.  24 hours after plating or when 70 – 80 % confluency is 

reached the DMEM media was changed to IMDM (Appendix; Section A.2.1.2, 5% serum, 

GibcoBRL, 12200-036).  One hour after changing the media the cells were transfected with 5 µg 

of maxi prep plasmid DNA mixed with 30 µl of 2.5 M CaCl2 and made up to 250 µl with sterile 

milliQ water.  250 µl of the DNA/CaCl2 mix was vortexed with 250 µl of 2 x HeBs buffer 

(Appendix; Section A.2.2.2).  The mixture was left for 1 minute and then dropped slowly into the 

appropriate well.  The plates were swirled gently to mix and placed back in the incubator.  4 – 8 

hours after transfection the low or serum free media was changed back to 1 ml of complete 

DMEM media.  First thing the next morning the media was changed again to 1 ml of fresh 

complete DMEM media.  24 hours after the last media change the media from each well was 

collected for use in ELISA (Section 2.4.7.1) and stored in 500 µl aliquots at -80°C.  The cells 

were fixed with 4 % PFA (Appendix; Section A.3.1.2) for 15 - 30 minutes and then washed twice 

with 1 x PBS (Appendix; Section A.4.1.3) and stored at 4°C in PBS ready for 

immunocytochemistry. 

 
2.2.7 AAV Vector Production 
All procedures for AAV vector production were carried out in a Class II culture hood.  One week 

prior to transfection, one cryovial of HEK 293 cells at 2 x 106
 was thawed and plated out into a 

T25 cell culture flask.  24 hours later the cells were replated into a T75 cell culture flask.   Two 

days later the cells from the T75 flask were split 1:2 and replated into 2 T175 cell culture flasks.  

Two T175 flasks produced enough cells for five 15 cm cell culture dishes (Nunc, 168381) for 

transfection.   

 

2.2.7.1 Transfection for AAV Vector Production 
Day one of the transfection protocol involved plating out HEK 293 cells 24 hrs before 

transfection, at 2.0 – 2.2 x 107 cells per 15 cm cell culture dish in complete DMEM media 

(Appendix; Section A.2.1.1).  20 ml of complete DMEM media was added to each plate and 4 ml 
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of the resuspended cells were gently dropped in a circular motion onto each plate.  The plates 

then were swirled gently in a figure eight pattern to mix before being placed in a 37°C incubator. 

 

Day two of the transfection protocol involved transfecting the plated HEK 293 cells with the AAV 

expression and helper plasmids. The cells were less than passage 30 and about 70% confluent 

when the transfection was started.  Complete IMDM media (Appendix; Section A.2.1.2) was 

prewarmed to 37°C and then 2 – 3 hours before transfection the DMEM media was removed 

from the plates and replaced with the pre warmed complete IMDM media.  Two hours before 

the transfection 2 x HeBs buffer (Appendix; Section A.2.2.2), 2.5 M CaCl2, sterile milliQ H2O, 

AAV packaging helper plasmids; pFΔ6, pRV1, pH21 and AAV2 expression plasmid (Appendix; 

Table A.1) were equilibrated to room temperature.  The DNA had to be high quality and 

concentration with no RNA.  

 

Immediately prior to carrying out the transfection the transfection mix was prepared.  For each 

15 cm cell culture dish 25 µg pFΔ6 (5 x = 125 µg), 6.25 µg pRV1 (5 x = 31.25 µg), 6.25 µg pH21 

(5 x = 31.25 µg), 12.5 µg AAV plasmid (5 x = 62.5 µg) (Appendix; Table A.1), and 330 µl 2.5 M 

CaCl2 (final concentration 0.3 M) (5 x = 1.65 ml) was used and the volume made up to 2.75 ml 

with sterile milliQ water (5 x = 13.75 ml).  The volumes were 10% more than needed to make up 

for loss during filtering.  The entire transfection mix was made up in a 20 – 30 ml syringe by 

adding the plasmids first, followed by the CaCl2 and then the water.  The mix was filtered 

through a 0.2 µm syringe filter (Pall 32 mm Acrodisc cat # 4652) into a sterile 50 ml conical 

bottomed tube.  This filtration sterilises the DNA/CaCl2 mix and removes any particles that may 

bind to the calcium phosphate precipitation.  The final volume was 2.5 ml per plate (5 x = 12.5 

ml).  Before transfecting the HEK 293 cells it was important to check that the HeBs buffer 

(Appendix; Section A.2.2.2) formed a precipitate when mixed with the CaCl2.  This check 

involved mixing 500 µl 2 x HeBs buffer with 60 µl CaCl2 and 440 µl of water and leaving to stand 

for 1 minute and then centrifuging for 1 minute.  If a pellet formed then the HeBs buffer was 

used for the actual transfection.    

 

Two 15 cm cell culture dishes were transfected at the same time.  While vortexing 5 ml of the 

DNA/CaCl2 mix 5 ml of 2 x HeBs buffer was added quickly.  The entire mix was vortexed for a 

further 10 seconds, and then left to stand for an additional 50 seconds (1 minute in total).  Two 

plates were taken out of the incubator and half the transfection mix was added drop wise in a 

circular motion on to each plate and the plate gently swirled to mix before being returned to the 

incubator. 

 

Day three of the transfection protocol involved changing the media back from low serum IMDM 

to 25 ml of complete DMEM 8 – 15 hours after transfection.  After this media change the 

transfected cells were left for 48 – 60 hours before being harvested.   
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To harvest the transfected HEK 293 cells sterile 1 x PBS (Appendix; Section A.4.1.3) was 

warmed to 37°C, the DMEM media was removed from the 15 cm dishes and the warmed  1 x 

PBS used to rinse the cells.  The initial PBS was removed and replaced with fresh warmed 1 x 

PBS.  The cells were then scraped off each dish using a cell lifter (Costar, 3008).  The cells 

were transferred to a 50 ml conical bottomed centrifuge tube per plate and spun at 200 g for 5 

minutes.  The supernatant was discarded and the pellet resuspended in 10 ml of 150 mM 

NaCl/20 mM Tris (pH 8.0) per tube.  The resuspended cells were pooled into two 25 ml lots in a 

50 ml conical bottomed centrifuge tube and frozen overnight at -20°C.   

 

The next day, before thawing the cells fresh 10% (w/v) sodium deoxycholate (Sigma 

Deoxycholic acid, D-5670) was made by adding 300 mg to 3 ml of sterile milliQ water and 

filtering to sterilise.  The harvested cells were thawed and the sodium deoxycholate was added 

to a final concentration of 0.5% (1.25 ml of 10% stock solution per 25 ml).  After adding the 

sodium deoxycholate, benzonase (Sigma endonuclease, E1014) was added to a final 

concentration of 50 units/ml.  The cells were then incubated at 37°C in a water bath for 30 – 40 

minutes and spun at 3000g for 15 minutes at 4°C to remove cellular debris.  The supernatant 

was transferred to a fresh 50 ml tube and incubated at 56°C for 15 minutes in a water bath.  

After heating to 56°C the supernatant was frozen in a dry ice/ethanol bath, thawed at 56°C and 

spun at 3000g for 15 minutes at 4°C to remove additional cellular debris.  This freeze – thawing 

was repeated at least twice.  The supernatant was stored at -20°C until heparin column 

purification.  Before continuing with the column purification the supernatant was thawed at 56°C, 

spun at 3000g for 15 minutes at 4°C and the two lots of 25 ml pooled together.    

 

2.2.7.2 Heparin Column Purification 
The heparin column purification protocol is based on five 15 cm tissue culture plates for each 

virus approximately 60 hr after CaPO4 transfection.  The heparin column (HiTrap™ Heparin HP, 

Amersham Pharmacia Biotech, 17-0406-01) was pre equilibrated with 10 ml of 150 mM 

NaCl/20mM Tris (pH 8.0). A disposable 50 ml syringe, the appropriate attachment provided with 

the columns and a 975 Harvard Apparatus Compact Infusion Pump were used for the 

purification steps. 

 

The 50 ml supernatant sample from harvesting the cells was loaded into the 50 ml syringe and 

the Harvard infusion pump set at 1 ml/minute.  After loading the sample the column was washed 

with 20 ml of 100 mM NaCl/20mM Tris (pH 8.0) using the Harvard infusion pump.  After washing 

the column the virus was eluted off the column using an increasing concentration of NaCl/Tris 

(pH 8.0) buffers.  The elutions were carried out by hand using 1 ml syringes and the fractions 

were all collected in a 15 ml conical bottomed centrifuge tube.  The elutions were carried out by 

hand in the following order; 1 ml 200 mM NaCl/20mM Tris (pH 8.0), 1 ml 300 mM NaCl/20mM 

Tris (pH 8.0), 1 ml 400 mM NaCl/20mM Tris (pH 8.0), 1 ml 450 mM NaCl/20mM Tris (pH 8.0), 1 

ml 450 mM NaCl/20mM Tris (pH 8.0), 1 ml 500 mM NaCl/20mM Tris (pH 8.0).  The majority of 
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the virus comes off in the 400-500 mM range, but all the fractions from 200-500 mM were 

collected to be sure of not losing any virus. 

 

The pooled fractions were concentrated using a 3.5 ml 100K MWCO Microsep centrifugal 

concentrator (Pall, OD100C40).  The concentrator was filled with no more than 3 ml of virus and 

placed carefully inside a 50 ml conical bottomed centrifuge tube and spun at 3000g for 40 

minutes at 4°C.  The time that this step took depended on the amount of virus in the sample 

therefore the time varied between preparations.  After 40 minutes the remainder of the sample 

was added and spun again at 3000g for 40 minutes at 4°C.  The spins were repeated at shorter 

lengths of time until the meniscus was almost at the bottom of the top chamber of the 

concentrator.  When the level was approximately 300 µl the concentrator was removed and the 

sample transferred from the upper chamber of the concentrator to a 1.5 ml tube.  200 µl of 1 x 

PBS (Appendix; Section A.4.1.3) was added to the upper chamber of the concentrator and 

shaken for 1 minute then the lower reservoir was removed and the upper chamber slid into a 50 

ml tube upside down.  This was spun for 5 minutes at 4°C to ensure the entire virus was 

removed.  The upper chamber was removed from the tube with tweezers and the remaining 

sample in the bottom of the 50 ml tube was pooled with the initial 300 µl.  The pooled virus 

sample was injected into a pre wet Slide-A-Lyzer® dialysis cassette (Pierce, 66425) using an 

18G needle and 1 ml syringe.  The dialysis cassette was floated in a beaker (with a sealable lid) 

of 1 x PBS/1 mM MgCl2 using a Slide-A-Lyzer® Buoy (Pierce, 66430) and the beaker placed in a 

cold room on a stirrer overnight.  The 1 x PBS / 1 mM MgCl2 was replaced with fresh 1 x PBS/1 

mM MgCl2 the following morning and stirred in a cold room for a further 3-4 hours.  The virus 

was removed from the dialysis membrane using a 1 ml syringe and an 18 gauge needle and 

filtered through a 13 mm, 0.2 µm membrane (Pall, 4454) in to 1.5 ml tube.  The virus was then 

aliquoted and stored at -80°C. 

 

 
Figure 2.1: Schematic diagram of recombinant viral vector production.  HEK293 cells were co-
transfected with the AAV transgene expression plasmid and the AAV1/2 helper plasmids (Section 2.2.7.1).  
The packaged viral vector was purified through a heparin column (Section 2.2.7.2) and the genomic titre 
determined using Real-Time PCR (Section 2.2.8).  The purified viral vectors were used in vitro (Chapter 3) 
and in vivo (Chapter 3, 4 and 5). 

ITR2 CBA Transgene cDNA bGHpA ITR2HA WPRE
+

Helper plasmids (AAV2 rep and cap genes, AAV1 cap genes, Ad VA, E2A, E4) 

↓ 

Co-transfect HEK293 Cells 

↓ 

Harvest rAAV off Heparin Column 

↓ 

Real-Time PCR Genomic Titering 

↓ 

In vitro or In vivo Experimental Use 
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2.2.8 Genomic Titering of Recombinant AAV  
To determine the genomic titre of the viral prep real-time PCR was carried out on viral DNA 

extracted from the newly packaged and aliquoted virus. 

 

2.2.8.1 Extraction of Viral DNA 
To extract viral DNA, 2 µl of virus stock was mixed with 10 µl of 10 x DNAseI Reaction Buffer 

(Invitrogen, 18068-015) and 86.5 µl of sterile water.  This step was done in triplicate for each 

virus.  0.5 µl DNAseI (Invitrogen, 18068-015) was added to the 99 µl of diluted virus and 

incubated at 37°C for 30 min.  The DNAseI was inactivated at 70°C for 10 min, 0.5 µl of 

Proteinase K (Sigma, P5568) was added and the mix incubated at 50°C for 1 hour.  The 

Proteinase K was then inactivated at 95°C for 20 min.  To prepare for the real time PCR the 

viral DNA was diluted 1:50 in sterile milliQ water. 

 

2.2.8.2 Plasmid Standard Curve 
To set up an accurate standard curve for the real time PCR the standard plasmid concentration 

must be accurately known.  The standard plasmid must contain the region being amplified for 

the real time PCR.  In the case of AAV genomic titering the region for amplification was the 

WPRE region (Chapter 3; Section 3.1).  Once the concentration was known the standard 

plasmid was diluted to 1 x 107 copies per µl using the following calculation:  

 

50 µg/ml 1 kb plasmid DNA has 4.74 x 1013 molecules/ml 

 

4.74 x 1013  x concentration (µg/ml)  = copies/µl 

plasmid size (kb)   5 x 104  

 

e.g. If your plasmid is 6.3 kb and you have 50 µg/ml, you will have 7.52 x 109 copies/µl 

 

Ten fold serial dilutions were carried out to dilute the standard plasmid down to 1 x 104 

copies/µl. 

 

2.2.8.3 Real Time PCR Reaction Preparation 
Volumes for a single real time PCR reaction were; 12.5 µl of 2x SYBR Green mix (ABgene, AB-

1162/a), 0.5 µl of each of the forward and reverse primers (Appendix; Table A.2, 0.2 µM final 

concentration using 10 µM stock), 6.5 µl sterile milliQ water and 5 µl of either the sample DNA 

or standard DNA.  A master mix was made for the required number of PCR reactions by 

multiplying the volume of each reagent by the number of reactions plus one or two.  The volume 

of water was adjusted for the no template control reactions.  For each real time PCR run there 

were four standard curve reactions in triplicate, 3 sample replicates (three separate DNA 

extractions) in triplicate and three no template controls.    
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5 µl of virus dilution, standard dilution or water (no template control) was added to the 

corresponding well of an Optical 96 well plate (Applied Biosystems N801-0560).  20 µl of the 

master mix was added to each well and pipetted gently to mix.  The wells were then sealed with 

plastic film (Applied Biosystems 4313663) ready for running the reactions. 

 

2.2.8.4 Setting up of the ABI Prism 7700 
The ABI Prism 7700 machine was set up following the manufacturers instructions making note 

of the following points; the exposure time was set to 10 for the optical adhesive cover, the 

reaction volume was set to 25 µl, the dye layer was set to SYBR for all standards, unknowns 

and no template controls.  The plate template was used to assign a standard, unknown or no 

template control label to the corresponding wells.  Each well was labelled to allow for ease of 

identification during analysis. 

 

2.2.8.5 Data Analysis 
Once the run had finished the data file was opened with the sequence detector option in the 

programme and the raw data checked for amplification in the control reactions and deletion of 

any reactions that had baseline readings above the threshold line.  After deleting any reactions 

the data needed to be re analysed to generate a new amplification plot.  The data was exported 

to an Excel spreadsheet and the final analysis was carried out.  Using the standard curve 

generated from the standard reaction data the genomic titre for each sample was calculated as 

copies per ml. 

 
2.2.9 AAV Transduction of HEK 293 Cells 
Transduction of HEK293 cells was important to determine transgene expression activity from 

the viral vector prior to in vivo testing. 

 

One cryovial of HEK 293 cells was thawed and plated into a T25 flask overnight or a T75 flask 

for 2 - 3 days.  When the cells reached 70 – 80 % confluency the cells were ready for plating out 

onto Poly-D-Lysine (Appendix; Section A.2.2.3) coated 24 well plates.  The cells were harvested 

from the cell culture flask and counted prior to plating into the wells.  2.5 x 104 cells were plated 

per well on a 24 well plate in 1 ml of complete DMEM media (Appendix; Section A.2.1.1).  24 

hours after plating 200 µl of media was transferred from each well to a 1.5 ml centrifuge tube 

and 2 µl of undiluted virus was added and mixed gently.  The media/virus mix was then added 

back to the appropriate well and the cells incubated for 2 - 3 days at 37°C.  After 2 - 3 days the 

media was removed from the wells and the cells were fixed with 4% paraformaldehyde 

(Appendix; Section A.3.1.2) for 15 - 30 minutes and washed three times with 1 x PBS 

(Appendix; Section A.1.4.3) and stored at 4°C in PBS ready for immunocytochemistry.    
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2.2.10 AAV Transduction of HT1080 Cells 
Transduction of HT1080 cells was important to determine transgene expression activity from the 

viral vector prior to in vivo testing. 

 

One cryovial of HT1080 cells was thawed and plated into a T25 flask overnight or a T75 flask 

for 2 - 3 days.  When the cells reached 70 – 80 % confluency the cells were ready for plating out 

onto Poly-D-Lysine (Appendix; Section A.2.2.3) coated 24 well plates.  The cells were harvested 

from the cell culture flask and counted prior to plating into the wells.  2.5 x 104 cells were plated 

per well on a 24 well plate in 1 ml of complete DMEM media (Appendix; Section A.2.1.1).   24 

hours after plating 200 µl of media was transferred from each well to a 1.5 ml centrifuge tube 

and 2 µl of undiluted virus was added and mixed gently.  The media/virus mix was then added 

back to the appropriate well and the cells incubated for 2 - 3 days at 37°C.  After 2 - 3 days the 

media was removed from the wells and the cells were fixed with 4% paraformaldehyde 

(Appendix; Section A.3.1.2) for 15 - 30 minutes and washed three times with 1 x PBS 

(Appendix; Section A.1.4.3) and stored at 4°C in PBS ready for immunocytochemistry.    

 
2.2.11 Neuronal Primary Cell Culture 
24 hours prior to dissecting and dissociating the embryonic neurons 24 or 96 well plates were 

coated with 0.01% Poly-D-Lysine made up in sterile milliQ water (Section 2.2.5.2; Appendix; 

Section A.2.2.3).  The plates were left in the laminar flow hood overnight.  The next morning the 

Poly-D-Lysine was removed and replaced with 10% FBS and the plates placed in the 37 °C 

incubator until ready to use.   

 

To culture dissociated striatal or nigral neurons time mated female rats were used and the 

protocols were followed from Barker and Johnson, 1995. For striatal neurons E15 embryos 

were used to dissect out the striatal primordia.  For nigral neurons E14 embryos were used to 

dissect out the ventral mesencephalon.  Three individual dams were used and the tissue 

dissected from the embryos was kept separate for triplicate sampling and analysis.   The 

dissected tissue was stored in complete L15 media (Appendix; Section A.2.1.3, GibcoBRL, 

11415-064) until all the embryos had been dissected 

 

To dissociate the neurons the dissected embryonic tissue from each dam was finely diced in 

L15 media (GibcoBRL, 11415-064), placed in a 15 ml conical bottomed tube with approximately 

2 ml of L15 media and spun at 300g for 2 minutes.  The media was removed and replaced with 

fresh L15 media.  The tissue was triturated to a cloudy solution using serially fire polished glass 

Pasteur pipettes.  The triturated tissue was left to settle for 2 minutes and the supernatant 

transferred to a fresh tube.  2 ml of L15 media was added to the remaining tissue and spun at 

300g for 2 minutes.  The media was removed and replaced with fresh L15 media and the cells 

triturated again.  The triturated tissue was left to settle for further 2 minutes and the supernatant 

pooled with the first lot.  The supernatant was then spun at 1000g for 5 minutes to pellet the 
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cells.  The supernatant was removed and the pellet resuspended in 1 ml of complete 

maintenance media (Appendix; Section A.2.1.4 and Table A.4).  The resuspended cells were 

counted, resuspended in additional maintenance media and plated out onto the Poly-D-

Lysine/FBS coated plates (remove the FBS first) at 2 x 105 cells in 500 µl of media per well for 

24 well plates or 2.5 x 104 cells in 100 µl of media per well for 96 well plates.  Three wells were 

plated for each treatment group per dam.  This resulted in 10 wells being plated for each dam.  

The cells were left overnight to adhere to the plate and then another 500 µl of maintenance 

media was added each well for 24 well plates.  24 hours after adding the second half of 

maintenance media the cells were transduced with AAV1/2.  A Multiplicity of Infection (MOI) of 

100 MOI/cell was calculated for each viral vector and the vectors diluted accordingly.  500 µl or 

50 µl of media (24 well plate or 96 well plate respectively) was left on the cultured cells and 1 µl 

of diluted viral vector was added in an additional 500 µl or 150 µl of maintenance media.  

Negative controls were treated exactly the same as treatment wells, with the exception of 

adding the viral vector.  Each set of wells for a dam also had an undiluted control well.  These 

cells were transduced with undiluted viral vector as a control for problems with the dilutions.  

The cells required additional growth factors to be added to the media regularly.  Half of the 

media was removed and discarded and fresh media containing growth factors was added every 

2 – 4 days depending on the growth of the cells (Appendix; Table A.4).  The transduced cells 

were cultured for three weeks to allow for maximum transgene expression from the viral vector.  

After three weeks the media was removed from the wells and the cells were fixed with 4% 

paraformaldehyde (Appendix; Section A.3.1.2) for 15 - 30 minutes, washed three times with 1 x 

PBS (Appendix; Section A.4.1.3) and stored at 4°C in PBS ready for immunocytochemistry.    
 

2.3 In Vivo Studies Methods 
 

Adult male Wistar rats (250 - 300 g; University of Auckland Animal Resources Unit) were used 

in this study in strict compliance with the University of Auckland Animal Ethics Guidelines. The 

rats were housed in a temperature- and humidity-controlled room that was kept on a 12-h 

light/dark cycle with food and water available ad libitum.  Experimentation was performed in 

strict compliance with the University of Auckland Animal Ethics Guidelines in accordance with 

the New Zealand Animal Welfare Act 1999 and conformed to international guidelines on the 

ethical use of animals.  All efforts were made to minimize the number of animals used and their 

suffering.   

 
2.3.1 Rat Surgical Procedure for Viral Vector Injections and QA Administration 
The rats were anaesthetised with pentobarbitone (Pentobarb 300) diluted 1:5 to 60 mg/ml at 1.2 

µl/g of the rats weight.  Each rat was weighed and a number written on the base of the tail for 

identification. The rat was placed in a separate cage until it no longer responded to pinching the 

skin between the toes or the tip of the tail.  The head of the fully anaesthetised rat was shaved 

and the rat placed in a stereotaxic frame (Kopf® 957).  The ear bars were positioned first 
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followed by the bite bar ensuring the skull was as flat as possible (tooth bar set to 0.0).  

Following induction of anaesthesia with Pentobarbital, the rats were given a subcutaneous 

injection of 0.25% Marcain (0.5mg/kg) using a 27g needle and 1ml syringe.  Following 

successful delivery of Marcain to the incision site the top of the head was swabbed with a 70% 

ethanol wipe and the scalp cut with a scalpel to expose bregma.  Bregma was identified using 

Paxinos and Watson, 1998 and the 32 G needle attached to a 5 µl Hamilton syringe positioned 

above bregma.  The anterior-posterior and medial-lateral co-ordinates were recorded and 

adjustments calculated to move the needle to pre determined co-ordinates (Table 2.1; Fig. 2.2).  

The needle was moved to the adjusted co-ordinates and the skull marked with a permanent 

marker.  A hole was carefully drilled at the mark on the skull making sure not to hit the brain.  

Animals were randomly assigned treatments and the appropriate volume of viral vector, PBS or 

QA was drawn up into the syringe followed by 20% mannitol for AAV or PBS only.  The needle 

was positioned in the hole with the top of the bevel just level with the skull.  The dorsal-ventral 

coordinate was recorded and the adjustments calculated.  The needle was moved down to the 

adjusted dorsal-ventral coordinate at a rate of 1 mm/minute (Table 2.1; Fig. 2.2).  Once the 

needle had reached the correct coordinate the infusion was begun using an infusion pump 

(Micro4™ MicroSyringe Pump Controller) at a rate of 0.1 µl/min.  After the infusion was 

complete the needle was left in place for 5 minutes and then moved up and out of the brain at a 

rate of 1 mm/min.  After the needle was removed from the brain the incision in the scalp was 

sutured shut and a small amount of lignocaine was applied to topically anaesthetise the wound.  

The rat was returned to its cage and monitored until fully awake. 

Table 2.1: AAV1/2 and Quinolinic Acid Stereotaxic Injection Co-ordinates and Volumes 
     
     

Target Structure  Co-ordinates  Volume 
     
     
 Anterior-Posterior Medial-Lateral Dorsal-Ventral  
     

Lateral Ventricle -0.3 mm -1.2 mm -3.6 mm 6, 8, 10 µla 
     

Subventricular Zone +1.0 mm -1.2 mm -3.8 mm 3 µla 
     

Striatum +0.5 mm -2.7 mm -5.0 mm 400 nl 
     

aAll injection volumes required an additional 1 µl of 20% mannitol 
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Figure 2.2: Stereotaxic atlas figures schematically representing AAV1/2 or QA injection sites in the 
adult rat brain.  Lateral Ventricle (a). Anterior Subventricular Zone (b). Striatum (c).  Modified from 
Paxinos and Watson, 1998 
 
2.3.2 Motor Function Testing 
 

2.3.2.1 Exploratory Forelimb Use Test – Cylinder Test 
Unilateral damage to the sensorimotor cortex in the rat brain causes chronic deficits in the use 

of contralateral forelimbs.  These deficits can be easily quantified.  Tests for evaluating 

sensorimotor function include forelimb use and placement during exploration in a cylindrical 

environment.  To assess motor function in QA lesioned animals all animals in the 84 day QA 

lesioned treatment group were tested using the cylinder test.    Forelimb use during explorative 

activity was assessed by videotaping (using a digital video camera) in a transparent Perspex 

cylinder (20 cm diameter and 30 cm high) for 5 min.  The cylinder was placed in front of an 

angled corner mirror to allow movements to be recorded when the animal was turned away from 

the camera.  The resulting video was scored by playing the digital video in slow motion and 

forelimb use scored.  The following were scored: (a) forelimb used to rear from the floor of the 

cylinder; (b) forelimb used to contact the wall during a full rear; (c) weight-shifting movement 

around the wall of the cylinder during a rear; (d) forelimb used to land after a rear.  The score for 

each of these categories was either independent (left or right forelimb) or simultaneous (both) 

forelimb. 

  

c 
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(a) While initiating a rear the last limb to leave the floor of the cylinder was scored as an 

independent rear (left or right).  If both forelimbs left the floor at the same time it was 

scored as a simultaneous (both) rear. 

(b) During a rear the first forelimb to contact the wall was scored as an independent wall 

placement (left of right), or simultaneous wall placement if both forelimbs contacted the 

wall at the same time. 

(c) Weight-shifting movements were scored as the weight shifting from the initial wall 

contact limb to the other limb during exploration of the cylinder wall.  The initial limb 

must leave contact with the wall before a weight shift was scored.  If the weight was 

evenly distributed between both limbs during a stationary period of exploration, it was 

scored as a ‘both’ weight-shift. 

(d) After a rearing movement, wall contact and exploration the first limb to contact the floor 

was scored as an independent land for the limb.  If both limbs contacted the floor 

simultaneously it was scored as a ‘both’ landing. 

 

2.3.3 BrdU Injection and Labelling Paradigm 
The thymidine analogue BrdU (Applichem, A2139) was used to label proliferating (S-phase) 

cells based on the protocol outlined in Benraiss et al., 2001.  The 40 mg/ml stock BrdU 

(Appendix; Section A.3.1.4) was thawed out under warm water until most of the white powdery 

BrdU dissolved.  Each rat was weighed and the volume for injection was calculated.  The rats 

were scruffed or wrapped in an incontinence sheet and the BrdU injected intraperitoneally into 

alternate sides of the lower abdomen using a 25G needle and 1 ml syringe.  BrdU was 

administered once a day for 21 days at 150 mg/kg.  To inject 150 mg/kg the following 

calculation was used: 

 

Body weight x 3.75 =  ml of BrdU to inject 

        1000 

 

           e.g.   300g rat  →   300 x 3.75 =  0.9 ml of BrdU solution 

           1000 

 
2.3.4 Fixation of Brain Tissue for Immunocytochemistry 
Using a 1 ml syringe and 23G needle the rat was given between 0.15 – 0.2 ml of undiluted 

pentobarbitone.  Once the rat no longer responded to the toe pinch, tail pinch or corneal touch 

stimuli the perfusion was begun by laying the rat out on its back on the perfusion tray and 

pinning its forelimbs and hind limbs using crocodile clips.  The skin just below the sternum was 

pinched with a pair of forceps and the skin cut with a sharp pair of scissors.  The skin, ribs and 

muscles were cut in the form of a ‘U’ to form a flap to open the chest cavity.  Once the chest 

cavity was open the diaphragm and the tissue surrounding the heart was cut away.  It was 

important that the heart was still beating at this stage.  The inferior vena cava and descending 
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aorta were clamped and left for the duration of the perfusion.  The needle attached to the 

perfusion pump tubing was inserted gently into the left ventricle of the heart.  Using scissors the 

right atrium was cut to release the blood.  0.9% saline was pumped through first with the 

perfusion pump set to ~ 1.5 – 1.7 ml/min. 

 

Once 200 ml of 0.9% saline was pumped through and the visible signs of the rinse working had 

been observed – whitening of the paws, tongue, eyes and lungs the pump tubing was lifted out 

of the saline, held for a few seconds to create a bubble between the saline and the 4% PFA 

(Appendix; Section A.3.1.2), then placed into the beaker of 4% PFA.  500 ml of 4% PFA was 

run through the body and then the needle was removed from the heart.  The rat was 

decapitated using a guillotine, the brain removed very carefully and stored in a scintillation vial 

containing fixative for 2 or more hours.  Two hours later or the next morning the fixative was 

replaced with 30% sucrose and the brain stored at 4°C until ready for sectioning.  The brain was 

used once it had sunk to the bottom of the storage vial. 

 

2.3.5 Fresh Dissection of Brain Tissue for ELISA 
Using a 1 ml syringe and 23G needle the rat was given between 0.15 – 0.2 ml of undiluted 

pentobarbitone.  Once the rat no longer responded to the toe pinch, tail pinch or corneal touch 

stimuli the rat was immediately decapitated using a guillotine. The brain was removed carefully 

from the skull and the hemispheres separated along the midline.  The striatum ipsilateral to the 

viral vector injection and QA lesioning was dissected out and placed into liquid nitrogen before 

being stored at -80°C.   

 

2.3.6 Brain sectioning 
Coronal sections were cut through the olfactory (OB), rostral migratory stream (RMS) and 

striatum using a sliding microtome (Leica SM2000R) set at 40 µm.  Eight sets of sections were 

collected through the olfactory bulb and stored as individual OB pairs in 96 well plates for each 

animal.  Eight sets of sections were also collected through the RMS and striatum for each 

animal (320 µm between consecutive sections in each set).  All brain sections were stored free 

floating in cryoprotectant (Appendix; Section 3.1.1) at -20°C. 
 

2.4 Immunocytochemistry Methods 
 
2.4.1 Immunocytochemistry on Fixed Cultured HEK 293 or HT1080 Cells Using DAB 
To immunostain the fixed cultured HEK 293 or HT1080 cells the storage PBS was removed and 

the cells were incubated with 1% H2O2/50% methanol for 2 min and then washed three times 

with 1 x PBS (Appendix; Section A.4.1.3).  The primary antibody (Appendix; Table A.6) was 

diluted in immunobuffer (Appendix; Section A.4.1.5) to the correct working dilution and applied 

to the washed cells.  The cells were incubated in primary antibody overnight at 4°C on a rocking 

table.  The next morning the primary antibody was removed and the cells washed three times 
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with 1 x PBS.  The biotinylated secondary antibody (Appendix; Table A.6) was diluted 1:500 in 

immunobuffer and applied to the washed cells.  The cells were incubated in secondary antibody 

for 3 hours at room temperature then washed three times with 1 x PBS.  Extravidin peroxidase 

(Sigma, E2886) was diluted 1:500 in immunobuffer and applied to the washed cells.  The cells 

were incubated in extravidin peroxidase for 2 and half hours and then washed three times with 1 

x PBS.  The cells were incubated in DAB working solution (Appendix; Section A.4.1.7) for 5 - 10 

minutes and then washed three times with 1 x PBS and stored under PBS at 4°C until ready to 

be visualised. 

 

2.4.2 Immunostaining Fixed Tissue Using DAB/Nickel Sulphate 
To immunostain the fixed rat tissue the brain sections were removed from cryoprotectant 

(Appendix; Section 3.1.1.1) and washed three times with 1 x PBS (Appendix; Section A.4.1.3).  

The sections were then incubated with 1% H2O2/50% methanol for 10 min and washed three 

times with 1 x PBS/0.2% Triton X-100 (Appendix; Section 4.1.4).  The primary antibody 

(Appendix; Table A.6) was diluted in immunobuffer (Appendix; Section A.4.1.5) to the correct 

working dilution and applied to the washed tissue.  The brain sections were incubated in primary 

antibody overnight at room temperature on a rocking table.  The next morning the primary 

antibody was removed and the cells washed four times with 1 x PBS/0.2% Triton X-100.  The 

biotinylated secondary antibody (Appendix; Table A.6) was diluted 1:500 in immunobuffer and 

applied to the washed tissue.  The brain sections were incubated in secondary antibody for 2.5 

hours at room temperature then washed four times with 1 x PBS/0.2% Triton X-100.  Extravidin 

peroxidase was diluted 1:500 in immunobuffer and applied to the washed tissue.  The brain 

sections were incubated in extravidin peroxidase for 2.5 hours and then washed four times with 

1 x PBS/0.2% Triton X-100.  The brain sections were incubated in DAB working solution  

(Appendix; Section A.4.1.7) or DAB/Nickel Sulphate working solution (Appendix; Section 

A.4.1.8) for 5 -10 minutes and then washed four times with 1 x PBS and stored under PBS at 

4°C.  The stained sections were mounted onto slides under PBS, allowed to dehydrate 

overnight and coverslipped (Section 2.4.4). 

 
2.4.3 BrdU Immunocytochemistry Using DAB/Nickel Sulphate 
To immunostain the fixed rat tissue for BrdU the brain sections were removed from 

cryoprotectant (Appendix; Section 3.1.1.1) and washed three times with 1 x TBS (Appendix; 

Section A.4.1.9).  The cells were then incubated with 0.6% H2O2 in 1 x TBS for 30 min on a 

rocking table and washed three times with 1 x TBS.  The washed sections were then incubated 

in 2 M HCl at 37°C on a shaker for one hour.  The sections were removed from the 2 M HCl and 

incubated in 0.1 M sodium tetraborate (pH 8.5) for 10 minutes and then washed 3 times with 1 x 

TBS.  The washed sections were incubated in TBS-Tgs (Appendix; Section A.4.1.11) for 30 

minutes.  The primary antibody (Appendix; Table A.6) was diluted in TBS-Tgs to the correct 

working dilution and applied to the brain sections.  The brain sections were incubated in primary 

antibody for 48 hours at 4°C on a rocking table.  After 48 hours the primary antibody was 
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removed and the cells washed three times with 1 x TBS/0.1 % Triton X-100 (Appendix; Section 

A.4.1.10).  The biotinylated secondary antibody (Appendix; Table A.6) was diluted 1:500 in 

TBS-Tgs and applied to the washed tissue.  The brain sections were incubated in secondary 

antibody for 2.5 hours at room temperature then washed three times with 1 x TBS/0.1 % Triton 

X-100.  Extravidin peroxidase was diluted 1:500 in TBS-Tgs, applied to the washed sections 

and incubated for 2.5 hours, then washed three times with 1 x TBS.  The washed brain sections 

were incubated in DAB/Nickel Sulphate working solution (Appendix; Section A.4.1.8) for 5 -10 

minutes and then washed three times with 1 x TBS and stored under TBS at 4°C.  The stained 

sections were mounted onto slides under TBS, allowed to dehydrate overnight and coverslipped 

(Section 2.4.4). 

 

2.4.4 Coverslipping Slides 
To coverslip slides the slides were firstly immersed in 75% ethanol for 5 minutes, 95% ethanol 

for 5 minutes, 100% ethanol for 25 minutes and finally xylene for 20 minutes.  The slides were 

then taken out of the xylene and histomount and a coverslip applied.  Any bubbles were 

removed by gently pressing down on the coverslip.  The slides were left to dry and then cleaned 

up before analysis of the immunostained brain sections.  

 
2.4.5 Fluorescent Immunostaining of Fixed Tissue Using DNAseI Treatment  
 
2.4.5.1 Double Fluorescent Immunostaining 
 
2.4.5.1.1 BrdU/NeuN 
To immunostain the fixed rat tissue for BrdU and NeuN the brain sections were removed from 

cryoprotectant (Appendix; Section 3.1.1.1) and washed three times with 1 x TBS (Appendix; 

Section A.4.1.9).  The sections were then pre-incubated with mouse anti-NeuN primary antibody 

(Appendix; Table A.6), diluted 1:500 in TBS-Tgs (Appendix; Section A.4.1.11), overnight, 

rocking at room temperature.   

 

The following morning the sections were washed 3 times in 1 x TBS/0.1% TX-100 (Appendix; 

Section A.4.1.10).   The washed sections were then incubated in 4% PFA (Appendix; Section 

A.3.1.2) for 20 minutes, rocking at room temperature.  The sections were removed from the PFA 

and washed 2 times with 1 x TBS/0.1% TX-100 and once with 1 x TBS.  The sections were then 

washed once with DNAseI buffer (Appendix; Section A.4.1.12).  The sections were then 

incubated with 1100 Units DNAseI per ml DNAseI buffer for 45 minutes shaking at 37oC.  The 

DNAseI was washed off once with DNAseI buffer and then twice with 1 x TBS/0.1% TX-100.   

The rat anti-BrdU primary antibody (Appendix; Table A.6), was diluted 1:200 in TBS-Tgs and 

applied to the brain sections.  The brain sections were incubated in primary antibody overnight 

at room temperature on a rocking table.   
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The next morning the primary antibody was removed and the sections washed three times with 

1 x TBS/0.1 % TX-100.  The directly conjugated donkey anti-rat ALEXA 488 fluorescent 

secondary antibody (Appendix; Table A.6) was diluted 1:500 in TBS-Tgs and applied to the 

washed tissue.  The brain sections were incubated in secondary antibody for 4 hours at room 

temperature then washed twice with 1 x TBS/0.1 % Triton X-100 and once with 1 x TBS.  The 

washed sections were stored at 4°C overnight.   

 

The next morning the sections were washed three times with 1 x TBS/0.1% TX-100.  The 

mouse anti-NeuN primary antibody was diluted 1:500 in TBS-Tgs and the sections incubated in 

it overnight at room temperature. 

 

The next morning the second primary antibody was removed by washing the sections three 

times with 1 x TBS/0.1% TX-100.  The washed sections were incubated in directly conjugated 

goat anti-mouse ALEXA 594 secondary antibody (Appendix; Table A.6) diluted 1:500 in 1 x 

TBS/0.1% TX-100/3% NGS for 4 hours at room temperature.  The sections were finally washed 

once in 1 x TBS/0.1% TX-100 and twice with 1 x TBS.  The washed sections were mounted, 

coverslipped with Citifluor (Agar Scientific Ltd, AF1) and stored at 4oC.  The following day the 

coverslips were sealed to the slides with nailpolish and stored in the dark at 4oC. 

 
2.4.5.1.2 BrdU/GFAP, BrdU/MAP2, BrdU/DARPP-32 or BrdU/Calbindin  
To immunostain the fixed rat tissue for BrdU and GFAP, DARPP-32 or Calbindin the brain 

sections were removed from cryoprotectant (Appendix; Section 3.1.1.1) and washed three times 

with 1 x TBS (Appendix; Section A.4.1.9).  The following morning the sections were washed 

once with DNAseI buffer (Appendix; Section A.4.1.12).  The sections were then incubated with 

1100 Units DNAseI per ml DNAseI buffer for 45 minutes shaking at 37oC.  The DNAseI was 

washed off once with DNAseI buffer and then twice with 1 x TBS/0.1% TX-100 (Appendix; 

Section A.4.1.10).   Both the rat anti-BrdU primary antibody, diluted 1:200 in TBS-Tgs 

(Appendix; Section A.4.1.11), and either the rabbit anti-GFAP (diluted 1;500), mouse anti-MAP2 

(diluted 1:500), rabbit anti-DARPP-32 (diluted 1:1000) or mouse anti-Calbindin (diluted 1:7500) 

primary antibody (Appendix; Table A.6), diluted in TBS-Tgs 1:500, were applied to the brain 

sections.  The brain sections were incubated overnight at room temperature on a rocking table.  

  

The next morning the primary antibody was removed and the sections washed three times with 

1 x TBS/0.1 % TX-100.  The directly conjugated donkey anti-rat ALEXA 488 fluorescent 

secondary antibody, diluted 1:500 in TBS-Tgs, and goat anti-rabbit ALEXA 594 or  goat anti-

mouse ALEXA 594 fluorescent secondary antibody (Appendix; Table A.6), diluted 1:500 in TBS-

Tgs, were applied to the washed tissue.  The brain sections were incubated in secondary 

antibody for 4 hours at room temperature then washed twice with 1 x TBS/0.1 % Triton X-100 

and once with 1 x TBS.  The washed sections were stored at 4°C overnight. The washed 

sections were mounted, coverslipped with Citifluor (Agar Scientific Ltd, AF1) and stored at 4oC.  
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The following day the coverslips were sealed to the slides with nailpolish and stored in the dark 

at 4oC. 

 
2.4.5.2 Triple Fluorescent Immunostaining 

 
2.4.5.2.1 BrdU/NeuN/DARPP-32 or BrdU/NeuN/GAD-65/67 
To immunostain the fixed rat tissue for BrdU and DARPP-32 or GAD-65/67 the brain sections 

were removed from cryoprotectant (Appendix; Section 3.1.1.1) and washed three times with 1 x 

TBS (Appendix; Section A.4.1.9).  The following morning the sections were washed once with 

DNAseI buffer (Appendix; Section A.4.1.12).  The sections were then incubated with 1100 Units 

DNAseI per ml DNAseI buffer for 45 minutes shaking at 37oC.  The DNAseI was washed off 

once with DNAseI buffer and then twice with 1 x TBS/0.1% TX-100 (Appendix; Section 

A.4.1.10).  The rat anti-BrdU primary antibody (Appendix; Table A.6) was diluted 1:200 in TBS-

Tgs (Appendix; Section A.4.1.11) and applied to the brain sections.  The brain sections were 

incubated in primary antibody overnight at room temperature on a rocking table.   

 

The next morning the primary antibody was removed and the sections washed three times with 

1 x TBS/0.1 % TX-100.  The directly conjugated donkey anti-rat ALEXA 488 fluorescent 

secondary antibody (Appendix; Table A.6) was diluted 1:500 in TBS-Tgs and applied to the 

washed tissue.  The brain sections were incubated in secondary antibody for 4 hours at room 

temperature then washed twice with 1 x TBS/0.1 % Triton X-100 and once with 1 x TBS.  Both 

the mouse anti-NeuN primary antibody, diluted in TBS-Tgs 1:500 and either the rabbit anti-

DARPP-32 or rabbit anti-GAD-65/67 primary antibody (Appendix; Table A.6), diluted 1:1000 or 

1:500 in TBS-Tgs respectively, were applied to the brain sections.  The brain sections were 

incubated overnight at room temperature on a rocking table.   

 

The next morning the primary antibody was removed and the sections washed three times with 

1 x TBS/0.1 % TX-100.  Both the biotinylated goat anti-mouse, diluted 1:500 in TBS-Tgs, and 

directly conjugated goat anti-rabbit ALEXA 594 fluorescent secondary antibody (Appendix; 

Section A.6), diluted 1:500 in TBS-Tgs, were applied to the washed tissue.  The brain sections 

were incubated in secondary antibody for 4 hours at room temperature then washed three times 

with 1 x TBS/0.1 % Triton X-100.  Streptavidin-AMCA antibody (Appendix; Table A.6), diluted 

1:500 in TBS-Tgs was applied to the washed sections.  The brain sections were incubated in 

tertiary antibody for 4 hours at room temperature then washed twice with 1 x TBS/0.1 % Triton 

X-100 and once with 1 x TBS.   The washed sections were stored at 4°C overnight. The washed 

sections were mounted, coverslipped with Citifluor (Agar Scientific Ltd, AF1) and stored at 4oC.  

The following day the coverslips were sealed to the slides with nailpolish and stored in the dark 

at 4oC. 
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2.4.6 Microscopy and Photography 
Brightfield images were taken using a digital camera on a light microscope (Nikon Eclipse e800) 

and the images were captured using the NeuroLucida Software© system (MicroBrightField, Inc., 

Colchester, VT, USA).   

  
Fluorescently labelled sections were imaged using a confocal laser-scanning microscope (Leica 

TCS SP2) equipped with UV, argon, argon/krypton and helium/neon lasers.  Each fluorescent 

label was imaged serially to eliminate detection of bleed through and other artificial 

fluorescence.  Confocal images were captured in a z-series with an interslice gap of 0.3 μm and 

were displayed as a frame from a 3D reconstruction of the z-series.  

 

2.4.7 ELISA (Enzyme-Linked Immunosorbent Assay) Assays 
 
2.4.7.1 ELISA on Cell Culture Media 
To determine the levels of protein produced by the transgenic AAV2 expression plasmids the 

media collected from transfected HEK 293 cells (Section 2.2.6) was used for ELISA analysis 

using BDNF Emax
®ImmunoAssay System (Promega G7610) and DuoSet ELISA Development 

System (R&D Systems DY233) for human BDNF and FGF basic proteins respectively.  The 

manufacturer’s instructions were followed for both kits until the detection step when OPD 

(Appendix; Section 4.2.2, Sigma P9187) was used as the substrate for Strepavidin-Horseradish 

peroxidase for FGF basic detection.  The OPD reaction was stopped using 3 M HCl and OPD 

detection was read on the plate reader (Molecular Devices, SPECTRAmax 384 PLUS) at 492 

nm using the SoftMax ® Pro v.4.7.1 programme.   

 

2.4.7.2 ELISA on Brain Tissue 
Prior to homogenisation the samples (Section 2.3.5) were removed from -80°C storage and the 

sample weighed.  Each frozen sample was homogenised in 600 µl of homogenisation buffer 

(Appendix; Section A.4.2.1).  The homogenates were centrifuged at 3000 rpm for 15 min at 4°C 

to remove any cellular debris.  The supernatant was aliquoted and stored at -80°C. 

 

To determine the levels of exogenous protein produced after AAV1/2 transduction of the anterior 

SVZ the homogenised tissue collected was used for ELISA analysis using BDNF 

Emax
®ImmunoAssay System (Promega, G7610) and DuoSet ELISA Development System (R&D 

Systems, DY233) for human BDNF and FGF basic proteins respectively.  The manufacturer’s 

instructions were followed for both kits until the detection step when OPD (Appendix; Section 

4.2.2, Sigma P9187) was used as the substrate for Strepavidin-Horseradish peroxidase for FGF 

basic detection.  The OPD reaction was stopped using 3 M HCl and OPD detection was read on 

the plate reader at 492 nm (Molecular Devices, SPECTRAmax 384 PLUS) at 492 nm using the 

SoftMax ® Pro v.4.7.1 programme.  The BDNF or FGF-2 content of each sample was calculated 

from the linear portion of the standard curve and expressed in pg/g frozen tissue.     
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2.5 Quantification and Analysis 
 
2.5.1 Quantification of BrdU Labelled Cells 
To estimate the number of BrdU labelled cells present in the SVZ, striatum, RMS and olfactory 

bulb, we sampled every eighth section (a distance of 320 µm between consecutive sections in 

each set) using monochrome DAB stained sections labelled for BrdU (Section 2.4.3).  

Quantification of BrdU immunopositive cells was performed using the NeuroLucida Software© 

system (MicroBrightfield, Inc., Colchester, VT, USA) and ImageJ 1.34i (Wayne Rashband, NIH, 

USA).  Every eighth 40 µm section of a specific brain region (SVZ, RMS, Striatum and OB) was 

analysed at 20x magnification using a Nikon Eclipse e800 with Optronics Microfire S99808 

camera.  

 

               

          
Figure 2.3:  Schematic diagram showing brain regions analysed for BrdU immunopositive cell 
count.  Every eighth section was analysed from four regions of the adult rat brain: SVZ (a and d, red 
highlighting), striatum (a and d, green outline), RMS (b and e, red outline) and olfactory bulb (c and f, 
red outline).  Modified from Paxinos and Watson, 1998. 
 
A quantification system was used to determine the area of BrdU immunoreactivity in the SVZ, 

striatum, RMS and olfactory bulb of each brain (Fig. 2.3).  Two methods were used to calculate 

the area of these regions.  Quantification of BrdU immunoreactive area of the SVZ and RMS in 

the BDNF Study (Chapter 4) was performed using the NeuroLucida Software© system 

(MicroBrightfield, Inc., Colchester, VT, USA).  A tight contour was drawn around the region of 

interest and the total area (µm2) within the contour was calculated to give BrdU immunoreactive 

area.  Quantification of BrdU immunopositive area of the striatum and olfactory bulb in the 

BDNF Study (Chapter 4) and in the FGF-2 Study (Chapter 5) and of the SVZ and RMS in the 

FGF-2 Study (Chapter 5) was performed on 20x magnification photos taken of every eighth 40 

µm section of the brain region (SVZ, RMS, Striatum and Olfactory Bulb) using a Nikon Eclipse 

e800 with Optronics Microfire S99808 camera and analysed using ImageJ 1.34i (Wayne 

Rashband, NIH, USA).    Each image was set at threshold to select the BrdU immunoreactive 

cells  and a contour was drawn to surround the specific brain region (Fig. 2.3; SVZ, RMS, entire 

   d     e       f 

   a     b      c 
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striatum or granular layer of olfactory bulb) and the total area of threshold colour (µm2) within 

the contour was calculated which gave average BrdU immunoreactive area per section. 

 

A representative average cell count for BrdU immunopositive cells present per section in the 

SVZ, striatum, RMS and olfactory bulb was extrapolated from the NeuroLucida and ImageJ 

data. The average BrdU immunopositive area per section (μm2) in each brain region was 

divided by the average single cell area (μm2) calculated from 100 randomly selected BrdU 

immunopositive cells within the striatum.  

 

2.5.2 Statistical Analysis 

All statistical analysis and graph composition was undertaken using GraphPad Prism version 

4.00 for Windows (GraphPad Software, San Diego, California, USA).  All values and graphs are 

presented as mean ± S.E.M.  Quantification showed no significant difference in the level of 

BrdU labelling in the SVZ, striatum and RMS between AAV1/2-luc and PBS treated animals, 

therefore these treatment groups were combined and analysed as a single control treatment 

group for further analysis.  BrdU immunoreactive area was analysed using one way ANOVA 

and spontaneous exploratory forelimb use and BrdU labelling proportions were analysed using 

a two-way ANOVA with time and treatment or treatment and brain region as the two variables.  

When ANOVA showed significant differences, pair-wise comparisons were tested by applying 

the Bonferroni post hoc comparison test.  Results were considered statistically significant when 

p ≤ 0.05. 

 

 
 
 
 
 
 
 



Chapter Three: Recombinant Adeno-Associated Viral Vector Development and Testing 58

 
CHAPTER THREE 

 

Recombinant Adeno-Associated Viral Vector 
Development and Testing 

 
 

3.1 Introduction 
 

Production of functionally active molecules following exogenous gene transfer is essential for in 

vivo research studies.  Recombinant adeno-associated viral vectors (AAV) have been 

extensively investigated as the gene delivery vector of choice for many potential clinical 

applications because of their non-pathogenic viral origin, efficient transduction of post-mitotic 

cells and stable long-term gene expression (Chapter 1; Section 1.6).  This chapter details three 

recombinant AAV vectors that were developed to be used primarily for targeted in vivo gene 

delivery to the central nervous system (CNS).  Each AAV vector contained cDNA encoding 

either control gene firefly luciferase, human brain-derived neurotrophic factor (bdnf) or fibroblast 

growth factor-2 (fgf-2).  The cDNA for each of these molecules were individually subcloned into 

separate AAV2 expression cassettes regulated by the chicken-β-actin/CMV enhancer (CBA) 

promoter and woodchuck posttranscriptional regulatory element (WPRE) and packaged in 

AAV1/2 viral vectors.  The CBA (CMV enhancer/Chicken β-actin) promoter was used after 

previous studies showed that it drove higher expression of the transgene than other promoters 

such as the CMV (cytomegalovirus; (Schmidt et al., 1990) or NSE (neuron-specific enolase; 

Klein et al., 2002) promoters.  A 1.1 kb CBA promoter was used in the AAV2 backbone 

expression plasmid allowing for a transgene of 1.6 – 2.0 kb in size (Fitzsimons et al., 2002).  

The woodchuck hepatitis virus post-translational regulatory element (WPRE) is a post-

translational enhancer that facilitates cytoplasmic accumulation and translation of mRNA.  The 

WPRE regulatory element was used in the AAV2 expression plasmid backbone to increase 

transgene expression (Paterna et al., 2000; Xu et al., 2001).  Each cloning and packaging 

intermediate was tested prior to moving on to the next step.  This testing allowed for the 

detection of any problems with the transgene expression and the subsequent protein 

expression before the viral vectors were used in vivo.  To generate the mosaic AAV1/2 viral 

vector that is used in the following studies an AAV2 expression plasmid was constructed.  This 

consists of a plasmid carrying AAV2 inverted terminal repeats (ITR) which flank the promoter, 

transgene and regulatory elements (Chapter 2; Fig 2.1).  This plasmid was co-transfected into 

HEK293 cells with helper plasmids which carry the AAV2 replication genes, AAV2 and AAV1 

capsid genes and Adenovirus(E2A, VA and E4) helper regions (Chapter 1; Section 1.7).  When 
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combined these plasmids all contribute to the production of AAV1/2 mosaic viral vectors.  The 

vectors are considered mosaic because they carry both AAV2 and AAV1 capsid proteins 

surrounding the AAV2 expression plasmid genome (Chapter 1; Section 1.6). 

 

Firefly Luciferase was chosen as a control protein to assess the effects of viral vector 

transductions on cell viability both in vitro and in vivo.  Using a reporter gene allowed for control 

comparisons to determine the effect of growth factor expression from the experimental vectors.  

AAV viral vectors are non-pathogenic, but the use of a reporter gene encoding viral vector 

provided the added security that the viral transduction event was not influencing the transduced 

cells in any way (Xiao et al., 1996).    All vector development for the AAV2-CBA-luciferase 

expression plasmid (Appendix; Table A.1, Section A.5.2, During #498) was carried out in Prof. 

Matt During’s Laboratory (Department of Molecular Medicine, Faculty of Medical and Health 

Sciences, University of Auckland, New Zealand) and the plasmid gifted to us after the molecular 

cloning was complete.  All in vitro and in vivo testing procedures for both the expression 

plasmids and the packaged viral vectors were carried out using the AAV2-CBA-luciferase control 

plasmid and the AAV1/2-luciferase viral vector before testing plasmids and viral vectors carrying 

human bdnf or fgf-2 transgenes.  Human bdnf and fgf-2 cDNAs were used in this study and 

were determined to have high homology to the rat equivalents.  Human sequences were used 

to allow the studies to be carried out using proteins that would be used in clinical trials.  An HA 

tag was linked to the C-terminus of the cDNAs to aid immunohistochemical detection of the 

exogenous proteins.  The HA sequence encodes 9 amino acids which are translated in-frame 

with the transgenic protein following AAV2 transfection or AAV1/2 transduction in vitro and in vivo. 

 

This chapter details the in vitro and in vivo testing carried out prior to the commencement of 

larger in vivo studies.  The initial testing is important both in vitro and in vivo to allow any errors 

or faults in the construction of the AAV2 expression plasmids or subsequent packaging into the 

AAV1/2 viral capsid to be identified.  The BrdU labelling paradigm to be used in the larger studies 

was also trialled to ensure the optimal labelling levels and immunoreactivity was obtained.  To 

ensure the AAV2-luciferase, AAV2-bdnf and AAV2-fgf-2 cDNA expression plasmids were 

correctly generated and packaged into recombinant AAV1/2 particles initial in vitro testing was 

carried out in HEK293 and HT1080 cells.  Primary embryonic cultures were used to test and 

confirm the biological function of AAV1/2 delivered BDNF-HA or FGF-2-HA transgenic proteins.  

Finally, pilot in vivo testing was carried out to ensure that the packaged AAV1/2 viral vectors 

could be targeted to the anterior SVZ, using stereotaxic injections and were able to transduce 

cells in vivo and express exogenous protein at the targeted site. 
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3.2 Results 
 
3.2.1 Generation of AAV2 Expression Plasmids 
bdnf and fgf-2 cDNA constructs described below were designed to investigate the effect of 

growth factor over-expression on neurogenesis in the unlesioned and quinolinic acid (QA) 

lesioned adult rodent brain.  The bdnf or fgf-2 cDNA was amplified using PCR and inserted into 

an intermediate plasmid to make insertion into the AAV2 expression plasmid more straight 

forward.  The bdnf or fgf-2 cDNA was inserted into the AAV2 expression plasmid in-frame with a 

HA tag to allow for optimal detection of the transgenic protein. 

 

3.2.1.1 Insertion of bdnf cDNA into the pGEM-T® Easy Vector 
The human bdnf cDNA encoding the unprocessed precursor protein was obtained from Prof. 

Matt During and Dr. Debbie Young.  This cDNA was obtained inserted into the pAM/CRE-

BDNF-WPRE-bGHpA plasmid (Appendix; Table A.1, Section A.5.1, During #400).  PCR primers 

were designed (Appendix; Table A.2) from known bdnf cDNA and mRNA sequences obtained 

from Entrez nucleotide browser on the NCBI website (http://www.ncbi.nlm.nih.gov/Entrez/).  The 

forward and reverse primers were designed with XhoI and BglII restriction enzyme sites 

respectively (Appendix; Table A.2 and A.3) to amplify out the full length cDNA with a BglII 

restriction enzyme site replacing the stop codon to allow for directional cloning in-frame with the 

C-Terminus HA tag in the AAV2 expression plasmid (Appendix; Table A.1, Section A.5.3, During 

#577).  Preliminary PCR was carried out to check that the primers would anneal and amplify out 

the correct sized fragment from the template DNA (Chapter 2; Section 2.1.4).  It was initially 

found that the original primer pair designed did not amplify out a PCR fragment using the 

pAM/CRE-BDNF-WPRE-bGHpA plasmid template.  The Forward primer was redesigned and 

the preliminary PCR carried out again.  Once it was established the primers worked in the 

preliminary PCR a more specific proofreading Taq DNA polymerase was used to amplify out a 

high yield, high fidelity and highly specific PCR product (Chapter 2; Section 2.1.5) from the 

pAM/CRE-BDNF-WPRE-bGHpA plasmid.  The DNA fragment was purified by gel extraction and 

column purification (Chapter 2; Section 2.1.11). 

 

The purified PCR fragment was ligated directly into the pGEM-T® Easy Vector (Appendix; Table 

A.1, Section A.5.4) to allow for easy digestion with the necessary restriction enzymes.  The 

ligation mix was transformed by heatshock transformation into DH5α E. coli and plated onto LB 

agar plates containing ampicillin and X-Gal for blue-white selection of positive colonies (Chapter 

2; Section 2.1.2 and Appendix; Section A.1.2.1 and 1.2.2).  Colony PCR was carried out on 

white colonies using the BDNF XhoI Forward and BDNF BglII Reverse primers designed to 

amplify out the original bdnf PCR product (Chapter 2; Section 2.1.4 and Appendix; Table A.2).  

Any colonies positive for the bdnf cDNA amplified during colony PCR were selected and grown 

again for alkaline lysis mini DNA preps (Chapter 2; Section 2.1.6).  These mini preps were 

digested with XhoI and BglII sequentially to determine whether the BDNF cDNA was correctly 
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inserted into the pGEM-T cloning vector (Chapter 2; Section 2.1.9).  Colonies shown to be 

positive for both the colony PCR and restriction digests was grown again and used for High 

Pure Plasmid Isolation (Chapter 2; Section 2.1.6).  The High Pure Plasmid Mini prep DNA was 

sent for sequencing with T7 and M13 Reverse sequencing primers (Chapter 2; Section 2.1.13 

and Appendix; Table A.2) to confirm the insertion of the full length bdnf cDNA into the pGEM-T® 

Easy Vector before continuing with cloning the cDNA into the AAV2 backbone.  The sequence 

was compared to both known bdnf cDNA sequences (Entrez Nucleotide browser, NCBI website; 

http://www.ncbi.nlm.nih.gov/Entrez/) and translated human BDNF protein sequence (Swiss-Prot, 

ExPASy website; http://au.expasy.org/).  
 
3.2.1.2 Insertion of fgf-2 cDNA into the pGEM-T® Easy Vector 

The human fgf-2 cDNA was obtained as an I.M.A.G.E clone from the MGC (Mammalian Gene 

Collection) collection (Appendix; Table A.1, Section A.5.5, Connor #4).  This cDNA was 

obtained inserted in the pT7T3-Pac plasmid.  To determine the I.M.A.G.E clone sequence, a 

small amount of the glycerol stock (Chapter 2; Section 2.1.3) was streaked out on to a fresh LB 

agar plate containing ampicillin (Appendix; Section A.1.1.1 and A.1.2.1).  A single colony was 

picked and grown up in LB media containing ampicillin and used for a High Pure Plasmid 

Isolation (Chapter 2; Section 2.1.6).  This high pure plasmid prep was sequenced using T7 and 

T3 sequencing primers (Chapter 2; Section 2.1.13 and Appendix; Table A.2).  The sequence 

was confirmed by comparison with known fgf-2 cDNA and mRNA sequences obtained from 

Entrez nucleotide browser on the NCBI website (http://www.ncbi.nlm.nih.gov/Entrez/).    

 

PCR primers were designed (Appendix, Table A.2) from the fgf-2 cDNA I.M.A.G.E clone 

sequence (See above).  The forward and reverse primers were designed with XhoI and BglII 

restriction enzyme sites respectively (Appendix; Table A.2 and A.3) to amplify out the full length 

cDNA with a BglII restriction enzyme site replacing the stop codon to allow for directional 

cloning in-frame with the C-Terminus HA tag in the AAV2 expression plasmid (Appendix; Table 

A.1, Section A.5.3, During #577).  Preliminary PCR was carried out to check that the primers 

would anneal and amplify out the correct sized fragment from the template DNA (Chapter 2; 

Section 2.1.4).  Once it was established the primers worked in the preliminary PCR a more 

specific proofreading Taq DNA polymerase was used to amplify out a high yield, high fidelity 

and highly specific PCR product (Chapter 2; Section 2.1.5) from the pT7T3-Pac plasmid.  The 

DNA fragment was purified by gel extraction and column purification (Chapter 2; Section 

2.1.11).  The purified PCR fragment was ligated directly into the pGEM-T® Easy Vector 

(Appendix; Table A.1, Section A.5.4) to allow for ease of digestion with the necessary restriction 

enzymes.  The ligation mix was transformed by heatshock transformation into DH5α E. coli and 

plated onto LB agar plates containing ampicillin and X-Gal for blue-white selection of positive 

colonies (Chapter 2; Section 2.1.2 and Appendix; Section A.1.2.1 and 1.2.2).  Colony PCR was 

carried out on white colonies using the FGF-2 XhoI Forward and FGF-2 BglII Reverse primers 

designed to amplify out the original fgf-2 PCR product (Chapter 2; Section 2.1.4 and Appendix; 
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Table A.2).   Any colonies positive for the fgf-2 cDNA amplified during colony PCR were 

selected and grown again for alkaline lysis mini DNA preps (Chapter 2; Section 2.1.6).  These 

mini preps were digested with XhoI and BglII sequentially to determine whether the fgf-2 cDNA 

was correctly inserted into the pGEM-T® Easy cloning vector (Chapter 2; Section 2.1.9).  

Colonies shown to be positive for both the colony PCR and restriction digests was grown again 

and used for High Pure Plasmid Isolation (Chapter 2; Section 2.1.6).  The High Pure Plasmid 

Mini prep DNA was sent for sequencing with T7 and M13 Reverse sequencing primers (Chapter 

2; Section 2.1.13 and Appendix; Table A.2) to confirm the insertion of the full length fgf-2 cDNA 

into pGEM-T before continuing with cloning the cDNA into the AAV2 backbone.  The sequence 

was compared to both known fgf-2 cDNA sequences (Entrez Nucleotide browser, NCBI website; 

http://www.ncbi.nlm.nih.gov/Entrez/) and translated human FGF-2 protein sequence (Swiss-

Prot, ExPASy website; http://au.expasy.org/). 

 
3.2.1.3 Insertion of bdnf or fgf-2 cDNA into the AAV2 Expression Plasmid 
After confirming the sequence of the bdnf or fgf-2 cDNA in the pGEM-T® Easy Vector 

(Appendix; Table A.1, Section A.5.6 and A.5.7), the cDNA was digested out of pGEM-T® Easy 

Vector using XhoI and BglII restriction enzymes (Appendix; Table A.3).  The resulting PCR 

product was gel extracted, column purified (Chapter 2; Section 2.1.11) and ligated into the AAV2 

expression plasmid (Chapter 2; Section 2.1.12 and Appendix; Table A.1 and Section A.5.3).  

The AAV2 expression plasmid was prepared by digesting with XhoI and BglII restriction 

enzymes (Appendix; Table A.3), gel extracted and column purified in the same way as the 

cDNA fragment (Chapter 2; Section 2.1.11).  The AAV2 expression plasmid used for these 

studies also carried a C-terminal HA tag upstream of the WPRE element (Appendix; Table A.1 

and Section A.5.3).  Digestion of the expression plasmid with XhoI and BglII allowed for ligation 

of the bdnf or fgf-2 cDNA into the expression plasmid downstream of the CBA promoter 

(pAM/CAG or Chicken β Actin) and upstream of the WPRE element while remaining in-frame 

with the HA tag.  The ligation mix was transformed into DH5α E. coli by heatshock 

transformation and the plated onto LB agar plates containing ampicillin (Chapter 2; Section 

2.1.2 and Appendix; Section A.1.2.1).  Transformation colonies were screened, using colony 

PCR, for the presence of the bdnf or fgf-2 cDNA (Chapter 2; Section 2.1.4).  Alkaline lysis mini 

DNA preps were carried out on positive colonies from the colony PCR and checked again by 

digestion with XhoI and BglII (Chapter 2; Section 2.1.6 and 2.1.9 and Appendix; Table A.3). 

These digests were run on an agarose gel (Chapter 2; Section 2.1.10) concurrently with a 

digest of the pGEM-T®-bdnf or pGEM-T®-fgf-2 plasmid as a final check that the bdnf or fgf-2 

cDNA had ligated into the AAV backbone plasmid and not back into any pGEM-T® Easy Vector 

that may have been carried over from the gel extraction prior to ligation. 
 

A High Pure Plasmid Isolation was made from one of the positive colonies (Chapter 2; Section 

2.1.6) and digested with XhoI/BglII as a final confirmation that the correct plasmid is being used 

(Chapter 2; Section 2.1.9).  This plasmid prep was then sequenced using the WPRE 
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Sequencing Reverse Primer (Chapter 2; Section 2.1.13 and Appendix; Table A.2) to determine 

whether the bdnf or fgf-2 cDNA and the HA tag are in-frame.  After sequence confirmation that 

the bdnf or fgf-2 cDNA and HA tag were in-frame (Fig. 3.1 and 3.2) a Qiagen Maxi Plasmid prep 

was made of the desired construct (Chapter 2; Section 2.1.7), the plasmid concentration was 

determined (Chapter 2; Section 2.1.8) and a final confirmation restriction digest with XhoI and 

BglII was carried out (Chapter 2; Section 2.1.9 and Appendix; Table A.3).  

                 
CTC GAG CAC CAG GTG AGA AGA GTG ATG ACC ATC CTT TTC CTT ACT ATG GTT ATT TCA TAC 

   XhoI                                                               M       T       I       L     F       L      T     M      V     I      S      Y       

TTT GGT TGC ATG AAG GCT GCC CCC ATG AAA GAA GCA AAC ATC CGA GGA CAA GGT GGC  
  F      G     C      M      K       A       A       P     M      K       E      A      N       I       R      G      Q      G     G       

TTG GCC TAC CCA GGT GTG CGG ACC CAT GGG ACT CTG GAG AGC GTG AAT GGG CCC AAG 

  L        A      Y       P      G      V      R       T      H      G     T      L        E      S       V      N     G        P      K         

GCA GGT TCA AGA GGC TTG ACA TCA TTG GCT GAC ACT TTC GAA CAC GTG ATA GAA GAG 

   A      G      S      R       G      L      T      S       L      A      D      T     F      E       H      V       I       E       E        

CTG TTG GAT GAG GAC CAG AAA GTT CGG CCC AAT GAA GAA AAC AAT AAG GAC GCA GAC 

   L      L       D      E       D      Q      K      V      R      P      N       E       E      N      N      K       D      A      D       

TTG TAC ACG TCC AGG GTG ATG CTC AGT AGT CAA GTG CCT TTG GAG CCT CCT CTT CTC 

   L      Y      T      S       R      V      M      L      S       S      Q      V       P     L      E        P     P       L      L       

TTT CTG CTG GAG GAA TAC AAA AAT TAC CTA GAT GCT GCA AAC ATG TCC ATG AGG GTC 

  F     L       L       E        E     Y      K       N     Y       L       D     A      A       N     M       S     M       R     V        

CGG CGC CAC TCT GAC CCT GCC CGC CGA GGG GAG CTG AGC GTG TGT GAC AGT ATT AGT 

   R      R       H     S      D      P      A      R       R       G       E       L      S       V      C      D      S       I      S 

GAG TGG GTA ACG GCG GCA GAC AAA AAG ACT GCA GTG GAC ATG TCG GGC GGG ACG GTC 

   E      W     V       T       A       A      D      K       K       T      A      V       D      M     S       G      G       T       V       

ACA GTC CTT GAA AAG GTC CCT GTA TCA AAA GGC CAA CTG AAG CAA TAC TTC TAC GAG 

   T      V       L      E      K       V      P      V      S     K       G      Q      L       K       Q      Y      F      Y      E        

ACC AAG TGC AAT CCC ATG GGT TAC ACA AAA GAA GGC TGC AGG GGC ATA GAC AAA AGG 

  T       K      C       N      P      M      G      Y      T      K       E       G      C      R      G      I        D       K      R        

CAT TGG AAC TCC CAG TGC CGA ACT ACC CAG TCG TAC GTG CGG GCC CTT ACC ATG GAT 

  H      W      N       S     Q      C      R      T       T     Q       S      Y      V      R       A       L      T      M      D       

AGC AAA AAG AGA ATT GGC TGG CGA TTC ATA AGG ATA GAC ACT TCT TGT GTA TGT ACA  
   S      K       K      R       I       G     W       R     F       I      R       I       D       T      S     C     V       C      T       

TTG ACC ATT AAA AGG GGA AGA AGA TCT TAT CCG TAT GAT GTT CCT GAT TAT GCT TGA TAG  

  L       T       I      K      R        G     R          BglII      Y      P      Y      D      V      P      D     Y       A    STOP   

T -3’ 

STOP 

Figure 3.1: Human bdnf cDNA sequence inserted into AAV2 backbone containing C-Terminal HA 
tag (Appendix; Table A.1 and Section A.5.8, Connor #13).  Sequence of bdnf cDNA inserted into AAV2 
backbone showing PCR primer sequence, restriction enzyme sites and replacement of stop codon with 
BglII restriction enzyme site following in-frame with HA tag. BDNF XhoI Forward and BDNF BglII Reverse 
primer sequence; HA Tag sequence; bdnf cDNA and protein sequence with stop codon replaced with 
BglII restriction enzyme site.   
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CT CGA GC ATG GCA GCC GGG AGC ATC ACC ACG CTG CCC GCC TTG CCC GAG GAT GGC  
     XhoI           M      A       A       G      S       I       T      T       L       P       A      L      P       E      D      G 
GGC AGC GGC GCC TTC CCG CCC GGC CAC TTC AAG GAC CCC AAG CGG CTG TAC TGC AAA  

   G      S       G       A     F      P       P       G      H     F       K       D      P      K       R       L     Y       C      K  

AAC GGG GGC TTC TTC CTG CGC ATC CAC CCC GAC GGC CGA GTT GAC GGG GTC CGG GAG  
   N      G      G       F      F      L       R      I       H      P       D      G       R      V     D       G      V      R       E        
AAG AGC GAC CCT CAC ATC AAG CTA CAA CTT CAA GCA GAA GAG AGA GGA GTT GTG TCT  

   K       S      D      P      H       I       K       L      Q       L     Q      A       E      E       R      G      V      V       S             

ATC AAA GGA GTG TGT GCT AAC CGT TAC CTG GCT ATG AAG GAA GAT GGA AGA TTA CTG  

   I       K       G      V      C      A      N       R     Y      L      A      M       K      E       D      G      R       L      L           

GCT TCT AAA TGT GTT ACG GAT GAG TGT TTC TTT TTT GAA CGA TTG GAA TCT AAT AAC TAC  

   A     S      K      C       V     T       D      E      C      F      F     F      E      R       L       E      S     N      N      Y 

 AAT ACT TAC CGG TCA AGG AAA TAC ACC AGT TGG TAT GTG GCA CTG AAA CGA ACT GGG  

   N     T       Y       R      S      R       K      Y      T       S     W      Y      V      A       L       K      R       T      G 

CAG TAT AAA CTT GGA TCC AAA ACA GGA CCT GGG CAG AAA GCT ATA CTT TTT CTT CCA  

  Q      Y      K      L       G      S       K     T       G       P      G      Q      K       A      I        L     F      L      P         
ATG TCT GCT AAG AGC CCG AGA TCT TAT CCG TAT GAT GTT CCT GAT TAT GCT TGA TAG T -3’ 

  M      S      A      K       S                 BglII       Y      P      Y       D     V       P      D     Y       A   STOP  STOP 

Figure 3.2: Human fgf-2 cDNA sequence inserted into AAV2 backbone containing C-Terminal HA 
tag (Appendix; Table A.1 and Section A.5.9, Connor #22).  Sequence of FGF-2 cDNA inserted into AAV2 
backbone showing PCR primer sequence, restriction enzyme sites and replacement of stop codon with 
BglII restriction enzyme site following in-frame with HA tag.  FGF-2 XhoI Forward and FGF-2 BglII Reverse 
primer sequence; HA Tag sequence; FGF-2 cDNA and protein sequence with stop codon replaced with 
BglII restriction enzyme site.  
 

These sequences show that the bdnf or fgf-2 cDNA was successfully inserted into the AAV2 

expression plasmid backbone, in-frame with the C-Terminal HA tag, ready for in vitro testing for 

exogenous protein expression. 

 
3.2.2 In Vitro Testing of AAV2 Expression Plasmids 
 

3.2.2.1 In Vitro Transfection of HEK 293 Cells with AAV2 Expression Plasmids 
Before packaging the AAV2-CBA-luciferase (Appendix; Table A.1 and Section A.5.2, During 

#498), AAV2-CBA-bdnf-HA (Appendix; Table A.1 and Section A.5.8, Connor #13) or AAV2-CBA-

fgf-2-HA (Appendix; Table A.1 and Section A.5.9, Connor #22) expression plasmids into AAV1/2 

viral vectors they were tested in vitro to confirm Luciferase, BDNF or FGF-2 protein was being 

produced from the transgene.  HEK293 cells were cultured in 6 well plates (Chapter 2; Section 

2.2.6) and 5 µg of the AAV2-CBA-bdnf-HA, AAV2-CBA-fgf-2-HA or AAV2-CBA-luciferase 

expression plasmids was transfected into the cultured cells (Chapter 2; Section 2.2.6). Control 

wells were set up, with PBS replacing the AAV2 expression plasmid.   

 

The fixed transfected HEK293 cells were immunostained (Chapter 2; Section 2.4.1) with goat 

anti-Luciferase primary antibody (Appendix, Table A.6, diluted 1:50000) and mouse anti-HA 

primary antibody (Appendix; Table A.6, diluted 1:1000) to determine the optimal working dilution 
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for the primary antibody and confirm exogenous protein production from the expression plasmid 

(Fig 3.3).  The immunostaining shows distinct Luciferase (Fig 3.3a), BDNF-HA (Fig 3.3c) or 

FGF-2 (Fig. 3.3e) protein expression within the cells in comparison to the negative control cells 

which show no staining for transgenic protein (Figure 3.3b, d and f). 

 

                  Negative Control 

     

      

                         
Figure 3.3: Luciferase, BDNF-HA and FGF-2-HA protein expression in AAV2 transfected HEK 293 
cells.  AAV2-CBA-luciferase (Appendix; Table A.1 and Section A.5.2, During #498),  AAV2-CBA-bdnf-HA 
(Appendix; Table A.1 and Section A.5.8, Connor #13) and AAV2-CBA-fgf-2-HA (Appendix; Table A.1 and 
Section A.5.9, Connor #22) transfected HEK 293 cells exhibit positive staining for exogenous Luciferase 
(a), HA tagged BDNF (c) or FGF-2 (e) protein.  Negative control cells (no transfection) show no staining for 
exogenous Luciferase (b), BDNF-HA (d) or FGF-2-HA (f) protein.  Scale bar: a – f = 20 μm.   
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3.2.2.2 Determining BDNF or FGF-2 Protein Levels from AAV2 Expression Plasmids Using 
ELISA 
Media collected from AAV2-CBA-bdnf-HA (Appendix; Table A.1 and Section A.5.8, Connor #13) 

or AAV2-CBA-fgf-2-HA (Appendix; Table A.1 and Section A.5.9, Connor #22) transfected HEK 

293 cells was used in an ELISA assay to quantify BDNF or FGF-2 protein levels produced from 

the AAV2-CBA-bdnf-HA or AAV2-CBA-fgf-2-HA expression plasmid.  This analysis confirmed 

that the AAV2 expression plasmids had been constructed correctly and were producing BDNF or 

FGF-2 protein.  BDNF protein was detected at approximately 350 ng/ml using the Emax® 

ImmunoAssay System (Chapter 2; Section 2.4.7.1) and FGF-2 protein was detected at 

approximately 25 ng/ml using the DuoSet ELISA Development System (Chapter 2; Section 

2.4.7.1).  Control treated HEK293 cells (no transfection with AAV2 expression plasmid) showed 

undetectable levels of BDNF or FGF-2 protein when using the Emax® ImmunoAssay System or 

the DuoSet ELISA Development System. 

 

The results from the previous two sections indicate that exogenous Luciferase, BDNF-HA and 

FGF-2-HA proteins are expressed from the AAV2 expression plasmids at levels detectable by 

ELISA assay (BDNF-HA and FGF-2-HA).  This indicated that the expression plasmids had been 

constructed correctly, could produce protein and were ready for packaging into AAV1/2 viral 

vectors. 

 

3.2.3 AAV1/2 Viral Vector Production from Transfected HEK 293 Cells 
After confirming the expression of Luciferase, BDNF and FGF-2 protein from the AAV2 

expression plasmids using immunocytochemistry and ELISA analysis the AAV2 expression 

plasmid DNA was packaged into AAV1/2 viral vectors (Chapter 2; Section 2.2.7).  HEK 293 cells 

were co-transfected with AAV2-CBA-luciferase (Appendix; Table A.1 and Section A.5.2, During 

#498), AAV2-CBA-bdnf-HA (Appendix; Table A.1 and Section A.5.8, Connor #13) or AAV2-CBA-

fgf-2-HA (Appendix; Table A.1 and Section A.5.9, Connor #22) expression plasmids together 

with the AAV packaging helper plasmids pFΔ6, pH21 and pRV1 (Appendix; Table A.1 and 

Section A.5.10 – A.5.12).  The aliquoted virus was used for genomic titering (Chapter 2; Section 

2.2.8), in vitro transduction of cultured cells (Chapter 2; Section 2.2.9 – 2.2.11) and in vivo 

transduction of adult rat brain cells (Chapter 2; Section 2.3). 

 
3.2.3.1 Genomic Titering of AAV1/2 Viral Vectors 
Real Time PCR was used to determine the genomic titre of the viral vectors.  This confirmed 

that the expression plasmid had been packaged into the viral vector capsid.  The genomic titre 

was calculated in comparison to a standard plasmid of known concentration (in this case AAV2-

CBA-luciferase expression plasmid, Appendix; Table A.1 and Section A.5.2, During #498) 

containing the WPRE element.  Primers were designed to the WPRE sequence (Appendix; 

Table A.2) and used in the real time PCR reactions for the unknown concentration viral DNA, 
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standards and negative controls (Chapter 2; Section 2.2.8).  The genomic titres of the packaged 

vectors are detailed in Table 3.1. 

 
Table 3.1: Real-Time PCR Genomic Titres of Packaged AAV1/2 Viral Vectors 
  
  
AAV1/2 Viral Vector Genomic Titre (copies/ml)a 
  
  
CBA-luciferase 8.5 x 1012 – 2.5 x 1013 
  
CBA-bdnf-HA 3.1 x 1012 
  
CBA-fgf-2-HA 1.1 x 1012 
  
aDetermined by real-time PCR to the WPRE element within the expression plasmid (Chapter 2; Section 2.2.8) 
 
3.2.4 In Vitro Testing of AAV1/2 Viral Vectors 
After packaging and genomic titering of the AAV1/2 viral vectors the transduction ability of the 

viral vectors and subsequent transgene expression was tested in vitro.  Transduction of 

HEK293 (Chapter 2; Section 2.2.9) or HT1080 (Chapter 2; Section 2.2.10) cells determined 

whether the packaged viral vectors were able to transduce cultured cells and express 

transgenic BDNF or FGF-2 protein.  HT1080 cells were used for transduction of AAV1/2-fgf-2-HA 

viral vectors because studies have shown that these cells were more permissible to AAV 

transduction than HEK293 cells (Fruehauf et al., 2002; Kells et al., 2007).  Transduction of 

embryonic striatal primary cultures determined whether the viral encoded transgene and 

subsequent exogenous protein was biologically functional.  These in vitro tests were important 

to provide sufficient confirmation that the transgene was expressed and functional prior to 

embarking on in vivo studies.   

 

3.2.4.1 Transduction of HEK 293 Cells with AAV1/2-luciferase or AAV1/2-bdnf-HA Viral 
Vectors 
HEK 293 cells were cultured in 24 well plates and transduced with 2 µl of the newly packaged 

AAV1/2-luciferase or AAV1/2-bdnf-HA viral vectors (Chapter 2; Section 2.2.9).  Negative control 

wells were set up with no viral vector transduction.   

 

The fixed transduced HEK293 cells were immunostained with goat anti Firefly Luciferase 

primary antibody (Appendix, Table A.6, diluted 1:50000) or mouse anti-HA primary antibody 

(Appendix, Table A.6, diluted 1:1000).    HEK293 cells transduced with AAV1/2-luciferase or 

AAV1/2-bdnf-HA showed positive staining for Firefly Luciferase (Figure 3.4a) or BDNF-HA 

tagged protein (Figure 3.4c).  Compared to the negative control cells (Figure 3.4b and d) distinct 

Luciferase or BDNF protein expression was localised to the cell cytoplasm of the transduced 

cells (Figure 3.4a and c).  These results confirmed that the AAV1/2-luciferase or AAV1/2-bdnf-HA 

viral vectors were able to transduce HEK 293 cells and produce exogenous protein. 
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                             Negative Control 

                         

     
Figure 3.4: Luciferase or BDNF-HA protein expression in AAV1/2-luciferase or AAV1/2-bdnf-HA 
transduced HEK 293 cells.  AAV transduced HEK293 cells exhibit positive staining for exogenous 
Luciferase (a) or BDNF-HA (c) protein.  Negative control cells (no transduction) show no staining for 
Luciferase (b) or BDNF-HA (d) protein.  Scale bar: a and b = 50 μm, c and d = 20 μm.                                              
  

3.2.4.2 Transduction of HT1080 Cells with AAV1/2-CBA-fgf-2-HA Viral Vector 
HT1080 cells were cultured in 24 well plates and transduced with 2 µl of the AAV1/2-fgf-2-HA 

viral vector (Chapter 2; Section 2.2.10). Negative control wells were set up with no viral vector 

transduction.   

 

The fixed transduced cells were immunostained with mouse anti-HA primary antibody 

(Appendix, Table A.6, diluted 1:1000).  HT1080 cells transduced with AAV1/2-fgf-2-HA exhibited 

positive staining for human FGF-2-HA tagged protein (Figure 3.5a).  Compared to the negative 

control cells (Fig 3.5b) these cells show distinct FGF-2 protein expression within the cells.  

These results confirmed that the AAV1/2-fgf-2-HA viral vector was able to transduce HT1080 

cells and produce exogenous protein. 
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                            FGF-2-HA             Negative Control 

     
Figure 3.5: FGF-2-HA protein expression in AAV1/2-fgf-2-HA Transduced HT1080 cells.  AAV 
transduced HT1080 cells exhibit positive staining for HA tagged FGF-2 protein (a).  Negative control cells 
(no transduction) show no staining for FGF-2-HA protein (b).  Scale bar: a and b = 20 μm. 
                                                                        
3.2.5 In Vitro Testing of AAV1/2 Viral Vectors Using Primary Embryonic Culture Assays 
Primary embryonic cultures were used to test and confirm the biological function of AAV1/2 

delivered BDNF or FGF-2 transgenic proteins (Kells et al., in press).  As our in vivo studies were 

performed in the rat brain it was important to use neuronal cultures derived from rat tissue for in 

vitro studies to confirm the biological activity of BDNF and FGF-2 transgenic proteins.  Primary 

neuronal embryonic cultures were used to test the biological function for BDNF and FGF-2.  

Carrying out in vitro experiments in rat derived embryonic cultures allowed the biological activity 

of the transgenic proteins to be assessed prior to performing in vivo studies in the adult rat brain   

 

3.2.5.1 Transduction of Embryonic Striatal Cultures with AAV1/2-bdnf-HA 
Primary embryonic striatal cultures were isolated from E15 embryos and the dissociated cells 

plated in 24 well plates and left to settle and adhere to the plate for two days (Chapter 2; 

Section 2.2.11).  The primary cells were transduced with 100 transducing units of AAV1/2-bdnf-

HA viral vector (1 µl of diluted stock), AAV1/2-luciferase or no vector at all and grown for a further 

3 weeks, feeding and changing media as required (Chapter 2; Section 2.2.11).  The fixed, 

transduced cells were immunostained (Chapter 2; Section 2.4.1) with mouse anti-Calbindin 

(Appendix, Table A.6, diluted 1:7500) and the Calbindin positive cells counted for each of the 

treatments.  Each AAV1/2 treatment was carried out in triplicate using embryos isolated from 

separate pregnant dams.  Calbindin positive cells were counted in each well using the field of 

view looking down the microscope to count 5 non-overlapping regions of each well.  The counts 

were averaged and summarised in Table 3.2.  The cell counts were normalised to the negative 

control treatment and a significant difference was observed in the number of Calbindin positive 

cells counted in AAV1/2-bdnf-HA treated cultures (Table 3.2, Fig 3.6a, c and e; *p ≤ 0.05) 

compared to AAV1/2-luciferase or no vector control treated cultures (Table 3.2, Figure 3.6b, d 

and e).  Calbindin positive cells indicated the differentiation of primary embryonic striatal 

cultures into Calbindin positive neurons as previously demonstrated (Mizuno et al., 1994; 

Ventimiglia et al., 1995; Bemelmans et al., 1999).  After AAV1/2-bdnf-HA treatment Calbindin-

positive cells appeared to morphologically resemble mature neurons with more elaborate 

b  a 
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neurites (Figure 3.6a and c) when compared to AAV1/2-luciferase or no vector control treated 

cultures (Figure 3.6b + d).  Mizuno et al., 1994 also found that in BDNF treated cultures that the 

newly differentiated neurons extended elaborate neurites.  These results confirm that AAV1/2 

delivered BDNF increased numbers of Calbindin-positive neurons in embryonic (E15) striatal 

cultures (Table 3.2 and Fig 3.6) when compared to control treated cultures (*p ≤ 0.05) and 

possibly enhanced neurite outgrowth.  This significant difference indicates that the BDNF 

protein produced from the AAV1/2 viral vector is biologically functional and able to augment the 

differentiation and survival of embryonic primary cultured striatal neurons. 

 

 

                             BDNF-HA                                                          Control 

     

         
     

Table 3.2: Average Numbers of Calbindin Positive Cells after AAV1/2-bdnf-HA or AAV1/2-
luciferase Transduction of Primary Embryonic Striatal Cultures 
         
     
AAV1/2 Viral Vector Dam 1 Dam 2 Dam 3 Average 
     
     
AAV1/2-bdnf-HA 164 278 243 228 
     
AAV1/2-luciferase 74 212 188 158 
     
No vector control 71 128 172 124 
     

   a  b 

 d    c 
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Figure 3.6: Transduction of primary embryonic striatal neural cultures with AAV1/2-bdnf-HA. Primary 
striatal cultures isolated from E15 embryos were transduced with AAV1/2-bdnf-HA (a + c), AAV1/2-luciferase 
(not shown) or no viral vector (b + d).  The transduced cells were immunostained with Swant 300 mouse 
anti-Calbindin primary antibody, the Calbindin positive cells counted for each treatment and the cell count 
normalised to the negative control (e).  A significant difference was observed between BDNF treated cells 
and Luciferase treated or negative control cells.   *p ≤ 0.05.  Scale bar: a – d = 20 μm. 
 
3.2.5.2 Transduction of Embryonic Ventral Mesencephalon Cells with AAV1/2-fgf-2-HA 
Primary ventral mesencephalon cultures were isolated from E14 embryos and the dissociated 

cells plated in 96 well plates and left to settle and adhere to the plate for two days (Chapter 2; 

Section 2.2.11).  The primary cells were transduced with 100 – 1000 transducing units of 

AAV1/2-fgf-2-HA viral vector (1 µl of diluted stock) and grown for a further 3 weeks, feeding and 

changing media as required (Chapter 2; Section 2.2.11).  To determine the levels of proliferation 

in primary nigral neural cultures after treatment with FGF-2 the CellTiter 96® AQueous One 

Solution Cell Proliferation Assay (Promega) was used.   20 µl of CellTiter 96® AQueous One 

Solution Reagent was added to cell culture media with no prior treatment to growing cells.  The 

cell culture plate was returned to the 37°C cell culture incubator for 4 hours.  After 4 hours the 

absorbance was read at 490 nm and the values normalised to the negative control treatment. 

 

No significant difference was observed in the proliferation levels in primary embryonic nigral 

cultures transduced with AAV1/2-fgf-2-HA compared to cultures transduced with AAV1/2-

luciferase or no vector control (Figure 3.7).  While initially this may appear to indicate that the 

FGF-2 protein was not biologically functional, the proliferation assay was not conclusive.  These 

results will be discussed further in Section 3.3.   

 e 
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Figure 3.7: Transduction of primary ventral mesencephalon cultures with AAV1/2-fgf-2-HA.  Primary 
nigral cultures (ventral mesencephalon) isolated from E14 embryos were transduced with AAV1/2-fgf-2-HA.  
The transduced cells were assayed using the CellTiter 96® AQueous One Solution Cell Proliferation Assay 
(Promega) to determine the effect of FGF-2-HA protein on proliferation of primary neuronal cultures.  No 
significant difference was observed between any of the treatments. 
 
The results for the in vitro testing in HEK293 and HT1080 cells confirmed that the packaged 

AAV1/2 viral vectors were able to transduce cultured cells and produce exogenous protein.  In 

vitro testing using primary embryonic cultures indicated that exogenous BDNF-HA produced 

from the AAV1/2 viral vector was biologically functional and able to augment the differentiation 

and survival of embryonic primary cultured striatal neurons.  The results from the FGF-2-HA 

proliferation assay were not significant and will be discussed later.  These results indicated that 

the AAV1/2 viral vectors had packaged correctly, were carrying the expression plasmid encoding 

the transgenes of interest as the viral genome and that exogenous protein was expressed from 

the recombinant viral genome. 

 
3.2.6 In vivo Testing of AAV1/2 Viral Vectors in the Unlesioned Adult Rat Brain 
Preliminary injections into both the lateral ventricle and the subventricular zone were used to 

determine the optimal stereotaxic co-ordinates for transduction of SVZ progenitor cells lying at 

the anterior horn of the lateral ventricle and also to test the expression of transgenic Luciferase 

protein expression from AAV1/2-luciferase in vivo.  After determining that the SVZ was the 

optimal target for transgene delivery, injections into the SVZ were carried out using AAV1/2-bdnf-

HA or AAV1/2-fgf-2-HA to test transgenic BDNF or FGF-2 protein expression from AAV1/2-bdnf-

HA or AAV1/2-fgf-2-HA viral vector in vivo.  
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3.2.6.1 In vivo Testing of Luciferase Transgenic Protein Expression and Determination of 
Stereotaxic Injection Co-ordinates 
Different volumes of undiluted AAV1/2-luciferase plus 1 µl 20% mannitol were injected into three 

animals each (Chapter 2; Section 2.3.1, Table 3.3).  The animals were housed for 21 days to 

allow for maximum transgene expression.  On day 21 the animals were perfused and the fixed 

brains stored in 30% sucrose and then transferred to 4% PFA.  The fixed brains were sectioned 

and immunostained with goat anti firefly luciferase primary antibody (Appendix; Table A.6, 

diluted 1;50,000; Chapter 2 Section 2.4.2) for Luciferase protein.  The lateral ventricle injections 

resulted in detection of Luciferase protein primarily in the septum and cortex (Figure 3.8b and 

d), with no difference detected between injection volumes.  In contrast, the cells lining the lateral 

ventricle on the striatal side of the ventricle showed no Luciferase protein expression.  The 

preliminary injections of AAV1/2-luciferase into the SVZ at the co-ordinates detailed in Table 3.3 

showed expression of Luciferase protein in the anterior SVZ (Figure 3.8a).  While there was still 

protein expression detected in the septum and cortex of the SVZ injected animals the marked 

difference between the lateral ventricle (Figure 3.8b and d) and SVZ (Figure 3.8a and c) 

injected animals was the presence of Luciferase expressing cells present in the SVZ.  These 

observations lead to the conclusion that to transduce cells in the anterior SVZ the AAV1/2 viral 

vectors must be injected directly into the anterior SVZ and this could not be achieved by 

injection into the lateral ventricle.  This pilot confirmed the final co-ordinates to be used in the 

BDNF (Chapter 4) and FGF-2 (Chapter 5) in vivo studies (Chapter 2; Table 2.1, Fig 2.3a and b, 

Table 3.3). 

 

Table 3.3: AAV1/2 Stereotaxic Injection Co-ordinates and Volumes 
     
     

Target Structure  Co-ordinates  Volumea 
     
     
 Anterior-Posterior Medial-Lateral Dorsal-Ventral  
     

Lateral Ventricle -0.3 mm -1.2 mm -3.6 mm 6, 8, 10 µl 
     

Subventricular Zone +1.0 mm -1.2 mm -3.8 mm 3 µl 
     

aAll injection volumes required an additional 1 µl of 20% mannitol 
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          SVZ                                                   Lateral Ventricle 

        

     
Figure 3.8: Exogenous Luciferase protein expression after stereotaxic injection of AAV1/2-luciferase 
into the SVZ or lateral ventricle of the unlesioned adult rat brain.  Luciferase protein expression was 
detected in the anterior SVZ after SVZ directed stereotaxic injection of AAV1/2-luciferase (a).  Luciferase 
protein expression was detected in the septum and cortex after lateral ventricle directed stereotaxic 
injection of AAV1/2-luciferase (b and d). High power magnification shows individual Luciferase positive 
cells (c) from boxed region in a.  Scale bar: a, b and d = 200 μm, c = 20 μm.  
 
3.2.6.2 In vivo Testing of BDNF and FGF-2 Transgenic Protein Expression 
Undiluted AAV1/2-bdnf-HA or AAV1/2-fgf-2-HA plus 20% mannitol were injected into 5 animals 

each (Table 3.3).  The animals were housed for 21 days to allow for maximum transgene 

expression.  On day 21 the animals were perfused and the fixed brains sectioned and 

immunostained with mouse anti HA primary antibody (Appendix, Table A.6, diluted 1:1000; 

Chapter 2, Section 2.4.2).   

 
The injections of the AAV1/2-bdnf-HA or AAV1/2-fgf-2-HA viral vector into the anterior SVZ at the 

co-ordinates and volumes detailed in Table 3.3 showed expression of BDNF-HA (Fig. 3.9a) or 

FGF-2-HA (Fig 3.9b) protein in the anterior SVZ as well as the septum and cortex.  High power 

magnification of the BDNF-HA expressing cells (Figure 3.9c) shows a concentration of BDNF 

protein in the cytoplasm of the transduced cells as well as a ‘halo’ around the individual cells 

which creates a penumbra between the injection site and the adjacent striatum (Fig. 3.9a and 

c).  High power magnification of FGF-2-HA expressing cells shows distinct FGF-2-HA 

expression within the cytoplasm of the cell (Fig 3.9d).  This indicates that targeted anterior SVZ 

  c 

b

 d 

  a 
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injections of AAV1/2 viral vectors results in transduction of cells in and adjacent to the SVZ that in 

turn express high levels of exogenous BDNF or FGF-2 protein.   

 

                             BDNF-HA                                                         FGF-2-HA 

                         

       
Figure 3.9: Exogenous BDNF-HA or FGF-2-HA protein expression after stereotaxic injection of 
AAV1/2-bdnf-HA or AAV1/2-fgf-2-HA into the SVZ of the unlesioned adult rat brain.  BDNF-HA protein 
expression was detected in the anterior SVZ after SVZ directed stereotaxic injection of AAV1/2-bdnf-HA (a).    
FGF-2-HA protein expression was detected in the anterior SVZ after SVZ directed stereotaxic injection of 
AAV1/2-fgf-2-HA (b).  High power magnification showed individual BDNF-HA (c) or FGF-2-HA (d) positive 
cells from boxed regions in a and b.  Scale bar: a and b = 200 μm, c and d = 20 μm.                                                          
 
3.2.7 Testing Bromodeoxyuridine (BrdU) Cell Labelling Paradigm 
To assess the effect of BDNF-HA and FGF-2-HA protein over-expression in the anterior SVZ on 

progenitor cell proliferation, migration and neuronal differentiation animals were treated with 150 

mg/kg bromodeoxyuridine (BrdU) for 21 days.  BrdU is a mitotic marker and is commonly used 

as a marker of proliferating cells and their progeny (Cameron and McKay, 2001).  The paradigm 

used in this experiment was based on a previous study by Benraiss et al., 2001 which 

investigated the effect of adenovirus-BDNF delivered to the lateral ventricle of the unlesioned 

adult rat brain in which they injected 100 mg/kg BrdU for 18 days.  We increased the amount 

injected from 100 mg/kg to 150 mg/kg to ensure we provided sufficient BrdU to label the 

maximum number of proliferating cells over 21 days without toxicity (Cameron and McKay, 

2001).  This labelling paradigm was tested on a subset of the animals used to test AAV1/2-

luciferase viral vector stereotaxic injection co-ordinates and volumes (Section 3.2.5.1).  The 

animals were injected with BrdU immediately after AAV1/2-luciferase injections (Figure 3.10a).  

The rats received daily BrdU injections at 150 mg/kg for 21 days and were perfused 24 hours 

   c  d 

  a  b 
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after the last injection (Figure 3.10a).  The fixed brains were sectioned and immunostained with 

rat anti BrdU primary antibody (Appendix; Table A.6, diluted 1:200; Chapter 2, Section 2.4.2).  

As Luciferase does not have an effect on increasing proliferation of the resident progenitor cells 

in the SVZ, the testing of the BrdU labelling paradigm was aimed at determining the level and 

intensity of BrdU incorporation into an unlesioned adult rat brain.  BrdU labelling in rats injected 

with 150 mg/kg for 21 days (Fig 3.10b and d) was compared to rats having received no BrdU 

treatment (Fig 3.10c and e).  BrdU positive cells were clearly labelled in the SVZ and the 

labelling extended into the rostral migratory stream in animals that received 21 days of 150 

mg/kg BrdU (Fig 3.10b and d).  BrdU positive cells were also detected throughout the remainder 

of the brain.   Negative control animals show no positive staining for BrdU labelled cells (Fig 

3.10c + e).  This pilot labelling study also allowed us to determine that the rat anti BrdU primary 

antibody did not generate any discernible background and that a high level of BrdU labelling 

was achieved.    

 
                            + BrdU                                       Negative Control 

     

         
Figure 3.10: BrdU positive cells in the SVZ and RMS after 21 days of i.p BrdU administration. 
Timeline showing testing of BrdU labelling paradigm (a).  BrdU positive cells were detected in the SVZ and 
the RMS of animals injected with AAV1/2-luciferase and 150 mg/kg BrdU for 21 days (b and d).  Negative 
control animals not administered BrdU did not exhibit BrdU positive cells (c and e).  Scale bar: b and c = 
200 μm, d and e = 50 μm.   
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The results from in vivo testing confirmed that the AAV1/2-luciferase, AAV1/2-bdnf-HA and 

AAV1/2-fgf-2-HA viral vectors were able to transduce cells in the anterior SVZ after targeted 

injection and that the BrdU labelling paradigm chosen resulted in high levels of BrdU 

immunoreactive cells in the SVZ and RMS.  

 

3.3 Discussion 

 

The expression of exogenous proteins via viral vector transduction is important for gene therapy 

and has the potential to be invaluable for the treatment of many neurological diseases.  The 

development and testing of the vectors by which these exogenous proteins are delivered to the 

host system must be very rigorous.  Each step must be checked and confirmed prior to 

performing the next stage of testing or embarking on in vivo studies.  This chapter covers the 

development of AAV2 expression plasmids carrying either a gene of interest (bdnf or fgf-2) or a 

control gene (luciferase), the packaging of these expression plasmids into AAV1/2 viral vectors, 

the determination of functional protein production and optimal stereotaxic injection sites for 

AAV1/2 delivery to the anterior SVZ.  This chapter also covers the testing of the BrdU labelling 

paradigm that will be utilised in Chapters 4 and 5 investigating the effects of BDNF and FGF-2 

on adult neurogenesis in the unlesioned and QA lesioned adult rat brain.  

 

The aim of this chapter was to develop AAV1/2 viral vectors carrying expression plasmids 

encoding brain-derived neurotrophic factor (bdnf) and fibroblast growth factor-2 (fgf-2) cDNAs, 

both factors known to be involved in regulating neurogenesis and test these vectors 

comprehensively prior to embarking on larger in vivo studies (Chapters 4 and 5).  We have 

shown that the bdnf and fgf-2 cDNAs were successfully inserted into the AAV2 expression 

plasmid backbone in-frame with an HA tag to allow for detection of the transgenic protein.  In 

vitro testing using HEK293 cells confirmed that BDNF-HA, FGF-2-HA and Luciferase could be 

expressed from the AAV2 expression plasmid after transfection and that BDNF-HA and FGF-2-

HA were expressed at elevated levels (using ELISA assays).  In vitro testing also showed that 

the use of the mouse anti HA primary antibody specific to the HA tag allowed clear 

immunodetection of both BDNF-HA and FGF-2-HA transgenic proteins.  Further in vitro testing 

using both HEK293 and HT1080 cells demonstrated that the AAV1/2 packaged viral vectors were 

able to transduce cells and express transgenic proteins.  Functional testing of BDNF and FGF-2 

transgenic proteins using embryonic primary striatal and nigral cell cultures confirmed that 

BDNF treatment increased the number of Calbindin positive neurons in the primary cultures.  

However, proliferation assays carried out on primary nigral cultures after FGF-2 treatment were 

inconclusive.  In vivo testing confirmed that the BrdU labelling paradigm chosen resulted in 

anticipated levels of BrdU immunoreactive cells in the SVZ and RMS and that the AAV1/2-

luciferase, AAV1/2-bdnf-HA and AAV1/2-fgf-2-HA viral vectors could transduce cells in the 

anterior SVZ after targeted injection, with high efficiency.  The results from this chapter provided 
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the confidence that the AAV1/2 viral vectors developed and tested and the chosen BrdU labelling 

paradigm were suitable for large in vivo studies (Chapters 4 and 5).   

 

Functional protein assays using primary embryonic cultures were used to determine whether 

the exogenous protein produced from the AAV1/2 viral vectors was biologically functional.  BDNF 

has been shown to enhance survival of striatal neurons (Ventimiglia et al., 1995; Huang and 

Reichardt, 2001) and induces the differentiation of striatal GABA- (Mizuno et al., 1994; 

Ventimiglia et al., 1995), Calbindin- (Mizuno et al., 1994; Ventimiglia et al., 1995; Bemelmans et 

al., 1999; Ivkovic and Ehrlich, 1999) and DARPP-32-positive cells (Nakao et al., 1995; Ivkovic 

and Ehrlich, 1999).  Previous studies using primary striatal cultures to investigate the effect of 

BDNF on the differentiation of GABAergic neurons showed an increase in the number of 

Calbindin-immunoreactive neuronal cells after BDNF treatment (Mizuno et al., 1994; Ventimiglia 

et al., 1995; Bemelmans et al., 1999).  Bemelmans et al., 1999 infected primary striatal cultures 

with Ad-BDNF, while  Mizuno et al., 1994 and Ventimiglia et al., 1995 studied primary striatal 

cultures treated with purified recombinant protein.  Consistent with these previous observations 

our results showed that exogenous BDNF protein expression in embryonic striatal neural 

cultures resulted in an increase in Calbindin positive cells when compared to control treated 

cultures (Luciferase or no protein).  Mizuno et al., 1994 also found that in BDNF treated cultures 

the newly differentiated neurons extended elaborate neurites.  Our results showed that the 

Calbindin positive cells in AAV1/2-bdnf treated cultures morphologically resembled mature 

neurons with more dendrites than control treated Calbindin positive cells.  This indicated that 

the exogenous BDNF protein produced from the AAV1/2 viral vector was biologically functional 

and therefore enhancing survival and inducing differentiation of striatal neurons.   

 

Early in development FGF-2 has been shown to expand the period of dopamine precursor 

proliferation, in conjunction with a delay in differentiation (Bouvier and Mytilineou, 1995).  

Bouvier and Mytilineou, 1995 used primary neuronal cultures prepared from the embryonic day 

12 (E12) rat ventral mesencephalon, a time and place which coincides with the beginning of the 

birth of the dopamine neurons of the substantia nigra pars compacta.  They used 3H-thymidine 

incorporation to detect an increase in FGF-2 treated primary cultures after up to 13 days in 

culture.  Based on the study by Bouvier and Mytilineou, 1995 this study used primary embryonic 

ventral mesencephalon (nigral) neuronal cultures to confirm the biological activity of the 

transgenic FGF-2 proteins.  The CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega) was carried out after 2 weeks of culturing the AAV1/2-fgf-2-HA transduced primary 

cultures. However, no significant difference was detected between AAV1/2-fgf-2-HA and control 

treated cultures (Figure 3.6).   The CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega) functional reagent is composed of mixture of a tetrazolium compound 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and 

an electron coupling reagent phenazine methosulfate (PMS). The conversion of MTS into 

aqueous, soluble formazan is accomplished by dehydrogenase enzymes found in metabolically 
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active cells. The quantity of formazan product is measured at 490nm on a plate reader and is 

directly proportional to the number of living cells in culture (CellTiter 96® AQueous One Solution 

Cell Proliferation Assay Promega).  The kit is recommended as a non-radioactive alternative to 

using an [3H]thymidine incorporation assay.  The combined MTS/PMS solution can be 

substituted for [3H]thymidine at the time point in the assay when the pulse of radioactive 

thymidine is usually added.  This assay is not specific to one particular cell type and the primary 

cultures potentially contain a number of cells that were not purified out of the tissue preparation 

prior to plating.  Therefore the CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega) may have detected all the functional cells in the culture and control treated cells may 

contain more ‘contaminating’ cell types than the FGF-2 treated cells and result in no significant 

difference between the treatment groups because all metabolically active cells are converting 

MTS to soluble formazan.  Alternatively, FGF-2 lacks conventional signal peptides for secretion 

and may in fact only be released into the extracellular space, via a secretion mechanism 

independent of the traditional endoplasmic reticulum-Golgi pathway (Mignatti et al., 1992; 

Friesel and Maciag, 1999).  Therefore transduced cells may not have provided adequate levels 

of FGF-2 and the changing of the media to maintain the primary cultures may not have allowed 

exogenous FGF-2 protein levels to reach a level that was sufficient to have an effect on the 

cultured nigral cells.           

 

The testing of stereotaxic co-ordinates to use for transduction of the anterior SVZ revealed 

interesting results.  Initially the co-ordinates for delivery of the AAV1/2-luciferase viral vectors 

were targeted to the lateral ventricle because previous studies had targeted adenovirus delivery 

to this site (Benraiss et al., 2001).  Benraiss et al., 2001 injected an AdBDNF construct directly 

into the lateral ventricle and used in situ hybridisation to show that adenoviral transduced cells 

expressing BDNF mRNA were restricted to the ventricular wall.  However our experiments 

demonstrated that injection of AAV1/2-luciferase into the lateral ventricle resulted in no 

transduction of the anterior SVZ or any region of the ipsilateral striatum, but instead resulted in 

transduction of the septum and cortex.  This lack of ipsilateral SVZ transduction led to the 

adjustment of the co-ordinates to target the anterior SVZ directly.  Direct stereotaxic injection of 

the AAV1/2-luciferase viral vector into the anterior SVZ was a much smaller target to hit, but 

when successful resulted in AAV1/2 transduction of the anterior SVZ cells and expression of 

exogenous Luciferase protein.  Both AAV1/2-bdnf-HA and AAV1/2-fgf-2-HA transduced the 

anterior SVZ when injected at the same stereotaxic co-ordinates as AAV1/2-luciferase.  The 

need to target the AAV1/2 injections directly to anterior SVZ highlights the differences between 

viral vectors such as Ad and AAV and re-enforces the need for comprehensive testing prior to 

embarking on large in vivo studies.  Without preliminary in vivo testing our studies would not 

have been able to produce the BDNF or FGF-2 rich environment in the anterior SVZ required 

for the studies carried out in Chapter 4 and 5.  
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Bromodeoxyuridine (BrdU) is a thymidine analogue that incorporates into the DNA of dividing 

cells during the S-phase of the cell cycle. Therefore, BrdU is used for birth dating and 

monitoring cell proliferation. BrdU immunohistochemistry has been involved extensively in the 

study of the developing nervous system, and to confirm that neurogenesis occurs in the adult 

mammalian brain, including humans.  BrdU immunohistochemistry provides a number of 

advantages over [3H]-thymidine autoradiography including allowing studies to be carried out 

faster and without handling radiolabelled material (Miller and Nowakowski, 1988).  BrdU 

labelling is currently the most common technique used for studying adult neurogenesis in situ.  

Cameron and McKay, 2001 carried out a study to determine the optimal dose of BrdU required 

for labelling granule cell progenitors in the dentate gyrus of the hippocampus.  They gave 

different doses of BrdU to adult rats and counted BrdU positive cells in the dentate gyrus.  They 

found that a single dose of 300mg/kg is a specific, quantitative and non toxic marker of dividing 

cells in the adult rat dentate gyrus, while lower doses only labelled a fraction of the S-phase 

cells.  The labelling paradigm we chose to test was daily injections of 150 mg/kg BrdU for 21 

days.  This paradigm was based on the study by Benraiss et al., 2001 which treated adult rats 

for 18 days with a BrdU dose of 100 mg/kg and the Cameron and McKay, 2001 study discussed 

above.  We tested our BrdU labelling paradigm to ensure that we could achieve continuous 

labelling of progenitor cells undergoing proliferation in the anterior SVZ.  BrdU immunopositive 

cells were observed at high levels in the SVZ and RMS and in much lower numbers in the 

septum, striatum and cortex of rats that received daily BrdU injections.  No BrdU positive cells 

were seen in rats that did not receive BrdU and the levels of background staining were 

extremely low in all sections, confirming the specificity of the rat anti primary antibody (Section 

3.2.7).  This indicated that the BrdU labelling paradigm was providing sufficient BrdU to the SVZ 

and RMS progenitor cells to label a large number of cells in both regions that then migrate to 

the olfactory bulb and that the rat primary antibody was providing a clean detection method for 

BrdU immunopositive cells in the adult rat brain. 

 

In conclusion, three AAV2 expression plasmids carrying bdnf, fgf-2 or luciferase cDNA were 

successfully constructed and tested in vitro.  These plasmids were packaged in to AAV1/2 

mosaic viral vectors and extensively tested in vitro and in vivo.  The development and testing of 

these viral vectors provided confidence that the viral vectors could be used successfully in 

studies investigating the effects of BDNF or FGF-2 on adult neurogenesis in the unlesioned or 

QA lesioned adult rat brain (Chapters 4 and 5). 
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CHAPTER FOUR  

 

AAV1/2-bdnf-HA Delivery to the Unlesioned and 
Quinolinic Acid Lesioned Adult Rat Brain 

 
 

4.1 Introduction 
 
The adult mammalian brain undergoes neurogenesis in two defined regions; the subventricular 

zone (SVZ) lining the lateral ventricles and the dentate gyrus of the hippocampus (Lois and 

Alvarez-Buylla, 1993, 1994; Eriksson et al., 1998; Gould et al., 1999b; Gould et al., 1999a; 

Kornack and Rakic, 1999).  These regions contain multipotent neural progenitor cells that retain 

the ability to generate new neurons, astrocytes and oligodendrocytes.  It has recently been 

demonstrated increased progenitor cell proliferation and the generation of new neurons from 

endogenous neural progenitor cells in the post-mortem adult human Huntington’s disease brain 

(Curtis et al., 2003) and following quinolinic acid (QA) induced striatal cell loss (Tattersfield et al., 

2004).  While these studies and others (Arvidsson et al., 2002; Bedard et al., 2002b; Parent et 

al., 2002a; Parent et al., 2002b; Bedard et al., 2005) indicate that the adult brain has the 

potential for compensatory striatal neurogenesis, the level of neurogenesis observed is 

insufficient to counteract the progressive cell loss occurring in the diseased adult brain.  

Consequently, for endogenous neural progenitor cells to be useful therapeutically, methods 

need to be developed to augment neurogenesis and direct the migration of progenitor cells to 

specific areas of neuronal cell loss.  This may be achieved by the targeting of endogenous 

progenitor cells for directed mobilisation and differentiation using growth factors and chemotaxic 

cytokines delivered to the brain either by protein infusion or viral vectors. 

 

A number of factors have been identified as modulating the expansion and fate of neural 

progenitor cells, including EGF, FGF-2, IGF-1, PDGF and BDNF.  In vitro, adult-derived neural 

progenitor cells respond to EGF, FGF-2 and BDNF, with increased cell division and 

neurogenesis (Reynolds and Weiss, 1992; Richards et al., 1992; Vescovi et al., 1993; 

Kirschenbaum and Goldman, 1995; Palmer et al., 1995; Pincus et al., 1998; Palmer et al., 1999; 

Bull and Bartlett, 2005).  In vivo studies have also demonstrated increased endogenous neural 

progenitor cell number and the production of newly generated neurons in response to 

intracerebral infusion of EGF, FGF-2, IGF-1, PDGF or BDNF (Craig et al., 1996; Kuhn et al., 

1997; Zigova et al., 1998; Aberg et al., 2000; Benraiss et al., 2001; Pencea et al., 2001a; 

Yoshimura et al., 2001; Mohapel et al., 2005).   
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BDNF appeared to play a major role in regulating the survival and fate of progenitor cells in the 

adult mammalian brain.  BDNF has been shown to promote neuronal differentiation and survival 

of newly generated daughter cells (Ahmed et al., 1995; Kirschenbaum and Goldman, 1995; 

Lindholm et al., 1996; Leventhal et al., 1999; Louissaint et al., 2002).  In vivo, BDNF delivery to 

the SVZ progenitor cells increased neuronal recruitment to the olfactory bulb (Zigova et al., 

1998) and resulted in ectopic addition of newly generated neurons to the striatum of the normal 

adult rat brain, which expressed markers of GABAergic medium spiny striatal neurons (Benraiss 

et al., 2001; Pencea et al., 2001a).  A recent study by Chmielnicki and colleagues demonstrated 

that Noggin and BDNF cooperated to induce medium spiny neuron recruitment from 

endogenous progenitor cells in the normal adult forebrain (Chmielnicki et al., 2004). 

 

To extend previous observations made in the normal adult brain (Zigova et al., 1998; Benraiss et 

al., 2001; Pencea et al., 2001a; Chmielnicki et al., 2004) and to determine the neurogenic effect 

of BDNF on neurogenesis in the injured adult brain a recombinant adeno-associated viral vector 

(AAV1/2) was developed to provide continuous, targeted delivery of BDNF directly to progenitor 

cells resident in the anterior SVZ-olfactory bulb pathway (Chapter 3).  Selective striatal cell loss 

was induced in a subgroup of rats by unilateral striatal injection of the excitotoxin quinolinic acid 

(QA) 21 days after AAV1/2 injection and 24 hours prior to BrdU labelling.  All animals received 

daily injections of BrdU for 21 days to identify newly generated cells (Chapter 3; Section 3.2.7).    
The results of this chapter demonstrate that AAV1/2-mediated delivery of BDNF to the anterior 

SVZ plays a role in augmenting the recruitment, neuronal differentiation and survival of 

progenitor cells in both neurogenic and non-neurogenic regions of the normal adult brain and 

following QA-induced striatal cell loss.  Over-expression of BDNF in the anterior SVZ of 

unlesioned animals leads to an increase in the proliferation and/or survival of progenitor cells 

resident in the SVZ, promoting the differentiation of these cells into migrating neuroblasts and 

resulting in enhanced migration through the RMS.  BDNF augments the proliferation and/or 

survival of endogenous progenitor cells in the QA lesioned adult rat brain and significantly 

enhances the recruitment of progenitor cells to the QA lesioned striatum.  BDNF also appears to 

contribute to the persistence of newly generated neurons in the QA lesioned striatum.    Our 

results suggest that viral delivery of BDNF may provide a viable strategy for augmenting 

neurogenesis in the diseased or injured adult brain.   
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4.2 Results 
 
4.2.1 Targeted Injections of AAV1/2-bdnf-HA to the Anterior SVZ 
To target exogenous BDNF protein expression to the anterior SVZ/rostral migratory stream 

(RMS), a recombinant adeno-associated viral vector (AAV1/2) encoding human bdnf or the 

control protein firefly luciferase was developed.  Vector development and preliminary testing for 

these two vectors is covered in detail in Chapter 3.  Preliminary studies showed clear 

expression of exogenous BDNF-HA protein in the SVZ after targeting the AAV1/2-bdnf-HA 

injections to the anterior SVZ (Chapter 3, Section 3.2.5). This targeting to the SVZ exposed the 

neural progenitor cells residing in the anterior SVZ to a BDNF rich environment with the aim to 

increase their proliferation and differentiation in both a normal and injured brain.   

 

The AAV1/2 viral vectors were injected directly into the anterior SVZ to expose neural progenitor 

cells residing in the SVZ to high levels of exogenous protein (Chapter 2 Section 2.3.1; Chapter 

3, Section 3.2.6).  Due to the detection of transgenic protein expression bilaterally in some 

cases, the contralateral hemisphere of the brain was not used as an internal control, instead the 

ipsilateral hemisphere of AAV1/2-luciferase and PBS treated animals constituted the control 

group.  Antibodies specific to the HA-tag were used to detect the expression of the exogenous 

BDNF protein (Appendix; Table A.6, diluted 1:1000) and antibodies specific to Firefly Luciferase 

were used to detect the control protein (Appendix; Table A.6, diluted 1:50000).  Intense BDNF-

HA (Fig. 4.1a, c and e) or Luciferase (Fig. 4.1b, d and f) protein expression was observed in the 

ipsilateral SVZ and dorsomedial striatum as well as the cortex, septum and in some cases the 

contralateral SVZ 42 and 84 days after AAV1/2-bdnf-HA injection.  BDNF-HA protein was not 

observed to extend further into the ipsilateral striatum than the dorsomedial edge indicating that 

direct injection of the AAV1/2 vector into the SVZ allowed targeted expression of exogenous 

protein in the anterior SVZ (Fig. 4.1a and c). 

 

Two groups of animals were injected with AAV1/2-bdnf-HA, AAV1/2-luciferase or PBS (Chapter 2; 

Section 2.3.1).  These groups were:  1) Animals normal in every way except their treatment with 

either AAV1/2 or PBS and 2) Animals subjected to a striatal lesion using quinolinic acid (QA) as 

well as injection of AAV1/2-bdnf-HA, AAV1/2-luciferase or PBS (Summarised Fig. 4.5).  The 50 

nM QA lesion was stereotaxically targeted to the striatum 21 days after the initial AAV1/2  

injection (Chapter 1, Section 1.5; Chapter 2, Section 2.3.1).  This allowed for maximum 

transgene expression from the AAV1/2 vector before a toxic environment was introduced into a 

proximal region of the brain.  While the extent of the lesions in this study varied, they were 

consistently seen to be centred on the striatum and generally not overlapping with the 

expression of the transgenic proteins (Fig 4.2).  These results show that injection of AAV1/2-

bdnf-HA into the SVZ provides continuous and targeted expression of BDNF up to 84 days and 

50 nmol QA lesion produces selective loss of the GABAergic medium spiny projection neurons 

in the striatum. 
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      BDNF-HA       Luciferase 

          

             

      
Figure 4.1: BDNF-HA and Luciferase protein expression in the SVZ 42 and 84 days after AAV1/2 
injection into the anterior SVZ of unlesioned animals.  Exogenous BDNF-HA protein expression was 
detected 42 days (a) and 84 days (c) after AAV1/2 injection.  Exogenous Luciferase protein expression was 
detected 42 days (b) and 84 days (d) after AAV1/2 injection.  High power magnification shows exogenous 
BDNF-HA (e) or Luciferase (f) protein expression in individual cells from boxed regions in a and b. Scale 
bar: a – d = 200 μm, e and f = 20 μm.   
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         42d                       84d 

     

     

     
Figure 4.2: Exogenous BDNF-HA protein expression and QA lesion position 42 and 84 days after 
AAV1/2 injection.  BDNF-HA treated animals showed exogenous BDNF-HA protein expression 42 days (a) 
and 84 days (b) after AAV1/2 injection.  QA lesion position was determined using detection of DARPP-32 
positive immunostaining and was consistently seen to be centred on the striatum and generally did not 
overlap with transgenic protein expression at 42 days (c) and 84 days (d).  High power magnification 
showed BDNF-HA protein expression in individual cells (e) and DARPP-32 positive cells indicating the QA 
lesion boundary (f) from boxed regions in b and c.  Scale bar: a – d = 275 μm, e and f = 20 μm. 
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A very small number of individual BDNF-HA positive cells were also observed in the cortex (Fig. 

4.3b and d) and olfactory bulb (Fig. 4.3a and c) of both unlesioned and QA lesioned animals. 

This suggested that AAV1/2 viral vectors transduce both dividing and non-dividing cells present 

in the SVZ with subsequent migration of transduced endogenous progenitor cells to the cortex 

or the olfactory bulb.  It could be proposed that the 21 days allowed for maximum transgene 

expression prior to QA lesioning and/or BrdU labelling provided a window of opportunity for 

AAV1/2 transduced cells to migrate out from the anterior SVZ towards ‘traditional’ target regions 

such the olfactory bulb via the RMS.  No BDNF-HA or Luciferase positive cells were detected in 

the striatum of either unlesioned or QA lesioned animals, indicating that without cues to direct 

the cells towards the striatum (i.e. 21 days prior to QA lesioning or unlesioned) the AAV1/2 

transduced migrating cells don’t move into the striatum.  

 

             Olfactory Bulb               Cerebral Cortex 

         

      
Figure 4.3: BDNF-HA expression in cells present in the olfactory bulb and cerebral cortex 42 days 
after AAV1/2 injection into the anterior SVZ of unlesioned animals.  BDNF-HA protein expression was 
detected in the olfactory bulb (a and c) and cortex (b and d) 42 days after AAV1/2 injection.  Scale bar: a 
and b = 50 μm, c and d = 20 μm.   
 

4.2.1.1 ELISA Detection of BDNF Protein Levels In Vivo 

A separate group of 42 day animals received AAV1/2-bdnf-HA (n = 5, Appendix; Table A.1 and 

Section A.5.8, Connor #13), AAV1/2-luciferase (n = 5, Appendix; Table A.1, Section A.5.2, 

During #498) or PBS (n = 5) for ELISA analysis of BDNF protein levels (Chapter 2, Section 

2.4.7.2) following AAV1/2 injection into the anterior SVZ co-ordinates (Chapter 2, Section 2.3.1).  

The ipsilateral striatum was dissected out and frozen in liquid nitrogen (Chapter 2, Section 

a b 

c d 
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2.3.5).  The frozen striatum was homogenized and the supernatant used in the BDNF Emax
® 

Immunoassay System (Chapter 2, Section 2.4.7.2; Promega, G7611).  BDNF protein was 

detected between 8900 and 179000 pg/g frozen tissue in AAV1/2-bdnf-HA injected, unlesioned 

animals compared to endogenous protein levels of 280 to 620 pg/g frozen tissue in control 

treated, unlesioned animals (Fig. 4.4).  The ELISA result confirmed that AAV1/2 targeted delivery 

of exogenous BDNF resulted in significant protein over-expression compared to endogenous 

BDNF levels detected in control treated animals (Fig. 4.4, * p ≤ 0.05).  The level of endogenous 

BDNF protein produced following QA lesioning was also investigated.  Five animals received a 

QA lesion alone and the ipsilateral striatum was collected 21 days later.  This allowed the effect 

of QA lesioning on endogenous BDNF protein levels to be analysed.  ELISA detection showed 

BDNF protein levels within the same range as control treated, unlesioned animals (280 to 620 

pg/g frozen tissue, Fig. 4.4).  This indicates that QA lesioning is not contributing to increasing 

BDNF protein levels in the SVZ/striatum and that BDNF over-expression in the SVZ/Striatum in 

BDNF treated, QA lesioned animals is a result of the AAV1/2 targeted injection into the anterior 

subventricular zone. 
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Figure 4.4: BDNF protein expression levels increased after AAV1/2-bdnf-HA injection.  BDNF Emax

® 
Immunoassay System (Promega, G7611) detected elevated BDNF levels 42 days after AAV1/2-bdnf-HA 
injection.  Endogenous levels of BDNF protein were detected 42 days after AAV1/2-luciferase or PBS 
injection and 21 days after QA lesioning. * p ≤ 0.05. 
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Figure 4.5: Experimental timeline showing AAV1/2 or PBS injection at day 0 followed 21 days later with 3 
weeks of daily BrdU injections at 150 mg/kg i.p (unlesioned treatment groups).  For the QA lesioned 
treatment groups, rats received a striatal injection of QA 20 days after AAV1/2 or PBS injection, followed 24 
hours later with 3 weeks of daily BrdU injections at 150 mg/kg i.p.  The rats were killed either 24 hours 
after the last BrdU injection for the 42 day time point or 6 weeks after the last BrdU injection for the 84 day 
time point. 
 

4.2.2 Over-Expression of BDNF in Unlesioned Animals 
To investigate the effect of BDNF in the normal adult brain, AAV1/2-bdnf-HA was injected into 

the anterior SVZ of the unlesioned adult rat brain (n = 8). Control animals received an injection 

of either AAV1/2-luciferase (n = 4) or vehicle solution (PBS, n = 4).  Three weeks later the 

animals received daily injections of the mitotic marker bromodeoxyuridine (BrdU; 150 mg/kg i.p.) 

for 21 days to identify newly generated cells (Fig. 4.5).   

 

BrdU immunopositive cells were observed in the SVZ, rostral migratory stream (RMS), striatum 

(ST) and olfactory bulb (OB) of control treated, unlesioned animals demonstrating the labelling 

of dividing cells in the SVZ and RMS and the migration of these cells from the SVZ though the 

RMS into the olfactory bulb, as shown in previous studies (Suzuki and Goldman, 2003).  BrdU 

immunopositive cells were also detected in the striatum of unlesioned animals, however BDNF-

HA or Luciferase positive cells were not observed in the striatum.  This suggested the presence 

of either progenitor cells that have migrated from the SVZ to the striatum, after the initial AAV1/2 

transduction, in response to striatal cues or in situ progenitor cells residing in the striatum 

(Palmer et al., 1995).   

 
4.2.2.1 Quantification of BrdU Immunopositive Cells in Unlesioned Animals  

Over-expression of BDNF in the anterior SVZ of the unlesioned brain resulted in a significant 

increase in the number of BrdU immunopositive cells in the RMS when compared to Luciferase 

or PBS treated (control) unlesioned animals (Fig. 4.7e; **p ≤ 0.001).  In contrast, no significant 

difference in BrdU immunopositive cell number was observed in the SVZ (Fig 4.6e), striatum 

(Fig. 4.8e) or olfactory bulb (Fig 4.9e) of BDNF treated, unlesioned animals when compared to 

control treated unlesioned animals. 

 

These results suggest that over-expression of BDNF in the anterior SVZ may lead to an 

increase in the proliferation and/or survival of progenitor cells resident in the SVZ/RMS. This 

increase may promote the differentiation of these cells into migrating neuroblasts and result in 

enhanced migration through the RMS of unlesioned animals. 
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Figure 4.6: BrdU immunoreactivity in the SVZ of BDNF or control treated, unlesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the SVZ of Luciferase or PBS 
treated (a and c, control treated) and BDNF treated (b and d), unlesioned animals.  Average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M with no difference detected in the SVZ 
between BDNF and control treated unlesioned animals (e).  Scale bar: a and b = 100 µm, c and d = 50 
µm. 
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Figure 4.7: BrdU immunoreactivity in the RMS of BDNF or control treated, unlesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the RMS of Luciferase or PBS 
treated (a and c, control treated) and BDNF treated (b and d), unlesioned animals.  Average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M with a significant difference detected 
in the RMS between BDNF and control treated unlesioned animals (e).  ** p ≤ 0.001.  Scale bar: a and b = 
200 µm, c and d = 50 µm. 
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Figure 4.8: BrdU immunoreactivity in the striatum of BDNF or control treated, unlesioned animals, 
42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the striatum of Luciferase or PBS 
treated (a and c, control treated) and BDNF treated (b and d), unlesioned animals.  Average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M with no difference detected in the 
striatum between BDNF and control treated unlesioned animals (e). Scale bar: a and b = 400 µm, c and d 
= 50 µm.  
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Figure 4.9: BrdU immunoreactivity in the olfactory bulb of BDNF or control treated, unlesioned 
animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the olfactory bulb of 
Luciferase or PBS treated (a and c, control treated) and BDNF treated (b and d), unlesioned animals.  
Average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M with no difference 
detected in the olfactory bulb between BDNF and control treated unlesioned animals (e). Scale bar: a and 
b = 400 µm, c and d = 50 µm.  
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4.2.3 Over-Expression of BDNF in QA Lesioned Animals 
To investigate the effect of BDNF in the QA lesioned adult rat brain, AAV1/2-bdnf-HA (n = 8) was 

injected into the anterior SVZ of the adult rat brain followed 20 days later by a striatal injection of 

50 nmol QA (Fig. 4.5).  Control animals received an injection of either AAV1/2-luciferase (n = 4) 

or vehicle solution (PBS, n = 4) followed by a striatal injection of QA.  Starting twenty four hours 

after QA injection (21 days after AAV1/2 injection) the animals received daily injections of BrdU 

(150 mg/kg i.p.) for 21 days, to identify newly generated cells (Fig. 4.5).   

 

BrdU immunoreactive cells were observed in the SVZ, rostral migratory stream (RMS), striatum 

(ST) and olfactory bulb (OB) of control treated, QA lesioned animals demonstrating the labelling 

of dividing cells in the SVZ and RMS and the migration of these cells from the SVZ though the 

RMS into the olfactory bulb, as mentioned previously (Section 4.2.2). 

 
4.2.3.1 Quantification of BrdU Immunopositive Cells in QA Lesioned Animals 
In Luciferase/PBS (control) treated, QA lesioned animals, we observed a significant decrease in 

the number of BrdU immunopositive cells in the ipsilateral SVZ (Fig. 4.10, *p ≤ 0.05) 21 days 

after QA lesioning compared to control treated, unlesioned animals suggesting a chronic 

alteration in the dynamics of progenitor cell proliferation in response to neuronal cell loss or 

alternatively a toxic effect of QA on SVZ-derived progenitor cells.  Over-expression of BDNF 

restored BrdU immunopositive cell numbers in the ipsilateral SVZ of the QA lesioned brain back 

to levels observed in the SVZ of unlesioned animals (Fig. 4.10, *p ≤ 0.05).   This suggests that 

BDNF maintains the proliferative state and possibly increases the survival of endogenous 

progenitor cells in the lesioned brain.   

 

While BDNF over-expression significantly increased BrdU immunoreactivity levels in the RMS of 

unlesioned animals, a significant difference was seen between the RMS of BDNF treated, 

unlesioned animals and BDNF treated, QA lesioned animals (Fig. 4.11e, * p < 0.001).  This 

suggests that BDNF over-expression results in an increase in BrdU immunopositive cell number 

in the unlesioned animals, while after QA lesioning BDNF over-expression is contributing to the 

maintenance of progenitor cell population size in the RMS.  The number of BrdU 

immunopositive cells observed in the olfactory bulb was also constant in both unlesioned and 

QA lesioned animals (Fig. 4.13e).  This suggests that progenitor cell migration through the RMS 

continues despite the presence of a QA lesion in the striatum.  A significant increase in BrdU 

immunopositive cell numbers was observed in the striatum of control treated, QA lesioned 

animals compared to control treated, unlesioned animals (Fig. 4.12e, *p < 0.05).  The effect of 

QA lesioning on progenitor cell migration combined with BDNF augmentation of progenitor cell 

proliferation and/or survival resulted in a significant increase in BrdU immunopositive cell 

numbers in the striatum of BDNF treated QA lesioned animals compared to control treated 

animals (Fig 4.12e; p < 0.001).  This suggests that in the control treated QA lesioned animals a 

population of responsive endogenous neural progenitor cells have migrated away from the SVZ 



Chapter Four: AAV1/2-bdnf-HA Delivery to the Unlesioned and Quinolinic Lesioned Adult Rat Brain 94

and RMS to regions of neuronal cell loss in response to cues expressed from the lesioned 

striatum with no additional augmentation by BDNF over-expression, while over-expression of 

BDNF aids in maintaining the population of the RMS after QA lesioning. 
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Figure 4.10: BrdU immunoreactivity in the SVZ of BDNF or control treated, QA lesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the SVZ of Luciferase or PBS 
treated (a and c, control treated) and BDNF treated (b and d), QA lesioned animals.  Average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M with a significant difference detected 
in the SVZ between control unlesioned and QA lesioned animals and between BDNF and control treated 
QA lesioned animals (e).  * p ≤ 0.05, ** p ≤ 0.001.  Scale bar: a and b = 100 µm, c and d = 50 µm. 
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Figure 4.11: BrdU immunoreactivity in the RMS of BDNF or control treated, QA lesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the RMS of Luciferase or PBS 
treated (a and c, control treated) and BDNF treated (b and d), QA lesioned animals.  Average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M with a significant difference detected 
in the RMS between BDNF and control treated unlesioned animals and between BDNF treated unlesioned 
and QA lesioned animals (e).  ** p ≤ 0.001.  Scale bar: a and b = 200 µm, c and d = 50 µm. 
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Figure 4.12: BrdU immunoreactivity in the striatum of BDNF or Control treated, QA lesioned 
animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the striatum of 
Luciferase or PBS treated (a and c, control treated) and BDNF treated (b and d), QA lesioned animals.  
Average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M with a significant 
difference detected in the striatum between control treated unlesioned and QA lesioned animals, between 
BDNF treated unlesioned and QA lesioned animals and between BDNF treated and control treated QA 
lesioned animals (e).  * p ≤ 0.05, ** p ≤ 0.001.  Scale bar: a and b = 400 µm, c and d = 50 µm. 
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Figure 4.13: BrdU immunoreactivity in the olfactory bulb of BDNF or control treated, QA lesioned 
animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the olfactory bulb of 
Luciferase or PBS treated (a and c, control treated) and BDNF treated (b and d), QA lesioned animals.  
Average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M with no difference 
detected in the olfactory bulb between BDNF and control treated unlesioned and QA lesioned animals (e).  
Scale bar: a and b = 400 µm, c and d = 50 µm. 
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4.2.4 Regional Distribution of BrdU Immunoreactivity in Unlesioned and QA Lesioned 
Animals 
BrdU immunopositive cell counts were totalled and used to calculate the proportion of BrdU 

immunoreactivity in each brain region studied.  This data represents the BrdU immunoreactivity 

present in the adult rat brain 42 days after AAV1/2-bdnf-HA, AAV1/2-luciferase or PBS injection 

(Fig 4.14).  Luciferase or PBS (control) treated, unlesioned animals are assumed to represent 

the normal brain with no exogenous interference.  Over-expression of the BDNF-HA protein in 

unlesioned animals produced a significant increase in total BrdU immunoreactivity when 

compared to control treated unlesioned animals (Fig. 4.14, *p ≤ 0.05).  In addition, following QA 

lesioning, BDNF treated animals showed a significant increase in total BrdU immunoreactivity 

compared to control treated animals (Fig 4.14, **p ≤ 0.01).  Control treated, QA lesioned 

animals show no significant increase in total BrdU immunoreactivity compared to control treated 

unlesioned animals.  No significant difference in total BrdU immunoreactivity was observed 

between unlesioned or QA lesioned animals.  

Control BDNF Control BDNF
0

5000

10000

15000

20000

25000

30000

QA LesionedUnlesioned

*

**

To
ta

l B
rd

U
 Im

m
un

op
os

iti
ve

 C
el

l C
ou

nt

Figure 4.14: Total BrdU immunopositive cell count of BDNF or control treated unlesioned and QA 
lesioned animals, 42 days after AAV1/2 injection.  Total BrdU immunoreactivity was calculated and 
analysed in the SVZ, RMS, Striatum and Olfactory Bulb of Luciferase or PBS treated and BDNF treated, 
unlesioned and QA lesioned animals.  The total BrdU immunopositive cell count quantification data was 
graphed as mean ± S.E.M with a significant difference detected between BDNF treated and control treated 
unlesioned animals, and between BDNF treated and control treated QA lesioned animals (e).  * p ≤ 0.05, * 
*p ≤ 0.001. 
 

In the normal adult rat brain, BrdU immunopositive cells were predominantly located in the 

olfactory bulb (Fig 4.15a).  The regional distribution of BrdU immunoreactivity in the normal 

brain was not altered by over-expression of BDNF (Fig 4.15a and b).  Following injection of QA 

into the striatum, we observed a shift in the regional distribution of BrdU immunoreactivity 
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compared to the normal adult brain (Fig 4.15a and c).  While control treated, QA lesioned 

animals still displayed the highest proportion of BrdU immunoreactivity in the olfactory bulb, a 

significant increase in BrdU immunoreactivity was observed in the striatum (*p ≤ 0.05), in 

conjunction with a significant decrease in BrdU immunoreactivity in the SVZ (**p ≤ 0.001), when 

compared to control treated, unlesioned animals (Fig 4.15a and c).  BDNF treated, QA lesioned 

animals exhibited a further increase in the proportion of BrdU immunoreactivity present in the 

striatum (**p ≤ 0.001) when compared to control treated, QA lesioned animals (Fig 4.15c and d).  

This was combined with a significant reduction in the proportion of BrdU immunopositive cells 

observed in the olfactory bulb (Fig 4.15c and d; **p ≤ 0.001).   

 

 
Figure 4.15: Regional distribution of BrdU immunopositive cells in the SVZ, RMS, striatum and 
olfactory bulb of BDNF or control treated animals.  BrdU immunopositive cell counts were totalled from 
the SVZ, RMS, striatum and olfactory bulb and used to calculate the proportion of BrdU immunoreactivity 
in each brain region.  A significant increase in BrdU immunoreactivity was observed in the striatum of 
control treated, QA lesioned animals (c; *p ≤ 0.05), in conjunction with a significant decrease in BrdU 
immunoreactivity in the SVZ compared to BDNF and control treated unlesioned animals (c; **p ≤ 0.001).  
A further increase in the proportion of BrdU immunoreactivity was observed in the striatum of BDNF 
treated, QA lesioned animals when compared to control treated, QA lesioned animals (c and d; **p ≤ 
0.001).  This was combined with a significant reduction in the proportion of BrdU immunopositive cells 
observed in the olfactory bulb (c and d; **p ≤ 0.001).  
 
These results demonstrate that BDNF augments the proliferation and/or survival of progenitor 

cells in the QA lesioned adult brain.  In addition, BDNF in combination with cues expressed from 
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the lesioned striatum significantly enhances the recruitment of progenitor cells to the QA 

lesioned striatum.   

 
4.2.5 Survival and Generation of New Neurons and Glia in the QA Lesioned Striatum 
To determine the effect of BDNF on the survival and neuronal differentiation of BrdU 

immunopositive cells in both the normal and QA lesioned striatum, we examined whether BrdU 

immunopositive cells located in the striatum co-expressed neuronal (NeuN and MAP2; Fig 

4.16a and c and Fig 4.17a and c) or glial (GFAP; Fig 4.18a and c) markers 42 days after AAV1/2-

bdnf-HA, AAV1/2-luciferase or PBS injection.  Persistence of newly generated cells in the 

striatum was also assessed by examining co-expression of BrdU with neuronal or glial markers 

84 days after AAV1/2-bdnf-HA, AAV1/2-luciferase or PBS injection (63 days after QA lesioning; 

Fig 4.16b and d; Fig 4.17b and d; Fig 4.18b and d).  The number of BrdU immunopositive cells 

co-expressing neuronal or glial markers were not able to be statistically analysed due to the low 

number present in both the normal and QA lesioned striatum, however Table 4.1 summarises 

the mean number of co-expressing cells observed per section and possible trends will be 

discussed below.     

 

4.2.5.1 Detection of BrdU Immunoreactive Cells Co-Expressing Neuronal or Glial Markers 
In both the unlesioned and QA lesioned striatum a population of BrdU immunopositive cells 

were observed to co-express the mature neuronal marker NeuN at 42 and 84 days after AAV1/2-

bdnf-HA injection (Table 4.1; Fig 4.16).  In contrast, we did not detect co-expression of BrdU 

and NeuN in control treated animals (AAV1/2-luciferase or PBS) at either 42 or 84 days after 

AAV1/2 injection.  The numbers of BrdU/NeuN co-expressing cells 42 days after AAV1/2-bdnf 

injection in the unlesioned and QA lesioned striatum were similar suggesting BDNF over-

expression in the anterior SVZ provided trophic support for the generation of new neurons.  

However, 84 days after AAV1/2-bdnf-HA injection no BrdU/NeuN positive cells were detected in 

the unlesioned striatum.  This suggested that increased levels of BDNF in the anterior SVZ 

were insufficient to support the long-term survival of new neurons in the unlesioned striatum.  In 

contrast, newly generated neurons, as demonstrated by BrdU/NeuN co-expression, were 

observed 84 days after AAV1/2-bdnf-HA injection in QA lesioned animals (Table 4.1; Fig 4.16b 

and d).   This suggests that while BDNF supported the survival of endogenous progenitor cells 

and the initial generation of new neurons in both the unlesioned and QA lesioned striatum, 

additional cues in the lesioned striatum were required for the long-term survival of newly 

generated neurons. 

 

Triple labelling with BrdU, NeuN and either GAD-65/67 or DARPP-32 (both markers of GABAergic 

neurons) and double labelling with BrdU and Calbindin or DARPP-32 did not show any newly 

generated neurons in either the unlesioned or QA lesioned striatum having developed into 

mature GABAergic medium spiny projection neurons.  This may be because there is insufficient 

BDNF expression in the striatum to act as support for, or as a cue to generate a GABAergic 
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phenotype.  This lack of maturation into GABAergic medium spiny projection neurons may also 

indicate that other factors in addition to BDNF are required to facilitate significant GABAergic 

neuronal differentiation and maturation.  An increase in one factor alone (in this case BDNF) in 

a complex system may direct cellular processes to a certain point beyond which additional 

factors are required to augment and/or complete the differentiation and maturation process.     

 

BrdU immunoreactive cells co-expressing MAP2 were also observed in both the unlesioned and 

QA lesioned striatum 84 days after AAV1/2-bdnf-HA injection, with more BrdU/MAP2 co-

expressing cells detected in QA lesioned animals (Table 4.1; Fig 4.17b and d).  In contrast, no 

BrdU/MAP2 positive cells were detected in the unlesioned striatum and very few BrdU/MAP2 

positive cells were detected in the QA lesioned striatum 42 days after AAV1/2-bdnf-HA injection 

(Table 4.1; Fig 4.17a and c).  Based on the bipolar morphology and location of BrdU/MAP2 

positive cells in or immediately adjacent to, the anterior SVZ/RMS we propose these cells are 

migrating immature neuronal precursors.   

 

A population of BrdU immunoreactive cells was observed to co-express GFAP in the QA 

lesioned striatum 84 days after AAV1/2-bdnf-HA injection (Table 4.1; Fig 4.18b and d).  However, 

42 days after AAV1/2-bdnf-HA injection no BrdU immunoreactive cells co-expressing GFAP were 

observed in either the normal or QA lesioned striatum (Table 4.1; Fig 4.18a and c).  In 

agreement with previous observations (Chmielnicki et al., 2004), this suggests that while the 

over-expression levels of BDNF support neurogenesis, it is not sufficient to inhibit gliogenesis in 

the QA lesioned environment.  This may be due in part to the localized expression of BDNF to 

the anterior SVZ and pattern of neuronal cell loss in the QA lesioned striatum.   

 
Table 4.1: Representative Mean Number of BrdU Immunopositive Cells per Section Co-
expressing Neuronal or Glial Markers 
  Mean Number of Co-Expressing Cells 
    
  BrdU/NeuN BrdU/MAP2 BrdU/GFAP 
    
Unlesioned Animals 42 Days Post AAV1/2 Injection  
BDNF-HA  3 0 0 
Luciferase/PBS  0 0 0 
    
QA Lesioned Animals 42 Days Post AAV1/2 Injection  
BDNF-HA  4 1 0 
Luciferase/PBS  0 0 0 
    
Unlesioned Animals 84 Days Post AAV1/2 Injection  
BDNF-HA  0 2 1 
Luciferase/PBS  0 0 0 
    
QA Lesioned Animals 84 Days Post AAV1/2 Injection  
BDNF-HA  11 3 6 
Luciferase/PBS  0 2 1 
    
In each treatment group n=3 for animals analysed 
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Figure 4.16:  Confocal analysis of fluorescently labelled cells in BDNF treated QA lesioned animals 
for BrdU (green) and NeuN (red) showed cells co-expressing BrdU/NeuN at: 42 days post AAV1/2 
injection (a and c) and 84 days post AAV1/2 injection (b and d).  Confocal images are displayed as a frame 
from a 3D reconstruction of the z-series and the co-expressing cells indicated by boxed area and white 
asterisk.  Scale bar = 20 μm. 

 
Figure 4.17:  Confocal analysis of fluorescently labelled cells in BDNF treated QA lesioned animals 
for BrdU (green) and MAP2 (red) showed cells co-expressing BrdU/MAP2 were at:  42 days post AAV1/2 
injection (a and c) and 84 days post AAV1/2 injection (b and d).  Confocal images are displayed as a frame 
from a 3D reconstruction of the z-series and the co-expressing cells indicated by boxed area and white 
asterisk.  Scale bar = 20 μm.  
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Figure 4.18:  Confocal analysis of fluorescently labelled cells in BDNF treated QA lesioned animals 
for BrdU (green) and GFAP (red).  No co-expression was seen for BrdU/GFAP at: 42 days post AAV1/2 
injection (a and c) but was seen at 84 days (b and d).  Confocal images are displayed as a frame from a 
3D reconstruction of the z-series and the co-expressing cells indicated by boxed area and white asterisk.  
Scale bar  = 20 μm.  
 
A differential distribution of neuronal or glial differentiation in the QA lesioned striatum was 

observed which possibly reflects the localised expression of BDNF to the anterior SVZ and 

pattern of neuronal cell loss in the QA lesioned striatum.  In the QA lesioned striatum the 

majority of new neurons co-expressing BrdU and NeuN were observed immediately adjacent to 

the SVZ on the border between the BDNF rich environment of the anterior SVZ and the 

transition zone of the QA lesioned striatum (Fig 4.19, blue shading).  New cells co-expressing 

BrdU and MAP2 were observed predominantly in the RMS and extending along the dorsal 

surface of the striatum (Fig 4.19, green shading).  This suggests that BrdU immunoreactive cells 

co-expressing MAP2 are immature neurons migrating along the RMS and into the striatum.  In 

contrast, cells co-expressing BrdU and GFAP were mainly observed along the ventral portion of 

the SVZ between the QA lesion transition zone and the wall of the lateral ventricle (Fig 4.19, 

yellow shading).  These observations suggest that as SVZ progenitor cells move further from 

the BDNF-rich environment surrounding the anterior SVZ, and get closer to the region of 

neuronal cell loss due to QA lesioning, the environmental cues for migration and differentiation 

change, resulting in localized differentiation into immature/mature neurons or astrocytes. 
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Figure 4.19:  Schematic diagram of differential distribution of neuronal or glial differentiation in the 
QA lesioned striatum. BrdU/NeuN co-expressing cells were localized to the region immediately adjacent 
to the SVZ (blue shading).  BrdU/MAP2 co-expressing cells were observed in the RMS extending along 
the dorsal surface of the striatum (green shading).  The small proportion of cells co-expressing BrdU/GFAP 
was observed along the ventral portion of the SVZ between the QA lesion and the wall of the lateral 
ventricle (yellow shading).   
 
4.2.6 Preservation of Motor Function in QA Lesioned Rats  
To determine whether over-expression of BDNF in the anterior SVZ of QA lesioned animals 

reduces the impairment in motor function observed in the QA lesion model of excitotoxic cell 

loss, forelimb sensorimotor function was examined in both control treated (AAV1/2-luciferase, n = 

5 or PBS, n = 5) and BDNF treated (AAV1/2-bdnf-HA, n = 10), QA lesioned animals using the 

spontaneous exploratory forelimb use test (Schallert and Tillerson, 1999; Schallert et al., 2000; 

Chapter, Section 2.3.2).  The spontaneous exploratory forelimb use test is a non-drug induced 

test of forelimb locomotor function that is dependent on the integrity of intrinsic striatal neurons, 

the nigrostriatal dopaminergic system and the sensorimotor area of the neocortex.  Following a 

unilateral striatal lesion, rats will preferentially use the forelimb ipsilateral to the lesion to initiate 

and terminate weight-shifting movements during rearing, landing after a rear and exploration 

along vertical surfaces.  Forelimb use during spontaneous explorative activity was assessed by 

videotaping the rats for 5 min in a transparent Perspex cylinder at week 0 (baseline prior to 

AAV1/2 injection), week 3 (baseline prior to QA lesion) and at weeks 5 to 13 after QA lesioning 

(Chapter 2; Section 2.3.2).  The results are presented as an overall asymmetry score calculated 

from the net ipsilateral forelimb use expressed as a percentage of total forelimb use 

(ipsilateral/unimpaired forelimb % use - contralateral forelimb % use).    

 

The forelimb asymmetry of QA lesioned rats over-expressing BDNF in the anterior SVZ was 

compared with QA lesioned rats injected with either AAV1/2-luciferase or PBS.  Following QA 

lesioning, control animals exhibited an increased preference for ipsilateral (unimpaired) forelimb 

use over time with 15 – 25 % ipsilateral forelimb use observed from weeks 5 – 13 after QA 

lesioning (Fig. 4.20).  In contrast, rats over-expressing BDNF in the anterior SVZ displayed 

consistent use of both ipsilateral and contralateral forelimbs following QA lesioning which did 

not differ compared to baseline (Fig. 4.20).  A two-way ANOVA revealed a significant reduction 

in ipsilateral forelimb use over time in QA lesioned rats over-expressing BDNF compared to 
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control animals (Fig. 4.20, **p ≤ 0.01).  Bonferroni post-hoc tests between treatment groups 

revealed a significant difference in the preferential use of the ipsilateral forelimb in rats over-

expressing BDNF at week 13 (Fig. 4.20, *p ≤ 0.05) following QA lesioning compared to control 

treated animals. 
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Figure 4.20: BDNF over-expression in the anterior SVZ results in a preservation of motor function 
in QA lesioned rats.  The forelimb asymmetry of QA lesioned rats over-expressing BDNF ( ) in the 
anterior SVZ was compared with control treated (AAV1/2-luciferase or PBS; ) QA lesioned rats.  A 
significant difference in the preferential use of the ipsilateral forelimb was observed in QA lesioned rats 
over-expressing BDNF at week 13 after QA lesion compared to control treated, QA lesioned rats (* p ≤ 
0.05).  The zero line of the graph represents 50/50 use of the forelimbs, resulting in a percentage net 
ipsilateral forelimb use scoring to close to zero. *p ≤ 0.05.  
 

4.3 Discussion 
This study examined the neurogenic effect of BDNF over-expression in the anterior SVZ on 

endogenous progenitor cell differentiation and survival in both the normal adult rat brain and 

following QA-induced striatal cell loss.  AAV1/2-mediated delivery of BDNF to the anterior SVZ 

provided continuous and targeted expression of exogenous BDNF protein to both the normal 

and QA lesioned adult rat brain.  In the normal brain, BDNF over-expression resulted in a 

significant increase in BrdU immunopositive cell number in the RMS indicating enhanced 

progenitor cell recruitment to the olfactory bulb.  Following QA lesioning, BDNF was observed to 

significantly enhance the recruitment and survival of progenitor cells into the damaged striatum 

in response to cell loss induced by the QA lesion.  BDNF also promoted the survival and 

differentiation of new neurons in both the normal and QA lesioned striatum.  Collectively, these 

results demonstrate that BDNF augments the recruitment, neuronal differentiation and survival 

of progenitor cells in both neurogenic and non-neurogenic regions of the normal or QA lesioned 

brain.   
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Recent studies have investigated the effect of BDNF on adult neurogenesis through the use of 

adenoviral-mediated gene delivery to the lateral ventricle (Benraiss et al., 2001; Chmielnicki et 

al., 2004).  This study used an AAV1/2 vector encoding human bdnf cDNA or control cDNA firefly 

Luciferase.  Adeno-associated viral vectors have the ability to maintain high levels of gene 

expression and to transduce both dividing and non-dividing cells with high efficiency (Lewis and 

Emerman, 1994; Alexander et al., 1996).  AAV is derived from a non-pathogenic virus which 

means that its use during gene delivery does not stimulate inflammatory or immunogenic host 

responses (Chapter 1; Section 1.6).  AAV1/2-luciferase was used as a control to confirm that 

transgenic protein expression was maintained throughout the experiment, to assess the effects 

of viral vector transductions on cell viability both in vitro and in vivo and to determine the effect 

of growth factor expression from the experimental vectors.  AAV viral vectors are non-

pathogenic, but the use of a control gene encoding viral vector provided the added security that 

the viral transduction event was not influencing the transduced cells in any way (Xiao et al., 

1996).  

 

In the normal adult rat brain, BDNF over-expression resulted in a significant increase in the 

number of BrdU immunopositive cells in the RMS when compared to Luciferase or PBS 

(control) treated animals (Fig. 4.7), but showed no effect on the number of BrdU immunopositive 

cells in the SVZ, striatum or olfactory bulb.  This suggests that in the normal adult rat brain 

BDNF may act to augment the proliferation and/or survival of progenitor cells resident in the 

SVZ/RMS as well as promoting the differentiation of these cells into migrating neuroblasts.  This 

would lead to an increase in the number of progenitor cells available for migration via the RMS 

to the olfactory bulb while maintaining a constant level of progenitor cells in the SVZ.  If BDNF 

was only acting to increase the proliferation and survival of progenitor cells in the SVZ, then an 

increase in BrdU immunopositive cell number in the SVZ would have been observed.  However, 

the level of BrdU immunoreactivity in the SVZ of BDNF treated, unlesioned animals remained at 

a level similar to that observed in control treated unlesioned animals indicating that BDNF is 

acting to promote not only progenitor cell proliferation and/or survival, but also the migration of 

progenitor cells in neurogenic regions of the normal adult brain as previously demonstrated 

(Zigova et al., 1998; Benraiss et al., 2001).  We must also consider the possibility that 

endogenous progenitor cells within the RMS are more responsive to over-expression of BDNF 

than progenitor cells in the SVZ, resulting in the increase in progenitor cell proliferation and/or 

survival observed specifically in the RMS but not the SVZ of BDNF treated unlesioned animals.  

In addition to BDNF over-expression from the SVZ, a population of progenitor cells may also 

express BDNF through AAV1/2 transduction resulting in a paracrine/autocrine effect within the 

RMS.  While the numbers of BrdU immunopositive cells increased in the RMS in response to 

BDNF, we did not observe a difference in BrdU immunopositive cell number in the olfactory bulb 

between BDNF and control treated animals (Fig. 4.9).  Since we found no increase in BrdU 

immunopositive cell numbers in the olfactory bulb, this is in agreement with a study by Winner et 
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al., 2002 which demonstrated that rather than replacing existing neurons, the over-production 

and turnover of new neurons is utilised to maintain constant cell numbers in the olfactory bulb. 

 

BrdU immunopositive cells were detected in the striatum of unlesioned animals suggesting the 

presence of either progenitor cells that have migrated from the SVZ to the striatum in response 

to striatal cues or in situ progenitor cells residing in the striatum (Palmer et al., 1995).  If 

progenitor cells from the SVZ have migrated to the striatum in response to striatal cues, then we 

may expect to detect the presence of either BDNF-HA or Luciferase positive cells in the 

striatum, but there were none detected  However, the presence of AAV1/2 transduced cells in the 

normal striatum may not be an appropriate marker to track progenitor cell migration in the 

current experiment paradigm as we expect the population of SVZ-derived progenitor cells 

transduced with AAV1/2 will have migrated out from the SVZ before BrdU incorporation.  

Therefore we can not rule out the possibility of a new population of HA negative, BrdU positive 

cells migrating into the striatum in response to striatal cues.     

 

Following QA lesioning, we observed a significant decrease in the number of BrdU 

immunopositive cells in the SVZ 21 days after QA lesioning compared to control treated 

unlesioned animals (Fig. 4.10).  This suggests either a chronic alteration in the dynamics of 

progenitor cell proliferation in response to neuronal cell loss or may represent a toxic effect of 

QA on SVZ-derived progenitor cells.  Over-expression of BDNF in the anterior SVZ of QA 

lesioned animals restored the number of BrdU immunopositive cells in the SVZ to that observed 

in unlesioned animals (Fig. 4.10).  This suggests that in addition to maintaining the survival of 

progenitor cells in the SVZ, BDNF may also act to ensure the maintenance of either symmetric 

proliferative division and/or asymmetric mono-differentiation division of progenitor cells (Huttner 

and Kosodo, 2005), thereby preserving a population of transit amplifying progenitor cells in the 

lesioned SVZ.  This augmentation may involve a shift in the proportion of cells undergoing 

symmetrical and asymmetrical division to allow a larger pool of transit amplifying progenitor cells 

to remain in the SVZ (Zhang et al., 2004; Huttner and Kosodo, 2005).  BDNF may also act to 

accelerate the cell-cycle by decreasing the G1 phase length and therefore increase cell cycle 

re-entry to shift the balance of proliferative versus neurogenic divisions towards proliferation, as 

proposed for IGF-1 (Hodge et al., 2004). 

 

BDNF greatly increased the level of BrdU-immunoreactivity observed in the QA lesioned 

striatum compared to control treated, QA lesioned animals (Fig. 4.12).  While a constant 

proportion of progenitor cells in the QA lesioned brain continued to migrate from the SVZ to the 

olfactory bulb via the RMS (Fig. 4.11), we demonstrated that a population of progenitor cells 

were recruited from the SVZ and RMS to regions of neuronal cell loss in the lesioned striatum.  

This may potentially be in response to factors released as a result of the selective loss of striatal 

GABAergic medium spiny projection neurons in the QA lesioned brain.  Combined with BDNF 

augmentation of cell proliferation and/or survival, this resulted in a significant recruitment of 
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endogenous progenitor cells to the lesioned striatum.  We must consider however that the 

increase in BrdU immunoreactivity observed in the QA lesioned striatum may also represent 

increased proliferation and/or survival of in situ progenitor cells residing in the striatum in 

response to QA lesioning and/or over-expression of BDNF (Palmer et al., 1995).  

 

Table 4.2: Summary of BrdU Immunoreactivity in Specific Regions of the Normal and 
QA Lesioned Adult Rat Brain  

  
Unlesioned 
Control 

Unlesioned 
BDNF 

QA Lesioned 
Control 

QA Lesioned 
BDNF 

     

SVZ - - ↓a - 

RMS - ↑↑b - - 

Striatum - - ↑c ↑↑d 
Olfactory Bulb - - - - 
 
Arrows represent: ↑ or ↑↑ = increase, ↓ = decrease. 
Data compared between treatment groups within brain regions.  
a compared to unlesioned control and QA lesioned BDNF 
b compared to unlesioned control and QA lesioned BDNF 
c compared to unlesioned control 
d compared to unlesioned BDNF and QA lesioned control 

 

BrdU immunopositive cell counts were totalled and used to calculate the proportion of BrdU 

immunoreactivity in each brain region studied.  This data represents the BrdU immunoreactivity 

present in the adult rat brain 42 days after AAV1/2-bdnf-HA, AAV1/2-luciferase or PBS injection 

(Fig 4.14).  Total BrdU immunopositive cell counts were used to calculate the proportion of total 

BrdU immunoreactivity that each brain region represents (Fig. 4.15).  This specific regional data 

suggested that there was no change to the migration patterns of the BrdU immunopositive cells 

in unlesioned animals despite the over-expression of BDNF (Fig. 4.15a and b).  Progenitor cells 

are still dividing in the SVZ and RMS and differentiating into migrating neuroblasts that migrate 

along the RMS to the olfactory bulb.  The lack of increase in BrdU immunoreactivity in the 

olfactory bulb and in total BrdU immunoreactivity in BDNF treated, unlesioned animals suggests 

that the olfactory bulb may in fact be turning over new neurons and keeping the number of 

neurons constant in the olfactory bulb (Winner et al., 2002).  This data combined with the total 

BrdU immunoreactivity results (Fig. 4.14 and 4.15) suggest that both the unlesioned and QA 

lesioned brain with the addition of exogenous BDNF has more newly generated progenitor cells 

present.  However there is no change in the migration patterns of these cells in unlesioned 

animals as shown by the proportions of BrdU immunoreactivity displayed in each brain region.  

This data also suggests that QA lesioning elicits responsive endogenous neural progenitor cells 

to migrate away from the SVZ and RMS towards regions of neuronal cell loss in the striatum, in 

response to cues expressed from the lesioned striatum.  BDNF treatment of QA lesioned 

animals augmented the proliferation and/or survival of the neural progenitor cells and this is 

shown by the increase in the proportion of BrdU immunoreactivity in the striatum of BDNF 

treated QA lesioned animals and the increase in total BrdU immunoreactive area (Fig. 4.14 and 

4.15).  Our results agree with the observations that QA lesioning elicits responsive endogenous 
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neural progenitor cells to migrate away from the SVZ and RMS towards regions of neuronal cell 

loss in response to cues expressed from the lesioned striatum (Tattersfield et al., 2004), without 

a total increase in cell proliferation and/or survival. 

   

BDNF over-expression was also observed to augment the generation and survival of new 

neurons in both the normal and QA lesioned striatum as demonstrated by an increase in the 

number of BrdU/NeuN and BrdU/MAP2 co-labelled cells compared to control treated animals 

(Table 4.1).  However, the number of newly generated neurons detected in both BDNF treated 

normal and QA lesioned animals was very small.  We were unable to detect the presence of 

GAD65/67, DARPP-32 or Calbindin positive neurons in BDNF treated QA lesioned animals, 

suggesting an inability for newly generated neurons in the lesioned striatum to mature into 

functional GABAergic medium spiny projection neurons to replace the cells lost during QA 

lesioning.   

 

While BDNF levels were significantly increased in the striatum following vector delivery, levels 

may still be insufficient to act as support for, or as a cue to generate a GABAergic phenotype.  

This lack of maturation into GABAergic medium spiny projection neurons may indicate that 

other factors in addition to BDNF are required to facilitate significant GABAergic neuronal 

differentiation and maturation.  An increase in one factor alone (in this case BDNF) in a complex 

system may direct cellular processes to a certain point beyond which additional factors are 

required to augment and/or complete the differentiation and maturation process.  Alternatively, 

this may indicate that QA lesioning of the striatum creates a milieu which is hostile to the 

functional integration of new neurons.  While we did not observe region-specific differentiation of 

new striatal neurons in this study, these results extend previous observations made in the 

normal adult rat brain in which in vivo delivery of BDNF resulted in ectopic addition of newly 

generated neurons to the striatum (Benraiss et al., 2001; Pencea et al., 2001a) and provide the 

first evidence demonstrating the neurogenic effect of BDNF on compensatory striatal 

neurogenesis in the injured adult brain. 

 

A differentiation-related distribution of newly generated neurons was observed in the dorsal SVZ 

and striatum of BDNF treated animals compared to the distribution of new astrocytes in the 

medial SVZ and striatum (Fig. 4.19).  A recent study by Bull and Bartlett, 2005 found that BDNF 

was essential for the production of new neurons from hippocampal progenitor cells and that 

hippocampal progenitor cells needed to be undergoing proliferation to respond to BDNF.  Based 

on these observations, we propose that the targeted expression of BDNF to the anterior SVZ 

through AAV1/2-mediated gene delivery resulted in the exposure of rapidly dividing transit 

amplifying progenitor cells located in the anterior SVZ to BDNF.  In contrast there was no visible 

increase in BDNF expression in the medial SVZ, although we can not rule out enhanced BDNF 

levels due to diffusion of BDNF protein to the medial SVZ and striatum that are undetectable 

using immunocytochemistry.  It could be suggested that the medial SVZ contains a lower 
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proportion of transit amplifying progenitor cells compared to the anterior SVZ.  The combined 

effect of reduced exposure to BDNF and lower levels of rapidly dividing cells in the medial SVZ 

may result in the increased proportion of new astrocytes generated in this region compared to 

neurons (Fig. 4.19). 

 

BDNF treatment also appeared to contribute to the preservation of motor function in QA 

lesioned animals.  However, the presence of either GAD65/67, DARPP-32 or Calbindin positive 

neurons in BDNF treated, QA lesioned animals was not detected.  This suggests that with the 

timeline used in the study there was an inability for newly generated neurons in the lesioned 

striatum to mature into GABAergic medium spiny projection neurons to replace the cells lost 

from QA lesioning.  This may be due to insufficient BDNF expression in the striatum to act as 

support for, or as a cue to generate a GABAergic phenotype.  Again this may indicate that QA 

lesioning of the striatum creates an environment that is hostile to the functional integration of 

new neurons.  BDNF transgene expression was observed in the ipsilateral cerebral cortex as 

well as the SVZ and dorsomedial striatum in QA lesioned animals.  This strongly suggests that 

the preservation of motor function observed in BDNF treated, QA lesioned animals may be 

predominantly due to a neuroprotective effect of BDNF on cortico-striatal neurons (Canals et al., 

2001) rather than the generation of functionally integrated mature striatal neurons.  Canals et 

al., 2001 suggest from their results that striatal damage upregulated endogenous BDNF in the 

corticostriatal neurons by a transneuronal mechanism, which may constitute a protective 

mechanism for striatal and/or cortical cells.  This suggests that the preservation of motor 

function observed in BDNF treated, QA lesioned animals may be due to combined 

neuroprotective and neurogenic effects of BDNF. 

 

In conclusion, this study has demonstrated that BDNF augments the recruitment, neuronal 

differentiation and survival of progenitor cells in both neurogenic and non-neurogenic regions of 

the unlesioned or QA lesioned brain.  BDNF also appears to contribute to the persistence of 

newly generated neurons in the QA lesioned striatum. These results provide the first evidence 

demonstrating the neurogenic effect of BDNF on compensatory striatal neurogenesis in the 

injured adult brain and suggest that enhanced BDNF expression may be a viable strategy for 

inducing or augmenting endogenous neural progenitor cell neurogenesis. This augmentation 

may consequently allow endogenous neural progenitor cells to provide a substrate for repair in 

the adult brain leading to the development of novel therapeutic approaches for the treatment of 

neurodegenerative diseases. 
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CHAPTER FIVE 

 

AAV1/2-fgf-2-HA Delivery to the Unlesioned and 
Quinolinic Acid Lesioned Adult Rat Brain

 
 

5.1 Introduction 
 

Basic fibroblast growth factor (bFGF or FGF-2) was one of the first growth factors shown to 

influence adult neurogenesis.  Neural stem cells isolated from the adult rodent SVZ were shown 

to proliferate in response to FGF-2 and EGF-1 in vitro (Reynolds and Weiss, 1992; Richards et 

al., 1992; Palmer et al., 1995), and FGF-2 has also been shown to enable neurons to be 

generated and maintained in vitro from adult human SVZ isolations (Pincus et al., 1998 

Goldman, 1998).  Several in vivo studies have shown that FGF-2 influences neurogenesis in the 

hippocampus (Nakagami et al., 1997; Palmer et al., 1999; Yoshimura et al., 2001).  A recent 

study by Bull and Bartlett, 2005, using cells isolated from the hippocampus revealed that FGF-2 

stimulated proliferation of resident hippocampal precursor/progenitor cells to a greater extent 

than EGF.  This demonstrated that FGF-2 is important for controlling hippocampal progenitor 

cell division.  This agreed with previous studies where FGF-2 was identified as playing a key 

role in signalling for hippocampal neurogenesis in normal rats (Cheng et al., 2002), aged mice 

(Jin et al., 2003) and after traumatic brain injury (Yoshimura et al., 2001; Yoshimura et al., 

2003).  Intracerebroventricular (ICV) infusion of FGF-2 has also been shown to increase 

proliferation in the adult SVZ (Kuhn et al., 1997) and subcutaneous injection of FGF-2 

stimulated neurogenesis in both the neonatal and adult rodent SVZ (Wagner et al., 1999).  FGF-

2 treatment has also been shown to enhance the addition of new neurons to the adult olfactory 

bulb (Kuhn et al., 1997).    Another recent study by Jin et al., 2005 used a transgenic mouse 

model of Huntington’s Disease (R6/2) to investigate the effectiveness of FGF-2 on stimulation of 

endogenous progenitor cell neurogenesis and subsequent migration into damaged areas of the 

brain.  Jin et al., 2005 found that subcutaneous administration of FGF-2 induced the recruitment 

of new neurons from the SVZ into the neostriatum and cerebral cortex.  The cells recruited to 

the striatum were DARPP-32 expressing medium spiny neurons, consistent with the phenotype 

of neurons lost in Huntington’s disease.    
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To determine the effect of FGF-2 on neurogenesis in the normal and injured adult brain a 

recombinant adeno-associated viral vector (AAV1/2) was developed to provide continuous, 

targeted delivery of FGF-2 directly to neural progenitor cells resident in the anterior SVZ-

olfactory bulb pathway in both unlesioned and QA lesioned animals (Chapter 3).  All animals 

received daily injections of BrdU for 21 days to identify newly generated cells.  This chapter 

shows that exogenous FGF-2 protein expression achieved from the recombinant viral vector 

developed and tested in Chapter 3 did not appear to significantly augment endogenous 

neurogenesis in either the unlesioned or QA lesioned adult rat brain.   
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5.2 Results 
 
5.2.1 AAV-Mediated Gene Delivery of FGF-2 to the Anterior SVZ 
Recombinant adeno-associated viral vectors (AAV1/2) encoding human fgf-2 or control protein 

firefly luciferase were developed to allow for targeted over-expression of the exogenous 

proteins.  Following vector development, preliminary testing showed clear expression of 

exogenous FGF-2-HA protein in the SVZ after AAV1/2-fgf-2-HA targeted injections to the anterior 

SVZ (Chapter 3; Section 3.2.5). This targeting to the SVZ was designed to expose the neural 

progenitor cells residing in the anterior SVZ to a FGF-2 rich environment (Chapter 2; Section 

2.3.1, Chapter 3; Section 3.2.6) with the aim to investigate the effect of increased levels of 

exogenous FGF-2 on their proliferation, differentiation and survival in both a normal and injured 

brain.   

 

Intense FGF-2-HA (Fig. 5.1a, c and e) or Luciferase (Fig. 5.1b, d and f) protein expression was 

observed in the ipsilateral SVZ and dorsomedial striatum as well as the cortex, septum and in 

some cases the contralateral SVZ, 42 and 84 days after AAV1/2-fgf-2-HA injection.  However, 

FGF-2-HA protein was not observed to extend further into the ipsilateral striatum than the 

dorsomedial edge indicating that direct injection of the AAV1/2 vector into the SVZ allowed 

targeted expression of exogenous protein in the anterior SVZ (Fig. 5.1a and c). 

 

As with the BDNF study (Chapter 4), two groups of animals were injected with AAV1/2-fgf-2-HA, 

AAV1/2-luciferase or PBS (Chapter 2; Section 2.3.1).  These groups were:  1) Animals normal in 

every way except their treatment with either AAV1/2 or PBS and 2) Animals subjected to a 

striatal lesion using quinolinic acid (QA) as well as injection of AAV1/2-fgf-2-HA, AAV1/2-luciferase 

or PBS (Summarised Fig. 5.5).  The 50 nM QA lesion was stereotaxically targeted to the 

striatum 21 days after the initial AAV1/2 injection (Chapter 2, Section 2.3.1).  This allowed for 

maximum transgene expression from the AAV1/2 vector before a toxic environment was 

introduced into a proximal region of the brain.  While the extent of the lesions in this study 

varied, they were consistently seen to be centred on the striatum and generally not overlapping 

with the expression of the transgenic proteins (Fig 5.2).  These results show that injection of 

AAV1/2-fgf-2-HA into the SVZ provides continuous and targeted expression of FGF-2 protein up 

to 84 days and that 50 nmol QA lesion produces selective loss of the GABAergic medium spiny 

projection neurons in the striatum. 
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                              FGF-2                                                                Luciferase 

      

      

      
Figure 5.1: FGF-2-HA and Luciferase protein expression in the SVZ 42 and 84 days after AAV1/2 
injection into the anterior SVZ of unlesioned animals.  FGF-2-HA protein expression 42 days (a) and 
84 days (c) after AAV1/2 injection.  Luciferase protein expression 42 days (b) and 84 days (d) after AAV1/2 
injection.  High power images of FGF-2-HA (e) or Luciferase (f) protein expression from boxed regions in a 
and b. Scale bar: a – d, 200 μm; e and f, 20 μm.   
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                                 42d                                                                       84d 

      

      

      
Figure 5.2: Exogenous FGF-2-HA protein expression and QA lesion position 42 and 84 days after 
AAV1/2 injection.  FGF-2-HA treated animals showed exogenous FGF-2-HA protein expression 42 days 
(a) and 84 days (b) after AAV1/2 injection.  QA lesion position was determined using detection of DARPP-
32 positive immunostaining and was consistently seen to be centred on the striatum and generally did not 
overlap with transgenic protein expression at 42 day (c) or 84 day (d).  High magnification from boxed 
areas in a and c showed FGF-2-HA protein expression in individual cells (e) and DARPP-32 positive cells 
indicating the QA lesion boundary (f).  Scale bar: a – d = 275 μm, e and f = 50 μm. 
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A very small number of individual FGF-2-HA positive cells were also observed in the cortex (Fig. 

5.3b and d) and olfactory bulb (Fig. 5.3a and c) of both unlesioned and QA lesioned animals.  

This suggested that AAV1/2 viral vectors transduced both dividing and non-dividing cells present 

in the SVZ with subsequent migration of AAV1/2 transduced endogenous progenitor cells to the 

cortex or the olfactory bulb.  As discussed in Chapter 4 in could be proposed that the 21 days 

allowed for maximum transgene expression prior to QA lesioning and/or BrdU labelling provided 

a window of opportunity for AAV1/2 transduced cells to migrate out from the anterior SVZ 

towards ‘traditional’ target regions such the olfactory bulb via the RMS.  No FGF-2-HA or 

Luciferase positive cells were detected in the striatum of either unlesioned or QA lesioned 

animals, indicating that without cues to direct the cells towards the striatum (i.e. 21 days prior to 

QA lesioning or in the unlesioned striatum) the AAV1/2 transduced migrating cells don’t move 

into the striatum.  

 

                        Olfactory Bulb                                                     Cerebral Cortex 

      

      
Figure 5.3: FGF-2-HA expression in cells present in the olfactory bulb and cerebral cortex 42 days 
after AAV1/2 injection into the anterior SVZ of unlesioned animals.  FGF-2-HA protein expression was 
detected in the olfactory bulb (a and c) and cerebral cortex (b and d) 42 days after AAV1/2 injection.  Scale 
bar: a and b = 50 μm, c and d = 20 μm.   
 

5.2.1.1 ELISA Detection of FGF-2 Protein Levels In vivo 

A separate group of animals received AAV1/2-fgf-2-HA (n = 5, Appendix; Table A.1 and Section 

A.5.8, Connor #13), AAV1/2-luciferase (n = 5, Appendix; Table A.1, Section A.5.2, During #498) 

or PBS (n = 5) for ELISA analysis of FGF-2 protein levels 42 days after AAV1/2 injection into the 

anterior SVZ.  The ipsilateral striatum was dissected out and frozen in liquid nitrogen (Chapter 

a b

c d



Chapter Five: AAV1/2-fgf-2-HA Delivery to the Unlesioned and Quinolinic Lesioned Adult Rat Brain 117

2; Section 2.4.7.2).  .  The frozen striatum was homogenized and the supernatant used in the 

FGF-2 DuoSet ELISA Development System (R&D Systems, DY233).  FGF-2 protein was 

detected between 43000 and 76000 pg/g frozen tissue in AAV1/2-fgf-2-HA injected, unlesioned 

animals compared to endogenous protein levels of 19000 to 38000 pg/g frozen tissue in control 

treated, unlesioned animals (Fig. 5.4).  This ELISA result confirmed that AAV1/2 targeted delivery 

of exogenous FGF-2 resulted in significant protein over-expression compared to endogenous 

FGF-2 levels detected in control treated animals (Fig. 5.4, **p ≤ 0.01).  The level of endogenous 

FGF-2 protein produced following QA lesioning was also investigated.  Five animals received a 

QA lesion and the ipsilateral striatum was collected 21 days later.  This allowed the effect of QA 

lesioning on endogenous FGF-2 protein levels to be analysed.  ELISA detection showed FGF-2 

protein levels within the same range as Luciferase/PBS treated, unlesioned animals (19000 to 

38000 pg/g frozen tissue, Fig. 5.4).  This indicates that QA lesioning is not contributing to 

increasing FGF-2 protein levels and that FGF-2 over-expression in the SVZ/Striatum in FGF-2 

treated, QA lesioned animals is a result of the AAV1/2 targeted injection in to the anterior 

subventricular zone. 
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Figure 5.4: FGF-2 protein expression levels increased after AAV1/2-fgf-2-HA injection.  DuoSet ELISA 
Development System (R&D Systems, DY233) detected elevated FGF-2 levels 42 days after AAV1/2-fgf-2-
HA injection.  Endogenous levels of FGF-2 protein were detected 42 days after AAV1/2-luciferase or PBS 
injection and 21 days after QA lesioning. ** p ≤ 0.001. 
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Figure 5.5: Experimental timeline showing AAV1/2 or PBS injection at day 0 followed 21 days later with 3 
weeks of daily BrdU injections at 150 mg/kg i.p (unlesioned treatment groups).  For the QA lesioned 
treatment groups, rats received a striatal injection of QA 20 days after AAV1/2 or PBS injection, followed 24 
hours later with 3 weeks of daily BrdU injections at 150 mg/kg i.p.  The rats were killed either 24 hours 
after the last BrdU injection for the 42 day time point or 6 weeks after the last BrdU injection for the 84 day 
time point. 
 
5.2.2 Over-Expression of FGF-2 in Unlesioned Animals 
To investigate the effect of FGF-2 in the unlesioned adult brain, AAV1/2-fgf-2-HA was injected 

into the anterior SVZ of the unlesioned adult rat brain (n = 8). Control animals received an 

injection of either AAV1/2-luciferase (n = 4) or vehicle solution (PBS, n = 4).  Three weeks later 

the animals received daily injections of the mitotic marker bromodeoxyuridine (BrdU; 150 mg/kg 

i.p.) for 21 days to identify newly generated cells (Fig. 5.5).   

 

BrdU immunopositive cells were observed in the SVZ, rostral migratory stream (RMS), striatum 

(ST) and olfactory bulb (OB) of unlesioned and QA lesioned (Section 5.2.3) animals, 

demonstrating the labelling of dividing cells in the SVZ and RMS and the migration of these 

cells from the SVZ though the RMS into the olfactory bulb, as shown in previous studies (Suzuki 

and Goldman, 2003).  While BrdU immunopositive cells were also detected in the striatum of 

both unlesioned and QA lesioned (Section 5.2.3) animals, neither FGF-HA nor Luciferase 

positive cells were observed in the striatum.  This suggests the presence of either progenitor 

cells that have migrated from the SVZ to the striatum in response to striatal cues after the initial 

transduction or in situ progenitor cells residing in the striatum (Palmer et al., 1995).   

 

5.2.2.1 Quantification of BrdU Immunopositive Cells in Unlesioned Animals 
Over-expression of FGF-2 in the anterior SVZ of the unlesioned brain did not result in an 

observable increase in the number of BrdU immunopositive cells in the SVZ (Fig. 5.6e), RMS 

(Fig. 5.7e), striatum (Fig. 5.8e) or olfactory bulb (Fig. 5.9e) when compared to Luciferase/PBS 

treated unlesioned animals.   

 

These results suggest that either over-expression of FGF-2 in the anterior SVZ has no positive 

effect on proliferation and/or survival of progenitor cells resident in the SVZ or the level of FGF-

2 protein expression from the AAV1/2-fgf-2-HA viral vector may not be optimal to induce a 

neurogenic response in the anterior SVZ.  These results will be discussed further in Section 5.3 

and Chapter 6. 
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Figure 5.6: BrdU immunoreactivity in the SVZ of FGF-2 or control treated, unlesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the SVZ of Luciferase or PBS 
treated (a and c, control treated) and FGF-2 treated (b and d), unlesioned animals.  The average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a and b, 100 µm; c 
and d, 50 µm. 
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Figure 5.7: BrdU immunoreactivity in the RMS of FGF-2 or control treated, unlesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the RMS of Luciferase or PBS 
treated (a and c, control treated) and FGF-2 treated (b and d), unlesioned animals.  The average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a and b, 200 µm; c 
and d, 50 µm. 
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Figure 5.8: BrdU immunoreactivity in the striatum of FGF-2 or control treated, unlesioned animals, 
42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the striatum of Luciferase or PBS 
treated (a and c, control treated) and FGF-2 treated (b and d), unlesioned animals.  The average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a and b, 400 µm; c 
and d, 50 µm. 
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Figure 5.9: BrdU immunoreactivity in the olfactory bulb of FGF-2 or control treated, unlesioned 
animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the olfactory bulb of 
Luciferase or PBS treated (a and c, control treated) and FGF-2 treated (b and d), unlesioned animals.  
The average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a 
and b, 400 µm; c and d, 50 µm. 
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5.2.3 Over-Expression of FGF-2 in QA Lesioned Animals 
To investigate the effect of FGF-2 in the QA lesioned adult rat brain, AAV1/2-fgf-2-HA (n = 8) was 

injected into the anterior SVZ of the adult rat brain followed 20 days later by a striatal injection of 

50 nmol QA (Fig. 5.5).  Control animals received an injection of either AAV1/2-luciferase (n = 4) 

or vehicle solution (PBS, n = 4) followed by a striatal injection of QA.  Twenty four hours after 

QA injection (21 days after AAV1/2 injection) the animals received daily injections of BrdU (150 

mg/kg i.p.) for 21 days, to identify newly generated cells (Fig. 5.5).  

 
5.2.3.1 Quantification of BrdU Immunopositive Cells  in QA Lesioned Animals 
Over-expression of FGF-2 in the anterior SVZ of the QA lesioned brain did not result in a 

significant increase in the number of BrdU immunopositive cells in the SVZ (Fig. 5.10e), RMS 

(5.11e), or olfactory bulb (5.13e) when compared to control treated, unlesioned animals.  

 

A significant increase in BrdU immunopositive cell number was observed in the striatum of FGF-

2 and control treated, QA lesioned animals compared to FGF-2 and control treated, unlesioned 

animals.  However no difference was observed between control treated, QA lesioned and FGF-

2 treated, QA lesioned animals (Fig. 5.12e). 

 

These results suggest that following QA lesioning there are increased numbers of BrdU positive 

cells in the lesioned striatum, either through migration from the SVZ or present as in situ 

progenitor cells.  However, over-expression of FGF-2 in the anterior SVZ had no effect on the 

proliferation and/or survival of progenitor cells.  Therefore an additional increase in the number 

of BrdU immunopositive cells was not seen in the QA lesioned striatum in FGF-2 treated 

animals compared to control treated QA lesioned animals.  These results will be discussed 

further in Section 5.3 and Chapter 6. 
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Figure 5.10: BrdU immunoreactivity in the SVZ of FGF-2 or control treated, QA lesioned animals, 42 
days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the SVZ of Luciferase or PBS 
treated (a and c, control treated) and FGF-2 treated (b and d), QA lesioned animals.  The average BrdU 
immunopositive cell count /section data is graphed as mean ± S.E.M (e).  Scale bar: a and b, 100 µm; c 
and d, 50 µm. 
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Figure 5.11: BrdU immunoreactivity in the RMS of FGF-2 or control treated, QA lesioned animals, 
42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the RMS of Luciferase or PBS 
treated (a and c, control treated) and FGF-2 treated (b and d), QA lesioned animals.  The average BrdU 
immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a and b, 200 µm; c 
and d, 50 µm. 
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Figure 5.12: BrdU immunoreactivity in the striatum of FGF-2 or Luciferase/PBS treated, QA 
lesioned animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the striatum of 
Luciferase or PBS treated (a and c, control treated) and FGF-2 treated (b and d), QA lesioned animals.  
The average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M (e).  A significant 
difference was detected between control treated and FGF-2 treated QA lesioned animals and unlesioned 
animals, ** p ≤ 0.001.  Scale bar: a and b, 400 µm; c and d, 50 µm.  
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Figure 5.13: BrdU immunoreactivity in the olfactory bulb of FGF-2 or control treated, QA lesioned 
animals, 42 days after AAV1/2 injection.  BrdU immunoreactivity was analysed in the olfactory bulb of 
Luciferase or PBS treated (a and c, control treated) and FGF-2 treated (b and d), QA lesioned animals.  
The average BrdU immunopositive cell count/section data is graphed as mean ± S.E.M (e).  Scale bar: a 
and b, 400 µm; c and d, 50 µm. 
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5.2.4 Regional Distribution of BrdU Immunoreactivity in Unlesioned and QA Lesioned 
Animals 
BrdU immunopositive cell counts were totalled and used to calculate the proportion of BrdU 

immunoreactivity in each brain region studied.  This data represents the total BrdU 

immunoreactivity present in the adult rat brain 42 days after the initial AAV1/2-fgf-2-HA, AAV1/2-

luciferase or PBS injection (Fig. 5.14).  Luciferase or PBS (control) treated, unlesioned animals 

are assumed to represent the normal brain with no exogenous interference.  Over-expression of 

the FGF-2-HA protein in either unlesioned or QA lesioned animals did not result in a significant 

increase in total BrdU immunoreactivity when compared to control treated animals (Fig. 5.14).  

However, FGF-2 treated animals showed a significant increase in total BrdU immunoreactivity 

following QA lesioning compared to FGF-2 treated unlesioned animals (Fig. 5.14, **p ≤ 0.01).  

Control treated, QA lesioned animals also showed a significant increase in total BrdU 

immunoreactivity compared to control treated unlesioned animals.   
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Figure 5.14: Total BrdU immunopositive cell count of FGF-2 or control treated unlesioned and QA 
lesioned animals, 42 days after AAV1/2 injection.  Total BrdU immunoreactivity was calculated and 
analysed in the SVZ, RMS, striatum and olfactory bulb of Luciferase or PBS treated and FGF-2 treated, 
unlesioned and QA lesioned animals.  The total BrdU immunopositive cell count data is graphed as mean 
± S.E.M.  A significant difference was detected between FGF-2 treated and control treated unlesioned 
animals, and between FGF-2 treated and control treated QA lesioned animals.  ** p ≤ 0.001.  
 

In the normal adult rat brain, BrdU immunopositive cells were predominantly located in the 

olfactory bulb (Fig 5.15a).  The regional distribution of BrdU immunoreactivity in unlesioned 

animals was not altered by over-expression of FGF-2 in the anterior SVZ (Fig. 5.15a and b).  

Following injection of QA into the striatum, a shift in the regional distribution of BrdU 

immunoreactivity was observed compared to the normal adult brain (Fig. 5.15a and c).  A 
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significant increase in BrdU immunoreactivity was observed in the striatum of control treated QA 

lesioned animals (*p ≤ 0.05) in conjunction with a significant decrease in BrdU immunoreactivity 

the SVZ (*p ≤ 0.05), when compared to control treated, unlesioned animals (Fig 5.15a and c).  

FGF-2 treated, QA lesioned animals also exhibited an increase in the proportion of BrdU 

immunoreactivity present in the striatum when compared to FGF-2 treated unlesioned animals 

(**p ≤ 0.001).  This was combined with a significant reduction in the proportion of BrdU 

immunopositive cells observed in the olfactory bulb (Fig 5.15c and d; **p ≤ 0.001) in both FGF-2 

and control treated QA lesioned animals when compared to unlesioned animals. 
 

 
Figure 5.15: Regional distribution of BrdU immunopositive cells in the SVZ, RMS, striatum and 
olfactory bulb of FGF-2 or control treated animals.  BrdU immunopositive cell counts were totalled from 
the SVZ, RMS, striatum and olfactory bulb and used to calculate the proportion of BrdU immunoreactivity 
in each brain region.  A significant increase in BrdU immunoreactivity was observed in the striatum of both 
FGF-2 and control treated, QA lesioned animals (c and d; *p ≤0.05), in conjunction with a significant 
decrease in BrdU immunoreactivity the SVZ compared to FGF-2 and control treated unlesioned animals (c 
and d; *p ≤ 0.05).  This was combined with a significant reduction in the proportion of BrdU 
immunopositive cells observed in the olfactory bulb of both FGF-2 and control treated, QA lesioned 
animals (c and d; **p ≤ 0.001).  * p < 0.05, ** p < 0.001.  
 

These data suggest that the QA lesioned brain has more newly generated progenitor cells 

present than the normal brain.  These data also suggest that QA lesioning may elicit a 

redistribution of responsive endogenous neural progenitor cells away from the SVZ towards 

regions of neuronal cell loss in the striatum, in response to cues expressed from the lesioned 

striatum.  However the results also suggest that FGF-2 is not augmenting this redistribution 
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response and is playing no role in maintaining the SVZ-RMS-OB pathway as was seen after 

BDNF treatment (Chapter 4; Section 4.2.4).  This is most noticeable when unlesioned animals 

are compared with QA lesioned animals and a significant decrease in regional distribution of 

BrdU immunopositive cells is observed in the SVZ and olfactory bulb (Fig. 5.15).  It should be 

noted that there was no significant change detected in the RMS after any of the treatments, 

however the proportions suggest a decrease in the RMS as well as the SVZ and olfactory bulb 

(Fig. 5.15).     

 

5.2.5 Survival and Generation of New Neurons and Glia in the QA Lesioned Striatum 
To determine whether BrdU immunopositive cells in the unlesioned and QA lesioned striatum 

survived and differentiated into new neurons after FGF-2 treatment, it was examined whether 

BrdU immunopositive cells located in the striatum co-expressed neuronal (NeuN and MAP2) or 

glial (GFAP) markers 42 days after AAV1/2-fgf-2-HA, AAV1/2-luciferase or PBS injection.  

Persistence of newly generated cells in the striatum was also assessed by examining co-

expression of BrdU with neuronal or glial markers 84 days after AAV1/2-fgf-2-HA, AAV1/2-

luciferase or PBS injection (63 days after QA lesioning).  

 

No cells co-expressing BrdU with mature neuronal or glial markers were detected in either 

unlesioned or QA lesioned animals, 42 and 84 days after AAV1/2-fgf-2-HA, AAV1/2-luciferase or 

PBS injection.  This result suggests that FGF-2 does not positively influence the differentiation 

of neural progenitor cells into mature neurons or glia.  These results will be discussed further in 

Section 5.3 and Chapter 6.  

 

5.2.6 Motor Function Testing in QA Lesioned Rats 
While no new neurons generated in response to FGF-2 treatment were detected, this study still 

examined whether FGF-2 over-expression in the anterior SVZ of QA lesioned animals reduced 

the impairment of motor function observed in the QA lesion model of excitotoxic cell loss.  

Forelimb sensorimotor function was examined in both control treated (AAV1/2-luciferase, n = 5 or 

PBS, n = 5) and FGF-2 treated (AAV1/2-fgf-2-HA, n = 10), QA lesioned animals using the 

spontaneous exploratory forelimb use test (Schallert and Tillerson, 1999; Schallert et al., 2000; 

Chapter 2, Section 2.3.2).  The spontaneous exploratory forelimb use test is a non-drug induced 

test of forelimb locomotor function that is dependent on the integrity of intrinsic striatal neurons, 

the nigrostriatal dopaminergic system and the sensorimotor area of the neocortex.  The results 

of the test are presented as an overall asymmetry score calculated from the net ipsilateral 

forelimb use expressed as a percentage of total forelimb use (Fig 5.16; ipsilateral/unimpaired 

forelimb % use - contralateral forelimb % use).    

 
The forelimb asymmetry of QA lesioned rats over-expressing FGF-2 in the anterior SVZ was 

compared with QA lesioned rats injected with either AAV1/2-luciferase or PBS.  Following QA 

lesioning, both control treated and FGF-2 treated animals exhibited an increased preference for 
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ipsilateral (unimpaired) forelimb use over time with 15 – 25 % ipsilateral forelimb use observed 

from weeks 5 – 13 after QA lesioning (Fig. 5.16).  A two-way ANOVA revealed no significant 

difference in ipsilateral forelimb use over time in QA lesioned rats over-expressing FGF-2 

compared to control treated animals (Fig. 5.16).  These data suggest that FGF-2 is not playing a 

role in the restoration of motor function lost following excitotoxic cell loss.   
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Figure 5.16: FGF-2 over-expression in the anterior SVZ does not result in a restoration of motor 
function in QA lesioned rats.  The forelimb asymmetry of QA lesioned rats over-expressing FGF-2 
( ) in the anterior SVZ was compared with control treated (AAV1/2-luciferase or PBS; ) QA 
lesioned rats.  The zero line of the graph represents 50/50 use of the forelimbs, resulting in a percentage 
net ipsilateral forelimb use scoring to close to zero. 
 

5.3 Discussion 
This study examined the effect of FGF-2 over-expression in the anterior SVZ on endogenous 

progenitor cell differentiation and survival in both the normal adult rat brain and following QA-

induced striatal cell loss.  AAV1/2-mediated delivery of FGF-2 to the anterior SVZ provided 

continuous and targeted expression of exogenous FGF-2 protein in both the normal and QA 

lesioned adult rat brain.  In the normal adult rat brain, FGF-2 over-expression resulted in no 

significant difference in the number of BrdU immunopositive cells in the SVZ, RMS, striatum or 

olfactory bulb when compared to Luciferase or PBS (control) treated animals.  These results 

suggest that in this study over-expression of FGF-2 in the anterior SVZ did not significantly alter 

the level of proliferation and/or survival of SVZ generated neural progenitor cells.   

 

Following QA lesioning, a significant increase in the number of BrdU immunopositive cells was 

observed in the striatum of both control and FGF-2 treated animals, compared to unlesioned 

animals.  However, FGF-2 over-expression did not appear to significantly augment the number 

of BrdU positive cells observed in the damaged striatum as was seen with BDNF over-

expression (Chapter 4).  The results from this study suggest that the QA lesioned brain has 

more newly generated progenitor cells present compared to the unlesioned brain and that 
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despite the over-expression of FGF-2 no additional increase in total cell numbers was observed.  

However, the specific regional distribution data shows that while a proportion of progenitor cells 

in the QA lesioned brain continue to migrate from the SVZ to the olfactory bulb via the RMS, a 

population of progenitor cells migrate to regions of neuronal cell loss in the lesioned striatum as 

has been shown previously (Tattersfield et al., 2004; Gordon et al., unpublished observations).  

This may potentially be in response to factors released as a result of the selective loss of striatal 

GABAergic medium spiny projection neurons in the QA lesioned brain.  It must be considered 

that the increase in BrdU immunoreactivity observed in the QA lesioned striatum also 

represents increased proliferation and/or survival of in situ progenitor cells or glia residing in the 

striatum in response to QA lesioning (Palmer et al., 1995).  Following QA lesioning, a significant 

increase in the number of BrdU immunopositive cells was observed in the striatum of both 

control and FGF-2 treated animals, compared to unlesioned animals.  However, the level of 

BrdU immunoreactivity present in the striatum of FGF-2 treated QA lesioned animals was not 

significantly different to that detected in control treated QA lesioned animals (Fig. 5.14).  This 

data suggests that FGF-2 does not augment the recruitment of BrdU immunopositive cells to 

the damaged striatum and does not play a role in maintaining the SVZ-RMS-OB pathway as 

was seen after BDNF treatment (Chapter 4; Section 4.2.4).  Furthermore, FGF-2 did not appear 

to promote the survival and/or differentiation of new neurons in either the normal or QA lesioned 

striatum, or restore motor function lost following QA lesioning.   

 

These results contradict the commonly held belief that FGF-2 positively influences 

neurogenesis in the adult mammalian brain (Kuhn et al., 1997; Nakagami et al., 1997; Palmer et 

al., 1999; Wagner et al., 1999; Yoshimura et al., 2001; Cheng et al., 2002; Jin et al., 2003; 

Yoshimura et al., 2003; Zheng et al., 2004; Jin et al., 2005).  Possible explanations for the lack 

of an increase in neurogenesis following AAV1/2-fgf-2-HA treatment in both the unlesioned and 

QA lesioned brain are discussed in the following paragraphs.      

 

Table 5.1: Summary of BrdU Immunoreactivity in Specific Regions of the Normal and 
QA Lesioned Adult Rat Brain  

  
Unlesioned 
Control 

Unlesioned  
FGF-2 

QA Lesioned 
Control 

QA Lesioned 
FGF-2 

     

SVZ - - - - 

RMS - - - - 

Striatum - - ↑↑a ↑↑b 
Olfactory Bulb - - - - 
 
Arrows represent: ↑↑ = increase, - = no change 
Data compared between treatment groups within brain regions.  
a compared to unlesioned control 
b compared to unlesioned FGF-2 

    

It should be considered that the AAV1/2-fgf-2-HA viral vector is possibly not providing optimal 

over-expression of exogenous FGF-2-HA protein in the anterior SVZ to induce a neurogenic 
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response from resident progenitor cells.  However, the ELISA assays carried out on 

homogenised SVZ/striatal tissue show a 2 - 3 fold increase in FGF-2 levels in animals injected 

with the AAV1/2-fgf-2-HA viral vector.  Immunohistochemical detection of exogenous FGF-2-HA 

protein showed intense staining within the cytoplasm of transduced cells, but not the ‘halo’ 

around the individual cells, which creates a penumbra between the injection site and the 

adjacent striatum, that was seen after AAV1/2-bdnf-HA transduction (Chapter 3, Section 3.2.6.2).  

The ELISA assay analysed homogenised SVZ/striatal tissue samples which means the assay 

detected all FGF-2 protein present from within and surrounding the transduced cells.  However, 

the FGF-2 protein lacks conventional signal peptides for secretion and may only be released 

into the extracellular space, via an energy dependent exocytotic secretion mechanism 

independent of the traditional endoplasmic reticulum-Golgi pathway (Mignatti and Rifkin, 1991; 

Rifkin et al., 1991; Mignatti et al., 1992; Friesel and Maciag, 1999).  When expressed in the cells 

in vivo it is possible that the exogenous FGF-2-HA protein is either not secreted at high levels 

from the transduced cells, the protein is not stable for long the in the extracellular matrix or that 

additional factors (such as heparin) are required for optimal binding to the corresponding 

receptors (Sperinde and Nugent, 2000; Berry et al., 2004).  Therefore the transduced cells may 

not have released enough exogenous FGF-2 to reach a level that was sufficient to have an 

effect on resident progenitor cells.   

 

A recent study using adult hippocampal progenitor cells in vitro showed that high levels of FGF-

2, similar to elevated levels identified in the Alzheimer’s Disease brain, drove the cultured 

progenitor cells towards an undifferentiated, actively dividing developmental stage, while 

decreasing the total number of cells with neuronal characteristics (Nelson and Svendsen, 2006).  

This suggests that over-expression of FGF-2 from the AAV1/2 viral vector in the anterior SVZ 

may be ‘blocking’ the neural progenitor cells resident in the SVZ from differentiating past an 

immature neuroblast stage.  This implies the possibility that the BrdU positive cells present in 

the striatum are from the SVZ, but may have ‘stalled’ at an immature stage because of the 

elevated FGF-2 levels.  FGF-2 has also been shown to be produced by astrocytes in the brain.  

It may be possible that the glial response induced by the QA lesion is producing elevated FGF-2 

levels that combine with the over-expression of FGF-2 from the AAV1/2 vector and result in a 

lack of differentiation of neural progenitors cells.  If this was the case then it would be expected 

that the ELISA assay results on QA lesioned brains without FGF-2 treatment to have shown 

high levels of FGF-2 protein, however this was not observed.  It is possible that 21 days after 

lesioning the initial increased levels of FGF-2 from astrocytes have declined, but may have 

initially contributed to ‘blocking’ the differentiation of the BrdU positive cells present in the SVZ 

and striatum.  In support of this is an in vitro study by Chen et al., 2006 which used neural 

progenitor cells isolated from the developing cerebral cortex to show that FGF-2 at low 

concentrations increased neurogenesis while high levels of FGF-2 maintained progenitor cell 

proliferation and blocked neurogenesis.  The lack of double labelling of mature neurons or glia 

observed in both unlesioned and QA lesioned animals in this chapter, would agree with the 
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deleterious effect of elevated FGF-2 in the SVZ on adult neurogenesis suggested in these 

recent studies (Chen et al., 2006; Nelson and Svendsen, 2006).   

 

A combination of these two phenomenon may be occurring; the AAV1/2-fgf-2-HA transduced 

cells in the SVZ may not be secreting sufficient FGF-2 to influence resident progenitor cells 

either positively or negatively.  However once the cells have migrated from the SVZ towards the 

QA lesion, in response to cell loss, the initial elevated levels of FGF-2 expressed from 

astrocytes present in the glial scar, formed after lesioning, may be inhibiting neuronal 

differentiation in the striatum.  It may be possible that low penetration efficiency of FGF-2 in the 

brain could be improved by addition of soluble FGF-2-binding molecules, such as heparin 

sulphate proteoglycans to the infusion solution to prevent rapid absorption of FGF-2 by 

extracellular matrix molecules (Kuhn et al., 1997; Sperinde and Nugent, 2000; Berry et al., 

2004).  

 

FGF-2 was one of the first growth factors shown to influence adult neurogenesis both in vitro 

(Reynolds and Weiss, 1992; Richards et al., 1992; Palmer et al., 1995; Pincus et al., 1998) and 

in vivo (Kuhn et al., 1997; Nakagami et al., 1997; Goldman, 1998; Palmer et al., 1999; Wagner 

et al., 1999; Yoshimura et al., 2001; Cheng et al., 2002; Jin et al., 2003; Yoshimura et al., 2003; 

Zheng et al., 2004).  A recent study by Jin et al., 2005 used a transgenic mouse model of 

Huntington’s Disease (R6/2) to investigate the effectiveness of FGF-2 on stimulation of 

endogenous progenitor cell neurogenesis and subsequent migration into damaged areas of the 

brain.  Jin et al., 2005 found that subcutaneous administration of FGF-2 increased the number 

of proliferating cells in the SVZ by approximately 30% in wildtype mice and approximately 150% 

in R6/2 mice.  They also found that FGF-2 induced the recruitment of new neurons from the 

SVZ into the neostriatum and cerebral cortex.  The cells recruited to the striatum were DARPP-

32 expressing medium spiny neurons, consistent with the phenotype of neurons lost in 

Huntington’s disease.  Jin et al., 2005 also suggest that FGF-2 administration improved motor 

performance of R6/2 mice and that the neuroprotective and neuroproliferative effects of FGF-2 

may be contributing to this improvement.  It must be noted that while Jin et al., 2005 examined 

the effect of FGF-2 on neurogenesis in a rodent model of Huntington’s disease, that is where 

the similarities end between the Jin et al., 2005 study and this thesis.  Jin et al., 2005 

administered FGF-2 subcutaneously into a transgenic rodent model of Huntington’s disease, 

while this study continuously expressed FGF-2 protein in vivo directly at the site of interest.   

Finally, this study used a quinolinic acid model of excitotoxic cell loss, while Jin et al., 2005 

carried out their research in a transgenic rodent model.  Jin et al., 2005 conclude that FGF-2 

promotes neurogenesis and neuroprotection in their mouse model.  However our results can not 

conclude that AAV1/2 mediated FGF-2 over-expression is acting as a positive influence on SVZ 

progenitor cell proliferation and neurogenesis.  Unlike the effect of BDNF detailed in Chapter 4 

and the effect of FGF-2 discussed by Jin et al., 2005, over-expression of FGF-2 in this study via 

an AAV1/2 delivery vector appears to have no effect on the number of neural progenitor cells in 
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the SVZ of either the unlesioned or QA lesioned brain.  In addition, the lack of co-expression of 

BrdU with neuronal and glial cell markers suggests that FGF-2 may be having an inhibitory 

effect on progenitor cell differentiation.   

 

This study contrasts to many other studies and indicates the need for further investigation into 

multiple factor pathways influencing neurogenesis, tighter regulation of the transgenic protein 

expression from the AAV1/2 delivery vector or alternative progenitor cell labelling paradigms..       
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CHAPTER SIX 
 

General Discussion 

 
 

Neurogenesis is the process by which functionally integrated neurons are generated from 

progenitor cells, traditionally believed to occur only during embryonic development in the 

mammalian central nervous system (CNS; Ramon y Cajal, 1913).  In the adult mammalian brain 

two sites of high density cell division have been identified:  the subgranular zone of the 

hippocampus (SGZ; Altman and Das, 1965; Kaplan and Hinds, 1977) and the subventricular 

zone (SVZ) lining the lateral ventricles in the forebrain (Lois and Alvarez-Buylla, 1993, 1994).  

Over the past decade, studies  have demonstrated that these defined regions of the adult brain 

contain neural progenitor cells that retain the ability to generate new neurons (Lois and Alvarez-

Buylla, 1993, 1994; Eriksson et al., 1998; Gould et al., 1999a; Kornack and Rakic, 1999).      

 

The rate of neuronal production has been shown to be regulated by many exogenous and 

endogenous cues including age (Seki and Arai, 1995; Kuhn et al., 1996; Tropepe et al., 1997; 

Enwere et al., 2004), adrenal steroids, GABA (Liu et al., 2005; Tozuka et al., 2005), glutamate 

(Cameron et al., 1995; Gould and Tanapat, 1997; Bernabeu and Sharp, 2000; Yoshimizu and 

Chaki, 2004), estrogen (Tanapat et al., 1999; Smith et al., 2001), prolactin (Shingo et al., 2003)  

serotonin selective reuptake inhibitors (SSRIs; Malberg et al., 2000),  nitric oxide synthase 

(NOS; Cheng et al., 2003; Packer et al., 2003; Moreno-Lopez et al., 2004), pregnancy (Shingo 

et al., 2003) enriched interactive environments (Kempermann et al., 1997, 1998; Young et al., 

1999) and exercise (access to a running wheel; van Praag et al., 1999b; van Praag et al., 

1999a).  Neurological diseases, such as Huntington’s disease and Parkinson’s disease are 

associated with the loss of specific neuronal populations (Shihabuddin et al., 1999), while non 

specific neuronal degeneration occurs during aging and neuronal death, and can also be a 

consequence of trauma affecting the nervous system such as cerebral ischemia, seizures or 

head injury (Magavi et al., 2000; Arlotta et al., 2003a; Parent, 2003).  Most brain injuries result 

in an increase in progenitor cell proliferation in the SVZ or SGZ and can lead to the migration of 

new neurons towards to the site of injury.  Several studies have suggested that SVZ cells in the 

adult brain can migrate into regions other than the olfactory bulb after either administration of 

growth factors (Craig et al., 1996; Kuhn et al., 1997; Fallon et al., 2000; Benraiss et al., 2001; 

Pencea et al., 2001a), induction of neuronal cell loss (Arvidsson et al., 2002; Parent et al., 

2002a; Parent et al., 2002b) or injury (Holmin et al., 1997; Jankovski et al., 1998).  
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A number of factors have been identified as modulating the expansion and fate of neural 

progenitor cells, including EGF, FGF-2, IGF-1, PDGF and BDNF (Reynolds and Weiss, 1992; 

Richards et al., 1992; Vescovi et al., 1993; Kirschenbaum and Goldman, 1995; Palmer et al., 

1995; Craig et al., 1996; Kuhn et al., 1997; Pincus et al., 1998; Zigova et al., 1998; Palmer et al., 

1999; Aberg et al., 2000; Benraiss et al., 2001; Pencea et al., 2001a; Yoshimura et al., 2001; 

Bull and Bartlett, 2005; Mohapel et al., 2005).  BDNF and FGF-2 were chosen for further 

investigation in this thesis for reasons discussed in the following sections.   

 

BDNF appears to play a major role in regulating the survival and fate of progenitor cells in the 

adult mammalian brain and has been shown to promote neuronal differentiation and survival of 

newly generated daughter cells (Ahmed et al., 1995; Kirschenbaum and Goldman, 1995; 

Lindholm et al., 1996; Leventhal et al., 1999; Louissaint et al., 2002).  In vivo, BDNF delivery to 

the SVZ progenitor cells increased neuronal recruitment to the olfactory bulb (Zigova et al., 

1998) and resulted in ectopic addition of newly generated neurons, expressing markers of 

GABAergic medium spiny striatal neurons, to the striatum of the normal adult rat brain (Benraiss 

et al., 2001; Pencea et al., 2001a).  A recent study by Chmielnicki et al., 2004 demonstrated that 

Noggin and BDNF cooperate to induce medium spiny neuron recruitment from endogenous 

progenitor cells in the normal adult forebrain.   

 

Basic fibroblast growth factor (bFGF or FGF-2) was one of the first growth factors shown to 

influence adult neurogenesis.  Neural stem cells isolated from the adult rodent SVZ were shown 

to proliferate in response to FGF-2 and EGF-1 in vitro (Reynolds and Weiss, 1992; Richards et 

al., 1992; Palmer et al., 1995), and FGF-2 has also been shown to enable neurons to be 

generated and maintained in vitro from adult human SVZ isolations (Pincus et al., 1998).  

Several in vivo studies have shown that FGF-2 influences neurogenesis in the hippocampus 

(Goldman, 1998 Nakagami et al., 1997; Palmer et al., 1999; Yoshimura et al., 2001).   In 

addition, intracerebroventricular (ICV) infusion of FGF-2 has been shown to increase 

proliferation in the adult SVZ (Kuhn et al., 1997) and subcutaneous injection of FGF-2 has also 

been shown to stimulate neurogenesis in both the neonatal and adult rodent SVZ (Wagner et 

al., 1999).  FGF-2 treatment has also been shown to enhance the addition of new neurons to 

the adult olfactory bulb (Kuhn et al., 1997).  A study by Jin et al., 2005 used a transgenic mouse 

model of Huntington’s Disease (R6/2) to investigate the effectiveness of FGF-2 on stimulation of 

endogenous progenitor cell neurogenesis and subsequent migration into damaged areas of the 

brain.  They found that subcutaneous administration of FGF-2 induced the recruitment of new 

neurons from the SVZ into the neostriatum and cerebral cortex.  The cells recruited to the 

striatum were DARPP-32 expressing medium spiny neurons, consistent with the phenotype of 

neurons lost in Huntington’s disease.    
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This project was designed to extend previous observations and better understand the 
effect of BDNF and FGF-2 on the proliferation, migration, and differentiation of neural 
progenitor cells in both the unlesioned and QA lesioned adult rat brain. 
 

Due to the uncertainty of tissue bioavailability of intraventricularly administrated proteins, this 

project used recombinant adeno-associated viral vectors to investigate the effect of growth 

factors on regulating adult neurogenesis.  AAV1/2 delivery provided long-term stable over-

expression of neurotrophic factor BDNF or growth factor FGF-2 and allowed for specific 

targeting to the neurogenic SVZ of the adult brain which contains neural progenitor cells.    

AAV1/2 viral vectors were constructed to encode either the neurotrophic factor BDNF, the growth 

factor FGF-2 or the control marker Luciferase.  BDNF or FGF-2 was over-expressed in the 

subventricular zone (SVZ) via recombinant adeno-associated viral vector (AAV1/2) delivery and 

newly generated cells were identified using bromodeoxyuridine (BrdU; 150mg/kg 

intraperitoneal) labelling.  A control group of rats received an injection of vehicle solution (sterile 

PBS) at the same stereotaxic coordinates as the viral vector injection.  Selective striatal cell loss 

was induced in a subgroup of rats by unilateral striatal injection of the excitotoxin quinolinic acid 

(QA) 21 days after AAV1/2 injection and 24 hours prior to BrdU labelling.   

 

Three AAV2 expression plasmids carrying bdnf, fgf-2 or luciferase cDNA were successfully 

constructed and tested in vitro.  These plasmids were packaged in to AAV1/2 mosaic viral 

vectors and extensively tested in vitro and in vivo (Chapter 3).  The development and testing of 

these viral vectors provided confidence that the viral vectors could be used successfully in 

studies investigating the effect of either BDNF or FGF-2 over-expression on SVZ-derived 

endogenous progenitor cell differentiation and survival in both the normal adult rat brain and 

following QA-induced striatal cell loss (Chapter 4 and 5).  The results from this thesis 

demonstrate that BDNF augments the recruitment, neuronal differentiation and survival of 

progenitor cells in both neurogenic and non-neurogenic regions of the unlesioned or QA 

lesioned brain.  BDNF also appears to contribute to the persistence of newly generated neurons 

in the QA lesioned striatum.  This provides the first evidence demonstrating the neurogenic 

effect of BDNF on compensatory striatal neurogenesis in the injured adult brain and suggest 

that enhanced BDNF expression may be a viable strategy for inducing or augmenting 

endogenous neural progenitor cell neurogenesis.  In contrast, our results can not conclude that 

FGF-2 over-expression is acting as a positive influence on SVZ progenitor cell proliferation 

and/or survival and differentiation.  Unlike the effect of BDNF detailed in Chapter 4 and the 

effect of FGF-2 demonstrated by Jin et al., 2005, in this study FGF-2 appears to have no effect 

on the number of neural progenitor cells in either neurogenic and non-neurogenic regions of the 

unlesioned or QA lesioned brain.  In addition, the lack of co-expression of BrdU with neuronal 

and glial cell markers suggest that FGF-2 may be having an inhibitory effect on progenitor cell 

differentiation.  
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The differences in neurogenic response observed between the BDNF (Chapter 4) and FGF-2 

(Chapter 5) studies are difficult to explain.  While previous studies have shown that both factors 

influence adult neurogenesis in vitro and in vivo,  this is the first study to use AAV1/2 viral vector 

delivery methods to transduce the SVZ with a recombinant AAV1/2 genome encoding the human 

bdnf or fgf-2 cDNA under the control of the strong CBA promoter.  ELISA assay data 

demonstrated a significant increase in both BDNF and FGF-2 transgenic protein levels in the 

SVZ 42 days after AAV1/2 injection.  This over-expression is not regulated in any way and the 

plasmids are designed with the WPRE enhancer element to facilitate cytoplasmic accumulation 

and translation of mRNA and thereby increase exogenous protein production (Paterna et al., 

2000; Xu et al., 2001).  While no obvious adverse affects of the over-expression of exogenous 

protein were observed in either of these studies it must be taken into account that 2-3 x over-

expression of FGF-2 appeared to have no effect on proliferation and/or survival of progenitor 

cells resident in the SVZ.  Possible reasons for the differences observed in the results between 

BDNF and FGF-2 treatment will be discussed in more detail in the following paragraphs. 

 

FGF-2 lacks conventional signal peptides for secretion and may only be released into the 

extracellular space, via an energy-dependent exocytotic secretion mechanism independent of 

the traditional endoplasmic reticulum-Golgi pathway (Mignatti and Rifkin, 1991; Mignatti et al., 

1992; Friesel and Maciag, 1999).  This suggests that AAV1/2-fgf-2-HA transduced cells may not 

have released adequate FGF-2 and therefore exogenous FGF-2 protein levels may not have 

reached a level that was sufficient to have an effect on resident progenitor cells.  ELISA assays 

of the homogenised SVZ/striatal tissue showed that similar levels of BDNF and FGF-2 were 

detected 42 days after AAV1/2-bdnf-HA or AAV1/2-fgf-2-HA injection.  These protein levels were 

detected from homogenised tissue which includes all the cells in the anterior SVZ and striatum 

and not just the extracellular matrix where secreted protein would be found.  

Immunohistochemistry for HA tagged BDNF or FGF-2 protein showed a ‘halo’ of exogenous 

protein surrounding cells in the SVZ of AAV1/2-bdnf-HA treated animals, indicating the presence 

of secreted protein.  This ‘halo' was not observed in AAV1/2-fgf-2-HA treated animals (Chapter 3; 

Section 3.2.6.2).  Therefore FGF-2 exogenous protein may not be secreted into the surrounding 

environment at levels sufficiently high to positively influence progenitor cell proliferation and/or 

survival in the anterior SVZ.  In addition to the possibility that exogenous FGF-2 protein is not 

secreted at levels sufficient to influence neurogenesis, it may also be possible that low 

penetration efficiency of FGF-2 in the brain is a problem.  This could be contributing to low 

levels of protein influencing progenitor cells in the anterior SVZ.  This low penetration efficiency 

could be improved by addition of soluble FGF-2-binding molecules, such as heparin sulphate 

proteoglycans to the infusion solution to prevent rapid absorption of FGF-2 by extracellular 

matrix molecules (Sperinde and Nugent, 2000; Berry et al., 2004).  All currently identified FGF-2 

family members bind heparan sulfate proteoglycans (HSPG; Herr et al., 1997) with different 

receptor domains defining type and strength of interaction (Ornitz and Itoh, 2001).  Sperinde 

and Nugent, 2000 suggest that HSPG might function as a cellular switch between immediate 
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and prolonged signal activation by heparin-binding growth factors such as FGF-2. In the 

absence of HSPG, FGF-2 can interact with and activate its receptor, yet in the presence of 

HSPG, FGF-2 might be able to mediate prolonged or unique biological responses through 

intracellular processes.  Different AAV serotypes are infectious in different cells types, 

depending on the availability of suitable receptor molecules. AAV2 uses heparin sulphate 

proteoglycan (HSPG) receptors (Summerford and Samulski, 1998), fibroblast growth factor 

receptor-2 (FGFR1; Qing et al., 1999), integrin alpha-V-beta-5 (αvβ5; Summerford et al., 1999) 

and hepatocyte growth factor receptor (HGFR; Kashiwakura et al., 2005) amongst others.    

These previous results suggest that AAV1/2 mediated FGF-2 treatment of neuronal cell loss may 

require the additional expression of a heparan sulfate proteoglycan to facilitate optimal cellular 

response to the protein. 

   

A recent study using adult hippocampal progenitor cells in vitro that showed high levels of FGF-

2, similar to elevated levels identified in the Alzheimer’s Disease brain, drove the cultured 

progenitor cells towards an undifferentiated, actively dividing developmental stage, while 

decreasing the total number of cells with neuronal characteristics (Nelson and Svendsen, 2006).  

The results from that study lead to the suggestion that elevated FGF-2 levels produced by 

astrocytes present in the glial scar formed after QA lesioning inhibit neuronal differentiation of 

newly migrated neuroblasts (Chapter 5).  However this is not fully supported by the observation 

of BrdU/NeuN and BrdU/MAP2 co-expressing cells in QA lesioned brains in the BDNF study.  It 

would also be expected that the ELISA assay results from QA lesioned brains without FGF-2 or 

BDNF treatment would have shown high levels of FGF-2 protein, however this was not 

observed (Chapter 4 and 5, Sections 4.2.1.2 and 5.2.1.2).    A possible explanation for the lack 

of any discernible neuronal differentiation in the FGF-2 study and low levels in the BDNF study 

is that the glial scar astrocytes produce a spike of elevated FGF-2 production which initially 

stalls the differentiation and then when the animals are also treated with over-expression of 

FGF-2 the levels are further increased and thereby contribute to blocking neuronal 

differentiation.  BDNF treated animals do not receive the extra FGF-2 and therefore will display 

low levels of neuronal differentiation (Chapter 4).  An in vitro study by Chen et al., 2006 used 

neural progenitor cells isolated from the developing cortex to show that FGF-2 at low 

concentrations increased neurogenesis while high levels of FGF-2 maintained progenitor cell 

proliferation and blocked neurogenesis.  The results from the studies by Chen et al., 2006 and 

Nelson and Svendsen, 2006 combined with the results from Chapter 5 suggest that the over-

expression of FGF-2 from the AAV1/2 viral vector in the anterior SVZ may be preventing the 

neural progenitor cells resident in the SVZ from differentiating past the migrating neuroblasts 

stage of neuronal development in the adult brain.  This result points towards the possibility that 

the BrdU positive cells present in the striatum may have been recruited from the SVZ, but may 

have ‘stalled’ at an immature stage because of the elevated FGF-2 levels.    
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The lack of neuronal differentiation in the striatum of FGF-2 treated cells is consistent with the 

study carried out by Kuhn et al., 1997, which investigated the effects of EGF and FGF-2 on 

neural progenitors in the adult rat brain.  Kuhn et al., 1997 did not see any BrdU immunopositive 

cells co-expressing neuronal phenotypes in the striatum after 14 days of intracerebroventricular 

administration of FGF-2.  They also saw a number of BrdU positive cells present in the striatum 

that did not co-label with neuronal or astrocytic markers and concluded that there was a 

possibility that these ‘unclassified’ cells were uncommitted progenitors cells which may 

differentiate into neurons at a later time point.  While our FGF-2 study did not see any BrdU co-

expression even at the 84 day timepoint, this possibility of future differentiation can not be ruled 

out.  Another factor to take in to account is the levels of protein produced from the AAV1/2 viral 

vectors in comparison to bioavailability of intraventricularly administrated proteins (Chapter 1; 

Section 1.7).  The elevated levels of FGF-2 in addition to elevated FGF-2 produced from 

astrocytes may contribute further to the levels of ‘unclassified’ cells present in the striatum.    

 

While BrdU positive cells were observed to co-express mature neuronal and glial markers in the 

striatum of BDNF treated animals, the presence of either GAD65/67, DARPP-32 or Calbindin 

positive neurons was not detected.  This suggested an inability for newly generated neurons in 

the lesioned striatum to mature into GABAergic medium spiny projection neurons to replace the 

cells lost from QA lesioning.  No neuronal or glial markers were found to co-express with BrdU 

in the striatum in the FGF-2 study.  These findings may be due to insufficient BDNF expression 

in the striatum to act as support for, or as a cue to generate a GABAergic phenotype, or 

excessive FGF-2 expression due to glial scarring in the striatum that resulted in inhibition of 

differentiation.  Alternatively, this may indicate QA lesioning of the striatum creates a milieu that 

is hostile to the functional integration of new neurons.   

 

Motor function improvement occurs through neuronal replacement in regions of cell loss.  

Therefore motor function testing was used to determine whether over-expression of exogenous 

factors provided the cues required to stimulate neuronal replacement.   BDNF treatment 

appeared to contribute to the preservation of motor function in QA lesioned animals (Chapter 4; 

Section 4.2.6), which was not observed following FGF-2 treatment (Chapter 5; Section 5.2.6).  

BDNF transgene expression was observed in the ipsilateral cortex as well as the SVZ and 

dorsomedial striatum in QA lesioned animals.  This strongly suggests that the preservation of 

motor function observed in BDNF treated, QA lesioned animals may be predominantly due to a 

neuroprotective effect of BDNF on cortico-striatal neurons (Canals et al., 2001) rather than the 

generation of functionally integrated mature striatal neurons.  Canals et al., 2001 suggest from 

their results that striatal damage upregulated endogenous BDNF in the corticostriatal neurons 

by a transneuronal mechanism, which may constitute a protective mechanism for striatal and/or 

cortical cells.  While FGF-2 transgene expression was observed in the ipsilateral cortex as well 

as the SVZ and dorsomedial striatum in QA lesioned animals, there is no evidence that FGF-2 
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contributes to improvement in motor function suggesting that FGF-2 has neither a 

neuroprotective nor neurogenic effect on cortico-striatal neurons. 

 

Bromodeoxyuridine (BrdU) was used in these studies to identify newly generated cells.  All 

animals in each of the experimental groups (except the ELISA assay group) for both studies 

received daily intraperitoneal injections of 150mg/kg of BrdU for 21 days.  This labelling 

paradigm was chosen following careful consideration of similar studies using BrdU (Kuhn et al., 

1997; Magavi et al., 2000; Benraiss et al., 2001; Pencea et al., 2001a) to follow the generation 

and fate of new neurons generated from SVZ.  It was designed to label as many cells as 

possible that were influenced by exogenous BDNF or FGF-2 over the course of the experiment, 

not at a specific time point.  A dose of 50-100 mg/kg is commonly used for most studies of adult 

neurogenesis (Kuhn et al., 1996; Bengzon et al., 1997; Kempermann et al., 1998; van Praag et 

al., 1999b; Gould et al., 2001; Kornack and Rakic, 2001).  However, a 50 mg/kg dose of BrdU 

only incorporates into a subpopulation of dividing cells in the adult, resulting in an 

underestimation of total dividing cell number.  Because of the development of the blood-brain 

barrier a dose suitable for embryonic studies (50 mg/kg) may be too low for experiments in 

adults (Cameron and McKay, 2001).  In fact  BrdU doses as high as 300 mg/kg have no 

physiological side effects in adult rats and no apparent toxic effects on dividing cells in the 

dentate gyrus (Cameron and McKay, 2001; Cooper-Kuhn and Kuhn, 2002).  While the dose 

chosen for the studies in this thesis is considerably less than 300 mg/kg per day, the rats did 

receive 150 mg/kg for 21 days.  Therefore this labelling paradigm did introduce high levels of 

BrdU into the subventricular region and labelled a high proportion of progenitor cells present in 

the SVZ and striatum.  Because of this high level of labelling it is possible that a moderate effect 

of BDNF or FGF-2 on proliferation and/or survival of progenitor cells may not be detected.  For 

example FGF-2 may have had a mild effect on neurogenesis in the SVZ and striatum, but 

because of the BrdU labelling paradigm chosen for this study the effect may not have been 

detected.  The 21 day BrdU labelling paradigm used for these studies also prohibits the ability to 

detect proliferation versus survival of SVZ derived neural progenitor cells. This suggests that 

BDNF and FGF-2 may both be influencing neurogenesis, but that the effect of BDNF is at a 

level that is detectable using this labelling paradigm whereas the effect of FGF-2 is not.   

 

The brains of all treatment groups except the ELISA assay group were sectioned and 

immunostained for BrdU and the immunopositive cells analysed.  Our previous published study 

(Tattersfield et al., 2004) and a study of neurogenic response to seizures (Parent et al., 2002a) 

were used as a basis for the quantification methods of BrdU labelled cells in the SVZ, RMS, 

striatum and OB.  The available equipment was utilised and the decision was made to use BrdU 

immunoreactive area calculations and subsequent estimated cell counts as the quantification for 

any changes in progenitor cell proliferation and survival in response to BDNF or FGF-2 over-

expression and QA lesioning.  While stereology is now the chosen method for cell number 

quantification we based our decision on the fact that we found that in our sections BrdU positive 
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cells in the SVZ occur predominantly in clusters, and in many cases were so densely packed 

that they could not be easily counted as individual cells.  This phenomenon was also observed 

in the RMS, olfactory bulb and striatum.  The option of counting consistent smaller sites of these 

specific brain regions in order to estimate the entire population was rejected on the basis that 

BrdU positive cells are unevenly distributed in all the chosen regions.  To account for these 

uneven distributions the total BrdU immunopositive area in the SVZ, striatum, RMS and 

olfactory bulb of every eighth section was determined.  To estimate a BrdU immunopositive cell 

count for the SVZ, RMS, striatum and olfactory bulb a random selection of 100 BrdU positive 

cells was subjected to the same quantification method detailed in Chapter 2; Section 2.5.1 and 

the area of each cell was calculated individually to give a average cell area in μm2.  This 

average cell area was then used to calculate a representative BrdU immunopositive cell count 

for each brain region.  While this cell count will be an underestimation of the actual cells present 

in the brain region due to cell overlap and clustering, it is by no means certain that stereological 

methods would remedy this problem.  Stereology would allow individual cells to be counted 

assuming the cells could be distinguished from the other closely packed cells present.  

Stereological techniques also only allow an estimation of cell number to be presented from large 

areas counted due to the use of random selection of counting sites within the total area.  

Because of the uneven distribution of the BrdU labelled cells present in all brain regions, it was 

not deemed any less advantageous to use BrdU immunopositive area to estimate BrdU cell 

counts with in the SVZ, RMS, striatum and olfactory bulb of the adult rat brain.  The results 

presented in this thesis show significant changes in cell number between treatment groups that 

we believe would not change regardless of the quantification method used.   

 

The BDNF and FGF-2 studies carried out for this research were conducted separately without 

combined control groups.  A difference was observed between the two studies in the control 

treated animals in both the unlesioned and QA lesioned experimental groups (Chapter 4 and 

Chapter 5).  In particular in the BDNF study (Chapter 4) control treated QA lesioned animals 

showed a significant decrease in BrdU immunoreactive cell counts in the SVZ when compared 

to unlesioned animals.  This decrease was not observed in the FGF-2 study.  These differences 

make it harder to compare BDNF and FGF-2 directly, but do not detract from the obvious 

conclusions drawn from the studies, especially the BDNF study.  Because it was decided to 

carry out both studies independently, additional experimental variation was introduced into any 

comparisons that would be made directly between the BDNF and FGF-2 study results.  The in 

vivo components of the studies were carried out 12 months apart and this introduced the 

potential for biological variation between groups of animals.  Although some experimental 

conditions, such as AAV1/2 construction, viral packaging, viral vector delivery and 

immunohistochemical detection were comparable between the two studies, the experimental 

procedures did involve subtle differences in animal housing conditions, BrdU preparation and 

injection and physical location of motor function testing.  The experimental differences 

combined with different batches of animals and a number of potentially stressful situations for 
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the animals during breeding and the experimental process may combine to produce different 

baseline measurements and discrepancies between the BDNF and FGF-2 studies.  To be able 

to directly compare BDNF treatment with FGF-2 treatment the experiments would have needed 

to be carried out in parallel with one group of control animals.  However, due to experimental 

complications this was not possible, making direct comparisons between the factors difficult.  It 

must be stated that this inability to directly compare does not reduce the significance of the 

results from the separate studies.   

 

This research has enhanced our knowledge and understanding of the mechanisms governing 

the regenerative potential of the adult brain.  BDNF has been shown to augment the 

recruitment, neuronal differentiation and survival of progenitor cells in both neurogenic and non-

neurogenic regions of the unlesioned or QA lesioned brain.  BDNF also appears to contribute to 

the persistence of newly generated neurons in the QA lesioned striatum.  Our results provide 

the first evidence demonstrating the neurogenic effect of BDNF on compensatory striatal 

neurogenesis in the injured adult brain and suggest that enhanced BDNF expression may be a 

viable strategy for inducing or augmenting endogenous neural progenitor cell neurogenesis.   

 

FGF-2 appears to be unable to act as a positive mediator of SVZ progenitor cell proliferation 

and neurogenesis in this study.  Unlike the effect of BDNF, FGF-2 appears to have no effect on 

proliferation and/or survival of neural progenitor cells in either the normal or damaged brain.  In 

addition, FGF-2 may be having an inhibitory effect on progenitor cell differentiation.  The 

negative result of the FGF-2 study may be of major significance in indicating the potential 

requirement of additional factors interacting with FGF-2 to influence neurogenesis.  The results 

from the FGF-2 study contribute to the research field in highlighting the complexity of the 

mammalian neurogenic process.   

 

This thesis highlights the need for further investigation into multiple factor interactions, tighter 

regulation of the transgenic protein expression from the AAV1/2 delivery vector or alternative 

progenitor cell labelling paradigms.  However, it does show that if neurogenesis can be induced 

or augmented exogenously, neural progenitor cells may provide a substrate for repair in the 

adult brain and dramatically change therapeutic approaches towards the treatment of 

neurodegenerative diseases.    
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APPENDIX 

 
 

A.1 Molecular Cloning Materials 
 
A.1.1 Media 
 
A.1.1.1 Luria Broth (LB) 
Luria Broth contained 20 g/L pre-made powder (USB, US75852) a mixture of casein peptone, 

yeast extract and NaCl. 

For LB agar, 25 g/L of agar (USB, US10907) was added to the LB medium before autoclaving. 

 

A.1.2 Antibiotics and Media Additives 
 
A.1.2.1 Ampicillin 
A 50 mg/ml stock solution of ampicillin trihydrate (USB, 11257) was made up in 1 ml of 1 M HCl.  

The solution was filtered through a 0.45 µm filter (Pall, 4454) and stored at -20°C.  This stock 

solution was added to LB or LB agar to give a final concentration of 50 µg/ml ampicillin 

trihydrate. 

Alternatively, a 50 mg/ml stock solution of ampicillin sodium salt (Sigma, A9518-5G) was made 

up in 1 ml of sterile milliQ water.  This stock solution was added to LB or LB agar to give a final 

concentration of 50 µg/ml ampicillin sodium salt. 

 

A.1.2.2 X-Gal (5-bromo-4-chloro-3-indyol-β-D-galactopyranoside) 
A 20 mg/ml stock solution of X-Gal (Sigma, B4252) was prepared in DMSO (dimethylsulfoxide) 

and stored out of direct light at -20°C.  40 µl of this stock solution was added to a pre-poured LB 

agar plate and spread with a glass spreader.  This was allowed to dry before plating bacterial 

cultures onto plate. 
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A.1.3 Solutions and Buffers for Molecular Cloning 
 
A.1.3.1 Competent Cell Solution (CCS) 
CCS contained a final concentration of 60 mmol/L CaCl2, 10 mmol/L PIPES and 15% (v/v) 

Glycerol.  The pH was adjusted to 7.0.  The solution was sterilised by filtration with a 0.45 µm 

syringe filter (Pall, 4652) and stored at 4°C. 

 

A.1.3.2 GTE (Glucose/Tris/EDTA) 
GTE contained 50 mM glucose, 25 mM Tris-HCl (pH 8.0) and 10 mM EDTA (pH 8.0).  GTE 

buffer was autoclaved and stored at room temperature. 

 

A.1.3.3 Potassium Acetate (pH 4.8) 
Potassium acetate contained 5 M KAc and 11.5% glacial acetic acid.  Potassium acetate was 

not autoclaved. 

 
A.1.3.4. 50x TAE Buffer (Tris Acetate EDTA Buffer) 
50x TAE buffer contained a final concentration of 2 M Tris base, 100 mM EDTA and 1 M Glacial 

acetic acid.  The pH was adjusted to 8.5 and stored at 4°C.  1x TAE buffer was made by diluting 

the 50x TAE stock solution 1:50 in milliQ water and used as a working solution. 

 
A.1.3.5 1 M Tris-HCl (pH 7.5) 
Tris-HCl contained 1 M Tris base and concentrated HCl to adjust the solution pH to 7.5.   Tris-

HCl was autoclaved to sterilise and stored at room temperature. 

 
A.1.3.6 0.5 M EDTA 
EDTA contained a final concentration of 0.5 M Na2EDTA and 5 M NaOH to adjust the pH to 8.0 

and aid in dissolution.  0.5 M EDTA was autoclaved and stored at room temperature. 
 
A.1.3.7 TE Buffer (Tris EDTA Buffer) 
TE buffer contained a final concentration of 10 mM Tris-HCl (pH 7.5) and 1 mM Na2EDTA (pH 

8.0).  TE buffer was autoclaved to sterilise and stored at room temperature. 

 

A.1.3.8 10x Gel Loading Dye 
10x gel loading dye contained a final concentration of 0.25% Bromophenol Blue (w/v), 0.25% 

Xylene Cyanol (w/v) and 40% Sucrose (w/v). 

 

 

 

 

 



Appendix 147

Table A.1: Plasmids and Bacterial Strain   
   
   

Plasmid Description Source 
   
   
During #400 5.86 Kb, pAM/CRE-BDNF-WPRE-bGH-pA M. Duringa 
   
During #498 7.34 Kb, pAM/CB-Luc-WPRE-bGH-pA M. During 
   
During #577 5.41 Kb, pAM/CAG-C-termHA-WPRE-bGH-pA.   M. During 
   
pGEM-T  pGEM-T® Easy Vector (Additional EcoRI sites) Promegab 
   
Connor #4 pT7T3D-PacI-FGF-2 IMAGE clone # 3577164 Invitrogenc 
   
Connor #11 pGEM-T-FGF-2 This Study 
   
Connor #12 pGEM-T-BDNF This Study 
   
Connor #13 pAM/CAG-BDNF-C-termHA-WPRE-bGH-pA This Study 
   
Connor #22 pAM/CAG-FGF-2-C-termHA-WPRE-bGH-pA This Study 
   
During #463 pFΔ6 (Ad E2A, VA and E4 genes) M. During 
   
During #465 pRV1 (AAV2 rep and cap genes) M. During 
   
During #539 pH21 (AAV2 rep and AAV1 cap genes) M. During 
   
   

Bacterial Strain Description Source 
   

DH5α Subcloning Efficiency™ DH5α ™  Chemically 
Competent E. coli Invitrogen 

   
a M. During, Department of Molecular Medicine and Pathology, Faculty of Medical and Health Sciences, The 
University of Auckland, Private Bag 92019, Auckland, New Zealand. 
 
b Invitrogen™ Life Technologies New Zealand Limited, PO Box 12 502 Penrose, Auckland, New Zealand. 
 
c Promega product distributed by Biotek, a division of In Vitro Life Science Technologies™, PO Box 14 323 Panmure, 
Auckland, New Zealand. 
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Table A.2: Synthetic Oligonucleotides Used in this Study 
   
   

Oligonucleotidea Sequence 5' to 3' Use 
   
   

PCR Primers   

bdnf XhoI Forward CAA CTC GAG CAC CAG GTG AGA AGA 
GTG ATG AC 

PCR Amplification of bdnf 
cDNA 

   

bdnf BglII Reverse CTA GAT CTT CTT CCC CTT TTA ATG GTC 
AAT G 

PCR Amplification of bdnf 
cDNA 

   

fgf-2 XhoI Forward GAA CTC GAG CAT GGC AGC CGG GAG 
CAT CAC 

PCR Amplification of fgf-2  
cDNA 

   

fgf-2 BglII Reverse GCA GAT CTC GGG CTC TTA GCA GAC 
ATT GGA AG 

PCR Amplification of fgf-2 
cDNA 

   

WPRE RT PCR 
Forward GGC TCG GCT GTT GGG CAC TGA C 

Real Time PCR 
Quantification of AAV 
genomic DNA 

   

WPRE RT PCR 
Reverse GGG CCG AAG GGA CGT AGC AGA A 

Real Time PCR 
Quantification of AAV 
genomic DNA 

   

Sequencing Primers   

M13/pUC Forward TGT AAA ACG ACG GCC AGT 
Sequencing of BDNF, FGF-
2 and IGF-1 PCR inserts in 
pGEM-T 

   

M13/pUC Reverse 
CAG GAA ACA GCT ATG ACC 

 

Sequencing of BDNF, FGF-
2 and IGF-1 PCR inserts in 
pGEM-T 

   

T7 TAA TAC GAC TCA CTA TAG GG 
Sequencing of BDNF, FGF-
2 and IGF-1 PCR inserts in 
pGEM-T 

   

T3 GCG CGA AAT TAA CCC TCA CTA AAG 
Sequencing of BDNF, FGF-
2 and IGF-1 PCR inserts in 
pGEM-T 

   

WPRE Sequencing 
Primer Reverse CAA ATT TTG TAA TCC AGA GGT TG Sequencing of HA tag in 

pH13, pH22 and pH? 

   
a All oligonucleotides were custom made from Invitrogen™ Life Technologies New Zealand Limited, PO Box 12 502 
Penrose, Auckland, New Zealand. Except M13/pUC Forward and Reverse, T7 and T3 which were made and 
supplied by School of Biological Sciences DNA Sequencing Facility, University of Auckland, Auckland, New Zealand. 
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Table A.3:  Restriction Enzymes Used in this Study  
   
   
Enzyme Buffer  Source 
   
   
BglII Buffer 3  NEBa 
   
EcoRI EcoRI Buffer NEB 
   
SacI Buffer 1 + BSA NEB 
   
XbaI Buffer 2 + BSA NEB 
   
XhoI Buffer 2 + BSA NEB 
   
a New England Biolabs® Ltd. distributed by Biolab Ltd, Private Bag 102-922, North Shore Mail Centre, New Zealand. 
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A.2 Cell Culture Materials 
 
A.2.1Media 
 
A.2.1.1 Stock DMEM media 
To make stock DMEM from powder (GibcoBRL, 12100-046) one sachet of DMEM powder was 

added to 900 ml of sterile water and mixed in a laminar flow hood. The sachet was rinsed with a 

small volume of the media.  3.7 g of NaHCO3 was added to the media outside of the hood and 

the pH adjusted to 7.1 - 7.2 with 5 M NaOH or 2 M HCl.  The bottle was taken back into the 

laminar flow hood and 10 ml (1%) each of MEM non essential amino acids (Gibco-BRL, 11140-

050), sodium pyruvate (GibcoBRL, 11360-070) and penicillin-streptomycin (GibcoBRL, 15140-

122) was added.  The media was filtered through a 0.2 μm vacucap filter (Gelman) into a 

second sterile 1 L bottle and stored at 4°C.  To make complete DMEM media 10 ml of Foetal 

Bovine Serum (FBS) (JRH, 12007) was added per 100 ml stock media and filtered though a 0.2 

μm filter before use. 

 

A.2.1.2 Stock IMDM Media 
To make stock IMDM media from powder (GibcoBRL 12200-036) one sachet of IMDM powder 

was added to 950 ml of sterile water and mixed in a laminar flow hood.  The sachet was rinsed 

with a small volume of the media.  3.024 g of NaHCO3 was added to the media outside of the 

hood.  The media was filtered through a 0.2 µm vacucap filter (Gelman) into a second sterile 1L 

bottle and stored at 4°C.  To make complete IMDM media 5 ml FBS was added per 100 ml 

stock media and filtered through a 0.2 μm filter before use. 

 

A.2.1.3 Leibovitz L15 

LI5 media (GibcoBRL, 11415-064) was made by adding 1% penicillin-streptomycin and 1% 

glucose to the appropriate volume of Leibovitz L15 liquid stock media. 

 

A.2.1.4 Maintenance Media 
Complete maintenance media was made using Neurobasal E media (GibcoBRL, 21103-049).  

Additional glucose was added to make the final concentration up to 6 g/L (Neurobasal E media 

contains 3 g/L).   
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Table A.4: Additives Needed for Maintenance Media 
      
      

Total Volume Neurobasal E 
media 

Glutamine 
(100x) 

Glucose 
(100x) 

Pen/Strep 
(100x) B27a  

      
      
20 ml 19 ml 0.2 ml 0.2 ml 0.2 ml 0.4 ml 
      
50 ml 47.5 ml 0.5 ml 0.5 ml 0.5 ml 1 ml 
      
100ml 95 ml 1 ml 1 ml 1 ml 2 ml 
      
200 ml 190 ml 2 ml 2 ml 2 ml 4 ml 
      
a Add as required    

 
A.2.2 Buffers and Solutions for Cell Culture 
 

A.2.2.1 Freezing Solution 
Freezing solution was made by mixing 95% heat inactivated FBS with 5% DMSO.  Freezing 

solution was used to store HEK 293 cells in liquid nitrogen. 

 
A.2.2.2 2x HeBs Buffer (pH 7.05) 
2x HeBs Buffer contained a final concentration of 50 mM HEPES, 280 mM NaCl and 1.5 mM 

NaHPO4 in 500 ml of sterile milliQ water.  The buffer was sterilised by filtration with a 0.45 µm 

syringe filter (Pall, 4652) and stored in aliquots at -20°C.  

 

A.2.2.3 Poly-D-Lysine Stock Solution 
Poly-D-Lysine stock solution was made by resuspending a vial of poly-D-lysine (Sigma, P1149) 

in the appropriate volume of sterile milliQ water to make a 1 mg/ml stock solution.  The stock 

solution was aliquoted and stored at -20°C. 

 

A.2.2.4 Glucose (100x) 
100x Glucose was made by adding 3 g D-glucose per 10 ml DMEM/F12 media (GibcoBRL, 

12400-024.  The 100x glucose was filter sterilised and stored at 4°C. 
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A.3 In Vivo Studies Materials 
 
A.3.1 Solutions and Buffers for Animal Studies 
 

A.3.1.1 Cryoprotectant 
Cryoprotectant was made by dissolving 300 g sucrose (30% w/v) and 300 ml ethylene glycol 

(30% v/v) in 500 ml of 0.1 M Phosphate Buffer (pH 7.2).  The final volume was adjusted to 1 L 

using milliQ water.  Cryoprotectant was stored at 4°C. 

 
A.3.1.2 4% Paraformaldehyde (pH 7.4) 
4% paraformaldehyde was made by dissolving 80 g of paraformaldehyde powder in 2 L of 0.1 M 

Phosphate Buffer.  The solution was heated on a stirring block to 55 – 60 °C until all of the 

powder had dissolved and then filtered into a clean bottle of flask and the pH adjusted to 7.4.  

The solution was used within 2 – 3 days of making and stored at 4°C until used. 

 
A.3.1.3 50 nM Quinolinic Acid 
A working stock of 50 nM Quinolinic Acid was made by dissolving 209 mg of quinolinic acid in 9 

ml 0.25 M NaOH.  The pH was adjusted slowly to pH 7.4 with 2 M HCl. 

 

A.3.1.4 40 mg/ml 5-Bromo-2’-deoxyuridine (BrdU) Solution 
A 40 mg/ml BrdU (AppliChem, A2139,0005) solution was made up in 0.9% NaCl.  The BrdU 

powder was added to a tube containing the NaCl and vortexed until the majority of the BrdU 

was dissolved.  10 M NaOH was added gradually until the BrdU powder dissolved.  The pH was 

adjusted to 7.5 by gradually adding 2M HCl.  The pH must be 7.0 – 7.5 for injecting into 

animals. If the solution got too acidic (close to pH 7.0) the BrdU powder precipitated out of 

solution.  40 mg/ml BrdU aliquots were stored frozen at -20°C for several months protected from 

direct sunlight.  40 mg/ml BrdU solution was used to inject animals with 150 mg/kg. 
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Table A.5: Treatment Groups and Animal Numbers for BDNF and FGF-2 Studies 
      

      
Treatment Group 42 Days 84 Days ELISA 42 

Days 
      

      
 Unlesioned QA Lesioned Unlesioned QA Lesioned Unlesioned 
      
AAV1/2-bdnf-HA 8 8 5 10 5 

      

AAV1/2-fgf-2-HA 10 12 5 10 5 

      

AAV1/2-luciferase 8 8 5 10 5 

      

PBS 8 8 5 10 5 

      

QA alone – 21 Days     5 
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A.4 Immunocytochemistry Materials 
 

A.4.1 Solutions and Buffers for Immunocytochemistry 

 
A.4.1.1 0.1 M Phosphate Buffer (pH 7.2) 
0.1 M phosphate buffer was made from a mixture of two phosphate buffers.   27.6 g 

NaH2PO4.H2O (sodium dihydrogen orthophosphate 1-hydrate) was dissolved in 1 L water and 

28.39 g Na2HPO4 (di-sodium hydrogen phosphate anhydrous) was dissolved in 1 L water.  To 

make 0.1 M phosphate buffer 280 ml NaH2PO4.H2O was mixed with 720 ml Na2HPO4 and made 

up to 2 L with milliQ water.  The pH was adjusted to 7.2.   

 
A.4.1.2 0.4 M Phosphate Buffer 
0.4 M phosphate buffer contained 46 g Na2HPO4 (di-sodium hydrogen phosphate anhydrous) 

and 11.8 g NaH2PO4.2H2O (sodium dihydrogen orthophosphate).  The buffer was made up to 1 

L with milliQ water and stored at room temperature. 

 
A.4.1.3 10x Phosphate Buffered Saline (PBS) (pH 7.2) 
10x PBS stock solution contained 2 g KH2PO4 (potassium dihydrogen orthophosphate), 11.5 g 

Na2HPO4 (di-sodium hydrogen phosphate anhydrous), 80 g NaCl (Sodium chloride) and 2 g KCl 

(potassium chloride).  The buffer was made up to 1 L with milliQ water and the pH adjusted to 

7.2.  This stock solution was stored at room temperature and used to make a 1x PBS working 

solution. 

 

A.4.1.4 1x PBS/0.2% Triton X-100 Buffer 
To make 1x PBS/0.2 % Triton X-100 solution, 2 ml of Triton X-100 was added to 100 ml of 10x 

PBS and made up to 1 L with milliQ water.  This working solution was stored at room 

temperature. 

 
A.4.1.5 1x PBS/0.2% Triton X-100/1% Normal Goat Serum Immunobuffer 
To make Immunobuffer 10 ml of Normal Goat Serum (Invitrogen, 16210-072) and 400 mg 

methiolate was added to 1 L of 1x PBS + 0.2% Triton X-100 buffer.  This buffer was stored at 

4°C.  

 

A.4.1.6 1 mg/ml 3,3’-Diaminobenzidine-tetrahydrochloride (DAB) Stock Solution 
DAB stock solution was made by dissolving 100 mg DAB powder (Applichem, A0596,0005) per 

100 ml milliQ water.  This stock solution was aliquoted and stored at -20°C. 

 

A.4.1.7 0.5 mg/ml DAB Working Solution 
DAB working solution was made by adding 2.5 ml of 0.4 M PO4 buffer and 2.5 ml milliQ water to 

5 ml of 1 mg/ml DAB stock solution.  Immediately prior to using the solution 100 µl 1% H2O2 was 
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added per 10 ml working solution.  This solution was made fresh each time and used 

immediately.  

 

A.4.1.8 0.5 mg/ml DAB/4% Nickel Sulphate Working Solution 
0.5 mg/ml DAB / 4% Nickel Sulphate working solution was made by adding 2.5 ml of 0.4 M PO4 

buffer, 2.5 ml milliQ water and 400 µl of 10% Nickel Sulphate to 5 ml of 1 mg/ml DAB stock 

solution.  Immediately prior to using the solution 100 µl 1% H2O2 was added per 10 ml working 

solution.  This solution was made fresh each time and used immediately.  

 

A.4.1.9 10x Tris Buffered Saline (TBS) (pH 7.3) 
10x TBS stock solution contained 121 g Tris base, 140g NaCl in 1 L of milliQ water.  The stock 

buffer was mixed well and the pH adjusted to 7.3 with HCl.  The stock solution was used to 

make a 1 x working solution and both stored at room temperature. 

 

A.4.1.10 1 x TBS/0.1% Triton X-100 Buffer 
To make 1 x TBS/0.1 % Triton X-100 solution, 1 ml of Triton X-100 was added to 100 ml of 10 x 

TBS and made up to 1 L with milliQ water.  This working solution was stored at room 

temperature. 

 

A.4.1.11 1 x TBS/0.1% Triton X-100/3% Normal Goat Serum Immunobuffer (TBS-Tgs) 
To make Immunobuffer 300 µl of Normal Goat Serum and was added to 9.7 ml of 1 x TBS / 1% 

Triton X-100 buffer.  This buffer was used immediately.  

 

A.4.1.12 DNAseI Buffer 
DNAseI buffer contained 4.2 g Tris base, 0.5 g MgCl2 and 1 ml Triton-X-100 in 500 ml of milliQ 

water.  The buffer was mixed well and the pH adjusted to 7.3. 
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Table A.6: Antibodies Used in this Study 
    
    

Antibody Company/Source Working 
Dilution Use 

    
    
Primary Antibodies    
    
Biotinylated mouse anti human 
BDNF Promega G7610j 1:500 ELISA 

    
Mouse anti human BDNF Promega G7610 1:1000 ELISA 
    
Rat anti BrdU Accurate Chemicals OBT0030d 1:200 ICC 
    

Mouse anti Calbindin Swant 300e 1:7500 
1:10000 Fluoro ICC 

    
Rabbit anti DARPP-32 Chemicon AB1656c 1:1000 ICC 
    
Biotinylated mouse anti human FGF 
(basic) R&D DuoSet DY233b 1:180 ELISA 

    
Mouse anti human FGF (basic) R&D DuoSet DY233 1:180 ELISA 
    
Rabbit anti GAD65/67 Chemicon AB1511 1:500 Fluoro ICC 
    

Rabbit anti GFAP Med-Bio DAKOM Limited 
#Z0334 1:500 Fluoro ICC 

    
Rabbit anti GFP Abcam ab290f 1:500 ICC 
    
Mouse anti HA.11 Covance MMS-101Rg  1:1000 ICC 
    
Goat anti Firefly Luciferase Chemicon AB3256 1:50000 ICC 
    
Mouse anti MAP-2 Chemicon MAB3418 1:500 Fluoro ICC 
    
Mouse anti Neuronal N Chemicon MAB377 1:500 ICC 
    
Secondary Antibodies    
    
Donkey anti-goat Jackson 705-065-147h 1:500 ICC 
    
Goat anti-rabbit Sigma B7389i 1:500 ICC 
    
Goat anti-rat Sigma B7139 1:500 ICC 
    
Goat anti-mouse Sigma B7264 1:500 ICC 
    
Donkey anti-goat Alexa 594 
conjugate Alexa 11058a 1:500 Fluoro ICC 

    
Goat anti mouse Alexa 594 
conjugate Alexa 11032 1:500 Fluoro ICC 

    
Goat anti rabbit Alexa 594 conjugate Alexa 11037 1:500 Fluoro ICC 
    
Donkey anti-rat Alexa 488 conjugate  Alexa 21208 1:500 Fluoro ICC 
    
aAlexa Fluor Dyes – Molecular Probes™ distributed by Invitrogen™ Life Technologies New Zealand Limited, PO Box 12 
502 Penrose, Auckland, New Zealand. 
bR&D Systems distributed by Pharmaco (NZ) Ltd., PO Box 4079, Newmarket, Auckland, New Zealand. 
cChemicon® International distributed by Life Sciences NZ Ltd., PO Box 34984, Birkenhead, Auckland, New Zealand. 
dAccurate Chemical and Scientific Corporation, 300 Shames Drive, Westbury, NY 11590, USA. 
eSwant® Swiss Antibodies, PO Box 2660, CH-6501, Bellinzona (Switzerland). 
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fAbcam Ltd, 21 Cambridge Science Park, Milton Road, Cambridge, CB4 OTP, United Kingdom, distributed by Sapphire 
Biosciences Pty Ltd, Suite 1, 134 Redfern St, Redfern 2016, Australia 
 
gCovance Research Products distributed by Life Sciences NZ Ltd., PO Box 34984, Birkenhead, Auckland, New Zealand. 
hJackson ImmunoResearch Laboratories, Inc. distributed by Australian Laboratory Services NZ Ltd., PO Box 97923, 
South Auckland Mail Centre, New Zealand. 
iSigma-Aldrich distributed by Biolab Ltd, Private Bag 102-922, North Shore Mail Centre, New Zealand. 
jPromega distributed by Biotek a division of InVitro Lifesciences, PO Box 14-323, Panmure, Auckland, New Zealand. 
    
 
 

A.4.2 Solutions and Buffers for ELISA 

 

A.4.2.1 Homogenisation Buffer 
Homogenisation buffer contained a final concentration of 0.05 M Tris-HCl (pH 6.8), 0.5 % v/v 

Tween-20, 0.1 % Sodium Azide w/v, 1.5 g/L EDTA, 5mg/L Pepstatin A and 10 mg/L PMSF.  

Tris-HCl was made up and the pH adjusted to 6.8.  Tween-20, sodium azide, EDTA and 

Pepstatin A were added and dissolved.  The resulting buffer was aliquoted and stored at -20°C.  

Immediately prior to use PMSF was added to the thawed buffer and stored at 4°C until ready to 

use. 

 
A.4.2.2 OPD detection 
OPD detection solution (Sigma Fast OPD, P9187) was made by dissolving 1 OPD tablet and 1 

urea hydrogen peroxide tablet in 20 ml milliQ water.  The solution was mixed vigorously until 

both tablets had completely dissolved and stored at RT until ready to use.  
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A.5 Plasmid Maps 
 
 

 
 

 

 

 

 

 

A.5.1 Physical Map of During #400 – pAM/CRE-BDNF-WPRE-bGHpA 
5.854 kb, pAM/CRE-BDNF-WPRE-bGHpA containing the CRE promoter and the human bdnf 

cDNA.  During #400 was used as a PCR template to amplify the bdnf cDNA for insertion in to 

pGEM-T® Easy Vector and During #577 to generate Connor #12 and #13 respectively. 
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A.5.2 Physical Map of During #498 – pAM/CB-luc-WPRE-bGHpA 

7.336 kb, pAM/CB-luc-WPRE-bGHpA containing the chicken β actin/CMV enhancer promoter 

and the firefly luciferase reporter gene. 
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A.5.3 Physical Map of During #577 – pAM/CAG-C-termHA-WPRE-bGHpA 

5.411 kb, pAM/CAG-C-termHA-WPRE-bGHpA containing the chicken β actin/CMV enhancer 

promoter and an HA tag encoding 9 amino acids.  During #577 was used to generate Connor 

#13 and #22. 
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A.5.4 Physical Map of pGEM-T® Easy Vector 
3.015 kb, pGEM-T® Easy Vector (Promega) containing two multiple cloning sites and single 3’-T 

overhangs for ligation of PCR products into the plasmid.  pGEM-T® Easy Vector (Promega) was 

used to generate Connor #11 and #12. 
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A.5.5 Physical Map of Connor #4 – pT7T3-PacI-FGF-2 
Approximately 3.5 kb, pT7T3-PacI-FGF-2 (Invitrogen, IMAGE Clone # 3577164) containing the 

human fgf-2 cDNA sequence.  pT7T3-PacI-FGF-2 (Invitrogen, IMAGE Clone # 3577164) was 

used as a PCR template to amplify the fgf-2 cDNA for insertion in to pGEM-T® Easy Vector and 

During #577 to generate Connor # 11 and #22 respectively. 
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A.5.6 Physical Map of Connor #11 - pGEM-T®-FGF-2  
3.530 kb, pGEM-T®-FGF-2 containing the human fgf-2 cDNA amplified from pT7T3-PacI-FGF-2 

(Invitrogen, IMAGE Clone # 3577164).   pGEM-T®-FGF-2 was used as a cloning intermediate to 

generate Connor #22. 
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A.5.7 Physical Map of Connor #12 - pGEM-T®-BDNF  
3.820 kb, pGEM-T®-BDNF containing the human bdnf cDNA amplified from During #400 - 

pAM/CRE-BDNF-WPRE-bGHpA. pGEM-T®-BDNF was used as a cloning intermediate to 

generate Connor #13. 
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A.5.8 Physical Map of Connor #13 – pAM/CAG-BDNF-C-termHA-WPRE-bGHpA 

6.216 kb, pAM/CAG-C-termHA-WPRE-bGHpA containing the chicken β actin/CMV enhancer 

promoter and the human bdnf cDNA in-frame with an HA tag encoding 9 amino acids. 
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A.5.9 Physical Map of Connor #22 – pAM/CAG-FGF-2-C-termHA-WPRE-bGHpA 

5.926 kb, pAM/CAG-C-termHA-WPRE-bGHpA containing the chicken β actin/CMV enhancer 

promoter and the human fgf-2 cDNA in-frame with an HA tag encoding 9 amino acids. 
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A.5.10 Physical Map of During #463 – pFΔ6 

15.423 kb, pFΔ6 containing the Adenovirus (Ad) AdE4, AdVA and AdE2A genes.  During #463 

was used as a helper plasmid during AAV1/2 packaging of Connor # 13 and #22. 
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A.5.11 Representative Map of During #465 – pRV1 
11.372 kb, pRV1 containing the Adeno-associated virus (AAV) AAV2 Rep and Cap genes.  

During #465 was used as a helper plasmid during AAV1/2 packaging of Connor # 13 and #22. 
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A.5.12 Representative Map of During #539 – pH21 
7.320 kb, pH21 containing the Adeno-associated virus (AAV) AAV2 Rep and AAV1 Cap genes.  

During #539 was used as a helper plasmid during AAV1/2 packaging of Connor # 13 and #22. 
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A.6 Publications Resulting in Part or in Full from this Thesis 
 
A.6.1 Publications 
 
Kells, AP, Henry, RA, Hughes, SM, Connor, B (2007) Verification of functional AAV-mediated 

neurotrophic and anti-apoptotic factor expression.  J Neurosci Methods 61:291-300. 

 

Henry, RA, Hughes, SM, Connor, B (2007) AAV-mediated delivery of BDNF augments 

neurogenesis in the normal and quinolinic acid-lesioned adult rat brain.  Euro J Neuroscience 

25: 3513-3525. 

 

A.6.2 Abstracts 
 
Henry, RA, Kells, A, Hughes, SM, Faull, RLM, Connor, B Investigating the effect of BDNF on 

adult neurogenesis in a Huntington’s Disease model.  Proceedings of the Australian 

Neuroscience Society 16 (2005). 

 

Henry, RA, Kells, A, Hughes, SM, Faull, RLM, Connor, B Adeno-associated viral vector 

delivered BDNF augments Adult neurogenesis in the normal rat brain and the quinolinic acid 

lesion model of Huntington’s Disease. FENS Abstr. Vol. 3: A022.11 (2006). 
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